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SUMMARY 
 

Modern microbe detection is typically performed using polymerase chain reactions (PCR), 
with either microbe specific or consensus* primers. While this technique is both cheap and 
sensitive for the detection of known microbes, it is not suitable for the detection of novel 
microbes whose DNA sequences may not match chosen PCR primers. This monograph 
reviews universal microbe detection techniques which are suitable for the detection and 
discovery of all microbes and viruses in clinical specimens. 

All microbial species store their genome in DNA strands contained within every cell. After 
isolating DNA from a clinical specimen, it is possible to sequence many strands using 
high-throughput DNA sequencers which became commercially available in 2005. 
Similarities with known species are then assessed by a computer program†, and the results 
can be presented as a pie chart (see Figure 1). This technique was first used in 2008 to 
discover novel viruses in human clinical specimens1, 2. 

Unfortunately most DNA strands in clinical specimens are of human origin, and are of no 
interest in microbiome studies. This means sensitivity is greatly reduced because DNA 
originating from microbes is not very abundant as compared to human DNA. This book 
explores techniques which can be used to separate human DNA from microbial DNA‡ 
prior to sequencing, improving sensitivity while maintaining universal microbial coverage. 
These techniques are very useful for human and animal microbiome research, especially 
when the catalog of possible infectious agents is thought to be incomplete. They could also 
be used in a clinical setting after proper regulatory approval. 

 
Figure 1: A typical universal microbe detection workflow based on high-throughput sequencing of DNA. 

 

                                                
* Consensus primers are sometimes erroneously called “universal” primers, despite the fact that they cannot 
detect many known species in clinical specimens. This terminology is misleading, and thus not used here. 
† The Leif Microbiome Analyzer (www.shipshaw.com/leif) is one such program designed for this purpose.   
‡ Though only DNA is mentioned in this section for simplicity, sequencing RNA is also possible and has 
many advantages over DNA, such as the detection of RNA viruses and increased sensitivity. 
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QUICK START GUIDE 
 

The following two tables list eleven experimental protocols which can be used to detect 
microbes in clinical specimens. They are described in the listed sections (see last column). 
Comprehensive virus and cellular microbe detection protocols are described in Section 8.1 
(unbiased), Section 8.2 (easy), Section 8.3 (intermediate difficulty)  and Section 8.4 (hard). 

Table 1: List of the easiest microbe detection techniques applied to DNA. 
 Description Detects what? Elim. human? Absolute cnt? Section 

C
he

ap
 &

 e
as

y 

PCR amplification of DNA 
using common 16S/SSU 
primers 27F/1492R 

Most bacteria 
Yes (primers 
mismatch 
human DNA) 

No 
Not recommended, 
Section 6.2 is 
better approach. 

PCR amplification of DNA 
using common ITS primers 
ITS3/ITS4 

Most fungi 
Yes (GC rich 
human hairpin 
unamplifiable) 

No 
Not recommended, 
Section 6.2 is 
better approach. 

PCR amplification of DNA 
using custom developped 
SSU + blocking primers 

Nearly all 
microbes 

Yes (blocking 
primers remove 
human DNA) 

Yes (requires 
qPCR) Section 6.2 

Ex
pe

ns
iv

e 
&

  t
ri

vi
al

 

Unbiased high-throughput 
sequencing of DNA 

All latent viruses, 
dsDNA viruses, 
and known 
microbes 

No Yes, very 
accurate. Section 3.4 

Ex
pe

ns
iv

e 
&

 m
od

er
at

e Restriction enzyme digestion 
of DNA 

Nearly all large 
viruses and 
known microbes 

>90% of human 
DNA removed 

Yes, very 
accurate. 

Section 7.4.4 
Section 7.4.5 

Small DNA virus isolation 
using gel electrophoresis 

All small ssDNA 
or dsDNA viruses 

>95% of human 
DNA removed No Section 1.3.2.2 

Table 2: List of the easiest microbe detection techniques applied to RNA. 
 Description Detects what? Elim. Human? Absolute cnt? Section 

C
he

ap
 

&
 e

as
y PCR amplification of RNA 

using custom developped 
SSU + blocking primers 

Most microbes 
(bacteria, archaea, 
fungi, protists) 

Yes (blocking 
primers remove 
human DNA) 

Yes (requires 
qPCR) Section 6.3 

Ex
pe

ns
iv

e 
&

 tr
iv

ia
l 

Unbiased high-throughput 
sequencing of RNA  

All microbes and 
all viruses, except 
latent viruses 

No Yes, very 
accurate. Section 3.4 

Ex
pe

ns
iv

e 
 

&
 m

od
er

at
e 

High-throughput sequencing 
of RNA (SSU/LSU purified 
using target capture) 

Nearly all 
microbes  
(no viruses) 

Most human 
RNA removed No. Section 4.5 

Ex
pe

ns
iv

e 
 

&
 h

ar
de

r 

High-throughput sequencing 
of RNA (5S purified using 
RNase R) 

All microbes  
(no viruses) 

Most human 
RNA removed 

Yes (requires 
qPCR) Section 4.6.7 

High-throughput sequencing 
of RNA (SSU/LSU purified 
by blocked RT) 

All microbes  
(no viruses) 

Most human 
RNA removed 

Yes (requires 
qPCR 
calibration) 

Section 4.7.3 
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« [Chaque homme] est coupable de tout le bien qu’il ne fait pas. » –Voltaire 
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PREFACE TO THE FIRST EDITION 
 

This monograph is the result of three years of microbe detection research undertaken to 
conclusively test the Strickler Goedert hypothesis, that “a yet unrecognized sexually 
transmitted infection” may be causing prostate cancer3. 
Studying the microbiome of the prostate is clearly warranted due to three different lines of 
evidence suggesting prostate cancer may have an infectious cause. The two initial lines of 
evidence are: (1) idiopathic prostate inflammation is present in nearly every man4, a 
situation strikingly similar to stomach cancer before the discovery of Helicobacter pylori; 
and (2) sexual risk factors suggest prostate cancer has a sexually acquired infectious 
etiology3, 5, just like cervical cancer prior to the discovery of HPV-16. 
Both lines of evidence were known in the 1980s, prompting dozens of studies which 
attempted to link prostate cancer to microbes6. Initially, these studies used cell culture and 
microscopy for microbe detection; later studies used a combination of serological and 
polymerase chain reaction (PCR) assays to detect current or past exposure to a small set of 
infectious agents. These studies came up broadly empty handed: no infectious agent tested 
could be ascribed as a likely cause for prostate cancer, including all known sexually 
transmissible infections6. However, no studies were setup to detect eukaryotic microbes, 
despite the fact that several such species are known to infect humans. 
In 2012, Anneli Edström and Ole Sørensen published a key article7 describing for the first 
time the fungicidal properties of PSP94, a protein in the prostate which has been known 
since 2008 to significantly reduce prostate cancer risk in a dose dependent manner8. This is 
the third and most compelling line of evidence yet, linking prostate cancer to a putative 
microbial eukaryote9. Once these newly discovered properties of PSP94 were revealed10, it 
became evident that prostate microbiome studies had not been universal assays capable of 
detecting all microbes, as no study had been able to detect the types of microbes targeted 
by PSP94: microbial eukaryotes with ergosterol in their plasma membrane. Running such 
studies was (and still is) urgent. 

Unfortunately, universal microbial eukaryote detection techniques did not exist when this 
project began in 2012. The best techniques known at the time used consensus PCR primers 
targeting well conserved regions of ribosomal genes (the SSU, 5.8S and LSU genes). 
While these techniques could detect a wide range of fungi and protists, they failed to detect 
many microbial eukaryotes known to infect humans—such as Pneumocystis jirovecii, 
Trichomonas vaginalis and Encephalitozoon hellem. 

This monograph provides a comprehensive review of techniques suitable for the detection 
of all types of cellular microbes and viruses in clinical specimens. The field of microbiome 
analysis in relation to human health is currently booming, and many important discoveries 
remain: this book is an excellent starting point for researchers who wish to systematically 
investigate the human microbiome or emerging infectious agents. 
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1    Introduction 

The last decade has brought forth major advances in DNA sequencing technology. These 
advances have enabled the detection and discovery of microbes living in humans which 
had hitherto eluded researchers. Some of these novel microbes may explain idiopathic 
diseases which afflict us, so finding them all is very important. This book introduces 
various microbe detection techniques which push the both limits of universality (detecting 
all microbe types) and sensitivity (detecting low abundance microbes in clinical 
specimens, see Figure 2). 

 
Figure 2: How low can microbial abundance be while still resulting in a clinically relevant infection? The 
human immune system is known to react strongly to even trace amounts of certain allergens, so any sustained 
infection may be sufficient to trigger a chronic immune response in some individuals. It is difficult to 
theoretically determine the minimal microbial cell concentration which is adequate to colonize the human 
body, though this is likely the lower bound for clinical relevance. Left: pure microbe culture in artificial 
media. Center: high abundance microbes in human tissue. Right: low abundance microbes in human tissue. 

This book’s goal is to provide researchers alternatives to the two main microbiome 
techniques in use today: consensus polymerase chain reactions (PCR) and unbiased high-
throughput sequencing11 (deep sequencing / metagenomics). The techniques described here 
are universal (or nearly so), and reach sensitivity levels 1000-fold greater than mainstream 
techniques. They are inexpensive, easy to execute, require little if any optimization, and 
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most importantly are “self-controlled”, meaning that errors in the execution of laboratory 
protocols will be obvious either before or after sequencing—this is a major limitation of 
assays producing binary results, such as species specific PCR. 

1.1 Microbe detection techniques 
Prior to the invention of DNA sequencing, either microscopy or artificial culture media 
were used for microbe discovery. Large abundant microbes in clinical specimens could be 
detected using light microscopy and staining, including fastidious microbes which don’t 
grow in artificial culture media. Microbes which grow well in vitro, even those in low 
abundance as compared to human cells, could be found by inoculating a Petri dish filled 
with artificial culture media, then waiting for them to outgrow human cells. However, 
neither of these two techniques can detect non abundant fastidious microbes or viruses. 
The commercial introduction of high-throughput DNA sequencing equipment in 2005 
enabled the discovery of many microbes which researchers had hitherto failed to identify 
due to the fact that they were small, sparse and fastidious. The first molecular microbiome 
assays used consensus PCR to amplify a small region of microbial genomes (usually the 
SSU ribosomal gene) while not amplifying the equivalent human gene, thus separating 
microbial DNA from human DNA in a way very similar to artificial culture media*. 
Consensus PCR has one major advantage over the cell culture method: it can detect 
microbes regardless of how well they grow in vitro—including microbes which do not 
grow at all outside their natural environment. Once the gene of interest has been isolated in 
the form of PCR amplicons, these amplicons are sequenced and compared to the same 
gene in known species for taxonomic classification. 

By 2010, this new technique† had greatly expanded the catalog of medically important 
microbes, highlighting the limitations of previous techniques, and opening a new front in 
medical research—how our microbiome affects our health. However, consensus PCR 
studies were already known to not be truly universal, as they cannot detect many medically 
important microbes discovered using microscopy! Consensus PCR is based on the 
principle that some DNA sequences are common in many species: this means only species 
which match consensus sequences can be detected. Some microbes, especially infectious 
species, have gone their own way, breaking the consensus and adopting alternate 
sequences. Using consensus PCR, these microbes are either undetectable or detectable only 
when present in large quantities. 

There is thus a pressing need to adopt more universal techniques than consensus PCR. The 
first truly universal approach was coined “unbiased high-throughput sequencing”, which 
involves skipping the consensus PCR step altogether and sequencing all DNA or RNA in a 
                                                
* In artificial culture media, microbial DNA is “amplified” in its entirety simply by feeding the microbes so 
that they divide, as they would in nature. Since human cells don’t divide well in artificial media, microbial 
DNA quickly overwhelms human DNA due to exponential growth. 
† This technique does not have a catchy name: it is sometimes called “16S microbiome profiling”, though it is 
most often described as consensus PCR of ribosomal genes followed by high-throughput DNA sequencing. 
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clinical specimen, including human strands11. While this technique is truly universal, it is 
much less sensitive than consensus PCR (about million-fold) due to the presence of human 
DNA or RNA which is of no interest in microbe detection; this means until DNA 
sequencing technology improves greatly, this is not cost effective. Nonetheless, this 
technique has been successfully used in the past to detect clinically relevant microbes, both 
known and novel, in human clinical specimens1, 2, 12. 

Chemically separating microbial DNA/RNA from human DNA/RNA without making 
restrictive sequence assumptions is the ultimate goal of this book. The techniques 
explained here increase the sensitivity of unbiased high-throughput sequencing while 
maintaining its main advantages over consensus PCR: low bias and universal coverage. 

1.2 Unbiased high-throughput sequencing 
Unbiased high-throughput sequencing is by far the simplest and most universal genetic 
microbial detection technique available today. In situations where microbes are abundant 
(so assay sensitivity is not an issue), advanced techniques explained in this book are not 
useful. Performing unbiased high-throughput sequencing experiments is easy: no particular 
skills or training are necessary. The most challenging step is the analysis of sequencing 
data, for which Shipshaw Labs has developed the Leif Microbiome Analyzer. 
Easy to use commercial kits can be purchased to perform DNA or RNA extraction from 
clinical specimens (ex: Zymo Research Fungal/Bacterial DNA/RNA MiniPrep, Zymo 
Research Viral DNA/RNA Kit, Zymo Research Quick-RNA MiniPrep Plus). Sequencing 
centers can perform all the necessary steps to sequence extracted DNA/RNA*. As of 2015, 
the Illumina platform works best for microbe detection, and paired-end reads of 100 
nucleotides or more are recommended for microbiome applications. Sequencing a sample 
costs between 1500$-3000$ USD, and produces ~150 million paired end reads with 100 to 
250 bases sequenced at each end13 (see Table 4 for an example of a paired end read). 
This sequencing depth allows reliable detection of about 1 microbial cell per 10000 human 
cells. It is unclear how low microbial abundance can be while still resulting in a medically 
relevant infection. The immune system is known to react strongly to even trace amounts of 
certain allergens, so any sustained infection may be enough to trigger an immune response. 
Intracellular infections may be constrained to only one cell type, representing but a small 
fraction of human cells in a clinical specimen (such as secretory epithelial cells surrounded 
by stromal cells); this means “abundant” microbes in one human cell type may not be 
abundant in whole tissue from which DNA/RNA is extracted. 
There are two kinds of nucleic acid molecules within cells: DNA and RNA. Both 
molecules are long chains of four nucleotides which are nearly identical in structure (the 
nucleotides are called ‘A’ ‘T’ ‘C’ ‘G’ in DNA and ‘A’ ‘U’ ‘C’ ‘G’ in RNA, and they are 
sometimes written out with a prefix ‘d’ or ‘r’ to distinguish DNA from RNA). DNA strand 

                                                
* Sequencing DNA/RNA is very capital intensive (currently 50K$ - 500K$ USD in equipment), thus it is best 
to subcontract this step. Search “Illumina sequencing centers”. 
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pairs hold the “master copy” of the genome in the form of the well known double helix in 
chromosomes which are typically millions of base pairs long—the smallest known 
medically important cellular microbe genome is 580k bp in size, which is considered to be 
close to the lower bound for free living microbes (Mycoplasma genitalium). RNA strands 
are short (<10000 base) transcribed copies of DNA which are chemically active and act as 
catalysts for chemical reactions necessary for the cell to function. For more information, 
Genomes by Terence Brown14 is an accessible review of human and microbial DNA/RNA. 

 
Figure 3: Differences in structure between single stranded RNA (left) and double stranded DNA (right). 
Source: commons.wikimedia.org/wiki/File:Difference_DNA_RNA-DE.svg by Sponk [CC BY-SA 3.0]. 

 
Figure 4: Hydrogen bonds holding dsDNA strands together in the double helix (dashed lines). G/C and A/T 
are paired. Sugar-phosphate backbone is not shown (sinusoidal line). Similar hydrogen bonds form within 
individual ssRNA strand, resulting in a much more complex 2D structure than the double helix of dsDNA  
(see Figure 36 for an example of this). en.wikipedia.org/wiki/DNA#/media/File:Base_pair_GC.svg and 
en.wikipedia.org/wiki/DNA#/media/File:Base_pair_AT.svg by Yikrazuul [Public Domain]. 
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Figure 5: Short single RNA strand (bottom left) and short single DNA strand (top right) in water. Left oligo: 
“/5Phos/rArUrCrC”; right oligo: “/5Phos/GTAG”. Ribose are blue and deoxyribose are green. RNA and 
DNA nucleotides are almost identical, the only difference being one oxygen atom attached to the 2’ carbon 
atom (highlighted in the red circle). Though this difference may seem minor, most enzymes have no trouble 
distinguishing DNA from RNA, and only operate on one of the two (for example RNase A and DNase I). 
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Each cell has exactly one or two copies of their genome in the form of a DNA double 
helix—most microbial cells have one copy and most human cells have two copies. In the 
absence of intracellular infections, there is no other DNA within cells beyond the genome*. 
The human genome is 3 billion nucleotides long, while microbial genomes can be as small 
as 200 thousand nucleotides, though they typically range from 1 to 15 million nucleotides. 
These genome sizes can be used to estimate DNA sequencing (DNA-Seq) microbiome 
assay sensitivity. 
The RNA content of cells is variable. Cells which are duplicating, growing or secreting 
compounds are very active chemically and require much RNA. Dormant cells contain less 
RNA, which is mainly focused on house keeping tasks. It is unfortunately difficult to place 
a lower bound on the quantity of RNA in microbial cells, beyond the fact that they must 
contain some RNA (see Table 3). 
Table 3: DNA and RNA content of some cell types. The RNA/DNA ratio typically means microbe detection 
is more sensitive when sequencing RNA rather than DNA. There is typically more RNA within cells than 
DNA, though this is not always the case: for example human spermatozoa have about a hundred times less 
RNA than DNA. Note than semen contains both spermatozoa and a small quantity of “round” human cells, 
and each of these “round” cells contains about a thousand times more RNA than a single spermatozoon! The 
ratio of “round” cells to spermatozoa is variable between individuals, ranging from about 0.01% to 1%15. 
Description DNA per cell RNA per cell 

(approx.) 
RNA/DNA 
(ratio by mass) 

Human cell 6600 fg 25000 fg 4x 
Human spermatozoon16 3300 fg 37 fg  0.01x 
Saccharomyces cerevisiae cell 13 fg 500 fg 40x 
Escherichia coli cell 5 fg 100 fg 20x 
Spiroplasma melliferum cell 1 fg 5 fg 5x 
Mycoplasma genitalium cell 0.6 fg 3 fg 5x 
 

Both humans and microbes have thousands of genes which are present in approximately 
equal numbers in the DNA genome: genes typically appear once or a few times only in 
each genome. In contrast, only two genes represent the vast majority of RNA strands in all 
cells (see Figure 6)! These are called the ribosome’s small subunit and large subunit genes 
(SSU/LSU)†. For microbe detection, this is very convenient since the SSU and LSU genes 
are used to taxonomically classify novel microbes. Other parts of the genome can also be 
used to identify known species, but work poorly to identify novel or unknown microbes‡. 
                                                
* Hundreds of copies of 16569 bp circular mitochondrial DNA chromosomes are also present in human cells. 
† These RNA strands go by different names, such as the 13S/16S/18S for the SSU and 23S/25S/28S for the 
LSU. The terms SSU and LSU are used here. 
‡ The SSU/LSU genes are universally present in cellular life and are evolving very slowly. This means just by 
looking at a nucleotide sequence, it is possible to know that it is part of the SSU/LSU gene; its taxonomical 
classification can then be determined by comparing to SSU/LSU sequences of known species. Other parts of 
microbial genomes are evolving too quickly to make such comparisons, and are sometime even horizontally 
transferred between unrelated species! They are not well suited for microbial identification, except for exact 
matches with sequences uploaded to Genbank and already taxonomically classified. The SSU/LSU genes are 
the Goldilocks gene: they are evolving fast enough to distinguish species, but slowly enough that they can 
still be identified as SSU genes and compared to all other species. 
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Though it is possible to find the SSU/LSU genes within the DNA genome, finding these 
genes using shotgun sequencing of DNA rather than RNA requires a 1000-fold increase in 
sequencing depth, and thus cost (see Figure 6). Another major advantage of RNA 
sequencing (RNA-Seq) is the detection class II-VI virions which don’t contain dsDNA, 
thus are not detectable using DNA-Seq. 

 
Figure 6: The seven SSU/LSU genes in E. coli’s circular DNA genome (left, from Genbank: U00096.3) and 
~30000 SSU/LSU RNA strands present in E. coli one cell (right). Both are to scale (area = mass). SSU is 
pink (1542 bp/nt); LSU is green (2904 bp/nt). Actual amount of RNA will vary somewhat based on cellular 
activity. When sequencing a randomly chosen fragment of DNA or RNA (eg. shotgun sequencing), finding 
SSU/LSU RNA strands is much easier than finding SSU/LSU genes (about 750x easier in this case). SSU 
and LSU genes are usually paired in operons (as is the case here), though they are sparse in ~5% of microbial 
species. For example, Helicobacter pylori’s SSU/LSU are ~35K bp and ~130K bp apart. Many microbes 
have only a single SSU/LSU gene pair in their entire genome, such as Mycobacterium tuberculosis. 
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1.2.1 Notes on Total DNA-Seq (whole genome shotgun sequencing or WGSS) 
When looking for known microbes which are relatively abundant (>1 microbial cell per 
10000 human cells), Total DNA-Seq is the best choice because it is simpler and slightly 
cheaper than RNA-Seq. DNA extraction is easy, and once extracted, DNA is very stable 
when stored in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5)—it can even be kept at 
room temperature. Total DNA-Seq is often referred to as whole genome shotgun 
sequencing (WGS / WGSS) or whole metagenome shotgun sequencing. 
Total DNA-Seq produces reads taken randomly from any part of human or microbial 
genomes. This means each read must be compared to all known sequences in Genbank 
from all species. Performing this analysis is much slower than that following RNA-Seq, as 
RNA-Seq only looks for matches with the SSU and LSU genes (not entire genomes). 
Nonetheless, this can be done in a reasonable amount of time (about a day) on a fast 
personal computer using the Leif Microbiome Analyzer. 
Table 4: Example of a 2x150 paired end read produced by the Illumina HiSeq 2500 (top two cells in FASTQ 
format). Alignment of this read using NCBI blastn blast.ncbi.nlm.nih.gov (bottom cell). This read originates 
from Malassezia mitochondrial DNA, an organelle of a fungus normally present on human skin. 
@HWI-D00306:33:H74JJADXX:1:1209:21157:100773 1:N:0: 
TCCCCAAACTTTCATCTCTCAGCGTCAATTCTTACCTGGAAAATTGCTTTCGCCTTTAGTATTCCGTTAAGTATCAACAAATATCATCTCTACTCTTAACGTTCTATTTTCCTCTATTGAA
TTCTAGCTATGAAAAGAAAAATCTATTTCT 
+ 
<@@DDDDBHDBHFHHGGGHHGIGIGHHEEEGGGGHICHI@F@DDEIGEGGGHBEGGGGG@@AEEGH=ACCH=>AB@CDEB@CA>;@>@CCDDCDCCA@ACBDCBBDDDDCDCCDDDDEDCD
CCCDDCDDEDDDDCAC?A??A?>CADDEDD 
@HWI-D00306:33:H74JJADXX:1:1209:21157:100773 2:N:0: 
CAAAGAATAGATGCCTTGATATTTTGATAGATTCATTCTTTGTTTTGTAGGTAGTTGGTACGATAGTGGCGTACCAAGCCGGTGACAAATAGGAAAGAGCGAAAGCTTCTATTCCCGCAAT
TGGTTTTAATAAACCGATCGATCAGTTGTC 
+ 
@@@DDBBDAHA:D?AACGA?@DD<BHBADH><CCBEFCFEEH???CF?BGH4?DBBGHFCFHEBDHGHIII@<A?@@DDACB8>?AA><@>CCC@>??CCB>BBBCCACC@A@@DCBBBBB
>CC:8??C@CC@AC<BBB@B???9C@>CC: 
Malassezia sympodialis ATCC 42132 complete mitochondrial genome 
Sequence ID: emb|HF558646.1 
Expect: 2e-39 
 
Query  1      TCCCCAAACTTTCATCTCTCAGCGTCAATTCTTACCTGGAAAATTGCTTTCGCCTTTAGT  60 
              ||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||| 
Sbjct  32248  TCCCCAAACTTTCATCTCTCAGCGTCAATTCTTACTTGGAAAATTGCTTTCGCCTTTAGT  32189 
 
Query  61     ATTCCGTTAAGTATCAACAAATATCATCTCTACTCTTAACGTTCTATTTTCCTCTATTGAATTCTAGCTAT  131 
              |||||  ||  ||||||| |||||||||||||||  || | ||||||||||||| ||||||||| |||||| 
Sbjct  32188  ATTCCACTAGATATCAACGAATATCATCTCTACTTCTAGCATTCTATTTTCCTCCATTGAATTCAAGCTAT  32118 
 
Malassezia sympodialis ATCC 42132 complete mitochondrial genome 
Sequence ID: emb|HF558646.1 
Expect: 2e-29 
 
Query  1      GACAACTGATCGATCGGTTTATTAAAACCAATTGCGGGAATAGAAGCTTTCGCTCTTTCC  60 
              || |||||||  |||||| |||||||||||||||||| |||||||||||||||||||| | 
Sbjct  31907  GAAAACTGATTCATCGGTCTATTAAAACCAATTGCGGAAATAGAAGCTTTCGCTCTTTTC  31848 
 
Query  61     TATTTGTCACCGGCTTGGTACGCCACTATCGTACCAACTACCTACAAAACAAAGAATGAATC  122 
              |||||||||| |||||| |  |||  || |  | |||||||||||||||  ||||||||||| 
Sbjct  31847  TATTTGTCACTGGCTTGTTGAGCCGTTACCTCAACAACTACCTACAAAATGAAGAATGAATC  31786  

 
Here are three examples of how DNA-Seq assay sensitivity can be improved.  

The human genome is peppered with well conserved 300 bp Alu elements, which are 
scattered all over the genome, are specific to a subset of mammals and are not expected to 
be present in microbial or viral genomes. It is possible to capture and remove DNA strands 
which contain one or more Alu elements prior to sequencing, thus improving assay 
sensitivity between ten and a hundred fold (as compared to unbiased high-throughput 
sequencing). This technique works very well to find DNA viruses and cellular microbes 
(see Section 5.4). 

http://blast.ncbi.nlm.nih.gov/
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A second technique exploits the fact that the some sequences occur rarely in the human 
genome as compared to microbial genomes (such as “ATCGAT”). A restriction enzyme 
(which cuts DNA at this sequence) will produce fewer human fragments as compared to 
microbial fragments suitable for sequencing (300 – 700 bp long). The assay sensitivity 
improvement will vary based on the frequency of this sequence in various microbial 
genomes, but is typically ten to a hundred times greater than unbiased high-throughput 
sequencing. This technique is not well suited to the detection of DNA viruses since viral 
genomes are generally too small to produce even a single fragment in the desired size 
range. This technique can be combined with the Alu element technique described in the 
previous paragraph to compound assay sensitivity. It is very simple to implement: it 
actually simplifies Illumina library preparation. 
A third technique called subtractive hybridization can greatly reduce high frequency inserts 
(eg. human DNA sequences) while leaving microbial inserts mostly intact. This can further 
compound sensitivity by a hundred to a thousand fold. This technique must be coupled 
with Alu repeat element capture and/or restriction enzyme digestion described in the 
previous paragraph, otherwise the library will be too complex for subtractive hybridization. 

1.2.2 Notes on Total RNA-Seq (whole transcriptome shotgun sequencing) 
Despite slightly higher complexity and cost, Total RNA-Seq is usually a better choice than 
DNA-Seq due much better handling of novel species and contamination. There is no way 
to reassemble reads originating from novel species in a clinical specimen using DNA-Seq, 
as this would require depths well beyond those provided by today’s sequencing 
technology. When using RNA-Seq, the SSU and LSU ribosomal genes of low abundance 
microbes can easily be reassembled, even using moderate sequencing depths. Furthermore, 
taxonomic classification using these ribosomal genes is straightforward, as ribosomal 
sequences are very well conserved between species. 
A major concern when working with RNA is preventing degradation of RNA strands. 
Enzymes called RNases, which break long RNA strands into very short fragments, are 
ubiquitous. To prevent degradation and loss: (1) extract RNA immediately after clinical 
specimen has been collected; (2) store RNA in nuclease free water; (3) store RNA at -20ºC 
or colder; (4) store RNA with RNase inhibitors. Ideally, RNA should be quickly converted 
into DNA to avoid possible degradation, as DNA is much more stable than RNA. 
Here is a simple example of how assay sensitivity can be improved with RNA-Seq. The 
human SSU/LSU genes contain sequences specific to mammals, which are not present in 
microbial SSU/LSU genes. It is possible to first isolate all SSU/LSU RNA strands (from 
both humans and microbes), and then separate the human strands from the microbial 
strands using sequences which only appear in human strands (never in microbial strands). 
This increases sensitivity up to ten thousand fold. A simple implementation of this 
technique is explained in detail in Section 4.5.3. 



 10 

1.2.3 Notes on contaminants 
Traditional microbe detection either involves abundant microbes found by microscopy in 
clinical specimens or less abundant microbes which outgrow human cells (and other 
microbes) in artificial culture media. Taking minimal precautions to avoid contamination is 
amply sufficient to avoid false positives in the case of detection by microscopy—this 
technique’s sensitivity is so low that the specimen would need to be overrun with 
contaminant microbes to cause a false positive.  
Avoiding contamination when growing microbes in artificial culture media is somewhat 
harder since even trace contaminants are enough to produce a colony. Sterilizing 
instruments/reagents used to produce and inoculate artificial media is sufficient to avoid 
contamination. Since microbes can easily be killed with heat, chemicals or radiation, 
preventing contamination is rather straightforward for cell culture assays. 

When detecting microbes using culture independent methods based on microbial DNA or 
RNA—what this book is about—, managing contamination is a much more complex issue. 
While sterile materials contain no living microbes, they may well contain microbial DNA 
or RNA from dead microbes. Destroying DNA strands by breaking the covalent bonds 
between nucleotides requires very high temperatures (much higher than autoclaving at 
121ºC). Since modern molecular biology methods such as PCR are extremely sensitive, as 
little as a single DNA strand can be amplified and detected! This means the detection of 
trace amounts of DNA contaminants is nearly unavoidable, and can lead to false positive 
results. Contaminants are particularly problematic when a very small amount of input 
DNA or RNA is used, requiring special reagents up to the genome amplification step17. 

Over the past two years, many reports of DNA contamination in various molecular biology 
kits (such as DNA extraction kits) have been published18-21. For example, Bradyrhizobium 
contamination is present in most high-throughput sequencing runs, yet was erroneously 
reported in a New England Journal of Medicine article as a causative agent in cord colitis 
syndrome based on high-throughput sequencing results22. There are many examples of 
peer reviewed articles finding associations between microbes and hosts which were later 
understood to be no more than artifacts of laboratory contamination. Two highly 
publicized contamination cases come to mind: (1) Xenotropic murine leukemia virus-
related virus (XMRV), which was suspected of causing chronic fatigue syndrome and 
other conditions, turned out to be a laboratory contaminant23; (2) the water bear’s genome 
(a highly resilient aquatic animal) was thought to contain ~30% bacterial genes acquired 
by horizontal transfer, when in fact these bacterial genes were simply contaminants24.  

Two different approaches are possible to handle contamination: (1) reduce contamination 
as much as possible by (a) choosing kits/reagents designed specifically for microbiome 
analysis, (b) treating general purpose kits and reagents with DNase/RNase, heat or UVC 
radiation prior to use to destroy contaminant DNA/RNA, (c) labeling DNA/RNA with a 
custom sequence early in the workflow to identify contaminants inserted downstream of 
the labeling step; (2) run controls to determine which contaminants are present in the 
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workflow, and ignore these contaminants in the results (the assay will thus be mostly blind 
to the presence of these contaminant species in the clinical specimen). 

1.2.4 DNA-Seq vs. RNA-Seq susceptibility to contamination 
Total RNA-Seq workflows are much less susceptible to contamination than Total DNA-
Seq workflows. 
Unlike DNA, RNA eventually fragments at room temperature, and since RNA extraction 
kits are usually stored at room temperature, RNA extraction is expected to be less 
susceptible to RNA contamination originating from these kits as compared to DNA 
extraction. This is especially true if long RNA strands are selected (RNA strands shorten as 
they degrade). However, DNA contaminants may be present in the extracted RNA, and are 
efficiently reverse transcribed along with RNA strands during first and second strand 
synthesis. Fortunately, DNase I can be added prior to first strand synthesis to destroy all 
contaminating DNA; this technique should be used to remove all DNA contaminants 
inserted prior to first strand synthesis. 

Instead of using simple random hexamers to prime reverse transcription during first strand 
synthesis, a unique 5’ label can be added to these hexamers to distinguish RNA strands 
present during this step from contaminants inserted downstream (eg. from various kits and 
reagents). This label will be visible in the sequencing results of reads originating from the 
RNA sample, but will not be present in reads originating from downstream contaminants. 
In addition, different labels can be used for different samples, allowing the pooling of 
samples before library preparation (saving labor and 50$ USD of reagents per additional 
sample). 

Finally, DNA-seq of novel microbes (including novel contaminant microbes) will produce 
reads which cannot be reassembled or assigned a taxonomic classification. Since novel 
microbe species cannot be distinguished from one another using this technique, it is not 
possible to use reads in negative controls to identify and eliminate contaminants during 
data analysis. In contrast, Total RNA-Seq produces almost exclusively reads from 
SSU/LSU genes, which can be reassembled and taxonomically classified. This enables a 
complete list of novel species to be produced for both negative controls and clinical 
specimens. 
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1.2.5 Setting up a lab for unbiased high-throughput sequencing (from scratch) 
Given the high cost of sequencing a single sample13 (1500$-3000$ USD), the capital cost 
of setting up a lab to perform the DNA/RNA extraction step is negligible (total <1500$ 
USD). The simplest sensitivity enhancement techniques described in this book require 
some additional equipment/consumables, totaling about 2600$ USD (see Section 1.2.6). 
 
Table 5: Capital items. 
Description Supplier Price 

(USD) 
Scilogex MicroPette Plus Single-Channel Variable Volume Pipettor 2-20 ul Amazon 64 
Scilogex MicroPette Plus Single-Channel Variable Volume Pipettor 100-1000 ul Amazon 64 
Bio Plas 0071 Polypropylene 80 Well Microcentrifuge Tube Rack, Autoclavable, 
Fluorescent Green (Pack of 5) 

Amazon 9 

Bio Lion Centrifuge, XC-LED12K, Mini desk-top centrifuge, 12,000 rpm Amazon 265 
Scientific Industries Cell Disruptor Genie, with 2mL Screw-Cap Tube, 60Hz, 120V Amazon 495 
 Total 897 
 
Table 6: Consumables. 
Description Supplier Price 

(USD) 
Alkali Scientific AS-BT-20 A+ Barrier Filter Pipette Tip, Polypropylene, 20 
microliter Volume, Clear (Pack of 10 Racks, 96 Tips/Rack) 

Amazon 59 

Alkali Scientific AS-BT-1000 A+ Barrier Filter Pipette Tip, Polypropylene, 1000 
microliter Volume, Clear (Pack of 10 Racks, 96 Tips/Rack) 

Amazon 60 

Epicentre Catch-All Sample Collection Swabs (100 pack) Epicentre 70 
1.5 ml low adhesion polypropylene microcentrifuge tube, natural, graduated, 
500/bag 

USA Scientific 25 

Vibrant Micro-textured Powder Free Latex Exam Gloves (Box of 100) Amazon 16 
188 proof alcohol (94% alcohol, 6% water) or  
Reagent alchohol (90% ethanol, 5% methanol, 5% isopropanol) 

 20 

 Total 250 
 
Table 7: DNA/RNA extraction kits. Not all kits are necessary. 
Description Supplier Price 

(USD) 
ZR Fungal/Bacterial DNA MiniPrep (50 preps) Zymo Research 132 
ZR Fungal/Bacterial RNA MiniPrep (50 preps) Zymo Research 211 
ZR Viral DNA Kit (50 preps) Zymo Research 200 
ZR Viral RNA Kit (50 preps) Zymo Research 200 
ZR Quick-RNA MiniPrep Plus (50 preps) + 
ZR BashingBead Lysis Tubes (0.5 mm -  50 tubes) 

Zymo Research 249 
150 
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1.2.6 Additional items required for sensitivity enhancement (two simplest methods) 
The two simplest techniques used to improve the microbial read yield are explained in 
Section 4.5.3 (for RNA-Seq) and in Section 5.4 (for DNA-Seq). Both techniques isolate 
microbial DNA/RNA from human DNA/RNA prior to sequencing, increasing microbiome 
assay sensitivity between ten and ten thousand times—as compared to simple unbiased 
high-throughput sequencing methods. Given the high cost of sequencing13 (1500-3000$ 
USD per sample), performing these sensitivity enhancement steps is typically very cost 
effective (see Table 8 and Table 9). 
Table 8: Capital items. 
Description Supplier Price 

(USD) 
Scilogex MicroPette Plus Single-Channel Variable Volume Pipettor 1-2.5 ul Amazon 64 
OpenPCR Thermocycler ChaiBio 649 
High powered magnet Amazon 10 
E-Gel® Go! Agarose Gels Starter Kit, 1% LifeTech 600 
 Total  
 
Table 9: Consumables. 
Description Supplier Price 

(USD) 
Alkali Scientific AS-BT-10 A+ Barrier Filter Pipette Tip, Polypropylene, 10 
microliter Volume, Clear (Pack of 10 Racks, 96 Tips/Rack) 

Amazon 59 

0.2 ml TempAssure PCR tube, attached dome cap, natural (1000 units) USA Scientific   40 
NEB Streptavidin Magnetic Beads NEB 255 
NEB E. coli DNA polymerase I  NEB 66 
Custom oligos IDTDNA 1000 
 Total  
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1.3 Infectious agent types 
Infectious agents are a diverse group (see Figure 7). Cellular organisms are the main form 
of life on Earth, and all cellular organisms known today descend from a single ancestor 
which resembled present day bacteria—this microbe is called the “Last Universal Common 
Ancestor” or “LUCA”. Viruses comprise the other form of earthbound life, though there is 
some disagreement in classifying them as alive or not since they can only replicate within 
cellular organisms. 
All cellular organisms and viruses require RNA to replicate; though DNA is required in 
the replication of most infectious agents, a subset of viruses go through their entire life-
cycle without converting their genome to DNA (virus groups III, IV, V). These viruses 
cannot be detected using Total DNA-Seq. 
Total RNA-Seq is able to detect all infectious agents except: (1) prions (misfolded proteins 
lacking DNA or RNA); (2) latent viral infections, where viral DNA sits passively in the 
host cell (either as a provirus integrated directly into a host chromosome or as an extra 
episomal virus chromosome) and are not transcribed into RNA during this part of their life 
cycle—note that the virus must eventually be transcribed into RNA strands to produce 
virions and infect other cells. 
The combination of Total DNA-Seq and Total RNA-Seq on a clinical specimen is 
considered truly universal*, as it can detect all infectious agents except prions. Sensitivity 
enhancement techniques described in Table 10 can be used to increase assay sensitivity— 
with minimal loss of universality—by separating human DNA/RNA from infectious agent 
DNA/RNA prior to sequencing. 

Table 10: Possible genetic targets and best sensitivity enhancement methods for various groups of infectious 
agents. Hashed cells mean only a subset of the specified infectious agent type can be detected using the 
sensitivity enhancement method, thus the method is not universal. 
Infectious agent type (subset) Generic target Best sensitivity enhancement methods 
Eukaryotes (all) 

Poly(rA) tailed mRNA 
Poly(dT)25 primers + blocking primer panel for 
highly prevalent transcripts Active DNA virus infection (all) 

Active RNA virus infection (polyA) 

Cellular microbes (all) 

Ribosomal DNA (SSU/LSU) Consensus PCR + blocking primers 
Ribosomal RNA (SSU/LSU) Consensus target capture + blocking primers 
Small RNA (5S) RNase II/R digestion + blocking primers 

DNA outside human genome Depletion of human DNA via repeated sequence 
target capture (such as Alu elements and other 
transposons) 

Latent episomal virus (all) 
Latent provirus (large genome) DNA inserted in human genome 
Cellular microbes (diameter <2 um) DNA/RNA within small cell Separation of small microbial cells and viral 

capsids using differential centrifugation DNA virions (in capsid) DNA within capsid 
RNA virions (in capsid) RNA within capsid 
Eukaryotes (small mitochondria) Mitochondrial DNA Separation of short infectious DNA from long 

human DNA with agarose gel. Episomal viruses (small genome) Episomal DNA 

                                                
* Note that this is only true if the DNA/RNA extraction methods used prior to sequencing are also universal; 
some cellular microbe cells are difficult to break open (lyse). 
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Figure 7: Venn diagram of infectious agents types, with examples for each type. Prions are infectious agents 
made only of protein, thus they cannot be detected using DNA-Seq or RNA-Seq. 

1.3.1 Cellular organisms 
All cellular organisms share common genetic features: they contain a genome made of 
DNA, parts of this genome are copied into RNA, which is in turn read and converted into 
protein by several enzymes made of both RNA and proteins. These universally present 
enzymes include polymerase proteins, transfer RNAs, ribosomal proteins and ribosomal 
RNAs. Though sequencing protein amino acid chains is possible using mass spectroscopy, 
this method is time consuming and only produces very short amino acid reads. Sequencing 
DNA or RNA is the preferred approach for microbiome assays. 

Traditionally, microbiome assays used consensus PCR to amplify a region of DNA called 
ribosomal DNA (rDNA), which is the DNA template used to produce ribosomal RNA. The 
small subunit (SSU/16S) part of rDNA is typically targeted for amplification. PCR 
amplification requires two sequences in the SSU region to be conserved between all 
species of interest (see Table 11 and Figure 8). For human microbiome studies, there is a 
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further restriction on these conserved regions: they must not appear in the human genome, 
otherwise amplicons from human DNA would crowd out microbial amplicons. This means 
the best conserved regions of the SSU cannot be used since they also appear in the human 
SSU—they are so well conserved that even humans use the same sequence as bacteria! So 
primers 16S_515q and 16s_1407Q shown below, despite being the most conserved 
sequences in the SSU gene and thus the most universal primer pair available, are not 
typically used in human microbiome studies. 

:: Tm delta of anneal to human SSU sequence for primers 16S_8t and 16S_1512U. 
leif tm0 ACGGCTACCTTGTTACGACTT ACGGAAACCTTGTTACGACTT 0.25 0 2 0.8 
leif tm0 AGAGTTTGATCCTGGCTCAG  CCTGGTTGATCCT-GC-CAG  0.25 0 2 0.8 

 
Table 11: Consensus bacterial primers traditionally used in microbiome studies (pink/blue), as well as more 
universal consensus primers generally not used in microbiome studies (orange/green). Note that other 
consensus primers can also be used. All these are sometimes called “universal bacterial primers”, but they 
don’t efficiently amplify the DNA of all bacteria, so this terminology is misleading. The reduction in oligo 
melting temperature due to mismatches against the human genome are shown in the last column. 
Primer name 
(alternate name) 

Primer sequence (5’ →  3’) Alignment to human sequence Human ΔTm 

16S_8t (27F) AGAGTTTGATCCTGGCTCAG CCT.G........-..-... -35ºC 
16S_515q GTGCCAGCAGCCGCGGT ................. 0ºC 
16S_1408Q GACGGGCGGTGTGTACA ................. 0ºC 
16S_1512U (1492R) ACGGCTACCTTGTTACGACTT ....AA............... -10ºC 

 
Figure 8: Primer sequences from Table 11 shown in Escherichia coli SSU gene DNA and human SSU gene 
DNA. Mismatching bases in humans are shown in red. 

Because of the shortcomings of consensus PCR described above, most microbiome studies 
performed today are limited to surveying a subset of bacteria, and can’t detect eukaryotic 
microbes at all. It is possible to design a more universal consensus PCR assay which can 
detect most bacteria and eukaryotic microbes by using primers 16S_515q and 16S_1407Q, 
and using human blocking primers to prevent human amplicons from crowding out 
microbial amplicons (see Section 6.1). Note that SSU genes may contain introns which 
completely prevent detection using consensus PCR of DNA (see quote below). Also note 
that these much improved consensus primer still don’t match exactly will all known 
microbes’ DNA: they are not truly universal. 

“Owing to divergent 16S ribosomal RNA (rRNA) gene sequences, 50-100% of organisms sampled 
from specific [bacterial] phyla would evade detection in typical cultivation-independent surveys. CPR 
organisms often have self-splicing introns and proteins encoded within their rRNA genes, a feature 
rarely reported in bacteria.”25 

5’ 3’ 
3’ 5’ 

Escherichia coli SSU gene DNA 
1541 base pairs (not to scale) 

AGAGTTTGATCCTGGCTCAG GTGCCAGCAGCCGCGG
 

TTCAGCATTGTTCCATCGGCA ACATGTGTGGCGGGCAG 

5’ 
3’ 

Human SSU gene DNA 
1871 base pairs (not to scale) 

CCTGGTTGATCC-GGC-CAG 

 
GTGCCAGCAGCCGCGG

 
TTCAGCATTGTTCCAAAGGCA ACATGTGTGGCGGGCAG 

3’ 
5’ 
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Due to these limitations, consensus PCR is not a recommended approach for truly 
universal microbe detection assays. Instead, the techniques listed in Table 10 should be 
used. The most sensitive universal techniques simply isolate an RNA strand which is 
present in all cellular microbes (such as the SSU, LSU or 5S RNA strands), and remove 
the human version of these strands using highly divergent regions between humans and 
microbes (for example with target capture). A representative set of known medically 
important cellular organisms can be found in Table 42 on page 82. 
Table 12: Assumptions related to SSU/LSU which are useful in microbiome studies. 
Assumption Comments 
5S/SSU/LSU universally conserved All cellular microbes have 5S/SSU/LSU genes. This is extremely likely to be 

true, as these genes can be found in all life forms known today. 
5S/SSU/LSU evolving slowly The sequences within the 5S/SSU/LSU genes are evolving slowly enough that an 

SSU/LSU gene from a novel microbe can be identified as such by its sequence 
alone (otherwise it would be very hard to tell if a read is from an novel microbe 
species vs. just a new region of DNA from a known microbe species). This is 
extremely likely to be true, as all known microbes have well conserved regions in 
their 5S/SSU/LSU genes. 

SSU made of one RNA strand The LSU strand is known to be sometimes spliced into multiple part in vivo, 
which mean selection by size and RT-PCR may not work on this gene. There are 
no known species in which the SSU strand in fragmented in vivo, making better 
suited for some types of microbiome assays. 

5S RNA strand len 100 – 160 nt  
SSU RNA strand len 1300 – 2400 nt 

Simple size selection can be used to somewhat purify RNA strand type of 
interest, such as the 5S and SSU.  

Introns not present in SSU/LSU Most consensus PCR assays require relatively short amplicons; introns within 
targeted genes can significantly increase amplicon size, making PCR insensitive 
to some microbes despite exact primer matches. Introns can even be inserted 
within the consensus sequence targeted by PCR, leading to complete failure of 
priming. Introns are present in all branches of the tree of life, including some 
types of bacteria. This is a serious problem. 

Modified bases blocking reverse 
transcription not present in 
5S/SSU/LSU RNA strands 

Though 5S/SSU/LSU RNA strands are transcribed with ordinary RNA 
nucleotides (A,U,C,G), some of these nucleotides are modified by enzymes 
during the maturation process. Reverse transcription polymerase enzymes used to 
sequence these RNA strands cannot handle some of these modified bases. This 
can lead to some species avoiding detection entirely. This is a serious problem. 

SSU decoding site sequences and 
SSU helix 18 sequence universally 
conserved 

These are the three best conserved regions of the SSU gene. They are used in 
different assays to isolate SSU from everything else. These sites are almost 
identical in all free living cellular organisms; however, their sequences diverge 
markedly in endosymbionts such as mitochondria. 

SSU helix 45 hairpin universally 
conserved 
 

The final helix at the SSU’s 3’ end forms a strong hairpin. If this feature is 
universally conserved, it can be used to isolate the SSU from other RNA strands 
(either by preventing RNase T/R digestion, or by self-priming). 

KsgA gene universally conserved, 
blocking reverse transcription of 
SSU helix 45 

If all microbial species modify bases in helix 45, preventing reverse transcription, 
this can be used to isolate SSU from other RNA strands.  

5S RNA strand forms strong hairpin The 5S RNA strand’s 3’ and 5’ ends fold together to form a strong hairpir. This 
hairpin protects if from RNase R digestion, allowing it to be isolated from other 
RNA strands. 
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1.3.2 Viruses 
Unlike cellular microbes, viruses do not have universally conserved sequences (such as 
ribosomes) present in all virus types; this makes consensus PCR and target capture 
methods unworkable for viruses. Additionally, viral genomes are much smaller than 
cellular microbe genomes, which causes two main problems: 1) a single microbe in a 
clinical specimen leaves a much bigger genetic trace than a single virus (~1 fg vs. ~0.01 
fg), making it easier to detect using unbiased high-throughput sequencing*; (2) restriction 
enzyme based methods are more likely to miss small viruses (see Section 7.4).  

A representative set of known medically important viruses can be found in Table 14. 
Unlike cellular microbes, the genetic material within virus particles (virions) can either be 
RNA or DNA, in single or double stranded form. ExPASy provides a detailed and 
accessible list of virus properties: http://viralzone.expasy.org . 

1.3.2.1 Viral DNA/RNA isolation by virion diameter 
If a specimen is thought to contain virions, these can be separated from human cells by size 
using a centrifuge. Virions are very small as compared to human cells (0.02-0.36 um vs. >7 
um), so they sediment at least 400x more slowly. Sedimentation rates are approximately 
proportional to diameter squared. 
For example, a tissue sample is placed in a ZR BashingBead Lysis Tube, suspended in 
water and agitated in a Disruptor Genie for a few minutes to release virions into solution. 
Then human cells precipitate under centrifugal force (~3000g for 15 minutes) and the 
supernatant is extracted. At this point, the supernatant only contains virions and cell free 
DNA/RNA. To eliminate cell free DNA/RNA, DNase I or RNase I can be added with the 
appropriate buffer, incubated and then thermally denatured—virion capsids will protect 
viral DNA/RNA from enzymatic digestion. Finally, the viral capsids can be lysed using the 
ZR Viral DNA/RNA Kit, and the extracted viral DNA/RNA sequenced. Note that second 
strand synthesis for ssDNA viruses is required prior to standard library preparation. 

1.3.2.2 Viral DNA isolation by size 
Viruses which consist of short DNA strands can be separated from human genomic DNA 
by size. When DNA is gently extracted from human cells, human chromosomal DNA 
typically break into fragments which are 40k bp or longer. Episomes or viral genomes 
within capsids which are shorter than 40k bp can be separated by size using gel 
electrophoresis. This technique works very well for DNA viruses which are shorter than 
40k bp; it does not work at all for RNA viruses, since human RNA come in all sizes and 

                                                
* An argument could be made that a microbe detection assay should measure its sensitivity using the mass of 
DNA/RNA from infectious agents rather than the number of microbial cells or virions. The approach chosen 
for this book is to use one microbial cell or virion per clinical specimen as the maximum attainable 
sensitivity, and try to achieve that. 

http://viralzone.expasy.org/
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cannot be separated by size from viral RNA. Small viruses with circular genome layout 
can be further purified using Lambda exonuclease and E. coli Exonuclease I. 

DNA viruses which infect vertebrates cluster into two groups: short (<10k nt), and long 
(>30k nt) linear double stranded (see Table 13). The first group can easily be detected 
using this technique (note that synthesis of the second strand is required prior to library 
preparation for ssDNA viruses). This technique is particularly powerful for the detection of 
small latent episomal viruses. 
Table 13: Properties of virus families which infect vertebrates. 

Family Layout Segs Min seg  
(k nt) 

Max seg  
(k nt) 

Comment 

Parvoviridae ssDNA – linear, 5’hairpin, 3’hairpin 1 4.0 6.0 No known species infect humans. 
Circoviridae ssDNA – circular 1 1.8 2.3 No known species infect humans. 
Anelloviridae ssDNA – circular 1 2.8 2.9  
Hepadnaviridae ssDNA/dsDNA – partially circular 1 3.2 3.2 Retrovirus. 
Polyomaviridae dsDNA – circular 1 4.5 5.0  
Papillomaviridae dsDNA – circular 1 6.8 8.4  
Adenoviridae dsDNA – linear 1 26.1 45.0  
Iridoviridae dsDNA – linear 1 102.0 303.0 No known species infect humans. 
Herpesviridae dsDNA – linear 1 125.0 240.0  
Poxviridae dsDNA – linear 1 130.0 375.0  
Asfarviridae dsDNA – linear 1 170.0 190.0 No known species infect humans. 
Reoviridae dsRNA – linear, 5’cap 11 0.2 3.0  
Orthomyxoviridae ssRNA – linear 8 0.9 2.3  
Bunyaviridae ssRNA – linear 3 1.0 12.0  
Nodaviridae ssRNA – linear, 5’cap 2 1.4 3.1 No known species infect humans. 
Deltavirus ssRNA – circular 1 1.7 1.7  
Picobirnaviridae dsRNA – linear, 5’cap 2 1.7 2.5 No known species infect humans. 
Birnaviridae dsRNA – linear, 5’cap 2 2.3 3.0 No known species infect humans. 
Arenaviridae ssRNA – linear, 5’cap, 3’hairpin 2 3.5 7.5  
Astroviridae ssRNA – linear, 5’protein, 3’polyA 1 6.4 7.4  
Picornaviridae ssRNA – linear, 5’protein, 3’polyA 1 6.7 9.1  
Hepeviridae ssRNA – linear, 5’cap, 3’polyA 1 7.2 7.2  
Alpharetrovirus ssRNA – linear, 5’cap, 3’polyA 1 7.2 7.2 Retrovirus. No known species infect humans. 
Caliciviridae ssRNA – linear, 5’protein, 3’polyA  1 7.4 8.3  
Betaretrovirus ssRNA – linear, 5’cap, 3’polyA 1 8.0 10.0 Retrovirus. No known species infect humans. 
Gammaretrovirus ssRNA – linear, 5’cap, 3’polyA 1 8.3 8.3 Retrovirus. 
Deltaretrovirus ssRNA – linear, 5’cap, 3’polyA 1 8.4 9.9 Retrovirus. 
Bornaviridae ssRNA – linear 1 8.9 8.9 No known species infect humans. 
Flaviviridae ssRNA – linear, 5’cap, 3’hairpin 1 9.6 12.3  
Togaviridae ssRNA – linear, 5’cap, 3’polyA 1 9.7 11.8  
Lentivirus ssRNA – linear, 5’cap, 3’polyA 1 9.8 9.8 Retrovirus. 
Rhabdoviridae ssRNA – linear 1 11.0 15.0  
Epsilonretrovirus ssRNA – linear, 5’cap, 3’polyA 1 11.7 12.8 Retrovirus. No known species infect humans. 
Spumavirus ssRNA – linear, 5’cap, 3’polyA 1 12.0 12.0 Retrovirus. 
Arteriviridae ssRNA – linear, 5’cap, 3’polyA 1 12.7 15.7 No known species infect humans. 
Paramyxoviridae ssRNA – linear 1 15.1 18.2 Warning: such long RNA strands may not be 

efficiently released from silica column kits. Filoviridae ssRNA – linear 1 18.9 19.1 
Coronaviridae ssRNA – linear, 5’cap, 3’polyA 1 27.6 32.0 
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Table 14: List of representative known medically important viruses by type and genome size. A full list can 
be found here: http://viralzone.expasy.org/all_by_species/678.html . 
Name Genome size (k nt) Type Comment 
Human T-cell lymphotropic virus (HTLV-1) 8.8 ssRNA-RT Provirus, latent in T-cells. 
Human immunodeficiency virus (HIV-1) 9.7 ssRNA-RT Provirus, latent in T-cells. 
JC virus 5.1 dsDNA  
BK virus 5.2 dsDNA  
Human papillomavirus (HPV-16) 7.9 dsDNA Episomal  
Varicella-zoster virus (VZV / HHV-3) 124.8 dsDNA Episomal, latent in dorsal root ganglia 
Herpes simplex virus 1 (HSV-1) 152.2 dsDNA Episomal, latent in dorsal root ganglia 
Human herpesvirus 7 (HHV-7) 153.1 dsDNA Episomal, latent in T-cells. 
Herpes simplex virus 2 (HSV-2) 154.7 dsDNA Episomal, latent in dorsal root ganglia 
Human herpesvirus 6A (HHV-6A) 159.3 dsDNA Episomal 
Human herpesvirus 6B (HHV-6B) 162.1 dsDNA Episomal/provirus, latent in monocytes. 
Epstein–Barr virus (HHV-4) 172.3 dsDNA Episomal, latent in B-cells. 
Variola virus 185.6 dsDNA Replicates in cytoplasm. 
Molluscum contagiosum virus 190.3 dsDNA  
Cytomegalovirus (CMV / HHV-5) 235.7 dsDNA Episomal, myeloid progenitor cells 
Hepatitis B virus 3.2 ss/dsDNA  
Human bocavirus 5.3 ssDNA  
Parvovirus B19 5.6 ssDNA  
Colorado tick fever virus (1.9,4.4,3.9,3.6,3.2,2.4,2.1,2.1,2.0,1.9,0.7,1.0)29.1  ssRNA  
Crimean-Congo hemorrhagic fever virus (5.4,12.1,1.7)19.1 ssRNA  
Guanarito virus (3.3, 7.1)10.4 ssRNA  
Heartland virus (1.8,3.4,6.4)11.6 ssRNA  
Influenza A virus (2.3,2.3,2.2,1.8,1.6,1.5,1.0,0.9)13.5 ssRNA  
Junin virus (3.4, 7.1)10.5 ssRNA  
Lassa mammarenavirus (3.4, 7.3)10.7 ssRNA  
Lymphocytic choriomeningitis virus (LCMV) (3.4, 6.7)10.1 ssRNA  
Machupo virus (3.4, 7.2)10.6 ssRNA  
Rift Valley fever virus (1.7,3.9,6.4)12.0 ssRNA  
Rotavirus A (1.6,1.1,1.1,1.1,0.8,0.8,2.7,3.3,2.6,1.4,2.4)18.6 ssRNA  
Sabia virus (3.4, 7.1)10.5 ssRNA  
Sin Nombre virus (3.7,2.1,6.6)12.3 ssRNA  
Hepatitis D virus 1.7 ssRNA  
Mamastrovirus 6.5 ssRNA  
Hepatitis E virus 7.2 ssRNA  
Rhinovirus A 7.2 ssRNA  
Enterovirus A 7.4 ssRNA  
Enterovirus C (Poliovirus) 7.4 ssRNA  
Hepatitis A virus 7.5 ssRNA  
Norwalk virus 7.6 ssRNA  
Hepatitis C virus 9.6 ssRNA  
Rubella virus 9.8 ssRNA  
Dengue virus 10.7 ssRNA  
Zika virus 10.8 ssRNA  
Yellow fever virus 10.9 ssRNA  
West Nile virus 11.0 ssRNA  
Tick-borne encephalitis virus 11.1 ssRNA  
Western equine encephalitis virus 11.5 ssRNA  
Rabies virus 11.9 ssRNA  
Human metapneumovirus 13.3 ssRNA  
Respiratory syncytial virus (RSV) 15.2 ssRNA  
Mumps virus 15.4 ssRNA  
Human parainfluenza virus 1 15.6 ssRNA  
Measles virus 15.9 ssRNA  
Ebolavirus 19.0 ssRNA  
Marburg marburgvirus 19.1 ssRNA  
SARS coronavirus 29.8 ssRNA  
MERS coronavirus 30.1 ssRNA  

http://viralzone.expasy.org/all_by_species/678.html
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1.3.2.3 Detecting active viral infections using messenger RNA 
To synthesize new virions, all viruses need to produce proteins using human ribosomes, 
which in turn require viral messenger RNA as an input. This means regardless of the virus 
type (DNA or RNA), active viral infections always leave a messenger RNA signature. 
Note that unlike human messenger RNA, some viruses do not add a poly(A) tail to their 
messenger RNA strands. This means poly(A) capture library preparation is not suitable for 
systematic microbiome analysis. 
RNA can be extracted from human cells using any RNA extraction kit, since human cells  
are very easy to lyse (ex: ZR Quick-RNA Miniprep). The extracted RNA can then be 
sequenced. To increase the sensitivity of this method, some human RNA can be removed 
using target capture (see Section 4.5.2), blocking primers (see Section 6.1), restriction 
enzyme digestion (see Section 7.4) and/or subtractive hybridization (see Section 7.5). 

1.3.2.4 Detecting latent viral infections 
Some viral infections become latent in humans, and temporarily stop synthesizing virions. 
These infections are hard to detect, and could easily be missed by the three previous 
methods. Many latent viral infections are known to produce chronic health problems in 
humans, so it is imperative to detect all such viruses in microbiome studies. Two types of 
latent viral infections exist, which make use of the human cell’s division process to 
replicate their DNA while latent: episomal viruses and proviruses.  
Episomal viruses insert a small viral chromosome into the human cell nucleus, which is 
copied along with the 46 large human chromosomes during cellular division. Proviruses 
insert themselves within human chromosomes (slightly lengthening them), and are 
duplicated along with the human chromosomes during cellular division. Here is a list of 
latent human viral infections: http://viralzone.expasy.org/all_by_protein/3970.html. 

For example, the Epstein-Barr virus is a large episomal virus which enters a latent phase in 
human B-cells; only a small amount of two viral RNA molecules are transcribed during its 
latent phase. This virus is too large to be caught by methods of Section 1.3.2.2, it is not 
producing virions avoiding detection from Section 1.3.2.1, and it may be producing too 
few RNA transcripts to be detected by Section 1.3.2.3. 
Another example is HTLV-1, a retrovirus which integrates into the human genome, 
becoming a provirus. During its latent phase, this virus is believed to not produce any 
messenger RNA transcripts, making it undetectable using any of the previously described 
methods. HIV-1 is a better known example of a retrovirus which also integrates itself into 
the human genome, and can become latent as well. 

The restriction enzyme and subtractive hybridization methods described in Section 7 are a 
good approach to detect large episomal viruses and proviruses. Short episomal viruses can 
be detected using gel electrophoresis. This leaves short latent proviruses (such as HIV-1 
and HTLV-1) as the most difficult to detect. Unfortunately, most proviruses are short. 

http://viralzone.expasy.org/all_by_protein/3970.html
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Unbiased high-throughput sequencing with high depth is one approach, though this is 
expensive. A second approach uses repeated human sequences and target capture to 
remove the bulk of human DNA (see Section 5.4), though this method risks capturing short 
proviruses inserted close to target capture sites—this method works better with episomal 
viruses since they are not integrated within the human genome. Finally, a third approach 
using a restriction enzyme panel tailored for short viruses can also be used (see Section 
7.4.4). Unfortunately, none of these solutions is very efficient: small proviruses integrated 
into a subset of human cells in a sample are very hard to find. 

1.4 History of microbe hunting 
Louis Pasteur and Robert Koch conclusively demonstrated the existence of pathogenic 
microbes between 1857 and 1882, embarking humankind on a long journey of discovery, 
isolating medically relevant infectious agents and finding links with human disease. Since 
then, a wide range of idiopathic afflictions have been explained and largely tamed through 
a combination of prevention and medication. During the century that followed, the 
combination of improved hygiene, sanitation and vaccines decimated many infectious 
diseases in the developed world, and antimicrobial drugs cured many life threatening 
infections such as syphilis and tuberculosis. This effort was so successful that in 1967, the 
US Surgeon General putatively stated26 that it was time “to close the book on infectious 
diseases, declare the war against pestilence won”. 
Humanity has a long tradition of declaring victory prematurely, as was the case here. Most 
notably, the infectious agents responsible for stomach ulcers/cancer and cervical cancer 
were discovered a decade later, at the fringe of mainstream science—it was widely 
assumed that we had already discovered all ubiquitous microbes which infect humans, so 
there was no need to keep looking! We most certainly had not: the highly prevalent 
infectious agents causing stomach ulcers/cancer and cervical cancer had been with us all 
along, we just needed to find them. 

Skepticism within the scientific community toward novel microbial etiologies for common 
idiopathic diseases changed markedly around 2010, with the advent of high-throughput 
DNA sequencing. Traditionally, microbe detection required growing pure microbial 
cultures in artificial media, which was known to be challenging—if not impossible—for 
some microbial species. For example, there is no known artificial culture media in which 
Treponema pallidum* will grow. High-throughput sequencing eliminated the requirement 
of growing pure cultures for microbial discovery, finally allowing the detection of 
fastidious microbes in or on humans. Based on this technology, human microbiome 
projects revealed that we had only discovered a very small faction (some say 10%) of the 
microbes living in our guts! The other ~90% simply does not grow in vitro, so they were 
undetectable before the advent of high-throughput DNA sequencing. 

                                                
* This microbe causes syphilis in humans, so it has been studied extensively. It is currently grown in rabbits. 
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Table 15: Key advances in microbe discovery technology. 
Key techniques used in 
microbe identification and 
discovery 

Introduction 
date 

Significance for microbe identification/discovery 
(explanatory video) 

Compound light miscroscope 1857 Enabled the first microbes to be visualized. 
Artificial cell culture media 1850s Enabled exclusion of spontaneous generation as origin of life. 
Electron microscope 1930 Enabled the visualization of viruses. 
Low-throughput (LT) DNA 
sequencing 
(aka Sanger sequencing) 

1977 Enabled the sequencing of ribosomal genes, allowing molecular 
taxonomic classification of species. This innovation shook-up the 
tree of life: many physically dissimilar species were found to share a 
common ancestor, and physically similar species were found to be 
unrelated. (youtu.be/6ldtdWjDwes) 

Polymerase chain reaction 
(PCR) 

1987 Species specific and consensus PCR primers can detect a very small 
amounts of microbial DNA/RNA in a mixed clinical specimen. This 
technique is ultra-sensitive, fast and cheap. It works well as long as 
you know which sequences you are looking for—it does not work 
well to find microbes with novel/unknown sequences. 
(youtu.be/2KoLnIwoZKU) 

High-throughput (HT) DNA 
sequencing 

2005 By sequencing millions of DNA/RNA strands in a sample, high-
throughput sequencing technology has enabled the study of 
microbiomes, where low abundance microbes can be found, and the 
relative abundance of microbes can be estimated. 
(Illumina: youtu.be/5_w6Tz3OjXc) 
(Oxford Nanopore Technologies: youtu.be/3UHw22hBpAk) 
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1.5 Sequencing technology 
The DNA sequencing era began in 1977 with a simple, low-throughput (LT) DNA 
sequencing method introduced by Sanger27. Refinements of Sanger’s method are still 
widely used today due their low cost and simplicity: a single sequencing reaction produces 
one read of ~700 bases, takes less than a day and costs a few dollars. In contrast to low-
throughput sequencing, high-throughput (HT) DNA sequencing technologies developed 
after the year 2000 can produce as many as a billion reads per run, with each run costing a 
few thousand dollars (see Figure 9). This is about a million times cheaper than Sanger 
sequencing. 
Sequencing entire genomes using Sanger’s method is costly. The first complete genome 
was sequenced in 1977 by Sanger’s team: bacteriophage Phi X 174, which is a virus with a 
tiny genome consisting of 5386 bases. In 1984, the 170 thousand base pair genome of the 
Epstein-Barr virus was published. The first complete cellular microbe genome was 
sequenced in 1996: 1.8 million base pairs from the bacterium Haemophilus influenzae28. 
And finally in 2001, the first draft human genome consisting of 3 billion base pairs was 
sequenced and published at a cost of about 100$ million. Today, sequencing a human 
genome costs about a thousand dollars and takes a few days (see Figure 9). 
Many different high-throughput sequencing technologies have been developed in the past 
decade which vary in turn-around time, accuracy, read length, capital and run cost. Here is 
a good review13, 29_ENREF_27 of such technologies published in May 2016. Overall, 
Illumina’s sequencing technology has dominated due to its low cost per base and high 
accuracy. Its major shortcomings are high capital costs, short read lengths (limited to ~300 
bases) and long turn-around time (at least days, and possibly much longer if there is a 
queue to get access to a sequencer). Nonetheless, given how well suited it is for microbe 
discovery, it is the only high-throughput sequencing technology used in this book. 
 

 
Figure 9: Improvements in sequencing technology due to the advent high-throughput methods, as measured 
by the cost of sequencing the human genome. Source: www.genome.gov/sequencingcosts . 

http://www.genome.gov/sequencingcosts
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2    Colony taxonomy using LT Seq 

Sequencing entire microbial genomes—whose sizes are in the millions of base pairs—is 
clearly not practical using low-throughput (LT) sequencing technology such as Sanger 
sequencing. In order to determine a microbe’s taxon, it is fortunately not necessary to 
sequence its entire genome. All cell-based life on earth descends from a single ancestor 
species* which lived about 3.8 billion years ago. We know this because there are two genes 
present in all cell-based life which have barely changed during this time period: the small 
subunit (SSU) and large subunit (LSU) of the ribosome. Briefly, the SSU reads messenger 
RNA molecules, telling the LSU which amino acids to assemble into a protein. This 
process of synthesizing proteins from messenger RNA blueprints is the core activity of all 
cells. Though parts of genomes beyond the SSU/LSU genes are also necessary, they only 
play a minor role in cellular life as compared to this protein synthesis process. 

In fact, the SSU/LSU genes are so important that genomes usually have many identical 
copies of these genes†: these copies enable the mass transcription of SSU/LSU genes from 
DNA into RNA. In eukaryotes‡, several further optimizations evolved to increase the 
transcription efficiency of the SSU/LSU genes: (1) SSU/LSU transcription occurs in the 
nucleolus, a special compartment of the nucleus dedicated to this function; and (2) an RNA 
polymerase enzyme evolved specifically for this purpose (RNA polymerase I). 

                                                
* The kingdoms of cellular life are bacteria and archaea (the prokaryotes), and fungi, protists, plants and 
animals (the eukaryotes). Viruses are excluded, since they are not a cellular life form. All cellular organisms 
known to date descend from a single common ancestor which was a primitive prokaryote; this common 
ancestor is called the “Last Universal Common Ancestor” or “LUCA”. 
† There are ~320 SSU/LSU copies per human genome (the exact number varies between individuals), ~150 
per Saccharomyces cerevisiae genome, 7 per Plasmodium falciparum genome, 7 per Escherichia coli 
genome, 2 per Theileria parva genome and only 1 per Spiroplasma melliferum genome. 
‡ Bacteria do not have a nucleus or nucleolus, and only use one RNA polymerase enzyme for all transcription 
of DNA into RNA. 
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With all this transcription taking place, one would expect that the SSU/LSU genes will 
represent a large fraction of RNA within cells—and do they ever! In human cells, the LSU 
gene represents about half of all RNA by base count, and the SSU gene a fifth (see Figure 
10). Despite their ~320 copies per human genome, these genes only represent a tiny 
fraction of genomic DNA: 320*(5035+1871) / 3 billion = 0.07%. Thus, when sequencing a 
single randomly chosen DNA or RNA fragment*, finding an SSU/LSU gene fragment in 
genomic DNA is about a thousand times less likely as compared to RNA: P(SSU/LSU in 
human DNA)=0.07% vs. P(SSU/LSU in human RNA)=72%. These ratios are similar in 
microbial cells. 
Sequencing RNA instead of DNA allows the entire SSU/LSU genes to be sequenced with 
only a dozen Sanger sequencing reactions of randomly chosen RNA fragments, costing 
about 100$. Since the SSU/LSU genes are by far the best conserved in all cellular life and 
are never horizontally transferred between unrelated species, they can be used to determine 
which known species is most closely related to the specimen being tested. Modern 
phylogeny is based on this principle. Contrarily to popular belief, sequences from other 
parts of genomes are not very useful for taxonomic classification because: (1) they evolve 
too fast, so resemblance between related microbial species is quickly lost; and (2) some 
genes are horizontally transferred between unrelated species, so resemblance is not a 
reliable measure of kinship. 

 
Figure 10: Approximate distribution of RNAs in most human cell types (spermatozoa have a very different 
distribution). >90% of RNA bases are part of “structured” strands: four ribosomal RNA strands (28S, 18S, 
5.8 or 5S) and forty transfer RNA strands (4S). Remaining RNA strands are mostly “unstructured”: exons 
(mRNA), introns and non-coding strands. The distribution of RNA in microbes is similar. “Structured” RNA 
strands fold-up into specific 3D structures to directly catalyze reactions; “unstructured” RNA strands fold-up 
minimally. Structured RNA strands are often designated by their Svedberg value (‘S’) based on their 
sedimentation rate in water, which is proportional to the log of their mass (or length). 

                                                
* Selecting a random DNA or RNA fragment for sequencing is call the “shotgun” approach, as opposed to 
selecting small parts of the genome or transcriptome, which is called a “targeted” approach. 
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The only caveat with this experimental approach is that the starting material must be 
relatively pure: most of the RNA present must originate from the species of interest. For 
example, if human biopsy tissue or fluid is used, most of the RNA in the sample will be 
human (not microbial), so the reads produced would be taxonomically identified as human. 
Thus the main difficulty here is isolating cells from a single microbial species. 
In order to isolate individual microbe species from mixed specimens, the method 
traditionally used is cell culture: human cells generally do not grow in artificial cell culture 
media while many microbial species grow well. Unfortunately, not all microbial species 
grow well (or at all) in artificial media, including medically important species such as 
Chlamydia trachomatis, Treponema pallidum and Pneumocystis jirovecii. Furthermore, 
microbes which are less abundant are hard to isolate using this method. Nonetheless, this 
method was the most reliable way of detecting and identifying microbes up to the 1980s, 
and is still in wide use today. Other methods to separate microbial cells (including those of 
fastidious microbes) can be used such as: centrifugation, digestion with different enzymes, 
filtering with syringe filters, and flow cytometry—though none of these methods are as 
efficient as cell culture. 

The RNA extraction and sequencing part of this method is truly universal—it can reliably 
detect all cellular microbe species. Slightly cheaper/simpler methods than those described 
here also exist, and are based on the assumption that specific consensus sequences will be 
present in the SSU/LSU genes: though widely used, these methods are not truly universal 
and thus are not recommended. The following sections explain in detail how to carry out 
this experiment. 

 
Table 16: Key metrics for colony taxonomic identification using low-throughput sequencing of RNA. The 
experiment is split in two: (1) specimen collection and cell culture, and (2) RNA extraction and sequencing. 
 Part 1: specimen 

collection and cell 
culture 

Part 2: RNA 
extraction and 
sequencing 

Cost Low (<10$) Low (<100$) 
Complexity Low Low 
Speed Growth can be slow  

(1 to 14 days) 
<1 day 

Resilient to contamination Sterile equipment must 
be used 

Yes 

Sensitvity Very sensitive for fast 
growing species 

N/A 

Universality Not universal: some 
microbes can’t grow in 
artificial culture media 

Universal 

Taxonimic classifcation Difficult based on 
colony color/size. etc 

Very easy based on 
SSU/LSU genes! 
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2.1 Cell culture and colony isolation 
Once a clinical or environmental sample is recovered, cells are typically suspended in a 
saline solution (0.9% NaCl and 99.1% water, by mass) and serially diluted. For example, if 
a cotton swab is used to sample a mucus membrane, the swab tip can be placed in a 1.5 ml 
microcentrifuge tube with 1.0 ml saline solution. The tube is then shaken for a few minutes 
in a vortex mixer or shaker to ensure transfer of cells from the swab to the saline solution. 
Then the cell suspension can be serially diluted 10:1, 100:1, 1000:1 (or more) using a 
saline solution, mixing well at each step. Finally, an inoculation loop can be used to 
transfer a small amount (~10 ul) of each diluted cell suspension onto one or more Petri 
dishes which contain appropriate growth media*. Alternatively, a pipette can be used to 
inoculate the Petri dish using the drop plate method. Unlike downstream steps which are 
not sensitive to contaminants, these steps must be carried out with sterile materials. 

After an incubation period of one to seven days at the right temperature (usually 30ºC to 
37ºC), colonies will form on the Petri dish from single microbial cells which were present 
in the original sample (see Figure 11). At low dilutions, colonies will be clustered and 
difficult to separate; at high dilutions, only a few isolated colonies will form. Each colony 
of interest can be cut off of the Petri dish using a scalpel, and used in the next step. 
Downstream steps are incredibly sensitive, so even very small colonies can be 
taxonomically identified, as long as most of the RNA belongs to the species of interest. 
 

 
Figure 11: Several fungal colonies forming on a Petri dish inoculated using the drop plate method (two rows 
of four drops). A few contaminant colonies have also formed. 

                                                
* There are many types of growth media suitable for different microorganisms. Hardy Diagnostics produce a 
complete line of ready made culture media products, as well as sterile swabs and inoculation loops. 
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2.2 RNA extraction 
Commercial kits are available to extract all types of RNA shown in Figure 10 from cells. 
Performing both mechanical and chemical disruption of cell walls/membranes is highly 
recommended to ensure RNA is efficiently released (this step is called “cell lysis”). Zymo 
Research produce a kit specifically designed for this purpose called the “ZR 
Fungal/Bacterial RNA MiniPrep Kit - R2014” (see Figure 12). This kit efficiently disrupts 
(lyses) cells from all relevant kingdoms of life, including bacteria, archaea, fungi and 
protists. Microbial colonies up to 100 mg can be used as an input, though 1 mg is amply 
enough material for this protocol to work. The output of the extraction protocol is up to 50 
ug of RNA suspended in water, but only 0.01 ug is sufficient for our purposes. 

Note that RNA molecules are not very stable and can degrade in a number of ways. The 
most common problem is degradation by enzymes which destroy RNA called RNase, 
which “cut” RNA strands in quasi-random locations. These enzymes are ubiquitous in the 
environment and on human skin. Care should be taken when manipulating RNA molecules 
such as wearing gloves and using RNase free tubes and pipette tips. Unlike RNA, DNA is 
very stable and not likely to degrade; this means conversion into DNA in preparation for 
sequencing (next section) should be done quickly after RNA extraction. 
Keeping samples cool (for example on ice) slows RNase digestion. RNase inhibitor 
enzymes, which bind to and disable the most common types of RNase, can also be added 
after RNA extraction or during reverse transcription—for example “NEB RNase Inhibitor 
Murine - M0314S”. When using bead beating to disrupt cells, long beating times increase 
the temperature of the sample and also cause mechanical shearing of RNA—though long 
bead beating improves RNA extraction yield30, 31. Long RNA strands fragment more 
readily than short strands, at a rate at least proportional to their length: for example, the 
LSU strands will degrade faster than SSU strands because they are much longer. 
Fragmentation during RNA extraction usually does not matter much since most protocols 
require fragmented RNA anyway—though extraction results when visualized on a gel will 
appear odd (unlike Figure 12, the LSU band and perhaps even the SSU band will have 
disappeared, and their fragments will produce a smear lower on the gel). For protocols 
requiring intact RNA molecules, samples should be kept cold and only a short stint of bead 
beating should be performed (~2 minutes). 
When extracting RNA from a pure culture (as is done here), even very inefficient 
extraction protocols will yield sufficient RNA strands for this sequencing protocol to work. 
However, when attempting to detect microbes in a clinical specimen containing human 
RNA, the efficiency of the extraction protocol is one of the critical aspects of the microbe 
detection assay. For example, kits which efficiently extract RNA from human cells, but 
can’t break the cell wall of fungi or bacteria would bias the microbial/human RNA ratio in 
the wrong direction. A detailed review of DNA/RNA extraction protocols can be found in 
Section 3. 
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Figure 12: “ZR Fungal/Bacterial RNA MiniPrep Kit - R2014” (left). RNA extracted from Saccharomyces 
cerevisiae colony (7 ug RNA) and human semen (4 ug RNA) using this kit, run in lane 3 and 7 of a “Life 
Technologies E-Gel 1.2% Agarose Gel with SYBR Safe - G521801”, visualized with “Clare Chemical DR22 
transilluminator” (right). Band intensity is as expected (compare to Figure 10). Lane 6 is “NEB Quick Load 
2-Log DNA Ladder 0.1 to 10 kb - N0469S”. Saccharomyces cerevisiae and human SSU are nearly the same 
size but don’t migrate to quite the same position on the gel (probably due to secondary structures). The 
human LSU is much larger than Saccharomyces cerevisiae LSU, so it migrates to a position higher up on the 
gel. Human spermatozoa cells contain about 500x less RNA than other human cell types such as hepatocytes. 

2.3 Conversion of single stranded RNA to double stranded DNA 
Most molecular biology experiments (including sequencing) require double stranded DNA 
(dsDNA) as an input rather than RNA. Thus the first step following RNA extraction is 
typically conversion of single stranded RNA to dsDNA (see Figure 13). This step should 
be done quickly to avoid possible degradation of RNA due to ubiquitous RNase 
contamination. New England Biolabs (NEB) produce kits which efficiently convert RNA 
into dsDNA in preparation for sequencing; the kits used here produce dsDNA compatible 
with Illumina high-throughput sequencing runs, though they can be used to prepare low-
throughput Sanger sequencing reactions too. dsDNA which has been prepared for 
sequencing is usually called a “library”. For a detailed description of Illumina library 
preparation steps, refer to the manual “NEBNext Ultra RNA Library Prep Kit for Illumina 
- E7530”; the protocol described here only slightly deviates from the NEB manual. The 
Invitrogen user guide “SuperScript Choice System for cDNA Synthesis – MAN0000420” 
clearly lists compromises involved in converting ssRNA into dsDNA. 
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Figure 13: Conversion of single stranded RNA into double stranded DNA ~500 base pairs long using two 
NEB kits. RNA strands are depicted as narrow lines, single DNA strands as thick lines (this is just a symbolic 
representation, they are about the same size in reality); RNA:DNA hybrids and double stranded DNA 
(dsDNA) are represented by two strands placed very close together. Individual bases holding complementary 
RNA:DNA and dsDNA together through hydrogen bonds are shown in gray, though they are not drawn in 
most figures (for simplicity). The six base DNA primer oligo “NNNNNN” is shown in orange, and is 
commonly called a “random hexamer”; there are 4096 (46) different base sequence combinations for this 
primer, which are all present in equal amounts. RNA and DNA strands are directional molecules, so their 
ends are labeled as 5’ and 3’. Messenger RNA is read by the ribosome starting at the 5’ end, so by 
convention the 5’ end is shown as the “left” side of the strand. Random hexamer priming results in a 
substantial loss of the 3’ end of RNA molecules (see Figure 15); nick translation results in a small loss at the 
5’ end (8-14 nt, see Figure 18). Random priming favors GC-rich regions of the RNA strand because GC 
bases bind more strongly (binding strength order is dC:rG > dG:rC > dT:rA > dA:rU, see Table 17). 

2.3.1 RNA fragmentation 
In the presence of divalent metal ions such as magnesium (Mg2+), simply heating RNA to 
94ºC for a few minutes quasi-randomly fragments RNA strands into smaller pieces through 
the intramolecular transesterification of RNA phosphodiester bonds. This process is well 
explained in the documentation of the “NEBNext Magnesium RNA Fragmentation Module 
- E6150”. A fragmentation time of two minutes in 1 mM Mg2+ produces fragments about 
200 to 1000 bases long, with a median size of 500 bases (see Figure 14, left). This is the 
right range for most sequencing reactions—note that the strands will be somewhat 
truncated in downstream steps. To determine the optimal fragmentation time for a given 
setup, fragmentation can be done for 15 minutes, and a few microliters can be sampled 
every minute and loaded onto an electrophoresis gel (see Figure 14,  right). 
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Fragmenting RNA is especially important for the SSU/LSU RNA strands because these 
strands fold-up into a tight “ball” which the reverse transcription reaction has trouble 
penetrating (see Figure 36 and Figure 37); once fragmented, the tight SSU/LSU ball breaks 
apart and reverse transcription enzymes have mostly unencumbered access to convert RNA 
into DNA. It is not necessary to use to the “NEBNext Magnesium RNA Fragmentation 
Module - E6150” since kits which reverse transcribe RNA into DNA contain magnesium 
ions in their reaction buffer. 
Note that heat fragmentation is typically not random and shows some sequence bias32; also 
note that fragmentation due to mechanical stress (ex: bead beating) is more likely to cause 
a break at the center of the molecule than at the edges33. 

Magnesium fragmentation produces 5’ hydroxyl and 3’ phosphate RNA ends. For 
protocols which perform reverse transcription by first polyadenylating 3’ ends or ligating 
adaptors directly to 3’ and 5’ ends (for example “NEBNext Small RNA Library Prep Set 
For Illumina - E7330”), fragmented RNA ends need to be fixed to ensure they have a 
phosphate group at the 5’ end and hydroxyl group at the 3’ end—these ends enable 
polyadenylation  and ligation. This can be achieved with various enzymes such as “NEB 
Shrimp Alkaline Phosphatase - M0371S” to fix the 3’ end and “NEB T4 Polynucleotide 
Kinase - M0201S” to fix the 5’ end. The first strand synthesis protocol described here does 
not polyadenylate or ligate adaptors to RNA strands, so it does not require these steps. 
 

 
Figure 14: Theoretical distribution of lengths of RNA fragments following 1, 2, 3 and 5 minute incubation at 
94ºC in the presence of 1 mM magnesium ions (left); fragment lengths follow a gamma distribution. Note 
that this is not the number of nucleotides at each length but rather the number of fragments. Fragmentation 
experiment using target captured human SSU strands in “NEBNext RNA First Strand Synthesis Module - 
E7525” reaction buffer (1X) (right). Fragmentation time of ~4 minutes is appropriate. Fragmentation seems 
to occur somewhat more slowly than the theoretical graph in part because the gel is showing nucleotide 
counts (eg. fragment counts multiplied by fragment length), as opposed to fragment counts. 
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2.3.2 First strand synthesis 
First strand synthesis is the reverse transcription step during which an enzyme synthesizes 
a complementary single DNA strand hybridized (attached) to an RNA strand. This single 
DNA strand is often called “complementary DNA” or “cDNA”, though it is just an 
ordinary DNA strand which happens to be hybridized to an RNA strand due to the 
hydrogen bonds between matching bases on both strands. First strand synthesis is 
sometimes also called “cDNA synthesis” or “first strand cDNA synthesis”.  
The enzymes which perform this task are usually taken from retroviruses which must 
convert their RNA genome into DNA to infect host cells. The Avian Myeloblastosis Virus 
(AMV) and Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase enzymes 
are most commonly used in the laboratory. They are sometimes modified to disable their 
RNase H domain, which randomly nicks (fragments) RNA strands that are hybridized to 
DNA strands; this nicking activity sometimes hinders downstream steps and results in 
more loss of 3’ bases, though this protocol would not be affected (compare Figure 15 and 
Figure 16). The reverse transcription enzyme used in this protocol is the “NEB ProtoScript 
II Reverse Transcriptase – M0368S”. It is based on the M-MuLV enzyme, but was 
synthetically modified to mostly eliminate RNase H activity. 
Reverse transcription enzymes require a small piece of single stranded DNA attached 
(hybridized) to an RNA strand to begin the complementary DNA synthesis process. Since 
six base long DNA oligos are sufficient to start this process, DNA oligos with all possible 
sequences are added to the mix: there are 46 = 4096 possible combinations. These oligos 
are called “random hexamers”, and their job is to “prime” the reverse transcription process 
by attaching to six complementary RNA bases located anywhere on RNA strands. Since 
the binding location is effectively random, synthesized complementary DNA strands 
typically do not cover the entire RNA strand: about half of the RNA strand will be 
converted to complementary DNA. This somewhat reduces the length of output strands, 
but it does not impact the result of this experiment. Note that reverse transcriptase enzymes 
can displace previously synthesized complementary DNA strands which are already 
hybridized (and in the way!), which means running the first strand synthesis reaction 
longer will result in less truncation of the 3’ end of RNA. Also note that strand 
displacement does not always seem to occur34, or if it does occur it is very slow, which 
means a higher random hexamer concentration will result in shorter complementary DNAs. 

All the reagents necessary for first strand synthesis are included in the “NEBNext RNA 
First Strand Synthesis Module - E7525”. Once the first strand synthesis reaction is 
complete, the reaction mix is heated to 70ºC for 15 minutes to deactivate the reverse 
transcription enzyme (which is heat labile), saving a reaction clean up step. The enzyme 
inactivation temperature must not be too high otherwise RNA:DNA hybrids will separate 
and downstream steps will fail. 
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Figure 15: Detailed first strand synthesis using random hexamer priming and RNase H negative (-) reverse 
transcriptase enzyme (like “NEB Protoscript II Reverse Transcriptase - M0368S”). At a temperature of 25ºC, 
random DNA hexamers don’t remain annealed to matching RNA templates for a long time. In fact, hexamers 
which contain few GC bases have a very low probability of being hybridized, thus are unlikely to initiate 
polymerization by the reverse transcriptase enzyme. At a 0.020 uM concentration for each unique hexamer 
sequence (81.92 uM total), six base templates bind to a matching hexamer (by diffusion) every ~60 seconds, 
more less regardless of sequence—this period is inversely proportional to hexamer concentration. Once 
hybridized, the base sequence determines the duration of the binding event, after which hexamer and 
template separate. A reverse transcription enzyme must find (by diffusion) and bind to the template/hexamer 
hybrid to start reverse transcription; otherwise the binding event will not produce a complementary strand. 

Table 17: Approximate hybridization half-life of select DNA hexamers bound to matching RNA templates. 
Though all sequence combinations are present in the random DNA hexamer mix, most combinations do not 
contain sufficient CG bases to hybridize long enough for complementary DNA strand synthesis to begin. 
Binding strength order is dC:rG > dG:rC > dT:rA > dA:rU . RNA hexamers could also be used as primers. 
Hexamer 
sequence 

Complementary RNA 
template sequence 

Approx. hybridization half-life (25ºC in 125 mM mono cations) 
DNA hexamer “NNNNNN” RNA hexamer “rNrNrNrNrNrN” 

5’ CCCCCC 3’ 5’ rGrGrGrGrGrG 3’ 10000 s 10000 s 
5’ GGGCCC 3’ 5’ rGrGrGrCrCrC 3’ 100 s 10000 s 
5’ GGGGGG 3’ 5’ rCrCrCrCrCrC 3’ 10 s 10000 s 
5’ CCTACC 3’ 5’ rGrGrUrArGrG 3’ 10 s 100 s 
5’ GGTAGG 3’ 5’ rCrCrUrArCrC 3’ 0.1 s 100 s 
5’ GTGTGT 3’ 5’ rArCrArCrArC 3’ 0.1 s 1 s 
5’ CTCTCT 3’ 5’ rArGrArGrArG 3’ 0.1 s 1 s 
5’ GAGAGA 3’ 5’ rUrCrUrCrUrC 3’ 0.01 s  1 s 
5’ CACACA 3’ 5’ rUrGrUrGrUrG 3’ 0.01 s 1 s 
5’ TTTTTT 3’ 5’ rArArArArArA 3’ 0.001 s 0 s 
5’ AAAAAA 3’ 5’ rUrUrUrUrUrU 3’ 0 s 0 s 
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Figure 16: Detailed first strand synthesis using random hexamer priming and RNase H positive (+) reverse 
transcriptase enzyme (like “NEB AMV Reverse Transcriptase - M0277S” or “NEB M-MuLV Reverse 
Transcriptase - M0253S”). The yield of (nearly) full length reverse transcribed RNA fragments may be low, 
though this does not matter for many experiments, including this one. 

 
Figure 17: First strand synthesis can occur without random hexamers since some strands will naturally form 
3’ hairpins due to a “fluke” short sequence match; this will initiate first strand synthesis. Note that the yield is 
expected to be low (and biased) because hairpins will not form at all 3’ ends: best use random hexamers! 
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2.3.3 Second strand synthesis 
The output of first strand synthesis consists of RNA:DNA hybrid molecules (as well as 
displaced single DNA strands) which are still not compatible with sequencing: the RNA 
part of the hybrid must be converted into DNA, producing a standard DNA:DNA 
molecule, commonly known as “double stranded” DNA or dsDNA. Though a second 
round of random priming and polymerization could achieve this goal, strands would be 
truncated again, so this is not the preferred approach. Note that displaced single DNA 
strands from first strand synthesis will either self-prime through hairpins (in which case 
they will fail to PCR amplify downstream), or will be primed by random hexamers carried 
over from the first strand synthesis step, producing somewhat truncated dsDNA strands 
which will make it to the end of the flow. 
Instead, a technique called nick translation is used. In nick translation, the unwanted RNA 
strand is randomly nicked by an RNase H enzyme into two RNA strands, which generally 
remain attached to the complementary DNA strand. Thereafter, a nick translating DNA 
polymerase enzyme detects these nicks and converts all downstream RNA bases (toward 
the 3’ end of the RNA strand) into DNA bases; the resulting strand is thus DNA:DNA on 
the right side and still RNA:DNA hybrid on the left side. Later in the reaction, the 
remaining RNA:DNA hybrid region is nicked again by the RNase H enzyme, and the nick 
translating DNA polymerase enzyme restarts from that point, so the RNA:DNA region 
shrinks. The RNase H enzyme will eventually produce a nick very close to the 5’ end, so 
close in fact that the small RNA strand to the left of the nick will detach and float away, 
and will not initiate translation. 

In the end, nearly the entire RNA strand will be converted to DNA, producing a dsDNA 
molecule with less than 5 residual RNA nucleotides at the 5’ end. These RNA nucleotides 
would inhibit downstream ligation steps35, so they must be cleaved by  “NEB E. coli DNA 
Polymerase I - M0209S” 5’ (→ 3’) exonuclease activity36. E. coli DNA Polymerase I’s 5’ 
(→ 3’) exonuclease activity is effective on both DNA:DNA and RNA:DNA hybrids, 
leaving a 5’ phosphate after a nucleotide is cleaved37; note that it cannot cleave overhangs 
or blunt ends, but it can cleave recessed ends. This process is illustrated in Figure 18.  
An alternate second strand synthesis method based on hairpin priming is shown in Figure 
19. Note that nick translation will consume more dNTPs than hairpin priming, since the 
same nucleotides at the 3’ end of the second strand are going to be synthesized and 
destroyed several times over (see Table 18). If the reaction runs out of dNTPs, some nicks 
will remain in the second strand, though this should not affect downstream steps. 

All the reagents necessary for second strand synthesis are included in the “NEBNext 
mRNA Second Strand Synthesis Module - E6111”. Note that the reference to messenger 
RNA in the kit name is misleading: it works for all types of RNA. 
Table 18: dNTPs consumed by nick translated second strand synthesis method for various strand lengths. 
Strand length 250 bp 500 bp 1000 bp 2000 bp 4000 bp 8000 bp 
dNTPs used  for nick translated second strand synthesis 775 1900 4400 10200 23000 51000 
Factor vs. hairpin primed second strand synthesis 3.1 3.8 4.4 5.1 5.8 6.4 
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Figure 18: Detailed second strand synthesis using the Gubler and Hoffman method. An optional dsDNA 
ligation step is not shown, which slightly increases yield: it is only necessary when dsDNA strands longer 
than two thousand base pairs must be produced. Most resulting strands will produce blunt ends, but a few 
will contains single nucleotide 3’ overhangs, due to the fact that E. coli DNA polymerase I adds untemplated 
nucleotides (especially ‘A’) to blunt end dsDNA strands, and then proceeds to cleave them off. 
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Figure 19: Detailed second strand synthesis using the hairpin method. Since the SSU and LSU ribosomal 
RNA strands are structured (see Figure 36  and Figure 37), they contain hairpins well suited for this protocol. 
Note that hairpin structures in cDNA are substantially less stable than those in the SSU/LSU RNA strands 
because: (1) RNA:RNA bonds are much stronger than DNA:DNA bonds; (2) the relatively stable wobble 
base pair rG:rU becomes the completely unstable base pair dC:dA in cDNA. This means hairpin priming 
during first strand synthesis is expected to be more efficient on SSU/LSU RNA strands than other RNAs (see 
Figure 17), but this effect will be diminished here. Note that displaced single DNA strands produced by the 
first strand synthesis step will often hairpin prime during second strand synthesis: these strands will only 
have a single ligatable end, so they cannot be sequenced unless the hairpin is broken with Mung Bean 
Nuclease (not recommended). 

2.3.4 Clean up 
The dsDNA molecules produced in the previous step are in a solution containing all sorts 
of enzymes, salts, DNA oligos and pieces of RNA which could interfere with downstream 
steps. Since dsDNA has a very strong negative charge, it is possible to separate it from 
other molecules which are not as strongly negatively charged. This property is used by 
most dsDNA clean-up kits. In this protocol, the “Zymo Research DNA Clean & 
Concentrator-5 kit - D4003” is used to purify the dsDNA produced in the previous section. 
Note that some single stranded DNA and RNA is carried forward through this clean-up 
step (this does not matter for this protocol); if pure dsDNA is preferred, digestion with 
RNase A, Exonuclease I and/or Mung Bean Nuclease can be performed after second strand 
synthesis. 
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2.4 Ligation of two different sequences to each end of single DNA strands 
Both Sanger and Illumina sequencing require different known sequences to be present at 
each end of single DNA strands. The following steps are typically used to append these 
sequences by attaching identical DNA “Y adaptors” to both ends of dsDNA molecules (see 
Figure 21). Adaptor ligation could also be done using single stranded molecules only, but 
this protocol is harder to execute, so it is not generally used38. This alternate protocol is 
explained in NEB’s "NEBNext Small RNA Library Prep Set for Illumina E7330". 

 
Figure 20: Folded Illumina adaptor hairpin. 

 
Table 19: Sequence for Illumina adaptor. The red sequences are complementary and close the hairpin, 
allowing double stranded DNA ligation. The green and purple sequences are unrelated. The 5’ phosphate 
(“/5Phos/”) is necessary for ligation. The ‘U’ (uracil) in the middle holds the hairpin together during ligation, 
until it is removed by the USER enzyme in the final step. The ‘*’ before the final ‘T’ is a phosphorothioated 
bond which prevents the terminal ‘T’ from being accidental cleaved by 3’(→ 5’) exonuclease enzymes. 
Adaptor 5’ → 3’ 
pIU58F_U_II33 
(Illumina adaptor) 

/5Phos/GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTUGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 
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Figure 21: Ligation of two different sequences at each of end of single DNA strands (the purple sequence is 
placed at the 5’ end and the green sequence is placed at the 3’ end). The random six nucleotide primer 
“NNNNNN” used in first strand synthesis is shown again in orange to distinguish the two complementary 
DNA strands. 
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2.4.1 End repair 
The dsDNA molecules produced during the second strand synthesis step may have an 
overhanging 3’ end due the fact that the “NEB E. coli Polymerase I – M0209S” 3’ (→ 5’) 
exonuclease activity may not have completely removed the DNA strand hybridized to the 
final RNA primer. Downstream steps require dsDNA with “blunt ends”, meaning that both 
hybridized single DNA strands must be exactly the same length, and there can be no 
dangling bases at either end. This process is called “polishing ends”. It is achieved by 
using a DNA polymerase enzyme and a 3’ (→ 5’) exonuclease enzyme, which each handle 
one of the two types of dangling ends. For example, the “NEB T4 DNA Polymerase - 
M0203S” isolated from the bacteriophage T4 virus is used for this application because it 
has both properties. 
A second, more subtle goal of the end repair process is to add a phosphate group to 5’ 
ends, and remove any phosphate groups which may be present at 3’ ends, replacing them 
with hydroxyl groups (“-OH”). Without 5’ phosphate and 3’ hydroxyl ends, the 
downstream ligation steps fail. The phosphate groups are added/removed by a second 
enzyme called “NEB T4 Polynucleotide Kinase – M0102S”, also isolated from the 
bacteriophage T4 virus. 
All the reagents necessary for end repair are included in the “NEBNext End Repair Module 
- E6050”. Note that this step is often followed by dA-Tailing (as is the case here), and kits 
which do both steps together are available to save time (for example, the “NEBNext Ultra 
End Repair/dA-Tailing Module - E7442”); when both steps are preformed together, the 
dA-tailing step is less efficient, leaving blunt ends as well as a few T/C/G tails. This loss in 
efficiency produces chimera molecules (see Figure 23). 
 

 
Figure 22: Function of each enzyme involved in end repair. 
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2.4.2 Clean up 
It is important to remove the 3’ (→ 5’) exonuclease enzyme before continuing, otherwise 
the dA-tailing enzyme’s efforts will be in vain as the 3’ (→ 5’) exonuclease enzyme 
immediate cleaves any overhanging bases. Additionally, the end repair step requires the 
presence of all three nucleotides (dATP, dCTP, dGTP, dTTP) which can all be used 
downstream by the dA-tailing enzyme, leading to non-dA tails: these should be removed 
also. “Zymo Research DNA Clean & Concentrator-5 kit - D4003” does this clean-up well. 

2.4.3 dA-Tailing 
Downstream steps include ligating now blunt-ended dsDNA molecules to “Y adaptors”, 
which are short synthetic DNA strands of known sequence (see Figure 20). These known 
sequences are necessary to initiate Sanger and Illumina sequencing. While it is possible to 
ligate blunt-end dsDNA molecules to blunt-end adaptors, library construction is much 
more efficient if the ends of these molecules are not blunt but rather “sticky”.  Typically, 
this is achieved by adding a dangling ‘A’ base to each 3’ end of the long dsDNA molecule 
(which at this point is called an “insert”, because it will be inserted between two adaptors), 
and a complementary dangling ‘T’ base to the 3’ end of the adaptor (shown in Figure 20). 

The enzyme typically used to add an ‘A’ base to the insert is the “NEB E. coli Klenow 
Fragment DNA polymerase – M0212S”, which is the part of the “NEB E. coli DNA 
polymerase I” enzyme with no exonuclease activity. This enzyme naturally adds a single 
dangling (untemplated) ‘A’ base to each 3’ end of the dsDNA insert when incubated in the 
presence of dATP only39. Though the complete “NEB E. coli DNA polymerase I” enzyme 
also adds untemplated ‘A’ to the ends of dsDNA molecules, its 3’ (→ 5’) exonuclease 
activity very quickly cleaves this dangling ‘A’. 
All the reagents necessary for dA-tailing are included in the “NEBNext dA-Tailing Module  
- E6053”. The term ‘dA-tailing’ is used rather than ‘A-tailing’ to distinguish adding an 
DNA nucleotide (‘dA’) to adding an RNA nucleotide (‘rA’). The dA-tailing reaction mix 
will not hinder the upcoming adaptor ligation step, so a clean-up step is not necessary. 
 

 
Figure 23: Chimera molecules are produced if dA-tailing is inefficient, since the downstream ligation step 
can ligate T/A, G/C and blunt end molecules. This can produce confusing sequencing results. 
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2.4.4 Adaptor ligation 
Both Sanger and Illumina sequencing require known DNA sequences appended to the ends 
of “inserts”, which are the dsDNA molecules to be sequenced. These known sequences are 
added using “Y adaptors”, which are short synthetic DNA molecules. Any adaptor 
sequence can be chosen for Sanger sequencing, but only special sequences will work for 
Illumina sequencing. In this experiment, Illumina compatible adaptors are used because 
they are inexpensive. 
The enzyme “NEB T4 DNA Ligase – M0202S” isolated from the bacteriophage T4 virus 
is used for this purpose. It can ligate both blunt-end and compatible “sticky-end” dsDNA 
molecules. In this experiment, no blunt ends remain due to the dA-tailing step (note this 
step may not always be 100% efficient); instead, dA-tailed inserts are ligated exclusively to 
dT-tailed adaptors. Since the dA-tailed ends are not self-complementary, inserts’ ends 
cannot be ligated to each other; this avoids converting inserts into loops, which cannot be 
sequenced. Similarly, dT-tailed adaptors cannot be ligated to each other, so adaptors are 
not lost via self-ligation. 
The adaptors used for Illumina sequencing are initially in the form of hairpins, which 
provide three major advantages: (1) hairpins allow adaptors to be produced in a single 
synthesis run, avoiding the need to mix complementary oligos from two runs; (2) hairpins 
allow shorter adaptors because complementary DNA strands are attached together, and 
thus have much difficulty dehybridizing (separating) into two single DNA strands; (3) the 
adaptor only has one end available for ligation, so it cannot inadvertently join two inserts 
to form a “chimeric” molecule. The main downside of using a hairpin adaptor is that the 
hairpin must be broken to enable downstream steps. To break the hairpin, a single uracil 
(‘U’) base is added at the tip of the hairpin loop, which is cleaved by a combination of two 
enzymes ("Uracil DNA glycosylase" and "DNA glycosylase-lyase Endonuclease VIII") 
conveniently supplied in a single solution: “NEB USER Enzyme - M050S”. Since uracil 
bases do not occur naturally in DNA, the inserts are not inadvertently fragmented  during 
this step. 

All the reagents necessary for ligation are provided in NEB’s “Blunt/TA Ligase Master 
Mix - M0367S” and “NEBNext Multiplex Oligos for Illumina - E7335)”. 

2.4.5 Clean up 
After adaptor ligation, it is best to purify DNA again using the “Zymo Research DNA 
Clean & Concentrator-5 kit - D4003". 

2.5 Isolation and amplification of a single DNA strand 
While high-throughput sequencing such as Illumina is designed to handle millions of 
different inserts suspended in the same solution, low-throughput Sanger sequencing 
requires about ten billion identical copies of a single insert molecule. If multiple different 
inserts are fed into the same Sanger sequencing reaction, results will be completely 
unusable. 
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2.5.1 Molecular cloning using Escherichia coli plasmids 
Prior to the introduction of PCR in 1987, producing identical copies of an insert was done 
using a technique called “molecular cloning”: DNA inserts would be inserted into and 
“transform” a bacterium* such as Escherichia coli, and colonies forming from a single 
transformed Escherichia coli cell would be grown in a synthetic culture medium for a day. 
As the bacterium grew, it replicated all its DNA—including the artificially added insert. 

By adjusting the insert concentration during the transfection step, most Escherichia coli 
cells would receive either zero or one insert; very few would receive two or more inserts, 
which would be impossible to separate in downstream steps. 
The inserts were added to cells in the form of a plasmid (a very small circular 
chromosome) which contained both the insert and an antibiotic resistance gene; since this 
antibiotic was added to the artificial growth medium, only cells which had successfully 
incorporated one or more plasmids would grow. 
DNA was then extracted from Escherichia coli colonies. Since the plasmids containing 
inserts were very small (less than 10000 bases) compared to DNA fragments from 
Escherichia coli’s genome (more than 30000 bases), they were easy to separate using 
either gel electrophoresis, silica columns or precipitation/sedimentation techniques. The 
plasmids could then be used directly as an input to Sanger sequencing reactions. 

Since this process is very labor intensive, the advent of the polymerase chain reaction 
(PCR) made it obsolete for the preparation of samples for sequencing. 

2.5.2 Molecular cloning using PCR 
The techniques described in Section 2.5.1 were all available when Sanger sequencing was 
invented in 1977. PCR was introduced ten years later, in 1987. Given the labor and costs 
saved, no one would choose plasmid cloning over PCR cloning today. 

In PCR cloning, primers complementary to adaptor sequences are added, and the insert 
molecules are exponentially copied in vitro using a thermophilic DNA polymerase enzyme 
such as Taq DNA polymerase (which copies DNA starting at primer complementary sites) 
and a thermocycler. This is much the same process that happens in Escherichia coli cells in 
culture, but it occurs about 20x faster. 
The problem of isolating billions of copies of a single insert remains, since PCR reactions 
indiscriminately amplify all inserts fed as an input. This can be solved by feeding in only 
one single stranded DNA molecule for the PCR reaction to start with; to do this, the mixed 
insert solution is serially diluted to a concentration where, on average, only one single 
stranded DNA insert will be present in each microliter. For example, if we start with 1 ug 

                                                
* “Transfected” would be a much clearer term, but path dependency resulted in “transform” as the verb to 
describe the insertion of a plasmid in a bacterium. This originated in the 1930s when a heat killed bacterial 
strain was added to live colonies of another bacterial strain which morphologically “transformed” into the 
dead strain by absorbing plasmids. DNA is very resistant to destruction by heat, as opposed to bacteria. 
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of insert DNA (about a trillion single stranded DNA molecules) in 1 ml, we need to dilute 
the sample a billion to one. Bringing the insert concentration to one single stranded DNA 
molecule per microliter is somewhat of an art. Note that serial dilution should be 
performed with low binding plasticware to avoid having the inserts stick to the sides of the 
tubes and lost; also note that single DNA strands tend to reassemble into double DNA 
strands at room temperature (especially when DNA concentration is high), so DNA should 
be heated to 98ºC after a million to one dilution to ensure molecules are single stranded. 
Once the PCR reactions have been run, PCR products are loaded on an electrophoresis gel 
and visualized (see Figure 25). If the input concentration is much too high, a smear will 
appear, meaning that many different inserts of different lengths have been amplified. 
Conversely, if the input concentration is too low, no bands will appear. If the concentration 
is slightly too high, a few bands will appear. Finally, at just the right concentration, the 
distribution in number of bands per reaction will follow Table 20. 
Note that sometimes two inserts will be present at the input of a PCR reaction which, by 
coincidence, are nearly the same length. It is difficult to distinguish this case from single 
bands, and when this happens the Sanger sequencing reaction will produce unusable 
results. Also note that when several bands are present, it is possible to sequence individual 
bands by cutting them out of the gel and purifying DNA with kits such as “Zymo Research 
Zymoclean Gel DNA Recovery Kit - D4001”. A gel with good resolution for the lengths of 
interest (<1000 bp) should be used, such as “Life Technologies E-Gel 2.0% Agarose Gel 
with SYBR Safe - G521802”. Finally, loading the PCR mix directly on to the gel will give 
slightly fuzzy bands due its high salt content: cleaning-up the PCR reaction with “ZR DNA 
Clean & Concentrator-5 kit - D4003” prior to loading the gel solves this problem, though 
performing this extra step is somewhat time consuming (loading only a small amount of 
PCR product is one possible compromise). 
 

 
Figure 24: Amplification of a single DNA strand into a trillion double stranded copies using primers 
matching adaptor sequences. For details on how to setup PCR reactions, see Appendix C. Here is a brief 
video which explains how PCR works: www.youtube.com/watch?v=2KoLnIwoZKU . 
 

One single stranded DNA molecule (~500 base in length), 
with two different adaptor sequences appended to each end 

5’ 3’ 

Amplify ssDNA using PCR, II33s/IU26t primers 
 (NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
5’ 3’ 

5’ 3’ 

1 x 

1012 x 3’ 5’ 

http://www.youtube.com/watch?v=2KoLnIwoZKU
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Figure 25:  Expected gel electrophoresis results based on different insert dilutions. “Life Technologies E-Gel 
1.2% Agarose Gel with SYBR Safe - G521802”, and “Life Technologies E-Gel 1 Kb Plus DNA Ladder - 
10488-090“. 

 
Table 20: Expected number of bands per PCR reaction can be calculated using the Poisson distribution 
probability mass function. At optimal concentration, about one third of reactions will yield a single band. 
 0 bands 1 band 2 bands 3+ bands 
0.1 DNA molecule per ul 90% 9% 1% 0% 
0.5 DNA molecule per ul 61% 30% 8% 1% 
1.0 DNA molecule per ul 37% 37% 18% 8% 
2.0 DNA molecule per ul 14% 27% 27% 32% 
5.0 DNA molecule per ul 0% 3% 8% 87% 
 
Table 21: Primers used to PCR amplify inserts ligated with Illumina adaptors. Note that the 5’ extension 
sequences (pink, light green) are only required to prepare DNA for Illumina sequencing, and are not 
necessary to prepare Sanger sequencing reactions. The index bases are underlined. 
Primers 5’ → 3’ 
II1 (Illumina Index 1 primer)         CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

IU (Illumina universal primer)               AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

II33s (truncated index primer)                                         GACTGGAGTTCAGACGTG*T 

IU26t (truncated universal primer)                                        ACACTCTTTCCCTACACGA*C 

 

2000 
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2.6 Sanger sequencing of dsDNA molecules 
Today, Sanger sequencing is usually outsourced to an automated sequencing center such as 
Genewiz. The input of a Sanger sequencing reaction is a mix of about ten billion identical 
purified insert molecules (produced in the previous step), and a primer which is 
complementary to only one of the two adaptors. If “Y adaptors” are not used, or if the 
primer is simultaneously complementary to both ends of the “Y adaptor” (eg. if the primer 
includes the red region of the adaptor), the insert will be sequenced from both ends at the 
same time and the sequencing results will be garbled. However, it is possible to sequence 
inserts from either end, so two separate Sanger reactions can be setup, each with a different 
primer (see Figure 26 and Figure 27)—note that both sequencing reactions will yield 
almost all bases for short inserts, so sequencing from both sides is typically not necessary 
unless inserts are longer than 800 bases. 

Most automated sequencing centers offer DNA clean-up for a small fee, so performing 
clean-up with the “Zymo Research DNA Clean & Concentrator-5 kit - D4003" prior to 
sending the sample for sequencing is not necessary. In this is case, primers need to be 
provided in a separate tube since they would be lost during the DNA purification step. 

The result of the sequencing run can be visualized by downloading and viewing a trace file 
using free software such as Chromas Lite (see Figure 28). 

 

 
Figure 26: Sanger sequencing reaction setup using the “Illumina Index 1 primer”. Note that the first few 
dozen bases after the primer are typically not sequenced in a Sanger reaction. 

 

 
Figure 27: Sanger sequencing reaction setup using the “Illumina universal primer”. Note that the first few 
dozen bases after the primer are typically not sequenced in a Sanger reaction. 
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Figure 28: Example trace file from Sanger sequencing (also known as a chromatogram). In this example, all 
bases were called correctly. When two or more peaks occur simultaneously, bases cannot be accurately 
called. This usually occurs because the Sanger reaction input was composed of several non-identical inserts. 

 

2.7 Alignment of sequences using NCBI nucleotide blast 
Once a sequence is obtained, it must be compared to (“aligned to”) sequences of known 
organisms to establish a taxonomic relationship. For example, the sequence from the 
Figure 28 is “CAAAACCAACCCGGTCAGCCCCTCTCCGGCCCCGGCCGGGGGGC 
GGGCGCCGGCGGCTTTGGTGACTCTAGATAACCTCGGGCCGATCGCACGC”. For 
alignment to work well, long sequences should be used (≥75 bases); however, even long 
sequences are sometimes so highly conserved between organisms that narrow taxonomic 
identification is not possible. In the case of the SSU/LSU genes—which are of highest 
interest for taxonomic classification—, some parts are highly conserved while others vary 
marked between species. 
The NCBI has a sequence database called “Genbank” (www.ncbi.nlm.nih.gov/genbank) 
and an comparison/alignment tool called “nucleotide blast” (blast.ncbi.nlm.nih.gov), which 
are both free. By default, nucleotide blast only looks at a small subset of Genbank called 
the “Nucleotide collection (nr/nt)”, which is considered relevant for most users—searching 
through all sequences in Genbank by default would be too computationally intensive for 
this free service. This reduced library contains about 1% of the sequences in Genbank, and 
it is generally sufficient for purposes of taxonomical classification. Note that this library is 
not thoroughly curated, and some sequences are mislabeled (eg. the wrong taxon is 
assigned to some Genbank sequences). 

http://www.ncbi.nlm.nih.gov/genbank
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Figure 29: Sequence from Figure 28 entered in the NCBI nucleotide blast query form. 

 

 
Figure 30: Most relevant result of the nucleotide blast run, showing that this sequence matches perfectly 
with the human SSU (aka 18S) gene. Note that perfect alignments were produced to closely related mammals 
such as macaques, which is expected; other perfect alignments were produced to more distantly related 
animals such as rabbits, which are due to human sequences being mislabeled as rabbits in Genbank (probably 
due to contamination and poor curation): alignment results must be interpreted carefully! 
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2.8 Detailed experimental protocol 
The detailed protocol explained below follows closely the steps described in this section.  
Alternate protocols which also perform well can be found in Section A.1. Though only a 
very small amount of input RNA can be used (~10 ng), the control steps in the protocol 
work best when about ~6 ug of input RNA is used, allowing each step of the protocol 
visualized on a “Life Tech E-Gel 2.0% Agarose Gel with SYBR Safe” gel lane. 
 
Table 22: Cost breakdown. 
Step, kit and comments Cost (USD) 
HDx Swab, polyester, 100bx, sterile - HD25806 0 
HDx SabDex Agar with Chloramphenicol – 15x100 mm – W72 2 
HDx Blood 5%/MacConkey biplate 15x100mm - J32 2 
ZR Fungal/Bacterial RNA MiniPrep – R2014  (1 prep) 6 
NEBNext First Strand Synthesis Module - E7525S  (1.5 prep) 9 
NEBNext mRNA Second Strand Synthesis Module – E6111S  (0.5 prep) 9 
ZR DNA Clean & Concentrator-5 kit – D4003 (1 prep) 2 
NEBNext Ultra End Repair/dA-Tailing Module - E7442S (0.3 prep) 3 
NEB Blunt/TA Ligase Master Mix (2X) – M0367S (2 preps) 4 
NEBNext Multiplex Oligos for Illumina (Index Primers Set 1) - E7335S (0.3 prep) 1 
NEB Q5 Hot Start High-Fidelity Master Mix (X2) – M0494S (2.5 reactions) 5 
Life Technologies E-Gel 2.0% Agarose Gel with SYBR Safe - G521802 (1 gel) 10 
Plasticware (pipette tips, 200 ul PCR tubes, 1.5 ml microcentrifuge tubes) 2 
Sub-total   55 
  
Cost per Sanger Sequencing reaction  
Zymoclean Gel DNA Recovery Kit - D4001 (1 prep) 2 
Sanger Sequencing Reaction (Genewiz) 6 
Sub-total 8 

  
Table 23: Cell culture. 
Step, kit and comments Input Output 
Let culture media warm up to room temperature (20 minutes): 
• HDx Swab, polyester, 100bx, sterile - HD25806 
• HDx SabDex Agar with Chloramphenicol – 15x100 mm – W72 
• HDx Blood 5%/MacConkey biplate 15x100mm - J32 
 
Prepare tubes: 
• Label 1.5 ml microcentrifuge TubeA 

  

Collect sample with swab 
• “HDx swab, polyester, 100bx, sterile - HD25806” (1 swab) 

• Apply swab to collection area 
• Streak swab directly onto culture media (optional)  

  

Suspend sample cells in physiological saline water (0.9% NaCl by mass) 
• Pipette 250 ul physiological saline water in 1.5 ml microcentrifuge tube 
• Cut tip of swab, place in TubeA 
• Shake (manually, with vortex mixer or with DisruptorGenie) 
• Remove and discard swab tip 

  

Inoculate culture media with loop, pipette tip or swab 
• “HDx Inoculating Loop, Yellow Simport, 10ul – L2002” (1 loop) 

• Dip loop, pipette tip, swab in TubeA 
• Streak directly onto culture media 

Incubate media at 35ºC for 24 or 48 hours 
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Table 24: Total RNA extraction protocol using the “ZR Fungal/Bacterial RNA MiniPrep – R2014”. A few 
steps are modified for better performance. A more comprehensive protocol is shown in Table 35.  
Step, kit and comments Input Output 
Prepare tubes: 
• Label 2.0 ml collection tubes B, C 
• Place one “Zymo-Spin IIIC Column (C1006)” in TubeB 
• Place one “Zymo-Spin IIC Column (C1011)” in TubeC 
• Label 1.5 ml microcentrifuge tube D (not part of kit) 
 
Protocol requires 94% or 100% ethanol (not part of kit) 

  

Cell lysis 
• Transfer colony to “ZR BashingBead Lysis Tube (S6002)” 
• Pipette 800 ul “RNA Lysis Buffer (R1060-1)” 
• Lyse cells for 5 minutes in “SI Distruptor Genie SI-D238” 
• Centrifuge at >12,500 g for 2 minutes to precipitate debris 

Colony ≤25 ug RNA + ≤25 ug DNA 
in 800 ml lysis mix in “ZR 
BashingBead Lysis Tube” 

Eliminate DNA 
• Pipette 400 ul from “ZR BashingBead Lysis Tube” to “Z-S IIIC 

Column” in TubeB 
• Centrifuge at 2,000 g for 2 minutes (>12,500g also works ,but DNA 

removal is a bit less efficient) 
• Discard “Z-S IIC Column” (on which DNA is now bound) 

 ≤25 ug RNA 400 ul lysis 
mix TubeA 

Capture long RNA strands (SSU/LSU), but not short RNA strands (tRNA) 
• Pipette 200 ul 95% ethanol into Tube A; mix well. This ratio allows long 

RNA strands to bind to silica, but not short RNA strands. 
• Pipette 600 ul from TubeB to “Z-S IIC Column” in TubeC 
• Centrifuge TubeC at >12,500 g for 5 minutes; discard flow through. 

• Make sure all liquid has passed though (centrifuge longer if not) 
• Discard TubeB 

 ≤25 ug RNA bound to silica 
matrix in “Z-S IIC Column”  

Wash RNA on silica matrix 
• Pipette 400 ul from “RNA Prep Buffer” to “Z-S IIC Column” in TubeC 
• Centrifuge at >12,500 g for 2 minutes; discard flow through 
• Pipette 700 ul from “RNA Wash Buffer” to “Z-S IIC Column”  
• Centrifuge at >12,500 g for 2 minutes; discard flow through 
• Pipette 400 ul from “RNA Wash Buffer” to “Z-S IIC Column”  
• Centrifuge at >12,500 g for 5 minutes; discard flow through 

 ≤25 ug RNA bound to silica 
matrix in “Z-S IIC Column”  

Elute RNA from matrix 
• Move “Z-S IIC Column” to TubeD 
• Pipette 40 ul of water to “Z-S IIC Column” (place water directly on 

matrix to allow water to be absorbed by dry silica matrix) 
• Incubate at room temperature for 2 minutes. 
• Centrifuge at >12,500 g for 2 minutes. 
• Pipette 40 ul of water to “Z-S IIC Column” (place water directly on 

matrix to allow water to be absorbed by dry silica matrix) 
• Incubate at room temperature for 2 minutes. 
• Centrifuge at >12,500 g for 2 minutes. 
Note: It is recommended to measure the RNA concentration in TubeD 
using the Promega QuantiFluor RNA System (E3310). If the 
concentration is higher than 50 ng/ul, water should be added to reach this 
concentration. 

 ~4 ug RNA in 80 ul water in 
TubeD (50 ng/ul) 
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Table 25: Conversion of Total RNA into dsDNA using two NEBNext Modules. 
Step, kit and comments Input Output 
Thaw on ice: 
• “NEBNext First Strand Synthesis Module - E7525S” (4 tubes) 

• “ProtoScript II Reverse Transcriptase (200U/ul)”  
• “NEBNext First Strand Synthesis Reaction Buffer (5X)” 

• 1X concentration: 50 mM Tris-Acetate, 75 mM KOAc, 3.1 mM 
Mg(OAc)2, 0.5 mM dNTPs each, pH 8.3 @ 25°C 

• “Random primers (1700 uM ?)” 
• “Murine RNase Inhibitor (4U/ul ?)” 

• “NEBNext mRNA Second Strand Synthesis Module - E6111S” (2 tubes) 
• “NEBNext Second Strand Synthesis Enzyme Mix”  

• 6U/ul DNA Polymerase I (E. coli) 
• 5U/ul RNase H 
• 25U/ul E. coli DNA Ligase 

• “NEBNext Second Strand Synthesis Reaction Buffer (10X)” 
• 1X concentration: 20 mM Tris-HCl, 12 mM (NH4)2SO4, 5 mM 
MgCl2, 0.16 mM β-NAD, 0.19 mM dNTPs each, pH 7.4 @ 25°C 

 
Label clean tubes: 
• Tube E, F, G (200 ul PCR tubes) 

  

RNA fragmentation in magnesium buffer 
• Pipette 42 ul TubeD into TubeE 
• Pipette 3 ul “NEBNext First Strand Synthesis Reaction Buffer (5X)” 
• Mix well, spin down. 
• Incubate at 94ºC for 10 min (to fragment), hold at 25ºC 
• Incubation time can be adjusted to control fragment size 
• Aim for peak at ~800 nt 

≤2 ug RNA in 
42 ul water in 
TubeD 

≤2 ug RNA in 45 
ul rx mix in TubeE 

First strand synthesis 
• “NEBNext First Strand Synthesis Module” (1.5 prep) 
• Note: this module is recommended for 375 ng input RNA per 1.5 prep; it 

is used here for 1 ug input RNA, 2.5x more than recommended. 
• 15 nmol dNTP (each) * 50% utilization → 2.25 ug DNA (each) 

• Pipette 22 ul TubeE into TubeF 
• Pipette 1.5 ul “Random Primers” (1700 uM, final conc. 85 uM) 
• Pipette 4.5 ul “NEBNext First Strand Synthesis Reaction Buffer (5X)” 
• Pipette 0.75 ul “Murine RNase Inhibitor” (4U/ul  = 2U) 
• Pipette 1.5 ul “ProtoScript II Reverse Transcriptase” (200U/ul = 200U) 
• Mix well, spin down.  
• Incubate at 25ºC for 10 min, 42ºC for 15 min, 65ºC for 20 min. 
• Note: incubating at 65ºC for 20 minutes destroys enzymes; heating more 
than this risks separating RNA:DNA hybrid and should be avoided. 

≤1 ug RNA in 
22 ul rx mix in 
TubeE 

≤2 ug RNA:DNA 
in 30.25 ul rx mix 
in TubeF 

Second strand synthesis 
• “NEBNext mRNA Second Strand Synthesis Module” (0.5 prep) 

• Note: recommended input is 100 ng RNA:DNA hybrid input per 0.5 prep; 
it is used here for up to 0.7 ug RNA:DNA hybrid input, 7x more than 
recommended. 

• 5 nmol dNTP (each) * 50% utilization * 25% due to multiple nick 
translations → 0.2 ug DNA (each) 

• Pipette 10 ul from TubeF into TubeG 
• Pipette 24 ul water into TubeG 
• Pipette 4 ul “NEBNext Second Strand Synthesis Reaction Buffer (10X)” 
• Pipette 2 ul “NEBNext Second Strand Synthesis Enzyme Mix”  
• Mix well, spin down. 
• Incubate at 16ºC for 1 hour (with heated lid at 37ºC) 

≤0.7 ug 
RNA:DNA in 
10 ul rx mix in 
TubeF 

≤0.7 ug dsDNA  
in 40 ul rx mix in 
TubeG 
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Table 26: End repair and adaptor ligation. 
Step, kit and comments Input Output 
Thaw on ice: 
• “NEBNext Ultra End Repair/dA-Tailing Module - E7442S” (2 tubes) 

• “End Prep Enzyme Mix” 
• “End Repair Reaction Buffer (10X)” 

• “NEB Blunt/TA Ligase Master Mix (2X) – M0367S” (1 tube) 
• “NEBNext Universal Adaptor for Illumina (15 uM) - E7337A” (1 tube) 
• “NEB User Enzyme (1U/ul) – E7338A” (1 tube) 
 
Label clean tubes: 
• Label 2.0 ml collection TubeH 
• Place one “Zymo-Spin I Column (C1003)” in TubeH 
• Tube I,J,K (200 ul PCR tubes) 

  

Clean-up and concentrate DNA 
• “ZR DNA Clean & Concentrator-5 kit D4003” (1 prep) 
• Pipette 170 ul “DNA Binding Buffer” into TubeG 
• Mix well by pipetting. 
• Pipette all of TubeG into “Zymo-Spin I Column” in TubeH 
• Centrifuge at ≥12,500g for 2 minutes, discard flowthrough in TubeH 
• Pipette 200 ul of “DNA Wash Buffer” into “Zymo-Spin I Column” 
• Centrifuge at ≥12,500g for 1 minute, discard flowthrough in TubeH 
• Pipette 200 ul of “DNA Wash Buffer” into “Zymo-Spin I Column” 
• Centrifuge at ≥12,500g for 2 minute. 
• Transfer “Zymo-Spin I Column” to TubeI, discard TubeH 
• Pipette 19 ul water into “Zymo-Spin I Column” directly on matrix. 
• Incubate for 1 minute, centrifuge at ≥12,500g for 1 minute. 
• Pipette 19 ul water into “Zymo-Spin I Column” directly on matrix. 
• Incubate for 1 minute, centrifuge at ≥12,500g for 1 minute. 
• Discard “Zymo-Spin I Column” 

≤0.7 ug 
dsDNA  
in 40 ul rx mix 
in TubeG 

≤0.2 ug dsDNA in 
38 ul water in 
TubeI 
(30% yield 
assumed) 

End-repair and dA-tail the dsDNA insert 
• “NEBNext Ultra End Repair/dA-Tailing Module” (0.3 prep) 
• Pipette 17 ul from TubeI into TubeJ 
• Pipette 1 ul  “End Prep Enzyme Mix”  
• Pipette 2 ul  “End Prep Reaction Buffer (10X)” 
• Incubate at 20ºC for 30 min, 65ºC for 30 min, hold at 4ºC. 

≤0.1 ug 
dsDNA in up 
to 17 ul water 
in TubeI 

≤0.1 ug dsDNA in 
20 ul rx mix in 
TubeJ 

Ligate adaptors 
• “NEB Blunt/TA Ligase Master Mix (2X)” (2 preps) 
• Pipette 9 ul from TubeJ into TubeK 
• Pipette 1 ul from “NEBNext Universal Adaptor for Illumina (15 uM)” 

• Note: 15 pmol adaptor vs. 1 pmol insert end (0.06 ug DNA @ 200 bp) 
• Pipette 10 ul “NEB Blunt/TA Ligase Master Mix” 
• Mix well by pipetting, spin down. 
• Incubate at 20ºC (or room temperature) for 15 min. 

≤0.05 ug 
dsDNA in 9 ul 
rx mix in 
TubeJ 

≤0.05 ug dsDNA in 
20 ul rx mix in 
TubeK 

Cleave uracil in adaptor 
• “NEB User Enzyme” (1 prep) 
• Pipette 1 ul from “NEB User Enzyme (1U/ul)” into TubeK 
• Incubate at 37ºC for 15 min 

 ≤0.05 ug dsDNA in 
21 ul rx mix in 
TubeK 
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Table 27: Serially dilute and amplify inserts. 
Step, kit and comments Input Output 
Thaw on ice: 
• “NEB Q5 Hot Start High-Fidelity Master Mix (X2) – M0494S” (1 tube) 
 
Primers used: 
•  II33s: “GACTGGAGTTCAGACGTG*T” 50 uM in TE 
•  IU26t: “ACACTCTTTCCCTACACGA*C” 50 uM in TE 
 
Label clean tubes: 
• Tube L (1.5 ml microcentrifuge tubes) 
• Tube M,N,O,P,Q,R,S,T,U,V,W (200 ul PCR tubes) 

  

Prepare DNA/RNA containing water to dilute, since using plain water could 
result in unexpected loss due to stickyness of  plasticware. Any DNA/RNA 
can be used, though this DNA must not have Illumina adaptors ligated. 
• Pipette 500 ul water into TubeL 
• Pipette 5 ul RNA from TubeD (~500 ng RNA) 

• Alternatively, the purified result of any PCR reaction with can be used 
instead of TubeD RNA, as long as these amplicons don’t contain Illumina 
adaptor sequences. 

• Mix well. 
• Pipette 99 ul from TubeL into each of TubeM,N,O,P,Q 

 500 ng DNA or 
RNA in 500 ul 
water (1 ng/ul) 

Dilute 100:1 
• Pipette 1 ul from TubeK into TubeM 
• Mix well. 

~1e10 inserts in 1 
ul rx mix in 
TubeK 

~1e10 inserts in 
100 ul water in 
TubeM 

Dilute 100:1 
• Pipette 1 ul from TubeM into TubeN 
• Mix well. 

~1e8 inserts in 1 
ul water in 
TubeM 

~1e8 inserts in 
100 ul water in 
TubeN 

Dilute 100:1 
• Pipette 1 ul from TubeN into TubeO 
• Mix well. 
• Incubate at 94ºC for 2 minutes to denature DNA 

~1e6 inserts in 1 
ul water in 
TubeN 

~2e6 half-inserts 
in 1 ul water in 
TubeO 

Dilute 100:1 
• Pipette 1 ul from TubeO into TubeP 
• Mix well. 

~2e4 half-inserts 
in 1 ul water in 
TubeO 

~2e4 half-inserts 
in 100 ul water 
in TubeP 

Dilute 100:1 
• Pipette 1 ul from TubeP into TubeQ 
• Mix well. 

~200 half-inserts 
in 1 ul water in 
TubeP 

~200 half-inserts 
in 100 ul water 
in TubeQ 

Prepare fix PCR reaction (20 ul each) 
• “NEB Q5 Hot Start High-Fidelity Master Mix (X2)” (2.2 reactions) 
• Pipette 62 ul “NEB Q5 Hot Start H-F Master Mix (X2)” into TubeR 
• Pipette 1.0 ul “II33s” (50 uM, final conc. 0.4 uM, Tm = 61.3ºC) 
• Pipette 1.0 ul “IU26t” (50 uM, final conc. 0.4 uM, Tm = 61.4ºC) 
• Mix well, spin down. 
• Pipette 10.5 ul from TubeR into each of TubeS,T,U,V,W 
• Pipette 10 ul from TubeO into TubeR 
• Pipette 1 ul from TubeO and 9 ul water into TubeS 
• Pipette 10 ul from TubeP into TubeT 
• Pipette 1 ul from TubeP and 9 ul water into TubeU 
• Pipette 10 ul from TubeQ into TubeV 
• Pipette 1 ul from TubeQ and 9 ul water into TubeW 
• Mix well and spin down all tubes. 
• Incubate 98C for 120s, 45 x [98C for 15s, 62C for 30s, 72C for 30s], 72C 

for 300s, hold at 10ºC. 

Diluted inserts in 
TubeO, TubeP, 
TubeQ 

Amplified 
inserts in 21.5 ul 
rx mix in 
TubeR,S,T,U,V,
W 
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Table 28: Visualize results of each step on gel and select amplified insert(s). Optionally rerun ~10 PCR 
reactions in last step with more optimal input concentration, and run a second gel to be able to excise and 
sequence several bands. 
Step, kit and comments Input Output 
Label clean tubes: 
• Label 2.0 ml collection TubeX 
• Place one “Zymo-Spin I Column (C1003)” in TubeX 
• Tube Y, Z  (1.5 ml microcentrifuge tubes) 

  

Load “LifeTech E-Gel 2.0% Agarose Gel with SYBR Safe - G521802” 
• Lane 1: 20 ul TubeD (≤1.0 ug Total ssRNA) 
• Lane 2: 20 ul TubeE (≤1.0 ug Fragmented ssRNA) 
• Lane 3: 20 ul TubeF (≤1.3 ug RNA:DNA) 
• Lane 4: 20 ul TubeI (≤0.1 ug dsDNA) 
• Lane 5: 5 ul “NEB 2-Log DNA Ladder (10kb) - N0469S” and 15 ul water 
• Lane 6: 20 ul TubeR (~500 ng dsDNA) 
• Lane 7: 20 ul TubeS (~500 ng dsDNA) 
• Lane 8: 20 ul TubeT (~500 ng dsDNA) 
• Lane 9: 20 ul TubeU (~500 ng dsDNA) 
• Lane 10: 20 ul TubeV (~500 ng dsDNA) 
• Lane 11: 20 ul TubeW (~500 ng dsDNA) 
• Lane 12: 20 ul water 
Run for 30 minutes, then for 15 minutes. 

Various Gel 

Excise single bands from lanes 6-12, approximately 500-1000 nt long 
• Visualize gel on a blue light transilluminator such as “Clare Chemical 

Dark Reader DR22A”; determine which band(s) will be excised. 
• Weigh TubeY on a 0.01g (or better) accuracy scale  

• For example: “American Weigh 100g x 0.01g Digital Scale” 
• Break open gel casing with “LifeTech E-Gel Opener – G5300-01” (or with 

a chisel, hammer and safety glasses) 
• On the transilluminator, while using “Clare Chemical Drak Reader Glasses 

- AG16” carefully cut out individual band(s) with a knife or a “LevGo 
Blue Plastic smartSlicer Gel Cutting Tool - 20202” 

• Place gel in TubeY 
• Weigh TubeY again: note the mass of the excised gel. 

Gel Agarose band 
containing single 
amplicon in 
TubeY 

Purify gel extract 
• “Zymoclean Gel DNA Recovery Kit - D4001” (1 prep) 

• Pipette “ADB  buffer” into TubeY (30 ul “ADB” for each 0.01g of gel) 
• Incubate TubeY for 10 minutes at 50ºC in a dry bath (until gel is 

dissolved); note, if the gel is not completely dissolved, downstream 
steps will fail. 

• Pipette up to 800 ul of TubeY into “Zymo-Spin I Column” in TubeAA 
• Centrifuge at ≥12,500g for 2 minutes, discard flowthrough in TubeBB 

 • Make sure all the liquid has passed through; if the liquid does not 
pass through, the agarose has not completely dissolved; place the 
TubeX and the “Zymo-Spin I Column” at 50ºC for another 10 mins. 

• Pipette 200 ul of “DNA Wash Buffer” into “Zymo-Spin I Column” 
• Centrifuge at ≥12,500g for 1 minute, discard flowthrough in TubeCC 
• Pipette 200 ul of “DNA Wash Buffer” into “Zymo-Spin I Column” 
• Centrifuge at ≥12,500g for 2 minute. 
• Transfer “Zymo-Spin I Column” to TubeZ, discard TubeDD 
• Pipette 20 ul water into “Zymo-Spin I Column” directly on matrix. 
• Incubate for 1 minute, centrifuge at ≥12,500g for 1 minute. 
• Pipette 20 ul water into “Zymo-Spin I Column” directly on matrix. 
• Incubate for 1 minute, centrifuge at ≥12,500g for 1 minute. 
• Discard “Zymo-Spin I Column” 

 ~500 ng dsDNA 
in 40 ul water in 
TubeZ 
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Table 29: Prepare for Sanger Sequencing at Genewiz (“Custom method”). 
Step, kit and comments Input Output 
Label clean tubes: 
• Tube ML01, U1 (200 ul PCR tubes) 

  

Prepare primer tube 
• Pipette 18 ul TE into TubeU1  
• Pipette 2 ul from TUP1@50 uM (final conc. 5 uM) 

  

Prepare sample tube ML01 
• Pipette 20 ul from TubeZ into TubeML01 

TubeY  

Send tubes ML01 and U1 to be sequenced   
 
Table 30: Prepare for Sanger Sequencing at Genewiz (“Pre-Mixed method”). 
Step, kit and comments Input Output 
Label clean tubes: 
• Tube ML01 (200 ul PCR tubes) 

  

Measure DNA concentrastion in TubeZ 
• Promega QuantiFluor dsDNA ONE (1 prep) 

• Pipette 199 ul of dsDNA ONE Dye into 500 ul tube 
• Pipette 1 ul from TubeZ 
• Spin, vortex, spin, vortex, spin. 
• Measure in Promega Quantus Fluorometer 

  

Prepare primer tube 
• Pipette 0.5 ul from TUP1@50uM in TE (25 pmol) into TubeML01 
• Pipette X ul from (20 ng dsDNA) TubeZ into TubeML01 

• X = 20 ng / conc_ng_ul 
• Pipette 14.5-X ul water into TubeML01 
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3    Extraction of DNA/RNA 

The microbe detection techniques outlined in this book are based on the sequencing of 
nucleic acids—either DNA or RNA. When a clinical specimen is collected, most of the 
DNA/RNA present is located within cells (or within virion capsids made of protein). 
Efficiently extracting and purifying DNA/RNA from these cells (or virions) is an essential 
step for the successful detection of microbes. The most critical aspect is cell lysis, where 
the cell walls and plasma membranes are broken so that DNA/RNA escapes. If the lysis 
step is very efficient on human cells, but not as efficient for some types of microbes, the 
microbial/human ratio can be greatly reduced, resulting in loss of assay sensitivity. 
Though commercial DNA/RNA extraction kits are often designed for optimal performance 
on some types of microbes (bacteria, fungi, viruses), they also very efficiently extract 
DNA/RNA from human cells. These kits are not at all selective against human DNA/RNA, 
so they cannot improve the sensitivity of unbiased high-throughput sequencing based 
microbiome assays on their own. 

Beyond cell lysis, these protocols also attempt to keep DNA/RNA intact by quickly 
inhibiting DNase and RNase enzymes known to be present in clinical specimens. They 
also destroy proteins which are attached in vivo to DNA (ex: histones) or RNA (ex: 
ribosomal proteins). 

Too many cell lysis protocols exist to be described here40. The most commonly used 
protocols use a detergent such as sodium dodecyl sulfate (SDS) to dissolve the lipid bilayer 
of cell membranes and organelles, such as nuclei, lysosomes and mitochondria. In order to 
lyse viral capsids and to remove proteins bound to DNA/RNA, proteinase K is often added 
to fragment proteins. TE buffer can be used during lysis (10 mM Tris and 1 mM EDTA 
with pH 7.5 to 8.0) which keeps DNA/RNA strands intact by providing monovalent ions 
(Tris+) and by using a chelating agent to sequester divalent cations (Mg2+/Ca2+ which 
catalyze digestion by DNase and other enzymes). Finally, heat can be applied to increase 
the reaction speed (37ºC to 65ºC); heating more risks separating bound dsDNA strands. 
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Once the protocol is complete, the extracted DNA/RNA must be resuspended. Kits 
typically recommend suspending DNA in TE buffer (10 mM Tris, 1 mM EDTA with pH 
of 7.5 or 8.0, DNase/RNase free) and RNA in pure water (DNase/RNase free). TE is used 
for DNA because: (1) DNA is typically double stranded, so it needs cations to remain 
hybridized (in this case provided by Tris+); (2) trace amount of DNase (which may be 
present) cannot degrade DNA when divalent cations (Mg2+/Ca2+) are sequestered by 
EDTA. Water works well for RNA because RNA is typically single stranded, so it does not 
need cations, and most RNases are not dependant on divalent cations, so adding EDTA is 
not as useful for this purpose. For this reason, storing RNA at -20ºC or -70ºC is highly 
recommended to prevent RNase digestion, as well as adding an RNase inhibitor such as 
“NEB RNase Inhibitor Murine - M0314S”. If RNA is immediately used and converted into 
DNA, these precautions are generally not required. 

 
Table 31: Typical lysis buffer components. 
 Toxicity Comments/purpose 
β-mercaptoethanol High Permanently denature proteins (including RNase) by cleaving disulfide 

bonds. Dithiothreitol (DTT) High 
Guanidine thiocyanate High  
Phenol High  
Chloroform High  
SDS High  
Tween-20   
Triton-X100   
Proteinase K   
Lysozyme   
Zymolase   
 
Table 32: Mechanical lysis methods. 
 Toxicity Comments/purpose 
Bead beating   
Sonication   
Heating   
Freezing   
Mortar and pestle   
French press   
 
Table 33: Commercial DNA/RNA extraction kits. 
Kit DNA/ 

RNA 
Lysis methods 

Chemical Mechanical Enzymatic 
Zymo Research Fungal/Bacterial DNA MiniPrep  DNA Yes (unspecified) Bead beading No 
Zymo Research Fungal/Bacterial RNA MiniPrep RNA Yes (unspecified) Bead beading No 
Zymo Research Quick-RNA MiniPrep Plus RNA Yes (unspecified) No Proteinase K, 

DNase I 
Epicentre MasterPure Complete DNA and RNA 
Purification Kit 

Both Yes (unspecified) No Proteinase K, 
RNase A, 
DNase I 

Qiagen DNeasy Blood and Tissue Kit DNA Yes (unspecified) No Proteinase K 
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 Table 34: Basic DNA/RNA extraction protocol effective for cells lacking a cell wall (human cells, not 
fungi). The reagents necessary to run this protocol are sold together in the Epicentre “MasterPure Complete 
DNA and RNA Purification Kit” (MC89010). The precipitation and wash steps require a high amount of 
DNA/RNA in the sample (at least 10 ug) to work, so this protocol is not suitable for very small samples. 
Step, kit and comments Input Output Time 

min 
Thaw the following components on the bench: 
• Proteinase K 
 
The following reagents are required: 
• Cell lysis solution 

• TE (10mM Tris, 1mM EDTA, pH 7.5 - 8.0) 
• 100 mM NaCl 
• 0.5% SDS 

• Protein precipitation solution 
• 7.5M ammonium acetate 

• 100% isopropanol 
• 70% etrhanol 
• TE Buffer (10mM Tris, 1mM EDTA, pH 7.5 - 8.0) 
 
Label clean tubes: 
• Tube A,B (1.5 ml microcentrifuge tubes) 

   

Isolate cells from suspension medium 
• Place suspended human cells in Tube A 
• Centrifuge at 10000g for 10 minutes 
• Remove and discard supernatant 
• Optionally wash cells in physiological saline 

Cells suspension Cell pellet (about 50 
mg) in Tube A 

 

Cell lysis: 
• Add 300 ul of “Cell lysis solution” to Tube A 
• Add 1 ul (50 ug) of Proteinase K 
• Mix well by vortexing 
• Incubate for ≥15 min  at 55ºC 

Cell pellet (about 50 
mg) in Tube A 

Lysed cells in cell 
lysis solution in Tube 
A 

 

Protein precipitation and removal 
• Cool Tube A on ice for 5 minutes (contents should be at ~0ºC, 
but not frozen) 
• Add 150 ul of “Protein precipitation solution” to Tube A 
• Mix well by vortexing 
• Centrifuge at >10000g for 10 minutes to pellet proteins 

• If protein pellet is too large or loose, add 25 ul “Protein 
precipitation solution” and repeat 

• Transfer supernatant to Tube B, without disturbing pellet 

Lysed cells + 
DNA/RNA in cell 
lysis solution in 
Tube A 

DNA/RNA in cell 
lysis + protein 
precipitation solution 
in Tube B 

 

Precipitation of DNA/RNA, keeping SDS in solution 
• Add 500 ul isopropanol to Tube B 
• Mix well by gentle pipetting or inversion (a few dozen times) 
• Centrifuge at >10000g for 10 minutes to pellet DNA/RNA 
• Remove supernatant without dislodging tiny white pellet 

DNA/RNA in cell 
lysis + protein 
precipitation 
solution in Tube B 

DNA/RNA pellet + 
salts in Tube B 

 

Wash with 70% ethanol, removing remaining salts 
• Add 500 ul 70% ethanol to Tube B 
• Mix well by vortexing 
• Centrifuge briefly to precipitate pellet 
• Remove ethanol without dislodging tiny white pellet 
• Repeat once or twice 
• Let residual ethanol dry 

DNA/RNA pellet + 
salts in Tube B 

DNA/RNA pellet in 
Tube B 

 

Suspend DNA/RNA in TE buffer 
• Add >35 ul TE buffer 
• Wait for DNA/RNA to dissolve 

DNA/RNA pellet in 
Tube B 

DNA/RNA suspended 
in TE 
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3.1 Silica spin columns 
The fastest and easiest way to isolate DNA or RNA from a cell lysis solution is to use spin 
columns containing a silica matrix. This is the method used by the Zymo Research kits and 
the Qiagen kit listed in Table 33. Silica is simply silicon dioxide (SiO2) found in glass. 

Both DNA and RNA strands have a negatively charged phosphate backbone (one negative 
charge per base in single DNA/RNA strands, or two negative charges per base pair in 
double stranded DNA, see Figure 5). The negatively charged phosphate atom is usually 
paired with a cation (ex: Na+ or Tris+) or water (H+). 

In the presence of chaotropic salts typically contained in lysis buffers or binding buffers 
(ex: guanidine HCL, guanidine thiocyanate, urea, lithium perchlorate), DNA/RNA strands 
bind weakly to silica: long strands have sufficient charge to attach to the silica matrix, but 
short strands do not (cutoff is about 10,000 bases). If ethanol is added to the mix, 
DNA/RNA strands become very negatively charged and easily attach to the silica matrix 
(cutoff depends on the ethanol concentration, and is usually about 70 bases). 

Once the strands are attached to the silica matrix, they must somehow be removed. First, 
excess salts are washed with 70% ethanol. Then TE (for DNA) or water (for RNA) is 
added which dilutes residual chaotropic salt/ethanol to very low levels, at which point 
DNA/RNA strands readily detach from the silica matrix and flow out of the column—note 
that very long DNA strands may have trouble detaching from the matrix (ex: >23k bp). 
In the “ZR Fungal/Bacterial DNA MiniPrep kit – D6005”, RNA strands shorter than 
~10000 nt pass right through the silica spin column with the lysate, whereas long dsDNA 
strands bind to the silica matrix. This is how RNA is mostly eliminated using this kit. Note 
that short DNA strands will be eliminated along with the RNA. In the “ZR 
Fungal/Bacterial RNA MiniPrep kit – R2014”, the lysate is run through two silica spin 
columns. Like for the DNA kit, the first column catches long dsDNA strands, but lets 
shorter RNA strands through. Ethanol is added to the sample between spin columns to 
greatly increase the binding affinity of RNA strands: they then readily bind to the second 
spin column, as well as any residual DNA that was not caught in the first column. 

  
Figure 31: Typical spin column with opaque white silica matrix visible near the bottom (left). Salt facilitates 
binding of dsDNA strand to silica (right). https://commons.wikimedia.org/w/index.php?curid=23065458 by 
Squidonius [Public Domain]. 

https://commons.wikimedia.org/w/index.php?curid=23065458
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It is often useful to be able to size select dsDNA strands during library preparation. The 
most accurate way to do this is to run the dsDNA on an agarose gel (TBE gels are more 
accurate than TAE gels) with a DNA ladder, to cut out the desired band and the extract the 
DNA with a “ZR ZymoClean Gel DNA Recovery Kit – D4001”. This process is rather 
long and labor intensive: an alternate method can be used which is much quicker (though 
somewhat less accurate) using silica spin columns: “ZR Select-a-Size DNA Clean & 
Concentrator – D4080”. This kit allows selection of dsDNA fragments 300-700 bp long. 

3.2 Fragmentation of DNA/RNA during extraction 
Many techniques used to remove human DNA/RNA described in the following sections 
perform best when extracted DNA/RNA is minimally fragmented. Improper storage of 
cells prior to extraction many result in fragmented RNA: it is usually recommended to 
store cells at -70ºC if RNA extraction is not performed immediately to prevent RNase 
digestion. Long bead beading times result in more complete and universal extraction of 
DNA/RNA from microbial cells, but also cause fragmentation of extracted DNA/RNA 
strands15, 16. Longer fragments are more susceptible to mechanical fragmentation, and tend 
to break in the middle region of the strand33. 

DNA fragmentation due to enzymatic digestion is seldom an issue because it is much 
sturdier than RNA. Even the harshest extraction protocols result in DNA strands that are 
long enough for downstream processing in most applications (>2000 nt). However, when 
using the Repeat capture DNA-Seq protocol described in Section 5.4, long DNA strands 
will result in much higher capture efficiency, so a gentle extraction procedure is preferred. 
When looking at Total RNA using gel electrophoresis or a bioanalyzer, the LSU band will 
be the first to decline in intensity due to fragmentation, as its is longer than the SSU. LSU 
fragments will appear as a smear lower on the gel. More intense fragmentation will 
eventually result in the loss of the SSU band. As shown in Figure 32, long bead beating 
times (up to 40 minutes) do not significantly fragment LSU strands, though they increase 
RNA extraction yield. 
The RNA extraction yield for very hard to lyse cells will be proportional to bead beating 
time, so a 40 minute bead beating period has 8x the sensitivity as compared to a 2 minute 
bead beating period (40 minutes / 2 minutes / (5 ug human / 2 ug human) = 8x), given that 
human cells also benefit from more efficient lysis in the longer protocol. The RNA 
extraction rate of Saccharomyces cerevisiae seems similar to that of cells in semen, 
meaning assay sensitivity would not be improved by longer beat beating times. 
If, for whatever reason, fragmentation of RNA is unavoidable, as long as some of these 
fragments are >200 nt in length, it should still be possible to remove the bulk of human 
RNA and sequence the rest. Below this length, it becomes difficult to remove human 
SSU/LSU strands using target capture or blocking primers. A somewhat different 
approach, exploiting ligation of double stranded RNA ends formed by tRNA and 5S 
ribosomal RNA strands is particularly suitable when RNA is highly fragmented (see 
Section 4.6.5). [TODO: add helix 45 priming as a method which works well with 
fragmented RNA]. 
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Figure 32: RNA extraction of Saccharomyces cerevisiae culture (left gel) and human semen (right gel) using 
different bead beating times (2, 8 and 40 minutes). SSU, LSU and whole ribosomes bands remain distinctly 
visible after each disruption period, indicating no significant degradation of strands (though some fraction of 
SSU/LSU strands have undoubtedly been fragmented). Extraction yields were 13 ug, 21 ug and 35 ug for 
Saccharomyces cerevisiae, and 2 ug, 2 ug (?), 5 ug for human semen. 

 

3.3 Lysis yield and minimum sensitivity 
[TODO] <no matter how sensitive downstream steps are, the sensitivity is limited by the 
number of microbial cells at the input of DNA/RNA extraction> <mention that sequencing 
depth combined with enrichment method can make sensitivity so great that this is now an 
issue (it wasn’t really with Sanger sequencing unless you were doing nested PCR)> 

<show single cell lysis model, and input cell density> 
<mention that techniques which can handle the full 25 ug of DNA/RNA will be most 
sensitive to a small number of microbes or poor lysis yield. You must be careful when 
processing a sample in different ways to allocate the right amount of starting material 
based on the sensitivity of the technique: highly sensitive requires more input material> 
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3.4 ZR Fungal/Bacterial RNA MiniPrep Kit 
When analyzing the microbiome of human semen, choosing RNA-Seq over DNA-Seq 
greatly increases assay sensitivity, since spermatozoa (the main cell type in semen) are 
literally packed with DNA but contain little RNA (3300 pg DNA vs. ~37 pg RNA)16. 
Spermatozoa are actually very unusual cells in this respect, as typical somatic cells contain 
about 5x more RNA than DNA, not a 100x less! 

RNA extraction kits such as the "Zymo Research Fungal/Bacterial RNA MiniPrep” are 
designed to handle cases where the amount of DNA and RNA are approximately equal (up 
to 50 ug of RNA and 50 ug of DNA). It has been reported that the high amount of DNA in 
semen overwhelms the first step of RNA isolation where long (>15k bp) dsDNA strands 
are captured in a silica matrix column and discarded (for example in the “Zymo-Spin IIIC 
Column” in this kit)16. It is possible to run the sample successively through two or more 
such columns if the amount of DNA is problematic16. However in practice, it seems the 
“ZR Fungal/Bacterial RNA MiniPrep” does not efficiently extract DNA from spermatozoa, 
as the theoretical yield per ejaculate should be 200M spermatozoa * 3300 fg DNA = 660 
ug DNA, but actual yield using the “ZR Fungal/Bacterial DNA MiniPrep” kit is about 5-10 
ug of DNA. The “Epicentre MasterPure Yeast DNA kit” yields about ten time more DNA. 
It is unclear why Zymo Research lysis is inefficient on human spermatozoa, but in this 
case this is a more of a feature than a bug. 
Only long DNA strands are captured in the silica matrix column, meaning that shorter 
fragmented DNA strands will make it to the end of RNA purification. By using the RNase 
A enzyme to eliminate output RNA, it is possible to measure the amount and size 
distribution of DNA fragments which slipped through the silica matrix column. When 
extracting RNA from whole semen using the “ZR Fungal/Bacterial RNA MiniPrep”, DNA 
yield is ~0.1 ug and RNA yield is ~5 ug. Depending on the downstream steps, it may be a 
good idea to use the DNase I enzyme to completely eliminate this residual DNA, either 
directly in the column as indicated in the kit or afterward in the eluted RNA. Note that 
many downstream RNA protocols efficiently ignore DNA, and the detection of small DNA 
viruses will not work if DNA is eliminated in column, so DNase I digestion is often not 
required. For example, target capture of SSU strands is minimally affected by DNA, 
whereas targeted RNase H digestion may result in off-target cuts if any DNA is present. 
DNase I digestion should be done immediately before the first strand synthesis step. Note 
that DNase I requires a small amount of calcium ions, which are not present in first strands 
synthesis buffers, and may adversely affect reverse transcription efficiency/accuracy41. 
This means either a small amount of calcium should be used (<0.1 mM), a purification step 
to eliminate the calcium ions should be added, or a calcium sequestering agent (such as 
EGTA) should be used. The DNase I digestion step can also be performed “in-column” 
during RNA extraction, avoiding all these calcium related issues. 

Finally, a substantial amount of RNA present in semen is short (such as tRNA), as shown 
by the diffuse “blob” at the bottom of the gel in Figure 32. By adjusting the amount of 
ethanol added prior to RNA capture to a ratio of 0.5 (rather than the recommended 0.8), it 
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is possible to eliminate short RNAs using the “ZR Fungal/Bacterial RNA MiniPrep”. For 
microbiome analysis, only the SSU/LSU must be retained, thus RNA strands shorter than 
1000 nt can be safely eliminated during this step. For small RNA assays (see Section 
4.6.5), the opposite size selection is desirable and the ethanol content of the flow-through 
can be increased and run through a second “ZymoSpin IIC column” for purification. 
To perform an exhaustive microbe search which includes the detection of viruses, two 
small modifications to the “ZR Fungal/Bacterial RNA MiniPrep” should be made. First, to 
efficiently extract DNA/RNA from virions (made of protein), pre-digestion of the sample 
with the enzyme Proteinase K is recommended. Second, if DNA viruses need to be 
detected, it may be a good idea to also extract DNA and do DNA-Seq as well as RNA-Seq.  

Note that some viruses may contain ssDNA which typically requires an additional library 
preparation step to synthesize the complementary strand. Also note that small DNA viruses 
(<20 k nt) and large RNA viruses (>10 k nt) will likely be lost by this kit; the ZR Viral 
RNA kit should be used instead to handle these two cases. 

 

 
Figure 33: Using less ethanol during capture results in small RNAs being eliminated. RNA extracted from 
semen using “ZR Fungal/Bacterial RNA MiniPrep”, with 0.5 ratio of ethanol instead of 0.8.  
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Table 35: Details of RNA extraction protocol using the “ZR Fungal/Bacterial RNA MiniPrep” on semen. A 
few steps are modified for better performance and efficient lysis of viruses. 
Step, kit and comments Input Output 
Thaw the following components: 
• “NEB DNase I (M0303S)” 
• “NEB RNase Inhibitor, Murine (40U/ul) (M0314S)” 
• “NEB Proteinase K (0.8U/ul) (P8107S)” 
• “Promega QuantiFluor RNA System (E3310)” 
• “Sigma Ribonuclease A from bovine pancreas (20 ug/ul) (R4642)” 
 
Bring to room temperature the following components: 
• Promega QuantiFluor dsDNA ONE System (E4871) 
• “ZR DNA/RNA Shield (2X) (R1200)” 
 
Prepare tubes: 
• Label collection tubes A, B 
• Place “Zymo-Spin IIIC Column (C1006)” in TubeA 
• Place “Zymo-Spin IIC Column (C1011)” in TubeB 
• Label 1.5 ml microcentrifuge tube C,D 
• Label 200 ul PCR tube E 

  

Eliminate of ~83% of seminal plasma, cell lysis 
• Let semen liquify at room temperature for 40 minutes. 
• Suspend cells in semen by voxtex mixing 
• Pipette 1200 ul of semen to “ZR BashingBead Lysis Tube (S6002)” 
• Mix semen and bashing bead by vortexing. This ensures that at least 

some very small cells are caught within the bead region (if present). 
• Centrifuge at >12,500 g for 10 minutes to precipitate all cells, including 

small microbal cells. Note: only 17% of virions will be retained. 
• Bury cell pellet in beads by inversion 
• Centrifuge at >12,500 g for 10 minutes to precipitate all cells 
• Discard 1000 ul supernatant, while not disturbing cell pellet 
• Increase input material (optional) 

• Pipette 1000 ul of semen to “ZR BashingBead Lysis Tube (S6002)” 
• Mix semen and bashing bead by vortexing. 
• Centrifuge at >12,500 g for 10 minutes to precipitate all cells 
• Discard 1000 ul supernatant, while not disturbing cell pellet 

<2.2 ml semen 
(<300M 
spermatozoa) 

 

Enzymatic cell lysis (optional) 
• Pipette 200 ul “ZR DNA/RNA Shield (2X)” 
• Pipette 15 ul “NEB Proteinase K (0.8U/ul)” 
• Mix thoroughly by vortexing or in “SI Distruptor Genie SI-D238” 
• Incubate at toom tempeature for 30 minutes 

  

Mechanical cell lysis 
• Pipette 800 ul “RNA Lysis Buffer (R1060-1)” 

• If enzymatic lysis step was used, only add 585 ul 
• Lyse cells for 15 minutes in “SI Distruptor Genie SI-D238” 

• Shorter lysis time can be used, resulting in lower yield: 5 min → 5 ug 
RNA, 15 min → 10 ug RNA. 

• Centrifuge at >12,500 g for 10 minutes to precipitate debris 
• Long/fast centrifugation ensures debris don’t clog downstream steps 

 ~5 ug RNA + 
~500 ug DNA in 1 
ml lysis mix in 
“ZR BB Lysis 
Tube” 
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Eliminate most DNA strands 
• Pipette 800 ul from “ZR BB Lysis Tube” to “Z-S IIIC Column” in 

TubeA 
• Be careful to not capture precipitated debris, as they can clog 

downstream steps 
• Centrifuge at 2,000 g for 2 minutes (centrifuging slowly improves 

capture of DNA; >12,500g also works, but DNA removal less efficient) 
• Discard “Z-S IIIC Column” (on which up to 210 ug DNA is bound) 

• DNA option: if experiments require DNA (for example to do DNA-
Seq), do not discard this column and performs steps of Table 36. 

~4 ug RNA +  
~400 ug DNA in 800 
ul lysis mix in “ZR 
BB Lysis Tube” 

~4 ug RNA +  
~0.1 ug DNA in 
800 ul lysis mix 
TubeA 

Capture long RNA strands (SSU/LSU), but not short strands (tRNA/5S) 
• Pipette 400 ul reagent alcohol into Tube A; mix well. This ratio allows 

long RNA strands to bind to silica, but not short RNA strands. 
• Pipette 600 ul from Tube A to “Z-S IIC Column” in Tube B 
• Centrifuge TubeB at >12,500 g for 3 minutes; discard flow through. 

• Make sure all liquid has passed though silica matrix (centrifuge 
longer if necessary).  

• Small RNA option: instead of discarding flow-through in Tube B, 
use it as an input to Table 37. 

• Pipette 600 ul from Tube A to “Z-S IIC Column” in Tube B. 
• Centrifuge TubeB at >12,500 g for 5 minutes; discard flow through. 

• Make sure all liquid has passed though silica matrix (centrifuge 
longer if necessary). 

• Small RNA option: instead of discarding flow-through in Tube B, 
use it as an input to Table 37. 

• Discard TubeA (or keep it to do the DNA / Small RNA.flows) 
• Small RNA option: do downstream steps on both “Z-S IIC Columns” 

~4 ug RNA +  
~0.1 ug DNA in 800 
ul lysis mix TubeA 

~4 ug RNA +  
~0.1 ug DNA 
bound to silica 
matrix in “Z-S IIC 
Column”  

Eliminate residual DNA using DNase I (optional) 
• Pipette 400 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column” in Tube B. 
• Centrifuge TubeB at >12,500 g for 3 minutes; discard flow through. 
• Pipette 2 ul from “NEB DNase I” (4U) to TubeC. 
• Pipette 5 ul from “NEB DNase I Reaction Buffer 10X” to TubeC. 
• Pipette 46 ul water to “Z-S IIC Column” in TubeC. 
• Pipette 1 ul from “NEB RNase Inhibitor, Murine” to TubeC (40U) 
• Mix well, spin down. 
• Pipette 50 ul from TubeC to “Z-S IIC Column” in TubeB, placing 

directly on matrix to allow water to be absorbed by dry silica matrix 
• Incubate at room temperature for 15 minutes. 
• Centrifuge TubeB at >12,500 g for 2 minutes; discard flow through. 

~4 ug RNA + 
 ~0.1 ug DNA bound 
to silica matrix in 
“Z-S IIC Column” 

~4 ug RNA bound 
to silica matrix in 
“Z-S IIC Column” 

Wash RNA on silica matrix 
• Pipette 400 ul from “RNA Prep Buffer (R1060-2)” to “Z-S IIC Column” 

in TubeB. 
• Centrifuge Tube B at >12,500 g for 2 minutes; discard flow through. 
• Pipette 700 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column” in TubeB. 
• Centrifuge Tube B at >12,500 g for 2 minutes; discard flow through. 
• Pipette 400 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column” in TubeB. 
• Centrifuge TubeB at >12,500 g for 5 minutes; discard flow through. 

~4 ug RNA bound to 
silica matrix in “Z-S 
IIC Column” 

~4 ug RNA bound 
to silica matrix in 
“Z-S IIC Column” 
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Elute RNA from matrix 
• Move “Z-S IIC Column” to TubeD 
• Pipette 40 ul of water to “Z-S IIC Column” in TubeD (place water 

directly on matrix to allow water to be absorbed by dry silica matrix). 
• Incubate at room temperature for 30 seconds. 
• Centrifuge Tube D at >12,500 g for 1 minute. 
• Pipette 40 ul of water to “Z-S IIC Column” in TubeD (place water 

directly on matrix to allow water to be absorbed by dry silica matrix). 
• Incubate at room temperature for 2 minutes. 
• Centrifuge Tube D at >12,500 g for 2 minutes. 
• Add 1 ul “NEB RNase Inhibitor, Murine (40U/ul) (M0314S)” (optional) 

~4 ug RNA bound to 
silica matrix in “Z-S 
IIC Column” 

~4 ug in 80 ul 
water in TubeD 

Quantify RNA in TubeD 
• Promega QuantiFluor RNA System (1 prep) 

• Pipette 198 ul of  TE (X1) to 500 ul tube 
• Pipette 1 ul from TubeD 
• Pipette 1 ul from Promega QuantiFluor RNA System 
• Spin, vortex, spin, vortex, spin. 
• Measure in Promega Quantus Fluorometer 

1 ul 
pipetted from TubeD 

 

Control steps (optional): 
Digest RNA to test of residual DNA (some residual DNA remains) 
• “Sigma Ribonuclease A from bovine pancreas (20 ug/ul) – R4642” 
(“Epicentre RNase A (5 ug/ul) – MRNA092” also works) 
• Pipette 10 ul from TubeD into TubeE 
• Pipette 10 ul of NaCl solution (20mM, final conc. ~10 mM) 
• Pipette 1 ul RNase A (20 ug or 5 ug) 
• Incubate at 65ºC for 15 minutes (high temperature required to denature 
Murine RNase Inhibitor) 

Quantify residual DNA in TubeE 
• Promega QuantiFluor dsDNA ONE (1 prep) 
• Pipette 199 ul of dsDNA ONE Dye into 500 ul tube 
• Pipette 1 ul from TubeE 
• Spin, vortex, spin, vortex, spin. 
• Measure in Promega Quantus Fluorometer 

Run RNA and residual DNA on gel  
• Life Tech E-Gel 1.2% Agarose Gel with SYBR Safe - G521802 

• Pipette 10 ul from TubeD into a lane + 10 ul of NaCl solution (20mM) 
• Pipette 20 ul from TubeE into a lane 

20 ul from TubeD  
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Table 36: Optional DNA flow for the “ZR Fungal/Bacterial RNA MiniPrep”. 
Step, kit and comments Input Output 
• Label 1.5 ml microcentrifuge TubeF   
Wash DNA on silica matrix 
• Place “Z-S IIIC Column” in a collection tube (it can be a used tube) 
• Pipette 700 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIIC 

Column”. 
• Centrifuge at >12,500 g for 2 minutes; discard flow through. 
• Pipette 400 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column”. 
• Centrifuge TubeB at >12,500 g for 5 minutes; discard flow through. 

Up to 50 ug DNA 
bound to “Z-S IIIC 
Column” 

 

Elute DNA from matrix 
• Move “Z-S IIIC Column” to TubeF 
• Pipette 80 ul of water or Tris-HCl “Z-S IIIC Column” in TubeF (place 

water directly on matrix to allow water to be absorbed by dry silica 
matrix). 

Note: TE can also be used, but somedown stream experiments can be 
hindered by the presence of EDTA. Another option is using a 
combination of TE and water. 

• Incubate at room temperature for 2 minutes. 
• Centrifuge Tube D at >12,500 g for 2 minute. 

 DNA in 80 ul 
water in TubeF 

 
Table 37: Optional small RNA flow for the “ZR Fungal/Bacterial RNA MiniPrep”. 
Step, kit and comments Input Output 
• Label 1.5 ml microcentrifuge TubeG   
• Place a new “Zymo-Spin IIC Column (C1011)” in a collection tube (it 

can be a used tube) 
Bind small RNA to new “Zymo-Spin IIC Column” 
• Add 600 ul reagent alcohol to TubeB, mix well 
• Pipette 600 ul from TubeB to “Zymo-Spin IIC Column” 
• Centrifuge at >12,500 g for 2 minutes; discard flow through. 
• Pipette 600 ul from TubeB to “Zymo-Spin IIC Column” 
• Centrifuge at >12,500 g for 2 minutes; discard flow through. 
Repeat. 

Up to 1 ug small 
RNA in 600 ul 
binding mix in 
TubeB (twice) 

 

Wash RNA on silica matrix 
• Pipette 400 ul from “RNA Prep Buffer (R1060-2)” to “Z-S IIC 

Column”. 
• Centrifuge Tube B at >12,500 g for 2 minutes; discard flow through. 
• Pipette 700 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column”. 
• Centrifuge Tube B at >12,500 g for 2 minutes; discard flow through. 
• Pipette 400 ul from “RNA Wash Buffer (R1003-3)” to “Z-S IIC 

Column”. 
• Centrifuge TubeB at >12,500 g for 5 minutes; discard flow through. 

  

Elute RNA from matrix 
• Move “Z-S IIC Column” to TubeG 
• Pipette 40 ul of water to “Z-S IIC Column” in TubeG (place water 

directly on matrix to allow water to be absorbed by dry silica matrix). 
• Incubate at room temperature for 30 seconds. 
• Centrifuge Tube D at >12,500 g for 1 minute. 
• Pipette 40 ul of water to “Z-S IIC Column” in TubeG (place water 

directly on matrix to allow water to be absorbed by dry silica matrix). 
• Incubate at room temperature for 2 minutes. 
• Centrifuge Tube D at >12,500 g for 2 minutes. 
• Add 1 ul “NEB RNase Inhibitor, Murine (40U/ul) (M0314S)” (optional) 

 ~1 ug in 80 ul 
water in TubeG 
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3.5 ZR Viral DNA/RNA Kit 
[TODO: explain virion isolation method]. 

When a fluid is submitted to a centrifugal force, large objects sediment much more quickly 
than small objects. This means human cells sediment quickly, virions sediment slowly and 
extracted DNA/RNA barely sediment at all. Thus human cells can be mostly eliminated by 
centrifugation, retaining the supernatant which only contains virions and cell-free 
DNA/RNA. Cell-free DNA/RNA can then be destroyed using RNase/DNase enzymes 
which can’t penetrate the virion capsids. Finally, the capsid can be opened using a lysis kit 
which simultaneously disables the RNase/DNase enzymes—otherwise these enzymes need 
to be disabled using EDTA, heat or other inhibitors. 
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4    Isolation of ribosomal RNA 

The advent of high-throughput sequencing around 2005 has made microbiome studies easy 
to carry out and trendy, yet such studies were already feasible using low-throughput 
Sanger sequencing (as early as 1977). The microbe detection and identification method 
described in Section 2 works very well to identify the dominant species in a sample. 
Unfortunately for human microbiome projects, this species will always be human—unless 
human RNA can be separated from microbial RNA prior to sequencing. In Section 2, cell 
culture was used to separate microbial cells from human cells. However, not all microbial 
species grow in artificial media, which means this technique was far from universal. As 
high-throughput sequencing technology became ubiquitous around 2008, many as yet 
unculturable (and thus unknown) species were found to be part of the human microbiome; 
many more species have been discovered on or in humans every year since: artificial 
growth media was demonstrably a poor approach to survey the human microbe. 
In this section, molecular techniques are used to separate microbial RNA from human 
RNA using (nearly) universal properties of the SSU/LSU RNA strands, allowing the 
experimental protocol of Section 2 to be carried out while skipping the “Cell culture and 
colony isolation” step described in Section 2.1. The major advantage of this modified 
protocol is that it works well with all microbes, even fastidious ones which can’t be grown 
in cell culture media. Beyond cell culture, other methods of microbe isolation and 
purification can be used (see Section 6 and Section A.4), though they are not as universal 
as the methods based on RNA isolation described in this section. 
Figure 10 showed the approximate fraction of different types of RNA strands in cells. The 
two dominant RNA strands are those of interest for taxonomic classification: the SSU and 
LSU strands. This conveniently allowed a “shotgun” approach to be used to sequence these 
strands in Section 2.5: just by randomly selecting and sequencing a dozen RNA strands, 
the SSU and LSU strands can be found with a high level of confidence. However, when 
looking for the second most prevalent species in a mixed RNA sample originating from a 
human specimen—which is to say the most common microbe present—, any one of the 
human RNA types shown in Figure 10 is sufficient to thwart a “shotgun” approach, since 
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each type of human RNA is orders of magnitude more abundant than microbial SSU/LSU 
RNA strands. Thus, to detect the most abundant microbe in a human specimen, the sample 
must first be depleted of all human RNA strand types. 
Many methods can be used to deplete a sample of human RNA strands: the most reliable 
and easy to perform methods are described in the following sections. Here is the simplest 
example. Since we know the length range of microbial LSU RNA strands (about 2000 – 
4000 bases), it’s easy to run a mixed RNA sample on an electrophoresis gel and excise this 
region. Excising this band is a promising approach since it removes about 97% of human 
RNA (see Figure 10 and Figure 34): ~100% depletion of “structured” RNA strands (tRNA, 
5S, 5.8S, SSU, LSU), and ~60% depletion of “unstructured” RNA strands (exonic, intronic 
and non-coding strands). Though 97% depletion of human RNA is good start, it only 
improves microbe detection sensitivity level from 175 microbe cells per human cell down 
to 5: more sophisticated depletion techniques are necessary to reach a useful level of 
sensitivity when low-throughput sequencing is used. When using high-throughput 
sequencing, this simple technique increases microbe detection sensitivity from 0.000161 to 
0.000005 microbe cells per human cell, which is good enough in many situations. Equation 
2 was used to calculate these sensitivity levels, and is explained in the next section. 

 
Figure 34:  Simple length selection used to isolate microbial LSU RNA strands (expected to be 2000 – 4000 
bases in length) from most human RNA strands. Life Technologies E-Gel 1.2% Agarose Gel with SYBR 
Safe, and Life Technologies E-Gel 1 Kb Plus DNA Ladder are shown. RNA ladders could have been used, 
but these are more expensive and less practical than DNA ladders. Note that the SSU/LSU RNA strands form 
secondary structures which slightly modify their migration speed on agarose gels as compared to the 
migration speed of “unstructured” RNA strands. Also note that some fragmentation of human LSU strands is 
unavoidable, and these fragments will migrate to the excised microbial region. 

2000 

3000 

1000 

1650 

dsDNA 
ladder 

RNA extracted from 
human clinical specimen  

5000 

500 

Human LSU (28S) RNA 
strand (5035 bases)  

Human SSU (18S) RNA 
strand (1871 bases)  

Human exonic, 
intronic, non-coding 
RNA strand “smear” 
(100 to ~10K bases)  

Human tRNA (4S), 5S, 5.8S 
RNA strands (~100 bases)  

Likely location of 
microbial LSU RNA 
strands (2000 - 4000 bases)  



 72 

4.1 Calculating microbe detection assay sensitivity 
Several assumptions must be made to estimate the minimum microbial cell abundance at 
which an assay can reliably detect a microbe. 
The first major assumption is that microbial cells contain 1000x less RNA* than human 
cells: a human cell has ~5 million ribosomes, and a microbial cell has ~5 thousand 
ribosomes. There are unfortunately no data on which to base this estimate for most types of 
microbes. Studies of fast growing Saccharomyces cerevisiae report ~178 thousand 
ribosomes per cell42, with a three fold reduction in ribosome count in slow growth 
conditions. Escherichia coli studies report ~55 thousand ribosomes per cell in fast growth 
conditions43. In bacteria, the smallest number of ribosomes per cell that I could find is ~1 
thousand in Spiroplasma melliferum, a microbe 10-100 times smaller than Escherichia coli 
by volume44. It is unclear if these figures are generalizable to microbes living in or on 
humans. It is accepted that no cells can survive without ribosomes, so the absurdly 
conservative count of one ribosome per microbial cell could be used as a lower bound. 

Second, all experimental steps are deemed as efficient for human cells as for microbial 
cells. While this is generally the case, some microbe cells may be more difficult to lyse 
than humans cells, thus the RNA extraction step may be less efficient for microbes. 
Additionally, reverse transcription and PCR amplifications steps are known to be biased 
against AT-rich or CG-rich sequences. These effects are ignored in the sensitivity analysis. 
Third, the count of “shotgun” reads is very important for sensitivity: 10 reads are assumed 
to be performed with Sanger sequencing, and 10 million paired-end reads are assumed to 
be performed with Illumina sequencing (both cost about 100$ as of 2015). 

Finally, an assay sensitivity level must be assumed: 80% probability of detection was 
chosen since this is the typical “power” used when designing experiments. 
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Equation 1: Probability of missing (not detecting) a microbial RNA strand at mass concentration M in a 
sample which contains human RNA strands at mass concentration H after performing R “shotgun” reads 
(left). The power of the assay is denoted by D, the detection rate. Equation solved for M (right). 
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Equation 2: Previous equation modified to calculate the minimum number of microbe cells per human cell 
at detection probability D using R “shotgun” reads; this assumes 1000x less RNA in microbial cells than in 
human cells, no human RNA depletion is performed and RNA extraction is equally efficient for all cells. 

                                                
* As shown in Figure 10, about 80% of RNA strands in cells are located in ribosomes, so ribosome counts are 
a good way to measure the relative amount of RNA between cells. The fact that human ribosomes contain 
slightly more bases than microbial ribosomes is ignored in the calculations. 
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Note that the sensitivity analysis presented here assumes that there are enough human cells 
in the clinical specimen to begin with. For example, if one microbial cell can be detected 
per million human cells, assays performed with 100 thousand human cells as an input will 
naturally be limited in sensitivity to about one microbe per hundred thousand human cells. 

4.1.1 Setting-up control experiments 
To make sure microbial RNA can be detected using an assay, a control RNA mix should 
be used to validate the assay’s sensitivity. 
Total RNA can be extracted separately from pure cultures of various control microbes (for 
example, Escherichia coli and Saccharomyces cerevisiae) as well as pure human cell 
cultures, and the amount of RNA is quantified and normalized to about 0.2 ug/ul. 1 ul of 
microbial RNA is then mixed with 9 ul of human RNA, keeping the total RNA 
concentration at 0.2 ug/ul. Serial dilution with human RNA is then performed (combining 
1 ul mixed RNA with 9 ul human RNA); this keeps the concentration constant (~0.2 ug/ul) 
throughout, avoiding low concentration RNA*. Performing five serial dilutions should 
result in a hundred thousand to one human/microbial RNA ratio. At this RNA ratio, 
microbes should be easily detectable using 1/12th of a Illumina MiSeq run even without 
performing any human RNA depletion. Human RNA depletion rates should not exceed 
10000:1 with any technique described here, so depletion efficiency should be easy to 
measure. 
When running microbe detection assays using clinical specimens, it is also possible to 
“spike” the extracted RNA with some RNA control mix, as long as the presence/absence of 
control microbes in the clinical specimen are not important for the experiment. 

4.2 Differences between SSU/LSU and other RNA types 
Several differences exist between SSU/LSU RNA strands and other types of RNA shown 
in Figure 10. Simple separation by strand length allows most “structured” human RNA 
strands to be depleted, while many “unstructured” human RNA molecules such as exonic, 
intronic and non-coding RNA strands remain. 
In contrast to structured RNA strands such as the SSU/LSU (see Figure 35), these 
unstructured RNA strands generally do not fold up to form a tight 3D structure. The best 
known unstructured RNA molecule is messenger RNA, which carries protein synthesis 
instructions to ribosomes, though it only represent about a third of unstructured RNA by 
mass. These unstructured RNA molecules are produced over a very wide range of lengths, 
up to about ten thousand bases, so simple separation by strand length cannot deplete all of 
them while keeping microbial SSU/LSU strands. 

When comparing the SSU to unstructured RNA strands of the same length (~1800 bases), 
the SSU can be seen as a tightly wound-up ball of yarn, whereas unstructured RNA strands 
                                                
* RNA tends to stick to lab ware, resulting in unpredictable yields at low concentration. Similarly, trace 
amounts of RNase contamination risk degrading very low concentration RNA samples. 
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are more like a ball of yarn that a cat has played with: generally unwound with tangles here 
and there. Note that this distinction is temperature dependant, since the hydrogen bonds 
keeping the SSU tightly folded-up become weaker as temperatures increase: at a high 
temperature the structure of the SSU is lost, and it becomes just like any other unstructured 
RNA strand; unlike actual balls of yarn, when the SSU is cooled, it folds itself right back 
up again. The same applies to the LSU RNA strand (see Figure 36 and Figure 37). 

This structure difference can be exploited to separate unstructured RNA strands from 
SSU/LSU strands: as compared to unstructured RNA of the same length, SSU/LSU strands 
are more resistant to RNase digestion, less likely to hybridize with complementary oligos, 
migrate faster on polyacrylamide gels and sediment faster in a centrifuge. 

It is very important to note that “structured” RNA strands such as the SSU/LSU are more 
difficult to reverse transcribe than “unstructured” RNA strands such as messenger RNA. 
This means special care must be taken when designing experiments targeting microbial 
SSU/LSU strands to make sure they are efficiently reverse transcribed. There are three 
main concerns in reverse transcription: (1) most reverse transcription methods require the 
binding of a short DNA oligo to a complementary region in the SSU/LSU strand, which 
does not happen easily due to secondary structures (see Figure 36); (2) reverse 
transcription enzymes have difficulty “opening up” hairpins loops, and stop when a very 
strong GC-rich hairpin is encountered; (3) SSU/LSU strands contain modified bases which 
slow or stop reverse transcription enzymes. Table 40 lists the most common modified 
bases and their effect on reverse transcription. Though many 2’-O-ribose and 
pseudouridines modifications are present in the SSU/LSU strands, these do not prevent 
reverse transcription. However, a few methylated bases do prevent reverse transcription of 
SSU/LSU strands by causing a “hard stop” in reverse transcription at those base locations.  

The most common solutions to these reverse transcription problems is to break SSU/LSU 
strands into ~200 nt fragments prior to reverse transcription using heat and magnesium 
ions, as well as give the reverse transcription enzyme more time to complete the 
complementary DNA strand. Transfer RNA (tRNA, 4S) strands are particularly hard to 
reverse transcribe due to modified bases which stop reverse transcription enzymes entirely 
(see Section 4.6.6). 

Note that modified bases which block reverse transcription are not all bad: they can 
actually be used to separate SSU/LSU strands from other RNA strands (see Section 4.7.3)!  
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Figure 35: Three dimensional structure of a whole ribosome from Escherichia coli (eukaryotic ribosomes’ 
3D structure is similar). Blue: small subunit (SSU). Red: large subunit (LSU). Dark shaded: ribosomal RNAs 
(rRNAs). Light shaded: ribosomal proteins. Source: http://en.wikipedia.org/wiki/Ribosome#/media/File: 
Ribosome_shape.png by Vossman [CC BY-SA 3.0]. 

 
Table 38: Summary of differences between SSU/LSU and other RNA types. [TODO]. 
Property Advantages / Limitations 
Length  
Hairpins  
Conserved sequences Target capture vs. PCR (3’must match, no blocking bases in between). 
Single stranded area  
Modified bases block RT  

 

http://en.wikipedia.org/wiki/Ribosome#/media/File: Ribosome_shape.png
http://en.wikipedia.org/wiki/Ribosome#/media/File: Ribosome_shape.png
http://en.wikipedia.org/wiki/Ribosome#/media/File: Ribosome_shape.png
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Figure 36: Secondary structure of the Saccharomyces cerevisiae SSU RNA strand. Black lines represent 
hydrogen bonds. Most bonds form tight hairpins (2D structure), while other bonds stabilize the 3D structure. 
Illustration downloaded from http://apollo.chemistry.gatech.edu/RibosomeGallery/index.html . 

http://apollo.chemistry.gatech.edu/RibosomeGallery/index.html
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Figure 37: Secondary structure of the three Saccharomyces cerevisiae LSU RNA strands (5S, 5.8S and 25S). 
Most bonds form tight hairpins (2D structure), while other bonds stabilize the 3D structure. Illustration 
downloaded from http://apollo.chemistry.gatech.edu/RibosomeGallery/index.html . 

http://apollo.chemistry.gatech.edu/RibosomeGallery/index.html
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4.2.1 Modified bases which slow or block reverse transcription 
<todo> 

 
Table 39: Modified bases which block reverse transcription of ribosomal RNA strands in model species45 
(http://people.biochem.umass.edu/fournierlab/3dmodmap/main.php). A small database of modified bases in 
RNA can be found here: http://mods.rna.albany.edu . 
Name Modified bases which block reverse transcription (position) 
Escherichia coli SSU m3U (1498),  m2

6A (1518, 1519)  
Escherichia coli LSU m1G (745), m3ψ (1915) 
Escherichia coli 5S None 
Saccharomyces cerevisiae SSU m2

6A (1781, 1782) 
Saccharomyces cerevisiae LSU m1A (645), m1A (2142), m3U (2634) m3U (2843) 
Saccharomyces cerevisiae 5S None 
Saccharomyces cerevisiae 5.8S None 
Human SSU m2

6A (1850, 1851) 
Human LSU m1A (1309), m3U (4500) 
Human 5S None 
Human 5.8S None 

 
 

http://people.biochem.umass.edu/fournierlab/3dmodmap/main.php
http://mods.rna.albany.edu/
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Table 40: Effect of modified bases on reverse transcription45 (http://trna.bioinf.uni-leipzig.de). 
Name Base Notations Reverse 

transcription 
AlkB 

2'-O-Methyladenosine A Am : Ok  
N1-Methyladenosine A m1A “ Blocked → A 
N2-Methyladenosine A m2A / Slow  
N6-Methyladenosine A m6A = Slow  
N6, N6-Dimethyladenosine A m2

6A E Blocked  
Inosine  I I Ok  
2'-O-Methylguanosine G Gm # Ok  
N1-Methylguanosine G m1G K Blocked  
N2-Methylguanosine G m2G L Slow  
N2,N2-Dimethylguanosine G m2

2G R Blocked No effect 
N7-Methylguanosine G m7G 7 Ok  
2'-O-Methyluridine G Um J Ok  
N3-Methyluridine U m3U  Blocked (?)  
5-Methyluridine (ribothymidine) U m5U T Ok  
5-Carboxymethyluridine U cm5U ! Ok  
Dihydrouridine U D D Slow  
Pseudouridine U Ψ P Ok  
N1-Methylpseudouridine U m1ψ ] Ok  
N3-Methylpseudouridine U m3ψ  Blocked  
N1-Methyl-3-(3-amino-3-carboxypropyl)-pseudouridine U m1acp3ψ  Blocked  
2'-O-Methylcytidine C Cm B Ok  
N3-Methylcytidine C m3C ‘ Blocked → C 
N4-Methylcytidine C m4C  Slow  
N4-Acetylcytidine C am4C M Slow  
5-Methylcytidine C m5C ? Ok  
5-Hydroxymethylcytidine C hm5C  Ok  
4-thiouridine U s4U 4 ?  
uridine 5-oxyacetic acid U cmo5U V ?  
2-thiocytidine C s2C % ?  
3-(3-amino-3-carboxypropyl)uridine U acp3U X ?  
5-methylaminomethyluridine U mnm5U { ?  
N6-threonylcarbamoyladenosine A t6A 6 ?  
Queuosine   Q Q ?  
2-methylthio-N6-isopentenyladenosine A ms2i6A * ?  
5-methylaminomethyl-2-thiouridine U mnm5s2U S ?  
Lysidine C k2C } ?  
5-(carboxyhydroxymethyl)uridinemethyl ester U mchm5U , ?  
unknown modified adenosine A ?A H ?  
N6-isopentenyladenosine A i6A + ?  
unknown modified uridine U ?U N ?  
unknown modified guanosine G ?G ; ?  
1-methylinosine I m1I O ?  
5-methoxycarbonylmethyluridine U mcm5U 1 ?  
5-methoxycarbonylmethyl-2-thiouridine U mcm5s2U 3 ?  
Unknown  ? . ?  
2'-O-ribosyladenosine (phosphat) A Ar(p) ^ ?  
5-carboxymethylaminomethyl-2'-O-methyluridine U cmnm5Um ) ?  
Wybutosine  yW Y ?  
unknown modified cystine C ?C < ?  
5-carbamoylmethyluridine U ncm5U & ?  
  

http://trna.bioinf.uni-leipzig.de/
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4.2.2 Best conserved regions of the SSU/LSU 
A survey of conserved ribosomal sequences was used to select the best conserved region of 
the SSU/LSU RNA strands (www.rna.icmb.utexas.edu/SAE/2B/ConsStruc). Comparing 
the SSU/LSU genes of Escherichia coli and Saccharomyces cerevisiae using NCBI blastn 
also shows which regions are well conserved (see Table 41). 

Only four regions were deemed suitable for this application; other regions were either too 
variable or too short for efficient target capture or priming.  

 
 

Table 41: Comparing Escherichia coli and Saccharomyces cerevisiae SSU/LSU using NCBI blastn 
(http://blast.ncbi.nlm.nih.gov) to find conserved regions.  
 “Enter accession 

numbers[…]” (E. coli ) 
“Entrez Query” 
(S. cerevisiae) 

Resulting alignment 

SSU  NR_102804.1 JQ277730.1 

 
LSU  NR_103073.1  JQ277730.1 

 



    

   

Table 42: Medically important alignments to best conserved consensus sequences. Endosymbionts (ex: mitochondria) and parasitic microbes synthesize 
only a subset of proteins necessary for cellular life (the remaining proteins are taken from their host), thus have more divergent SSU/LSU ribosomal 
sequences. Unfortunately, these are the kinds of microbes most relevant for human health! For example, 3 of the 7 known microbial STIs have 
uncommon mismatches against consensus SSU 515-531, and 5 of the 6 have uncommon mismatches against consensus LSU 2576-2603. Common 
mismatches are in gray. Other than endosymbionts, no species in RefSeq has mismatches in more than one of the three well conserved SSU region. 

Escherichia coli  
 

SSU 515-531 
GTGCCAGCAGCCGCGGTAA 

pcs 
ΔTm  

prc 
ΔTm  

SSU 1389-1408 
TTGTACACACCGCCCGTC 

pcs 
ΔTm  

prc 
ΔTm  

SSU 1492-1506 
AAGTCGTAACAAGGT 

pcs 
ΔTm  

prc 
ΔTm  

LSU 2576-2603 
GAGCTGGGTTTAGAACGTCGTGAGACAG 

pcs 
ΔTm  

prc 
ΔTm  

Human  ................... 0 0 .................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
S. cerevisiae mitochondria Endosym ..........T........ -7.4 -4.6  ATC..T..T.A.G...T -93.1 -58.8 ....T.A..T.CA.. -94.0 -64.8 ...T......A.AT...AT....AT... -38.6 -34.0 
Cardinium (TI:1231626) Endosym ................... 0 0  ..............A.. -3.4 -5.5 ....T.......... -14.2 -8.3 ..........C................. -1.2 -1.2 
Nanoarchaeum equitans Exosym ...G....C.......G..   ...C..T...........   ......AC.......   .............T...C..C...G...   
Human mitochondria Endosym ........CA......... -12.4 -11.8  C................ 0.9 -0.8 ...........T... -7.4 -7.9 ..T...A...C...C..GA..A.TC... -38.4 -65.8 
Chlamydia trachomatis STI ...........T....... -8.3 -5.2  ................. 0 0 ............... 0 0 ..........C.A............... -4.7 -5 
Haemophilus ducreyi STI ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Klebsiella granulomatis STI ................... 0 0  ................. 0 0 Not in Genbank   Not in Genbank   
Mycoplasma genitalium STI ..........T........ -7.4 -4.6  ................. 0 0 ............... 0 0 ...T......C.A.C............. -10.7 -14.9 
Neisseria gonorrhoeae STI ................... 0 0  ................. 0 0 ............... 0 0 ............A............... -3.2 -3.2 
Treponema pallidum STI ................... 0 0  ................. 0 0 ............... 0 0 ..........C.........C....... -2.7 -5.2 
Trichomonas vaginalis STI  ...........T....... -8.3 -5.2  ................. 0 0 ............... 0 0 ..............C.........C... 0 -4.9 
Candida albicans Common ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Enterococcus faecalis Common ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Helicobacter pylori Common ................... 0 0  .....T........... -6.1 -6.3 ............... 0 0 ..........C................. -1.2 -1.2 
Lactobacillus acidophilus Common ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Malassezia globosa Common ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Mycobacter.  tuberculosis Common ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Pneumocystis jirovecii Common ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Prevotella buccalis Common ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Propionibacterium acnes Common .................G. 0.8 0.9  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Staphylococcus epidermis Common ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Toxoplasma gondii Common ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Babesia microti Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Blastocystis hominis Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Cyclospora cayetanensis Protist ................... 0 0  ................. 0 0 ...........C... -5.7 -7.8 ..........C................. -1.2 -1.2 
Cryptosporidium hominis Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Dientamoeba fragilis Protist ...........T....... -8.3 -5.2  ................. 0 0 ............... 0 0 Not in Genbank   
Giardia lamblia Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Cystoisospora belli Protist ................... 0 0  ................. 0 0 ............... 0 0 Not in Genbank   
Plasmodium falciparum Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Rhinosporidium seeberi Protist ................... 0 0  ................. 0 0 ............... 0 0 Not in Genbank   
Theileria parva Protist ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Trypanosoma brucei Protist .........C......... -3.5 -8.7  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Trypanosoma cruzi Protist .........C......... -3.5 -8.7  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Aspergillus fumigatus Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Blastomyces dermatitidis Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 



  

Escherichia coli  
 

SSU 515-531 
GTGCCAGCAGCCGCGGTAA 

pcs 
ΔTm  

prc 
ΔTm  

SSU 1389-1408 
TTGTACACACCGCCCGTC 

pcs 
ΔTm  

prc 
ΔTm  

SSU 1492-1506 
AAGTCGTAACAAGGT 

pcs 
ΔTm  

prc 
ΔTm  

LSU 2576-2603 
GAGCTGGGTTTAGAACGTCGTGAGACAG 

pcs 
ΔTm  

prc 
ΔTm  

Coccidioides immitis Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Cryptococcus neoformans Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Encephalitozoon cuniculi Fungi ................... 0 0  ................. 0 0 ...........T..C -9.4 -7 ..............C............. -0.1 -2.5 
Histoplasma capsulatum Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Hortaea werneckii Fungi ................... 0 0  ................. 0 0 ............... 0 0 Not in Genbank   
Paracoc. brasiliensis Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Sporothrix schenckii Fungi ................... 0 0  ................. 0 0 ............... 0 0 Not in Genbank   
Trichophyton tonsurans Fungi ................... 0 0  ................. 0 0 ............... 0 0 ..............C............. -0.1 -2.5 
Trichosporon asahii Fungi ................... 0 0  ................. 0 0 ............... 0 0 Not in Genbank   
Acinetobacter baumannii Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Actinomyces israelii Bacteria .................G. 0.8 0.9  ................. 0 0 ............... 0 0 ............................ 0 0 
Anaplasma phagocytophilum Bacteria ................... 0 0  .........T....... -10.3 -5.8 ............... 0 0 ...T........................ -3.3 -3.3 
Bacillus anthracis Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Bartonella henselae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ...T......C................. -5.0 -5.2 
Bordetella pertussis Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............A............... -3.2 -3.2 
Borrelia burgdorferi Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Borrelia hermsii Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Burkholderia pseudomallei Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............A............... -3.2 -3.2 
Campylobacter jejuni Bacteria ................... 0 0  .....T........... -6.1 -6.3 ............... 0 0 ..........C................. -1.2 -1.2 
Chlamydophila pneumoniae Bacteria ...........T....... -8.3 -5.2  ................. 0 0 ............... 0 0 ..........C.A............... -4.7 -5 
Clostridium perfringens Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Clostridium tetani Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Corynebacter. diphtheriae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Coxiella burnetii Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Ehrlichia ruminantium Bacteria ................... 0 0  .........T....... -10.3 -5.8 ............... 0 0 ...T........................ -3.3 -3.3 
Francisella tularensis Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Haemophilus influenzae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Kingella kingae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............A............... -3.2 -3.2 
Legionella pneumophila Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Leptospira interrogans Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Listeria monocytogenes Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Mycobacterium leprae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Mycoplasma pneumoniae Bacteria ..........T........ -7.4 -4.6  ................. 0 0 ............... 0 0 ...T......C.A.C............. -10.7 -14.9 
Neisseria meningitidis Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............A............... -3.2 -3.2 
Nocardia asteroides Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Pasteurella multocida Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Rickettsia rickettsii Bacteria ................... 0 0  .........T....... -10.3 -5.8 ............... 0 0 ............................ 0 0 
Salmonella enterica Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Shigella boydii Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Streptococcus agalactiae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Streptococcus pyogenes Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ..........C................. -1.2 -1.2 
Vibrio cholerae Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Yersinia enterocolitica Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 
Yersinia pestis Bacteria ................... 0 0  ................. 0 0 ............... 0 0 ............................ 0 0 



    

   

 
 

Table 43: Comparison of seven different consensus sequence techniques to isolate the SSU/LSU. 
 Consensus PCR  

(of DNA) 
Consensus RT- 
PCR (of RNA) 

Target capture 
of SSU/LSU 
DNA strand 
using most 
conserved 
sequences 

Target capture 
of SSU/LSU 
RNA strand 
using most 
conserved 
sequences 

RNase H + 
RNase R 
isolation of 
SSU/LSU RNA 
strands 

Half consensus 
PCR forward 
& reverse set 
enrichment of 
Illumina DNA-
Seq  library 

Half consensus 
PCR forward 
& reverse set 
enrichment of 
Illumina RNA-
Seq  library 

Section 6.2 Section 6.3.1  Section 5.2  Section 4.5.3 Section 4.6.4 Section 7.3 Section 7.3 
Exploits high transcription levels of 
SSU/LSU RNA strands to increase assay 
sensitivity (100x to 1000x fold) 

No Yes No Yes Yes No Yes 

Requires a second highly conserved 
sequence 

Yes Yes No No No No No 

Usable sites SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

SSU 515-531 
SSU 1389-1408  
SSU 1492-1506 
LSU 2576-2603 

Modified RNA bases block reverse 
transcription prevent detection 

No Yes No No SSU 515-531 
SSU 1389-1408  
LSU 2576-2603 

No Maybe 

Strong hairpins prevent detection Probably not Probably not No No No No Probably not 
Nearly entire SSU/LSU can be captured 
and sequenced 

No No Yes (except 
huge introns) 

Yes (except in 
vivo split LSU) 

SSU 515-531 
SSU 1389-1408  
LSU 2576-2603 

No No 

Introns within SSU/LSU gene may prevent 
detection (especially those straddling highly 
conserved sequences, ex: Spizellomyces 
punctatus for LSU, Chlamydotubeufia 
khunkornensis for SSU) 

Yes No No (except 
introns splitting 

probe site) 

No No Maybe No 

Split LSU strands may prevent detection 
(ex: Trypanosoma cruzi) 

N/A N/A No No No No No 

3’ mismatch prevents detection (by 
preventing priming) 

Yes Yes No No Maybe No No 

Step can be repeated, compounding 
purification gain 

No No Yes Yes No No No 

Well understood and modeled DNA:DNA 
hybridization 

Yes No No No No Yes No 
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Figure 38: The first and second most highly conserved regions of the SSU RNA strand (circled in red) of 
Saccharomyces cerevisiae (1627-1644, 1755-1569), human (1691-1708, 1824-1838) and Escherichia coli 
(1390-1408, 1492-1506). This is the decoding site of the ribosome. Though this region is identical in 
Saccharomyces cerevisiae, humans and Escherichia coli, a few microbes have some mismatches with the 
consensus sequence. Mismatches reduce the binding energy (ΔG) between the consensus oligo and the RNA 
strand, but target capture usually remains possible despite a few mismatches. 

 

 
Figure 39: The third most highly conserved region of the SSU RNA strand (circled in red) of Saccharomyces 
cerevisiae (562-581), human (611-630) and Escherichia coli (515-534). This is the “530 stem loop” or “helix 
18”. Though this region is identical in Saccharomyces cerevisiae, humans and Escherichia coli, a few 
microbes have some mismatches with the consensus sequence. 

 

 
Figure 40: The most highly conserved region of the LSU RNA strand (circled in red) of Saccharomyces 
cerevisiae (2945-2972), human (4522-4549) and Escherichia coli (2576-2603). Though this region is 
identical in Saccharomyces cerevisiae and humans, a few microbes have some mismatches with the 
consensus sequence (for example Escherichia coli has a mismatching base shown with the orange arrow). 
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The following tables show microbes which have mismatches with the capture probes. The 
change in melting temperature* (ΔTm) is estimated for a reverse-complementary probe 
hybridizing to RNA (“prc ΔTm”), as well as for the direct probe hybridizing to cDNA 
(“pcs ΔTm”). When performing target capture on RNA, only the former value is relevant 
as the reverse-complementary probe must be used. When performing target capture on 
DNA, either probes can be used (see Section 5.2). 
 

:: Calculating probe consensus sequence (pcs) and probe reverse complement (prc) Tm. 
leif tm0  AAGTCGTAACAAGGT ...........T..C 0.5 0 2 0.8 
leif tm0 ~AAGTCGTAACAAGGT ...........T..C 0.5 0 2 0.8 

 
Table 44: The most conserved SSU sequence against 105 clean fungal genomes in RefSeq (April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (100 species) AAGTCGTAACAAGGT 0.0 0.0  
Encephalitozoon cunicul (microsporidia) ...........T..C -7.0 -9.4  
Encephalitozoon hellem (microsporidia) ...........T..C -7.0 -9.4  
Encephalitozoon intestinalis (microsporidia) ...........T..C -7.0 -9.4  
Ordospora colligate (microsporidia) ...........T..C -7.0 -9.4  
Tremella mesenterica (fungi) .....A......... -8.0 -12.9  
<end of mismatches in RefSeq at species level>     

 
Table 45: The most conserved SSU sequence against 44 clean protistan genomes in RefSeq (April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (44 species) AAGTCGTAACAAGGT 0.0 0.0  
<end of mismatches in RefSeq at species level> ...............    

 
Table 46: Bacteria. <todo> 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1928 species) AAGTCGTAACAAGGT 0.0 0.0  
Brachyspira murdochii  ..............C 1.0 -1.6  
<end of mismatches in RefSeq at species level>     

 
Table 47: Archaea. <todo> 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (157 species) AAGTCGTAACAAGGT 0.0 0.0  
Picrophilus torridus .....A......... -8.0 -12.9  
<end of mismatches in RefSeq at species level>     
 

                                                
* The ΔTm was measured for DNA probes binding to DNA strands in typical PCR conditions, as the program 
to estimate this for RNA strands was not available at the time to writing. Ideally, this should have been dome 
for RNA probes binding to RNA in target capture buffer. 
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Table 48: The second most conserved SSU sequence. All mismatching eukaryotic microbe genera in 
Genbank are listed in this table (64 out of 5672, about 1%). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (5608 species) TTGTACACACCGCCCGTC 0.0 0.0  
Gregarinidae sp. (protist, gi=258537800)  ...........T.T... -19.9 -12.5  
Planothidium lanceolatum (protist, gi=41393033)  ..........C...... -6.1 -11.2  
Xylariales sp. JP61 (fungi, gi=113927992)  ..........C...... -6.1 -11.2  
Gardneriella tuberifera (protist, gi=1165233)  ..........A...... -6.2 -10.5  
Haplosporidia sp. (protist, gi=345507592)  ..........A...... -6.2 -10.5  
Coxliella sp. (protist, gi=451039384)  ..........T...... -7.7 -9.9  
Thamnocephalis sphaerospora (fungi, gi=11034646)  .....-........... -4.9 -9.4  
Thraustochytriidae sp. (protist, gi=24817741)  .....-........... -4.9 -9.4  
Physaridae sp. (protist, gi=34979687)  .....-........... -4.9 -9.4  
Lichinaceae sp. (fungi, gi=27436047)  .........G....... -11.3 -7.8  
Hyphoderma puberum (fungi, gi=116687717)  ...........-..... -13.9 -13.9  
Microstroma juglandis (fungi, gi=110704330)  .............T... -9.9 -5.8  
Graphiola cylindrical (fungi, gi=3046819)  .............T... -9.9 -5.8  
Tilletiaria anomala (fungi, gi=55831380)  .............T... -9.9 -5.8  
Exobasidium gracile (fungi, gi=110612573)  .............T... -9.9 -5.8  
Fellomyces thailandicus (fungi, gi=11907555)  .............T... -9.9 -5.8  
Tilletia iowensis (fungi, gi=111283918)  .............T... -9.9 -5.8  
Sympodiomycopsis sp. (fungi, gi=157285006)  .............T... -9.9 -5.8  
Tilletiopsis penniseti (fungi, gi=14626073)  .............T... -9.9 -5.8  
Rhamphospora nymphaeae (fungi, gi=115361563)  .............T... -9.9 -5.8  
Erratomyces patelii (fungi, gi=110169456)  .............T... -9.9 -5.8  
Moniliella madida (fungi, gi=568002134)  .............T... -9.9 -5.8  
Chlamydomyxa labyrinthuloides (protist, gi=4539018)  .........A....... -9.8 -7.9  
Volvocisporium triumfetticola (fungi, gi=115361567)  .............T... -9.9 -5.8  
Rhodotorula phylloplana (fungi, gi=32812818)  .............T... -9.9 -5.8  
Meira sp. (fungi, gi=527316646)  .............T... -9.9 -5.8  
Quambalaria cyanescens (fungi, gi=568002127)  .............T... -9.9 -5.8  
Lankesteria ascidiae (protist, gi=440550839)  .............T... -9.9 -5.8  
Ceraceosorus bombacis (fungi, gi=115361560)  .............T... -9.9 -5.8  
Jaminaea sp. (fungi, gi=572938257)  .............T... -9.9 -5.8  
Selenidiidae sp. (protist, gi=377643913)  .............T... -9.9 -5.8  
Enteromonadidae sp. (protist, gi=62860772)  ....A............ -7.2 -5.3  
Cryptophyta sp. (protist, gi=145975964)  ...........A..... -9.8 -4.4  
Mrazekia macrocyclopis (microsporidia, gi=257786252)  ...........A..... -9.8 -4.4  
Kockovaella schimae (fungi, gi=3764033)  .............A..A -9.8 -7.7  
Kockovaella sacchari (fungi, gi=17529635)  .............A... -9.7 -7.6  
Physopella tecta (fungi, gi=34493848)  ...-............. -3.7 -4.4  
Syncephalis depressa (fungi, gi=11034644)  ...-............. -3.7 -4.4  
Rosellinia mirabilis (fungi, gi=104304328)  ...T............. -3.1 -4.5  
Foraminiferan sp. (protist, gi=323507385)  ...T............. -3.1 -4.5  
Campanella umbellaria (protist, gi=15149446)  ........T........ -6.6 -5  
Opisthonectidae sp. (protist, gi=388564605)  ........T........ -6.6 -5  
Blastomyces sp. (fungi, gi=46406337)  ...........A..... -9.8 -4.4  
Dacryobolus sudans (fungi, gi=32187365)  ...........A..... -9.8 -4.4  
Euplotespora binucleata (microsporidia, gi=110554970)  ...........T..... -9.4 -5.5  
Anostracospora rigaudi (microsporidia, gi=499157851)  ...........T..... -9.4 -5.5  
Hysteropatella clavispora (fungi, gi=56603516)  ...........G..... -9.9 -3.5  
Thraustochytriidae sp. (protist, gi=24817738)  ...........G..... -9.9 -3.5  
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Genera Sequence (5’ → 3’) pcs 
ΔTm  

prc 
ΔTm  

Comment 

Visvesvaria algerae (microsporidia, gi=3128385)  ..C.............. -1.7 -2.1  
Tubulinosema loxostegi (microsporidia, gi=441468032)  ..C.............. -1.7 -2.1  
Oxymonad symbiont (protist, gi=262204750)  ..C.............. -1.7 -2.1  
Thelohania solenopsae (microsporidia, gi=36304139)  ..C.............. -1.7 -2.1  
Taeniellopsis sp. (protist, gi=37911696)  .....G........... -6.7 -2.6  
Trypanosomatidae sp. (protist, gi=453758297)  .......G......... -6.7 -2.6  
Rotaliida sp. (protist, gi=259090635)  .A............... -2.1 -1.7  
Lycogala epidendrum (protist, gi=501417087)  ...G............. -4.1 -1.8  
Coniochaetales sp. (fungi, gi=239606184)  C................ 0.9 -0.8 Sequencing error? 
Tokophrya sp. (protist, gi=636571939)  ...............C. 0.4 -1.6  
Paracineta limbata (protist, gi=268633265)  ...............C. 0.4 -1.6  
Cotylidia sp. (fungi, gi=52219446)  ................. 

          A   
Sequencing error likely. 

Opercularia microdiscum (protist, gi=15149447)  .........G....... 
        T   

 

Pfiesteria-like dinoflagellate (protist, gi=32482400)  ................. 
        C   

 

Xylodon sp. (fungi, gi=359770025)  ................. 
        C   

 

Acaulopage tetraceros (fungi, gi=384254665)  ..G.............. 
           C   

 

<end of mismatches in Genbank at genus level>     

 
Table 49: The second most conserved SSU sequence against 1844 complete bacterial genomes in RefSeq 
(April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1783 species) TTGTACACACCGCCCGTC 0.0 0.0  
Helicobacter pylori consensus sequence (39 species)  .....T........... -6.1 -6.3  
Mycoplasma mobile consensus sequence (20 species)  ..C.............. -1.7 -2.1  
Dichelobacter nodosus consensus sequence (1 species)  .........T....... -10.3 -5.8 44 gaps species too. 
Candidate division SR1 bacterium RAAC1_SR1_1  ..C..T........... -8.6 -9.4  
Cardinium endosymbiont cEper1 of Encarsia pergandiella  ..............A.. -3.4 -5.5  
<end of mismatches in RefSeq at species level>     

 
Table 50: The second most conserved SSU sequence against 158 complete archaeal genomes in RefSeq 
(April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1 species) TTGTACACACCGCCCGTC 0.0 0.0  
Thermococcus litoralis consensus sequence (154 species)  ..C.............. -1.7 -2.1  
Acidilobus saccharovorans sequence (2 species)  .........T....... -10.3 -5.8  
Picrophilus torridus  ..C..........T... -13.6 -9.5  
<end of mismatches in RefSeq at species level>     
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Table 51: The third most conserved SSU sequence. All mismatching eukaryotic microbe genera in Genbank 
are listed in this table (? out of 6990). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (? species) GTGCCAGCAGCCGCGGTAA 0.0 0.0  
Tieghemiomyces parasiticus (fungi, gi=11034722) .........C.TC... -22 -31.8  
Dispira cornuta (fungi, gi=57864403) ......T..C.T.... -22.5 -32.1  
Trichocomaceae sp. (fungi, gi=117652967) .........C..C... -10.4 -25.2  
Pleosporales sp. (fungi, gi=387800031) ....T......T..A. -28.7 -20.1  
Hypotrichida sp. (protist, gi=21780041) ......CAGC...... -28.2 -28.2 Possibly a sequencing error 
Potaspora morhaphis (microsporidia, gi=188076216) .........C.C.... -3.7 -10.4 Probably real. 
Pleurostomum flabellatum (protist, gi=115521900) A........CG..... -16.1 -16 Probably real. 
Carinispora nypae (fungi, gi=290759945) .....C..C....... -9.5 -13.9 Possibly a sequencing error 
Pleosporales sp. MEB2005 (fungi, gi=60686919) ...........-.... -14.2 -14.2 Probably real. 
Picobiliphyte sp. (protist, gi=379645699) ...........-.... -14.2 -14.2 Probably real. 
Cercozoa sp. (protist, gi=323320595) .....-.......... -11.2 -11.2  
Rigidomastix-like sp. (protist, gi=33309645) .....-.......... -11.2 -11.2  
Fuligo leviderma (protist, gi=118577470) .........C...... -3.7 -10.4 Probably real. 
Heterolobosea sp. (protist, gi=89148133) .........C...... -3.7 -10.4 Probably real. 
Macbrideola oblonga (protist, gi=118577476) .........C...... -3.7 -10.4 Probably real. 
Heterolobosea sp. (protist, gi=338930339) .........C...... -3.7 -10.4 Probably real. 
Colloderma oculatum (protist, gi=358628222) .........C...... -3.7 -10.4 Probably real. 
Elaeomyxa cerifera (protist, gi=358628230) .........C...... -3.7 -10.4 Probably real. 
Dianema nivale (protist, gi=501417075) .........C...... -3.7 -10.4 Probably real. 
Kelleromyxa fimicola (protist, gi=406041847) .........C...... -3.7 -10.4 Probably real. 
Reticularia lycoperdon (protist, gi=501417097) .........C...... -3.7 -10.4 Probably real. 
Trichomonas vaginalis  (protist, gi=526482706) ...........T.... -9.9 -5.6 Probably real. 
<About 500 genera missing>     
Microdiaphanosoma arcuatum (protist, gi=309751848) ................ 

          C   
  Probably real. 

Pfiesteriaceae sp. Masanensis (protist, gi=158323689) ................ 
          C   

  Probably real. 

Dacryobolus sudans (fungi, gi=32187365) ................ 
          C   

  Probably real. 

Leptoporus mollis (fungi, gi=32187378) ................ 
          C   

  Probably real. 

Ministeria vibrans (protist, gi= 30145916) ................ 
       C       

  Possibly a sequencing error 

Paulsenella vonstoschii (protist, gi= 90398859) ................ 
    C       C 

  Possibly a sequencing error 

 
Table 52: The third most conserved SSU sequence against 105 clean fungal genomes in RefSeq (April 
2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (104 species) GTGCCAGCAGCCGCGGTAA 0.0 0.0  
Vavraia culicis subsp. floridensis .........T.........   Sequencing error? 
<end of mismatches in RefSeq at species level>     
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Table 53: The third most conserved SSU sequence against 44 clean protist genomes in RefSeq (April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (38 species) GTGCCAGCAGCCGCGGTAA 0.0 0.0  
Leishmania donovani (6 species) .........C.........    
<end of mismatches in RefSeq at species level>     

 
Table 54: The third most conserved SSU sequence against 1844 complete bacterial genomes in RefSeq 
(April 2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1806 species) GTGCCAGCAGCCGCGGTAA 0.0 0.0  
Mycoplasma genitalium sequence (4 species) ..........T........ -8.2 -4.6  
Chlamydia trachomatis sequence (14 species) ...........T....... -9.2 -5.2  
Spiroplasma taiwanense ........C.......... -4 -5.8 This looks like archaea 
Candidatus saccharibacteria sequence (2 species) .................C. 1.0 -0.2  
Propionibacterium acnes sequence (17 species) .................G. 0.8 0.9  
<end of mismatches in RefSeq at species level>     

 
Table 55: The third most conserved SSU sequence against 158 complete archaeal genomes in RefSeq (April 
2016).  
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (11 species) GTGCCAGCAGCCGCGGTAA 0.0 0.0  
Halobacterium hubeiense sequence (84 species) ........C.......... -4.0 -5.8  
Hyperthermus butylicus sequence (34 species) ...T....C.......... -13.3 -11.7  
Thermococcus litoralis sequence (28 species) ...G....C.......... -14.0 -9.6  
Thermococcus eurythermalis ...G..T.C.......... -21.6 -20.2  
<end of mismatches in RefSeq at species level>     
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Table 56: The most conserved LSU sequence, which is long enough for target capture. All mismatching 
eukaryotic microbe genera in Genbank are listed in this table (32 out of 620, about 5%). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1 species) GAGCTGGGTTTAGAACGTCGTGAGACAG 0.0 0.0  
Saccharomyces cerevisiae (588 species) ..............C............. -0.1 -2.5 And humans. 
Paramikrocytos canceri (protist) ......A......TC.....C....... -10.0 -16.6  
Acremonium alcalophilum (fungi) A.............CTA.TA.A...... -18.4 -23.9 Sequencing errors? 
Arthrobotrys oligospora (fungi) .....T..G...T.C............. -10.5 -15.3 Sequencing errors? 
Epichloe gansuensis (fungi) A....A........C......A...... -7.4 -14  
Hexamita inflate (protist) ..............C.....C....... -1.6 -6.6  
Enterocytozoon bieneusi (microsporidia) ..............C.....C....... -1.6 -6.6  
Vittaforma corneae (microsporidia) ..............C.....C....... -1.6 -6.6  
Trimastix pyriformis (protist) ..............C.....C....... -1.6 -6.6  
Ascogregarina taiwanensis (protist) ..............C.....C....... -1.6 -6.6  
Glugoides intestinalis (microsporidia) ..............C.....C....... -1.6 -6.6  
Eucyrtidium calvertense (protist) ..............C.....C....... -1.6 -6.6  
Hamiltosporidium tvaerminnensis (microsporidia) ..............C.....C....... -1.6 -6.6  
Hartmannella vermiformis (amoeba) ..............C.....C....... -1.6 -6.6  
Physoderma maydis (fungi) ...T..........C............. -3.8 -6.6  
Chromera velia (prosist) ..........C................. -1.2 -1.2  
Coelomomyces stegomyiae (fungi) ..............C......A...... -3.5 -6.5  
Gigaspora rosea (fungi) ........A.....C............. -4.2 -5.7  
Nosema apis (microsporidia) ...A..........C............. -4.3 -5.3  
Nosema bombycis (microsporidia) ...A..........C............. -4.3 -5.3  
Nosema ceranae (microsporidia) ...A..........C............. -4.3 -5.3  
Vairimorpha necatrix (microsporidia) ...A..........C............. -4.3 -5.3  
Trichomonas foetus (protist) ..............C.........C... 0.0 -4.9  
Trichomonas vaginalis (protist) ..............C.........C... 0.0 -4.9  
Pentatrichomonas hominis (protist) ..............C.........C... 0.0 -4.9  
Conidiocarpus caucasicus (fungi) ..............C.........C... 0.0 -4.9  
Breviata anathema (protist) ..........C...C............. -1.4 -4.2  
Micronuclearia podoventralis (protist) ..............C.........G... -1.6 -3.4  
Gymnodinium catenatum (protist) ..............C..........-..    
Gymnodinium aureolum (protist) ..............C..........-..    
Cochlodinium polykrikoides (protist) ..............C..........-..    
Vairimorpha sp. (microsporidia) ..............C...........T. -0.7 -3.3  
<end of mismatches in Genbank at genus level>     
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Table 57: The most conserved LSU sequence against 1844 complete bacterial genomes in RefSeq (April 
2016). Tm is under standard Q5 PCR conditions (0.5 uM oligo, 2 mM Mg, 0.8 mM dNTP) against the 
consensus oligo. 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (590 species) GAGCTGGGTTTAGAACGTCGTGAGACAG 0.0 0.0  
Lactobacillus acidophilus sequence (873 species) ..........C................. -1.2 -1.2  
Neisseria gonorrhoeae sequence  (190 species) ............A............... -3.2 -3.2  
Treponema pallidum sequence (65 species) ..........C......C.......... -1.9 -4.3  
Brucella canis sequence (37 species) ...T......C................. -5 -5.2  
Chlamydia trachomatis sequence (28 species) ..........C.A............... -4.7 -5  
Thermotoga maritima sequence (18 species) ..........C...C............. -1.4 -4.2  
Mycoplasma genitalium sequence (7 species) ...T......C.A.C............. -10.7 -14.9  
Streptosporangium roseum sequence (5 species) ....................C....... -1.4 -3.4  
Acholeplasma brassicae sequence (4 species) ..........C..........A...... -4.5 -5  
Polymorphum gilvum sequence (4 species) ...T......C.........C....... -7 -9.9  
Thermotoga profunda sequence (3 species) ..........C...C......A...... -5.1 -9.1  
Chitinophaga pinensis sequence (3 species) ..A.......C.........CA...... -9.6 -13.3  
Thermotoga caldifontis sequence (3 species) ..........C...C.....CA...... -7.5 -13.2  
Elusimicrobium minutum sequence (3 species) ..........C..T.............. -3.2 -4.7  
Haliscomenobacter hydrossis sequence (2 species) ..........C.........CA...... -6.5 -8.9  
Protochlamydia naegleriophila sequence (2 species) ...T......C.A............... -9.5 -9.9  
Mycoplasma gallisepticum ...T......C.A.C.....C....... -13.5 -21.8  
Candidatus endolissoclinum .T.......................... -0.4 -0.3 Sequencing error? 
Thermosynechococcus elongates ..........C.................   Split by intron. 
Propionibacterium freudenreichii ..........A................. -1.9 0 Sequencing error? 
Coprothermobacter proteolyticus  ...T......C...G............. -9.2 -7.7 Sequencing error? 
Melioribacter roseus ..A.......C................. -2.7 -4.2 Sequencing error? 
Endosymbiont of Llaveia axin axin ..........C.......T....A.... -10.1 -9.4  
<end of mismatches in RefSeq at species level>     

 
Table 58: The most conserved LSU sequence against 158 complete archaeal genomes in RefSeq (April 
2016). 
Genera Sequence (5’ → 3’) pcs 

ΔTm  
prc 
ΔTm  

Comment 

Consensus sequence (1 species) GAGCTGGGTTTAGAACGTCGTGAGACAG 0.0 0.0  
Thermococcus litoralis sequence (124 species) ..............C............. -0.1 -2.5  
Sulfolobus acidocaldarius sequence (7 species) ..............C.....C....... -1.6 -6.6  
Aciduliprofundum boonei sequence (5 species) ...A......C.CT......C....... -15.7 -17.9  
Acidilobus saccharovorans sequence (4 species) ..........C...C............. -1.4 -4.2  
Thermofilum_pendens sequence (4 species) ...A..........C.....C....... -6.3 -10  
Thermoproteus tenax sequence (3 species) ...A......C...C.....C....... -8.4 -13.3  
Methanocaldococcus bathoardescens seq. (3 species) ............A.C............. -3.6 -6.4  
Vulcanisaeta distributa sequence (3 species) ...A......C...C............. -6.2 -7.6  
Thermoplasmatales archaeon sequence (3 species) ............A.......C....... -4.8 -7.3  
Candidatus Korarchaeum cryptofilum  ..........C.........C...C... -2.8 -8.6  
<end of mismatches in RefSeq at species level>     
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4.3 Depletion by simple length selection (agarose gel electrophoresis) 
Since we are looking for microbial SSU/LSU RNA strands whose length is approximately 
known, it is possible to eliminate many human RNA strands using gel electrophoresis. This 
section provides an in-depth analysis of trade-offs involved in running the simple length 
selection experiment shown at the beginning of Section 4. 
Doing length selection after RNA extraction using an agarose gel works well, but one must 
bear in mind that RNA strands will fragment due to the presence of ubiquitous RNase 
contaminants (see Figure 44). 

As opposed to dsDNA which is an unstructured (non-folded) molecule, secondary 
structures in RNA make gel migration speed not strictly based on strand length, so length 
selection is not as accurate as with dsDNA; this problem can be addressed by using 
denaturing gels which contain additives such as urea, preventing RNA from folding up. In 
agarose gels*, RNA strands migrate at roughly the same speed as dsDNA strands with the 
same mass46 (see Figure 42 and Table 59). 

Doing size selection after first strand synthesis using RNA:DNA hybrids is an alternate 
solution to using denaturing gels, since secondary structures are mostly eliminated by the 
hybridized complementary DNA strand, and RNA:DNA hybrid strands retain the full 
length of the original RNA molecule due to the fact that the RNA strand remains 
unfragmented after first strand synthesis†. Note that RNA:DNA hybrid strands may have 
missing DNA near their 3’ end and may have partially displaced complementary DNA 
strands, so they will produce fuzzier bands than RNA strands. Migration speed of 
RNA:DNA hybrid strands closely resembles that of dsDNA of the same length (see Lane 8 
in Figure 43). Finally, it may not be possible to entirely reverse transcribe SSU/LSU 
strands of some microbial species due to secondary structures and modified bases, 
resulting in unpredictable migration rates. Thus, separation by size after first strand 
synthesis is not recommended. 

Size selection could also be performed after second strand synthesis; however, randomly 
primed RNA:DNA strands will become fragmented at this stage, so size selection after 
second strand synthesis can only eliminate very short RNA strands (<250 bases). Doing 
proper size selection after second strand synthesis is possible, but requires modifying the 
first strand synthesis protocol to always prime near the 3’ end of RNA strands, either by 
ligating adaptors to the RNA strands or using a well conserved sequence near the 3’ end; 
note that some RNA strands cannot be entirely reverse transcribed due to secondary 

                                                
* Unlike agarose gels, ssRNA/ssDNA strands run more slowly than same mass dsRNA/dsDNA/DNA:RNA 
in polyacrylamide (PAGE) gels. 
† The DNA strands hybridized to the original RNA strand are often fragmented due to random priming, 
though this effect is somewhat mitigated by the strand displacement properties of MMLV and AMV reverse 
transcriptase enzymes. RNase H+ reverse transcription enzymes may fragment the RNA strand, so they 
should not be used to perform first strand synthesis. 
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structures such as GC-rich hairpins (for example the human LSU RNA strand) or modified 
bases, and thus would be missed by this approach, so it is not recommended either. 

Microbial SSU/LSU RNA strands are expected to range in size from 1300 to 2000 bases, 
and 2000 to 4000 bases, respectively (see Figure 41). Human SSU/LSU RNA strands are 
1871 and 5035 bases long. Unfortunately some organism’s LSU strands are split in vivo, so 
putting a lower bound on LSU fragment size is risky47: 

“In many species the LSU rRNA consists of several fragments of RNA that only connect through 
secondary structure interactions, but are clearly homologous to parts of the non-fragmented LSU 
rRNA of other species. This fragmentation can be quite elaborate with LSU rRNAs consisting of up 
to 14 separate pieces. In some species the LSU rRNA is even discontinuously encoded in separate 
gene pieces that are scrambled in order and interspersed with protein coding genes.” 

It is unclear if the SSU RNA strand is ever fragmented in vivo in some species; this 
thorough review48 of ribosome variation does not mention fragmented SSU RNA strands at 
all, so perhaps they do not occur in nature. 

The length guidelines for SSU/LSU RNA strands given here are not universal. For 
example, the medically important protist Trypanosoma cruzi has an unusually large SSU 
(2460 bases) which is above the expected upper bound of 2000 bases; this species’ LSU 
RNA strand is also split in vivo into two main fragments (2020 and 1660 bases), and a 
handful of smaller fragments. 
Excising a band from ~1000 to ~4000 bases probably maintains universal microbial 
coverage, keeping both microbial SSU and LSU RNA strands. This band excision 
eliminates shorter/longer human “unstructured” RNA strands (exonic, intronic, non-
coding), and shorter/longer the human “structured” RNA strands (4S, 5S, 5.8S, LSU). Note 
that this does not eliminate the human SSU RNA strands, but there are efficient ways to 
eliminate them using additional steps (see Section 4.5.2 and Section 4.6.3). 

 
Figure 41: Relative size of LSU RNA strands of various species. The human LSU strand is larger than that 
of microbial eukaryotes and prokaryotes, and is not fragmented in vivo. LSU strands of species fragmented in 
vivo are shown as the sum of all fragments. Reproduced from Petrov (2014)49.  
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Figure 42: Left lane is NEB Quick-Load 2-Log DNA Ladder (0.1-10.0 kb) N0469S; right ladder is NEB 
ssRNA Ladder N0362. Under these conditions, ssRNA strands above 1.5k base migrate to roughly the same 
location as dsDNA containing the same number of monomer units (example: 5000 RNA bases migrates to 
the same location as 2500 dsDNA base pairs). E-Gel Agarose Gels with SYBR Safe DNA Gel Stain (1.2%), 
run for 30 minutes. Under these conditions, human/Saccharomyces cerevisiae SSU RNA migrate to 
1800/2000 bases respectively (1871/1800 expected), and LSU RNA migrates to 4800/3300 bases 
respectively (5035/3396 expected), as measured by the RNA ladder. 

 

Table 59: Migration of RNA strands as compared to dsDNA strands on E-Gel Agarose Gels with SYBR 
Safe DNA Gel Stain (1.2%), run for 30 minutes. RNA strands between ~1500 to ~7000 bases migrate to 
about the same position as dsDNA with the same number of bases. Short RNA strands migrate more slowly 
(red rows). 
RNA length Matching dsDNA 

length 
RNA / dsDNA 
base ratio 

0.5 k bases 0.45 k base pairs 0.56 
1.0 k bases 0.70 k base pairs 0.71 
2.0 k bases 1.10 k base pairs 0.91 
3.0 k bases 1.45 k base pairs 1.03 
5.0 k bases 2.50 k base pairs 1.00 
7.0 k bases 4.20 k base pairs 0.83 
9.0 k bases 5.5 k base pairs 0.82 
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Figure 43: Saccharomyces cerevisiae culture, Total RNA extracted with Zymo Research “ZR 
Fungal/Bacterial RNA MiniPrep Kit”. Non-denatured single stranded RNA (lane 6) and RNA:DNA hybrid 
after NEBNext RNA First Strand Synthesis Module at 42ºC (lane 8). The SSU and LSU single stranded RNA 
bands appear lower on the gel than the RNA:DNA bands (according to dsDNA ladder, 1100 bp and 1650 bp 
for RNA vs. 1800 bp and 3396 bp for RNA:DNA). A third very bright band appears only in lane 6, which is 
likely whole ribosomes (the LSU and SSU bound together): whole ribosomes don’t always come apart during 
RNA extraction or gel electrophoresis, and can reassemble themselves. The smear from 300 bp to 10000 bp 
in lane 6 is mainly composed of messenger RNA. Note that the secondary structures of single stranded RNA 
make migration somewhat unpredictable; similarly, first strand DNA synthesis and the high salt content of 
the buffer loaded onto the gel reduced band sharpness of lane 8. Life Technologies E-Gel 1 Kb Plus DNA 
Ladder (100b to 12kb) and E-Gel Agarose Gels with SYBR Safe DNA Gel Stain (1.2%), run for 30 minutes. 
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Single stranded RNA (ssRNA) is a much less stable molecule than double stranded DNA 
(dsDNA). While the gel is running, ssRNA will fragment and will produce a “smear” 
downstream of the SSU/LSU bands (see Figure 44). This means simple length selection 
may not be a very efficient way to eliminate human ribosomal RNA (at least under the gel 
conditions used in here). Note that other gel separation methods are less affected by 
fragmentation. 

 

 
Figure 44: 2D gel electrophoresis. First run uses 1% agarose gel (Embitec GG-5100). Second run uses 4% 
agarose gel (Embitec GG-3727). Left panel is 10 ul NEB dsDNA ladder (N0469S); right panel is 5 ul ssRNA 
ladder (N0362S). A smear can be see to the right of ssRNA spots (under the red lines), but not dsDNA spots. 
This indicates that ssRNA fragmentation occurred during the 2nd gel run (at a minimum).  
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4.4 Depletion by sedimentation rate (ultracentrifugation) 
Unlike other types of RNA, SSU/LSU RNA strands become tightly packed and protein 
bound, forming very dense ribosomes (see Figure 35). Rate zonal centrifugation can 
separate ribosomes from other cellular components based on their sedimentation rate, 
which is a function of their shape and density50. 
The extraction of ribosomes from cells can be done gently* to keep most ribosomes intact, 
with subunits and ribosomal proteins still bound together. It can also be done using 
commercial RNA extraction kits which remove all ribosomal proteins and usually result in 
the dissociation of the SSU/LSU RNA strands from one another. Even dissociated and 
devoid of protein, SSU/LSU RNA strands remain tightly packed, and sediment a bit faster 
than “unstructured” RNA containing the same number of bases. Rate zonal 
ultracentrifugation on a sucrose cushion (with cations such as Na+ or Tris+ to allow 
secondary RNA structures to form) can thus be used to separate RNA molecules by 
sedimentation rate (see Table 60). 

Since the sedimentation rate of “structured” RNA strands is not that much faster than 
“unstructured” RNA strands of the same length, this technique may not be very efficient. 
Two alternate approaches can improve efficiency: (1) ribosomes can be extracted while 
keeping ribosomal proteins attached, as these proteins greatly increase the sedimentation 
rate of SSU/LSU strands, improving separation efficiency; (2) the “unstructured” RNA 
strands’ sedimentation rate can be artificially increased by attaching small oligos (such as 
octomers); since SSU/LSU strands are folded up, these oligos fail to weigh them down. 
Table 60: Sedimentation rate of various ribosome components in prokaryotes (bacteria, archaea) and 
eukaryotes (humans, fungi, protists). Sedimentation rate is expressed in Svedberg units, which is the velocity 
in microns per second under a force of 1,000,000 x g. For example, under a force of 90,000 x g, 16S particles 
travel 16 microns x (90,000 / 1,000,000) each second = 1.44 microns/second. To sediment over a centimeter 
distance requires ~2 hours (10,000 microns / 1.44 microns/seconds). 
 RNA + 

protein 
RNA only Comment 

Prokaryotic ribosome 70S ?  
Prokaryotic LSU 50S 5S, 23S  
Prokaryotic SSU 30S 16S  
Eukaryotic pre-ribosomal RNA  N/A 45S Unspliced operon 
Eukaryotic cytoplasmic ribosome 80S ? Varies somewhat between species, 

these figures are approximate. Eukaryotic cytoplasmic LSU 60S 23S-28S 
Eukaryotic cytoplasmic SSU 40S 13S-18S 
Eukaryotic mitochondrial ribosome 55S ?  
Eukaryotic mitochondrial LSU 39S 16S  
Eukaryotic mitochondrial SSU 28S 12S  
5S rRNA N/A 5S  
4S tRNA N/A 4S  
“Unstructured” RNA 551 bases + poly(A) tail N/A 10S51 Rabbit HBA1 (NM_001082389.2) 

                                                
* See Illumina “TruSeq Ribo Profile (Mammalian) Kit User Guide 15066016 Rev A” for protocol example. 
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4.5 Depletion using target capture 
One of the simplest methods used to separate RNA strands is called “target capture”, 
where short DNA oligos complementary to targeted RNA strands are synthesized and then 
added to the RNA mixture. Given the right salt concentration and temperature, these oligos 
(also called “probes”) will bind to their RNA target, and hopefully not bind to unwanted 
RNA strands. Once bound, the oligos and their attached RNA strands can be collected 
using streptavidin coated paramagnetic beads which bind to biotin, a molecule added to the 
oligos as they were synthesized. Though only one complementary probe per RNA strand is 
sufficient for capture to occur, typically multiple regions of each RNA strand are targeted 
to increase capture efficiency and better handle fragmented RNA. 

Several commercial kits make use of this technique to separate RNA or DNA strands of 
interest from other strands, greatly increasing the yield of relevant sequencing reads (see 
Table 61). While it may be tempting to use the Illumina Ribo-zero rRNA Removal Kit to 
remove human SSU/LSU ribosomal RNA strands in order to better detect microbial 
SSU/LSU strands, this kit was not designed with such an application in mind and may well 
use oligos which very efficiently capture microbial SSU/LSU strands as well (the oligo 
sequences are proprietary). 
It is also possible to use target capture to “enrich” rather than deplete a sample, for 
example enriching for mRNA or exome DNA (see Table 61). Enrichment can be useful in 
microbiome analysis, though it is not completely universal (see Section 4.5.3). 
Table 61: Commercial kits which use target capture to isolate different types of DNA/RNA. 
Kit Goal  / Target Comment 
Illumina Ribo-Zero rRNA Removal Kit (MRZH116) Deplete rRNA Removal of mammalian rRNA. Non-specific 

binding may inadvertently capture RNA strands of 
interest (this would be very bad). 

NEBNext Poly(A) mRNA Magnetic Isolation Module (E7490)  Enrich mRNA Isolation of eukaryotic mRNA. Non-specific 
binding reduces mRNA yield (not a big deal). 

Illumina Nextera Rapid Capture Exome Kit (FC-140-1000) Enrich Exome 
DNA 

Isolation of human exonic DNA. Non-specific 
binding reduces exonic yield (not a big deal). 

 

In prokaryotes, only a single RNA polymerase enzyme is used to produce all transcripts, 
and these transcripts are generally immediately “mature” and processed by a ribosome. In 
eukaryotes, RNA is transcribed from DNA by three different RNA polymerase enzymes, 
each specializing in one class of gene (see Table 62); generally, these primary transcripts 
are “immature”, and require further processing, which includes intron splicing, cutting out 
separate genes transcribed in a common operon and modifying bases in special RNA types 
such as transfer and ribosomal RNA. The addition of the 5’ cap and poly(A) tail in 
messenger RNA is actually done by the RNA Polymerase II complex itself during 
transcription, and is not part of the maturing process of RNA. 
During the maturation process of human RNA, non-coding regions such as introns are cut 
out or spliced out of the precursor RNA molecule. These regions unfortunately don’t have 
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a poly(A) tail and often have a length between 1000 – 4000 nt, which means they cannot 
be easily removed using target capture or gel electrophoresis. 

The ENCODE project demonstrated that a very large part of the genome is transcribed into 
RNA, albeit at low levels, including “junk” regions. It is unclear how much of this “junk” 
RNA is actually present in clinical specimens, what length distribution these strands have, 
which RNA polymerase enzyme is producing them and if they have a poly(A) tail or not. 
The junk transcripts which have a length of 1000 – 4000 nt and don’t have a poly(A) tail 
are difficult to remove using target capture or gel electrophoresis. 

Fortunately, the bulk of RNA within human cells can be captured, either because strands 
are present at such high concentration that synthetic oligos targeting them are cost effective 
(human SSU/LSU), or they contain a sequence which is shared by many different strands 
but is not expected to be present in microbial SSU/LSU strands, such as a poly(A) tail (for 
all mRNA) or the Alu element sequence (in some introns). 
Table 62: RNA polymerase enzymes in eukaryotes, and their products. 
Eukaryotic RNA 
polymerase enzyme 

5’ 
cap 

Poly 
(A) 
tail 

RNA products (primary 
transcripts in bold) 

RNA type Size in 
humans 

Comment 

RNA Polymerase I No No 

45S operon ? 13314 Remove by size or using capture 
probes targeting sequences which are 
specific to humans. 

5’ ETS ? 3656 
SSU (18S) Structured 1871 
ITS1 ? 1095 
5.8S Structured 157 
ITS2 ? 1155 
LSU (28S) Structured 5035 
3’ ETS ? 345 
“Junk” Unstructured  It is unclear if RNA Polymerase I 

produces non-specific transcripts 

RNA Polymerase II 

Yes Yes Small non-coding RNAs ? <1000 Remove by size. 
Yes ? “Junk” Unstructured ? Remove using capture probes 

targeting poly(A) tail. It is unclear 
how much non-coding “junk” is 
actually transcribed. 

Yes Yes Precursor mRNA Unstructured 200-2.4M 

Yes Yes Mature mRNA Unstructured 200-100K 

No No Intron lariats Unstructured 100-100K Difficult to remove. 

RNA Polymerase III 

No No tRNA (4S) Structured ~75 Remove by size. 
No No 5S Structured 121 
No No Small non-coding RNAs ? <1000 

No No “Junk” Unstructured  It is unclear if RNA Polymerase III 
produces non-specific transcripts 
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Figure 45: Indirect capture of poly(A) tailed RNA using biotin-poly(T)25 DNA oligos (yellow/orange) and 
streptavidin paramagnetic beads (green). 5’ cap shown in blue, poly(A) tail showed in hashed orange. 
Target capture oligos are usually composed of DNA nucleotides to reduce costs, even 
though RNA or 2’O-methyl RNA oligos bind more strongly and more specifically to target 
RNA sequences (see Figure 46). In order for target capture to work, the binding strength of 
oligos to RNA strands (as measured by their ΔG) must be sufficient to remain bound 
during the streptavidin bead capture process. The binding strength can be increased either 
by reducing the temperature, increasing the buffer’s salt concentration or increasing the 
oligo length. Typically, target capture is performed at room temperature (25ºC) in a 1000 
mM monovalent cation solution. A ΔG of -19.3 kJ/mol is deemed sufficient for target 
capture to work (this is the ΔG of a poly(T)25 oligo at 25ºC in 1000 mM Na+ or Li+ 
solution). 

When using DNA oligos to bind to RNA, each base has a different binding energy (see 
Figure 46), from strongest to weakest: dC, dG, dT, dA. dA bases actually don’t contribute 
to duplex stability much above room temperature. Binding specificity of dC is highest 
amongst the four bases, limiting binding to non-specific targets. This means RNA targets 
should preferably be rG rich. 

When the target region forms hairpins, the target capture oligos must have a higher melting 
temperature than the hairpin, and annealing must be performed at a temperature between 
the hairpin and the oligo’s melting temperature. This requirement is of particular concern 
when capturing ribosomal RNA strands (SSU, LSU, 5S) since they form hairpins. Note 
that RNA should not be placed in a buffer containing  Mg2+ ions (or other divalent cations) 
while being incubated much above ~37ºC, as this causes the RNA strands to fragment 

Avidin 

RNA Polymerase II transcript 
5’ 3’ 

Anneal biotin-poly(T)25 DNA oligos 5’ 3’ 

5’ 3’ 

5’ 3’ 5’ 3’ 

Indirect capture with streptavidin paramagnetic beads Avidin 

Pellet and wash beads 

5’ 3’ 5’ 3’ 

3’ 5’ 

3’ 

Avidin 
5’ 3’ 

3’ 

RNA Polymerase I/III transcript 

5’ 3’ 

Elute in water (possibly at higher temperature) 
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through the intramolecular transesterification of RNA phosphodiester bonds. Because of 
this, target capture buffers typically contain no Mg2+ ions, but rather contain EDTA to 
sequester any inadvertently present Mg2+ ions. 

 
Figure 46:  Hybridization energy per base pair (ΔG in kcal/mol) of DNA:RNA, RNA:RNA and 2’O-methyl 
RNA:RNA hybrids in 100 mM Na+ over 0ºC to 100ºC. Lower (more negative) numbers indicate stronger 
bond strength. DNA:RNA bonds are generally weaker than RNA:RNA and 2’O-methyl RNA:RNA bonds. 

4.5.1 Depletion of poly(A) tailed RNA by poly(T) oligo hybridization 
As shown in Table 62, RNA strands produced by RNA Polymerase II in eukaryotes have a 
poly(A) tail which is typically over a hundred nucleotides long. Since these strands include 
messenger RNA (which is the main interest in typical RNA-Seq projects, but not in 
microbiome analysis), separating them from the ribosomal RNA strands prior to 
sequencing is generally done to improve the yield of relevant reads (about ten fold). 

NEB produces a kit which uses poly(T)25 oligos preattached to paramagnetic beads 
(NEBNext Poly(A) mRNA Magnetic Isolation Module); this method is called “direct 
target capture” because RNA strands must diffuse in solution and reach the edge of a bead 
and anneal to the pre-attached poly(T)25 oligos. Since beads are heavy (~1 picogram), they 
are effectively immobile in solution; RNA strands are much lighter than the beads (~1 
attogram), so they diffuse in solution (slowly as compared to oligos, but still much faster 
than the beads). Diffusion speed is proportional to the square root of the molar mass, in 
this case about a thousand times faster. 

Another way to perform this experiment uses “indirect target capture”, where the biotin-
poly(T)25 oligos are not pre-attached to the beads, and are allowed to anneal to RNA 
strands through diffusion. Since these oligos are so small and numerous, they diffuse very 
quickly and poly(A) tails are rapidly covered in such oligos (in less than a minute). Then 
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streptavidin paramagnetic beads are added to the mix, and the RNA strands bound to 
biotin-poly(T)25 oligos then must diffuse to reach the surface of the beads. Note that in this 
case, unbound (excess) biotinylated oligos will diffuse faster than the RNA strands and 
bind to the beads first (about ten times faster). This means the number of beads used must 
be sufficient to capture all poly(T) oligos, not just those bound to RNA strands—which 
makes indirect target capture more expensive (bead wise). Alternatively, to reduce bead 
costs, unbound oligos can be eliminated using a clean-up step prior to capture (for example 
using Agencourt RNAClean XP beads). Indirect target capture has two main advantages: 
(1) if different oligo sequences are used together, the annealing speed will be reduced in 
proportion (at equal total molar concentration of oligos), so the fast annealing speed of 
indirect capture is preferable; (2) the slow binding step of RNA strands to the beads can be 
done at room temperature or on ice, reducing heat related fragmentation of RNA. 

The longest step in both direct and indirect capture methods is waiting for the RNA strands 
to diffuse and reach the surface of a bead. The more massive (longer) the RNA strand, the 
longer this process will take. 
For microbiome analysis, eukaryotic microbial mRNA strands are of little interest as they 
represent only a small fraction of total microbial RNA and are not useful for the taxonomic 
classification of unknown or novel species. Poly(A) tail capture can be used to remove 
human strands produced by RNA Polymerase II, including messenger RNA. Note that 
some RNA transcribed by RNA Polymerase II will end up fragmented either through 
RNase/heat degradation and intron splicing, and will no longer have a poly(A) tail—thus 
cannot be removed using this method. Also note that most viral RNA strands have a 
poly(A) tail. 

Table 63: Melting temperature of 1 uM oligos complementary to human SSU (but not complementary to 
microbial eukaryotes) made with DNA against exactly matching target RNA sequence. 
Oligo name Oligo Tm (50 mM Na) 
BioT50 /5Biosg/TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 55 
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4.5.2 Depletion of SSU/LSU by specific oligo hybridization 
A different target capture method can be used to eliminate highly prevalent human RNA 
strands and keep (among others) messenger RNA strands and microbial ribosomal RNA 
strands. Instead of targeting poly(A) tails, this method explicitly targets sequences in 
human strands which are of no interest—while hoping that these sequences don’t also 
appear in strands of interest such as messenger RNA strands (generally they do not) or  
microbial SSU/LSU strands. 
Since the bulk of human RNA is composed of only two strands (the 1871 nt long SSU and 
5035 nt long LSU), capturing these two strands while not capturing their microbial 
homologs is the main focus of this section. Fortunately, some regions of the SSU/LSU 
strands are highly variable between species, providing a good target to separate human 
SSU/LSU strands from microbial SSU/LSU strands using target capture. 

The panel shown in Table 64 was designed to avoid hairpins in target strands and 
efficiently anneal to human strands by heating the RNA/probe mix at 75ºC, 72ºC and 68ºC 
for one minute each (in 50 mM Na), and then quickly cooling below 30ºC using ice. All of 
the probes form hairpins at room temperature, which prevents them from inadvertently 
annealing to microbe strand during the indirect capture or wash steps; nucleotides were 
added to the 5’ end to create such hairpins when they did not naturally occur in the probe. 
All of the probes target divergent regions, and thus are not expected to hybridize to any 
microbes. Some of the probes were designed with a mix of 2’O-methyl RNA and DNA to 
increase their melting temperature. 
Highly fragmented human SSU/LSU strands may not be captured by any of the probes in 
this panel. The probes were spaced out to ensure that the maximum escaping fragment size 
is 1250 nt, and thus these fragments can be excluded by size using a gel (and keeping 1250 
nt to 4000 nt). 
Table 64: Melting temperature of 1 uM oligos complementary to human SSU (but not complementary to 
microbial eukaryotes) made with DNA against exactly matching target RNA sequence. 
Oligo name Oligo (with low temperature hairpin leader) Tm / hairpin 

50 mM Na 
0 mM Mg 

18B_359Um /5Biosg/AAACCATTC mGmGmGmCmAmGmAmCmGTTmCmGmAATGGGTC 72 / 56 
18B_861Z /5Biosg/AAAAAAAAA TCCTAGCTGCGGTATCCAGGCGGCTC 72 / 52 
18B_1811Tm /5Biosg/AAAAAGTCG mAmGTmCmAmAmGTTmCmGmAmCmCmGTCTTC 71 / 48 
28B_237X /5Biosg/AAAAAAAGG CTCACACCGTCCACGGGCTGGGCC  72 / 50 
28B_1242X /5Biosg/GTTCTCTTG GCGTGGCCCCGAGAGAACCTCCCC 72 / 51  
28B_2479X /5Biosg/AAAAAAACC GTCCCTTCGGAACGGCGCTCGCCCATCTCT 70 / 55 
28B_3606T /5Biosg/AAAAAAAAA GTCGGCTGCTAGGCGCCGGC 72 / 47 
28B_4737Y /5Biosg/AAAAACGAT GCTGCCGTATCGTTCGCCTGGGCGG 71 / 52 
28B_5065Um /5Biosg/AAAAGTCAA CCCTTGTGTmCmGmAmGGGCTGACT 71 / 56 
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4.5.3 Target capture of ribosomal RNA strands using most conserved sequences 
Most methods described in Section 4 attempt to remove human RNA strands—both 
“structured” and “unstructured” types—while leaving microbial ribosomal RNA strands 
untouched. Here, both human and microbial ribosomal RNA strands are isolated using 
oligos which anneal rather specifically to the most highly conserved regions of these 
strands. 

Only four regions were deemed suitable for this application; other regions were either too 
variable or too short for efficient target capture. The strength of the bond holding the probe 
together with the captured RNA strand must be sufficient to keep the two firmly attached 
during the capture procedure. The strength of the bond is measured in kcal/mol (see 
Section D.1) and is denoted ΔGº. Target capture works best if the ΔGº is lower than -25 
kcal/mol under capture conditions, which are usually 25ºC in 500 mM Na+ solution. The 
following leif commands can be used to calculate the ΔGº based on the type of capture 
probe that is used (DNA, RNA or 2’O-methyl RNA). 

leif tm3 d:r ACCTTGTTACGACTT 500 25 1 
leif tm3 r:r ACCTTGTTACGACTT 500 25 1 
leif tm3 m:r ACCTTGTTACGACTT 500 25 1 

Alone, this technique is not that useful since human ribosomal RNA strands are isolated 
along with microbial strands; when used in combination with one or more techniques 
which efficiently remove human ribosomal RNA strands (such blocking PCR primers 
explained in Section 6.1), highly purified microbial ribosomal RNA strands can be 
sequenced. 

While the target capture annealing step must be performed at high temperature to ensure 
the ribosomal strand is mostly unfolded, the magnetic capture step should be performed at 
low temperature (<25ºC) to ensure RNA strands remain hybridized to the probes. At such 
low temperature, non-specific hybridization with mRNA and other strands may occur; to 
avoid non-specific low temperature hybridization, the probes are lengthened at their 5’ end 
with a hairpin sequence which sequesters non-hybridized probes at low temperature. 

Either direct or indirect target capture can be performed, though indirect capture should be 
faster and produce better yields, especially for the LSU probe whose annealing window is 
narrow (due the hairpins in the target region). Unlike both targeted regions in the SSU, 
most of the targeted region in the LSU is located within hairpins (see Figure 40), which 
means that under physiological salt and temperature conditions, complementary oligos 
would have much difficulty binding to their target—as they are mostly hidden within the 
hairpins and unavailable for annealing. To increase annealing efficiency, either the salt 
concentration must be reduced or the temperature must be increased (or both) to mostly 
denature the secondary structures of the LSU RNA strand. For example, in 1000 mM 
monovalent salt buffer the hairpins have a melting temperature slightly above the DNA 
oligo, so the DNA oligo would not be competitive with the hairpin as the most stable 
conformation; in contrast, RNA and 2’O-methyl RNA oligos would have little trouble 
annealing to the same target. 
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Figure 47: Indirect capture of complete microbial SSU RNA strand using biotinylated consensus oligos 
annealing to the decoding region. The biotinylated oligos (shown in yellow) are made of 2’O-methyl RNA to 
increase hybridization strength and specificity, and avoid RNase degradation. These oligos are designed to 
sequester themselves as hairpins below ~50ºC, reducing non-specific hybridization during the capture and 
wash steps. 
Table 65: [TODO]. 
Capture panel SSU 

515-
531 

SSU 
1389-
1408 

SSU 
1492-
1506 

LSU 
2576-
2603 

Comment 

Total RNA Seq No No No No Truly universal 
RNA target capture panel 1A Yes No No No Extremely likely to be universal if all 

four panels are used. RNA target capture panel 1B No Yes No No 
RNA target capture panel 1C No No Yes No 
RNA target capture panel 1D No No No Yes 
RNA target capture panel 2A No Yes Yes No Likely universal if all three panels are 

used together. RNA target capture panel 2B Yes No Yes No 
RNA target capture panel 2C Yes Yes No No 
RNA target capture panel 3 Yes Yes Yes No Not universal; maximum sensitivity. 
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Anneal biotin-2’O-methyl RNA consensus oligos 
(Touchdown to ~65ºC in 50 mM monovalent ion) 5’ 3’ 

Indirect capture, wash (cold), elute (hot) 
(NEB Streptavidin paramagnetic beads) 

3’ 5’ 
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5’ 3’ 
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5’ 3’ 

5’ 3’ 
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Table 66: Melting temperature of 1 uM oligos complementary to Escherichia coli SSU 1492-1506 made 
with DNA, RNA or 2’O-methyl RNA, against exactly matching target RNA sequence. 
Oligo name Oligo (with low temperature hairpin leader) Tm / 

hairpin 
(50 mM) 

Tm / 
hairpin 
(1000 
mM) 

ΔGº 
(25ºC, 
500 
mM) 

16Bh_1507O /5Biosg/AAAGTTGTA ACCTTGTTACGACTT 43 / 49  -19.47 
16Bh_1507Or /5Biosg/AAAGTTGTA rArCrCrUrUrGrUrUrArCrGrArCrUrU 59 / ??  -25.76 
16Bh_1507Om /5Biosg/AAAGTTGTA mAmCmCmUmUmGmUmUmAmCmGmAmCmUmU   -23.39 

Table 67: Melting temperature of 1 uM oligos complementary to Escherichia coli SSU 1391-1407 made 
with DNA, RNA or 2’O-methyl RNA, against exactly matching target RNA sequence. 
Oligo name Oligo (with low temperature hairpin leader) Tm / 

hairpin 
(50 mM) 

Tm / 
hairpin 
(1000 
mM) 

ΔGº 
(25ºC, 
500 
mM) 

16Bh_1408Q /5Biosg/CACACTGTC GACGGGCGGTGTGTACA 57 / 50 70 / 71  -26.65 
16Bh_1408Qr /5Biosg/CACACTGTC rGrArCrGrGrGrCrGrGrUrGrUrGrUrArCrA 75 / ?? 90 / ?? -39.47 
16Bh_1408Qm /5Biosg/CACACTGTC mGmAmCmGmGmGmCmGmGmUmGmUmGmUmAmCmA   -35.63 

Table 68: Melting temperature of 1 uM oligos complementary to Escherichia coli SSU 515-531 made with 
DNA, RNA or 2’O-methyl RNA, against exactly matching target RNA sequence. 
Oligo name Oligo (with low temperature hairpin leader) Tm / 

hairpin 
(50 mM) 

Tm / 
hairpin 
(1000 
mM) 

ΔGº 
(25ºC, 
500 
mM) 

16Bh_532P /5Biosg/CAGTAGTCG ACCGCGGCTGCTGGCA 64 / 48 77 / 70 -29.75 
16Bh_532Pr /5Biosg/CAGTAGTCG rArCrCrGrCrGrGrCrUrGrCrUrGrGrCrA 81 / ?? 94 / ?? -40.53 
16Bh_532Pm /5Biosg/CAGTAGTCG mAmCmCmGmCmGmGmCmUmGmCmUmGmGmCmA   -37.19 

Table 69: Melting temperature of 1 uM oligos complementary to Escherichia coli LSU 2945-2972 made 
with DNA, RNA or 2’O-methyl RNA, against exactly matching target RNA sequence. The one base shown 
in red which mismatches with most eukaryote sequences (including Saccharomyces cerevisiae and human), 
moving decreasing the melting temperature by about 2ºC. The DNA oligo is shown in red because it will not 
outcompete the hairpins as the most stable conformation, thus it would not work for target capture. Hairpin 
sequestration does not work well with this oligo. 
Oligo name Oligo (with low temperature hairpin leader) Tm / 

hairpin 
(50 mM) 

Tm / 
hairpin 
(1000 
mM) 

ΔGº 
(25ºC, 
500 
mM) 

23B_2604B /5Biosg/AAAAAAAAAG CTGTCTCACGACGTTCTAAACCCAGCTC   78 / 61 -42.93 
23B_2604Br /5Biosg/AAAAAAAAAG 

rCrUrGrUrCrUrCrArCrGrArCrGrUrUrCrUrArArArCrCrCrArGrCrUrC 
 95 / ?? -62.24 

23B_2604Bm /5Biosg/AAAAAAAAAG 
mCmUmGmUmCmUmCmAmCmGmAmCmGmUmUmCmUmAmAmAmCmCmCmAmGmCmUmC 

  -57.89 

Hairpin 1 rArUrGrUrCrGrGrCrUrCrUrUrArArArUrGrArGrCrUrGrGrGrUrUrU  86 / na  
Hairpin 2 rUrUrUrArGrArCrCrGrUrCrGrUrGrArGrArCrArGrGrUrUrArGrUrUrU  80 / na  
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Table 70: Detailed protocol target capture protocol (version 1). 

Step, kit and comments Input Output 
Bring to room temp. the following components on the bench: 
• NEB Streptavidin Magnetic Beads (S1420) 
• [SB_1507Or, SB_1408Qm, SB_532Pm, LB_2604Bm] 50 uM in TE 
 

Label clean tubes: 
• Tube A, D (1.5 ml microcentrifuge tubes) 
• Tube B, C (200 ul PCR tubes) 

  

Prepare wash/binding buffer in Tube A 
• Pipette 450 ul TE Buffer 

• Note: using TE rather than water prevents RNA fragmentation by 
divalent cations. 

• Pipette 50 ul 5M NaCl (final conc. 500 mM NaCl) 
• Mix well, place on ice (optional, recommended) 

  

Prepare streptavidin beads in TubeB (100 pmol binding capacity) 
• Suspend “NEB Streptavidin Magnetic Beads” tube by vortexing 
• Pipette 50 ul “NEB Streptavidin Magnetic Beads” in TubeB 

• Note: unbound probes will bind first to magnetic beads (due to faster 
diffusion), possibly crowding out bound probes and reducing yield if 
insufficient beads are used. 50 ul beads can bind 100 pmol oligo,which 
is 2x excess vs. probes used in next step. 

• Precipitate beads on magntic rack 
• Remove supernatant (do not disturb beads) 
• Pipette 80 ul from TubeA into TubeB 
• Mix well, place on ice (optional, recommended) 

  

Hybridize capture oligos 
• Pipette up to 20 ug Total RNA (7 pmol SSU) into TubeC 
• Add water to reach 20 ul if necessary 
• Pipette 2.3 ul  from TubeA (final conc. ~50 mM NaCl) 

• If input RNA is less concentrated, up to 80 ul can be used as input, 
while remembering to propotionally increase vol. pipetted from TubeA 

• Pipette 1 ul capture oligos (50 pmol, final concencration 2 uM in 25 ul) 
• Note: it is important to use more capture oligos than human SSU 
strands by a factor of at least 2x. This allows microbes with 
mismatches to bind to oligos (otherwise the human SSU strands could 
sequester all the capture oligos, leaving none to anneal to microbial 
strands matching imperfectly with the oligo). Going beyond a factor of 
2x only raises the melting temperature slightly, so it usually does not 
make a significant difference in universality. 50 pmol of pure human 
SSU RNA weigh 28 ug, meaning 7x excess concentration as currently 
designed (20 ug max input * 20% = 4 ug max SSU strands). 

• Mix well. 
• Place in theromcycler and run with lid at 80C: 
• 5 min 80ºC, 1 min x [75ºC, 70ºC, 65ºC, 60ºC], hold at 60ºC 

• Note: for SB_1507Or add an extra step at 55ºC 
• Lowest annealing temperature can be optimized 

Up to 20 ug Total 
RNA in up to 20 ul 
water 

Up to 5 ug hybridized 
SSU and 15 ug other 
RNA in 50 ul TE 4X 
buffer in TubeC 

Indirect capture biotinilated oligos 
• Pipette all of TubeC into TubeB 
• Mix well (do this quickly to reduce temperature) 
• Incubate for 10 minutes on ice 

 Up to 5 ug bead-
bound SSU and 15 ug 
other RNA in <200 ul 
binding buf. in TubeB 
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Wash beads twice (on ice) 
• Use magnet to precipitate bead pellet 
• Carefully remove all supernatant (discard) 
• Pipette 100 ul wash buffer from Tube A, mix well, spin down. 
• Use magnet to precipitate bead pellet 
• Carefully remove all supernatant (discard) 
• Pipette 100 ul wash buffer from Tube A, mix well, spin down. 
• Use magnet to precipitate bead pellet 
• Carefully remove all supernatant (discard) 

 Up to 5 ug bead-
bound SSU in TubeB 

Elute RNA in water 
• Pipette 52 ul water, mix well 
• Incubate in thermocycler at 75ºC for 2 minutes, hold at 74ºC 

• Note: self-dimed probes may be only half bound to streptavidin 
beads, so waiting/mixing during this step will help reduce residual 
probes (residual probes should not affect downstream steps, though 
they make RNA measurements much less accurate). 

• Use magnet to precipitate bead pellet on thermocycler at 74ºC 
• Move supernantant from TubeB to TubeD 
• Note: you may want to remove unbound probes and residual salt using 

Zymo Research RNA Clean & Concentrator-5 (1 prep) 

 Up to 5 ug SSU in 50 
ul water in  TubeD 

 

 
Figure 48: Result of target capture of SSU from semen following experimental steps explained in Table 70. 
RNA extraction resulted in 8 ug Total RNA; target capture yielded 1 ug SSU RNA. Capture oligo targeting 
SSU 1627: “/5Biosg/AAAAAACAC mGmAmCmGmGmGmCmGmGmUmGmUmGmUmAmCmA”. 
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Figure 49: Result of target capture of SSU from semen following experimental steps explained in Table 70. 
RNA extraction resulted in 8 ug Total RNA. Capture oligos used were (left to right): “/5BiosG/AAAAACAGC 
mAmCmCmGmCmGmGmCmUmGmCmUmGmGmCmAmC”, “/5BiosG/AAAAAACAC mGmAmCmGmGmGmCmGmGmUmGmUm 
GmUmAmCmA”, “/5BiosG/GTACATACAGTC mGmAmCmGmGmGmCmGmGTmGTmGTmAmCmA TTA”, “/5BiosG/AA 
AAAAAAA CCTAGCTGCGGTATCCAGGCGGCTC”. The second and third capture oligos are almost identical, 
except the hairpin is more complete in the third oligo, resulting is much lower background capture (eg. non-
specific hybridization). 
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4.6 Depletion by RNase digestion 
“Unstructured” RNA strands are generally more vulnerable to ribonuclease (RNase) 
digestion than SSU/LSU RNA strands, due to the fact that they are mostly single stranded 
(see Table 71). In vivo, different exoribonuclease enzymes are used to recycle 
“unstructured” RNA strands as opposed to “structured” RNA strands52. The SSU/LSU 
RNA strands are typically first fragmented by endoribonuclease enzymes which target 
single stranded regions such as the tip of hairpins; these fragments then have long enough 
3’ overhangs to be digested by RNase R. 

Once digestion of “unstructured” RNA strands is complete, a variety of techniques can 
separate SSU/LSU RNA strands from other RNA types by size/length: gel column 
filtration (for example illustra MicroSpin S-400 HR Columns) or gel electrophoresis. 
 
Table 71: Different types of RNase which could be used to digest “unstructured” RNA strands while leaving 
“structured” RNA strands largely intact. 
Class Enzyme Main target Comment 

Endoribonuclease 

RNase H RNA:DNA hybrid DNA oligos can be custom made to target specific sequences. 
RNase I ssRNA A,U,C,G  
RNase A ssRNA C, U   
MNase ssRNA A,U  

ssDNA A,T 
~10000x less activity against dsRNA/dsDNA/RNA:DNA hybrid 

RNase T1 ssRNA G  

Exoribonuclease 

RNase T ssRNA 3’ end Not be sufficiently processive to digest “unstructured” RNA; very 
inefficient at degrading some sequences53, 54 such as “CACC”. 

RNase II55 ssRNA 3’ end Digests “unstructured RNA” but not SSU/LSU strands52 
RNase R55 ssRNA 3’ end Digests SSU/LSU strands too52 

4.6.1 Depletion by endoribonuclease digestion 
A technique coined “ribosome profiling” uses endoribonuclease to determine which 
proteins are currently being synthesized by ribosomes56. This type of enzyme typically has 
much higher affinity for single stranded RNA, so ribosomal RNA’s double stranded 
secondary structures are thought to partially protect them from digestion; their tertiary 
structures and attached protein likely provide additional protection from digestion52. 

Escherichia coli RNase I was first used in ribosome profiling protocols to eliminate all 
unstructured strands/regions located outside ribosomes, keeping only 28-30 nt messenger 
RNA fragments which were completely protected within the ribosome. A subsequent 
study57 of ribosome profiling in Drosophila used micrococcal nuclease (MNase) instead of 
RNase I, due to (apparently) efficient digestion of SSU/LSU RNA strands by RNase I in 
this species. It is unclear which RNase is best suited for the elimination of human 
“unstructured” RNA strands in microbiome applications, or which digestion 
times/temperatures are optimal. Digestion temperature is important because it determine 
how tightly packed the SSU/LSU RNA strands will be—if the temperature is too high, 
SSU/LSU RNA strands denature and become more susceptible to digestion. 
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RNase I was initially selected because it cleaves all RNA bases with equal efficiency, 
whereas other RNase preferentially fragment specific bases—this property allows 
messenger RNA protected by the ribosome to be tightly cleaved by RNase I to 28-30 nt 
fragments, which in turn allows sequencing to pinpoint the exact codon being transcribed. 
This property is not important for microbiome analysis, so using other RNase may be a 
better choice. Other studies have shown that RNase A and RNase T1 leave ribosomes 
largely intact as compared to RNase I. 
RNase H is a special kind of endoribonuclease which only nicks RNA strands that are 
hybridized to single DNA strands58. It is unclear how long the hybridized DNA strand 
needs to be, but nine nucleotides is definitely sufficient58. Unlike other endoribonuclease 
which will completely degrade the SSU/LSU strands if given enough time, an experiment 
can be designed with RNase H which only does one “round” of fragmentation. This means 
SSU/LSU strands would be largely protected because they are mostly unavailable for 
hybridization when intact. 

It is unclear how much partial digestion of ribosomes will occur in practice in 
endoribonuclease digestion experiments. Partial digestion of ribosomes may result in small 
ribosomal RNA fragments. Since downstream steps require ≥200 nt fragments, ribosomal 
regions with nicks ≤200 nt apart will be underrepresented or missed entirely. Microbes 
whose entire SSU and LSU ribosomal RNA strands are nicked at an interval of ≤200 nt 
would be completely missed. 

 
Figure 50: Fragmentation of RNA strands using RNase H and random DNA oligos. Fragmentation is limited 
to a single “round”, meaning that once exonuclease I is added, unhybridized DNA oligos will be digested. 
Only oligos which manage to hybridize before exonuclease I/VII is added will enable RNase H digestion. 
The random oligos can be extended at the 5’ end with adenosine to enhance exonuclease I digestion (ex: 
“AAAANNNNNNNNNN”). Alternatively, 2’O-methyl RNA bases can be used at the 5’ end to enhance 
ligation efficiency, while retaining RNase H activity  (“mNmNmNmNmNNNNN”)—though it is unclear if 
this primer would be susceptible to exonuclease I digestion. If the touchdown step is accelerated, 
hybridization will not be quite as efficient, though performance may still be acceptable. 

RNA strands from RNA extraction (ZR Fungal/Bacterial RNA MiniPrep) 

Hybridization with random DNA oligos 
(touchdown method, ~50C to ~10C for 4 hours) 

5’ 3’ 
100 to 15000 nt 

5’ 3’ 

5’  3’ 

5’  3’ 5’  3’ 5’  3’ 

Prevent further hybridization 
(Exonuclease I or VII, at ~10C for 30 minutes) 

Fragment hybridized RNA strands 
(RNase H, at ~10C for 30 minutes) 

5’ 3’ 

5’ 3’ 
5’  3’ 5’  3’ 5’  3’ 
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4.6.2 Depletion by exoribonuclease digestion 
Exoribonuclease enzymes can be used instead of endoribonuclease enzymes, which 
degrade RNA strands starting from one end only: this minimizes the risk of ending up with 
fragments which are too short for downstream processing. The RNase II enzyme is 
particularly well adapted for this application since it slowly degrades structured RNA 
strands such as the SSU/LSU (see Table 72). Unfortunately, it is not commercially 
produced as of 2015. RNase II digestion stalls when a hairpin loop is found, the strength of 
such loops determining the stall duration59, 60. For example, the human LSU strand 
contains very strong hairpins (especially in domain IV) which completely inhibit RNase II 
digestion; in contrast, Saccharomyces cerevisiae LSU strands do not contain strong 
hairpins, so they eventually succumb to RNase II digestion. It is unclear how “weak” 
SSU/LSU hairpins can be for microbes living in human (at ~37ºC); perhaps running RNase 
II digestion at a lower temperatures (10-20ºC) can increase the strength of hairpin loops 
and thus result in a more conservative experiment which has better odds of keeping 
SSU/LSU strands from all microbes. RNase II concentration, incubation temperature and 
incubation time must be optimized to remove the bulk of unstructured RNA while leaving 
SSU/LSU strands intact. 
The RNase R enzyme is very similar and is available commercially; however, it more 
easily degrades highly-structured RNA strands such as the SSU/LSU. RNase R requires at 
least a 5 nucleotide overhang61 at the 3’ end to attach and begin enzymatic digestion—
though it is highly processive, which means once it attaches to a 3’ end, it will typically 
digest the entire RNA strand in one go (without detaching). If it were to detach at random 
locations while digesting the SSU/LSU strands, hairpins could prevent the reattachment of 
the enzymes due to the absence of at least five nucleotide overhang at the 3’ end. By 
randomly fragmenting SSU/LSU strands prior to digestion, some fragments’ 3’ end would 
fall within a hairpin, preventing RNase R from attaching to these fragments (though the 
yield would probably be reduced by >90% due to the loss of SSU/LSU strands fragmented 
without a 3’ hairpin). 

Table 72: Relative activity of RNase II and RNase R on various Escherichia coli RNA strands62. Note that 
these activities may not apply to LSU/SSU/5S strands of other species, as the 3’ overhang of these strands is 
known to vary in length (long 3’ overhangs are more susceptible to digestion by RNase II and RNase R) and 
the strength of hairpins within these strands varies also. 
RNA strand Length RNase II RNase R Comment 

Poly A 

Variable 1.0000 1.0000 Poly(A) strands are used as an approximation of 
mRNA. Note that intron lariats are circular, so they 
are not susceptible to exoribonuclease digestion. A 
lariat debranching enzyme (DBR1) can be used to 
convert them to non-circular form. 

LSU (23S) 2904 0.0015 0.1800  
SSU (16S) 1542 0.0003 0.1000  
5S 121 0.0002 0.0110  
tRNA (4S) 76 to 90 0.0002 0.0130  
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Table 73: Activity of RNase II and RNase R under specific experimental conditions on various Escherichia 
coli RNA strands62 (incubation temperature is 37ºC). RNA digestion capacity is the product of the “Rate”,  
“Enzyme amount”, “Incubation time” and “Nucleotide to RNA mass constant”. 
RNA 
strand 

Enzyme Rate Enzyme 
amount  

Incubation 
time 

Nucleotide 
to RNA 
mass 
constant 

RNA digestion 
capacity at 37C 
for 30 minutes 

Poly A 
(mRNA) 

RNase II 109800 nmol/min/mg 

0.001 mg 30 min 333 g/mol 

1098000 ng 
RNase R 26900 nmol/min/mg 269000 ng 

LSU (23S) 
RNase II 160 nmol/min/mg 1600 ng 
RNase R 4840 nmol/min/mg 48400 ng 

SSU (16S) 
RNase II 30 nmol/min/mg 300 ng 
RNase R 2750 nmol/min/mg 27500 ng 

5S 
RNase II 20 nmol/min/mg 200 ng 
RNase R 290 nmol/min/mg 2900 ng 

tRNA (4S) 
RNase II 20 nmol/min/mg 200 ng 
RNase R 350 nmol/min/mg 3500 ng 

 
 

 
Figure 51: [TODO]. Note that the removal of 3’ overhangs by Exonuclease T is inefficient on some tail 
sequences ending in ‘C’, which means this extra step may not protect some 3’ ends. For example, the tail 
sequence “CACC-OH” in the E. coli SSU 3’ region slows the Exo T enzyme approximately 1000-fold54, so 
overnight incubation with a high enzyme concentration may be required to protect from RNase R digestion. 

RNA strands from RNA extraction 
(ZR Fungal/Bacterial RNA MiniPrep) 

Remove short 3’ overhang (optional) 
(NEB Exonuclease T) 

5’ 3’ 
100 to 15000 nt 

Fragmentation at 94ºC for a few minutes in Mg2+ 

5’ 

3’ 

Digest “linear” RNA with RNase R or RNase II 
(Epicentre Ribonuclease R at 37ºC) 

5’ 
3’ 

5’ 
3’ 

5’ 

3’ p 

Remove 3’ phosphate 
(NEB rSAP) 
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Figure 52: RNase II digestion experiment of Total RNA from Saccharomyces cerevisiae and human: results 
are not quite as expected. About 5 ug of Total RNA in water is first mixed with NEBuffer 4 (final salt 
concentration is 50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM Magnesium Acetate) in a total 
volume of 20 ul, and then 2 ug of RNase II is added. This means RNase II is at least at a 2x molar excess vs. 
SSU/LSU. Each lane is incubated for 30 minutes at 25ºC. A lane is used for each step. It seems RNase II 
efficiently digests all Saccharomyces cerevisiae RNA (I was expecting it to leave the ribosomal RNA 
intact—the observed behavior being closer to RNase R, see Table 73), and seems incapable of digesting 
human RNA. This is strange, and inconsistent with the literature. The experiment was repeated to exclude 
manipulation errors, and gave the exact same results. A possible explanation could be that too much RNase II 
was used, so Saccharomyces cerevisiae ribosomes were eventually digested; in the case of human RNA, 
circular RNA (intron lariats) which are non-digestible by RNase II may explain part of the smear63, though 
they are assumed to represent a small fraction of Total RNA (Saccharomyces cerevisiae has few introns so 
few circular intron lariats); alternatively, residual human DNA could partly explain this. NEBuffer 4 makes 
the bands wider and fuzzier: according to the E-gel documentation, buffers with high salt concentration (>50 
mM NaCl, >100 mM KCl, >10 mM acetate ions or >10 mM EDTA) will result in fuzzy bands. Using 10 to 
100 times less NEBuffer 4 solves this issue while still enabling enzymatic activity. 
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Figure 53: Digestion of Total RNA from Saccharomyces cerevisiae by RNase II at 25ºC for 30 minutes 
under three different salt conditions (see Table 74). The mRNA smear above whole ribosomes and between 
the SSU and 4S is not as bright in RNase II digestion lanes, as expected. Two long mRNA strands labeled 
“mRNA 1/2” are no longer present in RNase II lanes. SSU and LSU strand digestion is clearly in progress, 
since these bands appear lower in the RNase II treated lanes. Lanes 6 and 9 contain high salt concentration, 
which caused poor gel resolution. 

 
Table 74: Concentration of components of Figure 53. Reactions were in 20 ul water at 25ºC for 30 minutes. 
RNA strand Lane 6 Lane 7 Lane 8 Lane 9 Lane 10 Lane 11 
E. coli RNase II 0 uM 0 uM 0 uM 0.4 uM 0.4 uM 0.4 uM 
S. cerevisiae LSU 0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM 
S. cerevisiae SSU 0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM 
Potassium Acetate 50 mN 5 mN 0.5 mN 50 mN 5 mN 0.5 mN 
Tris-acetate 20 mN 2 mN 0.2 mN 20 mN 2 mN 0.2 mN 
Magnesium Acetate 10 mN 1 mN 0.1 mN 10 mN 1 mN 0.1 mN 
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4.6.3 Fragmenting human SSU/LSU with RNase H 
RNase H is used in commercial ribosomal RNA depletion kits (such as NEBNext rRNA 
Depletion Kit E6310). Short DNA oligos which hybridize to human ribosomal RNA (but 
not to human messenger RNA) are first annealed using the touch down method (95ºC → 
25ºC), and then RNase H is added to cut RNA strands where the DNA oligos have 
hybridized. The resulting small fragments of human ribosomal RNA are subsequently 
eliminated by size (using  gel electrophoresis or using Agencourt RNAClean XP Beads). 
This type of kit is not suitable for microbiome studies, since the chosen DNA oligos will 
also efficiently fragment and eliminate microbial SSU/LSU RNA strands! 
Highly variable regions of the SSU/LSU RNA strands can be used as a target to cut human 
SSU/LSU strands while leaving all microbial SSU/LSU RNA strands intact. When 
performing simple  size selection on RNA described in Section 4.3, the human SSU strand 
(1871 nt) was in the band of interest (1200 nt – 4000 nt), greatly reducing the sensitivity of 
the assay. Fragmenting the human SSU strand in half would result in both halves migrating 
well below the 1200 nt mark, thus neither would be excised from the gel. Though intact 
human LSU strands can be excluded by size alone, partially fragmented LSU strands do 
migrate within the band of interest, so they can also be fragmented using RNase H. 
Note that secondary structures may keep fragmented parts of the SSU/LSU together during 
gel separation, which means native gels should be low salt (TAE) and should be run at 
high temperature (50ºC) to keep the fragments separated; alternatively, a denaturing gel 
and/or loading buffer can be used. Unlike most depletion methods, fragmented human 
SSU/LSU strands are efficiently eliminated using this method, as these strands will simply 
migrate even further below the 1200 nt cutoff. A reverse transcription step can be added 
prior to RNase H digestion, which is especially useful to fragment out poly(A) tailed 
strands such as mRNA (see Section 4.7.4). 
Table 75: Melting temperature (Tm) of 1 uM oligos complementary to human SSU/LSU, against exactly 
matching target RNA sequence. These sequences were selected because they are not complementary to 
microbial eukaryote SSU/LSU RNA strands. The hairpin melting temperature shows that at room 
temperature, the oligos sequester themselves and are no longer capable of annealing, which avoids 
fragmenting non-specific targets. Some oligos have extra bases added to their 5’ end to increase the hairpin 
melting temperature. The target melting temperature is 78ºC, but oligo 18H_862E’s melting temperature was 
chosen to be higher to outcompete the hairpin in the SSU human strand. 
Oligo name Oligo (hairpin leader added when required) Tm / hairpin 

125 mM Na 
3 mM Mg 

18H_862Z           TCCTAGCTGCGGTATCCAGGCGGCTC 80 / 62 
28H_1242X GTTCTCTTG GCGTGGCCCCGAGAGAACCTCCCC 78 / 62 
28H_2479X ACC       GTCCCTTCGGAACGGCGCTCGCCC 77 / 55 
28H_3606T           GTCGGCTGCTAGGCGCCGGC 79 / 61 
28H_4737Y ACGAT     GCTGCCGTATCGTTCGCCTGGGCGG 78 / 56 
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Fragmentation can be done at room temperature with Escherichia coli RNase H, or near 
the melting temperature of the DNA oligos using thermostable RNase H. If a thermostable 
enzyme is used, sequestration of DNA oligos at room temperature is not required and the 
5’ leader can be omitted. Note that Mg2+ ions in the RNase H buffer may cause 
fragmentation at high temperatures, so performing hybridization with only monovalent 
cations first (for example in TE buffer), and adding the RNase H buffer at room 
temperature is a safer approach—it will keep more microbial RNA strands intact. If 
annealing is performed in the presence of magnesium ions, it should be short (less than one 
minute). 
 

 
Figure 54: Highly divergent region in the center of the SSU RNA strand (human left, Saccharomyces 
cerevisiae right), which is suitable for RNase H fragmentation. Note that the hairpin in the human SSU from 
828 to 846 has a melting temperature similar to that of the DNA oligo, meaning that hybridization may not 
be efficient. It is possible to use 2’O-methyl RNA or RNA bases at offsets 847 to 860 to increase the 
hybridization strength of the oligo. 

 
Table 76: Alignment of human (top) and Saccharomyces cerevisiae (bottom) in above figure. 
Alignment 
GAGCCGCCTGGATACCGCAGCTAGGA 
 |   ||  | |||    |||  ||| 
TATT-GCTCGAATATATTAGCATGGA 
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4.6.4 Fast SSU/LSU isolation using RNase H and RNase R 
<todo> 

<advantages> 
<disadvantages: 532Q only give downstream bases, which reduces yield and can even miss 
species with blocking bases 5’ of this site; RNase R cannot digest part of the human LSU, 
which means blocking panel must include LSU (messy)> 

<todo: you can add hairpin human oligos from previous section to eliminate most human 
SSU/LSU strands> 

<todo: unfortunately the human LSU strand naturally blocks RNase R at ~4000 nt, so it is 
possible restart RNase R digestion at the 5’end of this region by adding another primer> 

<todo: how do you collect 5S?> 
 
Table 77: [TODO]. 
Oligo name Oligo Tm HP Conditions 
16S_532Qm TAACCGmCmGmGmCmUmGmCmUmGmGmCmA 76.7  

1 um oligo, RNA, 
120 mM 

monovalent, 0.5 
mM Mg 

16Sh_532Qm TAACCGmCmGmGmCmUmGmCmUmGmGmCmA mCmGmGmU ~57.8 
16S_1408Qm GACGGGmCmGmGmUmGmUmGmUmAmCmA 

73.7 
 

16Sh_1408Qm GACGGGmCmGmGmUmGmUmGmUmAmCmA mAmCmCmGmUmC ~56.3 
16S_1507Om ACCTmUmGmUmUmAmCmGmAmCmUmU 

62.5 
 

16Sh_1507Om ACCTmUmGmUmUmAmCmGmAmCmUmU mCmAmAmGmG ~53.8 
23S_2604Bm CTGTCTmCmAmCmGmAmCmGmUmUmCmUmAmAmAmCmCmCmAmGmCmUmC 

83.4 
 

23Sh_2604Bm CTGTCTmCmAmCmGmAmCmGmUmUmCmUmAmAmAmCmCmCmAmGmCmUmC 
mTmGmAmGmAmCmAmG  ~55.7 

28Hh_2924V GG TCGCGCCCCAGCCCGACCG 74.7 60.4  
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Figure 55: [TODO]. 
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4.6.5 Targeting smaller RNA strands 
Sequencing microbial SSU/LSU ribosomal RNA strands is definitely the best way to go 
taxonomically identify novel microbial species. However, these long RNA strands may be 
more difficult to isolate and amplify than shorter RNA strands, which are also universally 
involved in protein synthesis. The transfer RNAs (tRNA/4S) and the 5S ribosomal RNA 
strands are abundantly present in all cellular microbes and are very resistant to 
fragmentation. They are thus also good targets for microbial identification, though their 
lack of highly conserved sequences means they are not well suited for consensus PCR, thus 
are shunned by the most commonly used molecular microbe detection protocols. 
Since 4S/5S RNAs are so small, simple size selection using gel electrophoresis very 
efficiently removes SSU/LSU strands and other long RNA strands. The removal of short 
RNA strands can be achieved using a combination of RNase II, RNase R and RNase T. 

Both RNase II and RNase R enzymes cannot digest 4S (tRNA) and 5S rRNA due to the 
low number of overhanging nucleotides at their 3’ end (see Table 72), and in the case of 
RNase II their secondary structure as well. Though these two RNA classes are not as good 
for taxonomic classification as the SSU/LSU RNA strands, they are still usable for this 
purpose64, 65. After RNase II/R digestion, remaining small RNA strands can be purified and 
sequenced. 

Human 4S (tRNA) and 5S sequences are sufficiently different from microbial species to be 
removed using indirect target capture probes or blocking PCR. 

 
Figure 56: Embitec 4% Agarose TAE w/GelGreen Long Gel, 12+1 Well (GG3727) run for 3 hours in 50V 
field. Total RNA extracted from human semen (left) and Saccharomyces cerevisiae (right) shown. Strangely, 
human 5.8S and 5S migrate a bit lower on the gel than Saccharomyces cerevisiae. Excising the gel region 
between the human 5.8S band and human tRNA band should capture all microbial 5S strands. The human 
sample contains more “background” smear making the bands harder to visualize; this possibly indicates the 
presence of fragmented or degraded human RNA strands. 
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4.6.6 Targeting the transfer RNA strands (tRNA or 4S) 
Transfer RNAs represents more than 50% of RNA strands, and about 15% of RNA by 
mass or nucleotide count in all types of cells. There are at least 20 tRNA varieties in each 
cell (one for each amino acid), though usually there are several times this many—multiple 
tRNAs are often needed for the same amino acid. The concentration of different tRNAs is 
variable within a cell over time, and depends on its environment. All tRNAs fold into a 
clover leaf structure where the anti-codon is in the middle of the strand, and the amino acid 
attachment site is at the ends of the strand (which end up folded together, see Figure 57).  

The amino acid attachment site is composed of a 3’ overhang of four nucleotides, which 
always finish in “CCA”. This means attaching a sticky end adaptor to tRNA is straight 
forward using T4 RNA Ligase 2 (see Figure 59)66. To purify the tRNA, biotin can be 
attached to the adaptors and the ligated strands can be captured using streptavidin 
paramagnetic beads. 
When working with tRNA, reverse transcribing the entire strand is desirable since they are 
so short—fragmentation and first strand synthesis with random hexamers would 
significantly truncate these strands. Unfortunately, many modified bases in tRNA strands 
prevent reverse transcription (see Table 78 and Table 79) by “hard stopping” the reverse 
transcriptase enzyme. It is possible to “unmodify” some of the bases using enzymes such 
as E. coli dealkylating enzyme (AlkB) to improve tRNA coverage67, but many modified 
bases cannot be reverted back to a transcribable form. 

In eukaryotes, most tRNAs have a methylated adenosine base (m1A) at position 57 which 
stops reverse transcription after only 14 nucleotides; it is thus recommended to 
demethylate this base using the E. coli dealkylating enzyme (AlkB). The next major 
blocking base position is 37, resulting in a more reasonable 34 nt reverse transcription 
length. If AlkB is not used, only Ala, Asp, Glu, Gly, Ser will produce long (~34 nt) reverse 
transcribed segments in Saccharomyces cerevisiae. 

Reverse transcription can be done either using the adaptors as priming sites, or by 
fragmenting to break hairpin structures, and then using a small RNA sequencing kit (such 
as NEBNext Small RNA Library Prep Set for Illumina E7330S). 
Blocking primers can be used to prevent the amplification of human tRNA, though the 
wide variety of tRNA flavors in humans and the very short insert lengths (due to modified 
bases) make the design of a blocking primer panel difficult. 
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Figure 57: tRNA of amino acid Phe (1) in Saccharomyces cerevisiae. Modified bases are shown in blue:  
“slow” or “stop” signs were placed next to bases which slow or stop reverse transcription. I could not find the 
effect of wybutosine (‘Y’) on reverse transcription. The N1-Methyladenosine (‘m1A’) in the TψC loop  is 
present in almost all tRNA in Saccharomyces cerevisiae, preventing reverse transcription from getting very 
far from the ‘3 end. "tRNA-Phe yeast en" by Yikrazuul - Own work. Licensed under CC BY-SA 3.0 via 
Commons - commons.wikimedia.org/wiki/File:TRNA-Phe_yeast_en.svg 

 
Figure 58: Example flow to sequence the 5’ end of tRNA strands. Reverse transcription is expected to begin 
in the D-loop. Note that some tRNA (such as His in human, E coli, and  S. cerevisiae) have an extra ‘G’ base 
at the 5’ end which will prevent ligation. 
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Figure 59: Example flow to sequence the 3’ end of tRNA strands. Many tRNA molecules have a reversible 
methyl group at position 57 which would limit the reverse transcribed strand to <15 nt unless it is first 
removed by a dealkylating enzyme. Note that some tRNA (such as His in human, E coli, and  S. cerevisiae) 
have an extra ‘G’ base at the 5’ end which will prevent ligation. 
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Table 78: Effect of modified bases on reverse transcription of transfer RNA strands of E. coli 
(http://trna.bioinf.uni-leipzig.de). 
Name Blocking AlkB 

reversible 
Unknown  

Ala (1)   ?U (8) 
Ala (2)   s4U (8), cmo5U (34) 
Ala (3)   cmo5U (34) 
Arg (1) m1G (38)  s2C (32) 
Arg (2)   s4U (8), s2C (32), acp3U (47) 
Arg (3)   s4U (8), acp3U (47) 
Arg (4)   s2C (32), mnm5U (35), t6A (37) 
Arg (5)   s2C (32) , mnm5U (35), t6A (37) 
Asn   s4U (8), Q (34), t6A (37) 
Asp   s4U (8), Q (34) 
Cys   s4U (8), ms2i6A (37) 
Gln (1)   s4U (8) 
Gln (2)   s4U (8), ?U (34) 
Glu (1)   mnm5s2U (34) 
Glu (2)   mnm5s2U (34) 
Glu (3)   mnm5s2U (34) 
Gly (1)   s4U (8) 
Gly (2)    
Gly (3)   ?U (34) 
His   s4U (8), Q (34) 
Ile (1)   t6A (37), acp3U (47) 
Ile (2)   t6A (37), acp3U (47) 
Ile (3)   s4U (8), k2C (34), t6A (37), acp3U (47) 
Ini (1)   s4U (8) 
Ini (2)   s4U (8) 
Leu (1)   s4U (8), ms2i6A (37) 
Leu (2)   ?G (37) 
Leu (3)   ?G (37) 
Leu (4)   s4U (8), ?A (34), ms2i6A (37) 
Lys   mnm5s2U (34), t6A (37) , acp3U (47) 
Met   s4U (8), t6A (37), acp3U (47) 
Phe   s4U (8), ms2i6A (37), acp3U (47) 
Pro m1G (38)  s4U (8) 
Ser (1)   ms2i6A (37) 
Ser (2)   s4U (8), s2C (32), t6A (37) 
Ser (3)    
Ser (4)   s4U (8) 
Ser (5)   s4U (8), cmo5U (34), ms2i6A (37) 
Thr (1) m2

6A (37)   
Thr (2) m2

6A (37)   
Trp   s4U (8), ms2i6A (37) 
Tyr (1)   s4U (8), Q (34), ms2i6A (37) 
Tyr (2)   s4U (8), Q (34), ms2i6A (37) 
Val (1)   s4U (8), acp3U (47) 
Val (2)   s4U (8), acp3U (47) 
Val (3)   s4U (8), cmo5U (34) 

 

http://trna.bioinf.uni-leipzig.de/
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Table 79: Effect of modified bases on reverse transcription of transfer RNA strands of Saccharomyces 
cerevisiae (http://trna.bioinf.uni-leipzig.de). 
Name Blocking AlkB reversible Unknown  
Ala m1G (9), m2

2G (26)  m1I (37) 
Arg (1) m1G (9), m2

2G (26) m1A (57) mcm5U (34), t6A (37) 
Arg (2) m1G (9), m2

2G (26) m1A (57) mcm5U (34), t6A (37) 
Arg (3) m1G (9), m2

2G (26) m1A (57)  
Asn m2

2G (26) m1A (57) t6A (37) 
Asp m1G (37)   
Cys  m1A (57) i6A (37) 
Glu   mcm5s2U (34) 
Gly (1)   ? (34) 
Gly (2) m1G (9)   
His (1) m1G (37)   
His (2) m1G (37)   
Ile m1G (9) m1A (57) t6A (37) 
Ini m1G (9), m2

2G (26) m1A (57) t6A (37), Ar(p) (64) 
Leu (1) m1G (37), m2

2G (26)   
Leu (2) m1G (37), m2

2G (26) m1A (57)  
Leu (3) m1G (37), m2

2G (26) m1A (57)  
Lys (1) m2

2G (26) m1A (57) cmnm5Um (34), t6A (37) 
Lys (2) m2

2G (26) m1A (57) t6A (37) 
Met m2

2G (26) m1A (57) t6A (37) 
Phe (1) m2

2G (26) m1A (57) yW (37) 
Phe (2) m2

2G (26) m1A (57) yW (37) 
Pro (1) m1G (9), m1G (37) m1A (57) ?U (34) 
Pro (2) m1G (37) m1A (57) ?U (34) 
Ser (1) m2

2G (26)  i6A (37) 
Ser (2) m2

2G (26)  i6A (37) 
Ser (3) m2

2G (26)  ?C (32), ?U (34), i6A (37) 
Thr (1) m2

2G (26) m3C (32), m1A (57) t6A (37) 
Thr (2) m2

2G (26) m3C (32), m1A (57) t6A (37) 
Trp m1G (9) m1A (57)  
Tyr m2

2G (26) m1A (57) i6A (37) 
Val (1) m2

2G (26) m1A (57) ncm5U (34) 
Val (2)  m1A (57)  
Val (3) m1G (9) m1A (57)  

 

http://trna.bioinf.uni-leipzig.de/


    

 127  

4.6.7 Targeting the 5S ribosomal RNA strand 
When working with 5S rRNA, the main concern is that its 3’ overhang will be too long, 
making them susceptible to RNase R digestion. Unlike 4S (tRNA) which always have a 4 
nucleotide 3’ overhang, the length of the 5S rRNA 3’ overhang varies by species (see 
Figure 60 and Table 80). It is possible to remove this overhang using RNase T, which 
should protect the RNA strand from RNase II or RNase R digestion. However, RNase T 
may also blunt end “unstructured” RNA strands, making them less susceptible to RNase R 
digestion (this problem can be mostly addressed by doing RNase T digestion at a lower 
temperature or higher salt content than the RNase R digestion). 
Unlike tRNA, 5S overhang sequences are not universal, so they cannot be used to ligate 
adaptors to 5S ribosomal RNA strands. Purification of the 5S strands is limited to RNase 
R/II digestion and size selection, which unfortunately cannot eliminate small intron lariats. 
To eliminate intron lariats, a lariat debranching enzyme (DBR1) can be used to convert 
them to non-circular form and thus make them susceptible to RNase R/II digestion. There 
are no modified bases in 5S strands which prevent reverse transcription in model species. 
To reduce enzyme costs and improve yield, coarse size selection should be applied to input 
RNA to remove the bulk of mRNA and ribosomal RNA (cutoff 200 nt). The small RNA 
selection method of the ZR RNA clean & concentration-5 does this quite well.  

Finer size selection using gel electrophoresis can also be used to further reduce background 
strands, but this step should be done on the dsDNA library, as the migration speed of 
ssRNA and ssDNA strands is less predictable (it depends on its secondary structure). 
Note that the 5S is typically well conserved between species, so taxonomic classification is 
coarse; this does not seem to be a major problem for microbial eukaryotes (see Table 82). 
A second sequencing step using DNA primed with 5S sequences (custom primers) is 
typically required to more accurate distinguish species which are present. 
As compared to methods which target the SSU or LSU RNA strand, this technique has 
several advantages: (1) the 5S RNA strand is just the right length for Illumina sequencing; 
(2) the 5S RNA strand’s length does not vary much between species, so selecting it by size 
includes less background human RNA; (3) every step of the flow can easily be checked 
using a gel; (4) RNase R purification step is easy and efficient; (5) one blocking primer is 
sufficient to eliminate the human 5S strand, rather than a whole panel of blocking primers 
required for the SSU/LSU flows. The only major downside is if the 5S strand of some 
species contains modified bases blocking reverse transcription, such species would not be 
detected by this method. The SSU/LSU RNA strand methods are much more resilient to 
blocking bases because they are fragmented before being reverse transcribed. 
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Table 80: Longest 3’ overhang of 5S rRNA strand in fungi and protists in Genbank (July 2015, query 
“105:140[SLEN] AND 5S AND complete”). Overhangs exceeding 4 nt appear to be common; according to 
http://www.rna.icmb.utexas.edu/SAE/2B/ConsStruc, 3’ overhang can be up to 17 nt long. Exo T apparently 
slows substantially at terminal “CACC-OH” (~1000x) “AACC-OH’” (~1000x), “CCCC-OH” (~100x), 
making some of these tails susceptible to RNase R even after incomplete Exo T digestion54. Higher Exo T 
enzymatic concentration and longer incubation periods can possibly remediate this problem, as Exo T 
activity is slower and not stopped by terminal C sequences54. 
Species Genbank Len 3’ overhang Comment 
Crithidia acanthocephali AY547474.1 131 CCAACTTCTTTTT  
Crithidia oncopelti AY547475.1 131 CCACATCCTTTTT  
Crithidia luciliae AY547476.1 129 CCAATCTTTTT  
Blastocrithidia culicis AY547472.1 125 CTCTTTT  
Leptomonas seymouri AY547477.1 122 TTTTTT  
Saccharomyces cerevisiae K01047.1 121 TCT Overhang reduced to 1 nt at lower temperature. 
Kluyveromyces lactis M19949.1 121 TCT  

Table 81: Alignment of human (top) and Saccharomyces cerevisiae (bottom) 5S rRNA sequence. 33% of 
bases are different, which is enough to use either blocking primers or target capture probes to separate them. 
Alignment 
GTCTACGGCCATACCACCCTGAACGCGCCCGATCTC-GTCTGATCT-CGGAAGCTAAGCAGGGTCGGGCCTGGTT-AGTACTTGGATGGGAGACCGCCTGGGAATACCGGGTGCTGTAGGCTTT 
|  | |||||||| |  || ||| ||  ||| |||| ||| ||||  | | || ||||| ||   | |||||    |||| |||  |||| ||||    | |||   | ||||||| |  ||   
GGTTGCGGCCATATCTACCAGAAAGCA-CCGTTCTCCGTCCGATCAACTGTAGTTAAGCTGGTAAGAGCCTGACCGAGTAGTGTAGTGGGTGACCATACGCGAAACTCAGGTGCTGCAATCT   

Table 82: Alignment of 5S of various medically important fungi. 
Species Alignment 
Saccharomyces cerevisiae GGTTGCGGCCATATCTACCAGAAAGCACCGTTTCCCGTCCGATCAACTGTAGTTAAGCTGGTAAGAGCCTGACCGAGTAGTGTAGTGGGTGACCATACGCGAAACTCAGGTGCTGCAATCT 

Candida albicans .................G..............C.....T........C............C.......AAT..................A................ATT............ 

Candida dubliniensis .................G..............C.....T........C............C.......AAT..................A................ATT............ 

Candida tropicalis .................G..............C.....T.....................C......TTGT..................A................ACAA........... 

Candida orthopsilosis .................G.............................A............C.......GA...................A.................TC............ 

Malassezia globosa   C........C.GAAC.GT...........A............TG.-.A........AC.GT.TC.A..-.GTT....C..CG.....G.....CG..G...T.CTG.T.......G.TC 

Malassezia restricta   C........C.GAAC.GT...........A............TG.-.A........AC.GT.TC.A..-.GTT....C..CG.....G.....CG..G...T.CTG.T.......G.TC 
Malassezia sympodialis   C........C.GAAC.GT...........A............TG.-.A........AC.GT.TC.T..-.GTT....C..CG.....G.....CGT.G...T.CTG.A.......G.TC 

Malassezia furfur   C........C.GAAC.AT....A......A............TG.-.A........AT.GT.TC.T..-.GTT...TC..CG.....G....ACGT.G...T.CTG.A.......G.TC 

Pneumocystis jirovecii A.C.A........C..CAG....TAT.....A............TG.-.A...C.....CTG...G..G.-CGTC....C.A...............T.G...TACG.C......T.G.T.T 

Encephalitozoon cuniculi  A..A..........C..GGA.........GAA.T....A....-T.C.A........CC..GC.......-GGT....C..AGAA...A....GCT..G...TAC.G.....C.T.....T 

 

http://www.rna.icmb.utexas.edu/SAE/2B/ConsStruc
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Figure 60: Comparison of 5S ribosomal RNA gene from three reference species, and the consensus sequence 
of all species. 3’ overhangs of less than 5 nucleotides are insufficient for RNase R or RNase II binding, so 
such strands are protected from digestion. Note that some species 3’ overhang are longer and thus will be 
susceptible to RNase R or RNase II. It is unclear if the stem hairpin is strong enough to fully resist RNase II 
digestion in species that have a long 3’ overhang. 
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Figure 61: <todo>. 

Table 83: V = A,C,G. 
Primers 5’ → 3’ 
II_20A5V AAAAAAAAAAAAAAAAAAAATGATCGGAAGTTCAGACGTGTGCTCTTCCGATCTAAAAA*V 

IU_20T4V  TTTTTTTTTTTTTTTTTTTTGATCGGAAGTTCCCTACACGACGCTCTTCCGATCTTTTT*V 

Table 84: [TODO]. Conditions: 1 uM, 2 mM Mg, 0.8 mM dNTP.  
Name Oligo Tm (exact match) 

Common                    GCTCTTCCGATC*T 49.9ºC 
IUP_67u          CCTACACGACGCTCTTCCGATC*T 68.1ºC 
IIP_67u          TCAGACGTGTGCTCTTCCGATC*T 68.2ºC 
5U_38z TCTGATCTCGGAAGCUAAGCAGGGT*C 69.5ºC 
5U_119V GCCTACAGCACCCGGUATTCC*C 69.3ºC 
5.8U_88y TGATCATCGACACTUCGAACGCAC*T 68.9ºC 

Table 85: Primers used to PCR amplify inserts ligated with Illumina adaptors. 
Primers 5’ → 3’ 
Illumina Index 1 primer         CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

Illumina universal primer               AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 
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5’ 
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Digest mRNA strands 
(RNase II or RNase R) 

Add poly(A) tail to 3’ end (ATP + 3’-dATP) 
(NEB rSAP (opt.), NEB E. coli Poly(A) Polymerase) 

Remove 3’ overhang (optional) 
(NEB Exonuclease T) 

5’ 
3’ 

5’ 
3’ 

 -H 3’ 
5’ 

Small RNA or Total RNA (ZR Fungal/Bacterial RNA MiniPrep) 
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Figure 62: <todo>. The two last PCR steps can be combined, though blocking efficiency will be lessened. 

 

Table 86: <todo> 
Primers 5’ → 3’ Comment 
dT60U_A4 TTTTTATTTATTTATTTATTTATTTATTTATTTATTTATTTATTTATTTATTTTTTTUTT Improves yield, while reducing longer 

than intended product. dT60U_A5 TTTTATTTTATTTTATTTTATTTTATTTTATTTTATTTTATTTTATTTTATTTTTTTUTT 

dT60U_A6 TTTTTTTATTTTTATTTTTATTTTTATTTTTATTTTTATTTTTATTTTTATTTTTTTUTT 

dT60U TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTUTT Reduces longer than intended product. 
dT25U                                    TTTTTTTTTTTTTTTTTTTTTTUTT  

Reverse transcribe with short poly(T)15 oligo 
(NEB M-MuLV Reverse Transcriptase) 

 -H 3’ 
5’ 

Add poly(dT) tail (dTTP + ddTTP) 
(NEB Terminal Transferase) 

5’ 3’ 

5’ 
5’ 3’ 

3’ H- 

Amplify with hairpin primers (2 x 55ºC, n x 72ºC) 
(NEB Q5 Hot Start DNA Polymerase Master Mix) 

5’ 3’ AAAAA AAA*V 

5’ 

5’ 3’ TTTTTT TTT*V 

3’ 5’ 
5’ 3’ 

Size select using gel electrophoresis 
(LifeTech E-Gel 2.0% Agarose Gel SYBR Safe) 

~240 bp 
3’ 5’ 
5’ 3’ 

5’ 3’ U 
5’ 3’ U 

5’ 3’ 
5’ 3’ 

Amplify using blocking primers (anneal at 68ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

Amplify using Illumina primers (anneal at 68ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

~244 bp 

 -H 3’ 
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Figure 63: <todo>. 

Touchdown anneal long poly(T) oligo (optional) 
[70,65,60,55,50]C x 1 min, hold at 20C 
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Amplify using blocking primers (anneal at 68ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

Size select using gel electrophoresis 
(LifeTech E-Gel 2.0% Agarose Gel SYBR Safe) 

~170 bp 
5’ 3’ 
3’ 5’ 

Amplify using Illumina primers (anneal at 65ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

~244 bp 

Reverse transcribe [23,28,33,38,43,48]C x 3 min 
(NEB Protoscript II Reverse Transcriptase) 

 -H 3’ 
5’ 5’ U 3’ 

 -H 3’ 
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Table 87: <todo>. 
Step, kit and comments Input Output 
Thaw the following components: 
• “NEB Exonuclease T (M0265S)” (5U/ul) 
• “NEBuffer 4 (B7004S)” (10X) 
• “Epicentre Ribonuclease R, E. Coli (RNR07250)” (20U/ul) 
• “Epicentre RNase R Reaction Buffer” (10X) 
• “M-MuLV Reverse Transcriptase Reaction Buffer (B0253S)” (10X) 
• “NEB E. coli Poly(A) polymerase (M0276S)” (5U/ul) 
• “NEB ATP Adenosine 5'-Triphosphate (P0756S)” (10 mM) 
• “Sigma Cordycepin 5'-triphosphate sodium salt (C9137)” (1 mM) 
 
Prepare tubes: 
• Label 0.2 ml tubes A,C,D 
• Label 1.5 ml microcentrifuge tube B 

  

Remove 3’ tails (optional) 
• Pipette 17.5 ul RNA in water (<1 ug small or <5 ug total) in TubeA 
• Pipette 2.5 ul “NEBuffer4 (10X) “ 
• Pipette 5 ul “NEB Exonuclease T – M0265S” (25 units) 
• Mix well by vortexing 
• Incubate at 25ºC for 30 minutes, or incubate overnight for more 

universal coverage, inclduing ‘C’ rich tails. Long digestions may 
require the addition of Murine RNase Inhibitor. 

• Clean-up reaction using ZR RNA Clean & Concentration-5  
• There is too much MgCl2 in NEB4 for RNase R digestion to work; 

downstream step requires 0.1 mM MgCl2! 
• Follow manufacturer’s instructions, elute in 22 ul water in TubeB 

 <5 ug RNA in 22 
ul water in TubeB 

Eliminate mRNA using RNase R (optional) 
• Pipette 21.5 ul from TubeB in TubeC 
• Pipette 2.5 ul “Epicentre RNase R Reaction Buffer” 
• Pipette 1 ul “Epicentre Ribonuclease R, E. Coli” (20U / 1 ug) 
• Mix well by vortexing 
• Incubate at 37ºC for 30 min 
• Incubate at 70ºC for 20 min to inactivate 

• RNase R would easily digest poly(A) tailed 5S in next step 
• Very low MgCl2 concentration mostly prevents heat fragmentation 

• Pipette 5 ul from TubeC to TubeD (to visualize on gel) 

 <1 ug RNA in 20 
ul Rx buffer in 
TubeC 
 
<1 ug RNA in 5 ul 
Rx buffer in 
TubeD 

Add poly(A) tail 
• Pipette 17 ul water into TubeC 
• Pipette 5 ul “M-MuLV Reverse Transcriptase Reaction Buffer”  
• Pipette 1 ul “NEB E. coli Poly(A) polymerase” (5U) 
• Pipette 2 ul “NEB ATP” (10 mM, final conc. 0.4 mM) 
• Pipette 1 ul “Sigma Cordycepin” (1 mM, final conc. 0.02 mM) 
• Mix well by vortexing 
• Incubate at 37ºC for 30 min 

 <1 ug RNA in 46 
ul Rx buffer in 
TubeC 
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Table 88: <todo>. 
Step, kit and comments Input Output 
Thaw the following components: 
• “NEB dNTP Deoxynucleotide Solution Mix (N0447S)” (40 mM total) 
• “NEB M-MuLV Reverse Transcriptase (M0253S)” (200U/ul) 
• “NEB CoCl2 (2.5 mM)” (10X) 
• “NEB Terminal Transferase Reaction Buffer” (10X) 
• “Jena dTTP (NU-1005S)” (100 mM) 
• “Jena ddTTP (NU-1018S)” (10 mM) 
• “NEB Terminal Transferase (M0315S)” (20U/ul) 
• “NEB Q5 Hot Start High-Fidelity 2X Master Mix (M0494S)” 
• “NEBNext Index 1 Primer for Illumina” (10 uM in TE) 
• “NEBNext Universal PCR Primer for Illumina” (10 uM in TE) 
 
Components at room temperature: 
• T15 : "TTTTTTTTTTTTTTT" (50 uM  in TE) 
• II_20A5V: "AAAAAAAAAAAAAAAAAAAATGATCGGAAGTTCAGACGTGTGCTCTTCCGATCTAAAAA*V" (50 uM  in TE) 
• IU_20T4V: "TTTTTTTTTTTTTTTTTTTTGATCGGAAGTTCCCTACACGACGCTCTTCCGATCTTTTT*V" (50 uM  in TE) 
• IUP_67u: "CCTACACGACGCTCTTCCGATC*T" (50 uM  in TE) 
• IIP_67u: "TCAGACGTGTGCTCTTCCGATC*T" (50 uM  in TE) 
• 5U_38z: "TCTGATCTCGGAAGCUAAGCAGGGT*C" (50 uM  in TE) 
• 5U_119V: "GCCTACAGCACCCGGUATTCC*C" (50 uM  in TE) 
 
Prepare tubes: 
• Label 0.2 ml tubes F,H[0-4],J[0-3],K[0-3],L 
• Label 1.5 ml microcentrifuge tube E,G,I,M 

  

Reverse transcribe 
• Pipette 1 ul T15 (50 uM, final conc. 1 uM) into TubeC 
• Pipette 2 ul “NEB dNTP mix” (40 mM, final conc 1.6 mM) 
• Pipette 1 ul “NEB M-MuLV Reverse Transcriptase” (200 units) 
• Final: 50 ul, 3.04 mM MgCl, 115 mM KCl, 58 mM Tris-HCL, dNTP 1.6 

mM, 0.4 mM ATP. 
• Mix well by vortexing 
• Incubate at 37ºC for 5 min, 48ºC for 5 min, hold at 8ºC. 

• 5S strands are very short, so they are reverse transcribed quickly 
• Incubating too long may nick RNA so much that it detaches, making 

downstream purification step more difficult than necessary. 
• Clean-up reaction using ZR DNA Clean & Concentration-5  

• Poly(T)15 oligos must be eliminated, otherwise they will consume all 
dTTP in the next step! 

• Strands are very short, so keeping RNA attached to ssDNA helps this 
purification step 

• Follow manufacturer’s instructions, elute in 45 ul water in TubeE 

<1 ug RNA in 46 ul 
Rx buffer in TubeC 
(Table 87) 

<1 ug RNA:DNA 
in 45 ul water in 
TubeE 
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Add poly(T) tail 
• Pipette 38 ul from TubeE to TubeF 
• Pipette 5 ul “NEB Terminal Transferase Reaction Buffer” 
• Pipette 5 ul “NEB CoCl2” (2.5 mM, final conc. 0.25 mM) 
• Pipette 0.25 ul “Jena dTTP” (100 mM, final conc. 0.5 mM) 
• Pipette 0.1 ul “Jena ddTTP” (10 mM, final conc. 0.02 mM) 

• Note: pipetting such small volumes tends to be inaccurate; it’s best to 
to reduce the concentraton before adding: pre-mix 2 ul ddTTP (10 
mM) + 5 ul dTTP (100 mM) + 13 ul water), and add 1 ul of this mix. 
Saved unused mix for later reactions by storing at -20ºC. 

• Pipette 1 ul “NEB Terminal Transferase” (20 units) 
• Incubate at 37ºC for 30 min 
• Clean-up reaction using ZR RNA Clean & Concentration-5  

• Strands are very short, so they should not be cleaned with DNA kit 
• Follow manufacturer’s instructions, elute in 30 ul water in TubeG 
• Alternatively, a small amount of uncleaned material can be used as a 

template in the PCR reaction, though this is not recommended if 
Illumina sequencing is to follow, as this will produce duplicate reads. 

 <1 ug ssDNA in 
30 ul water in 
TubeG 
 

Add Illumina adaptor ends, PCR amplify 
• Pipette 23 ul from TubeG to TubeH4 
• Pipette 25 ul “NEB Q5 Hot Start High-Fidelity 2X Master Mix” 
• Pipette 1 ul II_20A5V (50 uM, final conc. 1 uM) 
• Pipette 1 ul IU_20T4V (50 uM, final conc. 1 uM) 
• Mix well, spin down. 
• Incubate 98ºC for 120s, 2 x [98ºC for 30s, 55ºC for 30s, 72ºC for 30s], 

25 x [98ºC for 30s, 72ºC for 30s], 72ºC for 120s, 8ºC hold. 
• Aliquot 10 ul every five cycles into TubeH[0-3] 

 dsDNA in 10 ul 
Rx mix in 
TubeH[0-4] 
 

Visualize results on gel with: 
- Lane 1: 2 ul input RNA + 8 ul water (~100 ng small or ~500 ng Total) 
- Lane 2: 5 ul from TubeD + 5 ul water (after RNase R) 
- Lane 3: 8 ul from TubeE + 2 ul water (after RT) 
- Lane 4: 7 ul from TubeG + 3 ul water (after Poly(T) tailing) 
- Lane 5: 4 ul dsDNA ladder 
- Lane 6: 10 ul from TubeH0 (after adaptor PCR 5 cycles) 
- Lane 7: 10 ul from TubeH1 (after adaptor PCR 5 cycles) 
- Lane 8: 10 ul from TubeH2 (after adaptor PCR 5 cycles) 
- Lane 9: 10 ul from TubeH3 (after adaptor PCR 5 cycles) 
- Lane 10: 10 ul from TubeH4 (after adaptor PCR 5 cycles) 
Size select 200 – 300 bp from lane 6 – 10. 
Purify with Zymoclean Gel DNA Recovery Kit 

• Follow manufacturer’s instructions, elute in 25 ul water in TubeI 

 dsDNA in 25 ul 
water in TubeI 

Measure DNA concentrastion in TubeI 
• Promega QuantiFluor dsDNA ONE (1 prep) 

• Pipette 199 ul of dsDNA ONE Dye into 500 ul tube 
• Pipette 1 ul from TubeI 
• Spin, vortex, spin, vortex, spin. 
• Measure in Promega Quantus Fluorometer 

Add water to TubeI, diluting to dilute 1 ng per ul 
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PCR amplify, blocking human 5S strands 
• Pipette 19 ul from TubeI into TubeJ3 (~19 ng dsDNA template) 
• Pipette 25 ul “NEB Q5 Hot Start High-Fidelity Master Mix (X2)” 
• Pipette 1 ul IUP_67u (50 uM, final conc. 1 uM) 
• Pipette 1 ul IIP_67u (50 uM, final conc. 1 uM) 
• Mix well 
• Pipette 23 ul from TubeJ3 to TubeK3 
• Pipette 2 ul TE to to TubeJ3 
• Pipette 1 ul 5U_38z (50 uM, final conc. 1 uM) to TubeK3 
• Pipette 1 ul 5U_119v (50 uM, final conc. 1 uM) to TubeK3 
• Mix well, spin down. 
• Incubate 98ºC  for 120s, 24 x [98ºC for 30s, 70ºC for 30s], 72ºC for 

120s, 8ºC hold. 
• Once PCR product reaches ~250 ng, PCR should be stopped. 
• Control step: aliquot 5 ul of PCR reaction at cycle 6 and 12, 18 into 
TubeJ[0-2] and TubeK[0-2] 

  

Add final Illumina sequence using NEB primers 
• Pipette 1 ul from TubeK3 to TubeL as ~20 ng template 
• Pipette 21 ul water 
• Pipette 25 ul “NEB Q5 Hot Start High-Fidelity Master Mix (X2)” 
• Pipette 1 ul “NEBNext Index 1 Primer” (10 uM, final conc. 0.2 uM) 

• If multiple samples will be sequenced together, you many need to use 
another index primer. 

• Pipette 1 ul “NEBNext Universal Primer” (10 uM, final conc. 0.2 uM) 
• Incubate 98ºC  for 120s, 10 x [98ºC for 30s, 68ºC for 30s, 72ºC for 30s], 

72ºC for 120s, 8ºC hold. 
• Clean-up reaction using ZR DNA Clean & Concentration-5  

• ZR Select-a-Size DNA Clean & Concentrator could be used instead to 
more efficiently eliminate unwanted shorter strands. 

• Follow manufacturer’s instructions 
• Elute in 20 ul 10 mM Tris buffer in TubeM 

• This is about ten times more inserts than necessary for one lane 

  

Visualize results on gel with: 
- Lane 1: 10 ul from TubeJ0 
- Lane 2: 10 ul from TubeJ1 
- Lane 3: 10 ul from TubeJ2 
- Lane 4: 10 ul from TubeJ3 
- Lane 5: 4 ul dsDNA ladder 
- Lane 6: 10 ul from TubeK0 
- Lane 7: 10 ul from TubeK1 
- Lane 8: 10 ul from TubeK2 
- Lane 9: 10 ul from TubeK3 
- Lane 10: 2 ul from TubeM 
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4.7 Depletion methods using reverse transcription 
Objective: only deplete strand which have long single stranded RNA regions (either 
measured by nucleotide length, by ΔG or both). 
When using random or quasi-random oligos to initiate reverse transcription, care must be 
take in the choice of oligos. Longer oligos have higher melting temperatures—which is 
generally good, as higher temperature facilitate reverse transcription. However, the 
concentration of individual oligos is reduced which has two major drawbacks. First, the 
melting temperature is reduced and the time is takes for annealing to take place (eg. to 
reach equilibrium) is increased. Second, if some sequences appear very frequently in the 
RNA library being processed, all matching oligos may be consumed leaving RNA strands 
unhybridized—this usually results in less efficient depletion of high concentration strands. 
[TODO: note that RT enzymes required Mg, and Mg + high temperature results in 
fragmentation of RNA strands. This means high temp RT is only marginally useful] 
Table 89: Reverse transcription enzymes. 
Enzyme Strand 

displace
-ment 

RT 
speed 

Pro-
cess-
itivity 

Ther-
mal 
stabi-
lity 

Ter-
minal 
trans-
fease 

RNase 
H 
acti-
vity 

RNA 
primer 

Modified nucleotide 
efficiency 

Comment 

ddNTP dUTP Biotin 
dNTP  

AMV RT +++ 25 nt/s 400 nt 60C AA… ++ +   + Ref68 
M-MuLV RT +++ 25 nt/s 400 nt 48C CC… + + 0.0002   Ref68 
NEB Protoscript II +++ 25 nt/s 400 nt 48C CC… - +     
Tth DNA Polymerase ? +++  95C  + ?     
Taq DNA Polymerase Destroys 

it 
+  95C A - - 0.0002 + + Ref69 

E. coli DNA Polymerase I Destroys 
it 

+ 1 nt 37C  - + 3’ exo Poor  Ref70 

Klenow fragment 
(E. coli  DNA Polymerase I) 

++ + 1 nt 37C A - + 0.0002 Poor  Ref70 

Bst DNA Polymerase, Large 
Fragment 

++++ +  65C  - +     

NEB Bst 2.0 DNA Polymerase ++++ ++  65C  - +     
NEB Bst 3.0 DNA Polymerase ++++ ++  72C  - +     
NEB WarmStart RTx ++ +++  65C  + +     
Carboxydothermus 
hydrogenoformans Klenow 
fragment 

?           

Epicentre MonsterScript RT +++ +++  60C  -      
Lifetech SuperScript IV ? +++  65C  - ?     
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Table 90: [TODO]. 
Oligo name Oligo Tm HP Conditions 
16Sh_532Q CTAGCAG ACCGCGGCTGCTGGCAC 70.4 61.9 

1 uM oligo, 
RNA, 125 mM 
mono, 3 mM 
Mg, 2 mM 

dNTP 

16Sh_532Qm CTAGCAG mAmCmCmGCGGCTGCTGGCAC 76.6 61.9 
16Sh_1408Q TGTATACAC GACGGGCGGTGTGTACA 63.3 54.2 
16Sh_1408Qm TGTATACAC mGmAmCmGmGmGmCmGGTGTGTACA 76.0 54.2 
16Sh_1507K GTTGTA ACCTTGTTACGACTT 50.6 49.9 
16Sh_1507Km GTTGTA mAmCmCmUmUmGmUmUmAmCmGmACTT 66.1 ? 
23Sh_2604B CTGGGTT CTGTCTCACGACGTTCTAAACCCAGCTC 67.8 61.1 
23Sh_2604Bm CTGGGTT 

CTGTCTCmAmCmGmAmCmGTTCTmAmAmACCCAGCTC 
81.0 ~61.1 

 

 

Figure 64: [TODO]. Short reverse transcription. TODO: add heating up step. 

SSU  RNA 

Anneal at ~60C – 70C, cool on ice 
(NEB Protoscript II Reaction Buffer) 

5’ 3’ 

Reverse transcribe at 37ºC, digest with RNase A 
(NEB Protoscript II Reverse Transcriptase) 

Poly(A)-tailed RNA 
5’ 3’ 

5’ 3’ 

5’ 3’ 

5’ 3’ 

LSU  RNA 

5’ 

5’ 3’ 

5’ 3’ 

5’ 3’ 

3’ 5’ 5’ 3’ 

3’ 3’ 5’ 

5’ 3’ 3’ 5’ 

3’ 5’ 

3’ 5’ 
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4.7.1 Enhanced target capture using most conserved SSU/LSU sequences 
The simple target capture method described in Section 4.5.3 works well enough, though it 
has limitations which can be overcome by adding a reverse transcription step prior to bead 
isolation. For example, the best conserved region of the SSU is short, so probes 
complementary to this sequence have difficulty annealing in place of the naturally forming 
SSU secondary structure. Furthermore, the ΔG of the probe bond is marginal, so many 
RNA strands may dehybridize from the probe during the target capture steps. 
Unlike reverse transcribed probes, the simple target capture does not test for 3’ 
mismatches, which means more unwanted strands are captured than necessary. 
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Table 91: [TODO]. 
Oligo name Oligo Next ΔG 

500mM 
25C 

Tm Conditions 

16S_532P ACCGCGGCTGCTGGCA C -43.5 67.3 

1 uM oligo, 
RNA, 60 

mM mono, 
1.5 mM Mg, 

0.8 mM 
dNTP 

16S_532Pm mAmCmCmGmCGGCTGCTGGCA C -47.6 75.3 
16S_1408O GACGGGCGGTGTGTA C -39.1 58.2 
16S_1408Om mGmAmCmGmGmGmCmGGTGTGTA C -42.7 72.4 
16S_1507L ACCTTGTTACGA C -24.0 39.7 
16S_1507Lm mAmCmCmUmUmGTTACGA C -28.6 46.9 
23S_2604A CTGTCTCACGACGTTCTAAACCCAGCT C -58.0 66.0 
23S_2604Am CTGTCTCAmCmGmAmCmGTTCTmAmAmACCCAGCT C -63.1 78.2 
16S_1407Pm_1507L mAmCmGmGmGmCmGGTGTGTmAmCmA 

AAAAAAA ACCTTGTTACGA 
 
C 

-46.3 77.3 
39.7 

16S_1407Pm_1507Im mAmCmGmGmGmCmGGTGTGTmAmCmA 
AAAAAAA mAmCmCmUmUmGTTA 

 
C 

-46.3 77.3 
35.9 

 

 

Figure 65: [TODO]. Short reverse transcription. 

 

Figure 66: [TODO]. Longer reverse transcription. 

SSU  RNA 

ddDTP for 5 min (opt.), then biotin-dCTP and dDTP 
(NEB Taq ~63ºC, stop with EDTA) 

5’ 3’ 

Indirect capture, wash (cold), elute (hot) 
(NEB Streptavidin paramagnetic beads) 

3’  5’ 

Poly(A)-tailed RNA 
5’ 3’ 

5’ 3’ 

Avidin 

5’ 3’ 

5’ 3’ 
3’ H- 5’ B 

LSU  RNA 

3’ 5’ 

5’ 3’ 

5’ 3’ 
B 

5’ 3’ 

3’ 5’ 

B 

5’ 3’ 5’ 3’ 5’ 3’ 

SSU  RNA 

RT with biotin-dCTP and ddDTP (opt.) 
(NEB Taq at ~63ºC, stop with EDTA) 

5’ 3’ 

Indirect capture, wash (cold), elute (hot) 
(NEB Streptavidin paramagnetic beads) 

3’ H- 5’ 

Poly(A)-tailed RNA 
5’ 3’ 

5’ 3’ 

Avidin 

5’ 3’ 

5’ 3’ 
3’ H- 5’ B 

LSU  RNA 

3’ H- 5’ 

5’ 3’ 

5’ 3’ 
B 

5’ 3’ 

3’ 5’ 

B 

5’ 3’ 5’ 3’ 5’ 3’ 
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4.7.2 Depletion of “unstructured” RNA by hairpin-priming 
Fragment a little bit, then use RNase T to truncate 3’ hairpin (ex: ITS1 region), and extend 
with at high temperature with Tth. 
[TODO: note that 3’ exonuclease step is not required, but it improves yield.] 

[TODO: also show how to do this with DNA also, since DNA approach is more flexible in 
terms of enzyme choice; the biggest problem is priming near the SSU’s 3’ end. You can try 
this with PCR/DNA only… Basically:  
1) fragment RNA to ~500 nt, exposing SSU 3’ end. 

2) Ligate adaptor at 3’ end. 
3) Reverse transcribe from adaptor to dsDNA. 

4) Denature at 98C, add thermostable DNA polymerase with 3’ exonuclease activity (ex: 
Q5), reduce temperature to ~72C, wait for SSU 3’ overhang to be removed, at which point 
the SSU ITS hairpin will self-prime. 
Note that you could also cut it with a restriction enzyme.] 

 
[TODO: draw hairpin detection as of third strand synthesis, and why this is better/worse 
than FSS: 
Better: 3’ exo enzymes can truncate overhangs better than Exo T; 

Worse: wobble base pairs much stronger in RNA and used extensively in SSU] 
 

[Notes on SSU priming:  
1) entire domains may end-up being skipped because they form “huge” hairpins. 

2) Some microbes have weaker hairpins – see Table in next section. 
3) The most stable RNA hairpin (drawn) is not necessarily the most stable DNA hairpin of 
the same sequence; this means the DNA ribosome equivalent will not fold properly. 
Adding 1000mM Na helps form proper hairpins in DNA] 
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Figure 67: [TODO]. Note that the removal of 3’ overhangs by Exonuclease T is inefficient on some 
sequences such as “AAA”, “CCU”, “CCC” which means this extra step may only slightly improve yield. 

Fragmentation at 94ºC for a few minutes in Mg2+ 
 

Hairpin-primed first strand synthesis (hot!) 
(NEBNext RNA First Strand Synthesis Module or 
NEB WarmStart RTx Reverse Transcriptase or 
Promega Tth DNA Polymerase) 

3’ 

5’ 
3’ 

5’ 

Cleavage of hairpin & digestion of other RNA  
(optional) (NEB Mung Bean Nuclease)  

5’ 3’ 

5’ 3’ 

“Structured” RNA strand Fragment “Unstructured” RNA Strand Fragment 

3’ 
5’ 

5’ 
3’ 

Nick initiated translation of hybridized RNA  
(NEBNext mRNA Second Strand Synthesis Module) 
 

3’ 
5’ 

5’ 
3’ 

Removal of residual RNA (optional) 
(NEB RNase B) 

3’ 
5’ 

5’ 
3’ 

RNA strands from RNA extraction 
(ZR Fungal/Bacterial RNA MiniPrep) 

5’ 3’ 
100 to 15000 nt 

5’ 

3’ p 

5’ p 3’ 

Remove short 3’ overhang (optional) 
(NEB Exonuclease T) 

Remove 3’ phosphate 
(NEB Shrimp Alkaline Phosphatase) 

5’ 

3’  

5’ 3’ 
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Figure 68: [TODO]. Note that the removal of 3’ overhangs by Q5 DNA polymerase is efficient, which  
improves yield significantly. 

3’ 

Fragmentation to ~500 bases at 94ºC in Mg2+ 
 

RNA strands from RNA extraction 
(ZR Fungal/Bacterial RNA MiniPrep) 

5’ 3’ 
100 to 15000 nt 

Random hexamer primed reverse transcription 
(NEBNext RNA First Strand Synthesis Module) 

5’ 3’ 
3’ 5’ 

Nick initiated translation 
(NEBNext mRNA Second Strand Synthesis Module) 

5’ 3’ 

5’ 3’ 

5’ 3’ 

3’ 5’ 

NNNNNN 

Denature strands at 98ºC 
(cDNA can optionally be removed) 

5’ 5’ 3’ 
“Structured” RNA strand Fragment “Unstructured” RNA Strand Fragment 

3’ (→5’) exonuclease removal of 3’ overhang 
(NEB Q5 DNA Polymerase) 

3’ 
5’ 5’ 3’ 

Extension of hairpin 
(NEB Q5 DNA Polymerase) 

3’ 
5’ 5’ 3’ 

Cleavage of hairpin & digestion of other RNA  
(NEB Mung Bean Nuclease)  

3’ 
5’ 

5 
3 

Either continue with Illumina library preparation or 
repeat hairpin priming steps for further purification 
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4.7.3 Depletion of non-SSU/LSU RNA by blocked reverse transcription 
Most SSU/LSU RNA strands contain modified bases, some of which block reverse 
transcription. For example, two blocking modified adenines (m2

6A - N6, N6-
Dimethyladenosine) are present near the 3’ end  of SSU RNA strands of the three reference 
organisms (see Table 39). These bases are modified by the core “Dimethyladenosine 
transferase” gene (KsgA, rsmA or Dim1) which is considered universal71, 72. This 
universality hypothesis is supported by the necessity to maintain KsgA in the minimum 
viable bacterial genome73. 

Bases which block reverse transcription can be seen as problematic for microbiome 
analysis, yet they can also be used to differentiate “structured” RNA strands from 
“unstructured” types such as mRNA, helping increase microbiome assay sensitivity. Note 
that not all species may have modified bases in their SSU/LSU genes, so this method is not 
universal. 
Total RNA is extracted and all RNA strands are poly(rA) tailed using “NEB E. coli 
Poly(A) Polymerase M0276S”. The poly(rA) tailing step is not useful for human mRNA, 
as these strands already have a poly(rA) tail—though it can still be useful for fragmented 
mRNA strands. Unfragmented structured RNA such as the SSU/LSU may or may not have 
a long enough 3’ end to initiate the Poly(A) tailing reaction. 

Reverse transcription is then performed with an enzyme which efficiently reverse 
transcribes entire mRNA strands, using poly(T) DNA or poly(U) RNA primers—note than 
a high reverse transcription temperature should be used to prevent accidental priming of 
consecutive A bases in SSU/LSU RNA strands. Finally, RNase H is added to destroy RNA 
strands which were hybridized to DNA through reverse transcription. The 3’ region of 
RNA strands up to the first blocking modified base will be destroyed by this technique. 
Since “unstructured” RNA strands are not expected to contain any blocking modified 
bases, this technique should very efficiently eliminate such RNA. It is unclear if some 
microbial species have SSU/LSU strand which contain no blocking modified bases; such 
species would be missed by this type of assay. 

SSU RNA strands with long stretches of ‘A’ may accidentally prime internally and be 
eliminated. For example, Saccharomyces cerevisiae’s mitochondrial SSU RNA strands is 
AT rich (A: 697, T: 602, C: 144, G: 206), though the longer consecutive stretch of ‘A’ is 
six, so a long poly(T) oligo and a high reverse transcription temperature will avoid this 
problem (25 nt and 42ºC). 
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Figure 69: Flow to quickly produce SSU cDNA. Fragmentation is optional, but improves elimination of long 
RNA strands; if fragmentation brings RNA below the length of the SSU, the 5’ end of the SSU may be lost. 
Blocking bases are unlikely to entirely prevent reverse transcription, though cDNA produced may be 
composed of several fragments. Note: there is 0.4 pmol of unique hexamer sequence (20 ul reaction volume), 
which would be completely consumed by 220 ng of SSUs. WARNING: performing random hexamer 
priming on SSU RNA strands without fragmentation may produce highly biased results because most of the 
strand will not be available for priming. Not recommended. 

 

Total RNA strands from RNA extraction 
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(Heat at 94ºC for a few minutes) 
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Capture and wash 
(NEB Streptavidin beads) 
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Elute using heat and/or RNase A 
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(NEB Protoscript II Reverse Transcriptase) 
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(NEB E. coli poly(A) Polymerase) 

5’ 3’ 

3’ 
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Figure 70: [TODO]. Flow to produce SSU RNA. 

 

 

Total RNA strands from RNA extraction or pre-purified SSU RNA 
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(NEB E. coli poly(A) Polymerase) 
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3’ 
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Anneal and reverse transcribe biotin-poly(T)25 
(NEB Protoscript II Reverse Transcriptase) 
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(NEB Streptavidin beads) 
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3’ 
3’ 3’ 5’ 5’ 3’ 

5’ 3’ 5’ 5’ 

Elute with heat or RNase H 
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Table 92: [TODO]. 
Step, kit and comments Input Output 
Thaw on ice: 
• “M-MuLV Rev. Transcriptase Reaction Buffer (10X) (B0253S)” (1 tube) 

• 1X: 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10mM DTT, pH 8.3 
• “NEB RNase H (5U/ul) (M0297S)” (1 tube) 
• “NEB E. coli Poly(A) Polymerase (M0276S)” (2 tubes) 

• “E. coli Poly(A) Polymerase (5U/ul)”  
• “Adenosine-5'-Triphosphate (ATP) (10 mM)” 

• “NEB Protoscript II Reverse Transcriptase (M0368S)” (3 tubes) 
• “Protoscript II Reverse Transcriptase (200U/ul)” 

• “NEB Deoxynucleotide Solution Mix (10mM each) (N0447S)” (1 tube) 
 
Primers used: 
• 18HH_473R:  “ACGTCCAG GCCTTCCTTGGATGTGGT” 50 uM in TE 
• 18HH_934T: “TAACTAGTT GCTCGGGGGTCGCGTAACTAGTTAGC 50 uM in TE 
• 18HH_1396Q: “GAACGGG GCCAGAGTCTCGTTCGT” 50 uM in TE 
• 18HH_1841Z: “AGGAAGTAAA ACCTTGTTACGACTTTTACTTCCTCT” 50 uM in TE 
• BioT25: “/5Biosg/TTTTTTTTTTTTTTTTTTTTTTTTT” 50 uM in TE 
 
Label clean tubes: 
• Tube A,B,C (200 ul PCR tubes) 

  

RNA fragmentation (random and specific sizes - optional) 
• “NEB Protoscirpt II Reverse Transcriptase” (1 prep) 

• Pipette 11 ul Total RNA  into TubeA 
• Pipette 2 ul “M-MuLV Reverse Transcriptase Reaction Buffer (10X)” 
• Pipette 1 ul 18HH_473R@50uM (50 pmol) 
• Mix well, spin down. 
• Incubate at 90ºC for 1 min, 65ºC for 2 min (to anneal), hold at 37ºC  
• Pipette 1 ul “NEB RNase H (5U/ul)”  
• Mix well, spin down. 
• Incubate at 37ºC for 20 min, 65ºC for 20 min, hold at 20ºC. 

≤1 ug SSU 
RNA in 11 ul 
water 

≤1 ug fragmented  
SSU RNA in 15 ul 
rx mix in TubeA 

Extension of Poly(rA) tail and first strands synthesis 
• “NEB E. coli Poly(A) Polymerase (M0276S)” (1 prep) 
• Pipette 1 ul from “E. coli Poly(A) Polymerase (5U/ul)” to TubeA 
• Pipette 1 ul from “Adenosine-5'-Triphosphate (ATP) (10 mM)” 
• Pipette 1 ul BioT25@50 uM (50 pmol, final conc. 2.5 uM) 
• Pipette 1 ul “NEB Deoxynucleotide Solution Mix (10 mM each)” 

• Note: there are 10 nmol of each dNTP (final. combined conc. of 2 mM); 
1 ug human SSU cDNA contains 1 nmol of each dNTP (eg. 10% of 
reaction capacity). 

• Pipette 1 ul “Protoscript II Reverse Transcriptase (200U/ul)” 
• Mix well, spin down. 
• Incubate at 37ºC for 60 min, hold at 16ºC 

 ≤2 ug RNA:DNA 
hybrid in 20 ul rx 
mix in TubeA 

Capture and wash reverse transcribe strands 
• Pipette 50 ul “NEB Streptavidin Magnetic Beads” in TubeA 
• Note: 50 ul = 100 pmol binding capacity, twice the amount of BioT25 

• Mix well, incubate at room temperature for 10 min 
• Isolate beads, remove and discard supernatant 
• Pipette 20 ul “M-MuLV RT React. Buffer (10X)”,  90 ul water, mix well. 
• Isolate beads, remove and discard supernatant 
• Pipette 20 ul “M-MuLV RT React. Buffer (10X)”,  90 ul water, mix well. 
• Isolate beads, remove and discard supernatant 

  



 150 

RNase H digestion and bead removal (option 1) 
• Pipette 2 ul “M-MuLV Reverse Transcriptase Reaction Buffer (10X)” 
• Pipette 12 ul water 
• Pipette 1 ul  “NEB RNase H (5U/ul)” 
• Mix well, spin down. 
• Incubate at 45ºC for 30 min, 65ºC for 30 min, hold at 16ºC 
• Isolate beads, transfer supernatant to TubeB 

 ≤2 ug RNA in 15 
ul rx mix in TubeB 

RNase H digestion and bead removal (option 2) 
• Pipette 2 ul “M-MuLV Reverse Transcriptase Reaction Buffer (10X)” 
• Pipette 9 ul water 
• Mix well, spin down. 
• Pipette 5 ul from TubeA to TubeC 
• Pipette 0.5 ul 18HH_473R@50uM (25 pmol) to TubeC 
• Pipette 0.5 ul 18HH_934T@50uM (25 pmol) to TubeC 
• Pipette 0.5 ul 18HH_1396Q@50uM (25 pmol) to TubeC 
• Pipette 0.5 ul 18HH_1841Z@50uM (25 pmol) to TubeC 
• Incubate TubeC at 65ºC for 2 min, hold at 45ºC. 
• Pipette 1 ul  “NEB RNase H (5U/ul)” to TubeC 
• Pipette 1 ul  “NEB RNase H (5U/ul)” to TubeA 
• Incubate TubeA&C at 45ºC for 30 min, 65ºC for 20 min, hold at 64ºC 
• Incubate TubeA at 94ºC for 6 min, hold at 64ºC. 
• Isolate beads in TubeA at 64ºC, transfer supernatant to TubeB 
• Isolate beads in TubeC at 64ºC, transfer supernatant to TubeB 

 ≤2 ug RNA in 15 
ul rx mix in TubeB 
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4.7.3.1 Targeting SSU helix 45 specifically 
Helix 45 is a strong hairpin located at the 3’ end of SSU RNA strands (see Figure 71). It is 
thought to be universally conserved. It contains two universally conserved modified 
adenines which block reverse transcription. The tip of the hairpin is very tight: only four 
bases are exposed. These properties can be used to select SSU strands. The sequence of the 
hairpin varies between species (see Table 94, Table 95 and Table 96); the sequence near 
the tip of the hairpin varies less (see Table 93), though it is not nearly as universal as the 
decoding site or helix 18. 

Reverse transcribing the 3’ end of the SSU is a challenge because few nucleotides are 
exposed and these are AT-rich, leading to very inefficient priming by random hexamers 
(“GAUCAUUA” in humans). This is a problem when the decoding site, which is very 
close to the 3’ end of SSU, is used for RT-PCR. Though helix 45 is an excellent CG-rich 
priming region suitable for annealing of random hexamers, it is folded into a tight hairpin 
which is makes it unsuitable for priming. Furthermore, random hexamers are not efficient 
for the reverse transcription of low entropy libraries such as the SSU strand, as shown in 
Figure 69. 

 
Figure 71:  Helix 45 of three reference species, located very close to the 3’ end of the SSU. The hairpin itself 
it thought to be universally conserved, though its sequences varies substantially between species. Two 
universally conserved modified adenine bases are located at the tip of the hairpin, and block reverse 
transcription. E. coli has a modified uracil near the 5’ end of helix 45 which also blocks reverse transcription. 
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Table 93: Koff time (in ms) for DNA oligos to best conserved region of helix 45 (25ºC, 125 mM Na+). 
Main species Helix 45 

target seq 
Octamer 
 

Heptamer 
(1) 

Heptamer 
(2) 

Hexamer 
(1) 

Hexamer 
(2) 

Hexamer 
(3) 

Eukaryotes (1) TAGGTGAA 180 31 60 4 10 3 
Eukaryotes (2) TTGGTGAA 97 17 48 2 8 3 
Eukaryotes (3) TTGGAGAA 147 25 72 3 12 4 
Bacteria (1) / archaea TAGGGGAA 46000 7900 15000 966 2600 688 
Bacteria (2) TATCGGAA 139 24 46 3 8 9 
Bacteria (3) TACCGGAA 2300 400 770 49 132 26 
Bacteria (4) TAGGAGAA 272 47 90 6 16 4 
Bacteria (5) TACTGGAA 161 28 53 3 9 2 
Bacteria (6) TACGAGAA 63 11 21 1 4 1 
 

 
Figure 72: Hairpin primed protocol which selects against other RNAs. WARNING: this method does not 
produce the whole SSU strand when other blocking bases are present (for example, E. coli has a modified 
base m3U at 1498 which would prevent helix 45 hairpin reverse transcription). Not recommended . 

Total RNA strands from RNA extraction or pre-purified SSU RNA 

Add poly(rA) tail to all RNA strands (opt. 3’-dATP) 
(NEB E. coli poly(A) Polymerase) 

Reverse transcribe poly(T)15 oligo 
(NEB Protoscript II Reverse Transcriptase) 

SSU RNA Strand 

3’ 
5’ 

5’ 
3’ 

3’ 5’ 

3’ 5’ 

Capture, wash 
(NEB Streptavidin beads) 
 

3’ 
5’ 

Reverse transcribe (at critical temperature) 
(NEB Protoscript II Reverse Transcriptase) 
 

3’ 5’ 

Avidin 

3’ 
5’ 

5’ 
3’ 

Elute with RNase H at 16ºC 
(NEB E. coli RNase H) 

Fragment to <2000 nt (optional) 

3’ 5’ 

3’ 
5’ 
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Figure 73: Hairpin primed protocol which selects against other RNAs (high efficiency). Final reverse 
transcription temperature is critical to select SSU and not other strands. This method produces the whole SSU 
strand even when other blocking bases are present. At the 5’ end of the helix 45 hairpin, there are two highly 
conserved ‘G’ to which biotin-dCTP is expected to be attached; if dNTP are used instead of dDTP 
(dATP+dGTP+dTTP) , the yield will fall (this is not recommended). If Therminator is used, biotin-ddCTP 
can be used to ensure we don’t run out of nucleotides. 

Total RNA strands from RNA extraction or pre-purified SSU RNA 

Add poly(rA) tail to all RNA strands (opt. 3’-dATP) 
(NEB E. coli poly(A) Polymerase) 

Reverse transcribe poly(T)15 oligo 
(NEB Protoscript II Reverse Transcriptase) 

SSU RNA Strand 

3’ 
5’ 

5’ 
3’ 

3’ 5’ 

3’ 5’ 

Capture, wash 
(NEB Streptavidin beads) 
 

3’ 
5’ 

Label at critical temperature (biotin-dCTP+dDTP) 
(NEB Therminator DNA polymerase or 
NEB Protoscript II Reverse Transcriptase) 

3’ 
5’ 

3’ 5’ 

Avidin 

3’ 
5’ 

5’ 
3’ 

Elute with RNase H at 16ºC 
(NEB E. coli RNase H) 

Fragment to <2000 nt (optional) 

Avidin Capture, wash 
(NEB Streptavidin beads) 
 

3’ 
5’ 

Elute and fragment using heat and Mg2+ 

5’ 3’ 5’ 3’ 

3’ 5’ 

B 

B 
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leif fastacat hp1_step1.fa ssu_4932_a.fa 380294104:1571-1670 
blastn -query hp1_step1.fa -db "ssu_me" -evalue 0.001 -max_target_seqs 1000000000 -outfmt "7 qstart 

qend sstart send evalue stitle" -task blastn > hp1_step2.blastn 
leif fastacat me_ssu_1571_1670.fa ssu_me.fa.gz extend  1 400 hp1_step2.blastn  
echo GTTTCCGTAGGTGAACCTGCGGAAG CTTCCGCAGGTTCACCTACGGAAAC > a.txt 
leif 1800 pcr2 genus 10 0 5000 b.txt a.txt me_ssu_1571_1670.fa taxid.git 1 

 
 
Table 94: Helix 45 hairpins from microbial eukaryotes (and a few select species). Grossly mismatching 
bases may be due to sequencing errors (it’s hard to tell). 
Example species Euk. 

genus 
count 

Helix 45 sequence 
(variations in red, grossly 
mismatching bases underlined) 

Hairpin Tm 
1000 mM Na 2.0 mM Mg 

0.8 mM dNTP 
RNA DNA cDNA DNA 

S. cerevisiae / Human 1488 GTTTCCGTAGGTGAACCTGCGGAAG 91 77 71 68 
 867 GTTTCCGTAGGTGAACCTGCAGAAG 73   46 
 239 GTCTCCGTTGGTGAACCAGCGGAGG 95   69 
 173 GTCTCCGTAGGTGAACCTGCGGAGG 98   70 
 37 GTTTCTGTAGGTGAACCTGCAGAAG 85   61 
 34 GCATCGGTAGGTGAACCTGCAGAAG     
 30 GTAACCGTAGGTGAACCTGCGGTTG     
 26 GTAGCTGTAGGTGAACCTGCAGAAG     
 26 GTATCTGTAGGTGAACCTGCAGATG     
 24 GTATCCGTAGGTGAACCTGCAGAAG     
 21 GTATCTGTAGGTGAACCTGCAGAAG     
 14 GCATCAGTAGGTGAACCTGCAGAAG     
 14 GTTGCTGTAGGTGAACCTGCAGAAG     
 14 GTCTCCGTAGGTGAACCTGCAGAAG     
Giardia muris 13 GTATCCGTAGGTGAACCTGCGGATG 93 80 77 68 
 11 GTAACGGTAGGTGAACCTGCAGAAG     
 11 GTTTCCGTAGGTGAACCTGCGGAAA     
 10 GTCTCCGTTGGTGAACCTGCGGAAG     
 10 GTTTCCGTAGGTGAACCAGCGGAAG     
 2 x 9      
 5 x 8      
 3 x 7      
 3 x 6      
Trichomonas vaginalis 5 GTAACGGTAGGTGAACCTGCCGTTG 94 81 79 71 
 7 x 5      
 10 x 4      
 10 x 3      
Encephalitozoon cuniculi 2 GCTGCTGTTGGAGAACCAGCAGCAG 94 81 71 70 
 38 x 2      
 188 x 1      
Escherichia coli 0 GTAACCGTAGGGGAACCTGCGGTTG 108 89 79 81 
Human mitochondria 0 GTAAGTGTACTGGAAAGTGCACTTG 100 79 65 67 
S. cerevisiae mito. 0 GTTACCGTAGGGGAACCTGCGGTGG 109 98 78 76 
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Table 95: Helix 45 hairpins from RefSeq bacterial species. 
Example species RefSeq 

Genome 
count 

Helix 45 sequence 
(mismatching variations in 
red) 

  
  

RNA  
Escherichia coli 152 GTAACCGTAGGGGAACCTGCGGTTG   
 358 ...G..................C..   
 232 ...G.....TC....GG.....C..   
 180 ...G.....CC....GG.....C..   
 67 ...G.......A..........C..   
 57 ...G..C............G..C..   
 26 ...........A.............   
 15 ......C............G.....   
 15 ...T.....C......G.....A..   
 13 ...T.....CC....GG.....A..   
 11 ...T..C..C.A....G..G..A..   
 9 ...G...............T..C..   
 7 ...........T.............   
 7 ...G.....C......G.....C..   
 7 ...G......C....G......C..   
 6 .....T...CC....GG........   
 6 .......C..............G.A  Mismatch not that destabilizing 
 6 ...G.T.....T..........C..   
 5 ...C.....C.A....G.....G..   
 5 ...G.A.........T....A.C..  Mismatch not that destabilizing 
 5 ...G.....CC....GG..T..C..   
 5 ...G.....CT....AG.....C..   

 
Table 96: Helix 45 hairpins from RefSeq archaea species. 
Example species RefSeq 

Genome 
count 

Helix 45 sequence 
(mismatching variations in 
red) 

  
  

RNA  
Escherichia coli 0 GTAACCGTAGGGGAACCTGCGGTTG   
 48 ...G..................C..   
 42 ...G...........T......C..   
 15 ...G..............A...C.C  Mismatch not that destabilizing 
 6 ..GG..................CC.   
 3 ...T.T..............A.A..   
 3 ...G.....CC....GG.....C..   
 3 ..G....................C.   
 3 ...T..................A..   
 1 ...G......A....T......C..   
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4.7.4  Depleting human SSU/LSU and all poly(A) tailed RNA using target capture 
As compared to the simpler depletion by RNase H fragmentation or depletion by target 
capture explained in Sections 4.6.3 and 4.5, partially reverse transcribing from DNA oligos 
offers many advantages: (1) priming is more specific than hybridization, requiring exact 
matches at the 3’ end of the primers as well as an overall good match; (2) biotin can be 
integrated during reverse transcription, reducing the cost of oligos; (3) oligos can be 
shorter, reducing oligo cost and constraints—though their melting temperature must be 
high enough to anneal while the target RNA region is denatured; (4) target capture can be 
performed in lower salt buffer, since reverse transcription greatly increases hybridization 
strength. 

[You may want to wash off biotin-dCTP before doing target capture] 
[In 50/0/0: 65, RT add Mg then 48, 30],  

 
Heat in 50 mM Na with primers (this avoids Mg fragmentation).  

Primers are Poly(T), human specific SSU and human specific LSU. Probes are microbe 
specific. 

 
Table 97: Melting temperature of 1 uM oligos complementary to human SSU (but not complementary to 
microbial eukaryotes) made with DNA against exactly matching target RNA sequence. 
Oligo name Oligo (with low temperature hairpin leader) Tm / hairpin 

50 mM Na 
0 mM Mg  
0 mM dNTP 

Tm / hairpin 
150 mM Na 
3.1 mM Mg  
2 mM dNTP 

18H_359Um    CCATTC mGmGmGmCmAmGmAmCmGTTmCmGmAATGGGTC 72 / 56 79 /  
18H_861Z           TCCTAGCTGCGGTATCCAGGCGGCTC 72 / 52 79 / 
18H_1811Tm      GTCG mAmGTmCmAmAmGTTmCmGmAmCmCmGTCTTC 71 / 48 79 /  
28H_237X        GG CTCACACCGTCCACGGGCTGGGCC  72 / 50 78 / 
28H_1242X GTTCTCTTG GCGTGGCCCCGAGAGAACCTCCCC 72 / 51  78 /  
28H_2479X        CC GTCCCTTCGGAACGGCGCTCGCCCATCTCT 70 / 55 79 / 
28H_3606T           GTCGGCTGCTAGGCGCCGGC 72 / 47 78 / 
28H_4737Y      CGAT GCTGCCGTATCGTTCGCCTGGGCGG 71 / 52 77 /  
28H_5065Um     GTCAA CCCTTGTGTmCmGmAmGGGCTGACT 71 / 56 78 /  
MH_dT21 AAAAGAAAGAAAGAAAGCCAAGAAGAAGG  

TTTTTTTTTTTTTTTTTTTTT 
n/a 48 / 45 
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4.8 Increasing species resolution 
The 4S and 5S genes are short, and may not allow species which are closely related to be 
distinguished. Similarly, the SSU and LSU genes may not differ much between closely 
related species. To get around this problem, the non-coding DNA sequences flanking these 
genes are typically highly variable between species, and can be sequenced using either 
half-PCR or target capture probes annealing to species specific regions of these genes. 

[TODO] 

4.9 Extending coverage to viruses 
[TODO: explain how most viruses require dsRNA for replication, and how dsRNA (other 
than ribosomes) can be found by techniques of the previous sections74. This works 
especially well with 2D-PA, where dsRNA strands migrate an order of magnitude faster on 
PAGE than equal weight ssRNA strands; speed is equal in agarose gel.] 

4.10 Summary  
<TODO> 

The simplest and most efficient protocol to isolate SSU RNA strands consists of running 
indirect capture with 16S_1408 (see ) and them running the blocked based in helix 45 
protocol (see ). Target capture based on conserved 16S_1408 region is resilient to a few 
mismatches: much more universal than RT/PCR with specific primers, especially since 
2’O methyl RNA is used and 3’ mismatches don’t prevent capture (as opposed to priming). 
 
Table 98: <todo>. 
Method to remove “unstructured” 
RNA 

Efficiency Keeps 
SSU/LSU 
from all 
species 

 Comment 
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5    Isolation of microbial DNA 

<todo> 

5.1 Methylated DNA isolation 
<todo: NEBNext Microbiome DNA Enrichment Kit> 



    

 159  

5.2 Target capture SSU/LSU DNA operon using most conserved sequences 
The RNA SSU/LSU target capture method described in Section 4.5.3 can also applied to 
DNA to similar effect. However, SSU/LSU RNA strands are devoid of introns and are 
about a thousand times more abundant as compared to DNA: this  means if both DNA and 
RNA are available from a clinical specimen, the RNA approach is the best one by far. In 
cases where RNA is unavailable or has degraded into small fragments, SSU/LSU target 
capture of DNA remains a more universal choice than consensus PCR. Unlike target 
capture of RNA, target sites in the SSU and LSU can be combined in successive capture 
steps to increase purification efficiency. Unlike consensus PCR, only a single conserved 
target site can be used for the capture (rather than a pair). 

In most microbial genomes, SSU and LSU genes are located close together in “operons” 
which are transcribed together into RNA and then spliced into mature ribosomes: this 
process automatically balances the production of ribosomes halves. The distance between 
conserved target sites within a single SSU or LSU gene is rather tightly constrained, as 
these genes only vary slightly in size*. However, the distance between these two genes can 
vary substantially, and in some species these genes may be separated by tens of thousands 
of bases. The most common genetic test performed to identify fungi (or eukaryotes) uses 
PCR and primer pair ITS1/ITS4, amplifying the non-coding region between the SSU and 
LSU genes. This technique fails to amplify the human genome due to CG-rich hairpins in 
this region†; it also misses microbes with an unusually large distance separating SSU and 
LSU genes. 
PCR is particularly inefficient when operating on long amplicons, CG-rich or AT-rich 
regions. Target capture can handle DNA fragments 10k-40k bp long without bias, and is 
not at all susceptible to high-CG or high-AT regions between capture sites. Additionally, 
each capture site is targeted separately (in PCR they must be targeted in pairs having a 
similar annealing temperature), avoiding inadvertent amplification due to one oligo acting 
as both the forward and reverse primer. The target capture technique can be repeated with 
different sites to increase specificity and/or increase mismatch tolerance. Unlike PCR, it 
can cheaply handle a very large amount of input material (up to 25 ug of input DNA). 
For example, the three best conserved regions in all microbial genomes are helix 18 of the 
SSU, the decoding site of the SSU and the helix 93 of the LSU (see Section 4.5.3).  Since 
two of these sites are in the same gene (the SSU), they are guaranteed to be pretty close to 
each other in all genomes (only introns can space them out significantly). However, since 
the third site is in a separate gene (the LSU), its distance in the genome from the two first 
sites can be large. If we were to combine all three target captures in successive steps to 
increase purification efficiency, only microbes where all three sites are within a capturable 

                                                
* Introns within the SSU or LSU genes can cause an exception to this rule, and are know to happen in fungi, 
protists, bacteria and archaea. 
† This can be considered a “feature” rather than a “bug” for microbiome studies; however is a salient 
reminder that consensus PCR of the ITS region is not a truly universal microbe detection assay. 
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distance would be detectable, which is limited by the size of DNA fragments (10k-40k bp). 
The longer the DNA fragments, the more universal the assay; however, longer fragments 
facilitate the capture of off target products, so choosing appropriate input length is a 
compromise. As shown in Figure 74, ~90% of species have SSU and LSU genes within 
~10k nt of each other. 
Target capture can be performed with or without polymerization of the capture probes. 
Though polymerization is a bit more expensive, it provides many advantages over simple 
indirect capture (see Table 105). 

 
:: Script to produce Figure 74 
leif cap2 . bacteria_complete\*.fa.gz TGYACWCACYGCCCGTC   ~GARYTGGGTTYARWMCGYCGYRAGACAG 
leif cap2 . archaea_complete\*.fa.gz  TGYACACACYGCCYGTC   ~GAGMTGGGTTYAVWMCGTCGYGAGACAG 
leif cap2 . fungi_clean\*.fa.gz       TGTACACACCGCCYGTC   ~GAGCTGGGTTTAGAMCGTCGYGAGACAG 
leif cap2 . protists_clean\*.fa.gz    TGTACACACCGCCYGTC   ~GAGCTGGGTTTAGAMCGTCGYGAGACAG 

 

 
Figure 74: Space between most conserved region of SSU (decoding site) and LSU (helix 93), shown as a 
percentile of species with complete RefSeq genomes. 

 
Table 99: Simple indirect target capture vs. polymerized probe indirect target capture. 
Compromise Simple indirect target capture Polymerized probe indirect target capture 
Biotynilated probes Probes must be biotynilated, which 

are a bit more expensive 
Probes are very cheap. 

Requires 3’ match No, probes are less specific (this can 
be good or bad) 

Yes, probes are more specific (this can be 
good or bad) 

Reaction requires polymerase No, reaction buffer is cheap, can be 
cheaply scaled up to very large 
amounts of DNA. 

Yes, is a bit more expensive, expecially for 
large input amounts of DNA. 

Short probes can be used No, short probes’ hydrogen bonds 
not strong enough for capture step 

Yes, extended probes remain attached. Since 
thermocycling is not performed, polymerase 
enzymes which work well at low temperatures 
can be used. 
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Figure 75: <todo>. This simpler capture protocol can be followed by quantitative PCR (to make sure it 
worked) or Illumina library preparation. In the case of Illumina library prep, further purification can be 
achieved by following the steps in Section 7.3. 

 
 Table 100: <todo>. Tm is calculated at 0.5 uM oligo, 70 mM monovalent salt, 1.5 mM Mg, 0.8 mM dNTP. 
Name  Sequence Tm Comment 
16S_1492$ AAGTCGTAACAWGGT 50.0ºC  
23S_2576b GAGCTGGGTTTAGAACGTCGTGAGACAG 68.6ºC  
 

Extend 16S_1492$ or 23S_2576b (+biotin-dCTP) 
Stop reaction with EDTA at 72ºC, clean-up 
(NEB Hot Start Taq 2X Master Mix) 

dsDNA molecules from ZR Bacterial/Fungal DNA Miniprep Kit 

5’ 3’ 

Capture strands, wash, elute in water 
(NEB Streptavidin Magnetic Beads) 

dsDNA ~20000 bp 

5’ 3’ 
3’ 5’ 

Create second strand (random hexamers at 16ºC) 
(NEB E. coli DNA polymerase I) 

5’ 3’ NNNNN*N 

Ready for PCR or whole genome DNA-Seq library preparation 

Avidin 

SSU/LSU operon 

Fragment dsDNA to ~2000 nt (optional) 
(NEB dsDNA fragmentase) 

5’ A-H 3’ 
 5’ 

5’ A-H 3’ 
3’  5’ C C 

5’ A-H 3’ 

5’ A-H 3’ 
5’ 3’ 

5’  A-H 3’ 
3’H-A  5’ 

Block 3’ ends to prevent self priming (optional) 
(NEB Terminal Transferase + ddATP) 

3’H-A 
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5.3 Small chromosome DNA isolation 
Very small chromosomes are sometimes present in prokaryotes (ex: plasmids), eukaryotes 
(ex: mitochondria) and viruses. While some viruses (proviruses) insert themselves in the 
human genome, many others only add a small DNA chromosome in the host’s nucleus, 
which is called an episome. For example, the HPV episome is circular 8k bp dsDNA, and 
the HBV episome is circular 4k bp dsDNA. By using a gentle DNA extraction method (for 
example, Epicentre’s MasterPure DNA Purification Kit) to keep human DNA fragments 
long (>40k bp), it is possible to separate shorter DNA fragments by gel electrophoresis, 
preferentially selecting viral DNA over human DNA. 
A second purification method can be used to exploit the fact that episomes are often 
circular (rather than linear), thus are not digested by some exonuclease such as the 
combination of NEB T7 Exonuclease and NEB Exonuclease I. This puts an upper bound of 
about 60k bp for detection when using gentle DNA extraction methods, and an upper 
bound of about 25k bp when using rough DNA extraction methods. This purification 
technique is also well suited to purify the circular mitochondrial DNA chromosome 
present in most microbial eukaryotes, as long as some mitochondrial DNA survives the 
extraction process intact—note that some microbial eukaryotes either don’t have 
mitochondria at all or have linear (rather than circular) mitochondrial DNA. A very rough 
estimate suggests this technique can detect 70% of microbial eukaryote species. Finally, 
some bacteria contain plasmids which can also be isolated using this method. 
Table 101: Short circular DNA strands which can be isolated using NEB T7 Exonuclease and NEB 
Exonuclease I (<60k bp), and short linear DNA strands which can be isolated using simple size selection (gel 
electrophoresis, <40k bp).  
Name Length Comment 
Human mitochondrion 17k bp circular Can be eliminated using blocking PCR prior to sequencing. 
Saccharomyces cerevisiae mitochondrion ~85k bp circular Too big to survive DNA extraction intact. 
Candida albicans mitochondrion ~35k bp circular  
Candida glabrata  mitochondrion 20k bp circular  
Cryptococcus neoformans mitochondrion 25k bp circular  
Pneumocystis jirovecci  mitochondrion75 34k bp circular  
Pneumocystis carinii  mitochondrion75 26k bp linear Linear (vs. circular), so it cannot be isolated with exonuclease. 
Pneumocystis murina  mitochondrion75 25k bp linear Linear (vs. circular), so it cannot be isolated with exonuclease. 
Aspergillus fumigatus mitochondrion 32k bp circular  
Malassezia sympodialis mitochondrion 39k bp circular  
Encephalitozoon cuniculi mitochondrion  n/a This eukaryotic microbe does not have mitochondria! 
Trichomonas vaginalis mitochondrion n/a This eukaryotic microbe does not have mitochondria! 
Plasmodium falciparum mitochondrion 6k bp linear Linear (vs. circular), so it cannot be isolated with exonuclease. 
Babesia microti mitochondrion 10k bp linear Linear (vs. circular), so it cannot be isolated with exonuclease. 
Trypanosoma cruzi maxicircle 22k bp circular  
Theileria parva mitochondrion 6k bp circular  
Blastocystis spp. mitochondrion 28k bp circular  
EBV episome 172k bp circular Too big to survive DNA extraction intact. 
HBV episome 4k bp circular  
HPV episome 8k bp circular  
HSV genome 150k bp linear Linear and too big to survive DNA extraction intact. 
HCMV genome 236k bp linear Largest genome of any virus known to infect humans. 
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5.4 Repeat-capture DNA isolation 
The human genome contains different types of repeated sequences which occur at high 
frequency, mainly in non-coding intronic and intergenic regions. The Alu family of 
transposable elements is the most prevalent, representing about 10% of the human 
genome76. Alu elements are retroposons, an odd type of non-infectious retrovirus which is 
thought to drive the evolution of gene expression mammals. Importantly, Alu regions are 
generally not present in microbes, thus allow microbial DNA strands to be distinguished 
from mammalian DNA strands77. Alignments of the main subfamilies can be found here: 
http://www.repeatmasker.org/AluSubfamilies/humanAluSubfamilies.html. Other types of 
complex repeated sequences such as MIR78 and LINE are also present in the genome, 
though they are less prevalent than Alu elements and are more polymorphic due to earlier 
incorporation during evolution (they are thus less suitable for target capture). Microbial 
genomes contain a much smaller fraction of repetitive elements than mammalian genomes. 
Table 102: Common high entropy repetitive sequences in the human genome. 
Name  Length x  

count 
Main 
location 

Consensus sequence 

Alu element ~300 x 
1.1M 

Near 
genes 

GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGAGGATCGCTTGAGCCCAGGAGTTCGA
GACCAGCCTGGGCAACATAGCGAGACCCCGTCTCTACAAAAAATACAAAAATTAGCCGGGCGTGGTGGCGCGCGCCTGTAGT
CCCAGCTACTCGGGAGGCTGAGGCAGGAGGATCGCTTGAGCCCAGGAGTTCGAGGCTGCAGTGAGCTATGATCGCGCCACTG
CACTCCAGCCTGGGCGACAGAGCGAGACCCTGTCTC 

Mammalian-wide 
interspersed repeat (MIR) 

~260 x 
0.4M 

Near 
genes 

ACAGTATAGCATAGTGGTTAAGAGCACGGACTCTGGAGCCAGACTGCCTGGGTTCGAATCCCGGCTCTGCCACTTACTAGCT
GTGTGACCTTGGGCAAGTTACTTAACCTCTCTGTGCCTCAGTTTCCTCATCTGTAAAATGGGGATAATAATAGTACCTACCT
CATAGGGTTGTTGTGAGGATTAAATGAGTTAATACATGTAAAGCGCTTAGAACAGTGCCTGGCACATAGTAAGCGCTCAATA
AATGTTGGTTATTA 

Alpha satellite 
(AJ131208) 

~171 x  
?M 

Centro-
meres 

AATCTGCAAGTGGATATTTGGACCNCTTTGAGGCCTTCGTTGGAAACGGGAATATCTTCACATAAAANCTAGACAGAAGCAT
TCTCAGAAACTTCTTTGTGATGTNTGCATTCAACTCACAGAGTTGAACNTTCCTTTTGATAGAGCAGNTTTGAAACACTCTT
TTTGTAG 

While Alu elements are dispersed rather evenly in euchromatin regions of chromosomes 
(around genes), heterochromatin regions of chromosomes such as telomeres, centromeres 
and a few others contain no genes or Alu elements. Thus, capturing heterochromatin 
regions requires a different approach. Fortunately, human centromeres contain alpha 
satellite sequences, and telomeres contain the “TTAGGG” repeat. Other heterochromatin 
regions consists mainly of highly repetitive type 2 and 3 satellite sequences79 which 
represent about 2-5% of the genome, though their size varies substantially between 
individuals (especially on the Y chromosome). Mitochondrial DNA (a few thousand copies 
per cell of ~16700 bp circular chromosomes) should also be targeted with specific probes, 
as it represents about 2.5% of DNA in human cells. 

Finally, simple repeat sequences (microsatellites) such as poly(T), poly(A), poly(CA), 
poly(GT), poly(CT) , poly(GA) are quite common in the genome and can also be targeted. 
While capturing most of the human genome is the main goal of this section, care must be 
taken to avoid also capturing microbial strands (though capturing up to half of microbial 
genomes is generally acceptable). Alu, MIR, LINE and alpha satellite sequences are high 
entropy and distinctly mammalian, so they have lower probability of capturing microbial 
strands. However, low entropy probes based on simple repetitive sequences such as type 2 
and 3 satellites and microsatellites are more likely to appear in microbial genomes. 

The larger the microbial genome size, the more likely it is that some microbial strands will 
avoid inadvertent capture. This means viruses, which typically have very small genomes, 
are more likely to be completely captured than bacteria or fungi. When looking for viruses, 

http://www.repeatmasker.org/AluSubfamilies/humanAluSubfamilies.html
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it may be best to use a few different panels which target different parts of the Alu or alpha 
satellite regions, and which don’t target low entropy sequences such as such as type 2/3 
satellites and microsatellites. 
Since a single Repeat-capture probe is sufficient to remove an entire ssDNA strand, 
keeping strands as long as possible increases efficiency. Some DNA extraction techniques 
(such as bead beading) fragment DNA into smaller pieces than chemical lysis. For 
example, the ZR Fungal/Bacterial DNA MiniPrep kit uses mechanical disruption to 
produce DNA strands 15k-25k bp in length, whereas the Epicentre MasterPure Yeast DNA 
kit forgoes mechanical disruption, producing fragments 40k-50k bp in length.  
Note that small proviruses such as HIV (9k bp) may be difficult to isolate when inserted 
into the human genome, especially if a gentle DNA extraction technique is used, as they 
may be flanked by repeated sequences and thus captured. For example, if the insertion 
point is random, then 19k bp fragments containing one HIV copy would be captured as 
efficiently as 10k bp HIV free human fragments. Furthermore, a population of cells 
infected with a provirus through the same cell linage will have viral sequences inserted in 
the same place in the genome, thus increase the repeat-capture variance (viral strands will 
tend to all be captured or will all escape capture) which is not great. Small latent proviruses 
are the hardest type of virus to detect. 

Since some microbes are quite resistant to disruption and require bead beading for DNA 
extraction, using a delicate chemical lysis method which produces very long human DNA 
fragments means some loss of universality. This problem can be circumvented using a two 
pronged approach: first, human cells are completely but delicately lysed, releasing their 
DNA without much fragmentation occurring. Unlysed microbial cells as well as mostly 
DNA free human cell fragments are sedimented by centrifugation and washed (rather than 
being discarded), and then processed using a bead beating protocol such as the ZR 
Fungal/Bacterial DNA MiniPrep kit. Both the “gentle” and the “rough” extraction’s DNA 
is then processed similarly, and is pooled prior to sequencing. 
Repeat-capture greatly reduces the library complexity of the human genome, making it 
more amenable to downstream purification steps (especially subtractive hybridization). 
This can be used as an alternative to remove highly repetitive regions of the genome. When 
attempting to find DNA viruses, the combination of subtractive hybridization and Repeat-
capture results in a very sensitive assay. 

Capture probes were chosen to have a melting temperature between 57ºC  and 60ºC in 60 
mM Na+, 1.5 mM Mg2+, 0.8 mM dNTP and 0.25 uM oligo concentration. Probes with a 
high number of ‘C’ and ‘A’ bases were chosen, since these bases are much more 
discriminating than ‘G’ and ‘T’. Having ‘C’ and ‘A’ at the 3’ end (right end) of the probe 
is especially important to limit inadvertent priming of off-target sites. Taq polymerase and 
biotin-dCTP can be used to extend probes and label the strands with biotin; streptavidin 
paramagnetic beads can then be added to perform indirect capture. The experiments were 
setup for a 53ºC annealing temperature. Two panels were designed. 
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Table 103: Repeat capture panel 0 captures sequences present in GRCh38. Masked heterochromatin regions 
are not covered by this panel. Depletion results at 53ºC annealing shown in NEB Taq 2X Master Mix, 
assuming DNA fragment sizes of 10K, 20K and 40K bp. Reaction conditions are 0.25 uM oligo (each), 1.5 
mM Mg, 60 mM Na, 0.8 mM dNTP. 

 Name  Oligo sequence Tm Human 
10K bp 

Human 
20K bp 

Human 
40K bp 

E. cuniculi 
40K bp 

E. coli 
40K bp 

C. albicans 
40K bp 

EBV 
40K bp 

 ALUF_B GCCTGTAATCCCAGCAC 57.6ºC 47.37% 66.79% 84.02% 1.04% 1.16% 0.25%  2.62% 
 ALUF_H GCCACTGCACTCCAGC 60.6ºC 53.82% 73.24% 88.57% 3.70% 3.08% 0.52%  3.80% 
 ALUR_A CTCCTGCCTCAGCCTC 58.6ºC 54.30% 73.85% 89.07% 6.43% 0.47% 1.03% 12.18% 
 ALUR_C CCCAGGCTGGAGTGC 59.3ºC 55.21% 74.51% 89.37% 5.53% 5.72% 0.40%  5.60% 
 ASF_E CATTCAACTCACAGAGTTGAAC 57.8ºC  1.11%  1.22%  1.36% 0.01% 0.01% 0.01%  0.00% 
 ASR_A GAGTTGAATGCACACATCAC 57.5ºC  1.17%  1.34%  1.60% 0.19% 0.11% 0.06%  0.24% 
 L1F_A GGCTGCATAGTATTCCATGG 58.5ºC  6.83% 12.95% 23.39% 0.01% 0.00% 0.01%  0.00% 
 L1R_A CCATGGAATACTATGCAGCC 58.5ºC  7.09% 13.44% 24.30% 0.86% 0.79% 0.16%  2.26% 
 All n/a n/a 86.87% 96.95% 99.64% 16.56% 10.86% 2.41% 24.40% 

 

 
Figure 76: Human genome split into 5000 nt blocks (one pixel per block). Pixel color indicates which repeat 
capture panel 0 oligo best anneals to block at 53ºC (0.25 uM oligo (each), 1.5 mM Mg, 60 mM Na, 0.8 mM 
dNTP). Blocks in which oligos anneal with less than 50% probability are shown in red. 
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Table 104: Repeat capture panel 1 captures sequences present in GRCh38, though it rather efficiently 
removes EBV sequences as well. Masked heterochromatin regions are not covered by this panel. Depletion 
results at 53ºC annealing shown in NEB Taq 2X Master Mix, assuming DNA fragment sizes of 10K, 20K 
and 40K bp. Reaction conditions are 0.25 uM oligo (each), 1.5 mM Mg, 60 mM Na, 0.8 mM dNTP. 

 Name  Oligo sequence Tm Human 
10K bp 

Human 
20K bp 

Human 
40K bp 

E. cuniculi 
40K bp 

E. coli 
40K bp 

C. albicans 
40K bp 

EBV 
40K bp 

 ALUF_A GCTCACGCCTGTAATCCC 60.3ºC 46.17% 65.36% 82.83% 0.37%  0.41% 0.03%  0.12% 
 ALUF_C AGCACTTTGGGAGGCC 59.3ºC 45.33% 64.80% 82.58% 4.10%  1.00% 0.20% 15.04% 
 ALUF_E CCTGTAGTCCCAGCTACTC 58.5ºC 35.61% 54.22% 73.85% 0.55%  0.17% 0.10%  0.64% 
 ALUR_D GCTGGAGTGCAGTGGC 60.6ºC 46.66% 66.45% 84.07% 4.28%  6.87% 1.51%  4.33% 
 ALUR_E CCTCCTGCCTCAGCC 58.6ºC 49.97% 69.75% 86.38% 5.98%  2.67% 0.82% 15.26% 
 ALUR_F GCTATGTTGCCCAGGC 57.8ºC 37.42% 55.83% 74.61% 7.62% 11.22% 0.58% 26.22% 
 ASF_D AGACAGAAGCATTCTCAGAAAC 58.7ºC  1.18%  1.23%  1.30% 0.04%  0.00% 0.02%  0.02% 
 ASR_G GGTCCAAATATCCACTTGCAG 59.2ºC  1.22%  1.32%  1.48% 0.11%  0.13% 0.08%  0.06% 
 L1F_A GGCTGCATAGTATTCCATGG 58.5ºC  6.83% 12.95% 23.39% 0.01%  0.00% 0.01%  0.00% 
 L1R_A CCATGGAATACTATGCAGCC 58.5ºC  7.09% 13.44% 24.30% 0.86%  0.79% 0.16%  2.26% 
 All n/a n/a 86.75% 96.96% 99.70% 21.77% 21.59% 3.46% 51.76% 

 

 
Figure 77: Human genome split into 5000 nt blocks (one pixel per block). Pixel color indicates which repeat 
capture panel 1 oligo best anneals to block at 53ºC (0.25 uM oligo (each), 1.5 mM Mg, 60 mM Na, 0.8 mM 
dNTP). Blocks in which oligos anneal with less than 50% probability are shown in red. 
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:: Script to analyze panel0 efficiency on human genome (see Table 103 and Figure 76) 
echo step = 5000;                                           > rc0.txt 
echo anneal_floor = 0.001;                                 >> rc0.txt 
echo na_mm   = 60;                                         >> rc0.txt 
echo mg_mm   = 1.5;                                        >> rc0.txt 
echo dntp_mm = 0.8;                                        >> rc0.txt 
echo A = 0.25, "GCCTGTAATCCCAGCAC"     ;  // ALUF_B        >> rc0.txt 
echo A = 0.25, "GCCACTGCACTCCAGC"      ;  // ALUF_H        >> rc0.txt 
echo A = 0.25, "CTCCTGCCTCAGCCTC"      ;  // ALUR_A        >> rc0.txt 
echo A = 0.25, "CCCAGGCTGGAGTGC"       ;  // ALUR_C        >> rc0.txt 
echo B = 0.25, "CATTCAACTCACAGAGTTGAAC";  // ASF_E         >> rc0.txt 
echo B = 0.25, "GAGTTGAATGCACACATCAC"  ;  // ASR_A         >> rc0.txt 
echo C = 0.25, "GGCTGCATAGTATTCCATGG"  ;  // L1F_A         >> rc0.txt 
echo C = 0.25, "CCATGGAATACTATGCAGCC"  ;  // L1R_A         >> rc0.txt 
leif cap0 prime3 53 rc0_53_40_f.txt rc0_53_40_r.txt rc0_53_40.fa rc0.txt grch38_chr*.fa.gz 40000 
leif cap0 prime3 53 rc0_53_20_f.txt rc0_53_20_r.txt rc0_53_20.fa rc0.txt grch38_chr*.fa.gz 20000 
leif cap0 prime3 53 rc0_53_10_f.txt rc0_53_10_r.txt rc0_53_10.fa rc0.txt grch38_chr*.fa.gz 10000 
leif cap0 prime3 53 rc0_53_05_f.txt rc0_53_05_r.txt rc0_53_05.fa rc0.txt grch38_chr*.fa.gz  5000 
leif cap1 rc0_53_05.bmp rc0_53_05_f.txt rc0_53_05_r.txt  
 
:: Script to analyze panel1 efficiency on human genome (see Table 104 and Figure 77) 
echo step = 5000;                                           > rc1.txt 
echo anneal_floor = 0.001;                                 >> rc1.txt 
echo na_mm   = 60;                                         >> rc1.txt 
echo mg_mm   = 1.5;                                        >> rc1.txt 
echo dntp_mm = 0.8;                                        >> rc1.txt 
echo A = 0.25, "GCTCACGCCTGTAATCCC"    ;  // ALUF_A        >> rc1.txt 
echo A = 0.25, "AGCACTTTGGGAGGCC"      ;  // ALUF_C        >> rc1.txt 
echo A = 0.25, "CCTGTAGTCCCAGCTACTC"   ;  // ALUF_E        >> rc1.txt 
echo A = 0.25, "GCTGGAGTGCAGTGGC"      ;  // ALUR_D        >> rc1.txt 
echo A = 0.25, "CCTCCTGCCTCAGCC"       ;  // ALUR_E        >> rc1.txt 
echo A = 0.25, "GCTATGTTGCCCAGGC"      ;  // ALUR_F        >> rc1.txt 
echo B = 0.25, "AGACAGAAGCATTCTCAGAAAC";  // ASF_D         >> rc1.txt 
echo B = 0.25, "GGTCCAAATATCCACTTGCAG" ;  // ASR_G         >> rc1.txt 
echo C = 0.25, "GGCTGCATAGTATTCCATGG"  ;  // L1F_A         >> rc1.txt 
echo C = 0.25, "CCATGGAATACTATGCAGCC"  ;  // L1R_A         >> rc1.txt 
leif cap0 prime3 53 rc1_53_40_f.txt rc1_53_40_r.txt rc1_53_40.fa rc1.txt grch38_chr*.fa.gz 40000 
leif cap0 prime3 53 rc1_53_20_f.txt rc1_53_20_r.txt rc1_53_20.fa rc1.txt grch38_chr*.fa.gz 20000 
leif cap0 prime3 53 rc1_53_10_f.txt rc1_53_10_r.txt rc1_53_10.fa rc1.txt grch38_chr*.fa.gz 10000 
leif cap0 prime3 53 rc1_53_05_f.txt rc1_53_05_r.txt rc1_53_05.fa rc1.txt grch38_chr*.fa.gz  5000 
leif cap1 rc1_53_05.bmp rc1_53_05_f.txt rc1_53_05_r.txt 
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Figure 78: Method 1. Note that Taq DNA polymerase has 5’ flap endonuclease activity, which may (or may 
not) cleave 5’ overhangs on human ssDNA strand; this would greatly reduce microbial enrichment 
efficiency. Other DNA polymerase which lack 5’ nuclease activity could be used instead. DNA strands 
which self-prime due to 3’ hairpins will be lost; to avoid this, polymerase should not have 3’ exonuclease 
activity and reaction should be kept above 53ºC once the DNA polymerase is activated. Random hexamers 
may not even be required since most strand will hairpin prime given enough time with DNA polymerase I. 
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Figure 79: Method 2. Note: the repeat primers used for this method are expensive since they each need to be 
biotinylated.  
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Figure 80: Method 3. This method purifies well even with partial yields at every step. It may be best to not 
use Illumina adaptors and primers if the downstream library preparation step is also Illumina. 
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6    Microbiome using PCR & LT Seq 

The polymerase chain reaction (PCR) was commercially introduced around 1987, about a 
decade after Sanger sequencing. This technique revolutionized molecular microbe 
detection tests, allowing even trace amounts of microbial DNA* to be detected in a clinical 
specimen. The principles behind PCR are well explained here: youtu.be/2KoLnIwoZKU . 

PCR experiments are fast (<2 hours), simple (<5 minute setup) and inexpensive (<2$ per 
reaction), making them attractive for many applications, including microbe detection and 
discovery. The main downside of PCR is that some nucleotides in the target DNA region 
must be known to setup the experiment. This means it was not really possible to setup a 
PCR reaction before 1977, since not much DNA had been sequenced then! Today, online 
databases such as NCBI Genbank contain genomic sequences of many organisms which 
can be used to setup PCR reactions to detect these organisms. PCR is thus very useful to 
detect microbes whose sequences are known, but is less useful to detect novel microbes 
whose sequences are not known with certainty. 

PCR greatly simplifies the microbe discovery protocol described in Section 2: a portion of 
microbe’s ribosomal DNA unit is PCR amplified and isolated from its DNA genome 
(rather than from its RNA transcriptome) and then sequenced using Sanger’s method. 
Unfortunately, this technique is not universal since it assumes that all organisms share 
short identical sequences in their ribosomal DNA unit onto which the primers can anneal. 
This is known to not be the case—though sequences can be found which match exactly 
with the vast majority (>95%) of known organisms. 
Within the ribosomal DNA unit, two genes present in all cellular organism species contain 
very well conserved sequences: the SSU gene (aka 16S) and the LSU gene (aka 23S). 
Studies comparing the sequences of these genes have been performed on many species. 
                                                
* RNA can also be detected with PCR, though the experiment is a bit more complex, requiring reverse 
transcription of RNA into DNA before thermocycling begins. This is called reverse transcription PCR (RT-
PCR). For example, the most sensitive HIV test uses RT-PCR to measure viral load in blood, since HIV 
virions contain RNA but no DNA. 
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Sequences of about 15 consecutive well conserved bases can be used as primers to select 
which part of the genome is amplified in a PCR reaction. Base conservation diagrams of 
the SSU/LSU can be found here:  www.rna.icmb.utexas.edu/SAE/2B/ConsStruc .  
The choice of using DNA genome input (PCR) or RNA transcriptome input (RT-PCR) is 
not trivial, and neither technique is truly universal (see Table 105). Due to its simplicity 
and low cost, consensus PCR has been the method of choice for microbiome analysis for 
the last decade. Commonly used primers amplify most bacterial SSU genes, but don’t 
amplify the human SSU gene or the SSU gene of most eukaryotic microbes (see Section 
1.3.1). These primers are not used here—more universal primers can be used instead, 
which cover bacteria and eukaryotic microbes (see Figure 82). 
 Table 105: Possible issues in using consensus PCR to amplify ribosomal genes (SSU/LSU) in the DNA 
genome vs. using reverse transcription PCR to amplify the same ribosomal genes in the RNA transcriptome. 
Possible issue DNA genome  

(PCR – Section 6.2) 
RNA transcriptome  
(RT-PCR  – Section 6.3) 

Modified bases block reverse 
transcription within targeted region  
(see Section 4.2.1) 

Not applicable: bases are not modified in 
the DNA genome 

Prevents detection of many 
species, as RT blocking modified 
bases are common in SSU/LSU 

Introns make amplicons too long or 
prevent priming (see Figure 81) 

Eukaryotic, archaeal and bacterial25 species 
with introns in their SSU/LSU genes may 
not be detectable. 

Not applicable: introns are not 
present in mature RNA 

Low abundance of rDNA templates Not very abundant in DNA (<0.2%) Very abundant in RNA (>20%) 
Cost and complexity of experiment Very low Low 
Consensus primer sequences are 
not universal, preventing priming 

Ribosomal consensus sequences are known to match only some species, and 
can’t detect viruses (see Section 4.2.2) 

AT or CG rich region in amplicon 
blocks PCR or RT-PCR 

Ribosomal genes may be rich in AT or GC bases, which block PCR or RT-PCR 
reactions (for different reasons). For example, the Giardia lamblia SSU is GC-
rich (75%) and the Plasmodium falciparum SSU is AT rich (65%). 

 
Figure 81: Some microbial eukaryotes, archaea and bacteria have introns within the SSU/LSU genes in the 
ribosomal DNA unit (introns shown in yellow). These introns are removed in mature SSU/LSU RNA strands. 
Primers which overlap intron boundaries are not be able to amplify the SSU/LSU genes from DNA, but 
would amplify reverse transcribed RNA: for example, the 23S_2576b primer site is split by an intron in 
bacterium Thermosynechococcus elongates’s DNA. Reproduced from Hedberg, Annica, and Steinar D. 
Johansen. "Nuclear group I introns in self-splicing and beyond." Mob DNA 4 (2013): 17. 

http://www.rna.icmb.utexas.edu/SAE/2B/ConsStruc
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Figure 82: [TODO]. 
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6.1 Primers to remove human amplicons 
<Show n^3 and n^2 human amplification; show how some blocked amplicons can be 
discarded with Exo I>. 
Amount of input material (template DNA) and maximum sensitivity. 

Show E. coli experiment. 
[TODO: Link to spreadsheet] 

 
Table 106: [TODO]. 
Oligo name Oligo Tm Conditions 
16S_519o CAGCAGCCGCGGTA*A 62.4 

0.5 uM oligo, DNA, 2 
mM Mg, 0.8 mM 

dNTP 

18H_843s (fragmenting) CTGGATACCGCAGCTAGG*A 63.2 
18U_843s (blocking) CTGGATACCGCAGCUAGG*A 63.2 
16S_1408Q GACGGGCGTGTGTACA*A 62.3 
18H_858Q (fragmenting) AGCTGCGGTATCCAGG*C  
18U_858Q (blocking) AGCTGCGGTAUCCAGG*C 64.4 
 
 

 
 

 
Figure 83: [TODO]. Optional preamplification of the target sequence. 
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Figure 84: Single blocking primer, unstranded.  

 
Figure 85: Dual blocking primers, pointed outward. The main advantage of this method is 
that it tests for the presence/efficiency of both outer primers. 
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Figure 86: Dual blocking primers, pointed inward. This is the most efficient blocking 
method. 
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6.2 Consensus PCR of SSU/LSU genes (from DNA) 
<todo>  
[TODO: explain appropriate template size for microbial sensitivity.> 

The presence of introns in the SSU gene may cause amplicons to be much longer than 
expected, or even split consensus site and prevent priming. Either situation would most 
likely result in species being missing entirely. 

6.2.1 Consensus PCR amplifying SSU 
Of the three best conserved regions of the SSU gene (see Section 4.5.3), only two are well 
suited for PCR amplification because they are long enough to have a melting temperature 
≥60ºC, and so they easily prime with thermostable DNA polymerases: E. coli 515-531 
(“GTGCCAGCAGCCGCGGTAA”) and 1389-1408 (“TTGTACACACCGCCCGTC”). The third region, E. coli 
1492-1506 (“AAGTCGTAACAAGGT”) is a bit too short and is not CG-rich enough. It can still be 
used in consensus PCR, but it requires extra steps and a 5’ extension to adjust its melting 
temperature. The protocol described in Section 6.2.1.1 does not use this third primer, so it 
is simpler to execute. The two other protocols use the third primer and require an extra step 
to anneal it while no other primers are present in the reaction mix. 
Since the SSU gene only  represents a small fraction of total DNA (about 0.01% - 0.1%), it 
is preferred to use nested PCR to isolate SSU strands vs. non-specific amplicons. Though 
nested PCR performs better when using non-overlapping inner and outer primers, the best 
conserved regions of the SSU gene are not long enough to provide non-overlapping 
primers. Instead, overlapping primers are used to exploit the selectiveness of DNA 
polymerase against 3’ primer mismatches: the inner primers are thus only slightly longer 
than the outer primers. 
Table 107: [TODO]. 
Oligo name Purpose Oligo Tm 

(black) 
Tm 
(all) 

Conditions 

16S_515o Outer GTGCCAGCAGCCGC*G  66.7 

0.5 uM oligo, DNA, 
2 mM Mg, 0.8 mM 

dNTP 

16S_519o Inner CAGCAGCCGCGGTA*A  62.4 
16B_IU46m_1507N Outer /5Biosg/GCTCTTCCGATCT 

ACCTTGTTACGAC*T 
50.4 67.2 

16S_IU52g_1507O Inner CCGATCT ACCTTGTTACGACT*T  62.1 
16B_1408P Outer /5Biosg/GACGGGCGTGTGTAC*A  61.8 
16S_1408Q Inner GACGGGCGTGTGTACA*A  62.3 
18U_843s (blocking) Blocking CTGGATACCGCAGCUAGG*A  63.2 
18U_858Q (blocking) Blocking AGCTGCGGTAUCCAGG*C  64.4 
18U_1777q (blocking) Blocking GCGGAGCGCUGAGAAG*A  64.4 
18U_1816W (blocking) Blocking TCTAGATAGTCAAGTUCGACCG*T  62.9 
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6.2.1.1 Consensus PCR amplifying SSU helix 19 to 43 
[todo] 

Table 108: Expected amplicons lengths. 
 Human Prostists Fungi (long) Fungi (short) Prokaryotes 
Outer      
Inner 1094 840 – 1482 1016 – 1088 734 – 860 829 – 890 
 

 

Figure 87: [TODO]. 

 

SSU helix 19-43 
(about 700 - 1450 nt, plus introns) 

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ 

Total DNA strands (ZR Fungal/Bacterial DNA Miniprep) 

5’ 3’ 

5’ 3’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

Outer PCR, anneal once at ~58ºC, then ~62ºC 
250 ng template → 12 cycles → 8 ng amplicon 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ 
5’ 3’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
5’ 3’ U 

U 

Avidin 

3’ 5’ 

Capture, wash, elute in 100 ul water 
(NEB Streptavidin paramagnetic beads) 
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6.2.1.2 Consensus PCR amplifying SSU helix 19 to 44 
[todo] 

Table 109: Expected amplicons lengths. 
 Human Prostists Fungi (long) Fungi (short) Prokaryotes 
Outer      
Inner      
 

 

Figure 88: [TODO].  

 

SSU helix 19-44 
(about 800 - 1550 nt, plus introns) 

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template (25 ul) → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ 

Total DNA strands (ZR Fungal/Bacterial DNA Miniprep) 

5’ 3’ 

5’ 3’ 
3’ 5’ 

Extend 16B_IU46m_1507N, anneal once at ~50ºC 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 3’ 5’ 

5’ 3’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
5’ 3’ U 

U 

5’ 3’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

Avidin Capture, wash, elute in 100 ul water 
(NEB Streptavidin paramagnetic beads) 

3’ 5’ 

Outer PCR, anneal once at ~58ºC, then ~62ºC 
250 ng template → 12 cycles → 8 ng amplicon 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 
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6.2.1.3 Consensus PCR amplifying SSU 19 to 43 (double nesting) 
[todo] 

Table 110: Expected amplicons lengths. 
 Human Prostists Fungi (long) Fungi (short) Prokaryotes 
Outer      
Inner 1094 840 – 1482 1016 – 1088 734 – 860 829 – 890 
 

 

Figure 89: [TODO].  

 

Total DNA strands (ZR Fungal/Bacterial DNA Miniprep) 

5’ 3’ 
3’ 5’ 

Extend 16B_IU46m_1507N, anneal once at ~50ºC 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 3’ 5’ 

5’ 3’ 

5’ 3’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

Avidin Capture, wash, elute in 100 ul water 
(NEB Streptavidin paramagnetic beads) 

3’ 5’ 

SSU helix 19-43 
(about 700 - 1450 nt, plus introns) 

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template (25 ul) → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

5’ 3’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
5’ 3’ U 

U 

Extend with 16S_1408Q, anneal once at ~53ºC  
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 3’ 5’ 

3’ 5’ 
3’ 5’ 

Outer PCR, anneal once at ~58ºC, then ~62ºC 
250 ng template → 12 cycles → 8 ng amplicon 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 
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6.2.1.4 Combining most steps for all three PCR reactions 
[todo] 

 

Figure 90: [TODO].  

Total DNA strands (ZR Fungal/Bacterial DNA Miniprep) 

5’ 3’ 
3’ 5’ 

Extend IU52g_16S_1507O, anneal once at ~50ºC 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 3’ 5’ 

5’ 3’ 

5’ 3’ 
3’ 5’ 

5’ 3’ 

3’ 5’ 

Avidin Capture, wash, elute in 100 ul water 
(NEB Streptavidin paramagnetic beads) 

3’ 5’ 

SSU helix 19-43 
(about 700 - 1450 nt, plus introns) 

Extend with 16S_515o, anneal once at ~60ºC 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ Extend 16B_1408P, anneal once at ~55ºC 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 

Outer PCR, special cycle [98ºC, 67ºC, 62ºC, 72ºC] 
250 ng template → 12 cycles → 8 ng amplicon 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 

Perform three blocking PCR reactions (next page) 
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Figure 91: [TODO].  

 

Figure 92: [TODO].  

 

 

Figure 93: [TODO].  

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template (25 ul) → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

5’ 3’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
5’ 3’ U 

U 

3’ 5’ 

Extend with 16S_1408Q, anneal once at ~53ºC  
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 3’ 5’ 

3’ 5’ 
3’ 5’ 

3’ 5’ 

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template (25 ul) → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 
3’ 

3’ 5’ 
5’ 3’ U 

U 

5’ 3’ 
3’ 5’ 

Inner PCR with blocking primers, anneal ~62ºC 
~1 ng ssDNA template (25 ul) → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ 
5’ 3’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
5’ 3’ U 

U 

3’ 5’ 

3’ 5’ 
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6.2.2 Half consensus PCR amplifying the four best conserved SSU/LSU regions 
[TODO] 

 

Table 111: [TODO]. Conditions: 0.5 uM, 2 mM Mg, 0.8 mM dNTP.  

E
. c

ol
i 

Pa
ne

l 
R

N
A

 O
K

* ? 

Name  
(amplicon length)  

Oligo Tm 
Black Whole 

T21_II64G_II39z_T5V TTTTTTTTTTTTTTTTTTTTTGATCGGAAGTTCAGACGTGTGCTCTTCCGATCTTTTTT*V 50.4ºC 72.0ºC 
II39z                             AGTTCAGACGTGTGCTCTTCCGATC*T  68.9ºC 
II39u                             AGTTCAGACGTGTGCTCTTC*C  64.5ºC 

SS
U

 5
15

-5
31

 
SS

U
1F

 
Ye

s 

16S_IU52g_515m                 CCGATCT GTGCCAGCAGCC*G 60.1ºC 69.5ºC 
16S_ IU36w_515m CCTACACGACGCTCTTCCGATCT GTGCCAGCAGCCGCGGTA*A 74.5ºC 78.6ºC 
18U_861T (257) CCTAGCTGCGGTAUCCAGG*C  66.4ºC 

SS
U

1R
 

Ye
s 

16S_IU52g_628L                 CCGATCT ACCGCGGCTGC*T 61.0ºC 68.6ºC 
16S_IU36w_628Q CCTACACGACGCTCTTCCGATCT ACCGCGGCTGCTGGCA*C 73.6ºC 78.1ºC 
18U_501s (134) CCCGGGGAGGUAGTGACG*A  67.1ºC 

SS
U

 1
38

9-
14

08
 

SS
U

2F
 

Sh
or

t 16S_IU48k_1390o             TCTTCCGATCT TTGTACACACCGCC*C 59.0ºC 69.6ºC 
16S_IU36w_1390r CCTACACGACGCTCTTCCGATCT TTGTACACACCGCCCGT*C 71.8ºC 76.2ºC 
18U_1821Z (139) TCCTCTAGATAGTCAAGUTCGACCG*T  66.2ºC 

SS
U

2R
 

Ye
s 

16S_IU52g_1408M                 CCGATCT GACGGGCGGTGT*G 59.1ºC 68.9ºC 
16S_IU36w_1408Q CCTACACGACGCTCTTCCGATCT GACGGGCGGTGTGTAC*A 71.1ºC 77.0ºC 
18U_1580t (138) ACCCGTTGAACCCCAUTCG*T  66.8ºC 

SS
U

 1
49

2-
15

06
 

SS
U

3F
 

Sh
or

t 16S_IU44o_1492n         ACGCTCTTCCGATCT AAGTCGTAACAAG*G 48.8ºC 68.7ºC 
16S_IU36w_1492o CCTACACGACGCTCTTCCGATCT AAGTCGTAACAAGG*T 69.8ºC 72.9ºC 
    

SS
U

3R
 

B
lo

ck
 16S_IU44o_1507N         ACGCTCTTCCGATCT ACCTTGTTACGAC*T 50.4ºC 69.7ºC 

16S_IU36w_1507O CCTACACGACGCTCTTCCGATCT ACCTTGTTACGACT*T 69.8ºC 72.9ºC 
18U_1813r (78) GGCGGAGCGCUGAGAAG*A  66.6ºC 

L
SU

 2
57

6-
26

03
 

L
SU

1F
 

Ye
s 

23S_ IU52g_2576t                 CCGATCT GAGCTGGGTTTAGAACGTC*G 62.8ºC 69.2ºC 
23S_IU36w_2576c CCTACACGACGCTCTTCCGATCT GAGCTGGGTTTAGAACGTCGTGAGACA*G 72.6ºC 76.5ºC 
28U_4736R (221) GCTGCCGTATCGTTCGCC*T  67.1ºC 

L
SU

1R
 

Ye
s 

23S_IU52g_2604V                 CCGATCT CTGTCTCACGACGTTCTAAAC*C 62.9ºC 68.7ºC 
23S_IU36w_2604C CCTACACGACGCTCTTCCGATCT CTGTCTCACGACGTTCTAAACCCAGCT*C 72.5ºC 76.4ºC 
28U_4476u (81) CAGAATTCGCCAAGCGTTGG*A  65.9ºC 

                                                
* Some of these primers don’t work well on reverse transcribed RNA because they are too close to the edge 
of the RNA strand and/or too close to modified bases which block reverse transcription. 



 184 

 

 

Figure 94: [TODO].  

Total DNA strands (ZR Fungal/Bacterial DNA Miniprep) 

5’ 3’ 
3’ 5’ 

Fragment to ~600 nt 
(NEB dsDNA Fragmentase) 

5’ 3’ 
3’ 5’ 

5’ 3’ TTTTTT TTT*V 

Poly(dA) tail (dATP + ddATP) 
(NEB Terminal Transferase) 

5’ 
-H 3’ 5’ 

Extend with Illumina Index (50ºC) (500 ng template) 
(NEB Q5 Hot Start High-Fidelity Master Mix) 

5’ 
3’ 

3’ 
5’ 

Size select >300 bp 
(ZR Select-A-Size DNA Clean & Concentrator) 

5’ 
3’ 

3’ 
5’ 

3’ 5’ 
5’ 3’ 

5’ 3’ U 

Inner PCR with blocking primers (anneal at 65ºC) 
~1 ng template → 25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity Master Mix) 

5’ 
3’ 

3’ 
5’ 

Amplify (72ºC) 
(NEB Q5 Hot Start High-Fidelity Master Mix) 

5’ 3’ H- 
3’ 5’ 

3’ H- 

5’ 
3’ 

3’ 

5’ 

Extend with outer primer (anneal at 60ºC) 
(NEB Q5 Hot Start High-Fidelity Master Mix) 

3’ 5’ 

5’ 3’ 
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6.3 Consensus RT-PCR of SSU/LSU RNA strands (from RNA) 
Since SSU/LSU RNA strands are much more abundant than SSU/LSU genes in DNA 
(~1000x, see Figure 6), attaining the lower bound of sensitivity of one microbe per sample 
is much easier when starting with RNA as compared to DNA—by about the same factor. 
Unfortunately, SSU/LSU RNA form tight hairpins which are difficult to reverse transcribe. 
They also contain modified bases which block reverse transcription outright. In particular, 
two modified bases at the tip of helix 45 in SSU RNA strands of all known species block 
reverse transcription. In bacteria, a third modified base blocks reverse transcription 
between helix 44 and 45 (section 4.2 explains which RNA bases which block reverse 
transcription). The location of modified bases which block reverse transcription is not 
known for most species. This means avoiding SSU/LSU RNA regions which are known to 
contain blocking bases in some species is a good idea, as well as reverse transcribing only 
short regions. 
The first method (see Section 6.3.1) reverse transcribes the SSU/LSU RNA strand into a 
RNA:DNA hybrid, then converts it into dsDNA using a second strand synthesis kit, and 
amplifies it using the consensus PCR protocol of Section 6.2.2. This protocol is very well 
suited to avoid modified bases blocking reverse transcription. The PCR protocols of 
Section 6.2.1 are not recommended, since they do not handle modified bases which block 
reverse transcription. For example, an m2

2G is present in bacterium Thermus thermophilus 
SSU helix 31, so no reverse transcribed fragment would span this helix, meaning this 
bacterium would be undetectable by the PCR method of Section 6.2.1 which amplify 
strands spanning helixes 19 to 43/44. 

The second method (see Section 6.3.2) consists in the amplification of SSU helix 44, 
which reduces the odds of a modified base impeding reverse transcription (since the helix 
44 amplicon is very short). Its consensus primers are based on the two best conserved SSU 
sequences. However, like the first method, modified bases in helix 44 which block reverse 
transcription would mean missing species entirely. The best conserved sequence of the 
SSU (located on the 3’ edge of helix 44, E. coli SSU 1492-1506) is very hard to reverse 
transcribe due to its proximity to modified bases blocking reverse transcription; 
fortunately, the method used here is very effective at reverse transcribing the best 
conserved sequence (unlike just about all other methods). 
The third method (see Section 6.3.3) is more complex, and consists of the (possibly partial) 
reverse transcription and amplification of the 5’ end of the SSU/LSU. Rather than using 
two consensus primers for amplification, only one is used: PCR amplification is achieved 
by adding a known sequence to the 3’ end of the reverse transcribed DNA. If reverse 
transcription is blocked, the amplicon will be truncated, but it will not be lost. This method 
is better suited for modified bases which block reverse transcription, though it is less 
selective than Section 6.3.2  because only a single primer is used (eg. there will be more 
background RNA amplified along with the SSU/LSU). Bases which block reverse 
transcription close to the priming site still cause species to be missed entirely. 
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If an Illumina library has been prepared from RNA, it is possible to enrich this library 
using consensus sequences, much like the methods described here. This is explained in 
Section 7.3. 

6.3.1 Converting to DNA using random hexamers and second strand synthesis 
[TODO: mention that reverse transcribing 3’ end of SSU (E. coli SSU 1492-1506) is quite 
hard, and downstream consensus primers targeting this region will not work] 

 

 
Figure 95: [TODO] 

 

 
 

Fragmentation to ~1500 bases at 94ºC in Mg2+ 
 

RNA strands either from ZR Fungal/Bacterial RNA MiniPrep kit 

5’ 3’ 

Random hexamer primed reverse transcription 
(NEBNext RNA First Strand Synthesis Module) 

5’ 3’ 
3’ 5’ 

Nick initiated translation 
(NEBNext mRNA Second Strand Synthesis Module) 

5’ 3’ 

5’ 3’ 

5’ 3’ 

3’ 5’ 

NNNNNN 

Ready for Half Consensus PCR protocol (Section 6.2.2) 



    

 187  

6.3.2 Simple consensus RT-PCR amplification of SSU helix 44 
The two best conserved sequences of the SSU RNA strands are located on each side of 
helix 44, making this region a good target for consensus RT-PCR. There are no modified 
bases blocking reverse transcription in helix 44 in the three reference organisms (see 
Figure 96), though this may not be the case in all species, which is a limitation of this 
method. Though helix 44 amplicons are short, they are sufficiently variable to distinguish 
known medically important fungi (see Table 113) and selectively block human amplicons 
(see Table 112).  

The conserved region at the 3’ end of helix 44 is too short to be primed directly during 
reverse transcription; to get around this problem, the conserved region at the 5’ end of 
helix 44 is used as an anchor to artificially increase the melting temperature of this primer. 
This composite primer also opens up the decoding site hairpin, allowing unencumbered 
access to the priming region. This technique is thought to be quite tolerant to mismatches 
in the anchor part of the primer, especially if 2’O methyl RNA nucleotides are used instead 
of DNA nucleotides in the anchor (see primer 16S_1408Qm_A7_1503I). 
After reverse transcription, PCR amplification is performed with primers targeting both 
ends of helix 44. If reverse transcription was successful, the primer targeting the 3’ end of 
helix 44 is guaranteed to match exactly during the PCR phase. The primer targeting the 5’ 
end of helix 44 is designed to tolerate mismatches, so its melting temperature is ~5ºC 
above the annealing temperature. 

It does not make much sense to use SSU RNA strands purified using target capture of the 
decoding site, but other purification methods applied prior to RT-PCR can make this 
method more sensitive. For example, 16Bh_532Pm can be used to target capture SSU 
RNA strands, which can allow a lowering of the reverse transcription and PCR 
amplification temperatures, making the method more tolerant of consensus sequence 
mismatches. 

[TODO: explain appropriate template size for microbial sensitivity.] 

Table 112: Alignment of human (top) and Saccharomyces cerevisiae (bottom) SSU helix 44 rRNA 
sequence. 24% of bases are different, which is enough to use blocking primers to separate them. 
Alignment 
TGTACACACCGCCCGTCGCTACTACCGATTGGATGGTTTAGTGAGGCCCTCGGATCGGCCCCGCCGGGGTCGGCCCACGGCCCTGGCGGAGCGCTGAGAAGACGGTCGAACTTGACTATCTAGAGGAAGTAAAAGTCGTAACAAGGT 
||||||||||||||||||||| ||||||||| |||| |||||||||||   ||||| ||   |    ||  || | ||  || |  | |||||  |||||   || | ||||||   || |||||||| |||||||||||||||||| 
TGTACACACCGCCCGTCGCTAGTACCGATTGAATGGCTTAGTGAGGCCTCAGGATCTGCTTAGAGAAGG--GGGCAAC-TCCATCTCAGAGCG--GAGAATTTGGACAAACTTGGTCATTTAGAGGAACTAAAAGTCGTAACAAGGT 

Table 113: Alignment of SSU helix 44 of various medically important fungi. 
Species Alignment 
Saccharomyces cerevisiae TGTACACACCGCCCGTCGCTAGTACCGATTGAATGGCTTAGTGAGGCCTCAGGATCTGCTTAGAGAAGGGGGCAACTCCATCTCAGAGCGGAGAATTTGGACAAACTTGGTCATTTAGAGGAACTAAAAGTCGTAACAAGGT 

Candida albicans .....................C............................C....TG.T....GA................TCTG..A.C.....GC...T......................G.................. 

Candida dubliniensis .....................C............................C....TG.T....GA................TCTG..A.C.....GC...T......................G.................. 

Candida tropicalis .....................C.........................T..C....TG.T....GA................TCTG..A.C.....GC.A.T......................G.................. 

Candida orthopsilosis .....................C.........................T..C....TG.T........................TG..A.C.....GC.A.T......................G.................. 

Malassezia globosa .....................C.......................C.T.TG....TG..AGCTT.T.-CC......GGT.G.AGGC...C..A..C..A.G......................G.................. 

Malassezia restricta .....................C.......................C.T.TG....TG..AGCTT.T.-CC......GGT.G.AGGCC..T..A..C..A.G......................G.................. 

Malassezia sympodialis .....................C.......................C.T.TG.....G..AGCTT.G.-CC.T..C.GGTCA.AGGCC..T..A..C..ATG......................G.................. 

Pneumocystis jirovecii .....................C........................T..TC...CTG..AGC.G.CT.TT......GATGA.C..TT..T.GA..G...AT....T.................G.................. 

Encephalitozoon cuniculi .....................TCTAA...-..--C..ACT.GAC.AA-----....G-------.....-----------...G..-----------------TC..GA..G--.....TA..A..T...........T..C 
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Figure 96: Helix 44 in three reference species. Helix 44 is flanked by two highly conserved sequences (the 
decoding site) shown in red, which can be used as priming sites for RT-PCR. Two highly divergent 
sequences are shown in orange: these can used to block amplification of human amplicons while allowing 
unhindered amplification of microbial amplicons. Modified bases which block reverse transcription are 
identified with an adjacent stop sign. 

Table 114: Expected amplicons lengths. 
 Human Prostists Fungi (long) Fungi (short) Prokaryotes 
Outer      
Inner 157     
 
 
Table 115: [TODO]. Test panel. 
Oligo name Oligo Tm Conditions 
16S_1408Pm_A7_1506N GmAmCmGGGCGTGTGTACA AAAAAAA CCTTGTTACGACTT 64.2 / 45.6 0.25 uM oligo, RNA, 

90 mM mono, 2 mM 
Mg, 1 mM dNTP 

16S_1408P_A7_1506N GACGGGCGTGTGTACA AAAAAAA CCTTGTTACGACTT 57.2 / 45.6 
16S_1507O ACCTTGTTACGACTT 47.4 
16Sh_532Rm TAACCGmCmGmGmCmUmGmCmUmGmGmCmA ACGGT 74.6 / 58.4  
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Table 116: [TODO]. 
Oligo name Oligo Tm 

(black) 
Tm 
(all) 

Conditions 

16S_1408P_IU37u_1503K GACGGGCGTGTGTACA  
CTACACGACGCTCTTCCGATC TGTTACGACTT 

57.2 
30.5 

 

0.25 uM oligo, 
RNA, 90 mM 

mono, 2 mM Mg, 
1 mM dNTP 

16S_1408P_IU37u_1503J GACGGGCGTGTGTACA 
CTACACGACGCTCTTCCGATC TGTTACGACT 

57.2 
26.8 

 

16S_1408P_ IU37u_1503I GACGGGCGTGTGTACA  
CTACACGACGCTCTTCCGATC TGTTACGAC 

57.2 
19.1 

 

16S_1408Pm_IU37u_1503K mGmAmCmGmGmGmCmGTGTGTACA  
CTACACGACGCTCTTCCGATC TGTTACGACTT 

69.2 
30.5 

 

16S_IU37u_1503K CTACACGACGCTCTTCCGATCTGTTACGACT*T  71.7 

0.5 uM oligo, 
DNA, 2 mM Mg, 

0.8 mM dNTP 

16S_II43u_1390q CAGACGTGTGCTCTTCCGATCTGTACACACCGCCCGT*C 64.3 76.0 
IU37q CTACACGACGCTCTTCC  59.3 
II43q CAGACGTGTGCTCTTCC  60.0 
18U_1813T (blocking) AGATAGTCAAGTUCGACCG*T 61.2  
18U_1778p (blocking) CGGAGCGCUGAGAAG*A 61.2  
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Figure 97: [TODO]. 

 

SSU RNA 

~100 ng of Total RNA or ~20 ng of pre-purified SSU 
Fragment to 200-400 nt to break helix 28 (optional) 
(NEB Isothermal Amplification Buffer at 94ºC) 

Reverse transcribe at ~60ºC 
(NEB WarmStart RTx Reverse Transcriptase) 

5’ 3’ 

5’ 3’ 

3’ 5’ 

5’ 3’ 

5’ 3’ 

Helix 44 
(about 65 – 115 nt) 

5’ 3’ 

Block human amplicons, anneal at ~60ºC 
~1 ng template (dilute 50:1) → ~25 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

Total RNA strands from RNA extraction or pre-purified SSU RNA 

3’ 5’ 
3’ 5’ U 

U 

RNase A (optional), clean-up and concentrate 
(ZR RNA Clean & Concentrator-5) 

5’ 3’ 

Amplify PCR, anneal once at ~60ºC, then 72ºC 
~100 ng RNA template → ~10 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 

3’ 5’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

3’ 5’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

5’ 3’ 
3’ 5’ 

5’ 3’ 
3’ 5’ 

Add Illumina adaptors, anneal at ~65ºC 
~100 ng template (dilute 10:1) → ~6 PCR cycles 
(NEB Q5 Hot Start High-Fidelity X2 Master Mix) 
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6.3.3 Half consensus RT-PCR amplifying from best conserved regions 
[TODO] 

[TODO: explain appropriate template size for microbial sensitivity.] 
 

 
Table 117: [TODO].  
Oligo name Oligo Len Tm Conditions 
16S_530N    CCGCGGCTGCTGGCA  69.0 

1 uM oligo, RNA, 90 mM 
mono, 2 mM Mg, 1 mM 

dNTP 

16S_1408Q GACGGGCGGTGTGTACA  62.4 
16S_GCC_1507J  GCC  ACCTTGTTACGACT  48.3 
23S_2604A CTGTCTCACGACGTTCTAAACCCAGCT  67.2 
T31_V TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT*V  60.0 

0.5 uM oligo, DNA, 2 mM 
Mg, 0.8 mM dNTP 

18H_192S (blocking) TCAGCGCCCGTCGGCATG*T 223  
18H_497w (blocking) CCGACCCGGGGAGGTAGTGACG*A 128  
16S_ CGGCTGCTGGCA*C  60.1 
T31_V TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT*V  60.0 
18H_1574z (blocking) CGGGTAACCCGTTGAACCCCATTCG*T 135  
16S_ GGGCGGTGTGTACA*A  59.0 
T31_V TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT*V  60.0 
18H_1776r (blocking) GGCGGAGCGCTGAGAAG*A 63  
16S_GCC_1507J GCC ACCTTGTTACGACT*T  59.6 
T31_V TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT*V  60.0 
28H_4479b (blocking) TGTGAAGCAGAATTCGCCAAGCGTTGG*A 81  
23S_ ACGTTCTAAACCCAGCT*C  59.7 
 
[TODO: blocking primers above need to be optimized to have a Tm of ~62C. The 192S 
primer produces amplicons which are a little too long – they would be sequenced.] 
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Figure 98: [TODO]. The reverse transcription reaction can be done together or separately. If done separately, 
they reverse transcription temperature can be adjusted for optimal performance. In particular, doing 
16S_GCC_1507J separately makes much sense because it requires a much lower annealing temperature 
(~50ºC as comapred to ~65ºC) and it may be helped in humans by 16S_1408Q, voiding the human SSU as a 
positive control for the reaction. The poly(dA) tailing reaction should be pooled. An extra blocking primer is 
used to verify poly(dA) tailing efficiency in one of the PCR reactions (this control should be done in each  
PCR if poly(A) tailing is done separately). 
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7    Microbiome using Illumina HT Seq 

<TODO: sensitivity goes through the roof, experiment is simpler to setup. Main difficulty 
is bioinformatics. Both DNA and RNA flows are possible. For RNA flows, human 
ribosomal stands and short RNA strands can be discarded (by size or sequence) to increase 
sensitivity (show how this would have helped Lipkin’s first study). mRNA only can be 
looked at too, though this prevents the detection of microbial ribosomes and prokaryotes.] 
<TODO: Allows detection of active viruses, though sensitivity is not great and completely 
novel virus sequences (proteins) may be hard to identify. dsRNA virus are much easier to 
detect.] 
<should you setup a PCR reaction to test library preparation efficiency? SSU, LSU, 
genomic region?> 
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7.1 Standard library prep 
<todo> 

 
 

 
Figure 99: Standard Illumina library preparation protocol starting from DNA. 
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Figure 100: Standard Illumina library preparation protocol starting from RNA. 
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7.2 Removing SSU/LSU inserts after library preparation 
Blocking primers can be used to prevent human inserts from being included in a 
sequencing library (for example to remove inserts containing human SSU and/or LSU 
sequences). This technique is more specific, reliable, cheap and much less labor intensive 
than other depletion methods such as Ribo-Zero kits. Specificity is the most important 
advantage, which is achieved by: (1) keeping reactions at a very accurate temperature 
(about 72ºC in a thermocycler); (2) requiring both annealing and polymerization for 
blocking to occur, meaning that not only must blocking primers anneal, but they must also 
match exactly at the 3’ end. 

[TODO: add a figure] 
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Table 118: [TODO]. Conditions: 0.25 uM, 2 mM Mg, 0.8 mM dNTP.  Gap = ~370 nt. 
Name Oligo Tm 

(hair 
pin) 

Tm (SSU 
ME 3’) 

Tm (LSU 
ME 3’) 

Tm (exact 
match) 

28U_211t GAGGCCCAGCCCGUGGACGG 54  61ºC 72.0ºC 
28U_450v CGCCCGGAGGATUCAACCCGGC 57  58ºC 71.8ºC 
28U_675t CCGCCGGGCGCAUTTCCACC 50  62ºC 71.5ºC 
28U_923s CCCGGCAGCAGCACUCGCC 55  62ºC 71.2ºC 
28U_1088t CGGCGCGACCGCUCTCCCAC 58  57ºC 71.6ºC 
28U_1289w CGACGTCGGCUACCCACCCGACC 56  62ºC 72.0ºC 
28U_1496z GAGCACGAGCGCACGUGTTAGGACCC 54  60ºC 72.0ºC 
28U_1685u GCTGGCGCTCUCGCAGACCCG 60  59ºC 71.9ºC 
28U_1900v CCGGGTTAAGGCGCCCGAUGCC 64  61ºC 72.1ºC 
28U_2084x CGGCAGTCGAGAGUGGACGGGAGC 42  51ºC 71.8ºC 
28U_2249t CGGAGCCCCGCGGACGCUAC 50  (5) <66ºC 71.7ºC 
28U_2457v GCGAGCGCCGTUCCGAAGGGAC 46  57ºC 71.7ºC 
28U_2686y GTGCCTTGGAAAGCGUCGCGGTTCC 51  58ºC 71.5ºC 
28U_2905v CGGTCGGGCUGGGGCGCGAAGC 59  (4) 64ºC 72.0ºC 
28U_3265w CCGTGGATCGCCCCAGCUGCGGC 45  (2) 64ºC 71.2ºC 
28U_3587t CCGGCGCCUAGCAGCCGACT 55  56ºC 71.7ºC 
28U_3671a GGCGGGTGTTGACGCGATGUGATTTCT 56  (27) 71ºC 71.1ºC 
28U_4032w GCGGGCCGCCGGUGAAATACCAC 57  (8) 67ºC 72.1ºC 
28U_4245z GGGAGGACAGAAACCUCCCGTGGAGC 62  (1) 65ºC 71.5ºC 
28U_4497B TCCAACGCTTGGCGAATTCUGCTTCACA 62  <65ºC 71.2ºC 
28U_4713w GCCCAGGCGAACGAUACGGCAGC 40  51ºC 71.7ºC 
28U_4865v CCGGTGCGGAGTGCCCUTCGTC 51  59ºC 71.5ºC 
18U_192S TCAGCGCCCGUCGGCATGT 55 62 64ºC 70.3ºC 
18U_336x ACGACCCATTCGAACGUCTGCCCT 57 54 52ºC 70.5ºC 
18U_369a CGATGGTAGTCGCCGUGCCTACCATGG 59 57 57ºC 71.4ºC 
18U_497w CCGACCCGGGGAGGUAGTGACGA 45  (202) 71 <64ºC 71.1ºC 
18U_735s CCGCCCCTTGCCUCTCGGC 53 62 62ºC 70.6ºC 
18U_990U GGTCCGTCTUGCGCCGGTCCA 44 (3) 65  71.6ºC 
18U_1101X TCGCCGGTCGGCATCGUTTATGGT 57 (86) 71 53ºC 70.8ºC 
18U_1269x GGCCCGGACACGGACAGGAUTGAC 64 58 <50ºC 70.8ºC 
18U_1416r CCCCGAGCGGUCGGCGTC 58 62 <65ºC 70.4ºC 
18U_1574z CGGGTAACCCGTUGAACCCCATTCGT 48 62 51ºC 70.6ºC 
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The following three commands calculate the annealed template fraction at equilibrium at 
different temperatures; exactly matching human templates can be compared to three 
simulated microbial templates (near miss sequences). The results are shown in Figure 103. 
Using an annealing temperature slightly above the melting temperature of the oligo gives 
the best gain—that is priming human strands but not microbial strands. Note that blocking 
primers are constantly binding and unbinding to templates, which means that if one were to 
wait long enough, all target templates (including near miss microbial templates) would end 
up being primed, extended and blocked—this means the blocking polymerization reaction 
time must be carefully selected. At a concentration of 0.25 uM, the binding half life is 
about 5 seconds, and the unbinding half-life is dependant on the exactness of the match 
and the temperature. The extension of blocking primers must be long enough to eliminate 
human strands, but not so long as to block too many of the near miss microbial strands (see 
Figure 105). This period is particularly critical for very close near misses, such as the third 
sequence below. 

:: Annealing probability of blocking primer against a near miss sequences. 
::                           ref:   CGATGGTAGTCGCCGTGCCTACCATG 
leif tm0 CGATGGTAGTCGCCGTGCCTACCATG CGATAGTAGTCGACGTGACTACCATG 0.25 0 2 0.8 
leif tm0 CGATGGTAGTCGCCGTGCCTACCATG CGATGGTAGTCGCGGTGCCTACCATG 0.25 0 2 0.8 
leif tm0 CGATGGTAGTCGCCGTGCCTACCATG CGATGGCAGTCGCCGTGCCCACCATG 0.25 0 2 0.8 
 

Two different library blocking techniques can be used: the simplest method uses uracil 
based elongation arrest blocking primers; the more labor intensive method uses T7 
exonuclease to digest strands on which blocking primers were extended during a single 
polymerization cycle. The second method requires fewer PCR cycles to purify microbial 
strands, which minimizes the (albeit small) bias caused by PCR amplification. 
In the first method, uracil based elongation arrest blocking primers are used to block every 
PCR cycle, so even mediocre blocking of human strands (for example 75% blocking 
probability) will result in excellent depletion of human amplicons, as the blocking rate 
reduces the compounded PCR amplification rate (say from 1.8x to 1.2x). When using the 
second method, blocking is only performed during a simple polymerization cycle, which 
means it is not compounded; when using this type of protocol, very efficient blocking of 
human strands (>99%) needs to be achieved at the first cycle, meaning a longer 
hybridization and polymerization time is required (a few minutes is usually enough). 
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Figure 101: Fraction of template targets annealed at equilibrium as the specified temperature. Exact match 
templates are compared to three “near miss” targets (mismatching letters shown in lowercase). 
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Figure 102: Figure 101 shown with a logarithmic Y axis. 
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Figure 103: Relative annealing ratio (gain) of exact match (human) vs. near miss (microbe)  templates, 
calculated by dividing the plots from Figure 101 by the exact match (human) plot. 
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Figure 104: Fraction of template strands blocked during polymerization period. 
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Figure 105: Human strand depletion efficiency during polymerization period, assuming 10%, 1% and 0.1% 
uncapturable human strands (top, centre, bottom figures). 



    

 201  

7.3 Enriching microbial SSU/LSU inserts using half consensus PCR 
This method uses a single consensus PCR primer to enrich the library for regions flanking 
the SSU/LSU gene’s best conserved sequences. This technique is very well suited for the 
detection of cellular microbes, but cannot detect viruses.  Blocking primers are added to 
eliminate most human SSU/LSU inserts. Enriched inserts can easily be used for taxonomic 
classification by comparing to known SSU/LSU genes. 

Since SSU/LSU RNA strands are very abundant in RNA-Seq libraries made from Total 
RNA (they represent ~75% of the inserts!), it is best to use such libraries when performing 
this enrichment method. It can also work with DNA-Seq libraries, though its sensitivity is 
reduced approximately 1000x (see Figure 6). It is not recommended on RNA-Seq libraries 
prepared from poly(A) RNA (ex: NEBNext Poly(A) mRNA Magnetic Isolation) or from 
ribosome free RNA (ex: Illumina Ribo-Zero, NEBNext rRNA Depletion). 

Though this technique depends on the best conserved sequences appearing in all microbial 
species (which is known to not be the case), separately enriching and then pooling three 
different conserved SSU/LSU regions comes very close to universal coverage (see  Section 
4.2.2). Unlike typical PCR or RT-PCR assays, it only requires a match with a single 
consensus sequence, providing many advantages over these two techniques. This technique 
handles CG-rich hairpins (which block polymerization) much better than PCR or RT-PCR, 
sequencing all bases from the priming site to the hairpin. For PCR and RT-PCR, strong 
CG-rich hairpins between priming sites will yield zero amplicons. 

When using DNA as starting material, this method is not affected by large introns between 
priming sites which make amplicons too long for efficient PCR amplification (see Figure 
81), unlike consensus PCR typically used in microbiome studies. It remains affected by 
introns within the priming site, which are rare but do happen. 

When using RNA as starting material, the requirement for a pair of consensus sequences 
with no modified bases blocking reverse transcription between them is lifted, unlike 
consensus RT-PCR of RNA. In particular, the two best conserved sites in the SSU are 
~1000 nt a part, so RT-PCR using these as priming sites is very susceptible to bases 
blocking reverse transcription anywhere between them. Similarly, degraded or in vivo 
fragmented RNA may have no fragments long enough to span this length. 

Introns are no longer an issue in RNA since they have been spliced out in vivo. As an 
alternative to this technique, using target capture to isolate entire SSU/LSU RNA strands 
(see Section 4.5.2) is more complex and expensive, though it is often preferable since the 
entire SSU/LSU strand is isolated—it is thus not susceptible to modified bases blocking 
reverse transcription near the priming site. 
Being able to use a single consensus sequence greatly increases the universality of this 
assay (as compared to requiring pairs of consensus sequences), but is somewhat less 
efficient at reducing off-target amplicons. 

Using a wide panel of primers targeting conserved regions of the SSU and LSU (see Table 
111) on RNA-Seq Illumina libraries is very close to being universal for the detection of 
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cellular microbes. The only major limitation of this technique is that if priming sites are 
located between blocking bases/RNA edges closer than ~300 nt apart, the inserts 
containing these sites will have been eliminated during the size selection step of the RNA-
Seq library preparation flow. 

 

Figure 106: [TODO]. High efficiency / low bias method, starting from Y-adaptor RNA-Seq library. Gain of 
~1000x. 
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Figure 107: [TODO]. Faster, less sensitive method starting from Y-adaptor RNA-Seq library. Gain of 
~100x. 
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Figure 108: [TODO]. High efficiency / low bias method, starting from finished RNA-Seq library. 
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7.4 Enriching viral/microbial inserts using restriction enzymes 
DNA-Seq libraries from human specimens contain mostly the human genome (~3G bp), 
which by microbiology standards is very complex: most cellular microbes’ genome ranges 
between 0.5M and 30M bp. Library complexity can be reduced by systematically 
eliminating some human and viral/microbial inserts based on their sequence. This provides 
one disadvantage and two advantages as compared to unbiased (full complexity) 
sequencing. The disadvantage is simple: if all viral/microbial inserts of a given species are 
discarded during complexity reduction, then that species becomes undetectable—this is 
particularly problematic for small viral genomes. The advantages are: (1) the insert 
selection method can be chosen to be biased against the human genome, increasing assay 
sensitivity; (2) low complexity libraries are suitable for subtractive hybridization, which 
reduces high frequency human inserts and increases sensitivity*. 

The complexity reduction method used here digests human DNA with restriction enzymes 
to cut DNA strands at specific sequences. For example, the sequence “ATCGAT” appears 
infrequently in the human genome as compared to microbial genomes, due to “CG” 
methylation common in vertebrates80. Most microbes and viruses are unaffected by “CG” 
methylation, so they make generous use of “CG” sequences†. In humans, “CG” are much 
more frequently used in coding regions than in introns or intergenic regions, due to higher 
evolutionary constraints imposed on codons. 
This method could also be used on RNA-Seq libraries, which would be relevant to detect 
RNA viruses, though the enrichment gain is harder to estimate since transcription profiles 
vary from sample to sample (whereas genomic DNA does not). Furthermore, human 
exomic sequences contain four times more “CG” sequences than do intronic or intergenic 
sequences, so restriction enzymes will be much less biased against the human 
transcriptome than the human genome. Finally RNA viruses are short, so they are much 
less likely to be selected by restriction enzymes: the variance of assay sensitivity is quite 
high on small viruses, as typically either zero or one fragment are selected based on the 
viral sequence. Thus applying this technique alone on reverse transcribed RNA does not 
make much sense; however, if subtractive hybridization is performed downstream, 
restriction enzymes must still be used is simplify the RNA-Seq library, even if the 
digestion step is not biased against human transcripts (this is done using a panel of 
restriction enzymes, each followed by a separate subtractive hybridization reaction). 

This technique is best used to detect cellular microbes and large dsDNA viruses which 
cannot be isolated using gel separation (>40k bp, see Section 1.3.2.2). Note that viruses are 

                                                
* Note that when doing deep enough sequencing (100M reads), further increasing sensitivity with subtractive 
hybridization is typically not useful unless a very large amount of input material is used (>1 ug input DNA). 
This technique was more applicable when sequencing was very expensive. 
† Though most microbes contain the expected number of “CG” sequences (about 1/16th = 6%), there are some 
exceptions, such as the protist Plasmodium falciparum (malaria) whose genomic “CG” ratio is 0.7%, and is 
similar to humans (1.0%): restriction enzymes biased against humans are also biased against such microbes. 
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not separated by type in the following sensitivity estimates, but those above 40k bp are all 
dsDNA viruses (see Table 13). 

Three restriction enzymes methods are explained in the following sections: single ended, 
double ended and combo. The single ended method selects DNA strands 200 – 700 bp long 
on both sides of a restriction site: this method is not restrictive and eliminates 90% to 
99.5% of the human genome. The double ended method selects DNA strands located  
between two restriction sites, 200 – 700 bp apart: this method is very restrictive and can 
eliminate 99% to 99.99% of the human genome, depending on the chosen restriction 
enzyme. The combo method simultaneously selects both types, and is mainly useful for 
restriction enzymes recognizing the sequence “CGCG”, “TCGA” or “WCCGGW”. It is the 
simplest method. 
Different combination of restriction enzymes can be used together to achieve maximal 
sensitivity gains. These enzyme sets are called “panels” (see Table 119). It is possible to 
design custom panels and evaluate assay sensitivity in greater detail using the spreadsheet 
www.shipshaw.com/nmlb_re_panel.zip . 

:: Single ended restriction enzyme digestion model, applied to human genome and viruses. 
leif digest0 . GRCh38_*.fa.gz 300 700 -1 ATCGAT 
leif digest0 . virus\*.fa.gz  300 700 -1 ATCGAT 
 
:: Double ended restriction enzyme digestion model, applied to human genome and viruses. 
leif digest0 . GRCh38_*.fa.gz 300 700 ATCGAT 
leif digest0 . virus\*.fa.gz  300 700 ATCGAT 

 
Table 119: Geomean gain for all RefSeq species, as compared to unbiased high-throughput sequencing. 

Restriction enzyme panel Bacteria Fungi Protists Viruses 
≥40k bp 

Subtractive 
hybridization 
possible 

single CGTACG, TCGCGA, 200 – 700 bp 12.3x 6.9x 5.0x 13.5x No 
double ATCGAT, TCGCGA, CGCG, TCGA, 300 – 700 bp 30.8x 12.7x 8.8x 28.4x No 
double ATCGAT, TCGCGA, 300 – 700 bp 40.5x 14.5x 10.5x High σ2 Yes, 100x gain 
combo CGCG, 300 – 500 bp, 10k bp 7.3x 5.0x 3.2x 7.1x No 
combo CGCG, 300 – 500 bp, 20k bp 8.0x 5.4x 3.5x 7.7x No 
combo WCCGGW, 300 – 500 bp, 20k bp 10.4x 5.6x 3.2x 7.7x No 
combo TCGA, 300 – 500 bp, 20k bp 4.8x 4.8x 3.7x 5.1x No 
combo WCCGGW, TCGA, 300 – 500 bp, 20k bp 8.6x 5.5x 3.7x 7.7x No 
combo CGGC, TCGA, 300 – 500 bp, 20k bp 7.0x 5.8x 4.2x 7.5x No 

 
Table 120: Fragment count produced by restriction enzymes on human genome (blue = bp; pink = 
fragments). X-axis is fragment length in base pairs. 
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7.4.1 “CpG” methylation of DNA 
The restriction enzyme model used here assumes that no “CG” sites in the human genome 
are methylated, but in fact 60%-90% of “CG” sites are methylated in mammals80. This 
distinction is important because restriction enzymes typically will not cut methylated sites. 
If the human genome is first amplified (for example, during standard Illumina library 
preparation), amplicons will not contain any methylated sites. This means restriction 
enzymes applied directly to extracted DNA will yield less human fragments but will also 
be less predictable, since methylated sites are not identical in all human cells or tissue. 
Furthermore, demethylated “CG” in the human genome are often tightly grouped together 
in “CpG islands”, which are 300-3000 bp long and composed of ~50% of “CG” sequences. 
“CpG islands” can be seen in the very sharp drop in fragment count between 0 and 300 bp 
in Table 120 panel CGCG (enzymes which don’t digest “CG” bases, like “AGCT” do not 
have as sharp a drop in fragment counts over the 0 and 300 bp range). 
While getting higher sensitivity is desirable, applying restriction enzymes directly on 
extracted DNA runs the risk of missing some viruses or microbes due to methylation of 
their genomes. This is known to occur in several types of viruses, especially in the 
episomal or provirus stage80. Because of this limitation, it is not recommended to perform 
digestion directly on extracted DNA (except if the restriction enzymes used are not 
sensitive to CpG methylation, see Table 123), but rather on amplified DNA. 

7.4.2 Repeated elements in the human genome 
Some sequences are repeated many times per haploid human genome: for example, Alu 
elements (~1 million), mitochondrial chromosomes (~500-5000) and ribosomal DNA units 
(~320). The effect of repeated elements is fully modeled. For example, digesting with 
restriction enzyme BstUI (CGCG) produces a peak at ~144 nt and ~227 nt (see Table 120 
panel CGCG), originating from Alu elements. As another example, digesting with 
restriction enzyme AgeI (ACCGGT) produces two peaks at 655 and 1685 bp (see Table 120 
panel ACCGGT), both originating from the 5’ ETS regions of the human ribosomal DNA 
unit (see Table 121). Since these two ribosomal sequences are CG-rich, they may not be 
efficiently PCR amplified due to strong secondary structures—the PCR step may 
automatically eliminate them. If they do make in through, size selection or blocking 
primers can be used to remove them, improving microbial enrichment efficiency. 
Table 121: Sequence of fragments producing two peaks in Table 120 panel ACCGGT. 
Info Sequence 

Ribosome 5’ ETS 
655 bp, 75% CG 

CGTGTGTGGGTTGACTTCGGAGGCGCTCTGCCTCGGAAGGAAGGAGGTGGGTGGACGGGGGGGCCTGGTGGGGTTGCGCGCACGCGCGCACCGGCCGGGCCCCCGCCCTGAACGCGAACGCTCGAGGTGGC
CGCGCGCAGGTGTTTCCTCGTACCGCAGGGCCCCCTCCCTTCCCCAGGCGTCCCTCGGCGCCTCTGCGGGCCCGAGGAGGAGCGGCTGGCGGGTGGGGGGAGTGTGACCCACCCTCGGTGAGAAAAGCCTT
CTCTAGCGATCTGAGAGGCGTGCCTTGGGGGTACCGGATCCCCCGGGCCGCCGCCTCTGTCTCTGCCTCCGTTATGGTAGCGCTGCCGTAGCGACCCGCTCGCAGAGGACCCTCCTCCGCTTCCCCCTCGA
CGGGGTTGGGGGGGAGAAGCGAGGGTTCCGCCGGCCACCGCGGTGGTGGCCGAGTGCGGCTCGTCGCCTACTGTGGCCCGCGCCTCCCCCTTCCGAGTCGGGGGAGGATCCCGCCGGGCCGGGCCCGGCGC
TCCCACCCAGCGGGTTGGGACGCGGCGGCCGGCGGGCGGTGGGTGTGCGCGCCCGGCGCTCTGTCCGGCGCGTGACCCCCTCCGTCCGCGAGTCGGCTCTCCGCCCGCTCCCGTGCCGAGTCGTGACCGGT 

Ribosome 5’ ETS 
1685 bp, 82 % CG 

 

GCCGACGACCGCGTTTGCGTGGCACGGGGTCGGGCCCGCCTGGCCCTGGGAAAGCGTCCCACGGTGGGGGCGCGCCGGTCTCCCGGAGCGGGACCGGGTCGGAGGATGGACGAGAATCACGAGCGACGGTG
GTGGTGGCGTGTCGGGTTCGTGGCTGCGGTCGCTCCGGGGCCCCCGGTGGCGGGGCCCCGGGGCTCGCGAGGCGGTTCTCGGTGGGGGCCGAGGGCCGTCCGGCGTCCCAGGCGGGGCGCCGCGGGACCGC
CCTCGTGTCTGTGGCGGTGGGATCCCGCGGCCGTGTTTTCCTGGTGGCCCGGCCGTGCCTGAGGTTTCTCCCCGAGCCGCCGCCTCTGCGGGCTCCCGGGTGCCCTTGCCCTCGCGGTCCCCGGCCCTCGC
CCGTCTGTGCCCTCTTCCCCGCCCGCCGCCCGCCGATCCTCTTCTTCCCCCCGAGCGGCTCACCGGCTTCACGTCCGTTGGTGGCCCCGCCTGGGACCGAACCCGGCACCGCCTCGTGGGGCGCCGCCGCC
GGCCACTGATCGGCCCGGCGTCCGCGTCCCCCGGCGCGCGCCTTGGGGACCGGGTCGGTGGCGCGCCGCGTGGGGCCCGGTGGGCTTCCCGGAGGGTTCCGGGGGTCGGCCTGCGGCGCGTGCGGGGGAGG
AGACGGTTCCGGGGGACCGGCCGCGGCTGCGGCGGCGGCGGTGGTGGGGGGAGCCGCGGGGATCGCCGAGGGCCGGTCGGCCGCCCCGGGTGCCCCGCGGTGCCGCCGGCGGCGGTGAGGCCCCGCGCGTG
TGTCCCGGCTGCGGTCGGCCGCGCTCGAGGGGTCCCCGTGGCGTCCCCTTCCCCGCCGGCCGCCTTTCTCGCGCCTTCCCCGTCGCCCCGGCCTCGCCCGTGGTCTCTCGTCTTCTCCCGGCCCGCTCTTC
CGAACCGGGTCGGCGCGTCCCCCGGGTGCGCCTCGCTTCCCGGGCCTGCCGCGGCCCTTCCCCGAGGCGTCCGTCCCGGGCGTCGGCGTCGGGGAGAGCCCGTCCTCCCCGCGTGGCGTCGCCCCGTTCGG
CGCGCGCGTGCGCCCGAGCGCGGCCCGGTGGTCCCTCCCGGACAGGCGTTCGTGCGACGTGTGGCGTGGGTCGACCTCCGCCTTGCCGGTCGCTCGCCCTCTCCCCGGGTCGGGGGGTGGGGCCCGGGCCG
GGGCCTCGGCCCCGGTCGCTGCCTCCCGTCCCGGGCGGGGGCGGGCGCGCCGGCCGGCCTCGGTCGCCCTCCCTTGGCCGTCGTGTGGCGTGTGCCACCCCTGCGCCGGCGCCCGCCGGCGGGGCTCGGAG
CCGGGCTTCGGCCGGGCCCCGGGCCCTCGACCGGACCGGCTGCGCGGGCGCTGCGGCCGCACGGCGCGACTGTCCCCGGGCCGGGCACCGCGGTCCGCCTCTCGCTCGCCGCCCGGACGTCGGGGCCGCCC
CGCGGGGCGGGCGGAGCGCCGTCCCCGCCTCGCCGCCGCCCGCGGGCGCCGGCCGCGCGCGCGCGCGCGTGGCCGCCGGTCCCTCCCGGCCGCCGGGCGCGGGTCGGGCCGTCCGCCTCCTCGCGGGCGGG
CGCGACGAAGAAGCGTCGCGGGTCTGTGGCGCGGGGCCCCCGGTGGTCGTGTCGCGTGGGGGGCGGGTGGTTGGGGCGTCCGGTTCGCCGCGCCCCGCCCCGGCCCCACCGGT 
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7.4.3 Relaxed minimum DNA template input 
The most commonly used method to identify microbes in DNA is to amplify part of the 
SSU gene (16S) using consensus PCR. This requires at least one microbial SSU gene 
within the DNA template used to setup the PCR reaction (obviously!). Unfortunately, SSU 
genes typically represent a very small fraction of microbial DNA: for example, there is 
only one SSU gene in the genome of Mycobacterium tuberculosis (see Figure 109, left). 
Using the upper limit of 100 ng template DNA input per PCR reaction, this means one 
Mycobacterium tuberculosis bacterium can be detected in 17K human cells with 63% 
sensitivity (1 microbial SSU per cell * 100 ng template / 6 pg DNA per human cell = 17K). 
When using the single ended restriction enzyme method to build a low complexity 
Illumina sequencing library, only parts of the Mycobacterium tuberculosis genome which 
flank a restriction sequence are kept (see Figure 109, right). Fortunately this technique 
yields thousands of such fragments, meaning that a much smaller DNA template can be 
used while still maintaining a very high probability of detection. The sensitivity level is so 
high that the limiting factor is getting a single genomic DNA strand input to the template, 
since nearly all such strands have many restriction enzyme sequences within them. For 
Mycobacterium tuberculosis, this techniques requires a single DNA fragment (about 44K 
in length) in a 4.4M bp genome, as compared to an entire genome for the SSU consensus 
PCR method (100 microbial DNA fragments per cell * 100 ng template / 6 pg DNA per 
human cell = 1.7M). This is 100x more sensitive with equal template input. By 
fragmenting template DNA to ~1k bp (for example using sonication), this sensitivity level 
can be increased even more. 

Note that if little DNA is extracted from a clinical specimen, microbe detection sensitivity 
becomes limited by the presence of at least one microbe cell in the clinical specimen, and 
cannot be improved using restriction enzymes (or any other method). 

 
Figure 109: 4.4M bp genome of Mycobacterium tuberculosis, the bacterium which causes tuberculosis 
(resolution is one pixel for every 62 bp). Left panel shown the location of the SSU gene (aka. 16S, in blue), 
which is 1543 bp long. Right panel shows the location of sequences “ATCGAT” (red, 1280 on total) and 
“TCGCGA” (green, 2025 on total), which can be cleaved by restriction enzymes BspDI and NruI. 
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7.4.4 Restriction enzyme biased against human (single ended) 
This method is gives excellent results and is relatively simple.  

 
Table 122: <todo> 
Name 5’ → 3’ Tm 

(Black
) 

Tm 
(All
) 

pIU58F_U_II3
3 
(Illumina 
adaptor) 

/5Phos/GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTUGACTGGAGTTCAGACGTGTGCTCTTCCGATC*
T 

  

 /5Phos/GATCGGAAGAGCGTCGTATGGGTACTGC    U  
CTACGACGTCAACGTGTGCTCTTCCGATC*T 

  

                                           CTACGACGTCAACGTGTGC*T 39.2 64.7 
                                            GCAGTACCCATACGACGCT*C 40.8 64.5 
[TODO: create custom adaptor.] 
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Figure 110: [todo]. 
 

 

~300 - ~700 nt 

Standard Illumina library (demethylated DNA) 

Fragmentation using restriction enzyme 
(NEB NruI-HF) 

5’ p 3’ 
3’ p 5’ 

Ligate custom adaptors 
(NEB Blunt/TA Ligase Master Mix) 

T 3’ 
p 5’ U 

U 

3’ 

3’ 5’ 

5’ 

PCR w/ Illumina primers (anneal 60ºC, then 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

Block ends to prevent ligation 
(NEB TdT + ddCTP) 

Fill recessed 3’ end and dA-tail 
(NEB Taq DNA Polymerase) 

5’ p A 3’ 
3’  p 5’ 

Remove uracils, clean-up 
(NEB USER Enzyme) 

5’ 3’ 
3’ 5’ 

5’ C-H 3’ 
3’ H-C  5’ 

U 

3’ 
5’ 

5’ 3’ 
5’ 3’ PCR w/ custom primers (anneal 65ºC) 

(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ C-H 3’ 
3’ H-C  5’ 

5’ C-H 3’ 
3’ H-C  5’ 

5’ C-H 3’ 
3’ H-C  5’ 

5’ C-H 3’ 
3’ H-C  5’ 

5’ 
3’ 

3’ 

3’ 5’ 

5’ 
5’ C-H 3’ 

3’ H-C  5’ 

Size select >300 bp (optional) 
(ZR Select-A-Size DNA Clean & Conc-5) 
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7.4.5 Restriction enzyme biased against human (double ended) 
<todo: Ends of genomic DNA should be blocked to prevent ligation81.  Another way to do 
this is to attach short non-Illumina adaptors to both ends and digest unligated inserts using 
lambda exonuclease. Yet another way is to circularize the input strands and digest 
uncircularized strands with lambda exo. Note that both 3’ and 5’ ends need to be 
unligatable, otherwise one of the two strands with a single complete adaptors attached to 
one each will be amplifiable. Yet another way is to add a terminal ddCTP which cannot be 
ligated.> 

<todo: mention that doing multiple parallel fragmentation reactions with different 
enzymes, followed by volume adjusted pooling is a simple way to try many enzymes at 
once; you can even include some really universal enzymes which would not be compatible 
with subtractive hybridization, dsDNA fragmentase.> 

<todo: mention that dsDNA fragmentase can be used in a truly “unbiased” branch to place 
a floor on coverage. Note that some determinism is lost due to the fact that the 
fragmentation time affects fragment lengths (unlike restriction enzymes which all reach the 
same reaction end point).> 

<todo: mention that size selection with the ZR kit is approximate, though this may not 
matter. TBE or TAE gels perform better. SH requires tight size selection. > 
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Figure 111: <todo>.  Though it is possible to ligate adaptors directly by making them compatible to the ends 
produced by the restriction enzyme (skipping the dA-tailing step), this would enable self-ligation of inserts 
and adaptors (which is bad). 

~20000 nt 
ZR Fungal/Bacterial DNA MiniPrep kit (methylated DNA) 

5’ 3’ 

Fragmentation using restriction enzyme 
(NEB NruI-HF) 

5’ p 3’ 
3’ p 5’ 

Ligate adaptors 
(NEB Blunt/TA Ligase Master Mix) 

T 3’ 
p 5’ U 

U U 

3’ 

3’ 5’ 

5’ 

3’ 5’ 

Amplify using Illumina primers (anneal at 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

Block ends to prevent ligation 
(NEB TdT + ddCTP, NEB rSAP) 

5’ C -H 3’ 
3’ H- C  5’ 

Fill recessed 3’ end and dA-tail (65ºC for 30 min) 
(NEB Taq DNA Polymerase) 

5’ p A 3’ 
3’ A p 5’ 

Remove uracils, clean-up 
(NEB USER Enzyme, ZR DNA Clean & Conc-5) 

Size select 420 – 820 bp 
(LifeTech E-Gel 2.0% Agarose with SYBR Safe) 
 5’ 3’ 

3’ 5’ 

Demethylate and amplify DNA 
(NEB phi29 DNA polymerase + random hexamers) 

5’ 3’ 
3’ 5’ 

m5C m5C m5C 

m5C m5C m5C 
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Figure 112: [todo]. 

Standard Illumina library (demethylated DNA) 

Fragmentation using restriction enzyme 
(NEB NruI-HF) 

5’ p 3’ 
3’ p 5’ 

Ligate custom adaptors 
(NEB Blunt/TA Ligase Master Mix) 

T 3’ 
p 5’ U 

U 

3’ 

3’ 5’ 

5’ 

PCR w/ Illumina primers (anneal 60ºC, then 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 

Block ends to prevent ligation 
(NEB TdT + ddCTP) 

Fill recessed 3’ end and dA-tail 
(NEB Taq DNA Polymerase) 

5’ p A 3’ 
3’  p 5’ 

Remove uracils 
(NEB USER Enzyme) 

~300 - ~700 nt 
5’ 3’ 
3’ 5’ 

5’ C-H 3’ 
3’ H-C  5’ 

U 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ PCR w/ custom primers (anneal 65ºC) 

(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

Size select >300 bp (optional) 
(ZR Select-A-Size DNA Clean & Conc-5) 

3’ 

3’ 5’ 

5’ 
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7.4.6 Restriction enzyme biased against human (combo) 
[todo] 
 

 
:: Combo digestion restriction enzyme model, applied to human genome viruses (10k-20k bp input). 
leif digest0 . GRCh38_*.fa.gz 300 500 -10000 CGCG 
leif digest0 . GRCh38_*.fa.gz 300 500 -20000 CGCG 
leif digest0 . virus\*.fa.gz  300 500 -10000 CGCG 
leif digest0 . virus\*.fa.gz  300 500 -20000 CGCG 

 
 
Table 123: [TODO]. “dam” and “dcm” methylation occurs in only prokaryotes (bacteria), and may hinder of 
prokaryote detection when digestion is done directly on extracted DNA. “CpG” methylation occurs in 
eukaryotes (such as humans) which may hinder the detection of viruses when digestion is done directly on 
extracted DNA. Once DNA have been MDA or PCR amplified, bases are no longer methylated. 

Enzyme(s) Sequence Combo RE 
300-500 bp yield 
(human genome) 

Combo RE 
300-500 bp gain 
(virus > 40k bp) 

Optimal 
temp. 

Methylation 

10 kb 20 kb 10 kb 20 kb dam dcm CpG 

HpyCH4V A/CGT 4.07% 3.69% 3.8x 4.0x 37ºC Ok Ok Blocked 
BstUI CG/CG 0.66% 0.56% 7.1x 7.7x 60ºC Ok Ok Blocked 
MspI C/CGG 3.36% 3.09% 2.2x 2.3x 37ºC Ok Ok Ok 
BsaWI W/CCGGW 0.25% 0.18% 6.8x 7.7x 60ºC Ok Ok Ok 
TaqI T/CGA 2.72% 2.42% 4.7x 5.1x 65ºC Blocked Ok Ok 
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Figure 113: Simple combo method. 

 
 

ZR Fungal/Bacterial DNA MiniPrep kit (methylated DNA) 

5’ 3’ 
3’ 5’ 

Restriction enzyme digest 
(NEB TaqI) 

~20000 nt 

Size select 300 nt to 500 nt 
(ZR Select-a-Size DNA Clean & Concentrator or  
LifeTech E-Gel 2.0% Agarose with SYBR Safe) 

Inserts ready for Illumina library prep, starting at end repair step 

5’ 3’ 
3’ 5’ 

5’ 
3’ 

5’ 
3’ 

3’ 
5’ 

3’ 
5’ 

5’ 
3’ 

5’ 
3’ 

3’ 
5’ 

3’ 
5’ 

m5C m5C m5C 
m5C m5C m5C 

5’ 3’ 
3’ 5’ 

Demethylate and amplify DNA (optional) 
(NEB phi29 DNA polymerase + random hexamers) 

5’ 3’ 
3’ 5’ 

Size select 10000 – 20000 bp (optional) 
(LifeTech E-Gel 1.2% Agarose with SYBR Safe) 
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7.5 Depleting low complexity library of human inserts 
A technique called subtractive hybridization was first used in 1966 to purify phage T4 
mRNA from bacteria mRNA, greatly improving the sensitivity of parasite/host nucleic 
acid separation. This problem is very similar to that of purifying microbial DNA within a 
large quantity of  human DNA, with one important caveat: the human genome is much 
larger than bacterial genomes or transcriptomes, and subtractive hybridization works 
poorly with such large genomes82. Fortunately, Section 7.4 showed that reducing the 
complexity of the human genomic DNA library was possible using restriction enzyme 
digestion. This made subtractive hybridization workable for human microbiome 
applications. Commercial kits manufactured by Clontech are available for subtractive 
hybridization. For an extended review of all subtractive hybridization methods, the book 
“Nucleic Acid Hybridization: Modern Applications” is a good place to start83. 

Subtractive hybridization has mostly been used on transcriptomes, due to their low 
complexity and the wide interest in the detection low abundance mRNA transcripts. The 
techniques described here can be applied to either DNA-Seq or RNA-Seq libraries, as long 
as their complexity (eg. number of different insert sequences) is low enough. But what is 
low enough complexity84? 
For subtractive hybridization to be relevant, the sensitivity of the microbial detection assay 
must not have already reached >95% given the amount of input DNA and sequencing 
depth. When using the ZR Fungal/Bacterial DNA Miniprep Kit (25 ug DNA), an Illumina 
MiSeq lane (20M read pairs), and restriction enzymes ATCGAT:0.1/TCGCGA:0.9, this level 
of sensitivity has already been reached for about 50% of eukaryotic microbes and 25% of 
prokaryotic microbes (complete genomes in RefSeq, April 2016). 

7.5.1 Simple self-annealing → linear enrichment 

<todo> 

7.5.2 Self-annealing full length drivers → linear enrichment 

<todo> 

7.5.3 Synthetic drivers → exponential enrichment 

<todo> 

7.5.4 Short unmatched drivers → exponential enrichment 
<todo> 
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Figure 114: <todo>. A polymerase enzyme capable of efficiently integrating terminating NTP 
(ddNTP/acyNTP) should be used to create the blocking fragments. Since a melting temperature above 72ºC  
is desired, the use of only ddCTP and ddGTP is preferred as A/T don’t contribute to duplex stability as this 
temperature. Complementary strand not shown for simplicity. 

 
Table 124: <todo> 
Name Function 5’ → 3’ 
IA_TR3 Illumina adaptor (truncated) /5Phos/GATCGGAAGAGCGTCUCTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

ICOM Driver primer                                         GCTCTTCCGATC*T 

 

Low complexity Illumina library after ligation with truncated adaptor 

Create complete driver strands (about 100 ng) 
(NEB Therminator DNA Polymerase) 5’ 3’ 

3’ 

3’ 5’ 

5’ 

Create partial driver strands (about 1 ug) 
(NEB Therminator DNA Pol + acyGTP + acyCTP) 

3’ acy- 5’ 

Denature, wait for rehybridization (at ~70ºC) 
Clean-up reaction (in either order) 

3’ 5’ 

3’ 5’ 

3’ acy- 5’ 
3’ 5’ 

PCR amplify at 72ºC 
(NEB Q5 High-Fidelity 2X Master Mix) 

3’ 5’ 

3’ 5’ 

5’ 3’ 

Extend microbial strand with IU primer (~55ºC) 
(NEB Q5 High-Fidelity 2X Master Mix) 5’ 3’ 

Microbe: 

Human: 

3’ acy- 5’ 
3’ 5’ 

3’ 5’ Microbe: 

Human: 

5’ 3’ 

5’ 
5’ 3’ 
3’ Microbe: 

Human: 
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8    Comprehensive microbiome protocols 

 
Protocols to concurrently detect cellular microbes and viruses are described here, in order 
of increasing difficulty. The “unbiased” protocol extracts both DNA and RNA, and sends 
them to a sequencing center without removing any human DNA or RNA. It is the simplest 
and least sensitive protocol, though it can still detect all cellular microbes and viruses. Five 
other protocols are shown in this section, each increasing detection sensitivity as compared 
to the “unbiased” method, without losing universality (see Table 125). 

These protocols are all based on Illumina sequencing, which produces the cheapest and 
most reliable sequence reads (as of this writing). Sequencing should be performed with 
long reads at high depth (2 ends x ≥100 bases x ≥100M reads). Illumina library preparation 
can be done at the sequencing center for flows in Section 8.1 and Section 8.2, whereas 
most flows in Section 8.3 and Section 8.4 require custom library preparation which can’t 
be done at the sequencing center, somewhat increasing experimental difficulty. 

Table 125: Comparison of six comprehensive microbe detection protocols. ‘+’ is the sensitivity of unbiased 
sequencing of DNA. Each additional ‘+’ is an order of magnitude sensitivity gain. Cellular microbe 
sensitivity is split based on how close to universal the protocol is (universality column = fraction of genera 
detected by protocol; percentages other than 100% are rough approximations). Protocols performing best are 
highlighted in green for each category. Some virus categories overlap (see Section 1.3). 
Infectious 
agent 
category 

Uni-
vers-
ality 

Unbiased 
(Section 8.1) 

Easy 
(Section 8.2) 

Intermediate difficulty 
(Section 8.3) 

Hard 
 (Section 8.4) 

Microbe focus Virus focus Microbe focus Virus focus 
RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA 

Cellular 
microbes 

90% ++ + +++++ ++ +++++ +++ ++ ++ +++++ +++ ++ +++ 
99% ++ + +++ ++ ++++ +++ ++ ++ ++++ + ++ +++ 

99.9% ++ + +++ ++ ++ ++ ++ ++ ++++ + ++ +++ 
100% ++ + ++ + ++ + ++ ++ ++ + ++ +++ 

V
iru

se
s 

RNA  100% + n/a ++ n/a + n/a ++ n/a + n/a ++ n/a 
ssDNA  100% n/a + n/a + n/a + n/a ++ n/a + n/a ++ 
<40k DNA  100% n/a + n/a + n/a + n/a ++ n/a + n/a ++ 
>40k DNA 100% n/a + n/a ++ n/a ++ n/a ++ n/a + n/a +++ 
Active 100% + n/a + n/a + n/a + n/a + n/a + n/a 
Provirus 100% n/a + n/a + n/a + n/a + n/a + n/a + 
Virions 100% + + + + + + +++ +++ + + +++ +++ 
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8.1 Comprehensive “unbiased” protocol (low sensitivity) 
This is the simplest microbe detection protocol. DNA and RNA are extracted from a 
specimen using the “ZR Fungal/Bacterial RNA Miniprep (R2014)” kit, which includes a 
bead beating step. This step is useful to disrupt tissue and cells resistant to chemical lysis, 
such as fungal cells and bacterial spores. To reduce sampling variance, a large amount of 
input material should be used (if available). Though this kit was designed to isolate 
microbial RNA, it can efficiently extract DNA/RNA from human cells and viruses (see 
Section 3.4). Note that small DNA viruses (<10k bp) end up with the RNA, which means 
part of the RNA product must be merged back into the DNA flow to detect these viruses. 
Extracted RNA is spiked with Murine RNase Inhibitor to prevent RNase degradation 
during storage and shipment, and sent on dry ice directly to the sequencing center for 
library preparation and sequencing. Note that most sequencing centers offer either Poly(A) 
or Ribo-Zero purification of RNA prior to library preparation. These steps greatly hinder 
the detection of microbes and must be skipped (indicate this clearly during submission). 

Standard DNA library preparation performed at sequencing centers cannot handle single 
stranded DNA (ssDNA). This means ssDNA viruses (such as the Human bocavirus) would 
be missed if a complementary DNA strand is not synthesized prior to sending the DNA to 
the sequencing center. This can be achieved using “NEB E. coli DNA Polymerase I 
(M0209S)” and “NEB Random Primers (E7422A)”.  Thereafter, salt, enzymes and dNTPs 
must be removed before sending DNA to the sequencing center; this can be done with “ZR 
DNA Clean & Concentrator-5 (D4003)”, eluting DNA using the “DNA Elution Buffer 
(D3004-4)” provided with this kit. This elution buffer contains 10 mM Tris-HCL (which 
keeps DNA double stranded at room temperature) and 0.1 mM EDTA (which protects the 
DNA from DNase digestion by sequestering divalent metal ions). 

 
Figure 115: Comprehensive “unbiased” protocol to detect all cellular microbes and viruses. 
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Cellular microbes can be detected by both the “Total RNA Flow” and the “Total DNA 
Flow” above, though the RNA flow is up to 10x more sensitive than the DNA flow at 
equal sequencing depth (see Section 1.2). If taxonomic classification of unknown microbes 
is required, the RNA flow is 100x to 1000x more sensitive than the DNA flow, due to high 
levels of ribosomal transcripts in RNA (SSU/LSU, aka 16S/23S). With the notable 
exception of latent DNA viruses, the “Total RNA Flow” can detect everything on its own. 

Sequencing centers typically require ~50 ng of either RNA or DNA for Illumina library 
preparation, which means very small samples containing less than 10000 human cells will 
not yield enough RNA/DNA to meet their requirements. To address this issue, some flows 
described later amplify DNA/RNA before sending them to the sequencing center. 

8.2 Comprehensive “easy” protocol (moderate sensitivity) 
Simple experimental steps can be followed to increase the sensitivity achieved by the 
“unbiased” protocol shown in the previous section. Note that these experimental steps are 
not 100% universal, which means some reads should still be allocated to the “Total RNA 
flow” and “Total DNA flow” shown previously to guarantee universal coverage. This is 
why the two flows shown in Figure 115 reappear in Figure 116: the “Total RNA flow” is 
identical to that of the previous section, and the “Total DNA flow” is slightly modified to 
increase small DNA virus sensitivity by about 10x. 

Two flows are used to increase virus detection sensitivity by about 10x as compared to the 
“unbiased” protocols: the “Ribo-Zero RNA flow” eliminates human ribosomal RNA which 
represents about 90% of the large RNA strands, and the “BsaWI+TaqI restriction enzyme 
flow” cuts DNA strands at sequences which are not frequently found in the human 
genome, then selects short fragments which contain a higher concentration of viral DNA. 
Note that the “Ribo-Zero RNA flow” may also eliminate microbial ribosomal RNA, which 
means it detects cellular microbes unreliably. 
The “Consensus target capture SSU flow” uses biotinylated consensus probes matching 
conserved sequences of the SSU RNA strand to isolate it from other RNAs, increasing 
sensitivity about 10x-100x as compared to the “Total RNA flow”. Since this isolation step 
captures both human and microbial SSUs, a second capture step is used to eliminate human 
strands with probes hybridizing to variable SSU regions unique to humans. 

Two flows use consensus PCR to amplify parts of the SSU gene (aka 16S) of cellular 
microbes, either from DNA or RNA. Unlike previously described flows, these work well 
with small amounts of input material (less than 10000 human cells), since they can amplify 
target genes more than a billion-fold. The “Consensus SSU helix 44 RNA flow” amplifies 
a short region of the SSU RNA strand between the two most conserved sequences, which 
are used for priming. Amplicons are short enough to directly construct an Illumina 
compatible sequencing library. The “Consensus SSU helix 19-43/44 DNA flow” amplifies 
from DNA a longer stretch of the SSU gene (up to the third most conserved sequence 
located in helix 18), allowing more accurate taxonomic classification of microbes. Since 
SSU RNA strands are very abundant as compared to SSU genes (about 100x to 1000x), the 
RNA flow is much more sensitive than the DNA flow—by about the same factor. 
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Figure 116: Comprehensive “easy” protocol to detect all cellular microbes and viruses. This protocol outperforms the “unbiased” protocol by 10x or 
more for all infectious agent types: bacteria, fungi, protists, archaea and viruses. The two consensus PCR flows can handle very small amounts of input 
material for the detection of cellular microbes. Note that flows relying on consensus sequences conserved in all microbes are not truly universal since 
many species have diverged from these sequences (see Section 4.2.2). 
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8.3 Comprehensive “intermediate difficulty” protocols (high sensitivity) 
Flows in the previous sections avoided performing in-house Illumina library preparation 
steps, as these are somewhat labor intensive. To achieve the best cellular microbe and virus 
detection sensitivity, standard Illumina library preparation must be modified, so these steps 
cannot be executed at the sequencing center. By handling Illumina library preparation steps 
in-house, very small amounts of input material can easily be used. 

Two protocols are shown in this section, respectively optimized to detect cellular microbes 
(see Figure 117) and viruses (see Figure 118)—though both protocols continue to include 
the “Total RNA” and “Total DNA” flows which can detect all cellular microbes and 
viruses, albeit with reduced sensitivity. 

The ideal amount of input DNA/RNA is indicated for each flow. This amount can be 
scaled down if insufficient input material is available; note that the PCR cycle count of the 
first amplification step will need to be increased proportionally. The yield of reactions and 
purification steps applied to small amounts of DNA/RNA may be very low*, so the 
addition of control DNA to the starting material (tissue, blood) is highly recommended. 
Control DNA strands totaling 100 ng should be added, with some ‘Ts’ converted to ‘Us’. 
Strands containing ‘Us’ will be eliminated downstream, so no reads will be wasted. If 
ample input material is available, the control strands should be added at the input of one of 
the flows, to exactly set the ratios between control and sample DNA/RNA. 
These control strands will be clearly visible on a gel, indicating that the reactions mostly 
worked†. They can also be used to control dsDNA fragmentation (500 bp and 1800 bp), 
and to indicate where the gel must be cut (300 and 500 bp). These control strands must be 
generated using a DNA polymerase enzyme which can handle dUTP (Taq) and a 
nucleotide mix where dUTP replaces dTTP (dUTP can also be added to a standard dNTP 
mix); the NEB USER enzyme reaction will fragment these strands, and downstream PCR 
cycles will not amplify them, meaning they will not consume any Illumina reads. 

 
Table 126: Primers used to generate 300, 500 and ~1800 bp control amplicons from human mitochondria. 
Oligo name Amplicon 

length 
Oligo Tm Conditions 

ND5_6x 1794 CATGCACACTACTATAACCACCC*T 64.3ºC 
0.5 uM oligo, DNA, 2 mM 

Mg, 0.8 mM dNTP 
ND5_1300r 500 CAACCTCGCTTCCCCAC*C 65.1ºC 
ND5_1500u 300 AGCCCTAGACCTCAACTACC*T 64.3ºC 
ND5_1800V n/a AGTAGGGTTAGGATGAGTGGG*A 64.3ºC 
 

                                                
* DNA/RNA strands stick to the edges of plasticware, until such edges become saturated. 
† It is difficult to control the reverse transcription and second strand synthesis steps without using synthetic 
RNA strands; however, these are hard to make and eliminating control RNA downstream is trickier because 
uracils can’t be used for this purpose. 



 226 

8.3.1 Microbe focused “intermediate difficulty” protocol 
This protocol is streamlined (eg. cheap and relatively easy to execute), and is very sensitive 
to nearly all types of cellular microbes: bacteria, archaea, fungi and protists. The relative 
amount of DNA/RNA input in each flow is important, since the flows are pooled together 
blindly before Illumina library preparation. 

8.3.1.1 Half consensus PCR flow 
Markedly increased sensitivity to cellular microbes is achieved using the “half consensus 
PCR” method (see Section 6.2.2 and Section 7.3), which amplifies ribosomal SSU/LSU 
(aka 16S/23S) using only a single consensus primer. Much loss of universality in the 
“easy” protocol occurred because traditional consensus PCR requires two consensus 
primers within the same gene matching target microbes. Worse, the span between these 
two primers had to be free of introns (DNA) or modified bases blocking reverse 
transcription (RNA), and the RNA quality had to be high. None of these limitations apply 
to “half consensus PCR”, as one of the two PCR primers used to amplify the SSU/LSU is a 
synthetic sequence ligated during Illumina library preparation (the Illumina Y-adaptor). 
As shown in Figure 117, the “half consensus PCR” flow is simultaneously applied to RNA 
and DNA. This somewhat increases universality since the DNA arm is not affected by 
modified bases which block RNA reverse transcription, and the RNA arm is not affected 
by introns which split DNA priming sites. Microbes generally contain 100x to 1000x more 
SSU/LSU RNA than SSU/LSU DNA, which means the RNA arm is much more sensitive 
(see Section 1.2). The RNA flow alone is quasi-universal, so the DNA flows can be 
omitted while still achieving excellent microbe detection coverage. Running DNA flows 
without running the RNA flow is much less sensitive, and should be avoided if possible 
(see Section 8.3.1.2)—though this many be necessary if RNA has degraded completely. 
“Half consensus PCR” is less specific than traditional PCR (eg. more off-target amplicons 
are produced), but enables quasi-universal detection of cellular microbes. When using 
Illumina sequencing—as opposed to single read Sanger sequencing—this is the optimal 
trade-off: the maximum possible microbe detection sensitivity is already achieved using 
“half consensus PCR”, so increasing PCR specificity beyond this point is not useful. 

Two sets of “half consensus PCR” reactions are setup: one set primes the forward (sense) 
DNA strand, and the other set primes the reverse (anti-sense) DNA strand. Primers used in 
the reverse set are simply the reverse complement of those in the forward set: at first blush 
running both sets does not seem to improve universality. However, two key elements make 
running both sets worthwhile: (1) a given mismatch does not destabilize the forward and 
reverse primer equally*; (2) amplifying both directions gives additional protection from 
modified bases blocking reverse transcription of RNA close to the priming site. 

                                                
* For example, C-A mismatches are very destabilizing, but the reverse complement G-T mismatch is not. See 
the “pcs” and “prc” columns in Section 4.2.2 for more examples. 
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Section 4.2.2 analyzed in detail which SSU/LSU consensus sequences could be used as 
primers, as well as how universal each sequence was. Three suitable consensus sequences 
were identified in the SSU and one was identified in the LSU. Reactions amplifying inserts 
containing these four sequences are represented by eight parallel arrows at the bottom of 
Figure 117 in the “Half consensus PCR flow” boxes: from left to right in the “forward set” 
box: E. coli SSU 515-531, SSU 1389-1408, SSU 1492-1506, LSU 2576-2603, and then the 
reverse complement in the same order for those in the “reverse set” box. 
Three of the eight arrows are shown in grey because they work poorly on reverse 
transcribed RNA: E. coli SSU 1389-1408 and 1492-1506 are very close to the 3’ end of the 
SSU gene, meaning that the forward primer simply cannot amplify a long stretch of bases. 
Furthermore, SSU 1492-1506 straddles modified bases which block reverse transcription 
of the SSU RNA strand. Since the SSU represents ~20% of RNA strands but only ~0.2%-
0.02% of DNA strands, maximum sensitivity is achieved by amplifying reverse transcribed 
RNA. This is why only five of the eight possible “half consensus PCR” reactions should be 
run (the black arrows). If only DNA is available, then all eight reactions can be run. The 
primers and experimental details are explained in Section 6.2.2 and Section 7.3. 

8.3.1.2 Restriction enzyme flow 
Two restriction enzyme flows can also be used in this protocol. The “BstUI restriction 
enzyme flow” is only useful to detect cellular microbes when RNA is not available as a 
starting material*, increasing sensitivity by a factor of 100x over other DNA flows (see 
Section 7.4.3). Note that the BstUI restriction enzyme cannot digest CpG methylated sites, 
which means this flow cannot reliably detect methylated DNA viruses†. The “TaqI 
restriction enzyme flow” can be used to increase large DNA virus sensitivity by a factor of 
about 5x over the “Total DNA flow” (TaqI is not affected by CpG methylation), and 
further improve microbial detection sensitivity over that provided by the BstUI enzyme 
alone. Neither restriction enzyme flow can be used for taxonomic classification of 
unknown microbes, as they seldom select SSU/LSU regions. When the “Total RNA flow” 
is run, neither restriction enzyme improves cellular microbe detection sensitivity. 

8.3.1.3 Handling viruses 
Though this protocol is optimized for the detection of cellular microbes, it can also detect 
viruses via the “Total RNA”, “Total DNA” and “TaqI restriction enzyme” flows. In 
previous sections, a separate reaction was used to convert ssDNA viruses into dsDNA; 
here, this is handled in the second strand synthesis reaction which simultaneously converts 

                                                
* If the experimenter is not confident of correctly executing the RNA flow, the BstUI restriction enzyme flow 
can be used as a backup or as an additional control, since it is much simpler. 
† The fact that BstUI can’t cut CpG methylated sites actually helps detect cellular microbes: microbial 
genomes typically contain less CpG methylated sites than the human genome, and are thus favored by the 
BstUI reaction enzyme flow. 
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ssDNA→dsDNA and RNA:DNA→dsDNA, using hexamers from the first strand synthesis 
reaction mix and E. coli DNA polymerase I from the second strand synthesis reaction mix. 
If latent DNA viruses are of no interest, both the “Total DNA” and “TaqI restriction 
enzyme” flows can be omitted—all active viruses can be detected via the “Total RNA 
flow” alone. The “TaqI restriction enzyme flow” is sufficient to detect all known latent 
DNA viruses which infect humans, so if this is the only goal, the “Total DNA” flow is not 
required. Omitting the “Total DNA” flow saves two reactions: (1) the RNase A step, and 
(2) the dsDNA fragmentase step (fragmentation is done only in the “Total RNA flow” in 
this case). Since laboratory contaminants consist mostly of DNA strands, running the 
“Total RNA flow” while not performing any DNA analysis produces cleaner results (this 
requires destroying DNA using DNase I or Exonuclease VII prior to first strand synthesis). 

8.3.2 Virus focused “intermediate difficulty” protocol 
Unlike previous protocols, DNA and RNA are extracted here using a kit which is 
optimized for viruses: the “ZR Viral DNA/RNA Kit (D7020)”. This kit simultaneously 
extracts DNA and RNA from human cells and from virions. Note that this kit is not well 
suited to extract DNA or RNA from hard to lyse fungi or bacterial spores. 
All active viral infections produce virions. This can be exploited to separate viral DNA and 
RNA within virions from human DNA/RNA using the “Virion flow” (see Figure 118, 
Section 3.5). This method is highly effective at separating viral DNA/RNA from human 
DNA/RNA, greatly increasing sensitivity to all virus types. Note that some viral infections 
temporarily become latent and produce no virions during this phase of their lifecycle. For 
example, the Epstein-Barr virus only transcribes genes EBNA-1 and EBER during Latency 
program I, producing no virions. Latent viruses will be missed entirely by the “Virion 
flow”, meaning that the “Total DNA” and “Total RNA” flows remain necessary to 
maintain universal coverage. 

Virus detection flows other than the “virion flow” are very similar to those of the “easy” 
protocol, with the notable exception that DNA strand size selection is performed using gel 
electrophoresis rather than columns of the “ZR Fungal/Bacterial RNA Miniprep (R2014)” 
kit—gels are much more accurate then columns to perform size selection. Furthermore, 
RNA strands are also separated by size to efficiently detect large RNA viruses (>5k nt), 
covering nearly all RNA viruses present in humans (see Section 1.3.2). 
Single stranded DNA viruses are converted into double stranded DNA by first and second 
strand synthesis kits designed to handle RNA input; this same method was used in the 
microbe focused “intermediate difficulty” protocol. While this is neither the cheapest nor 
fastest method to accomplish this task, it serves as a control for the conversion of ssDNA 
into dsDNA in the virion flow, which is based on the same kits. 

Finally, the flows are not pooled during library preparation, which eliminates the need to 
optimize input amounts, as this is much more difficult for virus detection. 
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Figure 117: Comprehensive “intermediate” difficulty protocol, focused on cellular microbes. 
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Figure 118: Comprehensive “intermediate” difficulty protocol, focused on viruses. 
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8.4 Comprehensive “hard” protocols (very high sensitivity) 
[TODO: mention that random hexamer based FSS flow used in previous section and in 
standard library prep is somewhat biased: this is fixed by using poly(A) tailing]. 
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9    Sensitivity analysis 

Fourteen microbe detection protocols applied to human specimens (semen) are compared 
here. Four protocols are based on DNA extraction and ten are based on RNA extraction. A 
detailed sensitivity analysis was done for each protocol, assuming a sample would be 
sequenced with a MiSeq lane (20 million paired-end reads). One read pair was deemed 
sufficient for detection, meaning sampling reduces power to 63%: 1 – (1 – 1/20e6)^20e6). 
The detection of three model microbes was considered:  (1) Spiroplasma melliferum (one 
of the smallest known microbes); (2) Escherichia coli; (3) Saccharomyces cerevisiae. 
Maximum possible sensitivity is reached when a single Spiroplasma melliferum cell can be 
detected in the clinical specimen. This was achieved in the RNA protocols “r4” and “r5”. 

The sensitivity of the worse RNA protocol “r0” was better than the best DNA protocol 
“d2”, requiring as little as 500 Spiroplasma melliferum cells for detection in RNA as 
compared to 5000 cells for detection in DNA. This difference in sensitivity is due to two 
factors: (1) SSU RNA is abundant within cells, whereas SSU DNA is not (factor of 
~1000x, as shown in Table 127); and (2) RNA is rare in human spermatozoa as compared 
to DNA (factor of ~100x). This means unless RNA cannot be extracted from a clinical 
specimen*, there is no reason to perform microbiome analysis with DNA input. 
The sensitivity of the worst RNA protocol “r0” can be improved 500-fold before reaching 
the one Spiroplasma melliferum cell limit, which is reached in protocols “r4” and “r5”. 

Table 127: SSU DNA and RNA in three model organisms (per cell). 
 Spiroplasma melliferum 

SSU count (mass) 
Escherichia coli 
SSU count (mass) 

Saccharomyces cerevisiae  
SSU count (mass) 

SSU DNA per cell 1 (2 ag) 7 (14 ag) ~150 (~300 ag) 
SSU RNA per cell ~1000  (~1000 ag) ~50000 (~50000 ag) ~150000 (~150000 ag) 

                                                
* For example, intact RNA cannot be extracted from poorly conserved specimens. 



  

Table 128: DNA microbe detection protocols targeting SSU. Test “d0” and “d1a” are 500x more sensitive when searching for microbes whose 
complete genome is in Genbank (by aligning all reads not just SSU reads). Consensus PCR is not truly universal because of introns (eukaryotes and archaea) 
and because “universal” sequences are not completely universal. 
Protocol name 
(with number 
of purification 
steps) 

Indirect target 
capture of 
human DNA 
(Alu sequence) 

Consensus 
PCR of SSU 
(universal 
helix 18 and 
decoding site) 

Blocking PCR 
with human 
SSU uracil 
primers 

DNA 
available for 
Illumina 
library prep 

Input for 63% detection power  
(1 read pair in 20M read pair MiSeq lane) 
Microbial 
SSU DNA 
(1 SSU =  
2 ag dsDNA) 

Spiro-
plasma 
melliferum 
cells 

E. coli 
cells 

S. cerevisiae 
cells 

Tested? No Yes Yes 
d0 No No No 10000 ng 50000000 ag 25000000 3500000 250000 
d1a Yes No No 1000 ng 5000000 ag 2500000 350000 25000 
d1b No Yes No 1000 ng 20000 ag 10000 1400 100 
d2* No Yes Yes 80 ng† 10000 ag 5000 700 50 

Table 129: RNA microbe detection protocols targeting SSU. RT-PCR with consensus primers method was not included because modified bases in SSU block 
reverse transcription (sensitivity would be excellent: ~100 ag). 
Protocol 
name (with 
number of 
purification 
steps) 

Indirect target 
capture of all 
SSU RNA 
(universal 
helix 18) 

Indirect target 
capture of all 
SSU RNA 
(universal 
decoding site) 

Helix 45 
adenine 
dimethyl-
transferase 
purification 

Indirect 
capture of 
human SSU 
RNA 
(divergent 
sites in helix 
21 and/or 23) 

Agarose 
gel size 
selection 
(1000 – 
2500 nt) 

RNA 
available 
for 
Illumina 
library 
prep 

Removal of 
human SSU 
(blocking 
primers 
during 
library prep)‡ 

Input for 63% detection power  
(1 read pair in 20M read pair MiSeq 
lane) 
Microbial 
SSU RNA  
(1 SSU =  
1 ag RNA) 

Spiro-
plasma 
melli-
ferum 
cells 

E. coli 
cells 

S. cere-
visiae 
cells 

Tested? Yes Yes No Yes Yes Yes 
r0 No No No No No 4500 ng No 500000 ag 500 10 4 
r1a No No No No Yes 500 ng No 150000 ag 150 3 1 
r1b Yes No No No No 650 ng No 130000 ag 130 3 1 
r1c No Yes No No No 450 ng No 100000 ag 100 2 1 
r1d No No Yes No No 120 ng No 80000 ag 80 2 1 
r2a Yes Yes No No No 145 ng No 60000 ag 60 2 1 
r2b No No Yes Yes No 8 ng No 30000 ag 30 1 1 
r3 Yes Yes No Yes No 16 ng No 20000 ag 20 1 1 
r4 Yes Yes Yes No No 20 ng Yes 1000 ag 1 1 1 
r5 Yes Yes Yes Yes No 2 ng§ Yes 500 ag 1 1 1 

                                                
* Sensitivity is limited by the maximum amount of template that can be used as an input to a normal PCR reaction (1 ug). Sensitivity can be improved 
ten fold by doing 10 PCR reactions in parallel and pooling the results. Sensitivity can be further doubled by denaturing the template into ssDNA strands 
before pipetting into the PCR reaction, for a total of 20-fold improvement. 
† NEB Illumina DNA-Seq library preparation kit recommends 5 to 1000 ng input dsDNA. 
‡ Requires custom library prep blocking PCR step which is usually not offered by sequencing centers. 
§ NEB Illumina RNA-Seq library preparation kit recommends 10 to 100 ng input RNA, though 2-4 ng will probably work also. 



    

   

Table 130: Detailed analysis of SSU microbe detection method “d0” 
Step Output Universality/species bias Comment 

Human 
DNA 
(yield) 

Microbial 
SSU DNA 
(yield) 

Microbial SSU 
RNA ratio 
(read pair per 
20M MiSeq lane) 

2 ml whole semen 
 

1000 ug 50000000 ag 
 

50.00 ppb 
(1 read pair) 

  

Extract DNA with ZR Fungal 
Bacterial DNA Mini Prep Kit 

10 ug* 
(1%) 

500000 ag 
(1%) 

Tough-to-lyse microbes may be 
under represented 

 

Reduce input DNA for library 
prep 

1 ug 
(10%) 

50000 ag 
(10%) 

  

NEBNext Ultra DNA Library 
Prep Kit for Illumina 

0.1 ug 
(10%) 

5000 ag 
(10%) 

 10% yield is conservative 

PCR amplify  
(6 cycles on total) 

1  ug 
(10x) 

50000 ag 
(10x) 

Bias against AT-rich or GC-rich 
sequences 

Run until >500 ng. 

Table 131: Detailed analysis of SSU microbe detection method “d1a” 
Step Output Universality/species bias Comment 

Human 
DNA 
(yield) 

Microbial 
SSU DNA 
(yield) 

Microbial SSU 
RNA ratio 
(read pair per 
20M MiSeq lane) 

2 ml whole semen 
 

1000 ug 5000000 ag 
 

5.00 ppb 
(0.1 read pair) 

  

Extract DNA with ZR Fungal 
Bacterial DNA Mini Prep Kit 

10 ug 
(1%) 

50000 ag 
(1%) 

Tough-to-lyse microbes may be 
under represented 

 

Indirect target capture of 
human DNA (Alu sequence) 

0.5 ug 
(5%) 

25000 ag 
(50%) 

50.00 ppb 
(1 read pair) 

Universal: only removes a small 
amount of microbial DNA. 

 

NEBNext Ultra DNA Library 
Prep Kit for Illumina 

0.05 ug 
(10%) 

2500 ag 
(10%) 

 10% yield is conservative 

PCR amplify  
(7 cycles on total) 

1  ug 
(20x) 

50000 ag 
(20x) 

Bias against AT-rich or GC-rich 
sequences 

Run until >500 ng. 

                                                
* Yield of this kit on semen is very low, around 1-2%. Other kits yield 10-20%. I don’t know why. 



  

Table 132: Detailed analysis of SSU microbe detection method “d2” 
Step Output Universality/species 

bias 
Comment 

Human 
DNA –  not 
PCR 
amplified 
(yield) 

Human 
DNA – off 
target PCR 
amplified 
(yield) 

Human 
SSU DNA 
(yield) 

Microbial 
SSU DNA 
(yield) 

Microbial SSU 
RNA ratio 
(read pair per 
20M MiSeq lane) 

2 ml whole semen 
 

1000 ug 0.01 ug 0.2 ug   10000 ag 
 

0.01 ppb 
(0.0002 read pair) 

  

Extract DNA with ZR Fungal 
Bacterial DNA Mini Prep Kit 

10 ug 
(1%) 

0.0001 ug 
(1%) 

0.002 ug 
(1%) 

  100 ag 
(1%) 

Tough-to-lyse 
microbes may be 
under represented 

 

Reduce template amount for 
PCR 

1 ug 
(10%) 

0.00001 ug 
(10%) 

0.0002 ug 
(10%) 

10 ag* 
(10%) 

  

Consensus PCR targeting helix 
18 and decoding site 
(18 cycles) 

1 ug 
(1x) 

0.05 ug 
(5000x) 

1 ug 
(5000x) 

50000 ag 
(5000x) 

24.00 ppb 
(0.5 read pair) 

Not universal due to 
primers and possible 
introns. Biased 
against AT-rich or 
GC-rich. 

 

Reduce template amount for 
PCR 

0.002 ug 
(0.2%) 

0.0001 ug 
(0.2%) 

0.002 ug 
(0.2%) 

100 ag 
(0.2%) 

  

Continue consensus PCR with 
blocking primers 
(18 cycles) 

0.01 ug 
(1x) 

0.5 ug 
(5000x) 

0.06 ug 
(30x) 

500000 ag 
(5000x) 

877.00 ppb 
(18 read pairs) 

  

Amplicon size selection using 
gel (700 – 1300 bp) 

0.0001 ug 
(1%) 

0.05 ug 
(10%) 

0.03 ug 
(50%) 

250000 ag 
(50%) 

3125.00 ppb 
(63 read pairs) 

  

NEBNext Ultra DNA Library 
Prep Kit for Illumina 

 0.005 ug 
(10%) 

0.003 ug 
(10%) 

25000 ag 
(10%) 

 10% yield is 
conservative 

PCR amplify  
(10 cycles on total) 

 0.5 ug 
(100x) 

0.3 ug 
(100x) 

2500000 ag 
(100x) 

Bias against AT-rich 
or GC-rich sequences 

Run until >500 ng. 

                                                
* Using less than 1 ug template DNA risks losing all SSU strands. 10 ag of SSU DNA = 5 strands! This can be improved two fold by denaturing DNA at 
98ºC before pipetting template. Using more than 1 ug template requires running multiple PCR reactions, as this is the maximum template recommended 
for 50 ul reaction volume. Perhaps 100 ul reaction size should be used for 1 ug template. 



    

   

Table 133: Detailed analysis of SSU microbe detection method “r3” 
Step Output Universality/species 

bias 
Comment 

Human 
DNA 
(yield) 

Human 
<200 nt 
RNA 
(yield) 

Human 
mRNA 
(yield) 

Human 
SSU 
RNA 
(yield) 

Microbial 
SSU RNA 
(yield) 

Microbial SSU 
RNA ratio 
(read pair per 
20M MiSeq lane) 

2 ml whole semen 
 

1000 ug 3 ug 8 ug 1 ug 13000 ag 1.44 ppb 
(0.029 read pair) 

  

Extract RNA with 
ZR Fungal Bacterial 
RNA Mini Prep Kit 

1 ug 
(0.1%) 

0.3 ug 
(10%) 

4 ug 
(50%) 

0.5 ug 
(50%) 

6500 ag 
(50%) 

Tough-to-lyse microbes 
may be under 
represented 

 

Indirect target 
capture of SSU 
RNA (universal 
helix 18) 

0.01 ug 
(1%) 

0.003 ug 
(1%) 

0.4 ug 
(10%) 

0.25 ug 
(50%) 

3250 ag 
(50%) 

5.00 ppb 
(0.100 read pair) 

 

A few genera have 1 or 
2 mismatches against 
probes; thought to be 
universal if low 
annealing temperature 
tolerant of mismatches 
used 

Purification inefficient 
because low annealing 
temperature is used to 
make step quasi-
universal  Indirect target 

capture of SSU 
RNA (universal 
decoding site) 

0.0001 ug 
(1%) 

 0.02 ug 
(5%) 

0.125 ug 
(50%) 

1625 ag 
(50%) 

11.20 ppb 
(0.224 read pair) 

 

Indirect target 
capture of human 
SSU RNA (helix 21 
and helix 23) 

  0.01 ug 
(50%) 

0.006 ug 
(5%) 

813 ag 
(50%) 

50.00 ppb 
 (1 read pair) 

  

NEBNext Ultra 
RNA Library Prep 
Kit for Illumina 

  0.001 ug 
(5%) 

0.0006 ug 
(5%) 

80 ag 
(5%) 

 5% yield is 
conservative; mass 
doubles due to dsDNA 
conversion 

PCR amplify  
(13 cycles on total) 

  0.5 ug 
(500x) 

0.3 ug 
(500x) 

40000 ag 
(500x) 

Bias against AT-rich or 
GC-rich sequences 

Run until >500 ng. 



  

Table 134: Detailed analysis of SSU microbe detection method “r4”. 
Step Output Universality/species 

bias 
Comment 

Human 
DNA 
(yield) 

Human 
<200 nt 
RNA 
(yield) 

Human 
mRNA 
(yield) 

Human SSU 
RNA (yield) 

Microbial  
SSU RNA 
(yield) 

Microbial SSU 
RNA ratio 
(read pair per 
20M MiSeq lane) 

2 ml whole semen 
 

1000 ug 3 ug 8 ug 1 ug 1000 ag* 0.11 ppb 
(0.002 read pair) 

  

Extract RNA with 
ZR Fungal Bacterial 
RNA Mini Prep Kit 

1 ug 
(0.1%) 

0.3 ug 
(10%) 

4 ug 
(50%) 

0.5 ug 
(50%) 

500 ag 
(50%) 

Tough-to-lyse microbes 
may be under 
represented 

 

Indirect target 
capture of SSU 
RNA (universal 
helix 18) 

0.01 ug 
(1%) 

0.003 ug 
(1%) 

0.4 ug 
(10%) 

0.25 ug 
(50%) 

250 ag 
(50%) 

0.38 ppb 
(0.008 read pair) 

 

A few genera have 1 or 
2 mismatches against 
probes; thought to be 
universal if lower 
annealing temperature 
tolerant of mismatches 
used 

Purification 
inefficient because 
low anneal 
temperature is 
used to make steps 
quasi-universal  

Indirect target 
capture of SSU 
RNA (universal 
decoding site) 

0.0001 ug 
(1%) 

 0.02 ug 
(5%) 

0.125 ug 
(50%) 

125 ag 
(50%) 

0.86 ppb 
(0.017 read pair) 

 

Helix 45 adenine 
dimethyltransferase 
purification 

  0.0002 ug 
(1%) 

0.02 ug 
(16%) 

20 ag 
(16%) 

0.99 ppb 
(0.02 read pair) 

 

Adenine 
dimethyltransferase 
(KsgA, rsmA, Dim1) is 
thought to be universal 

 

NEBNext Ultra 
RNA Library Prep 
Kit for Illumina 

  0.00002 
ug 

(5%) 

0.002 ug 
(5%) 

2 ag† 
(5%) 

 5% yield is 
conservative; mass 
doubles due to 
dsDNA conversion 

PCR amplify  
with human SSU 
blocking primers 
(21 cycles on total) 

  0.4 ug 
(20000x) 

0.4 ug 
(200x)‡ 

40000 ag 
(20000x) 

50.00 ppb 
 (1 read pair) 

Bias against AT-rich or 
GC-rich sequences 

Run until >500 ng. 
If this occurs in 
less than 21 cycles, 
dilute, continue in 
second PCR. 

                                                
* Smallest known microbe, Spiroplasma melliferum, has ~1000 ag of SSU RNA per cell, so going below this amount of RNA does not make sense. 
† Each microbial SSU dsDNA insert of 500 bp weighs 0.5 ag, so we come close to losing all microbial strands at this step (sensitivity limited to 98%). 
‡ Amplification of human SSU RNA blocked by adding “extension arrest blocking primers”, which anneal specifically with human SSU inserts but not 
microbial SSU RNA strands. These blocking primers are assumed to reduce human DNA amplification per cycle from 1.6 to 1.28, and to not affect 
microbial SSU amplification. 1.621 = ~20000x, 1.2821 = ~200x. 
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A    Other methods 

<TODO: as opposed to completely unbiased techniques> 
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A.1 Alternate Illumina RNA-Seq library prep 
The library preparation flow described in Section 2 is the most standard approach used 
currently. It is a modified version of shotgun DNA library preparation, augmented with 
RNA to dsDNA conversion steps. There are two sources of bias when using this method. 

First, when sequencing low entropy RNA (for example purified SSU strands), the random 
hexamer reverse transcription step may suffer from depletion of some specific hexamers: 
there is only 0.0006 pmol of each individual hexamer sequence in the first strand synthesis 
reaction (85 uM * 30 ul * 1/64 = 0.0006 pmol), yet there is 0.0018 pmol template SSU 
RNA strands (1 ug / (0.5e-21 * 1871 * 6e23) = 0.0018 pmol). This is probably not that 
much of an issue since there are usually multiple priming sites per SSU RNA strand, but 
coverage bias may result (especially an underrepresentation of 3’ ends). 
Second, RNA molecules with few GC bases will have much difficulty being primed by 
random hexamers. For example, Saccharomyces cerevisiae’s mitochondrial SSU RNA 
strands is AT rich (A: 697, T: 602, C: 144, G: 206) and may be underrepresented in the 
first strand synthesis output. AT-rich amplicons also require PCR extension steps to be run 
at a lower temperatures85, around 60ºC to 65ºC. 

Three alternatives exist to perform first strand synthesis which avoid the issues with 
random hexamers during first strand synthesis (see Table 135). Second strand synthesis as 
shown in Section 2 has very low bias, but it is rather expensive and slow (see Table 136). 

Table 135: Different first strand synthesis methods. 
Method Pros Cons 
Random hexamer priming 
(see Section 2.3.2) 

Simple Small bias in low entropy libraries 
Bias in AT-rich libraries 

Hairpin self-priming 
(see Section 2.3.2) 

Simple 
 

Low yield 
Bias for/against SSU of different species 

Poly(A) tailing & oligo-dT priming 
(aka RACE) 

Very low bias Extra phophataase step (short – 10 min) 
Extra A tailing step (short – 10 min) 
~4 bases are lost in each read 

Adatpor ligation to RNA 3’  
(see NEB Kit E7300S) 

Barcoding Extra ligation step (long – overnight) 
Minor bias against secondary structures 
Minor bias for/against 3’ sequence 

Table 136: Different second strand synthesis methods. 
Method Pros Cons 
Nick translation 
(see Section 2.3.3) 

Simple 
Very low bias 

Long and expensive 
Requires downstream ligation which are 
long and may produce chimeras 

Hairpin self-priming 
(see Section 2.3.3) 

Simple, fast and cheap Low yield, additional Mnase step 
Bias for/against SSU of different species 

Poly(dC) tailing & template switching 
(aka SMART86) 

Simple, fast and cheap 
No ligation steps, no chimeras 

Low yield 
Minor bias for/against 5’ sequence 

Poly(dA/dC) tailing & oligo-dT/dG priming 
(aka RACE) 

Very low bias 
No ligation steps, no chimeras 

Extra A tailing step (short – 10 min) 
~4 bases are lost in each read 

Adatpor ligation to RNA 5’ or cDNA 3’  
(see NEB Kit E7300S) 

No downstream ligation steps, 
no chimeras 

Extra ligation step (long) 
Small bias against secondary structures 
Small bias for/against 5’ sequence 
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Table 137: First strand synthesis primers. Illumina universal primer hiding in a hairpin near the 3’ end of 
anchored poly(dT) primer. The anchor and hairpin minimizes the number of unwanted T/A pairs within the 
insert. The hairpin structure only slightly lowers the melting temperature of the primer. The anchor base for 
reverse transcription should avoid “C” or “CT”, as both result in priming anywhere in the poly(A) tail when 
used with reverse transcriptase enzymes87.  Primer with “R” and “CV/VV” endings can be combined to reach 
a higher anchor coverage, though the “TR” is likely sufficient. Using the “VN” ending will slow the reaction 
(due to the higher number of flavors) and may result in some non-anchored priming; a small amount of non-
anchored priming is acceptable for this protocol. V = A,C,G; N = A,T,C,G; R = A,G. 
FSS/RT 
primers 

Oligo 
flavors 

Anchor 
coverage 

Non-
specific 
anchors 

5’ → 3’ 

II_15T4V 3 3/3 C /5Biosg/TTTTTTTTTTTTTTUGATCGGAAGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTTV 
II_15T4R 2 2/3 none /5Biosg/TTTTTTTTTTTTTTUGATCGGAAGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTTR 
II_15T3CV 3 2/9 none /5Biosg/TTTTTTTTTTTTTTUGATCGGAAGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTCV 
II_15T3VV 9 9/12 none /5Biosg/TTTTTTTTTTTTTTUGATCGGAAGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTVV 
II_15T3VN 12 12/12 CT /5Biosg/TTTTTTTTTTTTTTUGATCGGAAGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTVN 
 
Table 138: Second strand synthesis primers (SMART). Illumina index primer used for 5’ template switching 
protocol (SMART).  Final G used are RNA because bond dC:rG is much stronger than dC:dG. 
SSS primers 5’ → 3’ 
IU_rG3  ACTCTTTCCCTACACGACGCTCTTCCGATCTrGrGrG 

IU_rG6*  ACTCTTTCCCTACACGACGCTCTTCCGATCTrGrGIrGrGrG 

 
Table 139: Second strand synthesis primers (RACE). Illumina index primer hiding in a hairpin near the 3’ 
end of the anchored poly(dT/dG) primer. The anchor and hairpin minimizes the number of unwanted T/A or 
C/G pairs within the insert. V = A,C,G; H = A,T,C. DNA polymerases are more discriminating than reverse 
transcriptase for 3’ terminal mismatches, so the anchor design is much simpler here. DNA polymerase 3’ 
exonuclease activity may damage primers, so the last primer base is phosphorylated (‘*’). 
SSS primers Oligo 

flavors 
Anchor 
coverage 

Non-
specific 
anchors 

5’ → 3’ 

IU_8T4V 3 3/3 none        TTTTTTTTGATCGGAAGACTCTTTCCCTACACGACGCTCTTCCGATCTTTTT*V 
IU_14G4H† 3 3/3 none GGGGIGGGGIGGGGUGATCGGAAGACTCTTTCCCTACACGACGCTCTTCCGATCTGGGG*H 
IU_15T4V 3 3/3 none TTTTTTTTTTTTTTTGATCGGAAGACTCTTTCCCTACACGACGCTCTTCCGATCTTTTT*V 

 

Test primers for 1 – 532 SSU region. 
FSS primers Tm 5’ → 3’ 
16S_II_532Q 69C (RT)        CTGGAGTTCAGACGTGTGCTCTTCCGATCTACCGCGGCTGCTGGCAC 

16S_IU_14k 48C (Q5)       ACTCTTTCCCTACACGACGCTCTTCCGATCTTGATCCTGCC*A 

                                                
* Consecutive rG bases form hairpins which interfere with oligo synthesis, so inosine bases need to be added. 
† Consecutive dG bases form hairpins which interfere with oligo synthesis, so inosine bases need to be added. 
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Figure 119: First strand synthesis and integration of 3’ Illumina universal adaptor using poly(A) tailing, 
followed by SMART addition of 5’ adaptor is shown (optional). Second strand synthesis steps in Figure 120 
or Figure 121 can be used instead of SMART primer. 

 

Add poly(rA) tail (with ATP, optionally 3’-dATP) 
(NEB E. coli Poly(A) Polymerase) 

5’ p 3’ 

Remove phosphate at 3’ to enable polymerization 
(NEB Shrimp Alkaline Phosphatase) 

5’ 3’ 

5’  3’ 

Reverse transcribe (37 - 48ºC with II_15T5R) 
Add 5’ adaptors (touchdown to 16ºC, optional) 
(NEB Protoscript II Reverse Transcriptase) 

AAAAAAAAAAAAAA 

5’ 3’ TTTTTT TTTR 

 3’ 
5’ 3’  

RNA strands 

5’ 3’ 
Up to 15000 nt 

Fragmentation using Mg2+ at 94ºC (~500 bases) 

5’ 3’ GGG 

5’ 

Amplify using Illumina primers (anneal at 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 3’ 
5’ 3’ 
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Figure 120: Second strand synthesis and integration of 5’ Illumina universal adaptor using poly(dA) tailing 
and using E. coli DNA polymerase I. Anchor target nucleotide is exposed by E. coli DNA polymerase I 5’ 
exonuclease; presence of RNA during second strand synthesis prevents hairpin priming of poly(A) tail, 
which readily anneals to the poly(T) sequence present in the first strands synthesis primer. 

 

 
Figure 121: Second strand synthesis and integration of 5’ Illumina universal adaptor using poly(dC) tailing 
and Q5 DNA polymerase. Long poly(dC) and high anneal temperature should be used to minimize the 
probability of hairpin priming. Priming with II_14G4H may require multiple PCR cycles to align anchor.  

5’ -H 3’ 
5’ 3’  

Add poly(dA) tail (with dATP, ddATP) 
(NEB Terminal Transferase) 

Second strand synthesis (16 - 37ºC with IU_9T5V) 
(NEB E. coli DNA polymerase I) 

5’ 3’ TTTTTT TTTV 

5’ 3’ H- AAAAAAAAAAAAAA 

5’ 3’H- 
3’ 

Amplify using Illumina primers (anneal at 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 

5’ 3’ 
5’ 3’ 

5’ -H 3’ 

5’ -H 3’ 
5’ 3’  

Add poly(dA) tail (with dCTP, ddCTP) 
(NEB Terminal Transferase) 

Second strand synthesis (with IU_14G4H) and 
integration of Illumina primers (anneal at 65ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ GGGGU GGG*H 

5’ 3’ H- CCCCCCCCCCCCCC 

5’ 3’ H- 
3’ 

5’ 3’ 
3’ 5’ 

5’ 

5’ 3’ 
5’ 3’ 
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Figure 122: Second strand synthesis and labeling efficiency test. 

 

 

RT with 16S_II_523Q (55ºC for 20 min) 
(NEB WarmStart RTx) 

5’ 

SSU RNA strands 

5’ 3’ 

Add poly(dA) tail (dATP/ddATP, 37ºC for 30 min) 
(NEB Terminal Transferase) 

3’ 

3’ 
5’ 

5’ 
3’ 

Extend IU_15T4V (37ºC for 20 min) 
(NEB E. coli DNA polymerase I) 5’ 3’ TTTTTT TTTV 

3’ 

Dilute, amplify w/ Illumina primers (anneal 72ºC) 
(NEB Q5 Hot Start High-Fidelity 2X Master Mix) 

5’ 3’ 
3’ 5’ 

5’ 

5’ 3’ 
5’ 3’ 

Remove dNTPs (37ºC for 20 min, 80ºC for 10 min) 
(NEB rSAP or clean-up)  

5’ 3’ 

3’ H- 5’ 

Remove dNTPs (37ºC for 20 min, 75ºC for 20 min) 
(NEB rSAP or clean-up)  

3’ H- 5’ 

5’ 
3’ 
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A.1.1 Tailing with 3’ blocked nucleotides 
Several alternate library preparation protocols make use of chain terminating nucleotides to 
control the length of the tails added either by “NEB E. coli Poly(A) polymerase” or “NEB 
Terminal Transferase”. These nucleotides don’t have an “-OH” group on the 3’ carbon of 
the ribose or deoxyribose, which is required to attach the next nucleotide; instead they only 
have a “-H” group (see Figure 122). Chain terminating nucleotides are widely used for 
DNA sequencing applications, such as Sanger sequencing. Normal and chain terminating 
nucleotides can be found in Table 140. 
In the absence of terminating nucleotides, tailing reactions will stop when nearly all 
available triphosphate nucleotides* have been added to template DNA/RNA molecules. 
This results in a long tail whose average length is dependant on the ratio of template 
strands to triphosphate nucleotides. For example 10 pmol of template strands combined 
with 1000 pmol of ATP will produce ~100 nt average poly(A) tails if the reaction is 
allowed to run to completion (1000 pmol ATP / 10 pmol template = 100 nt average tail 
length). The tail length will follow a Poisson distribution (see Figure 123). In practice, 
some templates are easier to tail than others due to their terminal sequence: the presence of 
a 3’ hairpin will considerably slow the addition of the first few tailing bases88. This means 
some template strands may have shorter tails or no tails at all, which can result in microbial 
strands being underrepresented or missed entirely. Adding terminating nucleotides mostly 
solves this problem by preventing easy to tail templates from hogging all the triphosphate 
nucleotides, giving hard to tail templates more time to initiate tailing. Once initiated, 
tailing is thought to proceed efficiently on all template strands. 

                                                
* ATP are added to RNA strands using “NEB E. coli Poly(A) polymerase”, and dATP are usually added to 
DNA strands using “NEB Terminal Transferase” (though dCTP and dTTP can also be added to DNA). In 
both cases, the resulting tail is a long series of consecutive adenosine bases (‘A’). 
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Figure 123: The distribution of tails in the absence of terminating nucleotides follows a Poisson distribution. 

Some downstream steps may work somewhat better when short tails have been added. For 
example, poly(T) primed reverse transcription reactions risk running out of dTTP if the 
poly(A) tails are too long. This is a second reason (beyond reducing bias) which can justify 
using terminating nucleotides when tailing template strands.  
Controlling tail lengths with chain terminating nucleotides requires optimization: too low a 
concentration of tailing nucleotides will result in long tails which will consume all 
triphosphate nucleotides before hard to tail templates have initiated tailing; too high a 
concentration will result in tails so short that downstream steps relying on the tails will 
mostly fail. This situation is complicated by the fact that chain termination nucleotides are 
sometimes selected against by polymerization enzymes (see Table 141). 
There are other methods which can improve coverage of hard to tail templates, though 
none are as simple as the terminating nucleotide technique. A second method works by 
adding long poly(T) oligos to the tailing reaction, which produce 3’ ends resembling 
hairpins as soon a tail has reach hybridization length (about 20 nt). A third method 
involves ligating a 3’ adaptor while the tailing process is in motion with one of the T4 
ligases. A forth method involves removing templates that have been tailed using poly(T) 
covered streptavidin beads, and then adding more ATP to continue the reaction for harder 
to tail templates. 
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Table 140: Nucleotide variants used for polymerization and chain termination*.  
 RNA, further 

polymerization possible 
RNA, chain termnating DNA, further 

polymerization possible 
DNA, chain termnating 

Adenosine Adenosine-5'-Triphosphate 
(ATP) 

3'-Deoxyadenosine-5'-
Triphosphate† (3’-dATP) 

2'-Deoxyadenosine-5'-
Triphosphate (dATP) 

2',3'-Dideoxyadenosine-5'-
Triphosphate (ddATP) 

Cytosine Cytidine-5'-Triphosphate 
(CTP) 

3'-Deoxycytidine-5'-
Triphosphate (3’-dCTP) 

2'-Deoxycytidine-5'-
Triphosphate (dCTP) 

2',3'-Dideoxycytidine-5'-
Triphosphate (ddCTP) 

Guanine Guanosine-5'-Triphosphate 
(GTP) 

3'-Deoxyguanosine-5'-
Triphosphate (3’-dGTP) 

2'-Deoxyguanosine-5'-
Triphosphate (dGTP) 

2',3'-Dideoxyguanosine-5'-
Triphosphate (ddGTP) 

Thymine 5-Methyluridine-5'-
Triphosphate (5-mUTP) 

3'-Deoxy-5-methyluridine-
5'-Triphosphate (3’-dTTP) 

2'-Deoxythymidine-5'-
Triphosphate (dTTP) 

2'-3'-Dideoxythymidine-5'-
Triphosphate (ddTTP) 

Uridine Uridine-5'-Triphosphate 
(UTP) 

3'-Deoxyuridine-5'-
Triphosphate (3’-dUTP) 

2'-Deoxyuridine-5'-
Triphosphate (dUTP) 

2'-3'-Dideoxyuridine-5'-
Triphosphate (ddUTP) 

Table 141: Integration efficiency of terminating nucleotides vs. normal nucleotides by different polymerases.  
Enzyme Adenosine Cytosine Guanine Thymine Uridine 
E. coli poly(A) polymerase ~1 (?)     
Terminal Transferase89 ~1 (?) ~1 (?) ~1 (?) ~1 (?)  
M-MuLV Reverse Transcriptase 0.0002 0.0002 0.0002 0.0002  
E. coli Klenow fragment 0.0002 0.0002 0.0002 0.0002  
Taq DNA Polymerase 0.0002 0.0002 0.0002 0.0002  
NEB Therminator DNA Polymerse ~1 (?) ~1 (?) ~1 (?) ~1 (?)  
 

                                                
* The simplest chain terminating nucleotides are shown. Several other 3’ groups can also terminate 
polymerization. See “Chain Termination” page on www.trilinkbiotech.com for a complete list, and NEB 
Acycleonucleotide Set (N0460S) for an inexpensive set of DNA terminators. 
† Also called “Cordycepin”. 

http://www.trilinkbiotech.com/
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Figure 124: Triphosphate group attached to 5’ carbon atom provides energy required for integration by 
polymerase enzyme onto an DNA/RNA oligo. “-OH” group on 3’ carbon atom allows polymerization to 
continue, whereas “-H” group on 3’ carbon atom stops polymerization. 
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Table 142: To ensure all RNA strands are tailed, there must be more 3’-dATP than template 3’ ends. 
However, if the tail ends up being too long because of insufficient probability of incorporation of 3’-dATP, 
difficult templates will receive shorter tails (as ATP concentration approaches complete depletion). If at the 
end of a reaction all ATPs have been consumed, there is a risk that some templates will not have been 
properly tailed. To test for this condition, a short RNA strand of known length (~30 nt) can be added after the 
reaction is done (eg. after 30 minute incubation), and the results can be run on a gel; if the 30 nt strand 
remains sharp, this is an indication that all ATP have been consumed. 
3’-dATP 
integration 
efficiency 

Experimental setup Results (poly(A) tail length measurements) Figure 125 
plot color 

 
Template count 
(3’ ends) 

ATP 
(remaining) 

3’-dATP  
(remaining) 

Average 
length 

Length at 
CDF = 25% 

Median 
length 
(CDF = 
50%) 

Length at 
CDF = 75% 

n/a 10 pmol 500 pmol 
(0 pmol) 

0 pmol 
(0 pmol) 50 nt 45 nt 50 nt 55 nt Blue 

1 10 pmol 10000 pmol 
 (9500 pmol) 

200 pmol 
 (190 pmol) 

50 nt 14 nt 35 nt 70 nt Green  

100 pmol 
(do not exceed!) 

10000 pmol 
 (5000 pmol) 

200 pmol 
 (100 pmol) 

0.1 10 pmol 10000 pmol 
 (9500 pmol) 

2000 pmol 
 (1990 pmol) 

100 pmol 
(do not exceed!) 

10000 pmol 
 (5000 pmol) 

2000 pmol 
 (1900 pmol) 

0.01 10 pmol 10000 pmol 
 (9500 pmol) 

20000 pmol 
 (19990 pmol) 

100 pmol 
(do not exceed!) 

10000 pmol 
 (5000 pmol) 

20000 pmol 
 (19900 pmol) 

1 10 pmol 10000 pmol 
 (9950 pmol) 

2000 pmol 
 (1990 pmol) 

5 nt 2 nt 4 nt 8 nt Pink 

0.01 10 pmol 
(do not exceed) 

10000 pmol 
 (5000 pmol) 

2000 pmol 
 (1990 pmol) 

500 nt 144 nt 347 nt 694 nt Orange 

 

 
Figure 125: Cumulative distribution functions of experiments described in Table 142. In the absence of 3’-
dATP, tailing stops due to a lack of remaining ATP molecules, and follows a Poisson distribution. In the 
presence of an excess of 3’-dATP, the tailing distribution follows an exponential distribution. 
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A.2 Poly(A) tailed RNA-Seq 
<TODO: use blocking primers, subtractive hybridization or human exome kit to reduce 
library complexity. Detects eukaryotes and viruses pretty well. You can either fish out 
entire mRNA strands or only look at their 3’ end. Poly(T) primers can be barcoded, 
allowing easy multiplexing of samples.> 
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A.3 Hairpin primed DNA-Seq 
<TODO: use blocking primers, subtractive hybridization or human exome kit to reduce 
library complexity. Detects eukaryotes and viruses pretty well. You can either fish out 
entire mRNA strands or only look at their 3’ end. Poly(T) primers can be barcoded, 
allowing easy multiplexing of samples.> 

 
Figure 126: [TODO]. 

3’ 

Fragmentation to ~500 bp 
(NEBNext dsDNA fragmentase) 
 

dsDNA strands from DNA extraction 
(ZR Fungal/Bacterial DNA MiniPrep) 

5’ 3’ 
~20000 nt 

5’ 3’ 

5’ 5’ 3’ 
“Structured” DNA strand Fragment “Unstructured” DNA Strand Fragment 

3’ (→5’) exonuclease removal of 3’ overhang 
(NEB Q5 DNA Polymerase) 

3’ 
5’ 5’ 3’ 

Extension of hairpin 
(NEB Q5 DNA Polymerase) 

3’ 
5’ 5’ 3’ 

Cleavage of hairpin & digestion of other DNA  
(NEB Mung Bean Nuclease)  

3’ 
5’ 

5 
3 

Either continue with Illumina library preparation or 
repeat hairpin priming steps for further purification 

3’ 5’ 

3’ 5’ 

Denature strands at 98ºC 



 254 

 

A.4 Purification before DNA/RNA extraction 
<TODO: cell size> 
<TODO: separating mitochondria by centrifugation – good for eukaryotes only, does not 
detect microsporidia> 
<TODO: separating nuclei by centrifugation – good for eukaryotes only > 

<TODO: chitin digestion> 
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B    Public datasets 

<complete and nearly complete microbial genomes> 
<human genome> 

<etc> 
Hairpins in primer/target sequence? 

 

B.1 Primer design 
[TODO].  

B.1.1 3’ mismatches 
[TODO]. 

B.1.2 Unbalanced primers 
[TODO]. 

B.1.3 Primer self-dimer 
[TODO]. 
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C    Design of PCR experiments 

[TODO] 
What could possibly go wrong? 

 
Phosphorylating 3’ ends? Depends of type of polymerase. 

Hairpins in primer/target sequence? 
 

C.1 Primer design 
[TODO].  

C.1.1 3’ mismatches 
[TODO]. 

C.1.2 Unbalanced primers 
[TODO]. 

C.1.3 Primer self-dimer 
[TODO]. 
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[TODO]. 

C.1.4 Primer hairpins 
[TODO]. 

 
[TODO]. 
 

C.1.5 Template hairpins 
[TODO]. 

5’ 3’ 
3’ 5’ 
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extended and thus 
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C.2 Thermocycling 
[TODO].  

C.2.1 Balancing annealing temperature 
 

C.2.2 GC-rich regions 
 

C.2.3 AT-rich regions 
 

C.2.4 Blocking bases in reverse transcription 
 

5’ 3’ 

3’ 5’ 

Desired annealing 
behavior 

 

3’ template hairpin 
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Strand forms very strong 
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3’ 
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3’ (→5’) exonuclease 
of DNA polymerase 
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D    PCR simulator and oligo analyzer 

Selecting optimal primer sequences for PCR reactions is non-trivial. PCR optimization can 
be done by trial and error in the laboratory, but this is both costly and labor intensive. The 
Leif Microbiome Analyzer (and other bioinformatics tools developed by third parties) can 
be used to simulate in silico the result of PCR reactions. The methodology and limitations 
of the model employed to simulate oligo annealing are explained here; the equations used 
are largely based on this article90. Experimental guidelines used to setup PCR reactions are 
provided in Appendix C. Easy to use tools to determine oligo melting temperature are 
provided by IDTDNA at biophysics.idtdna.com and www.idtdna.com/calc/analyzer .  

D.1 Gibbs free energy (ΔGº) 
Complementary DNA bases (A-T, C-G) spontaneously form hydrogen bonds which link 
single stranded DNA (ssDNA) into double stranded DNA (dsDNA), as shown in Figure 
127. Bonds formed between C-G bases are much stronger than those between A-T bases, 
and are thus more stable. Short ssDNA strands* bind† to complementary ssDNA sequences 
up to a given temperature, above which their thermal energy‡ is too high for them to 
remain attached. This is called the melting temperature (Tm), and is defined as the 
temperature at which 50% of oligos will be single stranded and 50% will be double 
stranded. 

The strength of the bonds between nucleotides and ssDNA strands is called the Gibbs free 
energy (ΔGº): the lower the value of ΔGº, the stronger the bond. 

                                                
* They are typically 6 to 28 bases long, and are also known as oligonucleotides, oligos or primers. 
† Oligos binding to complementary sequences are said to “hybridize” or “anneal”. 
‡ The temperature determines the oligos’ average thermal energy. As the temperature increases, oligos’ 
vibration increases due to collisions with water molecules, and vibrating oligos tend to peel-off (denature / 
dehybridize) more easily. The energy of individual oligos follows a Maxwell–Boltzmann distribution. 

http://www.idtdna.com/calc/analyzer


    

 261  

 
Figure 127: Hydrogen bonds (dashed lines) linking DNA bases A-T (two bonds) and C-G (three bonds). The 
ssDNA backbone composed of one sugar/phosphate per base are not shown, and have been replaced by wavy 
lines. G-C bases bind more strongly than A-T bases, thus have a lower Gibbs free energy (ΔGº). Attribution: 
"Base pair GC/AT" by Yikrazuul, own work. Licensed under Public Domain via Wikimedia Commons. 
commons.wikimedia.org/wiki/File:Base_pair_GC.svg commons.wikimedia.org/wiki/File:Base_pair_AT.svg 

The simplest model used to calculate the hybridized oligo fraction at a given temperature 
counts the number of A/T and G/C bases, each having a Gibbs free energy (ΔGº) which is 
summed to produce the ΔGº of the entire oligo. For example, based on Table 143, the short 
oligo “CGTTATGA” is modeled to have a Gibbs free energy (ΔGº) of: 

ΔGº = (2 · +1700) + (5 · –800) + (3 · –2100) = -6900 cal mol-1  

Applying Equation 3, we find that 7% of oligos having a ΔGº of –6900 cal mol-1 would be 
hybridized at 37ºC (assuming an oligo concentration of 1 uM and 1 M Na+). 
Table 143: Gibbs free energy (ΔGº) of the simplest hybridization model, which is based on individual base 
count. Under these conditions G-C pairs are nearly three times more stable than A-T pairs. The blunt end 
term is a constant applied all blunt end oligo hybridization—dangling bases are present at one or both ends, a 
different end term must be added. Conditions: 37ºC, 1 M Na+. The blunt end term is sometimes double (to 
account for both ends) and called “initiation energy”. 
Base Alternate base ΔGº (37ºC, 1 M Na+) 
Blunt end  +1700 cal mol-1 
A T –800 cal mol-1 
C G –2100 cal mol-1 
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Equation 3: θequilibrium is the fraction of oligos with ΔGº hybridized to a complementary ssDNA strand at 
temperature T (in Kelvin) when the reaction has reached dynamic equilibrium. C is the oligo molar 
concentration in mol L-1 (or M).  R is the gas constant 1.9872 cal K-1 mol-1. 

D.2 Adjusting Gibbs free energy  (ΔGº) for temperature 
The Gibbs free energy (ΔGº) used in the previous section was measured at 37ºC. It would 
be very useful to calculate the hybridized oligo fraction at different temperatures to better 
model the annealing phase of PCR reactions. To do so, the Gibbs free energy (ΔGº) can be 
split into two components, one of which scales with temperature (see Equation 4,  
Table 144 and Figure 128). For example, we can calculate the Gibbs free energy (ΔGº) of 
oligo “CGTTATGA” at 25ºC instead of 37ºC (25ºC = 298.15ºK):  
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ΔGº = (+8500 – 298.15 · –16.4) + (5 · (–7300 – 298.15 · –21.0)) + (3 · (–9500 – 298.15 · –23.8)) = –8820 cal mol-1 

Applying Equation 3, 75% of oligos having a ΔGº of –8820 cal mol-1 would be hybridized 
at 25ºC (assuming an oligo concentration of 1 uM and 1 M Na+). This process can be 
repeated to produce a hybridized oligo by temperature plot (see Figure 129). 

°∆−°∆=°∆ STHG  
Equation 4: Gibbs free energy (ΔGº in cal mol-1) can be split into two components: enthalpy (ΔHº in cal 
mol-1) and entropy (ΔSº in cal K-1 mol-1). The temperature T is in Kelvin (K). 

 
Table 144: Gibbs free energy (ΔGº) from Table 143 split into component parts: enthalpy (ΔHº) and entropy 
(ΔSº). Conditions: 1 M Na+. 
Base Alternate base ΔHº (1 M Na+) ΔSº (1 M Na+) 
Blunt end  +4300 cal mol-1 +8.3 cal K-1 mol-1 
A T –7300 cal mol-1 –21.0 cal K-1 mol-1 
C G –9500 cal mol-1 –23.8 cal K-1 mol-1 
 

 
Figure 128: Gibbs free energy (ΔGº) calculated using 
Table 144 and Equation 4. X axis is temperature (in ºC), Y axis is ΔGº (in cal mol-1). Conditions: 1 M Na+. 
Note that as the temperature is increased to the typical oligo binding range (50-72ºC), AT bases barely 
contributed to duplex stability; beyond 72ºC AT bases are actually destabilizing. 
 

 
Figure 129: Hybridized “CGTTATGA” oligo by temperature (X axis, in ºC). Conditions: 1 M Na+. 



    

 263  

D.3 Adjusting Gibbs free energy  (ΔGº) for salt concentration 
The Gibbs free energies used in the previous sections were measured at 1 M Na+. 
Dissolving salts in the reaction solution provides cations which greatly stabilize dsDNA by 
partially neutralizing the negative charge carried by the ssDNA sugar/phosphate backbone. 
Each base is attached to a sugar (deoxyribose) and phosphate group with a total charge of -
1, illustrated as a minus sign next to the outer most oxygen on each phosphate (see Figure 
130). This negative charge destabilizes dsDNA duplexes since both strands are negatively 
charged and repel each other electrostatically, facilitating the peeling-off (denaturing / 
dehybridization) of oligos. In the absence of cations (for example, in distilled water) 
dsDNA duplex are unstable. 
Table 145: Important cations in human cells (in vivo) and in the laboratory (in vitro). These cations are 
necessary to stabilize dsDNA both in cells and in the laboratory. 
Cation Typical concentration Comment 

in vivo in vitro (buffer) 
Na+ 12 mM   
K+ 139 mM   
Tris+ 0 mM 10 mM (TE) 

40 mM (TAE) 
100 mM (TBE) 

Tris ions are not present in vivo but are used widely in vitro, especially for 
gel electrophoresis. 

Li+ 0 mM  Lithium ions are not present in vivo but are used in vitro. 
Mg2+ 0.8 mM ~2 mM (PCR) 

~10 mM (others) 
Magnesium ions are necessary for the operation of many enzymes, such as 
DNA polymerase (like Taq). 

Ca2+ 0 mM  Calcium ions are pumped out of all cells, though they may be used in vitro. 
 

For purposes of oligo hybridization calculations, monovalent cation concentrations are 
summed into a first term (Na+, K+, Tris+, Li+) and divalent cation concentration are 
summed into a second term (Mg2+, Ca2+)—no distinction is made between different types 
of monovalent or divalent cations. Further, not all divalent cations remain free in solution: 
some bind to the phosphate groups of unincorporated dNTP present in all PCR reactions, 
and thus are not available to stabilize dsDNA duplexes. These three concentrations plus the 
fraction of GC bases in the oligo are combined to produce a ΔSº correction term, which is 
multiplied by the ΔHº and added to the reference ΔSº calculated under 1 M Na+. The cation 
concentration does not affect enthalpy (ΔHº). 
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Equation 5: Correction of Gibbs free energy (ΔGº) components enthalpy (ΔHº) and entropy (ΔSº) for 
custom cation conditions others than the reference 1 M Na+. Using distributivity, this correction is typically 
applied after summing the ΔHº and ΔSº of the entire oligo. Cation concentration does not affect enthalpy 
(ΔHº). A good cation correction function for entropy (ΔSº) is described here91, 92. 
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Figure 130: dsDNA strand shown with bases (A=green, T=purple, G=blue, C=red) attached to a sugar 
phosphate backbone (sugar=orange, phosphate=yellow). Each nucleotide (base + sugar + phosphate) has a 
charge of -1 located on the phosphate backbone. Due to this charge, both ssDNA strands repeal each other, 
which somewhat destabilizes the strand; adding cations partially neutralizes this negative charge and 
stabilizes the dsDNA strand. commons.wikimedia.org/wiki/File:DNA_chemical_structure.svg by Madprime 
[CC BY-SA 3.0]. 

 

D.4 Refinement using nearest-neighbor model 
Though no hydrogen bonds form between neighboring bases on the same ssDNA strand, 
adjacent bases repel/attract each other which affects dsDNA hybrid stability. This effect is 
called “base stacking”; for simplicity, only average base stacking was modeled in Section 
D.1. Modern bioinformatics tools model base stacking by summing the Gibbs free energy 
(ΔGº) of adjacent bases on the same ssDNA strand rather than single bases (see Table 
146). Each term contains half the ΔGº of the hydrogen bonds each base pair and the entire 
ΔGº of the base stacking between the two bases on each strand. Within the oligo, the 
overlapping of adjacent nearest neighbor terms ensure the ΔGº of the hydrogen bonds is 
fully counted; at each end of the oligo, the missing half of ΔGº of the hydrogen bonds of 
the terminal base is counted with a blunt end term. For example, we can calculate the 
Gibbs free energy (ΔGº) of oligo “CGTTATGA” at 37ºC (37ºC = 310.15ºK):  

ΔGº = (  +100 – 310.15 ·   –2.8) + (–10600 – 310.15 · –27.2) + (–8400 – 310.15 · –22.4)  
+ (–7900 – 310.15 · –22.2) + (  –7200 – 310.15 · –21.3) + (–7200 – 310.15 · –20.4) 
+ (–8500 – 310.15 · –22.7) + (  –8200 – 310.15 · –22.2) + (+2300 – 310.15 ·   +4.1) = 6875 –cal mol-1 
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In this case, the difference between the simpler model of Section D.1 is small (6900 vs. 
6875 cal mol-1), which means the “base stacking” Gibbs free energy (ΔGº) of this oligo is 
close to average. In other cases, the difference can be much larger (see Figure 131). 
Table 146: Gibbs free energy (ΔGº) split into enthalpy (ΔHº) and entropy (ΔSº) used in the nearest neighbor 
model93. The blunt end terms must be summed for the terminal base at each end. Conditions: 1 M Na+. 
Base(s) Alternate base(s) ΔHº (1 M Na+) ΔSº (1 M Na+) 
Blunt end (A) Blunt end (T) +2300 cal mol-1 +4.1 cal K-1 mol-1 
Blunt end (C) Blunt end (G) +100 cal mol-1 –2.8 cal K-1 mol-1 
AA TT –7900 cal mol-1 –22.2 cal K-1 mol-1 
AT  –7200 cal mol-1 –20.4 cal K-1 mol-1 
TA  –7200 cal mol-1 –21.3 cal K-1 mol-1 
CA TG –8500 cal mol-1 –22.7 cal K-1 mol-1 
AC GT –8400 cal mol-1 –22.4 cal K-1 mol-1 
AG CT –7800 cal mol-1 –21.0 cal K-1 mol-1 
GA TC –8200 cal mol-1 –22.2 cal K-1 mol-1 
CG  –10600 cal mol-1 –27.2 cal K-1 mol-1 
GC  –9800 cal mol-1 –24.4 cal K-1 mol-1 
CC GG –8000 cal mol-1 –19.9 cal K-1 mol-1 
 

 
Figure 131: Gibbs free energy (ΔGº) calculated using Table 146 and Equation 4; also shown are the Gibbs 
free energy (ΔGº) of the simpler model from Figure 128. X axis is temperature (in ºC), Y axis is ΔGº (in cal 
mol-1). Conditions: 1 M Na+. The blunt end terms appear less destabilizing in the nearest-neighbor model 
because one less oligo paring term is added, so half of the energy of the terminal hydrogen bonds are 
included in the blunt end terms. 
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D.5 Handling non-blunt (dangling) ends 
Blunt ends between primers and target sequences seldom occur in PCR, so the end terms 
shown in Section D.5 should typically not be used to model PCR reactions. At the 
beginning of PCR reactions, short primers anneal to very long templates; this means the 
template ssDNA strand will “dangle” at each end of the primer. The first unmatched 
dangling base is used to properly calculate the Gibbs free energy (ΔGº) at each end of the 
strand, as shown in Table 147. For example, the ITS1 primer shown below is flanked by a 
dangling template ‘A’ and ‘T’ at the 5’ and 3’ end. This means the edge ΔHº and ΔSº terms 
should be (+1800, +2.9) and (?, ?) from Table 147 rather than the blunt end terms 
(+2300,+4.1) and (+100, –2.8) from Table 146. Note that primers will also attach 
themselves to amplicons, which means the dangling ends need to be analyzed a second 
time based on the type of polymerase used (blunt end like NEB Q5 or A tailing like Taq). 

        ITS1 Primer                  ITS1 Primer                       ITS1 Primer         
    TCCGTAGGTGAACCTGCGG          TCCGTAGGTGAACCTGCGG               TCCGTAGGTGAACCTGCGG        
    :::::::::::::::::::          :::::::::::::::::::               ::::::::::::::::::: 
...AAGGCATCCACTTGGACGCCT...      AGGCATCCACTTGGACGCCT...          AGGCATCCACTTGGACGCCT...      
     Template (Human)              Amplicon (NEB Q5)                 Amplicon (Taq) 
 

Table 147: Gibbs free energy (ΔGº) split into enthalpy (ΔHº) and entropy (ΔSº) that should be used instead 
of “A or T blunt end” and “C or G blunt end” when dangling ends are present90. Some dangling ends are 
stabilizing and some are destabilizing. 

End ΔHº (1 M Na+) ΔSº (1 M Na+) End ΔHº (1 M Na+) ΔSº (1 M Na+) 
 A...    ...T 
 :    or    : 
 T...    ...A 

+2300 cal mol-1 +4.1 cal K-1 mol-1  C...    ...G  
 :    or    : 
 G...    ...C  

+100 cal mol-1 –2.8 cal K-1 mol-1 

 A...    ...TA 
 :    or    : 
AT...    ...A 

–1500 cal mol-1 –8.6 cal K-1 mol-1  C...    ...GA 
 :    or    : 
AG...    ...C 

–1800 cal mol-1 –9.1 cal K-1 mol-1 
 A...    ...TC 
 :    or    : 
CT...    ...A 

–5100 cal mol-1 –17.9 cal K-1 mol-1  C...    ...GC 
 :    or    : 
CG...    ...C 

–3100 cal mol-1 –13.1 cal K-1 mol-1 
 A...    ...TG 
 :    or    : 
GT...    ...A 

–4300 cal mol-1 –15.9 cal K-1 mol-1  C...    ...GG 
 :    or    : 
GG...    ...C 

–3800 cal mol-1 –14.0 cal K-1 mol-1 
 A...    ...TT 
 :    or    : 
TT...    ...A 

+5200 cal mol-1 +14.4 cal K-1 mol-1  C...    ...GT 
 :    or    : 
TG...    ...C 

+700 cal mol-1 +0.6 cal K-1 mol-1 
 T...    ...AA 
 :    or    : 
AA...    ...T 

+1800 cal mol-1 +2.9 cal K-1 mol-1  G...    ...CA 
 :    or    : 
AC...    ...G 

+7000 cal mol-1 +18.4 cal K-1 mol-1 
 T...    ...AC 
 :    or    : 
CA...    ...T 

–5800 cal mol-1 –19.2 cal K-1 mol-1  G...    ...CC 
 :    or    : 
CC...    ...G 

–2500 cal mol-1 –10.2 cal K-1 mol-1 
 T...    ...AG 
 :    or    : 
GA...    ...T 

–2000 cal mol-1 –6.6 cal K-1 mol-1  G...    ...CG 
 :    or    : 
GC...    ...G 

–100 cal mol-1 –2.7 cal K-1 mol-1 
 T...    ...AT 
 :    or    : 
TA...    ...T 

+1600 cal mol-1 +3.4 cal K-1 mol-1  G...    ...CT 
 :    or    : 
TC...    ...G 

+6700 cal mol-1 +18.9 cal K-1 mol-1 
AA...    ...T  
 :    or    : 
 T...    ...AA 

+2500 cal mol-1 +6.4 cal K-1 mol-1 AC...    ...G 
 :    or    : 
 G...    ...CA 

+2900 cal mol-1 +7.4 cal K-1 mol-1 
CA...    ...T 
 :    or    : 
 T...    ...AC 

–6200 cal mol-1 –20.0 cal K-1 mol-1 CC...    ...G 
 :    or    : 
 G...    ...CC 

–4300 cal mol-1 –15.3 cal K-1 mol-1 
GA...    ...T  
 :    or    : 
 T...    ...AG 

–3600 cal mol-1 –12.9 cal K-1 mol-1 GC...    ...G 
 :    or    : 
 G...    ...CG 

–3900 cal mol-1 –14.6 cal K-1 mol-1 
TA...    ...T  
 :    or    : 
 T...    ...AT 

–600 cal mol-1 –3.6 cal K-1 mol-1 TC...    ...G 
 :    or    : 
 G...    ...CT 

–1800 cal mol-1 –9.1 cal K-1 mol-1 
AT...    ...A 
 :    or    : 
 A...    ...TA 

–4600 cal mol-1 –15.9 cal K-1 mol-1 AG...    ...C 
 :    or    : 
 C...    ...GA 

+1200 cal mol-1 +2.6 cal K-1 mol-1 
CT...    ...A 
 :    or    : 
 A...    ...TC 

–3900 cal mol-1 –13.8 cal K-1 mol-1 CG...    ...C 
 :    or    : 
 C...    ...GC 

–5000 cal mol-1 –16.9 cal K-1 mol-1 
GT...    ...A  
 :    or    : 
 A...    ...TG 

–4800 cal mol-1 –16.6 cal K-1 mol-1 GG...    ...C 
 :    or    : 
 C...    ...GG 

–3800 cal mol-1 –13.6 cal K-1 mol-1 
TT...    ...A  
 :    or    : 
 A...    ...TT 

+2100 cal mol-1 +3.8 cal K-1 mol-1 TG...    ...C 
 :    or    : 
 C...    ...GT 

–1900 cal mol-1 –11.0 cal K-1 mol-1 

 



    

 267  

D.6 Transitioning between dynamic equilibrium states during PCR 
The fraction of hybridized oligos at a given temperature are calculated assuming the 
reaction is in dynamic equilibrium. This means oligos are hybridizing to and dehybridizing 
from template/amplicon strands at the same rate. Equation 3 is implicitly taking these rates 
into consideration, and can be rewritten using these rates (see Equation 6). These two 
equivalent equations assume that templates/amplicons are much less numerous than primer 
oligos, which is the case in properly setup PCR reactions. 
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Equation 6: Fraction of oligos hybridized to a complementary ssDNA strand, rewritten as a function of 
hybridization (Akon) and dehybridization rates (koff). 

The three tables below list the main factors behind hybridization and dehybridization rates. 
Hybridization involves oligos diffusing in the solution to find a matching template—this is 
mainly influenced by oligo concentration: the higher the concentration, the faster 
complementary templates/amplicons will be found by one such oligo (see  
Table 148). The dehybridization rate is mainly controlled by the bond strength between the 
oligo and the template/amplicon (ΔGº), as well as the temperature (see Table 149). Unlike 
the dehybridization rate, the hybridization rate is not much affected by the oligo/template 
sequence94, ranging from 0.25 x 106 (AT rich) to 4 x 106 (CG rich) M-1 s-1.  
 
Table 148: Factors affecting oligo/template or oligo/amplicon hybridization rate (Akon). 
Factor Effect Comment 
Oligo concentration (C) Akon α C The main effect controlling the hybridization rate is the 

concentration of oligos: the more oligos are “looking for” 
templates/amplicons by diffusion, the faster templates/amplicons will 
end up hybridized to a complementary oligo. 

Oligo mass (m) Akon α 1 / 
sqrt(m) 

The diffusion rate is proportional to the 1 / sqrt(mass) of oligos. This 
effect is usually small since oligos are typically 16-25 nt longs (25% 
variation in mass). When oligos are attached to biotins or otherwise 
extended, this mass diffusion effect can be significant. 

Temperature (T) Akon α T The diffusion rate is proportional to the temperature. This effect is 
small since annealing is typically done between 300ºK and 350ºK 
(15% variation). 

Template/amplicon secondary 
structures  

Akon ↓ Secondary structures such as hairpins in the template/amplicon will 
make them unavailable for hybridization for some fraction of time. 
Even if the strength (ΔGº) of the hairpin is much lower than the 
strength of the oligo template/amplicon bond, it may prevent the 
oligo from ever binding since the hairpin forms first. 

Self-complementary, cross- 
complementary, or hairpin 
forming oligos 

Akon ↓ If oligos bind to each other, they become unavailable for binding to 
template/amplicon strands. This reduces the effective concentration 
of oligos. 

Bond strength between 
hybridized nucleotides (ΔGº) 

Akon α 
(0.25 to 4) 

Though the hybridization rate is largely unaffected by oligos 
sequence, a small effect remains which can change the rate by a 
factor of four in either direction 94. AT rich oligos have a lower 
hybridization rate and CG rich oligos have a higher hybridization 
rate. 
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Table 149: Factors affecting oligo/template, oligo/amplicon and oligo hairpin dehybridization rate (koff). 
Factor Effect Comment 
Bond strength between 
hybridized nucleotides (ΔGº) 

koff α eΔGº ΔGº is affected by sequence, salt concentration, temperature and 
mismatches. 

Temperature (T) koff α e(1/T) Temperature determines the oligos’ average thermal energy; 
increased temperatures means oligos dehybridize (“peel-off”) more 
easily. 

Oligo extra nucleotides koff ↑ Some oligos have extra nucleotides at the 5’ or 3’ end which are not 
part of the bond; these extra nucleotides increase the force which 
dehybridizes (“peels off”) oligos. The magnitude of this effect is not 
known. 

 
Table 150: Factors affecting oligo hairpin hybridization rate (Bkon). Oligo concentration has no effect, since 
both halves of the duplex are attached by the hairpin and cannot diffuse far away from each other. 
Factor Effect Comment 
Oligo hairpin length (L) Bkon α L2.44 The main effect controlling hybridization time is the length of the 

hairpin, which determines how far complementary sequences can 
diffuse away from each other. The longer the hairpin, the more time 
it takes for them to randomly meet and hybridize. The hairpin can be 
seen as limiting the available volume to a sphere of diameter L, so it 
can be converted to an effective concentration. 

Oligo mass (m) Bkon α 1 / 
sqrt(m) 

The diffusion rate is affected by oligo its mass. 

Temperature (T) Bkon α T The diffusion rate is affected by the temperature. 
 
Hairpins can be modeled using the same dehybridization rate, but hybridize differently due 
to the fact that complementary sequences cannot diffuse away from each other beyond the 
hairpin length (see Table 150); this means melting temperature is not dependant on oligo 
concentration and is typically much higher than when the oligo and template are not 
attached. Furthermore, at their melting temperature, hairpin hybridization and 
dehybridization cycles occur much faster. 
When the temperature is changed between phases of a PCR reaction, the dynamic 
equilibrium fraction of hybridized oligos suddenly changes too: this causes a transition 
period during which the reaction leaves one dynamic equilibrium state and arrives at 
another. This occurs when entering the denaturing phase (at 94º-98ºC), the annealing phase 
(at ~50º-72ºC) and the extension phase (68-72ºC). In the first two cases, we must wait for 
the reaction to approach the new dynamic equilibrium state, otherwise the PCR reaction 
will fail. In the third case, the extension of oligos has to have begun before exiting the 
annealing phase of PCR. The hybridization and dehybridization half-lives are shown in 
Equation 7 and Equation 8. 
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Equation 7: kon-half-life is the time it takes for half of unhybridized templates to become hybridized to an oligo, 
in seconds (this assumes oligos never dehybridize). mtotal is the oligo’s total molecular mass in g mol-1. C is 
the oligo concentration in mol L-1 (or M). The hybridization rate constant in the denominator is 
approximate94. 
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Equation 8: koff-half-life is the time it takes for half of hybridized templates to become unhybridized, in seconds 
(this assumes oligos never rehybridize). T is the temperature (in Kelvin). R is the gas constant 1.9872 cal K-1 
mol-1. Unlike the kon-half-life equation, this equation is not dependent on oligo concentration. The hybridization 
rate constant in the denominator is approximate94. 

D.6.1 Modeling the PCR denaturing phase 
Under normal PCR conditions (2 mM Mg2+ 0.8 mM dNTP), the most strongly bound 
template or amplicon has a ΔHº of –213000 cal mol-1 and a ΔSº of –551 cal K-1 mol-1; this 
means the koff-half-life is about two seconds at 94ºC  and 0.1 seconds at 98ºC. Manufacturers 
recommend denaturing times of 15 seconds at 94ºC  and 5 seconds at 98 ºC, meaning that 
~99.5% and ~100% of dsDNA strands would be denatured into ssDNA strands, 
respectively. Any templates/amplicons remaining hybridized after the denaturing period 
are not available to perform a PCR copy, thus reduce the reaction yield. Tuning/optimizing 
the denaturing time is seldom relevant unless high salt concentrations are used. 

 
Figure 132: Fraction of templates/amplicons remaining double stranded during the beginning of the PCR 
denaturing phase (shown at five commonly used denaturing temperatures). Assumes ΔHº of –213000 cal 
mol-1 and ΔSº of –551 cal K-1 mol-1. Manufacturers recommend denaturing times of 15 seconds at 94ºC or 5 
seconds at 98ºC, which means >99% of dsDNA templates/amplicons should have had time to denatured 
(dissociate) into ssDNA. 
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D.6.2 Modeling the PCR annealing phase 
Unlike denaturing, which does not depend on oligo concentration, annealing time is 
directly proportional to oligo concentration. This is because oligos must be given enough 
time to diffuse in the PCR buffer and find a complementary template/amplicon strand. 
Equation 9 shows the number of templates hybridized to an oligo near the beginning of the 
annealing period, which starts after denaturing is complete (when no oligos are 
hybridized). Figure 133 plots this equation under typical PCR reaction conditions, which 
indicate an annealing period of ~15 seconds is usually sufficient. 

DNA polymerase enzymes retain some activity at lower temperatures, so the extension of 
oligos actually begins during the annealing phase. This is important since unextended 
oligos only remain hybridized for a short period at the extension temperature of ~72ºC, as 
shown in the following section. When using low annealing temperatures (<55ºC), 
increasing the annealing time by 10+ seconds is very important. 
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Equation 9: Equilibrium kinetics for hybridization of oligos after denaturing. θ(t) is the fraction of 
hybridized oligos at time t after denaturation (in seconds). mtotal is the oligo’s total molecular mass of in g 
mol-1. C is the oligo concentration in mol L-1 (or M). The hybridization rate constant in the numerator is 
approximate94. 

 

 
Figure 133: Fraction of templates annealed to oligos during the beginning of the PCR annealing phase 
(based on Equation 9). Plots are shown for two oligo concentrations and two oligo masses (eg. lengths); 
oligos are held at their melting temperature, which means 50% of templates are hybridized to oligos at t→∞. 
Note that the hybridization rate constant “1000000” in Equation 9 is an approximation so this plot may be 
somewhat off94. Manufacturers recommend annealing times of 10 seconds at 0.5 uM and 15 seconds at 0.2 
uM, which means >95% of templates should have had time to anneal to an oligo (as compared to the number 
of template hybridized at t→∞). 
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D.6.3 Modeling the PCR extension phase 
The goal of the extension phase is to maximize the DNA polymerase enzyme copy speed 
by increasing the temperature to ~72ºC. The extension phase is actually optional, since 
extension also occurs during the annealing phase, albeit at a sub-optimal speed. If 
extension the during the PCR annealing phase is sufficient to copy entire amplicons, the 
PCR extension phase is unnecessary. 

Typically, the melting temperature of oligos will be well below the optimal extension 
temperature of 72ºC; this means extension must begin during the annealing phase, 
otherwise primers risk dehybridizing (“peeling off”) during the extension phase before the 
DNA polymerase enzyme has had time to commence the copy (see Figure 134). Most 
DNA polymerase enzymes suitable for PCR extend at speeds of 15-30 nt per second at 
72ºC; at 45ºC, this rate is reduced approximately ten-fold, requiring 10-20 seconds to 
extend the ITS1 primer enough to keep it hybridized during the 72ºC extension phase. 
 

 
Figure 134: Fraction of ITS1 primer (TCCGTAGGTGAACCTGCGG) hybridized to templates/amplicons once 
temperature is raised to 72ºC. 97% of ITS1 primers which were not extended during the annealing phase 
dehybridize (“peel-off”) within one second at 72ºC—the PCR reaction will fail if extension does not occur 
during annealing phase. Conditions: 0.2 uM primers, 2 mM Mg2+, 0.8 mM dNTP, template is Saccharomyces 
cerevisiae (JQ277730.1). 
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D.7 Correcting hybridized fraction of “heavy” oligos 
When using oligos which have more mass than that of the bound nucleotides, this extra 
mass reduces the kon rate. Equation 3 can be adjusted to account for this effect (see 
Equation 10). This extra mass also increases the koff rate, though the magnitude of the 
effect is not known, and is not modeled.  
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Equation 10: Fraction of oligos hybridized to a complementary ssDNA strand, taking into account the total 
oligo mass when this does not equal the mass of the nucleotides bound to the template. The extra mass 
reduces the diffusion rate of oligos, and thus reduces the kon term and θequilibrium. 

D.8 Handling of mismatches  
Mismatching nucleotides between oligos and primers typically (but not always) increase 
the ΔGº, and thus lower the melting temperature of the hybrid. Mismatches are separated 
into different categories which are modeled differently (see Table 151). Simply applying 
Table 151 to oligo/template hybrids does not result in an accurate estimation of 
hybridization ratio, especially in the presence of long mismatching sequences or 
mismatches close to the edges of the oligo. For example, the two central matching base 
pairs (AA/TT, shown below) destabilize the hybrid and should be ignored. 

leif tm0 TCCGTAGGTGAACCTGCGG TCCGTAGAAAAATTTGCGG  0.25 0 2 0.8 
 
    ITS1 Primer                       ITS1 Primer     
TCCGTAGGTGAACCTGCGG               TCCGTAGGTGAACCTGCGG  
:::::::   ::  ::::: Tm = 31.1C    :::::::       ::::: Tm = 32.3C     
AGGCATCTTTTTAAACGCC               AGGCATCTTTTTAAACGCC  
    Template A                        Template A 

 
Table 151: Mismatch patterns and modeling methods. Note are modeling methods are equally accurate. 
Examples Mismatch name (and aliases) Modeling method and accuracy 
AA...    ...GA 
 :    or    : 
AT...    ...CC 

Terminal mismatch Look-up table of 48 ΔH and ΔS values (for each pattern). 
Accuracy = very high. 

...GAA...    
   : :    
...CAT...  

Internal mismatch of 1 nucleotide, 
symmetrical internal loop of length = 2, 1x1 

Look-up table of 192 ΔH and ΔS values (for each pattern). 
Accuracy = very high. 

...GACA...    
   :  :    
...CATT... 

Internal mismatch of 2 nucleotides, 
symmetrical internal loop of length = 4 (2x2) 

Look-up table of 2304 ΔH and ΔS values (for each pattern). 
Accuracy = high. 

...GATCA...    
   :   :     
...CAGTT... 

Internal mismatch of 3+ nucleotides, 
symmetrical internal loop of length = 6+ 

ΔH and ΔS adjusted for matching nucleotides at both edges, 
ΔS is decreased according to length. Accuracy = medium. 

...GAA...    
   : :    
...C-T... 

Bulge loop of length = 1 Treated as a normal nearest neighbor pair (Table 146) 
ignoring extra nucleotide, but ΔS is decreased by 12.90. 
Accuracy = medium. 

...GACA...    
   :  :    
...C--T... 

Bulge loop of length = 2+ ΔS is decreased according to length. Accuracy = low. 
...GACA...    
   :  :    
...CA-T... 

Asymmetrical internal loop of length = 3+ Same as internal mismatch of 3+, except an asymmetry 
penalty is added. Accuracy = low. 
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D.9 RNA:RNA, DNA:RNA, 2’O-methyl RNA:RNA hybrids 
RNA hybridization is described here: rna.urmc.rochester.edu/NNDB/tutorials.html . 

D.10 PCR modeling 
 

D.11 [EOS] 

http://rna.urmc.rochester.edu/NNDB/tutorials.html
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E   Afterword 

Entrances are wide, exits are narrow. 
[TODO]. 

RNase II: I don’t understand why this did not work on human RNA. Fact that enzyme 
can’t be sources commercially does not help. 

2D gel: . 
Target capture: this works pretty well. 
5S capture: this works pretty well. 

Restriction enzyme with “CG”: this works pretty well. 
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