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the predominance of rrnAs in the transcriptome is a major 
technical challenge in sequence-based analysis of cdnAs from 
microbial isolates and communities. several approaches have 
been applied to deplete rrnAs from (meta)transcriptomes, but 
no systematic investigation of potential biases introduced by 
any of these approaches has been reported. here we validated 
the effectiveness and fidelity of the two most commonly 
used approaches, subtractive hybridization and exonuclease 
digestion, as well as combinations of these treatments, on 
two synthetic five-microorganism metatranscriptomes using 
massively parallel sequencing. We found that the effectiveness 
of rrnA removal was a function of community composition and 
rnA integrity for these treatments. subtractive hybridization 
alone introduced the least bias in relative transcript abundance, 
whereas exonuclease and in particular combined treatments 
greatly compromised mrnA abundance fidelity. illumina 
sequencing itself also can compromise quantitative data 
analysis by introducing a G+C bias between runs.

Rapid technological advances in ultra-high-throughput sequenc-
ing are making de novo sequencing of transcriptomes (RNA-seq) 
a viable alternative to microarray analysis of microbial isolates 
and communities1. A major technical challenge for de novo tran-
scriptome sequencing is the low relative abundance of mRNAs 
in total cellular RNA (1–5%; ref. 2), the bulk of which is rRNAs 
and tRNAs3. Unlike eukaryotic mRNAs, which can be selectively 
synthesized into cDNA by virtue of their poly(A) tails4, bacte-
rial and archaeal cDNAs are predominantly rRNA sequences5,6. 
Therefore, prokaryotic rRNAs are often removed before sequenc-
ing to improve mRNA detection sensitivity. Different methods 
have been used to eliminate prokaryotic rRNA, including sub-
tractive hybridization with rRNA-specific probes7,8, digestion 
with exonuclease that preferentially acts on rRNA, poly(A) tail 
addition to discriminate against rRNA9,10, reverse transcription  
with rRNA-specific primers followed by RNase H digestion 
to degrade rRNA:DNA hybrids11, and gel electrophoresis size  
separation and extraction of non-rRNA bands12.

Among these methods, subtractive hybridization and exo-
nuclease digestion have become the most popular owing to the 
availability of commercial kits from Ambion (MICROBExpress 
Bacterial mRNA Enrichment kit) and Epicentre (mRNA-ONLY 
Prokaryotic mRNA Isolation kit). The former kit uses a subtrac-
tive hybridization with capture oligonucleotides specific to 16S 
and 23S rRNAs. It has been applied to both bacterial isolates 
and environmental samples, in one or two rounds6,13–18. The 
Epicentre kit uses exonuclease to preferentially degrade processed 
RNAs with 5′ monophosphate (the majority of which are believed 
to be rRNAs)19,20. In some instances, these methods have been 
used in combination to improve rRNA removal21–23. There is no 
consensus, however, on the best approach, and existing data are 
anecdotal. Here we validated the performance of these kits with 
two synthetic five-member microbial communities using Illumina 
sequencing and found that rRNA removal efficiencies were com-
munity- and RNA integrity–dependent and that only subtractive 
hybridization adequately preserved relative transcript abundance 
for quantitative analyses.

results
experimental design
We constructed two five-member synthetic microbial communities 
by pooling equimolar amounts of total RNAs extracted independ-
ently from microbial isolates with sequenced genomes that span 
a wide phylogenetic, (G+C) content and genome-size range. Two 
of the five species were common to both communities (Table 1).  
We tested subtractive hybridization (Hyb), exonuclease digestion 
(Exo) and combined treatments in two experiments using the two 
synthetic communities. In experiment 1, we tested Hyb, Exo and 
Hyb followed by Exo (Hyb + Exo) using synthetic community 1. 
Then we conducted experiment 2 using synthetic community 2 to 
confirm the results of experiment 1 and expanded the depletion 
methods tested to also include two rounds of Hyb (2Hyb) as well 
as Exo followed by Hyb (Exo + Hyb) (Table 2). As a control, we 
used total RNA without rRNA removal. We initially assessed rRNA 
removal using RNA electropherograms (Agilent 2100 Bioanalyzer) 
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(Supplementary Figs. 1 and 2 and Supplementary Note 1). We 
then sequenced technical replicates (after RNA pooling) distrib-
uted within and between four runs (flowcells; runs 1 and 2 in 
experiment 1, and runs 3 and 4 in experiment 2) on an Illumina 
Genome Analyzer II sequencer to evaluate intra- and interrun 
variation (Table 2). We generated ~10–17 million 76-base-pair 
single-end reads for each sample, and for all but one sample we 
mapped 99% of reads to a reference, indicating good read quality 
and negligible contamination (Supplementary Tables 1 and 2 and 
Supplementary Note 2).

technical reproducibility
We first evaluated technical reproducibility by comparing the rela-
tive transcript abundance of technical replicates calculated as reads 
per gene normalized by total mapped mRNA reads. The four intra-
run technical replicates in three independent runs (Hyb in run 1, 
and controls in runs 1, 3 and 4; Table 2) were highly reproducible 
(Pearson’s product-moment correlation coefficient, r = 0.997 ± 
0.001; Fig. 1a), suggesting that both sample preparation–associated 
 variation and intrarun sequencing variation were minor. In addi-
tion, the sole interrun technical replicate between runs 1 and 2  
(Exo 1 i and Exo 1 ii; Table 2) was also highly reproducible  
(Fig. 1b), suggesting negligible technical variation between these 
two runs. By contrast, the interrun technical replicates between 
runs 3 and 4 were less reproducible owing to multiple distinct 
regressions that correspond to individual organisms (Fig. 1c). 

Linear regression slopes for each organism positively correlated 
with their genomic G+C content (Fig. 1c). This indicates that 
run 3 systematically underrepresented (G+C)-rich sequences 
relative to run 4, which we believe was due to variability in run 
quality (Table 2). Two simple normalization strategies based on 
the total mRNA counts from the source organism or gene G+C 
content (Supplementary Note 3) improved the overall correlation 
between technical replicates (Fig. 1d), confirming that the run-
to-run variation was indeed largely associated with G+C content. 
Therefore, to accurately assess rRNA depletion efficiency and 
mRNA fidelity, we restricted comparisons of treatment-control 
pairs to the same run in experiment 2 (Table 2). We took the 
interrun average after we performed the intrarun comparison.

efficiency of rrnA depletion
As expected, the relative rRNA content of the controls was 
95–97% of total RNA, typical of bacteria and archaea, with each 
community member being approximately equally represented 
in the controls (Fig. 2a,b). After the various treatments, the 
observed rRNA content decreased by as little as 3.6% (Exo) and 
up to 19.9% (Hyb + Exo). This decrease in rRNA percentage in 
total RNA reflected the redistribution of rRNA relative to non-
rRNA owing to the treatment. For experiment 1, the rank order 
of rRNA removal efficiencies was Exo < Hyb < Hyb + Exo; for 
experiment 2, it was Hyb ≈ 2Hyb < Exo < Exo + Hyb < Hyb + 
Exo (‘≈’ indicates no statistically significant difference, P > 0.05).  

table 1 | Details of microbial isolates used in the two synthetic communities

organism
Genome  

size (mbp)
G+C content 

(%) Phylum
match hyb 

target sitesa �3s/�6sb rinb Community

Desulfovibrio vulgaris strain Hildenborough 3.7 63 Proteobacteria Yes 0.9 7.4 1
Streptomyces sp. strain LCC 8–10c 71 Actinobacteria Yes 1.4 5.5 1
Lactococcus lactis subspecies lactis IL1403 2.53 35 Firmicutes Yes 1.6 9.8 1
Spirochaeta aurantia subspecies aurantia M1 4.3 65 Spirochaeta Yes 2.1 9.8 1 and 2
Lactobacillus brevis ATCCd 367 2.3 46 Firmicutes Yes 1.4 9.9 1 and 2
Kangiella koreensis DSMd 16069 2.9 43 Proteobacteria Yes 1.4 10 2
Catenulispora acidiphila DSMd 44928 10.5 70 Actinobacteria Yes 1.3 8.6 2
Halorhabdus utahensis DSMd 12940 3.1 63 Euryarchaeota No 1.9 10 2
aInformation about 16S and 23S rRNAs matching to the capture oligos in the MICROBExpress mRNA Enrichment Kit was obtained from Ambion. bThe ratio of 23S/16S rRNAs and RNA integrity 
number (RIN) were determined using the Agilent 2100 Bioanalyzer. RIN values range from 1 (most degraded) to 10 (most intact). cDraft assembly; genome size was estimated to be eight to ten 
mega–base pairs (Mbp), which is in the range of the size of genomes of this organism’s close relatives, such as S. coelicolor A3(2) (9,054,847 bp), S. griseus subspecies griseus NITE Biological 
Resource Center (NBRC) 13350 (8,545,929 bp) and S. avermitilis MA-468 (9,119,895 bp). dATCC, American Type Culture Collection; DSM, Deutsche Sammlung von Mikrorganismen.

table 2 | Ribosomal RNA depletion methods tested and run (flowcell) layout

experiment � experiment �
Published (meta)transcriptomic studies using rrnA 

depletion methods listed in run 4aCommunity � Community �

run � run � run 3 run 4

Lane 1 Control (i)b Control (i) Control (i)
Lane 2 Control (ii) Control (ii) Control (ii)
Lane 3 Hybc (i) Hyb (i) Hyb (ii) Ocean water13,14,, bioreactor15 and bacterial isolates6,16,18

Lane 4 Hyb (ii) 2Hyb (i) 2Hyb (ii) Soil17

Lane 5 Exo (i) Exo (i) Exo (ii)d Bacterial isolates19,20

Lane 6 Exo (ii)d Hyb+Exo (i) Hyb+Exo (ii)
Lane 7 Hyb+Exo Exo (ii) Exo+Hyb (i) Exo+Hyb (ii) Ocean water21–23

Cluster pass ratee 84 ± 3% 88% 53 ± 6% 71 ± 3%
aFor completeness, there are two other metatranscriptomic studies not listed in the table that used addition of poly(A) tails which preferentially ligate to mRNAs providing the basis for mRNA 
enrichment9,10. b(i) and (ii) indicate technical replicate. cHyb, subtractive hybridization (MICROBExpress Bacterial mRNA Enrichment Kit, Ambion); 2Hyb, two rounds of Hyb; Exo = Exonuclease  
digestion (mRNA-ONLY Prokaryotic mRNA Isolation Kit, Epicentre); Hyb + Exo = Hyb followed by Exo; Exo + Hyb = Exo followed by Hyb. dLanes were excluded from analysis owing to technical 
failure. eCluster pass rate is defined as the number of clusters that passed the Illumina chastity filter (ref. 3; ≥ 0.6) divided by total number of identified clusters. We used average cluster pass 
rate from lanes included in each run to indicate run quality.
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The difference in rank order of removal efficiencies between 
the two experiments was due to community composition differ-
ences (see below), although combined treatments resulted in the  
greatest removal in both experiments (Fig. 2).

At first glance, the applied rRNA depletion methods did not 
appear to be very effective, but the observed postdepletion rRNA 
fraction did not accurately reflect the amount of rRNA that was 
actually removed, with observed rRNA removal not exceeding 
20% until actual removal was > 80% (Fig. 2c and Supplementary 
Note 4). For each community member we also calculated  
actual rRNA removal based on the relative proportion of rRNA  
and non-rRNA for individual organisms (Fig. 2d and Supple
mentary Tables 3 and 4). Halorhabdus utahensis exhibited the  
lowest percentage removal for all five treatments in experiment 2.  
We expected this for the Hyb treatments because archaea are 
not targeted by the Ambion Hyb kit (Table 1). Low removal of 
Halorhabdus rRNAs by exonuclease, however, was unexpected  
(Fig. 2b,d). We suspect that some of the processed 5′ ends  
of archaeal rRNAs may have exposed hydroxyl groups rather 
than a monophosphate because adapters requiring an exposed 
5′-monophosphate ligated poorly to archaeal Sulfolobus  
solfataricus rRNAs24. This indicates that it will be difficult to 
deplete rRNAs in microbial communities dominated by archaea 
using the tested methods.

Percentage removal of Streptomyces sp. str. LCC rRNA was mark-
edly lower than average for all three of the applied treatments in 
experiment 1 (Fig. 2d). The most poorly performing treatment for 
this organism was Hyb, with only 15% actual and 0.2% observed 
rRNA removal. Efficient removal of Catenulispora acidiphila 
rRNA, another member of the phylum Actinobacteria, ruled out 
the possibility that actinobacterial rRNA is generally poorly tar-
geted by Hyb (Fig. 2d). Rather, we noticed that the Streptomyces 
RNA had the lowest RNA integrity number25 (RIN of 5.5; Table 1).  
Intact rRNA is important for the success of the Hyb treatment 
because degradation increases the proportion of rRNA fragments  

without the conserved Hyb target sites18. 
This likely explains the reduced effec-
tiveness of the Hyb treatment despite the 
presence of the rRNA target sites in this 
organism. Lower RNA integrity may also 
explain the apparently reduced effectiveness 
of the Exo treatment on Streptomyces rRNA 
because partially degraded mRNAs can be 
targeted by exonuclease skewing the mRNA:
rRNA ratio used to calculate actual rRNA 
removal (Online Methods). Lower integ-

rity of Desulfovibrio vulgaris RNA (RIN 7.4) may similarly explain 
lower rRNA removal for this organism in some of the treatments  
(Fig. 2d). Indeed, we observed a high positive correlation between 
rRNA removal and RIN values for most treatments (Supplementary 
Fig. 3) suggesting that RIN can be used as an indicator of likely 
rRNA removal efficiency for these methods.

improvement in mrnA detection sensitivity
We calculated the fold enrichment in mRNAs by comparing the 
proportion of total mapped mRNA reads between the control 
and each treatment (Fig. 3a), which produced results ranging 
from 1.9- to 5.7-fold, largely consistent with the observed rRNA 
removal. Although mRNA fold enrichment is an intuitive way to 
express the effect of rRNA removal treatments, a more informa-
tive metric may be improvement in mRNA detection sensitivity 
calculated as the percentage increase in the number of detected 
mRNAs in a given treatment relative to the number of detected 
mRNAs in the corresponding control.

Defining the detection threshold as 30 mapped reads per 
gene (after normalization for dataset size; Online Methods), we 
calculated a 50–230% increase in mRNA detection sensitivity  
(Fig. 3b). This shows that even a modest depletion of rRNA (3.6% 
observed removal) resulted in more efficient use of sequence data 
(50% increase in mRNA detection sensitivity) justifying the appli-
cation of rRNA removal treatments.

Two rounds of subtractive hybridization marginally increased 
the detection sensitivity improvement from 159% for one-round 
Hyb to 172% for two rounds (P = 0.004). When testing the effect 
of the combination of treatments, the order of applying the rRNA 
removal kits produced statistically different results (P = 0.0003): 
Hyb followed by Exo gave greater improvement in mRNA detec-
tion sensitivity than Exo followed by Hyb (Fig. 3). We hypothesize 
that using exonuclease as the first treatment produced fragmented 
rRNAs and reduced the number of Hyb rRNA target sites, result-
ing in lower mRNA enrichment.
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Figure � | Technical reproducibility. (a–d) In 
the correlation plots, each point indicates the 
abundance of an individual mRNA transcript in 
two technical replicates. Analysis of technical 
replicates (i and ii) of Hyb in Illumina run 1  
(a), Exo between runs 1 and 2 (b), Hyb between 
runs 3 and 4 (c; color-coded by source organisms) 
and Hyb between runs 3 and 4 after normalizing 
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product moment correlation coefficient, r, for 
all data points regardless of source organism 
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Fidelity of mrnA relative abundance
Another metric by which we assessed the rRNA removal methods 
was fidelity: how well relative transcript abundance was pre-
served after a given treatment relative to the untreated control, 
assuming an accurate representation of relative transcript abun-
dance in the control. We calculated Bray Curtis (BC) similarities 
between samples by pairwise comparisons of relative transcript 
abundances of individual mRNAs above the detection threshold 
in the control. For each experiment, we inferred a dendrogram 
from the matrix of sample pair similarities using the unweighted 
pair group method with arithmetic mean (UPGMA) (Fig. 4).  
We also counted the number of mRNAs exhibiting greater than 
twofold change between the treatment and corresponding control 
and presented it as a percentage of the total detected mRNAs 
(Fig. 4).

The rank order of treatments providing better transcript fidel-
ity relative to the control was the same in both experiments: Hyb 
(≈2Hyb) > Exo > Hyb + Exo (≈Exo + Hyb) and also was largely  
consistent for individual organisms (Supplementary Tables 5 and 6).  
Subtractive hybridization alone caused the smallest amount  
of transcript skewing with only 2–3% of transcripts exhibiting 
greater than twofold change in expression relative to the control,  
and one- and two-round Hyb treatments were not statistically  

different (P = 0.81). Exo treatments pro-
duced a higher degree of skewing than 
Hyb treatments alone (P < 0.05), probably 
owing to exonuclease action on partially 
degraded mRNAs. For example, genes 
from clusters of orthologous groups of 
proteins (COG) functional category J were  
significantly underrepresented in Exo 
treatments relative to the control (Fisher’s 
exact test P = 1.65−13 corrected for multiple- 
hypothesis testing; Online Methods). 
This category comprises all of the ribo-
somal protein families that are known to 
have high turnover rates and mRNA pools 
with short half-lives that presumably are 
partially degraded. Exonuclease alone 
produced drastically different skewing in 
both communities (30% and 5% of genes 
exhibiting greater than twofold change in 
communities 1 and 2, respectively), indi-
cating that mRNA degradation was also 

dependent on community composition and that the mRNAs 
of members of community 1 were on the whole more sensitive 
to the exonuclease treatment than members of community 2  
(Supplementary Tables 5 and 6).
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Figure � | Effectiveness of bulk rRNA removal. 
(a,b) Distribution of reads between rRNAs 
(divided by community member) and total 
non-rRNAs for each treatment in experiments 
1 (a) and 2 (b). (c) Observed and actual rRNA 
percentage removals for the three and five 
treatments in experiments 1 and 2. Dashed 
lines are simulations of observed and actual 
rRNA percentage removals, when starting rRNA 
(in controls, rRNA0) accounted for 94.9% 
(community 1) and 96.9% (community 2) of 
total RNA. (d) Actual rRNA percentage removal 
for each organism. Error bars, s.d. There was 
no net rRNA removal for Spirochaeta by Exo 
in experiment 1, indicated by an arbitrary 
negative value.
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Hyb and Exo applied together produced the greatest skew in 
mRNA fidelity (>50% of detectable transcripts showing greater 
than twofold change from control) regardless of the order in which 
they were applied (Fig. 4). Somewhat unexpectedly, a consistent 
mRNA skew was introduced by the two tested combinations in 
experiment 2 (BC similarity = 90.6 ± 1.1%) despite both having a 
lower correlation to Exo treatment alone (BC similarity = 67.2 ±  
1.8%) and Hyb treatment alone (BC similarity = 66.6 ± 3.0%). 
This suggests that the interaction between the two kits has a more 
complex effect on mRNA fidelity than a simple addition of the 
effect that each kit has alone and yet was also reproducible and 
independent of the order in which the kits were applied.

disCussion
Recently, two studies showed that RNA-seq has high technical 
reproducibility using Illumina sequencing on a bacterial isolate18 
and Genome Sequencer FLX pyrosequencing (Roche) on a bac-
terial isolate and environmental samples26. We, too, found that 
technical replicates of Illumina sequencing were highly reproduc-
ible with the notable exception of one interrun comparison. 
We discovered a consistent G+C content bias that would have 
been missed without data from multiple reference organisms 
with a broad G+C content range. We speculate that this bias is  
directly linked to Illumina run quality, with lower-quality 
runs having greater underrepresentation of high G+C content 
 templates. A G+C content bias has previously been reported in 
Illumina sequences of mouse transcripts27, lending some support 
to this hypothesis.

Observed rRNA removal for the synthetic communities was 
within the 5–58% range calculated for published sequence-
based metatranscriptomic analyses of natural communities  
using the same depletion methods14,17,21–23. However, the 
 different removal treatments varied greatly in preserving relative 

transcript abundance (mRNA fidelity), 
providing a second key determinant for 
method selection.

The Ambion kit (Hyb) has been pre-
viously used to analyze ocean water13,14 
and soil samples17. In the latter case, two 
rounds of rRNA depletion had been used, 
presumably on the assumption that this 
would result in improved mRNA enrich-
ment. We did not find that two rounds of 
Hyb produced a significant improvement 

in rRNA depletion. This suggests that rRNAs with target sites 
were efficiently removed in the first round and additional rounds 
only introduced extra unnecessary handling. Remaining rRNAs 
either had mismatches to the target sites or were fragments lack-
ing a target site. We observed both instances. First, the rRNAs of 
the sole archaeal member of community 2, which are incompat-
ible with the capture oligos, had the lowest depletion levels, which 
substantially compromised overall mRNA enrichment in com-
munity 2, although 26–32% of rRNAs were still removed despite 
target mismatches. Second, RNA integrity (indicated by RIN) was 
positively correlated with Hyb removal (Supplementary Fig. 3), 
confirming that more fragmented rRNAs had lower removal effi-
ciencies, consistent with a similar observation for a Burkholderia 
cenocepacia isolate18.

Unlike with the Hyb treatment, for which potential limitations 
are well recognized, variability in exonuclease treatment is less 
well understood. Differential RNA degradation by the processive 
5′ to 3′ exonuclease used in the Epicentre kit (Exo) is based on the 
presence of 5′-monophosphates on mature rRNAs (susceptible) 
and 5′-triphosphates on intact mRNAs (resistant). However, our 
results demonstrated that some degradation of mRNAs must be 
occurring owing to a consistent drop in mRNA fidelity for both 
experiments. This is most likely due to the exonuclease targeting 
partially degraded mRNAs, supported by the observation that 
highly expressed genes with short half-lives were preferentially  
lost after Exo treatment. Conceivably, Exo treatment could  
provide a useful snapshot of stable full-length gene expression.

We believe that the findings from these two simple synthetic 
communities will be applicable to more complex natural com-
munities. We therefore suggest the use of one round of Hyb for 
standard processing of microbial community RNAs with the 
caveat that archaeal-dominated communities will likely have 
low levels of mRNA enrichment. To overcome this limitation,  
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Figure 4 | Fidelity of mRNA relative  
abundance. (a,b) Analysis of all seven  
samples in experiment 1 (a) and the seven 
samples from run 3 in experiment 2 (b). 
Bray Curtis similarities between samples are 
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AnAlysis

sample-specific subtractive hybridization strategies are a prom-
ising complement or alternative approach to generic capture 
beads26, particularly as our results predict that hybridization 
should not compromise transcript fidelity. Combined treatments 
should be avoided as they severely impact mRNA fidelity, and Exo 
treatment alone should not be used unless there is a specific bio-
logical interest in studying full-length transcripts. Workup of total 
RNAs should include a determination of the RIN, and we suggest 
only sequencing RNAs with RIN > 7.0 to maximize the poten-
tial effectiveness of the Hyb treatment. Finally, comparisons of  
samples between Illumina runs should be viewed cautiously given 
the potential for G+C content bias. These recommendations should 
help guide researchers in making informed decisions on how to 
enrich mRNA for de novo sequencing, particularly for microbial 
communities in which many more variables may be at play.

methods
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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online methods
Microbial isolates. One archaeal and seven bacterial isolates were 
used in this study (Table 1). Lactococcus lactis was grown in M17 
medium (Difco) supplemented with 0.5% glucose, Lactobacillus 
brevis was grown in American Type Culture Collection (ATCC) 
medium 416, and both were incubated overnight in 50 ml shake 
flasks at 30 °C. Streptomyces sp. str. LCC was initially maintained 
on oatmeal agar (German Collection of Microorganisms and Cell 
Cultures (DSMZ) medium 84) at 30 °C, and axenic colonies from 
plates were transferred into yeast malt extract broth and grown 
at 30 °C. Other microbial isolates were grown using DSMZ rec-
ommended media and conditions (http://www.dsmz.de/). All 
isolates had complete reference genomes with the exception of 
Streptomyces sp. str. LCC for which a draft genome comprising 
5,197 contigs is available (http://img.jgi.doe.gov/er).

RNA extraction and synthetic metatranscriptome construc
tion. Total RNA was extracted independently from each micro-
bial isolate using the RiboPure Bacteria Kit (Ambion) with 
DNase I digestion, following the manufacturer’s instructions. 
Note that 5S rRNAs and tRNAs are largely excluded by this  
kit based on their size (<200 base pairs (bp)). A modification 
was made when extracting RNA from Halorhabdus (a halophile 
that grows only in high salt) by applying twice the recommended 
volume of RNAwiz buffer to cope with the high salt residues 
in the cell pellet. The quantity and quality of RNA was evalu-
ated using Agilent 2100 Bioanalyzer electropherograms. Two 
synthetic metatranscriptomes were then constructed by pool-
ing equimolar amounts of total RNAs from the two sets of five 
organisms, as described in Table 1. The pooled total RNA was 
aliquoted to form the starting material for the control (total  
RNA without rRNA removal) and various treatments (rRNA 
removal procedures), as well as their corresponding technical 
replicates (Table 2).

rRNA removal treatments. The MICROBExpress Bacterial 
mRNA Enrichment Kit (Ambion) and the mRNA-ONLY 
Prokaryotic mRNA Isolation Kit (Epicentre) were applied in 
various combinations to synthetic communities 1 and 2 (Table 2)  
according to manufacturers’ instructions. For each treatment, a 
technical replicate (following RNA pooling) was included, except 
for Hyb + Exo in experiment 1. For both experiments, ~8.5 μg of 
pooled total RNA was used as the starting material for each treat-
ment evaluated. rRNA removal after each treatment was visually 
assessed by Agilent 2100 Bioanalyzer RNA electropherograms 
(Supplementary Fig. 1).

RNA fragmentation and cDNA synthesis. The pooled total 
RNAs from controls (100 ng) and mRNA-enriched RNAs by treat-
ments (~5–60 ng) were chemically fragmented to ~150–250 bp by 
incubation with 1× fragmentation solution (Ambion) at 70 °C for  
5 min. Double-stranded cDNAs were synthesized from fragmented 
RNAs using SuperScript Double-Stranded cDNA Synthesis Kit 
(Invitrogen), with the first strand primed by random hexamers 
and the second strand synthesized by nick translation.

Illumina library construction and sequencing. The Illumina 
genomic sample prep kit was used for Illumina library prepara-
tion, following manufacturer’s instructions. Briefly, fragmented 

cDNA was end repaired to generate blunt ends. An adenine was 
added to the 3′ end of the blunt-ended cDNA fragments, allow-
ing the subsequent ligation of Illumina adaptors. A 200–500 bp 
size selection of ligation products was conducted by gel elec-
trophoresis purification using the MiniElute Gel Extraction 
Kit (Qiagen) according to manufacturer’s instructions, except 
that the gel was dissolved at 37 °C, instead of the recommended 
55 °C, to minimize denaturation of (A+T)-rich fragments28.  
A 12-cycle PCR with adaptor primers was applied to comparable 
amounts of adaptor-modified cDNA fragments. All sequencing 
was performed using the Illumina Genome Analyzer II platform 
to generate single-end 76 bp reads with the exception of sample 
Exo (1-ii), which was paired-end data. Technical replicates were 
distributed within and between four Illumina runs (flowcells) 
(Table 2).

Alignment and relative transcript abundance evaluation. 
Quality-filtered reads were aligned to the reference genomes 
using blastn with a word-size of 11. The alignment required a 
minimal length of 42 bp allowing up to six mismatches. The aver-
age length of the alignment for samples in experiment 2 was 72.5 ±  
3.0 bp. This indicates that the vast majority of sequences were 
fully mapped to their genome of origin. The number of reads 
mapped to each gene (including mRNA, rRNA, tRNA and inter-
genic regions; Supplementary Table 2) was counted and normal-
ized by the library size to account for different numbers of reads 
generated for each sample. This normalization was performed 
by dividing the raw read count per transcript by the number of 
total mapped reads in each Illumina lane and then multiplying 
by the average number of total mapped reads in the controls in 
each experiment. An mRNA was defined as ‘detected’ if the library 
size–normalized read count (relative transcript abundance) for 
a given mRNA was ≥30. This detection threshold was selected as 
it was found to be the minimum number of reads needed to pass 
a Chi-square statistical test for differential expression (P < 0.05) 
based on empirical simulations (corrected for multiple hypothesis 
testing; data not shown).

G+C content–associated interrun variation normalization. 
Technical reproducibility was evaluated using the Pearson’s 
product-moment correlation coefficient (r) of relative tran-
script abundances of individual mRNAs between two technical 
replicates. As interrun variation associated with G+C content 
was observed, we tried two simple normalization strategies.  
The first strategy (by organism) was performed by normaliz-
ing the relative transcript abundances of individual mRNAs by  
the total mRNA read count from its source organism in  
each run. As the taxonomic classification of mRNAs in real 
metatranscriptomic datasets may not be available, we also  
tried a second strategy (by gene), which normalized the tran-
script abundance by the G+C content of individual genes, 
described below.

For each gene, NA′ = NA × (%G+C)a, in which NA is raw read 
count and NA′ is G+C content–normalized read count for a given 
gene in run A; %G+C is the G+C content of that gene; and a is the 
correction factor between runs A and B, determined by the best 
fit that minimizes the sum of the difference between NA′ and NB 
(read count from its corresponding technical replicate in run B) 
for all mRNAs with technical replicates in runs A and B.

http://www.dsmz.de/
http://img.jgi.doe.gov/er
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rRNA percentage removal calculation. The observed and actual 
rRNA percentage removal was calculated as: 

ObservedrRNA percentageremoval

Actual rRNA percentagerem

= −r r0 1

ooval 1= − × − −( / ) (( ) / ( ))r r r r1 0 0 11 1

 r0 and r1 are the percentages of rRNA reads among all mapped 
reads in the control and treatment, respectively.

To accurately assess the rRNA depletion efficiency (mRNA fold 
enrichment, detection sensitivity improvement and fidelity, as 
described below), we restricted comparisons of treatment-control 
pairs to the same run in experiment 2 because of the observed 
G+C content bias between runs 3 and 4. The average and s.d. 
was derived from all available treatment-control comparisons in 
experiment 1 and all available intrarun comparisons from runs  
3 and 4 in experiment 2.

mRNA enrichment and detection sensitivity increase calcula
tion. The fold enrichment of total mRNA abundance and the 
percentage improvement in mRNA detection sensitivity were 
calculated as: 

mRNA foldenrichment

PercentageimprovementinmRNAdetecti

= m m1 0/

oonsensitivity

= − ×(( ) / )M M M1 0 0 100

 m0 and m1 are the percentage of total mRNA reads among all 
mapped reads in the control and treatment respectively; and M0 
and M1 are the number of mRNAs above the detection threshold 
(30 reads per gene after normalization by library size) in the con-
trol and treatment, respectively.

mRNA fidelity evaluation. mRNA fidelity is a measure of the 
preservation of relative transcript abundance between a treat-
ment and corresponding control. As low-abundance transcripts 
may become detectable after an mRNA enrichment treatment, 
these transcripts may appear to be skewed because of statisti-
cally insignificant read counts in the control. Therefore, we used a 

 filter to only include mRNAs that are above the 30-read detection 
threshold in a majority of the controls to assess mRNA fidelity. 
Individual mRNA read counts were further normalized by total 
read counts from all mRNAs included in the analysis. BC simi-
larities between samples were calculated using Primer 6 (version 
6.1.9) (PRIMER-E Ltd) to generate similarity matrices based on 
pairwise comparisons of relative transcript abundance for indi-
vidual mRNAs included. A BC similarity-based hierarchical clus-
tering of samples was performed using the UPGMA clustering 
algorithm. In addition, normalized read counts for individual 
mRNAs detected in the control were plotted against their nor-
malized read counts in each treatment. The number of mRNAs 
exhibiting greater than twofold difference between a treatment 
and corresponding control was counted and represented as a pro-
portion of total detected mRNAs in the corresponding control.

Underrepresented mRNA functional category identification. 
A gene expression index (GEI) for all mRNAs was calculated by 
dividing the number of reads in the mRNA per kilobase, followed 
by normalization according to the total number of mRNA reads 
in the sample. Differential expression between samples was deter-
mined by performing a chi-square test of the GEI of all mRNAs 
in different conditions, followed by a Bonferonni correction for 
multiple-hypothesis testing with a threshold of P < 0.05. Available 
functional classifications of genes was downloaded from US 
National Center for Biotechnology Information (NCBI) records 
(http://www.ncbi.nlm.nih.gov/COG/), and enrichment for under-
represented mRNAs in different COG functional categories was 
calculated with a single-sided Fisher’s exact test followed by a 
Bonferonni correction for multiple-hypothesis testing.

Other statistical analyses. Student’s t-tests were performed to 
obtain statistical significance (P value) when comparing two 
variables. The Pearson’s product-moment correlation coefficient 
(r) was used to determine the correlation between actual rRNA 
percent removal and RIN.

28. Quail, M.A. et al. A large genome center’s improvements to the Illumina 
sequencing system. Nat. Methods �, 1005–1010 (2008).

http://www.ncbi.nlm.nih.gov/COG/
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