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Abstract

Objective Metatranscriptomic analysis of RNA viromes on built-environment surfaces is hampered by low RNA yields
and high abundance of rRNA. Therefore, we evaluated the quality of libraries, efficiency of rRNA depletion, and viral
detection sensitivity using a mock community and a melamine-coated table surface RNA with levels below those
required (<5 ng) with a library preparation kit (NEBNext Ultra Il Directional RNA Library Prep Kit).

Results Good-quality RNA libraries were obtained from 0.1 ng of mock community and table surface RNA by chang-
ing the adapter concentration and number of PCR cycles. Differences in the target species of the rRNA depletion
method affected the community composition and sensitivity of virus detection. The percentage of viral occupancy

in two replicates was 0.259 and 0.290% in both human and bacterial rRNA-depleted samples, a 3.4 and 3.8-fold
increase compared with that for only bacterial rRNA-depleted samples. Comparison of SARS-CoV-2 spiked-in human
rRNA and bacterial rRNA-depleted samples suggested that more SARS-CoV-2 reads were detected in bacterial rRNA-
depleted samples. We demonstrated that metatranscriptome analysis of RNA viromes is possible from RNA isolated
from an indoor surface (representing a built-environment surface) using a standard library preparation kit.
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Introduction

A growing interest in the presence of microbes and
viruses on built-environment surfaces [1] has encour-
aged the international consortium MetaSUB [2] (estab-
lished in 2015) to investigate the urban microbiome on a
global scale. Approximately 5,000 samples obtained from
built-environment surfaces (such as subway stations)
in 60 cities worldwide were subjected to metagenomic
analyses [3]. Results revealed the presence of~11,000
DNA viruses and indicated that the microbiome of built-
environment surfaces is distinctly different from that of
other environments, such as the human body and soil.
The METACoV project, derived from this project, aimed
to characterize the changes in the urban microbiome and
RNA virome, which includes the SARS-CoV-2 virus, dur-
ing the COVID-19 pandemic via shotgun metatranscrip-
tomics (total RNA-seq) [4].

However, RNA virome analysis of built-environment
surfaces is associated with several challenges. First, the
amount of RNA obtained is markedly lower (in the range
of picograms or less) than the input recommendations of
standard library preparation kits (in the range of nano-
grams) owing to the extremely low biomass detected
[5-7]. Standard protocols for library construction usu-
ally recommend starting with a nanogram order of total
RNA. However, several researchers have successfully
prepared high-quality libraries from lower amounts of
input RNA (250-500 pg) than those recommended by
the manufacturers [8, 9]. Second, since most shotgun
DNA sequences on built-environment surfaces are of
bacterial origin, followed by eukaryotes such as fungi and
humans [5, 6], abundant rRNA might reduce the sensitiv-
ity of RNA virome analysis. Several studies that detected
SARS-CoV-2 in human clinical specimens via metatran-
scriptomics reported that human or bacterial rRNA
depletion can improve viral genome detection [10—14].
Owing to the issues and sequencing costs of RNA anal-
ysis, no reports of metatranscriptomic RNA virome
analysis from built-environment surfaces are currently
available, to our knowledge.

Therefore, in this pilot study, we evaluated the impact
of rRNA depletion methods on the quality of sequenc-
ing libraries, community composition, and sensitivity of
virus detection using mock community RNA (0.1-10 ng)
and a melamine-coated table surface RNA (<1 ng), which
had RNA amounts below the recommended input RNA
amount (<5 ng) for the library preparation kit used here.
We also investigated the detection limit of SARS-CoV-2
using serial dilutions of synthetic viral RNA spiked into
RNA samples from the table surface.
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Materials and methods

Please refer to Additional file 1 for sample collection,
RNA extraction, rRNA depletion, library preparation and
sequencing, and bioinformatics methods. The sampling,
RNA extraction, and pooling strategy is illustrated in
Fig. 1.

Results and discussion

Effects of mock community RNA input amount on library
preparation

We used a combination of NEBNext rRNA Depletion Kit
for rRNA depletion and NEBNext Ultra II Directional
RNA Library Prep Kit for metatranscriptomic library
preparation. The minimum recommended combined
amount of total RNA for these kits is 5 ng. To test the
feasibility of library preparation from RNA amounts
below the protocol requirements, total RNA extracted
from ZymoBIOMICS Microbial Community Standard
cells was serially diluted to 10, 1.0, and 0.1 ng, and rRNA
depletion and library preparation were performed. Since
this mock community primarily consisted of bacteria,
rRNA depletion kits for human RNA were used to pre-
serve the abundant bacterial rRNA.

All three samples (10, 1, and 0.1 ng) were success-
fully prepared for library construction and sequenced.
Adapter concentration and number of PCR cycles were
optimally adjusted, resulting in high-quality reads (Addi-
tional file 2: Table S1). Read duplication rates increased
with decreasing amounts of input RNA. Higher dupli-
cate rates indicate lower RNA complexity in the sam-
ples, which can reflect the presence of abundant bacterial
rRNA that was not depleted (Additional file 2: Table S1)
and the insufficient amount of input RNA, especially in
the 0.1 ng sample. We subsequently assessed the bias of
reduced RNA input on the species relative abundance
estimate, and no clear differences in taxonomic compo-
sitions were observed among the three samples (Addi-
tional file 2: Table S2). Since information on the RNA
composition ratios of each species in the mock commu-
nity was not provided by the manufacturer, comparisons
with theoretical content were not possible. However,
when results for 10 ng RNA samples were compared with
those for the other samples, no marked differences were
observed, except for a slight difference in the percentage
of Bacillus subtilis. This indicates that the combined use
of the rRNA depletion kit and library preparation kit can
produce high-quality libraries, even when the RNA input
is reduced to 0.1 ng (100 pg). Our results are consistent
with the 250-500 pg of RNA input reported previously
[8,9].
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Fig. 1 The sampling, RNA extraction, and pooling strategy. Underlines correspond to sample names in the main text. Figure created

with BioRender.com

Library preparation from table surface samples, rRNA
depletion efficiency, and community composition

To evaluate the feasibility of library preparation from
built-environment surface RNA samples with less than
the recommended RNA amount for the library prepara-
tion kit, we used RNA samples from a melamine-coated
table used daily by students. Simultaneously, we evalu-
ated the impact of human or bacterial rRNA depletion
on community composition and virus detection sensitiv-
ity. We spiked serial dilutions of synthetic SARS-CoV-2
RNA (10'-10° copies) into RNA samples from the table,
followed by rRNA depletion of either human or bacterial
rRNA, and then performed library preparation. Abun-
dant bacteria were assumed to be present on the table
surface [5, 6]; therefore, bacterial rRNA depletion was
performed for five samples representing the full range of
spike-in levels evaluated. An additional human rRNA-
depleted sample spiked with 10° copies of SARS-CoV-2
was also prepared.

Although the RNA concentrations of the table surface
samples were below the limit of detection of Qubit RNA
HS Assay Kit (0.25 ng/pL), all samples (except the nega-
tive control) allowed generation of sufficient libraries

for sequencing (Table 1). Thus, the library concentra-
tion can be used as a proxy for the RNA concentration
initially extracted from each sample, and since the library
concentration obtained from the table sample is approxi-
mately three times higher than that obtained from 0.1 ng
of mock RNA (Additional file 2: Table S1 and Table 1),
the amount of RNA in the table sample was estimated to
be ~0.3 ng.

All samples, including negative controls, were suc-
cessfully sequenced (Table 1). The average percentage of
high-quality reads that passed quality filtering was 97.1%,
with read duplication rates of 55.4-61.9%. The rRNA
read percentages showed clear differences between the
two depletion methods. The percentage of eukaryotic
rRNA reads in both human and bacterial rRNA-depleted
samples averaged 4.4% and 88.5%, respectively. Con-
versely, the percentage of bacterial rRNA reads in human
and bacterial rRNA-depleted samples averaged 86.3%
and 0.9%, respectively.

We evaluated the effect of different rRNA depletion
methods on community composition (Table 2). The esti-
mated relative abundance of eukaryotes in human and
bacterial rRNA-depleted samples averaged 19.9% and
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Table 2 Sequence read classification and mapping to the SARS-CoV-2 genome
Sample % Classified Distribution of reads classified Identification of SARS-CoV-2
reads b
Kraken%l % Eukaryota % Bacteria % Viruses No. of No. of Average % % Reads
classified mapped reads depth of Genome  mapped to
reads by by BWA-MEM genome covered  3'UTR
Bracken coverage
TH 95.1 19.9 79.8 0.061 0 81 0.1 0.1 100.0
TH-s100k  95.7 19.8 79.7 0319 12,693 51,083 240.2 100.0 1.6
8 95.0 88.8 11.0 0.076 0 84 0.1 0.1 100.0
TB-s100k  94.6 89.1 9.5 1412 65,368 55,076 260.6 100.0 1.1
TB-s10k 94.4 88.8 1.0 0.201 5685 6236 282 98.0 3.7
TB-s1k 94.6 89.3 106 0.087 421 941 2.7 433 375
TB-s0.1k 946 89.3 106 0.077 0 86 0.2 33 69.8
TB-s0.01k 94.6 89.3 10.6 0.081 0 72 0.1 0.1 100.0
NH 873 29.6 704 0.054 0 1376 1.2 09 99.9
NB 86.6 379 61.9 0.036 0 1437 1.2 0.2 94.0

89.1%, respectively, while that of bacteria in human and
bacterial rRNA-depleted samples averaged 79.8% and
10.6%, respectively, a percentage of organisms that cor-
responds to that for the rRNA depletion method. When
compared with that of the non-spiked samples (TH vs.
TB samples), the estimated viral occupancy of bacterial
rRNA-depleted samples was slightly higher than that of
human rRNA-depleted samples (Table 2, TH: 0.061%
vs. TB: 0.076%). Even after rRNA depletion using either
method, the percentage of non-rRNA reads was~10%
(Table 1).

We then focused on the community composition of
the table surface (Fig. 2 and Additional file 2: Table S3).
In human rRNA-depleted samples, the commensal skin
bacterium Cutibacterium acnes was the most abun-
dant. This is likely because table surfaces frequently
come in contact with the human skin. In contrast, in
bacterial rRNA-depleted samples, mites and nematodes
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(Tyrophagus putrescentiae, Poikilolaimus oxycercus) and
seaweed (Ulva expansa/prolifera) were the most abun-
dant. Since seaweed is commonly used in Japanese foods,
it may have originated from meal contaminants present
on table surfaces.

This demonstrates that metatranscriptome analysis
may be performed on RNA from table surfaces using a
standard library preparation kit. Additionally, differences
in target species for the rRNA depletion method affected
community composition and viral detection sensitivity.

Effects of rRNA depletion on sensitivity of SARS-CoV-2 RNA
spiked into RNA samples

To assess the detection limit of SARS-CoV-2 RNA, we
evaluated the number of SARS-CoV-2 reads obtained
for the depleted samples of spiked human and bacterial
rRNA using a k-mer (Kraken2—Bracken) and an align-
ment-based (BWA-MEM) approach. Kraken2-Bracken
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Fig. 2 Sankey diagrams of the community composition of the table surface. The number of reads is proportional to the flow width. The
corresponding number of each node represents the k-mer hit number. Domain (D), kingdom (K), phylum (P), class (C), order (O), family (F), genus
(G), or species (S) was used as the rank code. TH, table surface sample depleted of human rRNA; TB, table surface sample depleted of bacterial rRNA
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results indicated that no reads were detected in the
negative control and non-spiked samples; however,
SARS-CoV-2 reads were detected at>10> copies in bac-
terial rIRNA-depleted samples, with the number of reads
increasing almost 10 fold with an increase in copy num-
ber (Table 2). When compared with samples with 10°
copies of SARS-CoV-2 spiked-in (TH-s100k vs. TB-
s100k), the bacterial rRNA-depleted sample (TB-s100k)
showed a ~ 5 fold increase in the number of SARS-CoV-2
reads compared with the human rRNA-depleted sample
(TH-s100k, Bracken reads: 65,368 vs. 12,693).

While Kraken2-Bracken did not detect any reads classi-
fied as SARS-CoV-2 in negative controls and non-spiked
samples, BWA-MEM results revealed 81-1,437 reads
mapped to the SARS-CoV-2 reference genome in those
samples, signifying false positive results. Majority of
these reads mapped to a polyA-containing region in the
3" UTR of low complexity (Additional file 2: Table S4),
suggesting that they were false positives. Similarly, 72
(TB-s0.01 k) and 86 (TB-s0.1 k) reads detected with sam-
ples spiked-in with less than 10° copies were attributed to
false positive results. Compared with those in the sam-
ples with 10° copies of SARS-CoV-2 (TH-s100k vs. TB-
s100k), SARS-CoV-2 reads were slightly higher in the
bacterial rRNA-depleted sample, although the difference
was smaller than that obtained using Kraken2-Bracken.
When comparing bacterial rRNA-depleted samples,
SARS-CoV-2 genome coverage was 43.3% and 98.0%
for the 10 (TB-s1k) and 10* (TB-s10k) copies of SARS-
CoV-2 spiked-in samples, respectively (Table 2 and Addi-
tional file 3: Figure S1). The average depth of genome
coverage was 2.7xand 28.2x for the 10® (TB-slk) and
10* (TB-s10k) copies of SARS-CoV-2 spiked-in samples,
respectively.

In summary, at least 10* copies are required to obtain
the average genome coverage depth (~30X) and genome
coverage (>98%) needed to detect mutations in the
SARS-CoV-2 genome in this experimental system, and
the detection limit for SARS-CoV-2 RNA is 10° cop-
ies. This value corresponds to that reported in previous
studies on SARS-CoV-2 surface swabbing using qRT-
PCR [15]. Although our study used synthetic RNA and
theirs used inactivated viral particles, they reported that
a minimum of 1,000 viable viral particles per 25 cm? sur-
face is required to ensure successful virus recovery and
detection.

Efficiency of simultaneous depletion of both human

and bacterial rRNA

Depletion of both human- and bacteria-derived rRNA
may further increase the number of virus-derived reads;
therefore, we employed simultaneous depletion of both
human and bacterial rRNA (see Materials and Methods).
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The percentage of non-rRNA reads was 61.6% (THBI)
and 62.6% (THB2) in the simultaneously depleted sam-
ples (Additional file 2: Table S5), markedly higher than
that in samples depleted of either human (9.9%) or bac-
terial (9.6%) rRNA (Table 1). The percentage of viral
occupancy was 0.259% (THB1) and 0.290% (THB2) in
the simultaneously depleted samples (Additional file 2:
Table S5), a 3.4-fold (THB1) and 3.8-fold (THB2) increase
compared to that in the bacterial rRNA-depleted samples
(0.076%; Table 2).

This demonstrates that simultaneous depletion of both
human- and bacteria-derived rRNAs further increased
the number of virus-derived reads. However, human
RNA was not the only major source of eukaryotic RNA
on the table surface (Additional file 3: Figure S2), suggest-
ing that depletion of rRNAs of non-human eukaryotic
origin is important for further improving virus detection
sensitivity.

Conclusions

Here, we demonstrated that metatranscriptome analysis
can be performed on RNA from table surfaces, repre-
sentative of built-environment surfaces, using a standard
library preparation kit by changing the adapter concen-
tration and number of PCR cycles. The rRNA depletion
method performed also influenced community composi-
tion and virus detection sensitivity.

Limitations

The built-environment surface targeted here was lim-
ited to one table, and the effects of rRNA depletion on
detecting a small number of virus-derived reads might be
considerably different with other surfaces. Owing to the
limited amount of table surface-derived RNA that could
be prepared, verifying reproducibility under each con-
dition was difficult. Additionally, because the viral syn-
thetic RNA used was spiked into the sample RNA after
extraction, the detection sensitivity of the viral synthetic
RNA may have been biased toward high sensitivity, com-
pared to more realistic methods that absorb synthetic
RNA into the swab during sampling.

Abbreviations
DRS DNA/RNA shield
NTC No template control
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Additional file 1: Materials and methods

Additional file 2: Table S1 Library preparation and sequencing sum-
mary metrics of the mock community samples. Table S2 Species relative
abundance of the mock community samples estimated using Bracken.
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Table S3 Species relative abundance of the table and negative control
samples estimated using Bracken. Table $S4 The number of reads and cov-
erage for each SARS-CoV-2 genomic feature (e.g, genes, 3" UTR). Table S5
Library preparation and sequencing summary metrics of both human and
bacterial rRNA-depleted samples.

Additional file 3: Figure S1 Graphical view of reads mapped to the refer-
ence genome of SARS-CoV-2. The blue tracks represent the SARS-CoV-2
reference strain, and the subsequent four tracks represent Bam files of
bacterial rRNA-depleted samples spiked with synthetic RNA of SARS-
CoV-2 (s100k, 10 s10k, 10% s1k, 10%; 50.1k, 10% copies of SARS-CoV-2 RNA).
Figure S2 Sankey diagrams of the Kraken 2 report based on human and
bacterial rRNA-depleted samples (THB1 and THB2).
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