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Abstract

Background Sequencing variable regions of the 165 rRNA gene (~300 bp) with lllumina technology is com-

monly used to study the composition of human microbiota. Unfortunately, short reads are unable to differentiate
between highly similar species. Considering that species from the same genus can be associated with health or dis-
ease it is important to identify them at the lowest possible taxonomic rank. Third-generation sequencing platforms
such as PacBio SMRT, increase read lengths allowing to sequence the whole gene with the maximum taxonomic reso-
lution. Despite its potential, full length 16S rRNA gene sequencing is not widely used yet. The aim of the current study
was to compare the sequencing output and taxonomic annotation performance of the two approaches (lllumina
short read sequencing and PacBio long read sequencing of 165 rRNA gene) in different human microbiome samples.
DNA from saliva, oral biofilms (subgingival plaque) and faeces of 9 volunteers was isolated. Regions V3-V4 and V1-V9
were amplified and sequenced by lllumina Miseq and by PacBio Sequel Il sequencers, respectively.

Results With both platforms, a similar percentage of reads was assigned to the genus level (94.79% and 95.06%
respectively) but with PacBio a higher proportion of reads were further assigned to the species level (55.23% vs
74.14%). Regarding overall bacterial composition, samples clustered by niche and not by sequencing platform. In
addition, all genera with >0.1% abundance were detected in both platforms for all types of samples. Although some
genera such as Streptococcus tended to be observed at higher frequency in PacBio than in lllumina (20.14% vs 14.12%
in saliva, 10.63% vs 6.59% in subgingival plague biofilm samples) none of the differences were statistically significant
when correcting for multiple testing.

Conclusions The results presented in the current manuscript suggest that samples sequenced using Illumina

and PacBio are mostly comparable. Considering that PacBio reads were assigned at the species level with higher accu-
racy than lllumina, our data support the use of PacBio technology for future microbiome studies, although a higher
cost is currently required to obtain an equivalent number of reads per sample.
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Background

The development of sequencing platforms has revo-
lutionized the study of microbial communities. In
order to study the taxonomic composition of a bacte-
rial community, the sequencing of the 16S rRNA gene
has been the gold standard [1, 2]. This gene is around
1,500 bp long and has 9 variable regions that collect
the main evolutionary changes among microbial taxa
[3]. Since the nineties, the use of the whole 16S rRNA
gene has been the most accepted approach in microbial
taxonomic annotation, which could only be reached
through first generation Sanger sequencing. This tech-
nology became obsolete with the advent of second-gen-
eration sequencers, such as pyrosequencing or [llumina
sequencing (based on fluorescently labeled reversible
terminator), which significantly increased the number
of reads obtained [4, 5]. Consequently, the understand-
ing of the role that these communities play in nature
and in the human body was considerably improved.
The so-called meta-barcoding approach is based on
amplification of the 16S rRNA gene through PCR using
universal primers targeting one or several adjacent var-
iable regions of this gene, followed by high-throughput
sequencing of the obtained amplicons. This approach
has several drawbacks. Firstly, the selection of the prim-
ers for the amplification influences the diversity due
to the differences in coverage and phylum spectrum
achieved [6]. In addition, it is known that after approxi-
mately 10 cycles amplifying a mixed template, the
PCR product ratios can be significantly biased towards
over-amplifying some bacterial groups [7]. This is not
a problem when shotgun, metagenomic sequencing is
used. However, in the case of host-associated micro-
biome analysis, samples such as tissues or biopsies
usually have an elevated concentration of host DNA
which requires a high sequencing depth to obtain suf-
ficient coverage of the microbial genomes [8]. The need
for high sequencing depth therefore increases the cost
and has prevented the extended use of shotgun meth-
odologies. Secondly, the length of Illumina reads (max.
2% 300 bp) limits the taxonomic annotation power of
the obtained sequences and only a genus taxonomic
rank can be achieved with reliable accuracy [9]. This is
particularly important for bacterial genera that contain
multiple species with highly similar 16S rRNA gene
sequence, for example streptococci or the Escherichia/
Shigella group, or with different ecologies (e.g. specific
virulence factors) [10, 11]. Considering that species
from the same genus can be associated with disease or
health it is important to assure the annotation at the
lowest possible taxonomic rank, and computer simula-
tions have shown that this is improved by the extension
of the read’s length analyzed [9, 12].
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The combination of full 16S rRNA gene sequenc-
ing with a high sequencing output is nowadays possible
because of 3rd generation sequencers. Oxford Nanopore
Technologies developed the MinION sequencer which
uses single molecule sequencing that produces longer
reads than 2nd generation technologies [13]. Some
researchers have used this technology to characterize
microbial communities although the individual reads
quality was an important obstacle for its routine use in
meta-communities’ description procedures [14]. Since
2009, another stakeholder into the sequencing technolo-
gies market was Pacific Biosciences (PacBio), entering the
3rd generation sequencing scenario with the Single Mol-
ecule Real-Time (SMRT) system [15].

Although these approaches had initially entered the
market with high sequencing error rates, both technolo-
gies have lately improved their quality output by the use
of enhanced chemistry and also through deep learning
protocols [16]. The PacBio Sequel system improved sig-
nificantly the sequencing quality with the development
of circular consensus sequencing (CCS) protocols which
generates highly accurate long high-fidelity reads, also
known as HiFi reads [17]. Callahan et al., demonstrated
that this technology offers a single-nucleotide resolution
by the use of the widely used DADA2 approach based
on Amplicon Sequence Variant (ASV) classification
[18]. This and Johnson studies [12] used stool samples
as proof of concept for describing complex microbiome
communities.

Despite its potential, the use of full length 16S rRNA
gene (FL-16S rRNA gene) sequences for human microbi-
ome studies is still scarce. In the case of oral microbiota,
only a few projects have analyzed saliva or oral biofilms
(dental plaque) with the RSII platform [19-21]. In addi-
tion, early dental plaque formed on hydroxyapatite disks
from young adults, the saliva and supragingival plaque
of children with caries and the supragingival plaque of
elderly donors have been explored using the new and
improved PacBio Sequel system [22—-24]. However, there
is a lack of experimental evidence about how the new
long reads technologies, especially SMRT PacBio, may
provide biased estimates of microbial composition and
to what degree do they improve taxonomic assignment
resolution in comparison to 2" generation sequencers.

The performance of long-read sequencing was already
evaluated for different applications such as bacte-
rial genome assembly or viral metagenomics by oth-
ers [25, 26]. Considering that metataxonomy studies
based on FL-16S rRNA gene will be standardized in the
near future, it is necessary to evaluate the differences in
taxonomic resolution and the methodological effect on
bacterial proportions due to the use of FL-16S rRNA
gene instead of the short reads sequencing spanning
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few variable regions. As far as we know, only Zhang
et al. compared the outcome of both strategies on micro-
biome samples from 5 healthy children comparing the
FL-16S rRNA using PacBio RSII platform versus the dis-
tributions obtained by the Illumina MiSeq platform over
the V3-V4 variable regions [27].

In the current manuscript we evaluate the variations
in bacterial composition caused by sequencing platforms
through the comparison of saliva, oral biofilm (subgin-
gival plaque) and faecal samples sequenced by Illumina
(V3-V4 hypervariable regions) and PacBio sequencing.
DNA from each microbiome was amplified targeting
the V3-V4 regions using universal primers as described
in Klindworth et al., 2013 [6] using Illumina MiSeq plat-
form; and the full length 16S rRNA amplified using the
27F and 1492R primers from Weisburg et al. [28], with
the PacBio standard protocol. Moreover, in order to
evaluate which platform represented more accurately the
original communities, two mock communities were also
sequenced by both methodologies.

Materials and methods

Participants

For the execution of this study, nine patients were
recruited at the dental clinic at the University of Valencia
(Fig. 1). All subjects were evaluated by the same dental
specialist. The participants selected for the research had
to meet the following inclusion criteria: periodontitis
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of stage III and IV grades A-B (periodontitis is an oral
inflammatory disease induced by a dysbiotic biofilm,
causing loss of the supporting tissues of the tooth, the
gum and bone; stages III and IV are advanced phases of
the disease [29]), have 20 or more teeth in the mouth, be
within an age range of 30 to 70 years, be non-smokers or
smoke less than 10 cigarettes a day. The applied exclu-
sion criteria were smoking more than 10 cigarettes daily,
having received antibiotic treatment in the last month
or having used mouth antiseptics in the last two weeks.
All patients expressed their consent to participate in the
study and signed the corresponding informed consent.
This research was approved by the ethics committee of
the University of Valencia (registration number 1601392)
and was conducted in compliance with the ethical prin-
ciples established in the Declaration of Helsinki of 2008.

Sample collection

Faecal samples were auto-collected by patients in the
24 h prior to dental visit in 5 ml of RNAlater (Invitro-
gen by Thermo Fisher Scientific, RNA later Soln Cat.
No AM7021) (1:1) and taken to the clinic. At the clinic,
up to 2 ml of unstimulated saliva was collected and both
samples were stored at 4 °C. For the subgingival plaque
biofilm samples, four paper points were placed by the
odontologist into the periodontal pockets during 1 min
and afterwards were kept in 1 ml of RNAlater. On the
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Fig. 1 Workflow overview of the comparative analysis between lllumina and PacBio sequencing presented in the current manuscript. The variable
regions of the 16S rRNA gene are represented as grey quadrangles (V1-V9). Primers used for DNA amplification in lllumina and PacBio are shown
using dark and light blue arrows, respectively. The size of the amplified fragment in lllumina and PacBio is represented using a dark and light blue

line, respectively
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same day of collection, all sample types arrived at the lab-
oratory and were stored at -80 °C until processing.

DNA isolation
Previous to DNA extraction, subgingival plaque samples
were vortexed for 2 min in order to separate bacteria from
the paper points. After that, paper points were removed,
and the samples centrifuged for 30 min at 13,000 rpm.
To obtain the bacterial pellet in saliva samples, 250 ul of
saliva were centrifuged for 10 min at 13,000 rpm. In the
case of faecal samples, 5 ml of phosphate-buffered saline
(PBS) were added to the same amount of RNALater/fae-
cal suspension and were mixed properly. Subsequently, it
was centrifuged for 3 min at 2000 rpm and the superna-
tant was transferred to a fresh tube. As in saliva, 250 pl of
this supernatant were centrifuged to pellet bacteria.
After centrifuged all sample types were treated with
the same protocol as follows; we discarded the superna-
tant and resuspended the pellet in 100 ul of PBS to pro-
ceed with the lysis [10]. Then, 130 pl of lysis buffer was
added to microbial suspension, in combination with 10 pl
of enzymatic cocktail mix (25 mg/ml of lysozyme (Appli
chem, Cat. No A4972,0001) 1.25 KU/ml of lysostaphin
(Sigma-Aldrich, Cat. No SAE0091-2MG), 0.625 KU/ml
of mutanolysin (Sigma-Aldrich, Cat. No SAE0092-10KU)
and 125 KU/ml of zymolase (Sigma-Aldrich, Cat. No
SAE0098-20KU). After 1 h at 37 °C, 20 ul of glucanex 1%
(10 min at 60 °C) (Sigma-Aldrich, Cat. No L1412-5G) and
proteinase K were added and incubated for an additional
15 min at 65 °C followed by a boiling step (10 min, 95 °C).
Then, DNA was isolated by MagNA Pure LC 2.0 Instru-
ment (Roche Diagnostics, Risch-Rotkreuz, Switzerland),
using the MagNA Pure LC DNA Isolation Kit III for Bac-
teria and Fungi (Roche Diagnostics, Cat. No. 03 264 785
001) following the manufacturer’s instructions. Once
the DNA was quantified using QubitTM 1X dsDNA HS
Assay Kit according to the manufacturer’s instructions,
we split it for sequencing in the two platforms. One fae-
cal sample contained a low amount of DNA and was
therefore not included in the sequencing.

Mock communities

Two in-house mock communities containing Actinomy-
ces oris, Fusobacterium nucleatum, Rothia dentocariosa,
Streptococcus oralis and Neisseria sicca (Mock 1) or the
same combination but with Streptococcus mutans instead
of N. sicca (Mock 2) were performed. We mixed the same
amount of DNA from the 5 bacterial species to achieve
a final concentration of 5 ng/pl (1 ng of each species). In
order to estimate the proportion of each 16S rRNA gene
in our mock community we proceed as in Johnson et al.
[12]. Mass of DNA per genome was calculated based
on the genome size of the strain multiplied by the mean
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weight of a base pair (1.079x 107*? ng/bp) and normal-
ized by the copy number of the 16S rRNA gene. Two
replicates of each mock were analyzed. Details of the bac-
terial strains, genome size and number of 16S rRNA gene
copies are shown in Table 1.

lllumina sequencing

The Illumina amplicon library preparation was per-
formed following the 16S rRNA gene Metagenomic
Sequencing Library Preparation Illumina protocol (Part
#15,044,223 Rev. A). The primer used were 16S Ampli-
con Bakt 341F (TCGTCGGCAGCGTCAGATGTGTAT
AAGAGACA-GCCTACGGGNGGCWGCAG) and
Bakt_805R (GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGG-ACTACHVGGGTATCTAATCC). These
primers amplify the V3-V4 hypervariable regions of the
gene, resulting in a single amplicon of about 460 bp. 25
cycles of PCR amplification were performed (denaturing
at 95 °C for 30 s, annealing at 55 °C for 30 s and extension
at 72 °C for 30 s) and after cleanup an additional 8 cycles
were performed to attach the dual indices and Illumina
sequencing adapters. Negative controls were included.
Following amplification, DNA was sequenced with an
[llumina MiSeq Sequencer according to manufacturer’s
instructions using the 2 X 300 bp paired-ends protocol.

PacBio sequencing

The 27F (AGRGTTYGATYMTGGCTCAG) and 1492R
(RGYTACCTTGTTACGACTT) universal primer set
was used to amplify the full-length 16S rRNA gene from
the genomic DNA. Both the forward and reverse 16S
primers were tailed with sample specific PacBio barcode
sequences to allow for multiplexed sequencing. Negative
controls were included.

The KAPA HiFi Hot Start DNA Polymerase (KAPA
Biosystems) was used to perform 27 cycles of PCR ampli-
fication, with denaturing at 95 °C for 30 s, annealing at
57 °C for 30 s and extension at 72 °C for 60 s. Post-ampli-
fication quality control was performed using the Frag-
ment analyser (Agilent Technologies, Santa Clara, CA,
USA). The DNA amplified from each sample was then
pooled in equimolar concentration before starting the
library preparation procedure. Amplified DNAs pool was
processed with the SMRTbell Express Template Prep Kit
2.0 (PacBio, USA), following the Procedure & Checklist
— Amplification of Full-Length 16S Gene with Barcoded
Primers for Multiplexed SMRTbell® Library Preparation
and Sequencing protocol (Part Number 101-599-700
Version 04, PACBIO). Fluorescence concentration and
average size of the library pool obtained, were checked
using Qubit HS DNA kit (Qubit Fluorometer, Invitro-
gen, USA) and Fragment Analyzer (Agilent Technolo-
gies, USA). Before loading the pool to the sequencer,
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Table 1 In-house mock communities’components and genomic characteristics
Mock 1
DSM Name Refseq 16SrRNA Genome size Mass of DNA per N° genomes N° 16S rRNA RAZ (%)
gene (bp) genome1 per ng gene copies
copy perng
number
DSM 23056 Actinomyces oris NZ_CP066060.1 3 3,184,721 3.436E-06 291x10° 873x10° 12.05
DSM 20482 Fusobacterium NZ_LN831027.1 5 2,443,126 2.636E-06 3.79%10° 1,9%10° 26.19
nucleatum
DSM 43762  Rothia dento- NC_014643.1 3 2,506,025 2.704E-06 37x10° 1.1%10° 1532
cariosa
DSM 20627  Streptococcus NZ_LR134336.1 4 1,931,548 2.084E-06 48%10° 1.9%10° 26.50
oralis
DSM 17713 Neisseria sicca NZ_CP072524.1 4 2,566,407 2.769E-06 361x10° 1.44%10° 19.94
Total 7.2x10° 100
Mock 2
DSM Name Refseq 16SrRNA Genome size Mass of DNA per N° genomes N° 16S rRNA RAZ (%)
gene (bp) genome' per ng gene copies
copy per ng
number
DSM 23056 Actinomyces oris NZ_CP066060.1 3 3,184,721 3.436E-06 291%x10° 873x10° 10.79
DSM 20482 Fusobacterium NZ_LN831027.1 5 2,443,126 2.636E-06 3.79%10° 1,9%10° 2344
nucleatum
DSM 43762  Rothia dento- NC_014643.1 3 2,506,025 2.704E-06 37%10° 1.1%10° 13.71
cariosa
DSM 20627 Streptococcus NZ_LR134336.1 4 1,931,548 2.084E-06 48%10° 1.9%10° 23.71
oralis
DSM 20627 Streptococcus NZ_LS483349.1 5 2,019,343 2.178E-06 46%10° 2.29%10° 2835
mutans
Total 809x10° 100

' Mass of DNA per genome. Number of genome bp * weigh of a bp (1.079 x 10-12 ng/bp)

2 RA=Estimated relative abundance in percentage

sequencing primer annealing and polymerase binding
steps were carried out, using the Sequel II Binding Kit
2.1 and the Sequel II DNA Internal Control Complex
1.0 (PacBio, USA). Sequencing was carried out using the
Sequel II Sequencing Kit 2.0 (PacBio, USA) on the Sequel
IT PacBio system.

Quality check and annotation
In order to process the Illumina sequences, we used the
DADA2 R Statistics package (v1.20.0) [30, 31]. It first
removed the primer sequences, then trimmed the reads
by length and removed the reads exceeding 5 expected
errors, dereplicated and estimated sequencing errors
using loessErrfun. True sequence variants were inferred
and the forward and reverse reads were merged together
to obtain the full denoised sequences with a minimum
overlapping region of 15 bp. ASVs identified as chimeric
were removed and the remaining reads were annotated
to SILVA v.138.1 database [32, 33].

Pacific Bioscience data were demultiplexed and CCS
were called using the SMRT-Link analysis software (v9).
A mean of 19 HiFi passes were used and the obtained

CCS were submitted to the quality check pipeline fol-
lowing the DADA2 R Statistics package (v1.20.0) [30,
31] which, briefly, reorients the sequences, removes
forward and reverse primers, filters and trims the
sequences by length and average quality, dereplicates
and estimates sequencing errors using PacBio error’s
model, and infers the compositions of the samples.
ASVs identified as chimeric were removed and remain-
ing ones were annotated using the naive Bayesian clas-
sifier method from DADA2 against the species train
set of Silval38.1 [30, 32—34] database with a minimum
bootstrap confidence of 80.

In addition, for both cases, ASVs with assigned genus
but without exact matching at the species level were
mapped against the same reference database but using
Blastn with a minimum overlap of 100% and identity
percentage of 97%. The best match is assigned only if
the identity difference between the first and the sec-
ond-best matches is more than 2% [35]. The taxonomic
annotations were then used to compile contingency
tables at every taxonomic rank.
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Platform comparison

The minimum number of reads in a sample annotated at
the ASV level (4.5% 10%) was used to perform rarefaction
curves, richness, and diversity analyses at ASV and genus
levels. To evaluate the similarities between sample types
and platforms we executed a Principal Coordinates Anal-
ysis (PCoA) based on Bray—Curtis distance at the genus
level as well as an analysis of variance using permuta-
tional multivariate analysis of variance using distance
matrices (Adonis test) from the Vegan R package [34,
36]. Afterwards, the relative abundance was compared
between sequencing technologies, using paired non-par-
ametric Wilcoxon tests. Adjustment for multiple testing
was performed through Benjamini—Hochberg method,
considering significant values<0.05 [37]. Spearman cor-
relations between the relative abundance from each plat-
form of the 20 most abundant genera were calculated.
Statistical analysis were performed using R software [31].

Results

Sequencing performance

The sequencing outcome from the three types of human
samples (gastrointestinal, subgingival plaque biofilm and
saliva microbiomes), as well as from two custom-made
mock communities obtained by sequencing the V3-V4
16S rRNA variable regions with Illumina Miseq and Full
Length 16S rRNA gene with PacBio Sequel II sequencing
are shown in Table 2.

Due to the library and run configuration, designed
to have a similar number of samples per run with a
sequencing cost within the same order of magnitude
for both methodologies, we obtained a lower amount
of reads in the case of PacBio technology for all types
of samples (Table 2). Illumina sequences had a mean
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length of 414 bp after filtering and merge of the for-
ward and revers reads, whereas PacBio sequences had
a mean length of 1457 bp. On the other hand, Illumina
sequences had an average quality score of 40, whereas
PacBio consensus reads had a mean quality score of 90
(See Additional Fig. 1). However, the way that sequence
quality is calculated in either methodology is intrinsi-
cally different due to the specific characteristics of final
sequence assembly and the values are unfortunately not
comparable.

After quality check and filtering we were able to
annotate a mean of 12,500 reads per sample in PacBio
whereas in Illumina the number of sequences was
almost eightfold higher. The estimated number of ASV
was larger in the PacBio platform for saliva and sub-
gingival plaque biofilm samples, but lower in the fae-
cal samples. Specifically, in the Illumina sequencing
platform, 1414 ASVs were detected in saliva, 1328 in
subgingival plaque biofilm and 1113 in faecal samples.
In the case of PacBio sequencing, 2247 ASVs, 1380
ASVs and 796 ASVs were detected in saliva, subgingival
plaque biofilm and faeces, respectively.

The degree of taxonomic assignment, especially at the
species level, was higher in the PacBio sequencing plat-
form. Specifically, during annotation, 94.79% of Illumina
reads (saliva 96.46% + 1.39; subgingival 95.50% + 2.47; fae-
ces 89.49% +7.41) and only 55.23% (saliva 52.79% + 7.49;
subgingival  55.73%+9.61; faeces 53.13%+12.68)
reached the genus and species level, respectively. Mean-
while in PacBio, 95.06% (saliva 97.25% +1.86; subgin-
gival 95.41%+3.28; faeces 89.72%+7.81) and 74.14%
(saliva 74.91%+4.71; subgingival 72.8%+10.79; faeces
61.93% +19.1) were taxonomically assigned at the genus
and species level, respectively.

Table 2 Number of reads sequenced and annotated by platform and sample type

Platform Sample Type Ne°Reads Mean Filtered' Mean Reads length Total ASV? Total Genera? % reads % reads
(SD) (SD) mean assigned to assigned to
Genera Species
lllumina  Mock 1 1,804 (16,260) 75,620 (13,350) 417.5 bp 7 6 100 5833
Mock 2 90,301 (856) 62,444 (44) 419.5 bp 15 5 100 69.27
Saliva 94,079 (14,632) 70,661 (10,323) 418.1 bp 1414 138 96.46 52.79
Subgingival 110,328 (44,092) 84,896 (36,315) 4153 bp 1328 153 955 55.73
Faeces 212,795 (122,662) 157,113 (94,087) 408.5 bp 1113 201 89.49 53.13
PacBio Mock 1 26,065 (1431) 15,536 (870) 1455.5 bp 14 5 100 100
Mock 2 33,620 (7213) 19,821 (2565) 1469 bp 17 4 99.99 99.73
Saliva 51(12,907) 17,444 (11,848) 1459.33 bp 2247 113 97.25 7491
Subgingival 13,982 (2163) 10,103 (2796) 1456.44 bp 1380 99 95.41 72.80
Faeces 12,702 (2185) 7350 (2312) 1452.25 bp 796 97 89.72 61.93

" Filtered refers to number of sequences after quality check, primer trimmed, merged (only for Illumina dataset) and chimeric removal

2Total detected, excluding those with a number of reads < 10



Buetas et al. BMC Genomics (2024) 25:310

Assessment of taxonomic accuracy with mock
communities
Two mock communities composed by five different spe-
cies each were tested (Table 1). In both cases, Illumina
sequences belonging to Actinomyces and part of those
belonging to Fusobacterium and Streptococcus could not
be assigned at the species level whereas the five bacte-
ria in the mock community could be correctly identified
with the PacBio sequencing platform. In addition, a false
positive hit (corresponding to Pediococcus parvulus) was
identified at low abundance (0.01%) with the Illumina
platform in custom-made Mock 1 (See Additional Fig. 2).
Concerning the observed relative abundance in Mock
1, we observed an over representation of the genus Neis-
seria in both platforms (expected: 19.94%, Illumina:
25.84%, PacBio: 42.55%) to the detriment of Actinomy-
ces (expected: 12.05%, Illumina: 5.47%, PacBio: 1.7%). In
the case of Mock 2, S. mutans was overrepresented spe-
cially in PacBio platform (expected: 28.35%, I: 37.23%, P:
68.9%). This indicates that although the accuracy on the
identification of the species was improved with PacBio
platform, some species would be favored with this
technology.

Methodology comparison in complex human samples
When we compared the complex microbiome samples,
rarefaction curves showed that sequencing depth was
sufficient to cover bacterial diversity with both Illumina
(I) or PacBio (P) sequencing in the three sample types
(See Additional Fig. 3A). Regarding richness, the mean
values of Chaol index ranged from 130 to 360 at the ASV
level depending on sample type (I-Saliva 341.77, P-Saliva
362.06, I-Subgingival 300.99, P-Subgingival 234.28,
I-Faeces 259.1, P-Faeces 138.31), with only the faecal
samples being significantly different between platforms
(p-value <0.001).

This difference was not observed in Shannon diver-
sity index, where mean values ranged between 4 and 5
(I-Saliva 4.66, P-Saliva 4.95, I-Subgingival 4.48, P-Subgin-
gival 4.45, I-Faeces 3.99, P-Faeces 3.97) (Fig. 2A). How-
ever, at the genus level, the richness obtained in PacBio
samples was significantly lower than in Illumina for sub-
gingival biofilm (I-Subgingival 83.78, P-Subgingival 58.79,
p-value 0.01) and faecal samples (I-Faeces 96.13, P-Faeces
47.19, p-value<0.001) (See Additional Fig. 3C). In addi-
tion, at the genus level, faecal samples showed a signifi-
cantly lower Shannon index (I-Faeces 3.12, P-Faeces 2.61,
p-value 0.02) in PacBio compared to Illumina.

In order to assess the overall similarity in bacterial
composition of each sample with their corresponding
pair sequenced using a different approach, Bray Cur-
tis distances, represented as PCoA at the genus level,
were calculated (Fig. 2B). Samples clearly clustered by
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sample type (Adonis test: I-Saliva vs I-Subginival p-value
0.001, I-Saliva vs I-Faeces p-value 0.001, I-Subgingival vs
I-Faeces p-value 0.002; P-Saliva vs P-Subgingival p-value
0.008, P-Saliva vs P-Faeces p-value 0.001, P-Subgingival
vs P-Faeces p-value 0.002) and not by sequencing plat-
forms (Adonis test: I-Saliva vs P-Saliva p-value 0.18,
I-Subgingival vs P-Subgingival 0.38, I-Faeces vs P-Faeces
p-value 0.89), showing that the two methods provided
similar overall outcomes.

Regarding taxonomic composition, both platforms
shared all the detected genera which represented more
than 0.1% abundance. At the species level, more than
80% of them were shared between platforms (Fig. 2C),
although 17 species in saliva, 7 in subgingival plaque bio-
film and 9 in faeces were identified only with PacBio. As
mentioned previously, the number of sequences anno-
tated at the species level was higher in the case of PacBio.
For example, in the case of the most abundant genus
in saliva (Streptococcus), 93.4% of the sequences were
unassigned at the species level in Illumina whereas with
PacBio the unidentified reads only accounted for 29.7%.
Similarly, the 32.5% of Prevotella sequences in subgin-
gival plaque biofilm samples were unassigned at species
level using Illumina whereas only the 13% of them could
not be annotated using PacBio. Among the faecal sam-
ples, 99.97% of Illumina and 100% of PacBio sequences
for Faecalibacterium were identified as Faecalibacterium
prausnitzii. However, in the case of Bifidobacterium,
45.8% of the Illumina sequences were unassigned at the
species level, whereas all the PacBio ones achieved spe-
cies annotation (See Additional Fig. 4). Therefore, we
observed an improvement in species assignment with
PacBio technology in all three human samples.

In saliva, the most abundant genera were Strep-
tococcus  (14.12%+4.07 I, 20.14%+7 P), Por-
phyromonas  (10.54%+3.45 1, 10.72%+5.37 D),
Fusobacterium (10.14%+3.98 I; 6.01%+3.16 P) and
Prevotella (7.92% + 2.6 1; 6.86% + 4.25 P). Similarly, Prevo-
tella (9.37%+5.76 I, 11.43%+6.85 P), Porphyromonas
(9.42% + 3.7 1; 10.14% + 6.38 P), Streptococcus (6.59% + 5.8
I; 10.63%+9.82 P) and Fusobacterium (9.15%+3.73 I;
5.04% + 3.26 P) were found with high abundance in sub-
gingival plaque biofilm samples. In the case of faecal
samples, the most abundant genera were Faecalibacte-
rium (10.46%+7.25 I; 9.68% +10.7 P), Bifidobacterium
(4.11% +4.87 1, 7.2% + 9.58 P), Ruminococcus (2.43% + 2.60
L 877%+1598 P) and Bacteroides (5.69%*6.56 I
4.98% +7.2 P) (Fig. 3).

Comparing the relative abundance of bacteria obtained,
34, 24, and 40 genera in saliva, subgingival plaque bio-
film and faecal samples respectively, differed between
platforms but none of these differences were significant
when correcting for multiple testing (adjusted p-values).
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Notably, the Streptococcus genus had higher mean rela-
tive abundance (not significant) in PacBio than in Illu-
mina platform in saliva and subgingival plaque biofilm
samples whereas other relevant genera known to be
oral pathogens like Fusobacterium, Leptotrichia and
Treponema showed a trend for lower relative abundance
(p<0.05, adjusted p-value>0.05) (Fig. 3). Taking all this
into account, the results for complex microbiota compo-
sition in both technologies were quite similar with only
slight variations in relative abundance. When Spearman
correlations of the 20 most abundant genera between
both platforms were calculated, 16, 18 and 17 out of 20
genera had a Spearman rho>0.8 in saliva, subgingival
plaque biofilm and faecal samples, respectively. In saliva,
Fusobacterium, Actinomyces, Selenomonas and Neisseria
had a correlation lower than 0.8 whereas in subgingival
plaque biofilm only Selenomonas and Treponema were
under this threshold. In the case of faecal samples, Dorea,
Collinsella and Ruminococcus had the lowest Spearman
rho values (See Additional Table 3).

Discussion

The sequencing of full length 16S rRNA gene is a prom-
ising tool for analysing microbial composition because
it improves the taxonomic annotation resolution power
allowing to discern between closely related organisms at
species or even clone level [12]. This has become a neces-
sity since microbiome studies have proven that species
from the same genus can have considerably different
functional roles or be associated with either health or
disease [11, 38]. Computer simulations show consider-
able improvement in taxonomic assignment errors rates
with longer sequence length [12]. However, very few
studies have compared the accuracy in taxonomic assign-
ment when sequencing the whole (PacBio) or one or two
variable regions (Illumina) of the 16S rRNA gene in real
samples.

In the past, cloning of the full-length 16S rRNA gene
and subsequent Sanger sequencing allowed accurate
taxonomic assessment of environmental and human
samples, although the low number of clones obtained —
typically within a few hundred — only detected the most
common organisms [39]. With the advent of 2" gen-
eration sequencing such as 454 pyrosequencing or Illu-
mina sequencing, thousands of partial 16S rRNA gene
sequences are easily achieved, but at the expense of less
robust taxonomic assignment [40]. The arrival of 3¢ gen-
eration, single-molecule sequencing allows full-length
16S sequencing with high throughput capabilities, but
their performance must be evaluated.

The aim of this study was therefore to compare
sequencing performance and bacterial composition
between Illumina and PacBio platforms to evaluate the
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reliability and eventual differences in human microbi-
ome assessment. [llumina produced an eightfold higher
throughput than PacBio at a lower cost, with an aver-
age sequence length of 414 bp vs 1456 bp after quality
filtering, respectively. The lower sequencing output by
PacBio, however, did not imply a lack of diversity assess-
ment. For instance, all genera present at least at 0.1%
relative proportion were detected by both methods, and
at the species level, PacBio identified a higher number of
annotated species than Illumina in all three sample types.
The estimated richness, however, was higher in Illu-
mina, although that extra number of ASVs corresponded
to bacteria below 0.1% that could not be annotated at
the species level. Thus, although a higher cost would be
needed for PacBio sequencing to achieve an equivalent
number of sequences per sample, our data suggest that
this is not necessary to represent the main diversity of a
sample.

As expected, a higher proportion of reads were anno-
tated at the species level in the case of PacBio platform
(74% of the reads, vs 55% in Illumina). Even though
PacBio successfully annotated more reads at the spe-
cies level, 25% of the sequences could still not be une-
quivocally assigned. A possible reason for the lack of
full assignment is that part of this 25% corresponds to
under-represented species in databases, including the
high number of uncultured bacteria that are obtained by
metagenomic-assembled genomes (MAGs), as suggested
by Pasolli et al., [41]. As other authors have already dis-
cussed, the selection of databases could have an impor-
tant impact on the description of microbiome profiles.
After about 15 years in which 2™ generation sequencing
technologies were dominating the microbiome profil-
ing analysis, the databases are consequently not updated
or, even worst, not prepared to assume the annotation
required by the usage of full length 16S rRNA query [42].
Therefore, working in databases curation and update is
still needed to improve the annotation power for 3™ gen-
eration sequencing output.

Host-associated microbiome studies usually compare
the diversity found in samples (e.g., health vs disease
conditions) as an indication of alterations in the micro-
biome. Given that taxa can be more precisely differenti-
ated at the species level using PacBio, one would expect
this sequencing platform would show higher diversity
than Illumina. Although the throughput obtained with
Ilumina sequencing was higher than with PacBio, the
diversity indexes were similar between platforms, with
the exception of faecal samples. Is probably a conse-
quence of this samples having the lowest throughput
in the PacBio platform with less than 10,000 reads per
sample. So even if it does not appear to be necessary to
reach a sequencing depth as high as with Illumina, too
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few sequences could prevent the detection of low abun-
dant taxa. Other potential reasons include a higher false
variants rate in this platform, which would inflate rich-
ness values. This hypothesis is supported by the results
obtained when comparing the custom-made mock com-
munities between platforms, where several unclassified
species were detected in Illumina platform, and none
was seen in PacBio. The errors introduced by Illumina
could result in the emergence of these unclassified spe-
cies, increasing diversity. Other authors already pointed
out this increased noise in Illumina when mock commu-
nities were assessed [43]. This must be taken into account
in future studies when diversity in samples sequenced
by 2nd and 3rd generation sequencing technologies are
compared.

In general, we observed a high consistency between
bacterial composition obtained with both platforms for
the three types of samples, at least up to the genus level.
The comparison of the presence/absence of taxonomi-
cally assigned bacteria showed that most genera were
present in both platforms. This suggests that outputs
from both sequencing platforms would be generally
suitable for future comparisons at the genus level. Simi-
lar results were reported by Matsuo Y, et al. who evalu-
ated the performance of FL-16S rRNA gene sequencing
by MinION"™ technology in human faecal samples [44].
This indicates that the technical improvements in the
quality and in the processing pipelines of the 3rd genera-
tion technologies currently allow to have reliable results,
opening the door to make a definitive move towards
complete 16 rRNA gene sequencing.

However, our results suggest that the abundance of
bacteria of high relevance for oral microbiome studies
such as Streptococcus or Fusobacterium and for intesti-
nal microbiome studies such as Bifidobacterium tend to
be different between platforms. This lack of congruency
for several bacteria was confirmed by correlation analy-
sis between bacterial composition in the two platforms,
with some bacterial genera showing correlation coeffi-
cients below 0.8. In addition, an over-representation of
Neisseria and under-representation of Actinomyces was
observed in the mock community. These variations could
be due to methodological differences [45] such as speci-
ficity of primers (giving rise to preferential amplification
of some taxa), stringency of PCR conditions (widening
the number of species amplified), read length (prevent-
ing/allowing the sequencing of high-resolution regions
for specific bacteria) or coverage. It must be taken into
consideration that the primers for the V3-V4 hypervari-
able region were originally designed based on environ-
mental samples [46] although they are used for niches
as different as soil or the human oral cavity. However,
primers used in 3rd generation sequencing platforms are
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designed on a wider number of species in public data-
bases, potentially conferring less amplification bias. Thus,
future host-associated microbiome studies using PacBio
technology should take into account these differential
features when comparing with previous studies using
[llumina technology.

The results presented in the current manuscript sug-
gest that samples sequenced using Illumina and PacBio
are mostly comparable but future studies should take into
account that some important genera can be differently
represented in relative abundance depending on whether
a partial region or the whole gene is sequenced. Consid-
ering that PacBio reads were assigned at the species level
with higher rates than Illumina, our data support the
use of PacBio technology for future microbiome studies
with higher resolution. Given that 16S rRNA sequencing
in both platforms relies on several PCR steps that could
introduce different biases, experimental and computa-
tional procedures that allow the mitigation of the bias
[47, 48] should also be implemented.
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