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Abstract

Background High-throughput sequencing of the full-length 165 rRNA gene has improved the taxonomic
classification of prokaryotes found in natural environments. However, sequencing of shorter regions from the same
gene, like the V4-V5 region, can provide more cost-effective high throughput. It is unclear which approach best
describes prokaryotic communities from underexplored environments. In this study, we hypothesize that high-
throughput full-length 16S rRNA gene sequencing combined with adequate taxonomic databases improves the
taxonomic description of prokaryotic communities from underexplored environments in comparison with high-
throughput sequencing of a short region of the 16S rRNA gene.

Results To test our hypothesis, we compared taxonomic profiles of seawater samples from the Arctic Ocean using:
full-length and V4-V5 16S rRNA gene sequencing in combination with either the Genome Taxonomy Database (GTDB)
or the Silva taxonomy database. Our results show that all combinations of sequencing strategies and taxonomic
databases present similar results at higher taxonomic levels. However, at lower taxonomic levels, namely family, genus,
and most notably species level, the full-length approach led to higher proportions of Amplicon Sequence Variants
(ASVs) assigned to formally valid taxa. Hence, the best taxonomic description was obtained by the full-length and
GTDB combination, which in some cases allowed for the identification of intraspecific diversity of ASVs.

Conclusions We conclude that coupling high-throughput full-length 16S rRNA gene sequencing with GTDB
improves the description of microbiome profiling at lower taxonomic ranks. The improvements reported here
provide more context for scientists to discuss microbial community dynamics within a solid taxonomic framework in
environments like the Arctic Ocean with still underrepresented microbiome sequences in public databases.
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Background

The Arctic Ocean is an underrepresented ecosystem in
microbial ecology surveys, which is reflected by the lack
of deposited metagenomes in public databases (Priest et
al. 2021). Studies on Arctic Ocean prokaryotic ecology
are currently using second-generation sequencing tech-
nologies, such as Illumina, because their high-through-
put allows for a representative view of prokaryotic
communities (Wilson et al. 2017; de Sousa et al. 2019;
Fadeev et al. 2021; Pascoal et al. 2021; Thiele et al. 2022).
Even though the Illumina biochemistry is cost-effective,
it typically delivers short sequence reads of up to 300 bp,
or roughly double the size for the paired-reads (Teder-
soo et al. 2021), which limits the analytical workflow to
specific hypervariable regions of the 16S rRNA gene, in
turn making it difficult to design truly universal primers.
Consequently, several primer pairs have been validated
and optimized for different environments and contexts,
for example, the V4-V5 region for marine environments
(Parada et al. 2016). However, lower taxonomic level clas-
sification is inherently difficult, because the short regions
do not provide enough resolution for an accurate distinc-
tion between closely related species (Johnson et al. 2019).
Although primer bias cannot be avoided in any ampli-
con-based approach, by increasing the size of the ampli-
con, the taxonomic resolution power increases (Johnson
et al. 2019). Using PacBio circular consensus sequencing
(CCS) allows to obtain average read lengths of up to 30
000 bp (Tedersoo et al. 2021) which is two orders of mag-
nitude larger than Illumina. By means of PacBio CCS of
the full-length 16S rRNA gene and raw read processing
with DADA2 (Callahan et al. 2019; Kumar et al. 2019), it
was possible to describe mock communities with 100%
accuracy and correctly distinguish pathogenic and non-
pathogenic Escherichia coli strains (Callahan et al. 2019).
High-throughput long-read sequencing approaches have
been extensively reviewed elsewhere (Tedersoo et al.
2021).

Besides the full-length 16S rRNA gene sequencing,
database selection can improve the accuracy of species-
level classification (Myer et al. 2016; Schloss et al. 2016;
Rodriguez-Pérez et al. 2022) and habitat-specific refer-
ence databases can further improve species-level classifi-
cation compared to universal reference databases (Escapa
et al. 2020; Overgaard et al. 2022; Costa et al. 2022). How-
ever, there are no habitat-specific databases for underex-
plored environments such as the Arctic Ocean. Some of
the most commonly used taxonomic databases for micro-
bial ecology studies are the Silva (Pruesse et al. 2007),
Greengenes (McDonald et al. 2012), and RDP (Maidak et
al. 1996) databases. Since Silva is updated frequently and
includes reference sequences from environmental sam-
ples, it was used in several prokaryotic ecology surveys of
the Arctic Ocean (e.g., de Sousa et al. 2019; Pascoal et al.
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2021; Thiele et al. 2022). Recently, the Genome Taxonomy
Database (GTDB) was introduced (Parks et al. 2022), tak-
ing advantage of the increasing number of available pure
culture and metagenome-assembled genomes (MAGs)
in taxonomy assignments. Briefly, Silva manually assigns
taxonomy based on the phylogenetic tree of the small
and large subunits of the rRNA gene (Quast et al. 2012;
Yilmaz et al. 2014). GTDB identifies species clusters by
whole-genome average nucleotide identity and solves
higher ranks with relative evolutionary divergence; this
method allows consistent and automatic classification of
genomes (Parks et al. 2022).

Recent studies have compared specific short regions
and full-length sequencing of the 16S rRNA gene in sev-
eral environments, for example, seawater (Wang et al.
2022), contaminated soil (Yan et al. 2023), coral micro-
biome (Pootakham et al. 2019, 2021), cow rumen (Brede
et al. 2020), soybean rhizosphere (Yu et al. 2022), and fish
microbiome (Klemetsen et al. 2019). However, to the best
of our knowledge, the short- and full-length sequenc-
ing of the 16S rRNA gene, as well as the GTDB and Silva
databases, have not been compared for seawater samples
from the Arctic Ocean. The Arctic Ocean is an underrep-
resented and extreme environment with potentially novel
biodiversity (Priest et al. 2021), and where long-term
microbial monitoring programs are established (Renner
et al. 2018; Fadeev et al. 2021).

In this study, we hypothesize that the best combina-
tion of methods to survey the microbial communities of
the Arctic Ocean at lower taxonomic levels is the full-
length sequencing of the 16S rRNA gene by means of
third generation sequencing, with GTDB for taxonomic
assignment of amplicon sequence variants (ASVs). To
test this hypothesis, we compared the taxonomic reso-
lution offered by full-length 16S rRNA gene sequenc-
ing (by PacBio CCS) versus V4-V5 hypervariable region
sequencing (short reads) of the 16S rRNA gene (by Illu-
mina), taxonomically classified with either Silva or GTDB
databases. These combinations were applied to seawater
replicate samples from Kongsfjorden, Svalbard and east-
ern Fram Strait collected during the Norwegian Polar
Institute Monitoring Cruise in 2019 within the context
of the Environmental Monitoring of Svalbard and Jan
Mayen (MOS]J).

Methods

Sampling campaign

During the Norwegian Polar Institute Monitoring Cruise
from 8 to 13 August 2019, seawater samples were col-
lected at surface (within upper 10 m), the chlorophyll-a
maximum depth (varied between 5 and 28 m), and 10 m
above the seafloor (except at deep Hausgarten [HG-IV]
Station, where the deepest sample was taken at 2300 m).
Samples were collected along a transect from inner
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Fig. 1 Map of sampling campaign. The left map provides a geographic context of the sampling area. The right map shows the coordinates of each sam-
pling station through the Kongsfjorden and the Fram Strait and indicates the depth of the seafloor

Table 1 Sampling details of the samples used

Sample code Station  Depth (m) Station depth (m) Latitude Longitude Collection Date (UTC) Filtration Volume (mL)
KB3_S_R1 KB3 5 342 N 78 57.38 E 115681 09/08/2019 1800
KB3_M_R1 KB3 15 342 N785738 E115681 09/08/2019 3000
KB3_B_R1 KB3 300 342 N785738 E115681 09/08/2019 5000
KB6_S_R1 KB6 1 52 N 78 56.01 E1223.11 09/08/2019 1750
KB6_M_R1 KB6 7 52 N 78 56.01 E1223.11 09/08/2019 1000
KB6_B_R1 KB6 50 52 N 78 56.01 E122311 09/08/2019 1000
KBO_S_R1 KBO 5 331 N79 02.81 E 110662 11/08/2019 1500
KBO_M_R1 KBO 14 331 N79 02.81 E1106.62 11/08/2019 3500
KBO_B_R1 KBO 320 331 N79 02.81 E1106.62 11/08/2019 3500
V12_S_R1 V12 5 220 N 78 58.81 E929.17 11/08/2019 3000
V12_M_R1 V12 28 220 N 78 58.81 E929.17 11/08/2019 3200
V12_B_R1 V12 215 220 N 78 58.81 £929.17 11/08/2019 3100
V6_S_R1 V6 5 1127 N 78 54.59 E747.44 11/08/2019 4000
V6_M_R1 V6 25 1127 N 78 54.59 E7 4744 11/08/2019 5000
V6_B_R1A V6 1100 1127 N785459  E74744 11/08/2019 4000
HGIV_S_R1 HG-IV 5 2407 N79 04.33 E40926 13/08/2019 4500
HGIV_M_R1 HG-IV 18 2407 N79 04.33 E409.26 13/08/2019 4200
HGIV_B_R1 HG-IV 2300 2407 N79 04.33 E40926 13/08/2019 5000

Kongsfjorden across the West Spitsbergen shelf and out
to Fram Strait (Fig. 1). We used the seawater sampling
protocol previously described for the Arctic Ocean by
de Sousa et al. (2019). In this study, 18 seawater samples
from six stations (three samples per station, each repre-
senting a different depth within each station - Table 1)
were selected for DNA extraction followed by 16S rRNA
gene amplicon sequencing using Illumina and PacBio
sequencing strategies as detailed below. Therefore, a
total of 36 16S rRNA gene sequencing libraries (n=18
for each sequencing approach) were processed and sub-
jected to downstream analyses as described below. Of
the 18 samples under study, the sampling volume varied

between 1 L and 5 L (mean=3.2 L, sd=1.3 L) and the
depths varied between 1 m and 2300 m according to the
unique bathymetric features of each station (see Table 1
for details).

DNA extraction, amplification, and sequencing

DNA extraction was described previously (Semedo et
al. 2021), using the DNeasy PowerWater Sterivex Kit
(QIAGEN Laboratories, Inc.). Amplicon sequencing
was performed by the Integrated Microbiome Resource
(IMR), following their protocol (https://imr.bio/pro-
tocols.html). For the V4-V5 region of the 16S rRNA
gene sequencing by Illumina, the selected primers were
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515F (5-GTGYCAGCMGCCGCGGTAA-3) and 926R
(5-CCGYCAATTYMTTTRAGTTT-3’) (Caporaso et al.
2011, 2012; Apprill et al. 2015; Parada et al. 2016). For the
full-length 16S rRNA gene sequencing by PacBio CCS,
the primers used were 27 F (5- AGRGTTYGATYMTG-
GCTCAG-3) and 1492R (5-RGYTACCTTGTTAC-
GACTT-3’) (Paliy et al. 2009).

Bioinformatics processing of reads

Sequences generated by Illumina were processed in
DADA? for quality filtering and chimera removal (Cal-
lahan et al. 2016), with default parameters and trim
lengths of 249 nt (Forward) and 214 nt (Reverse). For
the sequences generated by PacBio CCS, bam files were
processed into FASTQ files by the sequencing provider.
From the FASTQ files, primers were removed and reads
were filtered to fit within a range of 1000 bp and 1600 bp,
filtered sequences were approximately 1500 bp length.
Quality filtering and chimera removal of long reads was
performed by DADA2 (Callahan et al. 2016), following
the specification for PacBio CCS reads (Callahan et al.
2019; Kumar et al. 2019).

Taxonomic classification

For the V4-V5 16S rRNA gene sequencing, taxonomic
classification of ASVs down to genus level was performed
with Naive-Bayes algorithm (Wang et al. 2007) and with
exact matching for species level (Edgar 2018). For the
full-length 16S rRNA gene sequencing, the Naive-Bayes
algorithm (Wang et al. 2007) was used for all taxo-
nomic levels in the main analysis. For both sequencing
approaches, training sets were selected from Silva version
138 (Gurevich et al. 2013; Yilmaz et al. 2014; Glockner et
al. 2017; Perez-Mon et al. 2020) and GTDB r202 (Parks et
al. 2018, 2020, 2022; Chaumeil et al. 2020).

Statistical analysis and data visualization

All statistical analyses and data visualization were
performed in R software (R Core Team 2020). Alpha
and beta diversity were calculated using vegan v2.6.4
(Oksanen et al. 2018) and plots were created with ggplot2
v3.4.1 (Wickham 2016). Considering that the order of
magnitude of the number of reads was different between
the two sequencing platforms, and the focus on assess-
ing the effectiveness of each sequencing approach, the
main results are presented without rarefaction. How-
ever, to discard the effect of different numbers of reads
on the direct comparison of sequencing approaches, we
added supplementary analyses with rarefaction at 10 000
reads. In either rarefied or non-rarefied data, we removed
samples with less than 10 000 reads (the list of samples
removed due to low number of reads is in Supplemen-
tary Table S1). As a result, thirteen seawater samples
were considered of high quality under both sequencing
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approaches and used in downstream analyses (thus, a
total of 26 16S rRNA gene sequencing libraries). ArcGIS
was used for the context map and MatLab for the Kongs-
fjorden map.

To compare the difference in distribution of indepen-
dent groups, we used the Mann-Whitney U test (non-
parametric test) and calculated the effect size of each
test, to verify if the sample size was enough to support
the statistical test. Linear regression was used to plot
tendency lines comparing depth against alpha diversity
metrics, accompanied by their corresponding R-squared
values. Finally, we used the PERMANOVA test to sup-
port the beta diversity plots. Alpha was set to 0.05 to all
statistical tests.

Finally, we were careful to plot the points themselves
whenever there were less than five observations per vari-
able and boxplots with median, interquartile ranges,
and outliers for those cases with more than 5 observa-
tions. The sampling size was small for comparing envi-
ronmental variables, but it was not small for comparing
sequencing approaches, because there were 13 high qual-
ity samples for each independent variable. Such consid-
erations were taken into account in results presentation.

The map on Fig. 1 was partially made by the ggOcean-
Maps R package (Vihtakari 2024), with bathymetry from
NOAA National Centers for Environmental Information
(2022).

Results

Overview of sequencing results

Our results enable a direct comparison between sec-
ond- and third-generation sequencing technologies in
the description of seawater prokaryotic communities by
means of 16S rRNA gene sequencing. The number of raw
CCS reads sequenced by PacBio varied between 20 119
and 53 770 reads (median=34 182 reads, IQR=18 610
reads, n=13), the final number of high-quality reads var-
ied between 10 221 and 29 839 (median=16 779 reads,
IQR=12 987 reads, n=13). For Illumina sequencing, the
number of raw reads varied between 14 874 and 176 856
(median=67 998 reads, IQR=34 824 reads, n=13), the
final number of high quality reads varied between 12 190
and 134 744 (median=53 783 reads, IQR=29 845 reads,
n=13). Summary statistics are available in Supplemen-
tary Table S2 and rarefaction curves are available in Fig.
SI.

Effectiveness of taxonomic classification

To test the effectiveness of taxonomic classification, we
considered the proportion of ASVs that were classified at
each taxonomic level, for each combination of short- and
full-length 16S rRNA gene sequencing and taxonomic
database (Silva or GTDB). The combination leading to a
higher proportion of classified ASVs down to order level
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was full-length 16S rRNA gene combined with Silva data-
base, but from family to species level, the best database
was GTDB (Figs. 2 and S2). In fact, from 59.6% up to
73.71% of ASVs obtained from the full-length sequenc-
ing approach were classified at species level with GTDB.
In contrast, less than 10% of the ASVs obtained from the
short reads sequencing approach were classified down to
species level, independently of database selection (Figs. 2
and S2). Differences in the proportion of classified ASVs
between sequencing approaches were significant at all
taxonomic levels (Mann-Whitney U test, p<0.05), with
large effect size (r>0.5) (Supplementary Table S3), except
for kingdom level with both databases and species level
with the Silva database (test failed, Supplementary Table
S3). Similar results were obtained for the rarefied data,
except when taxonomy at the phylum level was employed
in combination with the Silva database (Supplementary
Table S3).

Abundant ASVs (relative abundance>0.1%) classified
with GTDB had similar relative abundances between
short- and full-length 16S rRNA gene sequencing (Fig. 3),
and 92.2% of abundant ASVs could only be classified
down to species level with the combination of full-length
16S rRNA gene and GTDB database, but could not be
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captured otherwise, even when using full-length 16S
rRNA gene and Silva database (Fig. 3). Furthermore,
some ASVs were classified at species level with either
database, but for a single sequencing approach (short- or
full-length). For example, Polaribacter temperatairgensii
and Sulfitobacter dubius were identified with short- and
full-length approaches, but only with the Silva database
(Fig. 3); while MAGs (represented by GTDB placehold-
ers) were identified in both sequencing approaches, but
only with GTDB (Fig. 3). Generally, the databases identi-
fied different species (Fig. 3).

Alpha and Beta diversity

To verify the impact of 16S rRNA gene read length and
taxonomy database choice on estimating prokaryotic
diversity metrics, we compared the alpha and beta diver-
sity measures obtained at different water column depths
along the transect from inner Kongsfjorden across the
West Spitsbergen shelf and out to Fram Strait. These
analyses were performed at phylum, order, genus, and
species levels. At each taxonomic level, we considered all
ASVs that obtained a valid taxonomic classification, i.e.
removed the ASVs with no classification. Additionally, at
species level, we only used ASVs that could be assigned

Sequencing of E3 full-length 16S rRNA gene EZ V4-V5 16S rRNA gene
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Fig. 3 Relative abundance of ASVs classified at species level. The left panel shows results for the GTDB database and the right panel shows results for the
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a species taxonomy in each sequence-database combina-
tion, i.e. removed the ASVs with no classification. Unless
stated otherwise, when we refer to a specific taxonomic
level, we only refer to the sub-set of assigned ASVs at the
specified taxonomic level.

Alpha diversity (ASV richness, Shannon index, and
Simpson index) was more consistent between sequence-
database combinations at phylum than at species level
(Figs. 4 and S3). More specifically, at phylum level, ASV
richness increased, Shannon index remained constant,
and Simpson’s index decreased along depth, independent
of sequence-database combination (Figs. 4A and S3). At
species level, there were no contradictory trends in alpha
diversity between short- and full-length approaches,
except for Simpson’s index (Figs. 4B and S3). Even though
trends between water column depths were similar, at
species level the full-length 16S rRNA gene combined
with GTDB presented higher alpha diversity measures
than all other combinations (Figs. 4B and S3). At inter-
mediate taxonomic levels, alpha diversity metrics were
more consistent for order than genus level (Figs. S4 and
S5). Generally, the trends were not significant, with few
exceptions. For example, the linear regressions were

significant for the phylum, order, and species ASV rich-
ness with full-length 16S rRNA gene sequencing, with
either database (p<0.05, 0.49<r2<0.56, Supplementary
Table S5). Generally, there was not enough support for
a conclusive comparison of alpha diversity against depth
for most combinations. However, the linear regressions
were more similar with each other at phylum than spe-
cies level, in accordance with Fig. 4 and Fig. S3.

The combination of full-length 16S rRNA gene and
GTDB obtained higher ASV richness than any other
combination when accounting for the different sampling
stations (Figs. 5A and S6). The higher ASV richness at
species level with full-length 16S rRNA gene sequenc-
ing and GTDB was most probably a consequence of the
increased classification of low abundance ASVs, i.e. the
rare biosphere (relative abundance<0.1%), into formally
valid species (Figs. 5B and S6). None of the ASVs iden-
tified with full-length 16S rRNA sequencing and clas-
sified at species level by the Silva database were rare
(Figs. 5B and S6). Stations displayed very low ASV rich-
ness for that combination (full-length 16S rRNA gene
sequencing and Silva database) (generally below 10 ASVs,
Figs. 5A and S6). For the ASVs classified at phylum level,
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in contrast, ASV richness was high (>100 ASVs) for all
stations and rare taxa were found across all combinations
tested (Figs. 5 and S6). Finally, very similar ASV richness
scores were obtained for phylum and order taxonomic
levels, while such scores decreased for genus and species
taxonomic levels (Figs. 5 and S6).

Notably, more than one ASV was obtained for
27 species (with binomial name), e.g., 39 different
ASVs were attributed to Pelagibacter ubique (RS_
GCF_000012345_1) using full-length 16S rRNA gene
sequencing and GTDB (for a full list, see Supplemen-
tary Table S5). We verified that Pelagibacter ubique
(RS_GCF_000012345_1) contained a single 16S rRNA
gene copy (Supplementary Table S6), which indicates
that the multiple ASVs obtained for this species provide
information on subspecies-level diversity. Another rel-
evant example was Colwellia psychrerythraea, because
its GTDB entry describes a specific strain (34 H) and it
includes up to 9 copies of the 16S rRNA gene (Supple-
mentary Table S5).

As for the beta diversity component, the results
obtained by either database were very similar at phylum

level, as shown by the centroids proximity (Fig. 6A and
B), but community composition of taxonomically classi-
fied ASVs differed at species level (Fig. 6C and D). The
community composition was the most distinct between
databases for the species-level ASVs identified with full-
length 16S rRNA gene sequencing (Fig. 6D). In fact, at
phylum level community composition was not signifi-
cantly different (p>0.05, PERMANOVA test Supple-
mentary Table S6), but was so at species level (p<0.05,
PERMANOVA test, Supplementary Table S6). For order
and genus level, the beta diversity overlapped between
databases (Fig. S7, p>0.05, PERMANOVA test Supple-
mentary Table S6), except for genus level, with V4-V5 16S
rRNA gene sequencing (Fig. S7, p<0.05, PERMANOVA
test, Supplementary Table S6).

Discussion

Species-level assignment of prokaryotes can improve
insights gained in microbial ecology studies, but it is hard
to achieve with the current, most commonly-used gene
sequencing strategies (Earl et al. 2018; Brede et al. 2020).
One possible way to improve the capacity for species
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level assignments is to use high-throughput sequencing
of the full-length 16S rRNA gene (Johnson et al. 2019),
an approach validated in laboratory conditions (Callahan
et al. 2019) and tested for several natural environments
(Klemetsen et al. 2019; Pootakham et al. 2019, 2021;
Wang et al. 2022; Yan et al. 2023).

If we consider classification effectiveness as a function
of the proportion of reads classified, then our results sug-
gest that the best approach to improve the effectiveness
of taxonomic assignments at lower taxonomic ranks is
the combination of full-length 16S rRNA gene sequenc-
ing by CCS PacBio with the GTDB database. We note
that the database choice was fundamental, because with
Silva the number of ASVs classified at genus and species
level was much lower than with GTDB (less than 10% of
ASVs were classified down to species level, using Silva
Database). Our results highlight the relevance of data-
base selection in delivering appropriate taxonomy profil-
ing of natural microbial communities. Furthermore, our

results are consistent with previous findings addressing
the impact of sequencing approaches and/or database
selection on the description of microbiomes from several
environmental/host matrices (Myer et al. 2016; Escapa et
al. 2020; Brede et al. 2020; Yu et al. 2022; Overgaard et
al. 2022; Costa et al. 2022). For instance, few full-length
16S rRNA gene sequences were classified at species level
with Silva in an experiment using an in vitro model of
subacute rumen acidosis (Brede et al. 2020). Also, the
quantity of ASVs classified at species level was previously
found to be less dependent on the sequencing approach
(LoopSeq, PacBio and Illumina) than database selection
(in this case, RDP or Silva) in a study on the effects of
waterlogging on the rhizosphere microbiome (Yu et al.
2022). Other studies showed that habitat-specific data-
bases can foster the highest classification accuracy at
species level (Myer et al. 2016; Escapa et al. 2020; Silva
et al. 2022; Overgaard et al. 2022). It is important to note
that most databases were built using sequences shorter
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than current long-read amplicons and do not account for
within species variation (Tedersoo et al. 2021), but our
full-length 16S rRNA gene results did not seem to be par-
ticularly affected by this.

Besides the database and sequencing technology selec-
tion, the software used for the processing of raw reads
can have a significant impact on the data interpretation.
In this study, we used DADA2 (Callahan et al. 2016),
which has been shown to deliver high quality results for
both V4-V5 16S rRNA gene (Callahan et al. 2016) and
full-length 16S rRNA gene (Callahan et al. 2019) datasets.
For an extensive review on bioinformatics software for
raw read processing see Hakimzadeh et al. (2023).

Besides sequencing the full-length 16S rRNA gene,
the operon 16S-ITS-23S could be used instead (Seol et
al. 2022) and other studies have provided insights into
the usefulness of alternative genetic markers for the
taxonomic assignment of prokaryotes. For example, the
RNA polymerase subunit B gene (rpoB) led to higher
accuracy than the V3-V4 region of the 16S rRNA gene
in mock communities and to a different microbiome
description of entomopathogenic nematodes (Ogier et al.
2019). Advances in shotgun metagenomics, metagenome
assembled genomes, and culturomics, together with the

expansion of reference databases, are key for a long-term
improvement of species-level classification of prokary-
otes from natural environments.

Some studies have suggested that combining sec-
ond and third generation sequencing can improve the
description of prokaryotic communities (Brede et al.
2020). However, in this study, Illumina’s high-throughput
did not add explanatory power to the data obtained by
PacBio CCS, because: (1) at phylum level, all results were
very similar between short- and full-length 16S rRNA
gene sequencing; (2) for lower taxonomic levels (particu-
larly, species level), short 16S rRNA gene sequencing is
less accurate than the full-length alternative (Callahan et
al. 2019); and (3) the ability to assign species-level tax-
onomy to ASVs belonging to the rare biosphere was best
with full-length 16S rRNA gene sequencing and GTDB
database. Furthermore, using two sequencing approaches
in parallel might be prohibitively expensive. For an exten-
sive review on sequencing costs per strategy see Teder-
soo et al. (2021).

In terms of ecological analysis, all combinations tested
were equivalent at phylum and order level for alpha and
beta diversity. In fact, at this level the values of alpha
diversity were similar independently of using either
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full-length or V4-V5 region of the 16S rRNA gene; and
of using either GTDB or Silva database. At the species
level, there were several differences between the combi-
nations tested. Specifically, more ASVs were assigned a
species-level taxonomy using full-length 16S rRNA gene
sequencing when compared to sequencing of the V4-V5
region of the 16S rRNA gene, and this effect was more
pronounced whenever the GTDB database was used.
In fact, the analysis of community composition further
supports the importance of database selection, because
species-level community composition was grouped by
database, instead of environmental variables, when using
the V4-V5 region of thel6S rRNA gene.

It is important to note that the combination of full-
length 16S rRNA gene and GTDB database was able to
assign species-level taxonomy of distinct, yet closely-
related ASVs to the same species. We highlighted Pela-
gibacter ubique, because it was the species with more
ASVs in our dataset and we verified that the reference
genome included a single 16S rRNA gene copy. Besides
Pelagibacter ubique, we highlighted Colwellia psychr-
erythraea, because its GTDB reference sequence belongs
to a formally classified strain (34 H) with up to nine 16S
rRNA gene copies. Both examples provided, Pelagibacter
ubique and Colwellia psychrerythraea, are consistent
with previous findings, that established the possibility of
accurate identification of strain level diversity (Callahan
et al. 2019). However, we are aware that our analysis is
not sufficient to be certain of subspecies or even strain
identification, but it is indicative. Future studies using
full-length 16S rRNA gene sequencing and ASVs should
take into consideration the possibility of diversity over-
estimation, because of unaccounted subspecies-level
diversity (for example, if one and each ASV is counted as
a potential representative of one species, and the possi-
bility of heterogeneous ASVs to belong to the same “spe-
cies” is discarded).

A previous study compared the V3-V4 and the V4-V5
regions of the 16S rRNA gene to help the design of long-
term monitoring campaigns of the Arctic Ocean (Fadeev
et al. 2021), finding that the V4-V5 region was better than
the V3-V4 region for that purpose. In here, we argue
that full-length 16S rRNA gene sequencing in combina-
tion with the GTDB database will further improve such
efforts, because of the improved ability to assign species-
level taxonomy and, eventually, subspecies level diversity,
as well as to obtain information on the reference genomes
and/or MAG representatives. This genomic information
might be used to gather putative functional informa-
tion. However, other methods might be more adequate
for functional profiles (e.g. metagenomics and metatran-
scriptomics), if there is enough budget. Future studies
will need to address to what extent it is possible, or not,
to combine datasets obtained from specific regions of
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the 16S rRNA gene and datasets obtained from the full-
length 16S rRNA gene, so that ASVs can be compared
across a wide range of data generated from long-term
monitoring programs. For example, it is worth exploring
if it is possible to extract short-reads from long-reads and
obtain equivalent information. It is also worth exploring
if specific taxonomic databases are biased towards spe-
cific sequencing approaches. These issues are relevant,
because microbial ecologists need to balance the meth-
odological consistency vs. methodological updates over
decade-long efforts to obtain standardized diversity
information from natural environments.

Conclusions

In conclusion, full-length 16S rRNA gene sequencing
improves the description of prokaryotic microbiomes
from natural environments, when compared with short
region sequencing (V4-V5 in here). According to previ-
ous findings (Myer et al. 2016; Escapa et al. 2020; Over-
gaard et al. 2022; Costa et al. 2022), databases optimized
for specific habitats provide the best classification at
species level, but they are unavailable for underexplored
environments such as the Arctic Ocean. Thus, for this
and similar natural environments, researchers depend on
universal taxonomic databases. We identified no advan-
tage besides higher throughput in the utilization of short-
16S rRNA gene sequencing, even for the description of
the microbial rare biosphere, depending on the database.
Overall, the higher resolution of full-length 16S rRNA
gene combined with the use of GTDB resulted in the
species-level taxonomy assignment of several ASVs with
genome reference information, which may improve inter-
comparison of ASVs across studies, thereby providing
more context for microbial ecologists in the interpreta-
tion of natural microbial communities.
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Supplementary Material 8. Fig. S2: Rarefied version of Fig. 2, with percent-
age of ASVs classified at each taxonomic level. The left panel shows results
for the GTDB database and the right panel shows results for the Silva data-
base. For each database, full-length and V4-V5 165 rRNA gene sequencing
were compared (orange and blue, respectively). Boxplots were used to
illustrate centrality metrics of the percentage of ASVs classified, including
crosses representing the outliers and were calculated with 13 observa-
tions, per independent group. Note that the "Kingdom” taxonomic level
was maintained to keep consistency with the terminology used by the
reference databases used.

Supplementary Material 9. Fig. S3: Rarefied version of Fig. 4, with alpha
diversity scores across depth. ASVs were filtered (A) at phylum level and
(B) at species level. For each specified taxonomic level, only the ASVs that
got a taxonomic classification were used. The alpha diversity scores used
were the number of ASVs (same as ASV richness), the Shannon index and
the Simpson index. Orange was used for full-length and blue for V4-V516S
rRNA gene sequencing. Columns in the facet grid were used to distinguish
taxonomy databases (GTDB and Silva). Tendency lines were added to help
reading the figure. Regression equations and statistical support are avail-
able in Supplementary Table S5.

Supplementary Material 10. Fig. S4: Alpha diversity scores across depth.
ASVs were filtered (A) at order level and (B) at genus level. For each
specified taxonomic level, only the ASVs that got a taxonomic clas-
sification were used. The alpha diversity scores used were the number

of ASVs (same as ASV richness), the Shannon index and the Simpson
index. Orange was used for full-length and blue for V4-V516S rRNA gene
sequencing. Columns in the facet grid were used to distinguish taxonomy
databases (GTDB and Silva). Tendency lines were added to help reading
the figure. Regression equations and statistical support are available in
Supplementary Table S5.

Supplementary Material 11. Fig. S5: Rarefied version of Supplementary

Fig. S4, with alpha diversity scores across depth. ASVs were filtered (A) at
order level and (B) at genus level. For each specified taxonomic level, only
the ASVs that got a taxonomic classification were used. The alpha diversity
scores used were the number of ASVs (same as ASV richness), the Shannon
index and the Simpson index. Orange was used for full-length and blue
for V4-V516S rRNA gene sequencing. Columns in the facet grid were used
to distinguish taxonomy databases (GTDB and Silva). Tendency lines were
added to help reading the figure. Regression equations and statistical sup-
port are available in Supplementary Table S5.

Supplementary Material 12. Fig. S6: Rarefied version of Fig. 5, with ASV
richness at phylum, order, genus and species taxonomic levels across
methodological combinations. (A) ASV richness by sampling Station. (B)
ASV richness by abundance classification, with rare ASVs defined as ASVs
with less than 0.1% relative abundance, per sample. For both (A) and (B),
different taxonomic levels were represented by different shape points. The
ASV richness was illustrated in Log10 scale so that lower values could be
distinguished; each panel further divided itself into four panes, allowing
direct comparison of full-length and V4-V5 16S rRNA gene sequencing
(columns) and Silva or GTDB databases (rows). In (A) the points were illus-
trated without centrality metrics, because each station included less than
five distinct observations, while in (B) a centrality metric was used with
boxplots, because the number of observations (n=13 per independent
group) allowed it to do so. Nevertheless, the original points were plotted
on top of the boxplots, so that it was possible to see the direct connection
between (A) and (B). Additionally, note that some combinations presented
less than 13 observations, which reflected samples without any species
classified. The points were colored in different shades of blue, divided by
depth: Surface (< 10 m); Middle (10-100 m); and Deep (> 100 m).

Supplementary Material 13. Fig. S7: Beta diversity. Community composi-
tion between Silva and GTDB databases for (A) full-length 16S rRNA gene,
at order level; (B) V4-V/5 region of the 16S rRNA gene, at order level; (C)
full-length 165 rRNA gene, at genus level; (D) V4-V5 region of the 165 rRNA
gene, at genus level. Bray-Curtis distances were illustrated with nMDS
ordination. Shapes and color were used to illustrate sampling stations and
depth, according to figure label.
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