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Abstract
The 16S rRNA gene is one of the most commonly used molecular markers for estimating bacterial diversity during the past 
decades. However, there is no consistency about the sequencing depth (from thousand to millions of sequences per sample), 
and the clustering methods used to generate OTUs may also be different among studies. These inconsistent premises make 
effective comparisons among studies difficult or unreliable. This study aims to examine the necessary sequencing depth and 
clustering method that would be needed to ensure a stable diversity patterns for studying fish gut microbiota. A total number 
of 42 samples dataset of Siniperca chuatsi (carnivorous fish) gut microbiota were used to test how the sequencing depth 
and clustering may affect the alpha and beta diversity patterns of fish intestinal microbiota. Interestingly, we found that the 
sequencing depth (resampling 1000–11,000 per sample) and the clustering methods (UPARSE and UCLUST) did not bias 
the estimates of the diversity patterns during the fish development from larva to adult. Although we should acknowledge that 
a suitable sequencing depth may differ case by case, our finding indicates that a shallow sequencing such as 1000 sequences 
per sample may be also enough to reflect the general diversity patterns of fish gut microbiota. However, we have shown in 
the present study that strict pre-processing of the original sequences is required to ensure reliable results. This study provides 
evidences to help making a strong scientific choice of the sequencing depth and clustering method for future studies on fish 
gut microbiota patterns, but at the same time reducing as much as possible the costs related to the analysis.

Introduction

Although microorganisms have existed on Earth for over 
billions of years and almost evolved into every conceivable 
niche on the planet, there are still many unanswered ques-
tions about the microbial cosmos [1]. Fortunately, in the 
past decade microbiomics ushered in a new era for micro-
biome research [2]. The arrival of ‘microbiome spring’ and 
the increasing findings on microorganisms benefited greatly 
from the continuous development of sequencing and related 
analysis methods. The metagenome-based sequencing tools 
improved our ability to address the issues involving micro-
bial diversity, function, interaction, evolution and dynamics 
in relation to environmental variations.

The first-generation sequencing (i.e. Sanger sequencing) 
has been considered as one of the most influential inno-
vations in biological studies [3], which predominated the 
sequencing market for nearly 30 years. From the first 16S 
rRNA gene clone library that was directly sequenced from 
environmental samples [4], the Sanger sequencing greatly 
enhanced our ability to understand the culture-independent 
microbial world [5]. That strategy for microbial studies 
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remained popular until 2005 when the second-generation 
sequencing appeared (i.e. high-throughput sequencing) [6], 
permitting another leap in our understanding of environ-
mental microbiomes. This new era is characterized by high 
throughput, low sequencing errors and much lower costs 
than the Sanger sequencing strategy. Although the third-
generation sequencing (i.e. single-molecule sequencing) 
has been developed and already routinely used to sequence 
microbial genomes [7], the second-generation sequenc-
ing will continue its important role in culture-independent 
studies of microbial communities. Among all the molecu-
lar markers (genes) that are used for evaluating microbial 
diversity, the 16S rRNA gene is one of the most commonly 
used [8]. The 16S rRNA gene analyses benefit the developed 
standard procedures and are relatively inexpensive. Further-
more, the availability of huge 16S rRNA gene datasets and 
reference sequences also makes comparisons among differ-
ent studies reliable and effective.

However, the results based on the 16S rRNA gene 
sequencing may partly depend on the applied analysis proce-
dures. For example, Fierer et al. [9] found sequencing depth 
may affect the microbial diversity evaluation, and therefore 
suggested to rarefy all the samples to the same sequenc-
ing depth before downstream analysis. Another example is 
the UPARSE clustering method, used for generating OTUs, 
which was found to be closer to the expected number of 
species in a community than other methods [10]. Therefore, 
how to select a reasonable sequencing depth for address-
ing the issues of interest is especially important, and this 
choice may optimize the budget needed to analyse as many 
samples as possible. Although Lundin et al. [11] suggested 
that 1000 sequences/sample can give equally good results 
as the ones obtained with more than 15,000 sequences for 
estimating the beta diversity trends of water or sediment 
community, how deeply fish gut microbial communities 
need to be sequenced was never experimentally tested and 
need further confirmation.

The fish-dependent gut ecosystems are considerably dif-
ferent from the surrounding natural environments (such 
water or sediment). Indeed, environmental microbial com-
munity is mainly determined by the environmental condi-
tions, and gut microbes colonized in the fish can be also 
significantly affected by the fish’s development, feeding and 
health [12–14]. Therefore, understanding the community 
assembly and turnover rules in the gut ecosystems should be 
more complicated than that found in the natural environmen-
tal ecosystems. A dataset of fish gut microbiota was used to 
address the question of which sequencing depth is sufficient 
and which clustering method can optimally reveal the micro-
bial patterns to obtain stable results in analysing 16S rRNA 
gene sequences. The ultimate aim of the present work is to 
provide guidance in further studies to improve our under-
standing of diversity patterns of the fish gut microbiota.

Materials and Methods

Sampling

The gut samples (n = 42) of carnivorous Siniperca chuatsi 
were collected as described previously [13]. In brief, the 
hatched larvae were sampled at the first day post-hatching 
(dph) and then sampled every 5 days from 3 to 23 dph. 
After that, the sampling was paused and only adult indi-
viduals (500–800 g) were collected from Poyang Lake, 
China. The larval and juvenile individuals collected were 
transported to laboratory with in situ water and imme-
diately dissected under aseptic conditions to get the gut 
samples, and the captured adult fishes were kept at −20 °C 
and transported to laboratory until following procedures. 
The collection, preservation and research of wild animal 
and endangered species are approved by national regula-
tions “China biodiversity conservation strategy and action 
plan”. All protocols involved in the animal experiment 
were approved by the Institutional Animal Care and Use 
Committee of Institute of Hydrobiology, Chinese Acad-
emy of Sciences (Approval ID: Keshuizhuan 08529).

DNA Extraction and PCR Amplification

Genomic DNA of the collected gut microbiota was 
extracted using the PowerFecal® DNA Isolation Kit (Mo 
Bio, CA, USA) according to the manufacturer’s instruc-
tions. The DNA concentrations and quality were deter-
mined with a ND-1000 spectrophotometer (NanoDrop, 
DE, USA) and all the samples were diluted to the same 
concentration for subsequent PCR amplification. The 
primers 515f (5′-GTG CCA GCMGCC GCG GTAA-3′) and 
806r (5′-GGA CTA CHVGGG TWT CTAAT-3′) targeting 
the V4 region of 16S rRNA gene were used to analyse the 
community patterns of gut microbiota according to Wu 
et al. [15]. All PCRs were conducted in triplicates for each 
sample, and in each of 25 µl PCR mixture contains 1× 
Buffer II, 0.4 µM of each primer, 0.5 U AccuPrime™ Taq 
(Invitrogen, CA, USA) and 10 ng genomic DNA. PCRs 
were performed using the following conditions: 1 min at 
94 °C, followed by 10 cycles of 20 s at 94 °C, 25 s at 
53 °C, and 45 s at 68 °C, with a post-amplification exten-
sion of 10 min at 68 °C. The products were purified with 
Agencourt® Ampure® XP (Beckman, CA, USA) accord-
ing to the manufacturer’s instructions. The purified DNA 
was then applied as template to perform the second PCR 
amplification using 20 cycles with the same primer set but 
the reverse primer contains appropriate adapters and dif-
ferent barcodes. PCR products were visualized using 1% 
agarose gels stained with ethidium bromide, and negative 
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controls were always performed to make sure there was 
no contamination.

Sequencing Analysis

The concentration of each PCR product was quantified 
with a PicoGreen dsDNA Assay Kit (Invitrogen, CA, 
USA). All the 42 samples were then equally combined 
and followed by gel purification using a QIAquick Gel 
Extraction Kit (Qiagen, CA, USA). The purified DNA 
was re-quantified with PicoGreen, and then combined 
with other similarly prepared DNA libraries for sequenc-
ing at the Institute for Environmental Genomics (Norman, 
OK, USA) using a MiSeq platform (Illumina, CA, USA). 
Quality filtering and processing of sequencing reads were 
conducted on our Galaxy pipeline (http://zhoul ab5.rccc.
ou.edu/root) as previously described methods [13]. After 
trimming the primers and delete the sequences containing 
uncertain Ns, the high-quality sequences with 245–260 bp 
were kept to generate OTU table using the method (97% 
cutoff) of UPARSE and UCLUST, respectively. OTUs 
were generated based on the clustering results, and taxo-
nomic annotation of individual OTUs was achieved based 
on representative sequences using RDP’s 16S Classifier 
2.5 [15]. To explore the possible effect of sequencing 
depth on the community patterns, all the samples were 
rarefied to the same sequencing depth by resampling from 
1000 to 11,000 before downstream analysis. Therefore, 
we obtained 11 sub-datasets for each clustering method to 
compare the possible effects from the sequencing depth. 
The raw data of the high-throughput sequencing have been 
submitted to the Sequence Read Archive (SRA) of NCBI 
with the run accession ID SRR6144368-SRR6144409.

Statistical Analysis

The bacterial diversity patterns that generated under differ-
ent clustering methods (UPARSE and UCLUST) with wide 
ranges of sequencing depths (1000–11,000) were evalu-
ated by the following statistical methods: (i) comparison of 
the alpha and beta diversity trends; (ii) significance tests 
of alpha diversity were performed through an analysis of 
variance (ANOVA) with least significant difference (LSD) 
to examine whether differences were significant or not; (iii) 
DCA ordination on the basis of community composition to 
show the general community patterns; and (iv) nonparamet-
ric tests including multiple-response permutation procedure 
(MRPP) with Bray–Curtis distances for comparing commu-
nity differences. All statistics were performed using R pack-
ages of ‘vegan’ and ‘picante’ (R Foundation for Statistical 
Computing, Vienna, Austria).

Results and Discussion

For sequencing analysis of the 16S RNA gene, it was 
advanced that a more realistic image of the microbial com-
munity occurred when more sequences were obtained [16]. 
Therefore, in an ideal world, where the sequencing cost 
(always related to the sequencing depth) is not a limit, 
all studies theoretically should get as many sequences as 
possible for better understanding of the communities. On 
the other hand, the clustering method of UPARSE [10] 
is considered to be more reliable in generating OTU by 
testing the mock communities, but the UCLUST method 
is also widely used due to its advantages of higher speed, 
improved sensitivity and clustering at lower identities 
[17]. This study want to examine the necessary sequenc-
ing depth and clustering method to obtain stable diversity 
patterns in studying fish gut microbiota.

Interestingly, the sequencing depth (resampling 
1000–11,000 sequences per sample) and clustering methods 
(UPARSE and UCLUST) did not bias our estimates of alpha 
and beta diversity patterns. The bacterial diversity estimates 
of Shannon index and Pielou’s evenness across the three 
investigated stages (i.e. 1–13 dph, 18–23 dph and adult) 
showed no significant variation at different sequencing depth 
(Fig. 1). Moreover, the UPARSE and UCLUST methods 
showed similar trends in the alpha diversity patterns. Briefly, 
when fish open their mouth to feed at the early stage, vari-
ous kinds of bacteria found in the surrounding environment 
can easily immigrate into the new gut habitat. Therefore, 
the initial stage (1–13 dph) showed relatively high Shan-
non diversity (~3.0), and then it decreased to ~2.0 at the 
stage of 18–23 dph and was constant thereafter. Analyses of 
trends in Pielou’s evenness also showed the same tendency 
as that of Shannon index, i.e. the stage of 1–13 dph showed 
relatively higher diversity than the other two stages. Regard-
ing the bacterial OTUs that classified into different taxa, we 
can see that the Proteobacteria is always the largest phylum 
regardless of the clustering methods and sequencing depth. 
The Proteobacteria accounted for ~34% (UPARSE) or ~43% 
(UCLUST) of the detected OTUs, followed by the phyla of 
Firmicutes, Bacteroidetes, Actinobacteria and Cyanobacte-
ria. We noticed also that approximately 10% of the OTUs 
cannot be classified into any known phylum (Fig. S1). The 
beta diversity patterns as visualized in DCA ordination indi-
cated that the communities were always grouped according 
to the fish developmental stage and showed almost identical 
patterns for all the sub-datasets (Fig. 2, Fig. S2). Further-
more, the dissimilarity test confirmed that the differences 
of gut microbiota among the host developmental stages are 
significant (Table 1).

Our results indicated that an overall image of the com-
munity diversity patterns among fish gut samples does 

http://zhoulab5.rccc.ou.edu/root
http://zhoulab5.rccc.ou.edu/root


1243Necessary Sequencing Depth and Clustering Method to Obtain Relatively Stable Diversity Patterns…

1 3

not necessarily need high sequencing depth. For exam-
ple, 1000 sequences per sample seem adequate, since we 
obtained almost similar community patterns as an evalua-
tion done with more than ten times of sequences (11,000), 
and the diversity patterns remain consistent in the analy-
ses by resampling 1000 to 11,000 (Fig. 2, Fig. S2). Our 
finding about this minimum sequence requirement for the 
fish gut microbial ecosystem is consistent with the ones 
in soil [18], water and sediment [11] ecosystems. Lundin 
et al. [11] found that 1000 denoised sequences/sample can 
explained up to 90% the trends in beta diversity among 
water and sediment samples. By analysing a diverse array 
of 25 environmental samples and three “mock communi-
ties”, Caporaso et al. [16] found that 2000 sequences per 
sample are sufficient to recapture the same relationship 
among samples that were observed with 3.1 million reads 
per sample. Therefore, it is really not necessary to acquire 
a large number of sequences if the aim of a study is not to 
follow the rare taxa.

Actually, in most microbial ecology studies, the trend 
among samples with different spatial or temporal scales is 
the major interest rather than the absolute number of species. 

Moreover, there is still a lack of method to detect all the 
microorganisms in an environment [19] or even in a very 
simple community. For ecological studies, we generally use 
dominant taxa to represent how microbial community differs 
among samples across the environmental, temporal or geo-
graphic gradients. In most of the abundance-weighted analy-
sis, the overall microbial community composition is mainly 
reflected by the dominant and common taxa. Therefore, if 
a study only aims to explain the overall diversity patterns 
rather than to focus on the related issues of rare taxa, keep-
ing a shallow sequencing depth (e.g. 1000 sequences per 
sample), but including as much samples as possible should 
be a more reasonable study design [20] than to sequence 
deeply for a very limited number of samples. To the best of 
our knowledge, an exhaustive census of a microbial com-
munity in an ecosystem is usually impossible. Therefore, 
community diversity must be inferred from representative 
samples taken from the ecosystem [19]. However, the esti-
mation of diversity is sample-size dependent [21] and sen-
sitive to sample coverage [22]. Consequently, with a fixed 
budget for revealing diversity pattern of microorganisms in 
an ecosystem, keeping relatively shallow sequencing depth 
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Fig. 1  Clustering (UPARSE and UCLUST) and sequencing depth (from 1000 to 11,000) do not significantly affect the alpha diversity of the 
investigated fish gut microbiota
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Fig. 2  DCA ordinations showing the bacterial community patterns are similar at different sequencing depths (only the resampling of 1000, 6000 
and 11,000 sequences are presented) and independent of clustering methods (UPARSE and UCLUST)
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on multi-samples could be more efficient than analysing lim-
ited samples with deep sequencing.

Besides the sequencing depth as discussed above that 
may affect biodiversity estimates, the choice of the clus-
tering method that group sequences to generate OTUs 
can also significantly affect the diversity estimates [23]. 
Although various clustering methods are available to 
generate OTUs for the 16S rRNA gene analysis, previous 
studies found that the UPARSE was more precise and pro-
duced more consistent OTU numbers than other methods 
[10, 24]. Therefore, in our most recent studies we always 
used the UPARSE to generate OTUs in analysing fish gut 
microbiota [13, 25] and bacterioplankton diversity [26]. 
However, here we also wanted to know the possible effect 
of the clustering methods (UPARSE and UCLUST) under 
different sequencing depth, since this assessment should 
be valuable to guide the selection of optimal clustering 
method for particular study. Interestingly, these two clus-
tering methods did not generate significant differences 
about the diversity trends at any sequencing depth (Figs. 1, 
2). This may be mainly due to the same pre-processing [13, 
26] applied for the sequences, as the pre-processing really 
found to have larger impact than the clustering methods 
themselves [27]. Consequently, strict pre-processing of 

sequences is suggested to get reliable results regardless 
of any of the clustering method used. Although we should 
acknowledge that a suitable sequencing depth may dif-
fer case by case, the present study showed that for future 
studies on fish gut microbiota patterns, the choice of the 
sequencing depth and clustering method can be compatible 
with a strong scientific strength and relative low expenses 
related to the analyses.
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Table 1  Summary of 
Bray–Curtis distance-based 
dissimilarity test determined by 
the MRPP

1–13 dph vs. 18–23 dph 1–13 dph vs. adult 18–23 dph vs. adult

Delta P Delta P Delta P

UPARSE
 1000 0.652 0.001 0.628 0.001 0.714 0.003
 2000 0.653 0.001 0.625 0.001 0.710 0.001
 3000 0.650 0.001 0.624 0.001 0.710 0.001
 4000 0.650 0.001 0.623 0.001 0.709 0.002
 5000 0.646 0.001 0.619 0.001 0.708 0.001
 6000 0.646 0.001 0.620 0.001 0.708 0.001
 7000 0.645 0.001 0.619 0.001 0.708 0.001
 8000 0.645 0.001 0.618 0.001 0.708 0.001
 9000 0.646 0.001 0.620 0.001 0.708 0.001
 10,000 0.645 0.001 0.619 0.001 0.708 0.001
 11,000 0.645 0.001 0.618 0.001 0.707 0.001

UCLUST
 1000 0.678 0.001 0.660 0.001 0.726 0.001
 2000 0.670 0.001 0.648 0.001 0.719 0.001
 3000 0.667 0.001 0.648 0.001 0.718 0.002
 4000 0.663 0.001 0.644 0.001 0.720 0.004
 5000 0.663 0.001 0.644 0.001 0.718 0.003
 6000 0.663 0.001 0.642 0.001 0.717 0.001
 7000 0.662 0.001 0.641 0.001 0.718 0.002
 8000 0.661 0.001 0.640 0.001 0.717 0.001
 9000 0.661 0.001 0.640 0.001 0.716 0.004
 10,000 0.661 0.001 0.641 0.001 0.717 0.003
 11,000 0.660 0.001 0.639 0.001 0.716 0.002
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