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Abstract

High-throughput sequencing of amplicons has been widely used to precisely and efficiently identify species compositions and
analyze community structures, greatly promoting biological studies involving large amounts of complex samples, especially
those involving environmental and pathogen-monitoring ones. Commercial library preparation kits for amplicon sequencing,
which generally require multiple steps, including adapter ligation and indexing, are expensive and time-consuming, especially
for applications at a large scale. To overcome these limitations, a “one-step PCR approach” has been previously proposed for
constructions of amplicon libraries using long fusion primers. However, efficient amplifications of target genes and accurate
demultiplexing of pooled sequencing data remain to be addressed. To tackle these, we present an integrative protocol for
one-step PCR amplicon library construction (OSPALC). High-quality reads have been generated by this approach to reliably
identify species compositions of mock bacterial communities and environmental samples. With this protocol, the amplicon
library is constructed through one regular PCR with long primers, and the total cost per DNA/cDNA sample decreases to
just 7% of the typical cost via the multi-step PCR approach. Empirically tested primers and optimized PCR conditions to
construct OSPALC libraries for 16S rDNA V4 regions are demonstrated as a case study. Tools to design primers targeting
at any genomic regions are also presented. In principle, OSPALC can be readily applied to construct amplicon libraries of
any target genes using DNA or RNA samples, and will facilitate research in numerous fields.
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Introduction

Amplicon sequencing of single gene fragments is widely
used for studying biodiversity and community compositions,
Edited by Jiamei Li. based on reference databases and relative abundance of the
target genes. It can be conveniently applied to track tempo-
spatial variations of population and community structures,
54 Weiyi Li resulting from genetic and/or environmental changes (Beser

lwycau@gmail.com et al. 2017; Costello et al. 2009; Gous et al. 2019; McNa-
mara et al. 2020; Pochon et al. 2013; Song et al. 2019; Xu
et al. 2012). Accumulated amplicon sequences of various
samples also contribute to growing databases for future
research. With the development of sequencing technology
and advanced analytical tools, amplicon sequencing has
been adapted to various sequencing platforms, from short-
reads technology, such as Illumina, Roche 454, Ton Torrent
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et al. 2016; Neiman et al. 2011; Robeson et al. 2020; Wu
et al. 2015). Although widely applicable, costs for amplicon
library preparations containing a large number of samples
are much higher than those for the downstream sequencing.
Even higher costs are incurred if library constructions and
data analyses are outsourced to a service provider.

Illumina paired-end sequencing (PE150 and PE250) has
become the most widely used amplicon sequencing tech-
nology. A series of library preparation kits are available,
such as QIAseq 1Step Amplicon Lib UDI-A Kit (Cat. No.:
180419) and Vazyme VAHTS AmpSeq Library Prep Kit
V2 (Cat. No.: NA201). Protocols for these kits usually con-
tain multiple procedures, such as the adapter ligation and
a further PCR for indexing (Neiman et al. 2011; Vo and
Jedlicka 2014). Such protocols are always time-consuming
and costly, due to the complex procedures, which require
expensive reagents. In addition, the multi-step PCRs can
lead to problems, such as primer dimers, sample contami-
nations, and biased amplifications (Bohmann et al. 2022).
Although promising, recently proposed full-length amplicon
sequencing by PacBio or Nanopore platforms also suffers
from many problems, such as low reads accuracy, the imma-
ture analytical tools, and higher costs (Calus et al. 2018;
Ciuffreda et al. 2021; Karst et al. 2018; Martijn et al. 2019;
Tedersoo et al. 2021; Wagner et al. 2016).

To tackle these difficulties, a “one-step PCR approach”
has been proposed for constructions of amplicon libraries
using long fusion primers, which include Illumina P5/P7
adaptor sequences, indices, sequencing primer-binding sites,
and target-specific primers (Parada et al. 2016). However,
inefficient amplifications using long primers and cross-
sample contaminations that result from index-hopped reads
generated during pooled sequencing limit the application of
this method (Bohmann et al. 2022; Sinha et al. 2017; van der
Valk et al. 2020). To overcome these technical hurdles, we
present an integrative protocol for One-Step PCR Amplicon
Library Construction (OSPALC, also a letter combination
which could be unscrambled into 90 words in word games),
which integrates: i. the design and optimization of long
primers containing sequencing adaptors and primers of the
target region; ii. the selection of indices for accurate demulti-
plexing (Supplementary Fig. S1); iii. the library construction
procedure; and iv. the sequencing strategies.

To test the efficacy of our approach, 16S rDNA V4 ampli-
con sequencing of two mock communities of bacteria was
conducted by commercial multi-step PCR library prepara-
tion vs. OSPALC. Compositions of mock communities were
reliably revealed by OSPALC. In addition, we were also
able to apply the method, using RNA of time-series sam-
ples, to accurately monitor the dynamics of bacterial com-
munity compositions in a summer pond, which experienced
strong disturbance from one hose-cleaning, as well as those
of another undisturbed pond.

Results

Primer design and the protocol for One-Step PCR
Amplicon Library Construction (OSPALC)

Each long primer for the OSPALC method is about 90 nt
and contains four parts, in the 5' to 3’ direction: i. the P5
or P7 sequence for Illumina flow-cell binding; ii. the 8-nt
index; iii. the [llumina sequencing primer-binding site (SP1/
SP2); and iv. the forward or reverse primer targeting at the
gene of interest (Fig. 1). To minimize the chance of forming
primer dimers and to maximize the primer specificity, we
optimized each pair of the 8-nt dual indices by eliminat-
ing palindromes or high sequence similarity. Unique dual
indices were selected for each sample in a pooled library
to enable exclusions of sequencing chimeras that can lead
to errors in demultiplexing (Supplementary Fig. S1). The
indices we used in this study and additional candidates, as
well as criteria for selecting indices, are listed in Supple-
mentary Tables S1, S2, and https://github.com/IEMB-LEG/
OSPALC-1.0. The total cost for each amplicon sample start-
ing with environmental DNA is ~$US 2 ($US 4 if starting
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Fig. 1 Long primers and PCR for OSPALC. The top two horizontal
stacked bars show the structures of long primers. Each long primer
contains four parts: P5/P7, for the flow-cell binding; index1/index2,
for sample-indexing; SP1/SP2, for Illumina sequencing primer bind-
ing; forward/reverse primer, for amplification of the target gene
region. The steps below the long primers illustrate the PCR proce-
dures for OSPLAC
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with total RNA), after taking long-primer synthesis, PCR
for library construction, and Illumina PE250 sequencing
into account. These are low compared with the charges by
service providers, for example at least $US 30 for each DNA
sample. Many service providers do not even accept cDNA
or RNA samples.

The OSPALC procedures are as follows (different PCR
conditions that have been tested are shown in the next sec-
tion; Supplementary Table S3):

Any high-fidelity PCR kit with proof-reading DNA poly-
merases can be applied, and here, we used 2 X Phanta Flash
Master Mix (Dye Plus) (Vazyme Inc., Cat. No.: P520-02).
The 50 pL reaction system consisted of 1 pL. DNA tem-
plate (10 ng/pL), 25 pL master mix, 1 pL of the forward
long primer (10 pmol/L), 1 pL of the reverse long primer
(10 pmol/L), and 22 pL sterilized ultra-pure water, with
ten regular and ten gradient PCR cycles (a miniaturized
10-pL protocol is provided in Supplementary File S1). To
reduce potential biases in the yield of amplicons that PCR
may introduce and reduce time costs, we suggest to mini-
mize the number of PCR cycles (no more than 20 cycles as
mentioned above), as long as the concentration of pooled
amplicon library is more than 1 ng/pL. One blank control
with sterilized DI water as DNA template is also preferred.

Each library (amplified gene fragments with adaptors on)
of 400 to 500 bp was then size-selected by gel cutting and
purified with the E.Z.N.A.® Gel Extraction Kit (OMEGA,
Cat. No.: D2500-02; size selection with magnetic beads is
less preferred, because this method is leaky, with many frag-
ments smaller than the target size frequently unfiltered). If
the size distribution of amplicon libraries looks uniform on
the agarose gel, we recommend to perform the size selection
on the pooled libraries, which could significantly reduce the
workload in the gel extraction step. [llumina PE250 sequenc-
ing on the pooled amplicon libraries was then performed.

Compositions of the two mock communities are
reliably revealed by OSPALC vs. multi-step PCR
library preparation methods by service providers

To evaluate the data quality from OSPALC, we first prepared
two mock communities by mixing purified genomic DNA
of five bacterial species, including three Gram-negative spe-
cies: Escherichia coli MG1655, Pseudomonas aeruginosa
PAOI1, Shewanella putrefaciens CGMCC1.6515, and two
Gram-positive ones: Bacillus subtilis ATCC6051 and Kocu-
ria polaris CGMCC1.8013. One mock community (Mock
Equal—ME) contained genomic DNA with equal copy num-
bers of 16S rDNA in each species, by taking account of the
specific 16S rDNA copy number of each bacterial genome.
The other (Mock Gradient—MG) contained genomic DNA
with gradients of 16S rDNA copy number of the five bacteria
(Supplementary Table S4). We then constructed amplicon
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libraries of the 16S rDNA V4 region for the mock com-
munities using OSPALC. As a comparison, we outsourced
the genomic DNA samples of the same mock communi-
ties to the service providers in two batches, where amplicon
libraries were constructed with kits, including end repair,
adapter ligation, and indexing in three separate PCR steps,
as well as multiple beads-cleaning in between (TianGen
Corp.; Cat. No.: NG102). PE250 reads were generated for
amplicon libraries constructed by OSPALC and the service
providers. All data were analyzed with a pipeline based on
QIIME2 (version: 2021.8). After the data were imported
into QIIME2, the paired-end reads were joined, and chi-
meric feature sequences were identified and filtered out by
vsearch (Rognes et al. 2016). Joined reads were then fil-
tered by g-score and denoised by deblur (Amir et al. 2017).
Through the phylogenetic inference and the classified feature
sequences, we finally obtained species-abundance tables.

In all data, the five bacterial species of the two mock
communities were detected by both OSPALC and the meth-
ods of the service providers (Fig. 2; Supplementary Fig. S2).
Surprisingly, there was widespread contamination of other
bacteria not belonging to the five species in the first batch
of the amplicon libraries constructed by one service pro-
vider (Supplementary Fig. S2). This observation suggests
that more library preparation steps increase the chance of
sample contamination. Also, chimeras generated during at
least two PCRs for adaptor ligation, indexing or sequenc-
ing, using multi-step amplicon library preparation methods
may be identified as other species, and thus become ‘con-
taminating bacteria’. These demonstrate advantages of the
in-lab OSPALC, since only one PCR is required, and unique
indices help exclude sequencing chimeras.

Sequencing details of the amplicon libraries by in-lab
OSPALC and the service providers are presented in Supple-
mentary Tables S5-S7. The service provider charged ~ $US
30 for each amplicon sample, including the library construc-
tion and the PE250 sequencing. In comparison, the total cost
using the OSPALC method, from genomic DNA to Illumina
reads, was ~$US 2 per sample. After proceeding with the
QIIME?2 pipeline and PE250 reads, an average of 157,692
final joined reads per sample were obtained (~8 million
raw reads in total for 56 samples; joined reads passed fil-
ters against low-quality and un-joined reads). In most cases,
50,000 joined reads per sample are sufficient for downstream
analysis (corresponding sequencing fee is~$US 1.39 per
sample). Although PE150 sequencing costs much less than
PE250, we recommend PE250 sequencing. Because there
is a risk that short overlaps between the PE150 forward and
reverse reads result in extremely low success rate at the
reads-joining step, especially if the insert size is close to
300 bp. To validate this, we also used the in-lab OSPALC
libraries of the mock community samples to generate a
total of 53.94 million raw Illumina PE150 reads for the 56
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Fig.2 Species abundance of the mock communities, based on librar-
ies constructed by OSPALC and the service provider. ME (Mock
equal, genomic DNA with equal copy numbers of 16S rDNA in
each species, the specific 16S rDNA copy number of each bacterial
genome was taken into account) and MG (Mock gradient, containing
genomic DNA with gradients of 16S rDNA copy number of the five
bacteria, details are in Supplementary Table S4) are the known pre-
set proportions of each bacterium in the equal and the gradient mock

samples. After filtering, an average of ~ 50,000 joined reads
was yielded per sample, with the sequencing cost of ~$US
0.85 per sample. Compared with the PE250 mode, shorter
read length of the PE150 mode greatly decreased the down-
stream join rate, i.e., only about 5% OSPALC raw reads
could be joined and pass the cut-off line of 291 bp for the
joined PE150 reads. By contrast, the join rate of the PE250
reads was 91.78% (Supplementary Tables S5-S7). Nonethe-
less, the community structures revealed by both PE150 and
PE250 sequencing modes are highly similar, i.e., PE150 is
still useful even if only a tiny part (~5%) of the reads is
analyzable (Fig. 2A, B). For the 16S rDNA V4 target region
(~264 bp) in this study, considering the cost and potential
variations in the length of amplicons, PE250 is definitely a
better choice. We thus recommend PE250 sequencing for
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communities. ME1-7 and MG1-7 are the equal community and the
gradient community with different PCR conditions of OSPALC. Data
from the service provider are labeled with ME.TEST and MG.TEST
in red; A, B: mock community sequenced with PE250 and PE150,
respectively. C-G: composition variation of the five bacteria detected
by PE250; the standard deviations between replicates are low and
both OSPALC and service provider community compositions devi-
ated from the preset values

OSPALC libraries, especially when the target amplification
region is close to or longer than 300 bp.

Optimization of the PCR conditions for OSPALC

Species compositions of the mock communities, revealed
by both the OSPALC and the service providers’ methods,
show discrepancies from the preset ones because of the bias
of amplifications. Such bias still existed after we performed
gqPCR on the 16S rDNA V4 region, using genomic DNA of
each bacterium for the mock community and taking account
of the IDNA copy number in the genome of each bacterium
(Supplementary Table S4). Nonetheless, the biases among
replicates of a mock population did not significantly dif-
fer (Fig. 2; Supplementary Tables S8—S12). Such bias is a
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widely known limitation for almost all amplicon methods
(Bohmann et al. 2022; Yeh et al. 2021). It could be caused by
multiple factors of different experimental steps, mainly the
bias in the initial rounds of PCRs. To test whether the results
of OSPALC could be optimized by changing the PCR condi-
tions, we performed multiple PCRs with different reaction
conditions, using both the ME and the MG mock community
DNA as templates, each with four replicates (Supplemen-
tary Table S3). In detail, seven sets of PCR conditions were
used to construct OSPALC libraries. In four of the seven
PCR sets, we set up the annealing temperature of 55 °C
with 35, 30, 25, and 20 amplification cycles (labeled as 1
to 4, respectively). In the other three PCR sets (5 to 7), the
annealing temperature was gradually increased from 55 °C
to 65 °C after the tenth cycle with a total of 20, 25, and 30
cycles. This gradient of annealing temperatures was set up
to increase the primer-binding specificity, because we expect
the entire long primers to fully pair with the templates in
later rounds of amplifications. The results from all the above
trials did not show significant differences (Fig. 2A, B) which
may be explained by the simple composition of the mock
communities. For complex environmental samples, mini-
mizing amplification cycles is still recommended. The CV
(coefficient of variation) of the deviations from the genuine
community compositions among replicates is quite low (<
0.2%), indicating that the discrepancy from the real com-
munity compositions may result from the amplification bias
generated from the original ten PCR cycles (Supplementary
Tables S11, S12). Taken together, a minimized number of
amplification cycles are suggested to reduce potential biases
in the yield of amplicons that PCR may introduce, given that
the amount of amplicons is sufficient to load on the flow cell
for sequencing (usually more than 1 ng/pL). Our optimal
PCR conditions for the current OSPALC protocol are: 98 °C
for 5 min followed by 10 cycles of 98 °C for 30 s, 55 °C for
30 s and 72 °C for 50 s, 10 cycles of 98 °C for 30 s, gradi-
ent 55 °C to 65 °C for 30 s and 72 °C for 50 s, and one final
extension step at 72 °C for 7 min.

Applications of OSPALC to RNA samples
from disturbed and stable environments

Because environmental DNA is highly stable, amplicon
library constructions using DNA as templates could lead to
false positives due to remnant DNA from dead organisms.
RNA is transient and degrades quickly in the environment,
and amplicon analyses based on rRNA could thus reveal
the extant biodiversity of samples. Therefore, we applied
OSPALC to total RNA extracted from environmental sam-
ples to investigate the dynamics of biodiversity in a pond
before and after one hose-cleaning. Such application will test
the performance of the OSPALC method on natural samples.
The Crescent Moon pond is located in front of the Ocean
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University of China (OUC) Library, Yushan Campus (sam-
ples labeled as T1-4; Supplementary Fig. S3; the pond area
is around 10 m? and 1 m deep). The pond was hose-cleaned
and refilled with freshwater on June 8th, 2021. We collected
samples from four spots as replicates. Each sample contains
500 mL water with sediment from the bottom of each spot,
collected with zip bags on a golf-ball retriever. Samples were
collected mostly every two weeks from May 21st 2021 to
October 16th, 2021 (Supplementary Tables S13, S14; Sup-
plementary Fig. S3). Before being cleaned, the pond was
murky and green, full of micro-organisms that were visible
even to naked eyes. After hose-cleaning, the pond was clear
and started to become green a week later (Supplementary
Fig. S3). For each thoroughly mixed sample, 50 mL was
centrifuged at 4 °C and total RNA of the cell pellets was
extracted immediately after collections and reverse-tran-
scribed to cDNA, which was used as the template for the
OSPALC PCR for the 16S-rRNA-V4 region.

The results are consistent with the previous reports on
bacterial communities in summer resting freshwater, as
Proteobacteria and Cyanobacteria are the dominant bacte-
ria (Zhang et al. 2018). Interestingly, probably because of
the pond’s proximity to the sea (862 m to the nearest coast),
some typical marine bacteria—Pirellula, NS9_marine_
group, Hyphomonas—were also detected in these freshwater
samples (Fig. 3). The sea breeze or activities of other living
organisms may account for the detection of marine bacteria.

The community composition, revealed by the amplicon
sequencing, also indicated clear-cut community succes-
sions, particularly for the samples collected before and after
the hose-cleaning (June 8", 2021; Fig. 3; Supplementary
Table S13). There was a substantial increase of the bacte-
ria Zoogloea (from 0.08% to 21.44%) and Hydrogenophaga
(from 0% to 31.23%) right after the environmental distur-
bance, but they almost disappeared in subsequent samples.
Zoogloea are frequently reported in sewage or from sewage-
treatment systems and Hydrogenophaga are able to perform
dissimilatory nitrate reduction to ammonium (Dugan 1981;
Tang et al. 2020). These bacteria may be opportunistic grow-
ers, particularly when competitors/predators are reduced
after the hose-cleaning. Several species such as Brevundi-
monas and Rhodococcus, which were not detected before the
hose-cleaning, also appeared afterward, with low abundance.
Several genera, such as Crenothrix and Margulisbacteria,
gradually disappeared after the cleaning. Crenothrix are
important methane consumers (Oswald et al. 2017). These
bacteria can be greatly affected by environmental changes
such as the removal of leaves and sediments. At the phylum
level, four days after the hose-cleaning, the proportion of
Proteobacteria rose from 17.95% to 73.10%, and Fusobac-
teriota decreased from 43.30% to 3.18% (Fig. 3).

Besides the samples from an environment with perturba-
tions, we also tested OSPALC on samples collected from a
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Fig. 3 Relative bacterial
abundance of the environmental
samples from the two collec-
tion sites. The sequences of

the four samples from each site
on the same day were merged
for analysis. T stands for the
Crescent Moon pond (light

blue background on the left
panel) in front of the library

of Ocean University of China
(Yushan Campus), Z stands for
the Xiaoxihu pond (light purple
background on the right panel)
in the Zhongshan Park. The four
digits after “T” or “Z” stand for
the date (month-day) in 2021. =
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stable environment, Xiaoxihu pond, at Zhongshan Park of
Qingdao, China (700 m to the above Crescent Moon pond;
area~ 8000 m?, depth ~ two meters, labeled as Z5-8). This
pond has a history of 99 years and is rarely disturbed. We
expected no extreme community successions around the
hose-cleaning time of the Crescent Moon pond and per-
formed parallel sample collections with similar procedures
as those for the Crescent Moon pond (Supplementary Tables
S13, S14). We then prepared OSPALC libraries using the
total RNA extracted from the Xiaoxihu pond samples. To
note, the PCR success rate of OSPALC could be elevated
by diluting cDNA to~ 1 ng/pL (data not shown), especially
for the repeatedly-PCR-failed environmental samples. As
expected, the community structure of the Xiaoxihu pond
was stable across all sampling time points (Fig. 3). Taken
together, applications of OSPALC to RNA samples from
disturbed and stable environments suggest that it can be reli-
ably used to reveal community structure and biodiversity for
environmental samples.

Discussion

Compared with metagenomic sequencing, short-reads-based
amplicon sequencing is not able to fully reveal community
function, since only part of the target gene is investigated
(Myer et al. 2016). However, even the biodiversity indi-
ces and community compositions revealed from amplicon
sequencing can be tremendously useful, compared with the

Eubacterium_brachy_group Porphyrobacter Synechococcus_PCC-7502
Fusibacter Rhodococcus Cyanobium_PCC-6307
Gemmatimonas Roseomonas Microcystis_PCC-7914
Hydrogenophaga SH3-11 other

Margulisbacteria Sphingobium

Zoogloea @ Sphingomonas

Pirellula Streptococcus

traditional methods using microscopy and staining (Eisen-
stein 2018; Gupta et al. 2019; Pochon et al. 2013). The
protocol in this study can achieve this goal in a fast and
cost-efficient way, compared with most amplicon library
construction methods, especially those with the adapter
ligation and indexing steps. Besides 16S rDNA V4 regions,
OSPALC can in principle be applied to any genomic regions.
‘We have recently applied this protocol to 18S rDNA V8-V9
regions to detect community structures in coastal waters,
stomach content of fish with success (unpublished data). The
strategy of OSPALC protocol is different from the minia-
turization to reduce costs for the whole-genome library con-
struction (Li et al. 2019).

To overcome limitations of insufficient amplifications
using long fusion primers and cross-sample contaminations
during pooled sequencing, we provided a bioinformatic tool
to design primers with high specificities and assign unique
dual indices for pooled samples. Including unique molecular
identifiers (UMIs) enables quantitative analyses on commu-
nity compositions, but degenerate nucleotides may also cre-
ate reverse complementary regions within a pair of primers
or between primers and nontargeted templates (Yeh et al.
2021). In the present protocol, UMIs are excluded from
the long primers to potentially increase the efficiency of
amplifications.

In principle, OSPALC could be applied to any conserva-
tive genes of most organisms, not limited to bacteria, con-
trastingly different from the service providers, which usu-
ally provide amplicon sequencing for 16S/18S rDNA only.
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The OSPALC method has been used to produce reliable
results with no contaminating species and fewer chimeras
when analyzing mock communities (Supplementary Tables
S5-S7). With its low cost and efficient workflow, OSPALC
shows great potential for applications in biodiversity and
evolution. As it continues to be explored, OSPALC has the
potential to bring about significant advancements and dis-
coveries in these fields (Zhao et al. 2021). OSPALC could
not get full-length sequencing for 16S/18S rDNA. Long-
read sequencing remains costly and prone to errors when
compared to short-read sequencing. Additionally, being in
the same "genome fragment" status as partial gene ampli-
cons does not provide a significant advantage over short-
read amplicons in terms of improved resolution (Myer et al.
2016). However, we hope that with the continuous develop-
ment of sequencing technology, full-length amplicons may
become the mainstream method for studying community
structure in the future. Future advancement may also facili-
tate the exploration of genetic diversity in target sites even
in organisms with extremely low mutation rates (Pan et al.
2021).

We have shown that the deviation between genuine com-
munity composition and that from the amplicon analysis
may arise during the initial cycles of PCR because of biases
in GC content and copy number of target regions (Laursen
et al. 2017). To solve these problems, we are developing a
model that could hopefully calibrate the community com-
position deviation of OSPALC. And as reference databases
(such as taxonomic and functional databases) continue to
improve and become more comprehensive, OSPALC would
become more reliable and more widely used in predic-
tions based on Operational Taxonomic Units (OTUs), e.g.,
PICRUSt2 pathway prediction (Douglas et al. 2020). The
next version of OSPALC will thus integrate cutting-edge
sequencing technology, sophisticated algorithms, and tar-
get much larger genomic regions, from sequencing to data
analysis.

Materials and methods
Preparation of the two mock communities

Each mock community was a mixture of genomic DNA of
five bacteria: two Gram-positive species—Bacillus sub-
tilis ATCC6051, Kocuria polaris CGMCC1.8013; three
Gram-negative species—Escherichia coli MG1655, Pseu-
domonas aeruginosa PAO1 and Shewanella putrefaciens
CGMCC1.6515. All bacteria were cultured with condi-
tions shown in Supplementary Table S4. The Marine LB
Broth was prepared with a lab-developed recipe (Strauss
et al. 2017): 1000 mL natural seawater with PSU of ~ 30,
5 g Bacto™ peptone (BD, Cat. No.: 9030688), 1 g Bacto™
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yeast extract (BD, Cat. No.: 8344948), and 0.18 g fer-
ric-EDTA (SIGMA, Cat. No.: SLBV7746). DNA was
extracted with the MasterPure™ Complete DNA and
RNA Purification Kit (Epicentre, Cat. No.: MC85200).
The Qubit 3.0 fluorometer and Nano-300 (Allsheng™)
were used to measure the concentration and the purity of
DNA, respectively. Four replicates were prepared for each
mock community (Mock-Equal replicate 1 was discarded
due to operation errors during mixing). Kocuria polaris
CGMCC1.8013 genome was assembled by Unicycler 0.4.8
(Wick et al. 2017).

Sample collection

Samples were collected from two sites in Qingdao, China:
the Crescent Moon pond in front of the library of Ocean Uni-
versity of China (Yushan Campus) and the Xiaoxihu pond at
Zhongshan Park. About every two weeks (May 21st — Octo-
ber 16th, 2021), we collected 500 mL bottom-water samples
at each of the four spots of each site (Supplementary Fig.
S3), using a golf-ball retriever with a zip bag. The Crescent
Moon pond experienced draining and hose-cleaning (with-
out using any disinfectant) on June 8th, 2021. The Xiaoxihu
pond of Zhongshan Park was investigated as an undisturbed
comparison, and sampled similarly (Supplementary Fig. S3),
which was much less human-disturbed as a site of view.
After collection, each sample was immediately shipped to
the lab and completely mixed, and 50 mL sub-sample was
centrifuged at 4000 g and 4 °C. Temperature, dissolved oxy-
gen, pH, salinity, and conductivity were measured on site
using one YSI Professional Plus Multiparameter Instrument
(Supplementary Table S14).

Nucleic acids extraction, amplicon library
construction, and lllumina sequencing
of environmental samples

After centrifugation of 50 mL of each sample, we discarded
the supernatant and transferred the pellets to 1.5 mL Eppen-
dorf tubes. We then centrifuged again at 15,000 g and 4 °C,
for 3 min. RNA and DNA were extracted with MasterPure™
Complete DNA and RNA Purification Kit (Epicentre, Cat.
No.: MC85200). For reverse transcription of RNA to cDNA,
we used Vazyme HiScript III 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (Cat. No.: R312). Details for all DNA or
cDNA OSPALC library construction are in Supplementary
File S1, and no contamination was detected after gel electro-
phoresis. Illumina Novaseq6000 sequencing was performed
at Berry Genomics, Beijing and Novogene, Tianjin. All raw
sequences were submitted to NCBI SRA (BioProject No.:
PRINA906703).
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qPCR

We diluted genomic DNA of the five bacteria to 10 ng/pL,
each with three replicates. With four serial tenfold dilutions,
five different concentrations of DNA for each bacterium
were used for gPCR with one ABIStepOnePlus™ Real-Time
PCR instrument. The 20 pL reaction system consisted of 2
pL DNA template, 10 pL. AceQ® Universal SYBR qPCR
Master Mix (Cat. No.: Q511), 0.4 pL 515F primer (10 pM),
0.4 pL. 806Y primer (10 uM), and 7.2 pL sterilized ultra-
pure water. The amplification conditions were: 95 °C for
5 min followed by 40 cycles of 95 °C for 10 s and 60 °C
for 25 s.

Amplicon analysis

The amplicon analysis was based on QIIME2 (version:
2021.8) (Bolyen et al. 2019). Raw reads were joined with
giime vsearch (Rognes et al. 2016) and filtered by giime
g-score. The 16S rDNA V4 region database Silva was
used—Silva 138 99% OTUs based on the 515F/806R
sequences (Bokulich et al. 2018; Quast et al. 2012; Robeson
et al. 2021). We performed feature classification with qiime
deblur (Amir et al. 2017). We ran giime alignment maftt for
feature reads alignment and performed phylogenetic analysis
with giime phylogeny fasttree (Price et al. 2010). Overlap-
ping bar charts were plotted with ggplot2 (Wickham 2016).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42995-023-00182-1.
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