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Abstract

Background
Microbial co-occurrence networks inferred from the abundance data of environmental and human gut
samples are widely applied to describe microbial associations and to predict potential microbial
interactions. However, the microbial associations and predicted interactions were hardly demonstrated
with cultivated microbial isolates. Experimental demonstration of the microbial associations and the
predicted interactions needs extensive isolation and cultivation of microbes and matches the isolates to
operational taxon units (OTUs) from co-occurrence networks. The high workloads of bacterial isolation
and cultivation, the shortage of methods to match cultivated bacterial isolates to co-occurrence network
OTUs, and the complexity of the networks themselves were factors that constrained experimental
demonstrations.

Results
Here, we integrated droplet micro�uidics and bar-coding logistics for high-throughput bacterial isolation
and cultivation from samples. The co-occurrence network complexity of samples was reduced by dilution
of samples. Phylogenetic tree topology was applied to match bacterial isolates to zero-level OTUs
(Zotus). We collected wetland samples from Beijing Olympic Park (BOP) including Potamogeton
perfoliatus plants, their roots and root peripheral sediments. Droplets of series diluted homogenates of
wetland samples were inoculated into 126 of 96-well plates containing R2A and TSB media. After 10
days of cultivation, 65 plates (each with > 30% wells of the 96 wells showed microbial growth) were
elected to reconstruct co-occurrence networks. The prevalent co-occurred zero-level OTUs (Zotus) pairs
were selected from the networks and were matched to bacterial isolates. We cultivated 129 bacterial
isolates belonged to 15 taxa at species level. Thirty-six bacterial isolate combinations corresponding to
19 Zotus pairs were evaluated for interactions on agar plates. Results suggested that positively
associated Zotu pairs in the co-occurrence network implied complicated relations including neutralism,
competition, and mutualism. We further tested in broth the bacterial isolate combinations between BOP-1,
BOP-5, BOP-11 or BOP-16 and BOP-108 that represented the Zotu1-Zotu10 pair. Results revealed that this
Zotu1-Zotu10 pair had also competitive, neutral, or mutual relation, depending on bacterial isolate
combination and on cultivation time.

Conclusion
This study established a work�ow for experimental demonstration of relations between Zotu pairs from
microbial co-occurrence networks. Using a wetland sample, we reconstructed microbial co-occurrence
networks and cultivated extensively bacterial isolates, and further demonstrated that positively
associated Zotu pairs had neutral, competitive, and mutual relations during bacterial cultivations on solid
agar plates and in liquid broth.
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1. Background
Microorganisms in natural or human-engineered ecosystems interact with each other by means of
mutualism, commensalism, parasitism/predation, ammenalism, and competition[1]. The sum of all
microbial interactions in an ecosystem constitutes a microbial interactive network[2]. So far, the true
microbial interactive networks are hardly understood, due to the microbiome complexity arisen from the
diverse microbial species and their interactions in the ecosystems. On the other hand, more and more
microbiome data are accumulated and those data could be analyzed in silico on multiple platforms, such
as parallel-meta suite[3]. Microbial co-occurrence networks were usually reconstructed from
metagenomic data or from high-throughput sequencing of 16S rRNA gene amplicons from environmental
and host microbiome DNA molecules[4–5]. With the information of abundance data, the microbial co-
occurrence networks can be inferred using similarity-based (e.g., Pearson or Spearman correlations)[6–
10] or model-based methods (e.g., regression- and rule-based)[11–13]. For examples, microbial co-
occurrence networks of activated sludge from wastewater treatment plants[14], human gut[15] and
marine environment[10, 16] were inferred from data of high-resolution and extended longitudinal and
cross-sectional scales of samples. The inferred microbial co-occurrence networks were widely applied for
predicting microbial interactions. But such prediction needs to be carefully examined and cautiously
interpreted[5], since most of the predictions were not experimentally demonstrated. A positive relation
within a co-occurrence network could be due to cross-feeding, co-colonization, niche overlap, or other
random reasons[17–19] and a negative relation could be due to competition, predation, and
antagonism[20–21].

Microbial co-occurrence networks compose of centers [operational taxon units (OTUs)] and edges
(predicted relations among microbes)[8, 22–23]. The more centers and edges, the more complexity are
the microbial co-occurrence networks[24–25]. The microbial co-occurrence network of a real ecosystem
usually harbors hundreds of centers and thousands of edges, which would be too complexed to be
experimentally demonstrated[1]. We conceived if the complexed co-occurrence networks could be
simpli�ed into less complicated networks that were composed of less centers and less edges, and if the
microbes representing the centers could be cultivated, the microbial interaction predicted from co-
occurrence networks could be tested. Apparently, the simplest microbial interaction would be microbial
pairs in the networks. Inspired by this conception, we designed the current study with high-throughput
micro�uidic microbial cultivation[26], DNA bar-coding[27], zero-level operational taxon units (Zotus)
analysis and similarity-based data analysis approaches[28]. We sampled the wetland ecosystem of
Beijing Olympic Park (BOP). Microbial co-occurrence networks were reconstructed, prevalent Zotu pairs
were identi�ed, and extensive isolation and cultivation of microbes were performed. Zotus pairs were
matched to bacterial isolates, and the microbial interactions were experimentally demonstrated.

2. Methods And Materials

2.1 Sample collection and treatments
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In this study, submerged Potamogeton perfoliatus plant and root and sediment were collected from the
dragon-shape wetland ecosystem of BOP (Longitude E116°23′2.98″; Latitude N40°01′3.00″) on November
5, 2019. Three sites at distance of 40 m were selected, and �ve P. perfoliatus plants, their roots and root
peripheralsediment were collected. Samples were transferred quickly to laboratory and were processed
according to Bai et al. [25]. Brie�y, the aboveground (leaves and stems) and underground parts (roots) of
each P. perfoliatus were separated with sterile scissors. The aboveground parts were washed with 150 mL
of sterilized PBS solution (containing NaCl 136 mM, Na2HPO4 8 mM, KH2PO4 2 mM, KCl 2.6 mM, pH 7.4)
in a 50 mL sterile tube. The roots were washed into a 250 mL conical �ask with 100 mL sterilized PBS
(shaken at 160 rpm for 30 min, twice). To cultivate the microbial communities associated with samples,
0.5 g of aboveground parts and 0.5 g of roots were individually homogenized with 1 mL MgCl2 solution
(10 mM) and then 5 mL sterile PBS buffer were added. Sediments (0.5 g) were suspended in 5 mL sterile
PBS. The plant homogenates and sediment suspension were �ltered twice using 40-µm cell strainer (BD
Falcon, USA) and diluted into 10− 1 ~ 10− 7 series.

2.2 Microbial community inoculation and cultivation with
micro�uidics
The 10− 1 ~ 10− 7 dilution series were used for inoculation and subsequently microbial community
cultivation. A automatic liquid dispenser (MultiDrop Combin nL, Thermo Fisher Scienti�c Inc., USA) was
applied. The micro�uidic infusion tubes of liquid dispenser were washed with 50 mL 75% ethanol
followed by sterile water. Then, 10 mL of diluted samples were pipetted into separation bottles, and 1 µL
homogenate of each diluted sample was inoculated into each well containing 150 µL R2A[29] or Tryptone
Soy Broth (TSB) (Hope Bio-Technology, China) of 96-well plates in triplicates, with the MultiDrop Combin
nL liquid dispenser. Totally, 126 of 96-well plates were inoculated. The inoculated plates were cultivated
at 30 ℃ for 10 days. Depending on the dilutions and cell densities in samples, the numbers of wells that
showed microbial growth in the 96-well plates were varied. We maintained those plates that more than
30% of wells showed microbial growth for further analysis. With this cutoff value, 96 of the 126 plates
were selected and were stored in 20% glycerol stocks (by adding 50 µL 60% glycerol in each well) at -80
℃ until use.

2.3 DNA extraction, PCR ampli�cation, bar-coding and
sequencing
The biomasses in the 96 plates were harvested and used for DNA extraction. The V4 regions of 16S rRNA
genes were ampli�ed from DNA molecules with 515F and 806R primers (Supplementary Table S1) by
using 2x Dream Taq Green PCR Master Mix (Thermo Fisher Scienti�c Inc., USA), and the PCR products
were puri�ed with AMPure XP (Beckman Coulter GmbH, Krefeld, Germany). The PCR products were then
used for DNA library construction[30–31] and sequenced on a Novaseq 6000 platform (Illumina Inc.,
USA) (250 bp paired-end reads) by Guangdong Magigene Biotechnology Co., Ltd, China. We adopted a
two-sided barcode polymerase chain reaction (PCR) system, as described in the references [27, 32].
Barcode primers used in this study are listed in Supplementary Table S1.
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2.4 Data analysis, reconstruction of co-occurrence
networks, and identi�cation of Zotu pairs
The raw DNA sequence data analysis was processed using UPARSE pipeline
(http://drive5.com/usearch/manual/uparse_pipeline.html) with assemble paired reads (-
fastq_mergepairs). Sequences were orientated by Silva 132 database(-orient)[28, 33], length- trimmed for
250bp (-fastx_truncate), and the singleton, chimeric and plant DNA sequences were removed. After
quality control, the sequences were extracted into feature table (-otutab). Assignment for Zotu was
performed according to the Silva 132 database (https://www.arb-silva.de/) and National Center for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/). The pairwise Spearman’s rank correlations
between detected Zotus in 96-well plates were calculated by using R (version 3.6.2; https://www.r-
project.org/) package psych (version 2.1.6). The Zotus showing occurrence frequencies < 30% of wells in
a given 96-well plate were �ltered. Subsequently, the edges and nodes information of co-occurrence
networks were calculated using the R package igraph (version 1.2.6). In order to simplify the downstream
experiments, we summarized the co-occurrence networks with degree centrality < 5 by using Pajek
(version 5.11)[34] and Gephi (version 0.9.2)[35] and the frequency of occurrence of a given Zotu pair was
calculated as FO = Np/Ng, where FO was the frequency of occurrence of the given Zotu pair, Np was
the number of the given Zotu pair and Ng was the number of 96-well plate in each group. Finally, 65
microbial co-occurrence networks were reconstructed. Zotu pairs were identi�ed from these co-occurrence
networks, and the robust and prevalent Zotu pairs were de�ned as those Zotu pairs showing Spearman’s |
ρ| >0.6 and P < 0.01 and occurrence frequencies > 30% from the in-silico analysis.

2.5 Isolation of bacteria and matching the robust and
prevalent Zotu pairs
To obtain bacterial isolates representing the robust and prevalent Zotu pairs in the networks, we
examined 16S rRNA gene abundances in the 96-well plates, and selected the wells with high abundances
of targeted Zotus for bacterial isolation. The isolation was performed as follows: 1) Transferred 20 µL
cell suspension from the selected well to a new sterile 1.5 mL EP tube; 2) The cell suspension was diluted
into 10− 1 ~ 10− 7 series; 3) 100 µL of each dilution were spread onto the R2A or TSB agar plates; 4) Single
colonies on the agar plates after incubation for 5 and 10 days were picked up and checked for purity by
16S rRNA gene sequencing. The taxonomy of bacterial isolates was determined following a protocol as
previously described [36]. The bacterial isolates that matched the targeted Zotus were determined based
on phylogenetic tree topology and 16S rRNA genes sequence similarity between the isolates and the
targeted Zotus, and were used for demonstration of Zotu pairs relation on agar plates or liquid broth.

2.6 Demonstration of microbial interactions with agar plate
and liquid broth
The interactions between the bacterial isolates that matched Zotu pairs were validated by cultivation of
the representative isolates on agar plates and in liquid broth. For agar plate experiments, 3 µL of the
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representative bacterial isolate cultures were dripped onto a TSB agar plate surface, and then 3 µL of the
other matched bacterial isolate were dripped at external tangency to the �rstly dripped representative
isolate. The plates were cultivated at 30 ℃ for 24 h and photograph was recorded.

In addition to the experiment performed on agar plates, we also evaluated the interactions of bacterial
isolates matching Zotu pairs in liquid broth. The bacterial isolates were cultivated in 5 mL TSB medium
at 30 ℃ and 160 rpm overnight. The growing cells were harvested at 8,000 rpm for 5 min and washed
twice, and resuspended in sterile PBS to OD600 = 0.5 (Ultramicro spectrophotometer B-500Nabi; Yuanxi
Instrument Co., Ltd, China). The mono- and co-culture experiments were inoculated with the same
volumes (25 µL) of cell suspensions and cultured in 5 mL sterile TSB buffer. The inoculated TSB medium
was cultured at 30 ℃ and 160 rpm. Experiments were done in triplicates. The growths were monitored
with an Automated Microbiology Growth Curve Analysis System Screen C (OY Growth Curves AB Ltd.,
Finland) and quanti�ed using SYBR Green quantitative real-time PCR (qPCR) (qTOWER3/G, Analytik
Jena, Germany), with primer sets speci�cally targeting genus Pseudomonas (Forward:
CGTAGGTGGTTTGTTAAGTTGGATGT; Reverse: GCACCTCAGTGTCAGTATCAGT) and genus Aeromonas
(Forward: GATTTGGAGGCTGTGTCCTTGAGAC; Reverse: AGGATTCCAGACATGTCAAGGCCA). qPCR
procedures are detailed in the next paragraphs.

2.7 qPCR for quanti�cation of Pseudomonas and
Aeromonas cells in liquid cultures
We ampli�ed the DNA fragments speci�c to Pseudomonas and Aeromonas with the above primers by
using 2x Dream Taq Green PCR Master Mix (Thermo Fisher Scienti�c Inc., USA) and puri�ed by Universal
DNA Puri�cation Kit (Tiangen Biotech Co., Ltd, China). Thus, we obtained PCR products featuring the
genus Pseudomonas (185 bp) or the genus Aeromonas (186 bp). The PCR products were linked with
pGM-T plasmid using pGM-T Cloning Kit (Tiangen Biotech Co., Ltd, China). The ligated DNA product was
transformed into E. coli DH5α competent cells and plated onto LB agar plate (containing 50 µg/mL
Ampicillin) at 37 ℃, overnight. The constructed plasmids were extracted using TIANprep Mini Plasmid Kit
(Tiangen Biotech Co., Ltd, China), sequenced, and named p-Pseu and p-Aero, respectively. The
reconstructed plasmid concentration was measured using Qubit 4.0 (Thermo Fisher Scienti�c, USA). The
templates were diluted with sterile ddH2O in 8 folds (10− 1 ~ 10− 8 copies/ µL)[37]. The standard curve and
quantitation of co-cultured bacterial isolates were ampli�ed by using ChamQ Universal SYBR qPCR
Master Mix (Vazyme, Nanjing, China) and normalized to the copy numbers of the 16S rRNA gene of each
isolate (https://rrndb.umms.med.umich.edu/).

3 Result

3.1 Conception of the work�ow to demonstrate the
microbial associations from co-occurrence networks with
microbial cultivation
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Microbial co-occurrence networks compose of centers (OTUs) and edges (microbe-microbe associations).
We hypothesized that the microbial associations could be demonstrated if the complexed co-occurrence
networks are simpli�ed and composed of less centers and less edges, and if the microbes representing
the centers be cultivated. To work on this hypothesis, we designed a work�ow chart as showed in Fig. 1.
In this work�ow chart, samples were �rst processed, serially diluted in buffer and dilution parts were used
for co-occurrence network reconstruction and subsequently targeted bacterial isolation. A high-through
droplet micro�uidic system was applied for inoculation of 96-well plates. After cultivation 10 days,
microbial DNAs in each plate were extracted, bar-coded, and sequenced for reconstruction of co-
occurrence networks. The Zotu pairs in networks from plates were extracted according to statistics, and
prevalent Zotus were elected. The wells of plates showing high abundances of prevalent Zotus were
targeted for subsequent microbial isolation and cultivation. Lastly, the cultivated microbial isolates were
matched to Zotus in the network and used for demonstration of microbial interactions.

3.2 Prevalent Zotu pairs in the co-occurrence networks
Following the work�ow chart we developed in this study, 126 of 96-well plates were inoculated with
samples from the BOP wetland system with dilutions of 10− 1 to 10− 7. Depending on the microbial
density in samples, the 96-well plates harbored different numbers of wells with microbial growth. We
considered that those plates had less than 30% wells with microbial growth would signi�cantly decrease
the quality of co-occurrence network reconstruction, and those plates were ruled out for subsequent data
analysis and co-occurrence network reconstruction. With this cutoff value, we obtained 65 of 96-well
plates (totally 6,091 wells) that were effective with microbial growth and were used for data analysis and
co-occurrence network reconstruction. The biomasses were harvested from these plates and used for
DNA extraction, library construction and high throughput 16S rRNA amplicon sequencing. After quality
control and denoise, we obtained 136 Gbp sequence data. A total of 14,377 Zotus were annotated
(Supplementary Table S2). There were 217 ± 94 (average ± standard deviation) prevalent Zotus, i.e., these
Zotus appeared at frequencies ≥ 30% of wells in a given 96-well plate.

Next, we analyzed Zotus compositions and abundances in each well of the 65 plates. Accordingly, we
reconstructed 65 independent microbial co-occurrence networks and further retrieved the robust
(Spearman’s |ρ| >0.6 and P < 0.01) and prevalent Zotu pairs from these microbial networks. The
Spearman rank correlation coe�cients of Zotu pairs in the co-occurrence networks were all positive
except Zotu11-Zotu12 pair from sediment sample (Supplementary Table S3), suggesting that Zotu pairs
were most positively associated. Using Pajek (v5.11), we reconstructed co-occurrence networks with Zotu
nodes of degree centrality < 5 (Fig. 2) and retrieved Zotu pairs. Table 1 shows the top 3 prevalent Zotu
pairs from co-occurrence sub-networks of samples (plants, roots and sediments) and conditions (R2A or
TSB medium). Using the 16S rRNA gene sequences, we tried to identify the phylogenetically related taxa
of these Zotus, and the most closely related taxa at genus level are listed in Table 1.



Page 8/21

Table 1
Top 3 prevalent Zotu pairs, their frequencies of occurrence networks and phylogenetically related taxa.

The origins of those pairs (plants, roots, sediments) and the media used (R2A or TSB) for micro�uidic 96-
well plate cultivation are indicated.

Zotu Pairs Frequencies
occurrence

Zotus and phylogenetically related
Taxa/Genus

From Samples / Medium

Zotu1-
Zotu15673

0.62 Zotu1 Aeromonas Roots/R2A

    Zotu15673 Aeromonas

Zotu18445-
Zotu10

0.38 Zotu18445 Aeromonas

    Zotu10 Pseudomonas

Zotu8404-
Zotu6

0.31 Zotu8404 Acinetobacter

    Zotu6 Acinetobacter

Zotu1-
Zotu15673

0.81 Zotu1 Aeromonas Roots/TSB

    Zotu15673 Aeromonas

Zotu1-
Zotu15942

0.72 Zotu1 Aeromonas

    Zotu15942 Aeromonas

Zotu12259-
Zotu1

0.36 Zotu12259 Aeromonas

    Zotu1 Aeromonas

Zotu1-
Zotu15673

0.57 Zotu1 Aeromonas Sediments/R2A

    Zotu15673 Aeromonas

Zotu1-
Zotu15942

0.5 Zotu1 Aeromonas

    Zotu15942 Aeromonas

Zotu12707-
Zotu7

0.42 Zotu12707 Aeromonas

    Zotu7 Enterobacter

Zotu5008-
Zotu11151

0.78 Zotu5008 Aeromonas Sediments/TSB

    Zotu11151 Aeromonas
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Zotu Pairs Frequencies
occurrence

Zotus and phylogenetically related
Taxa/Genus

From Samples / Medium

Zotu1-
Zotu15673

0.78 Zotu1 Aeromonas

    Zotu15673 Aeromonas

Zotu16-Zotu46 0.78 Zotu16 Citrobacter

    Zotu46 Methylobacter

Zotu8404-
Zotu6

0.78 Zotu8404 Acinetobacter Plants/R2A

    Zotu6 Acinetobacter

Zotu140-
Zotu91

0.56 Zotu140 Azorhizobium

    Zotu91 Azorhizobium

Zotu8404-
Zotu12231

0.44 Zotu8404 Acinetobacter

    Zotu12231 Aeromonas

Zotu1-
Zotu15673

0.89 Zotu1 Aeromonas Plants/TSB

    Zotu15673 Aeromonas

Zotu7-
Zotu11295

0.78 Zotu7 Enterobacter

    Zotu11295 Aeromonas

Zotu1-
Zotu15942

0.67 Zotu1 Aeromonas

    Zotu15942 Aeromonas

3.3 Cultivation of bacterial strains and matching to
prevalent Zotu pairs
In order to experimentally demonstrate microbial interactions, it was essential to cultivate bacteria that
corresponded to the Zotus from the co-occurrence networks. Based on the partial 16S rRNA genes (V4
regions) representing the Zotu pairs in Table 1, they were related to 8 bacterial genera (Aeromonas,
Acinetobacter, Citrobacter, Methylobacter, Azorhizobium, Enterobacter, Pseudomonas, and an unidenti�ed
bacterial group). Referring to the Zotu abundances in plates, we located the wells and plates that showed
high abundances of the Zotus in Table 1, and these wells were selected for bacterial isolation. We
successfully obtained 129 bacterial strains (supplementary Table S4) and they were phylogenetically
close to 15 bacterial species based on 16S rRNA gene identities, including Aeromonas caviae (3 isolates),
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Aeromonas hydrophila (7 isolates), Aeromonas media (5 isolates), Aeromonas rivipollensis (17 isolates),
Elizabethkingia anopheles (27 isolates), Enterobacter ludwigii (8 isolates), Enterobacter soli (6 isolates),
Klebsiella aerogenes (1 isolate), Microbacterium oxydans (2 isolates), Pantoea agglomerans (18
isolates), Pectobacterium aroidearum (2 isolates), Pleomorphomonas oryzae (1 isolate),
Pleomorphomonas plecoglossicida (10 isolates), Pseudomonas protegens (21 isolates), and Raoultella
ornithinolytica (1 isolate).

Next, we were trying to match the cultivated bacterial strains to the Zotus of the co-occurrence networks,
and paid special attention to the Zotu pairs in Table 1. Based on the topology of the phylogenetic tree
with the 16S rRNA genes of the bacterial isolates and the V4 regions of Zotus, we observed that 96 of the
129 bacterial isolates, representing 10 of the 15 bacterial species, matched 5 Zotus from co-occurrence
networks. Speci�cally, four bacterial isolates, BOP-1, BOP-5, BOP-11 and BOP-16, members of the genus
Aeromonas, matched either to Zotu1 or Zotu12259. As showed in Fig. 3, they all clustered into the
Aeromonas lineage in the phylogenetic tree. Similarly, the isolates BOP-102 and BOP-108 matched
Zotu10, and they were taxonomically annotated as members of the genus Pseudomonas and clustered
into the Pseudomonas lineage in Fig. 3. Thirty-three of the 129 isolates, representing 5 of the 15 bacterial
species, were not able to match any Zotus in Table 1. We also observed that Zotu15673, Zotu18445,
Zotu8404, Zotu6, Zotu15942, Zotu12707, Zotu5008, Zotu11151, Zotu16, Zotu46, Zotu140, Zotu91,
Zotu12231, Zotu11295 in Table 1 and the co-occurrence networks, respectively, did not match any
cultivated bacterial isolates. However, we found that isolates BOP-61, BOP-73, BOP-74 and BOP-80
matched with Zotu7 and Zotu49 that was paired in the co-occurrence networks but not on the top 3 pairs
list.

3.4 Bacterial associations on agar plates and in broth
Using the cultivated bacterial isolates and Zotu pairs, we tried to experimentally demonstrate the
microbial interactions predicted from in silico co-occurrence networking analysis. Taking all cultivated
bacterial isolates and the Zotu pairs from in silico analysis into consideration, we had 36 cultivated
bacterial isolate combinations that represented 4 Zotu pairs in the co-occurrence networks. They were 6
cultivated bacterial isolate combinations for Zotu1-Zotu12259, 6 cultivated bacterial isolate
combinations for Zotu7-Zotu49, 8 cultivated bacterial isolate combinations for Zotu1-Zotu10, and 16
cultivated bacterial isolate combinations for Zotu12259-Zotu49. All 36 cultivated bacterial isolate
combinations were tested for their interactions on agar plates, and the results (Fig. 4) showed that their
relations were neutral, mutualistic, or competitive. These results suggested that positively associated
Zotu pairs from co-occurrence networks implied complicated bacterial associations.

In addition to the observations on TSB agar plates, the bacterial isolates BOP-1, BOP-5, BOP-11, and BOP-
16 for Zotu1 and bacterial isolate BOP-108 for Zotu10 were cultivated in axenic or co-culture, and their
individual growth (cell densities) were monitored with qPCR. Results showed that the axenic growths of
bacterial isolates (Fig. 5A) were very different from co-culture. As showed in Fig. 5B, 5C and 5E, BOP-1,
BOP-5, and BOP-16 for Zotu1 showed exponential growth in the �rst 12 h after inoculation, and then their
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cell densities decreased sharply. It was noteworthy that the BOP-108 for Zotu10 started growth right on
12 h after inoculation. This observation reminded that BOP-108 for Zotu10 was possibly competitive or
even inhibitive to BOP-1, BOP-5, and BOP-16 for Zotu1. The isolate BOP-11 for Zotu1 showed very
differently from axenic culture when co-cultivated with BOP-108 for Zotu10 (Fig. 5D). The growth of BOP-
11 and BOP-108 apparently synchronized, suggesting that they were neutral or mutual to each other.

4. Discussion
Co-occurrence network analyses based on metagenomic and amplicon sequences have been frequently
used to infer microbial relations in environmental or host microbiomes, and further to predict microbial
interactions (positive or negative) in these environments[8, 22–23, 38–39], which are informatic for
discovering the true microbial interactions attributing to either microbial properties (such as metabolic
coupling, nutrient competition, etc.) or from environmental �ltration (such as responding similarly to
environmental factors or due to physical separation)[40–41]. In the present study, we established an
experimental work�ow for demonstrating the interactions of Zotu pairs in co-occurrence networks with
bacterial isolates. The work�ow consisted of high-throughput microbial cultivation with droplet
micro�uidics, DNA bar-coding and sequencing, and matching microbial isolates to Zotu pairs and testing
interactions of bacterial isolates on solid and broth media. The application of dilution cultivation during
high-throughput microbial cultivation with droplet micro�uidics signi�cantly simpli�ed the microbial
community compositions, which is important for the identi�cation of robust and reliable correlations in
ecosystems with extremely high microbial diversity. This work�ow also took the advances of droplet
micro�uidics, which enables high-throughput cultivation and enumeration in an array of nanoliter
droplets[42]. This droplet micro�uidics also holds the biggest promise to obtain less complex microbial
consortia in microliter droplets via a high-throughput manner. Although biases of selected microbial
growth might be accumulated due to differences in growth rates and to culture conditions (medium,
temperature, aeration, etc.), thousands of droplets containing microbial sub-communities from a single
sample allowed us to infer the co-occurrence networks using limited numbers of biological samples and
to identify the robust associated Zotu pairs. In this study, we applied the work�ow and demonstrated the
Zotu pairs from co-occurrence network implied complicated relations in BOP wetland ecosystem. We
observed neutral, competitive and mutual relations for positively associated Zotu pairs in co-occurrence
network, suggesting that microbial interactions might be more complicated in real-world ecosystems. We
observed in broth culture that the bacterial isolates interacted differently from that in agar plates and the
interactions changed over time (e.g., Zotu1-Zotu10), which further complicated the interpretation of Zotu
associations from co-occurrence networks.

It was also important that bar-coding of DNAs in this study from different plates for tracing prevalent
Zotus pairs and subsequently guiding microbial isolation and cultivation. Co-occurrence networks can be
inferred from the abundances of Zotus (usually based on 16S rRNA genes) [43–46] or microbial taxa
(here refers to those based on metagenomes) or functional genes[30–31, 47]. During matching bacterial
isolates to Zotus, we found that Zotus assignment to lower taxonomic levels using 16S rRNA genes from
high-throughput amplicon sequencing (i.e., V4 or V3V4 regions of 16S rRNA genes) [43–46] was not ideal
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for the established work�ow. One Zotu might be a sum of several bacterial strains sharing high identity of
V4 regions[48], and this happened to the Zotu1 and Zotu49 that each matched four bacterial isolates
(Fig. 3). Taking Zotu49 as an example, the different combinations for cultivated bacterial isolates showed
inconsistent interactions on agar plates. The fact that one Zotus matched more than one bacterial
isolates complicated experimental design and signi�cantly increased workload of experimental
demonstration. Due to the limited resolution of 16S rRNA genes for taxon assignments, it was hard to
distinguish such observation of one Zotu matching more than one bacterial isolates was the true-fact in
the BOP wetland ecosystem or resulted from the logistics of matching bacterial isolates to Zotus.
Nevertheless, we considered whole genomic information from metagenomic data (such as MAGs) would
increase the resolution for taxon assignments and would improve our work�ow, and we are currently
working on this idea with different microbial ecosystems.

5. Conclusion
A work�ow for demonstration with cultivated bacterial strains of microbial associations from co-
occurrence networks has been established and was applied for investigation of BOP wetland ecosystem.
Results demonstrated that positively associated Zotus pairs displayed neutral, competitive and mutual
relations, and suggested that the microbial interactions behind the Zotu pairs in the co-occurrence
networks were complicated. This study supports the conception that experimental demonstration is
indispensable for interpreting microbial association and provided an example of how to carry out such a
demonstration. Limitations of the current study are discussed, and further improvement of the work�ow
is proposed.
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Figures

Figure 1

Overview of experimental demonstration of microbial interactions in co-occurrence networks. For detailed
description, please refer to the method section.
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Figure 2

Reconstruction of microbial co-occurrence networks for wetland samples with data of 65 of 96-well
plates that were inoculated with a microdroplet �uidic instrument. In each panel, a cascade letters and
numbers are tagged to show the samples (plants for stems and leaves, roots, or sediments) into the
plates, media (R2A or TSB), the dilution level of each sample. The Letter (-A, -B, -C) represents the 3
triplicates. The dominating phyla (accounting for frequency of occurrence in 65 networks) was colored
purple for Proteobacteria, pink for Firmicutes, yellow for Bacteroidetes, green for Actinobacteria, blue for
Acidobacteria. Red edges were positive interactions, while blue edges were negative interactions.
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Figure 3

Matching bacterial isolates and Zotus from co-occurrence networks. The phylogenetic tree was
constructed with neighbor-joining method based on V4 regions of bacterial 16S rRNA genes and Zotus
sequences without branch length. The matched bacterial isolates and Zotus were identi�ed according to
the shortest topological distance. Inner ring: the green marked Zotus originate from plants (stems and
leaves); Middle ring: the light brown marked Zotus originate from rhizospheres; Outer ring: the brown
marked Zotus originate from sediments. Names of matched bacterial isolates are showed on the right
side.
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Figure 4

Interactions of bacterial isolates on TSB agar plates. For each panel, bacterial isolate IDs were labeled at
the up-right and bottom-left corners, their associations were labelled at up-left corner with letter C or N.
The letters: N-neutral; C-competitive. Photographs were taken after bacterial growth on TSB agar plates
for 24 h at 30 ℃. 
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Figure 5

Axenic (A) and co-cultivation (B to E) of bacterial isolates BOP-1, BOP-5, BOP-11 and BOP-16 for Zotu1
and BOP-108 for Zotu10 in TSB broth. Symbols are explained in the panels. The cell densities were
calculated based on 16S rRNA gene copy numbers of each isolate. 
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