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Abstract
Lakes receive large amounts of terrestrially derived dissolved organic matter (tDOM). However, little is known about how
aquatic microbial communities interact with tDOM in lakes. Here, by performing microcosm experiments we investigated
how microbial community responded to tDOM influx in six Tibetan lakes of different salinities (ranging from 1 to 358 g/l).
In response to tDOM addition, microbial biomass increased while dissolved organic carbon (DOC) decreased. The amount
of DOC decrease did not show any significant correlation with salinity. However, salinity influenced tDOM transformation,
i.e., microbial communities from higher salinity lakes exhibited a stronger ability to utilize tDOM of high carbon numbers
than those from lower salinity. Abundant taxa and copiotrophs were actively involved in tDOM transformation, suggesting
their vital roles in lacustrine carbon cycle. Network analysis indicated that 66 operational taxonomic units (OTUs, affiliated
with Alphaproteobacteria, Actinobacteria, Bacteroidia, Bacilli, Gammaproteobacteria, Halobacteria, Planctomyceta-
cia, Rhodothermia, and Verrucomicrobiae) were associated with degradation of CHO compounds, while four bacterial
OTUs (affiliated with Actinobacteria, Alphaproteobacteria, Bacteroidia and Gammaproteobacteria) were highly associated
with the degradation of CHOS compounds. Network analysis further revealed that tDOM transformation may be a
synergestic process, involving cooperation among multiple species. In summary, our study provides new insights into a
microbial role in transforming tDOM in saline lakes and has important implications for understanding the carbon cycle in
aquatic environments.

Introduction

Saline lakes are globally widespread and occupy almost a
half of total inland water surface area [1]. Generally, saline
lakes are located in catchment basins, which receive large
amounts of terrigenous materials, and thus contain high
concentrations of dissolved organic carbon (DOC), largely
due to their evaporative condensation effect [2, 3]. There-
fore, saline lakes contribute significantly to the global car-
bon budget [4]. Within saline lakes, a considerable amount
of DOC is originated from terrestrially derived dissolved
organic matter (tDOM) from surrounding soils [5], and may
undergo extensive transformations by lacustrine microbial
communities [6]. However to date, little is known about the
biogeochemical fate of tDOM in saline lakes, which is of
great importance to the understanding of the global carbon
cycle [7].

Traditionally, tDOM is considered to be refractory to
biological utilization, because a large portion of tDOM
molecules contain highly complex and aromatic chemical
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structures [8, 9]. Nevertheless, an increasing number of
recent studies have indicated that tDOM can be utilized by
aquatic heterotrophic microorganisms [10–13]. For exam-
ple, tDOM can be utilized by aquatic bacterial communities
in freshwater environments to produce new microbial bio-
mass [11] or even mineralized to carbon dioxide (CO2),
which is an important source for atmospheric CO2 [12, 14].
tDOM can also be transformed to recalcitrant DOM by
microorganisms in oceans [15]. Therefore, unveiling the
linkage between aquatic microbial community and tDOM is
essential to comprehending carbon cycling in aquatic
environments such as lakes.

The Qinghai–Tibetan Plateau (QTP) hosts thousands of
lakes (including many saline and hypersaline lakes) with a
salinity range from 0.1 to 426.3 g/l [16]. Previous studies
have shown that tDOM occurs widely in the QTP lakes and
is a very important organic carbon source for microbial
communities in these lakes [17, 18]. In addition, previous
studies have indicated that the QTP lakes are inhabited by a
broad range of microbial species, and their taxonomic
compositions become more divergent with increasing sali-
nity difference [19–27]. However, little is known about the
role of microbial taxa in potential transformation of tDOM
in these high-elevation lakes. For example, little is known
about which key microbial taxa are responsible for tDOM
degradation in saline lakes, which tDOM compounds are
transformed by those microbial taxa, and how such micro-
bially catalyzed tDOM transformation responds to salinity
change. To address these knowledge gaps, the linkage
between aquatic microbial communities and the degradation
potentials of tDOM in the QTP lakes of different salinity
was investigated in this study by performing microcosm
experiments and using a suite of analytical techniques.

Materials and methods

Sampling

Six Qinghai–Tibetan lakes with different salinities were
selected for this study: Erhai Lake (EHL) is a freshwater
lake; Qinghai Lake (QHL) and Tuosu Lake (TSL) are saline
lakes; Gahai Lake (GHL), Xiaochaidan Lake (XCDL), and
Chaka Lake (CKL) are hypersaline lakes [28]. A sampling
cruise was carried out in May 2017. At inshore sites
(~10–20 m away from shoreline) of each lake, salinity, pH,
and temperature of surface water (~0–10 cm) were mea-
sured with portable meters (SANXIN, Shanghai, China).
Water samples (~40 ml each) for measurements of total
dissolved nitrogen (TDN) and total dissolved phosphorus
(TDP) were collected after filtration through 0.22-μm
Nuclepore filters (Whatman, UK). Subsequently, about 6-l
surface water was collected from each lake into

acid-washed and sterilized 2-l polycarbonate bottles (Nal-
gene, USA). To obtain tDOM, onshore soils around each
lake were taken from topsoil layer (0–10 cm) without plant.
All samples were kept cold and in the dark during trans-
portation to the laboratory. Samples were stored at 4 °C in
the laboratory until further processing.

Experimental set-up

To avoid exogenous contamination, all glassware used in the
experiments was combusted at 450 °C for 6 h, and Whatman
nuclepore filters or plastic instruments were sterilized by
either autoclaving or ultraviolet irradiation before use.

Preparation of tDOM-containing media: to minimize any
difference in tDOM source, six onshore soils around the
lakes were equally mixed to make one composite soil sam-
ple. The composite soil sample was mixed (water:soil= 2:1,
v–v) with lake water from each lake to obtain six water–soil
mixtures. The mixtures were shaken on a rotary table for 1 h,
and then placed on bench for 1 h in the dark. Subsequently,
the resulting tDOM-containing supernatant (~3 l) in each
mixture was filtrated through a 0.22-μm Whatman nuclepore
membrane filter, and collected into a pre-combusted glass
bottle. The resulting tDOM-containing filtrate was diluted
using corresponding microbe-free lake water to maintain a
similar level of tDOM, i.e., the DOC content of the tDOM-
containing lake waters minus the DOC content of their
corresponding lake water was ~12mg/l. Microbe-free lake
water was obtained by filtering lake water through a What-
man 0.22-μm nuclepore membrane filter. The resulting
tDOM-containing lake water was finally used as a basic
culture medium for subsequent microcosm experiment.

Preparation of inocula: for each lake, about 2-l water was
filtrated through 0.22-μm Whatman nuclepore membrane
filters. The resulting biomass-containing filters were
immersed into corresponding microbe-free lake water
(~200 ml), and manually stirred for 30 min. After the filters
were removed, the resulting concentrated microbial inocula
were used for subsequent microcosm experiments.

Microcosm experiments and sample collection: prior to
the microcosm experiments, lake waters were pre-incubated
at 15 °C in the dark for 7 days to remove any labile lake-
derived DOM. Six microcosms (i.e., four experimental
treatments and two controls) were prepared for each lake.
Microcosm experiments were conducted in 1-l glass bottles
containing 450 ml tDOM-containing basic medium (pre-
pared as above). To each bottle, 50 ml of microbial inocula
(prepared above) were added into four microcosms as
experimental treatments, while two control bottles received
50 ml microbe-free lake water. At zero time point (i.e., the
beginning of the experiment), water samples were taken
from two experimental treatments of each lake for microbial
counts (n= 2), DNA extraction (n= 2), DOC (n= 2), and

2314 J. Yang et al.



FT-ICR-MS (n= 1) analyses. The other two experimental
treatments and controls for each lake were sealed with air
permeable and microbe-proofing films and then were
incubated for 7 days at 15 °C in the dark. At the end of
incubation (i.e., day 7), duplicate water samples from both
treatments and abiotic controls of each lake were collected
for microbial count (n= 4), DOC (n= 4), and FT-ICR-MS
(n= 4) analyses. Detailed sampling procedures for micro-
bial count, DOC, DNA extraction, and FT-ICR-MS ana-
lyses were described in the Supplementary materials.

Laboratory analyses

DOC concentrations were determined on a multi N/C 2100S
analyzer (Analytik Jena, Germany). TDN and TDP were
analyzed using published colorimetric methods [29, 30].
Acridine orange direct count was used to determine the total
number of microbial cells in water samples according to the
procedure described previously [31].

FT-ICR-MS spectrometry

DOM in the water samples was isolated using solid phase
extraction (SPE) as described previously [32]. All the SPE-
extracted DOM samples were analyzed on a 12 Tesla
Bruker SolariX FT-ICR-MS spectrometer equipped with
negative-mode electrospray ionization at Pacific Northwest
National Laboratory, Richland, Washington, USA. Details
concerning DOM isolation and FT-ICR-MS analyses were
provided in the Supplementary materials.

DNA extraction, illumina sequencing, and sequence
analysis

Total DNA was extracted from biomass-containing filters
using the Fast DNA SPIN Kit for Soil (MP Biomedical,
USA). The extracted DNA was amplified with a universal
16S rRNA gene primer set: 515F (5′-GTGYCAGCMGC
CGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWT
CTAAT-3′) according to the PCR conditions described
previously [33]. Amplicon sequencing were performed by
using an Illumina-Miseq platform (paired-ends sequencing
of 2 × 250 bp) [34]. Detailed procedures for PCR prepara-
tion and sequence processing were provided in the Sup-
plementary Materials. All the raw sequences obtained from
this study have been deposited at the NCBI Sequence Read
Archive under the project PRJNA377204 with biosample
accession number of SAMN10334138- SAMN10334161.

Statistical analyses

Unless otherwise indicated, all statistical analyses were
carried out in the R program (http://cran.r-project.org/)

implemented with various packages. Nonmetric multi-
dimensional scaling (NMDS) was employed to evaluate the
microbial community composition difference between the
beginning and end of incubation, based on the Bray–Curtis
dissimilarity using the “vegan” packages. The total number
of molecular formulae was calculated according to specific
categories (e.g., CHO, CHON, CHONP, CHONS,
CHONSP, CHOP, CHOS, and CHOSP). Relative peak
intensities (normalized to the sum of all peak intensities of
identified molecular formulae per sample) were used to
semi-quantitatively assess the changes in DOM molecular
composition as a result of incubation. Principal coordinate
analyses (PCoA) were conducted to illuminate the differ-
ence in DOM molecular compositions among different
experimental samples using the “ape” package. The van
Krevelen diagrams [35], in which the ratios of hydrogen to
carbon (H/C) was plotted against the ratios of oxygen to
carbon (O/C), were used to compare the DOM composi-
tional difference between different samples and as a result
of incubation. To test the significance of difference in
microbial community and DOM molecular composition
among samples, PERMANOVA analysis was performed
based on Bray–Curtis dissimilarity with 9999 permutations.

Seven DOM molecular groups were defined according to
the presence–absence of DOM formulae among the staring
samples, treatments, and controls: (1) transformed DOM by
biotic or abiotic process was indicated by the presence of
DOM formulae only in the starting samples; (2) transformed
DOM by abiotic process was indicated by the presence of
DOM formulae in both the starting samples and biotic
treatments but by the absence in abiotic controls; (3)
transformed DOM by biotic activity was indicated by the
presence of DOM formulae in both the starting samples and
abiotic controls but by the absence in biotic treatment; (4)
relatively stable DOM was indicated by DOM formulae that
were shared among the starting samples, biotic treatments,
and abiotic controls; (5) newly produced DOM by biotic
activity was indicated by the presence of DOM formulae
only in biotic treatments; (6) newly produced DOM by
abiotic processes was indicated by the presence of DOM
formulae only in abiotic controls; and (7) newly produced
DOM by biotic or abiotic process was indicated by the
presence of DOM formulae in both biotic treatments and
abiotic controls but by the absence in the starting samples.
These groups were hereafter called G1–G7 for brevity.

In order to explore the association between microbial
OTUs and DOM molecular formulae, the network analysis
was performed. Briefly, Spearman’s rank correlations were
performed between relative abundance of microbial OTUs
and relative peak intensity of DOM molecules for all
experimental treatments at the end of microcosm experi-
ments (a total of 12 samples) using the R package “Hmisc”.
Rare OTUs (relative abundance <0.01%) in each sample
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were removed before correlation analysis. To be statistically
significant, microbial OTUs and DOM molecular formulae
that occurred simultaneously in at least six samples were
included in the analysis. To correct false discovery rates, all
p values generated by Spearman correlation analyses were
adjusted using the Benjamini–Hochberg method [36].
Spearman’s correlation coefficient |R| >0.7 with p < 0.01
was considered as robust [37]. All the robust correlations
were used to construct a network where nodes represented
microbial OTUs or DOM molecular formulae, and edges
indicated strong and significant correlations between nodes.
Network visualization was conducted using the interactive
platform Gephi (http://gephi.github.io/).

The network modularity and module division were cal-
culated through a method of fast greedy optimization [38]
using the R package of igraph. Subsequently, the roles of
the network nodes were assigned according to their within-
module connectivity (Zi) and among-module connectivity
(Pi) [39]. Four categories can be defined for each node: (1)
peripheral nodes (Zi < 2.5, Pi < 0.62), (2) connectors (Zi <
2.5, Pi > 0.62), (3) module hubs (Zi > 2.5, Pi < 0.62), and (4)
network hubs (Zi > 2.5, Pi > 0.62) [40, 41]. The network
and module hubs, and connectors are generally proposed as
keystone module members [40].

Results

Physicochemical conditions of the sampling lake
waters

Salinity of lake water was 1–358 g/l, pH was 7.2–9.4, and
water temperature was 9.3–16.1 °C (Table 1), TDN and
TDP were 1.6–14.9 and 0.1–0.2 mg/l, respectively.

Variation of microbial abundance and community
composition as a result of incubation

Microbial cell abundance increased considerably from the
beginning of the incubation (i.e., day 0) to the end (i.e., day
7) (Table 2). The average amount of increase was 4.97 ×
105, 3.11 × 105, 2.42 × 105, 2.70 × 105, 4.82 × 105, and
5.38 × 106 cells mL−1 for EHL, QHL, TSL, GHL, XCDL,

and CKL, respectively. The hypersaline CKL sample had
the highest amount of increase. Microbial cells in abiotic
control samples showed no observable increase.

A total of 883,350 qualified sequences were obtained
with an average of 36,806 per sample (Supplementary
Table S1). The observed OTUs ranged from 115 to 299, and
the Shannon index ranged from 1.9 to 3.9 (Supplementary
Table S1). PERMONOVA analysis showed that microbial
community composition was significantly distinct (R2=
0.875, p < 0.001) among different lakes (Fig. 1). For
example, Actinobacteria, Alphaproteobacteria, Bacter-
oidia, and Gammaproteobacteria dominated (relative
abundance >10%) in the experimental samples of EHL,
QHL, TSL, GHL, XCDL, while hypersaline lake CKL was
dominated by Halobacteria, whose relative abundance was
up to 80% (Fig. 1). Such a difference in microbial com-
munity composition among the lakes was further supported
by NMDS analysis (Supplementary Fig. S1), which showed
that all samples from the same lake were clustered together
but distinct from those of other lakes, regardless of incu-
bation time.

Microbial community composition exhibited a dis-
cernible shift as a result of incubation (Supplementary
Fig. S1). However, PERMONOVA analysis did not show a
significant (p > 0.05) difference in microbial community
composition between the beginning and the end of incu-
bation. We found that there were a total of 26 OTUs, whose
average relative abundances increased by >1% from the

Table 1 Physicochemical
conditions of the sampled lake
waters.

Lake GPS location Temperature (°C) Salinity (g l−1) pH TDN (mg l−1) TDP (mg l−1)

EHL 36°33.4′N/ 100°43.3′E 10.3 1 9.3 1.6 0.1

QHL 36°33.3′N/ 100°37.5′E 11.2 13 9.4 4.6 0.1

TSL 37°11.6′N/ 96°53.3′E 16.1 30 9.1 6.9 0.1

GHL 37°08.2′N/ 97°34.6′E 9.6 90 8.6 12.5 0.1

XCDL 37°27.2′N/ 95°30.6′E 9.3 126 8.6 14.9 0.1

CKL 36°45.1′N/ 99°04.8′E 13.5 358 7.2 7.4 0.2

Table 2 Microbial cell counts in the studied microcosm treatments at
the time points of day 0 and day 7.

Lake Day 0 Day 7

Avg.
(cells ml−1)

SD
(cells ml−1)

Avg.
(cells ml−1)

SD
(cells mL−1)

EHL 2.80 × 105 6.21 × 103 7.76 × 105 1.49 × 105

QHL 6.77 × 105 4.35 × 104 9.88 × 105 1.93 × 105

TSL 6.86 × 105 2.17 × 104 9.29 × 105 2.17 × 104

GHL 3.11 × 105 8.70 × 104 5.81 × 105 9.32 × 103

XCDL 1.05 × 105 1.30 × 104 4.92 × 106 8.54 × 105

CKL 4.38 × 105 7.14 × 104 5.82 × 106 6.40 × 105

Avg. average cell abundance, SD standard deviation.
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beginning to the end of incubation in certain lake samples
(Supplementary Table S2). The phylogenetic affiliations of
these OTUs were shown in Supplementary Table S2.
Interestingly, 16 out of these 26 OTUs were abundant
(average relative abundance >1%) in both the beginning and
the end of microcosms of certain lakes. For example,
OTU599 (Alphaproteobacteria) was abundant in three sal-
ine lake samples of TSL, GHL, and XCDL (Supplementary
Table S2). Notably, the relative abundances of four OTUs
(i.e., OTU313, OTU375, OTU554, and OTU581) increased
by >10 times from the beginning to the end of incubation in
the TSL and XCDL samples (Supplementary Table S2):
OTU313 and OTU375 in TSL samples belonging to
Gammaproteobacteria increased from the average relative
abundance of 0.05% and 0.08% in the beginning to 2.61%
and 10.94% in the end, respectively. Likewise, in the
XCDL samples, OTU554 (Alphaproteobacteria) and
OTU581 (Gammaproteobacteria) increased from <0.01%
and 0.05% in the beginning to 8.13% and 19.11% in the
end, respectively (Supplementary Table S2). According to
the definition established previously [42], these four OTUs
could be considered as copiotroph-like OTUs, (i.e., OTUs
with relative abundance <0.1% at day 0 but >1% at day 7).

DOC concentration and DOM molecular composition

The concentrations of DOC in the experimental treatments
decreased from the beginning (i.e., day 0) to the end (i.e.,
day 7) of incubation, with the mean amount of decrease of

1.42, 4.87, 3.20, 2.61, 1.65, and 6.5 mg L−1 for the EHL,
QHL, TSL, GHL, XCDL, and CKL samples, respectively
(Table 3). The highest amount of DOC decrease was
observed in the hypersaline CKL samples. The DOC con-
centrations in abiotic controls also experienced slight
declines after incubation (Table 3). Therefore, the mean
amounts of net DOC decrease derived from microbial
activity were 1.09, 4.70, 2.85, 2.32, 1.48, and 6.0 mg L−1

for the EHL, QHL, TSL, GHL, XCDL, and CKL samples,
respectively (Table 3), and such DOC decreases did not
show any significant (p > 0.05) correlation with lake
salinity.

The total number of DOM molecular formulae deter-
mined by FT-ICR-MS ranged from 2087 to 4229 per
sample, with CHO, CHON, and CHOS compounds being
dominant in all samples (Supplementary Table S3). PCoA
showed the samples from different lakes contained distinct
DOM molecular compositions, which was further supported
by PERMONOVA analysis (R2= 0.751, p < 0.001; Sup-
plementary Fig. S2). Notably, although all DOM was
initially eluted from the same composite soil sample, its
composition was different even at time 0 (Supplementary
Fig. S2). This difference could be caused by distinct DOM
molecular composition in lake water that was used to elute
tDOM from soil, or a salinity effect on tDOM elution from
soil [43]. Furthermore, PCoA also indicated that there
appeared to be recognizable differences among the starting
samples, biotic treatments and abiotic controls for each lake
(Supplementary Fig. S2), and this was also supported by the
van Krevelen diagrams (Supplementary Fig. S3). However,
such differences were not significant, as indicated by the
PERMONOVA analysis (data not shown).

To discern the difference in DOM molecular composi-
tion among the starting samples, biotic treatments and
abiotic controls of each lake, the numbers of DOM mole-
cular formulae belonging to seven defined group (see the
“Method” section) were calculated (Fig. 2a). Each group
contained various numbers of DOM molecular formulae in
different lakes, and G4 (relatively stable DOM) contained

Fig. 1 Microbial community composition variations in the experi-
mental treatments between at the beginning (day 0) and the end (day 7)
of the incubation.

Table 3 Concentrations of DOC in the experimental treatments and
their corresponding abiotic controls.

Lake Treatment_day 0 Treatment_day 7 Abiotic
control_day 7

Avg. ± SD(mg l−1) Avg. ± SD(mg l−1) Avg. ± SD(mg l−1)

EHL 20.05 ± 0.71 18.63 ± 0.29 19.72 ± 0.07

QHL 26.39 ± 0.12 21.52 ± 0.29 26.22 ± 0.06

TSL 31.35 ± 0.84 28.15 ± 0.72 31.00 ± 0.50

GHL 21.35 ± 0.23 18.73 ± 0.23 21.05 ± 0.17

XCDL 20.33 ± 0.26 18.68 ± 0.06 20.16 ± 0.09

CKL 75.00 ± 1.00 68.50 ± 0.50 74.50 ± 0.50

Avg. average DOC concentration, SD standard deviation.
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the majority of DOM molecular formulae (1243–2483) in
all lakes (Fig. 2a). PERMONOVA analysis indicated that
DOM molecular compositions in lake microcosms were
distinct (R2= 0.243, p < 0.001) among different groups
(Fig. 2b). Furthermore, the relative abundances of molecular
categories (e.g., CHO, CHON, and CHOS) in each group
varied in lakes (Supplementary Fig. S4). The average car-
bon numbers of DOM molecular formulae were all >20 in
most groups and in all lakes, expect for G4 whose average
carbon numbers were all <20 in six lakes (Supplementary
Fig. S5).

Some microbially transformed DOM molecules (i.e., G3)
were observed in the studied microcosms (Fig. 2a, b).
Different types of DOM molecules were transformed by
microbial activity in different lakes (Fig. 2b). For example,
the CHON molecules in G3 were more abundant in the
EHL and QHL samples of lower salinity than in the samples
of higher salinity (i.e., TSL, GHL, XCDL, and CKL sam-
ples), whereas CHOP molecules showed an opposite trend
(Supplementary Fig. S4). Furthermore, the numbers of
carbon in the DOM molecules of G3 were significantly
(Kruskal–Wallis rank sum test: chi-squared= 21.371, p <
0.001) lower in the microcosms with low salinity (i.e., EHL,
QHL, and TSL) than in the microcosms with high salinity
(i.e., GHL, XCDL, and CKL) (Supplementary Fig. S5).

Associations between microbial OTUs and DOM
molecular formulae

Spearman correlation analysis showed that there were a
total of 66 OTUs, whose relative abundances showed strong
(|R| > 0.7, p < 0.01) correlations with the relative intensities

of some DOM molecular formulae. The phylogenetic
affiliations of these OTUs were shown in Supplementary
Table S4. The DOM molecular formulae that were corre-
lated with the abovementioned OTUs possessed various H/
C and O/C ratios and the number of carbon (Fig. 3 and
Supplementary Fig. S6). Most of these microbial OTUs
were widely correlated with CHO molecules except for
OTU137 (Gammaproteobacteria), OTU158 (Bacteroidia),
OTU376 (Actinobacteria), and OTU445 (Alphaproteo-
bacteria), which were correlated with both CHO and CHOS
molecules (Supplementary Fig. S6). The carbon number of
DOM formulae associated with microbial OTUs ranged
from 6 to 27, and their distribution patterns changed with
different OTUs (Supplementary Fig. S7).

Network analysis indicated that the abovementioned
correlations between microbial OTUs and DOM molecular
formulae formed a complex network, which consisted of
1716 nodes and 4638 edges (Fig. 3a). The network mod-
ularity was 0.53 (Fig. 3b), which suggests a good (mod-
ularity >0.4) modular structure [44]. The network was
composed of eight modules, and each module contained
different types and numbers of DOM molecular formulae
and microbial OTUs (Fig. 3b). The numbers of DOM
molecular formulae in Module 2 was the highest, followed
by Module 1 and Module 4 in a decreasing order (Sup-
plementary Fig. S8a). CHO formulae were widely dis-
tributed in all modules, and were dominant in Module 4 and
Module 8; CHOS formulae were frequently present in
Module 2, Module 3, and Module 5; CHON formulae were
dominant in Module1 and Module 7. The numbers of
microbial OTUs were highest in Module 4 and Module 1,
while the lowest number was observed in Module 8 with

Fig. 2 Difference of DOM molecular composition in the studied
lake microcosms. Venn plots (a) showing the numbers of DOM
molecular formulae in each defined category among the studied lakes,

and van Krevelen diagrams (b) showing the H/C and O/C ratios of
each defined category among the studied lakes.
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only one OTU affiliated with Gammaproteobacteria (Sup-
plementary Fig. S8b). Microbial OTUs affiliated with
Gammaproteobacteria were widely distributed in most of
the identified modules except for Module 5, while microbial
OTUs belonging to Bacteroidia were frequently present in
Module 4 (Supplementary Fig. S8b).

According to connectivity within and among modules,
we identified four network hubs, 39 module hubs, 176
connectors, and 1497 peripheral nodes (Fig. 4 and Sup-
plementary Table S5). It was noteworthy that all modules
and network hubs were microbial OTUs, and most con-
nectors were DOM formulae except for OTU46 (Bacter-
oidia) and OTU93 (Gammaproteobacteria) (Fig. 4 and
Supplementary Table S5). The molecular characteristics
(i.e., ratios of H/C and O/C) of these identified DOM
connectors were shown in the van Krevelen diagrams, and
they possessed a broad ranges of H/C and O/C ratios
(Supplementary Fig. S9a). The DOM connectors mainly
consisted of CHO, CHON, CHONS, and CHOS formulae,
and they were dominated by CHO formulae, which
accounted for 53% of the total DOM connectors (Supple-
mentary Fig. S9b).

Discussion

Microorganisms play key roles in transformation of
tDOM

Our data revealed that microbial activities decreased the
concentration of tDOM in the studied treatments. The
decreased amount of tDOM (by as much as 1.1–6.0 mg/l, in
Table 3) may be transformed into microbial cellular carbon
[45, 46] and/or mineralized to CO2 through microbial

respiration [47, 48]. Assuming one microbial cell contains
21 fg (1 fg= 1 × 10−12 mg) carbon [49], the increased
microbial cell numbers (Table 2) only accounted for <1% of
the decreased tDOM (<0.01 mg L−1 vs. 1.1–6.0 mg L−1);
thus a large fraction of the decreased tDOM (>99%) may
have been mineralized to CO2. This result suggests that the
input of tDOM to lakes may increase CO2 emission. Fur-
thermore, the lack of correlation between salinity and the
decreased amount of tDOM in the microcosms suggests that
other environmental factors may have contributed to the
observed tDOM degradation. In addition, microbial activ-
ities transformed some tDOM to novel DOM molecules, as
evidenced by unique DOM molecules observed in biotic
treatments but not in abiotic controls and starting samples
(e.g., G5 in Fig. 2a, b). This observation is consistent with
previous studies in showing that microbial activity can
transform DOM into new products [15, 50–53].

Fig. 4 Roles of the microbial OTUs and molecular formulae identified
as the network nodes.

Fig. 3 Networks showing the associations between microbial
operational taxonomic units (OTUs) and DOM molecular for-
mulae in the experimental treatments. (a) showed the topology
of the whole networks, and (b) showed the topology of the sub-

networks, each representing one identfied module . Size of nodes is
proportional to the node degree. For clarity, only the microbial OTU
nodes were labeled in the networks.
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Our combined molecular and physicochemical studies
allowed us to identify the dominant microorganisms that
may be responsible for such tDOM transformation. The
relative abundance of abundant OTUs (i.e., relative abun-
dance >1% both in the beginning and end of the experi-
ment) increased in response to addition of tDOM
(Supplementary Table S2), suggesting their vital roles in
transformation and mineralization of tDOM. This observa-
tion may be ascribed to the fact that abundant taxa can
usually utilize a broad spectrum of DOM compounds as
substrates [54]. Furthermore, it is also notable that these
tDOM-transforming taxa were phylogenetically diverse
(i.e., Actinobacteria, Alphaproteobacteria, Bacteroidia,
Gammaproteobacteria, Halobacteria, Verrucomicrobiae;
as shown in Supplementary Table S2). In the meanwhile,
distinct microbial taxa appeared to be responsible for the
transformation of tDOM among different lakes, as evi-
denced by abundance increases of lake-specific OTUs after
microcosm incubations (Supplementary Table S2). This
observation could be due to the fact that the original
microbial communities differed among the studied lakes
with different salinity [19, 21, 23, 25, 55, 56].

It is interesting to observe that copiotrophs (e.g., OTUs
belonging to genera of Vibrio and Photobacterium in the
Gammaproteobacteria) also contributed to the transforma-
tion of the added tDOM. Copiotrophs are frequently
observed in the nutrient-rich environments and are oppor-
tunistic r-strategists for growth, and thus they prefer labile
substrates to support their fast growth [42, 57]. So copio-
trophs are frequently observed in the microcosms amended
with labile DOM (e.g., glucose) [42, 58–60]. In this study,
the relative abundances of certain copiotrophic OTUs
showed a dramatic increase (>10 times) in response to the
addition of tDOM during microcosm incubations of two
saline lake (TSL and XCDL) samples (Supplementary
Table S2). Such response of copiotrophs can be ascribed to
the possible presence of certain labile DOM (e.g., protein
and sugars) eluted from the sampled terrestrial soils [9, 61].
Therefore, it was possible to observe that tDOM stimulated
the growth of copiotrophs in saline and hypersaline lakes.

Potential interactions between microbial taxa and
DOM

To further illuminate the relation between DOM transfor-
mation and specific microbial species responsible for such
transformation, correlation analyses between microbial taxa
and DOM molecules were performed to illuminate this link.
Note that a significant correlation between microbial species
and DOM molecules does not necessarily suggest that such
microbial species actually transformed or were capable of
transforming the DOM molecules [11]. However, such
correlation analyses at least provide some direction for

future investigation on microbial degradation of specific
DOM compounds.

Correlation analyses in this study revealed that micro-
organisms may contribute to the transformation of DOM
compounds with a broad range of H/C and O/C ratios, and
carbon number. Different microbial OTUs were associated
with the transformation of distinct DOM compounds
(Supplementary Fig. S6). This can be ascribed to the fact
that different microbial species possess different functional
enzymes, which degrade different DOM compounds
[11, 62]. In other words, some microbial species may pro-
duce some specific functional enzymes, which can degrade
specific type of DOM compounds [63, 64]. For example,
OTU137 (Gammaproteobacteria), OTU158 (Bacteroidia),
OTU376 (Actinobacteria), and OTU445 (Alphaproteo-
bacteria) are highly associated with the degradation of
CHOS compounds (Supplementary Fig. S6). In addition to
DOM types, some microbial taxa may be able to degrade
DOM compounds with distinct ranges of carbon number
[11]. For example, OTU205 (Rhodothermia) and OTU464
(Gammaproteobacteria) were positively correlated with
compounds with low carbon number (~<15), and negatively
correlated with compounds with high carbon number
(~>15); whereas OTU346 (Verrucomicrobia), OTU376
(Actinobacteria), and OTU463 (Gammaproteobacteria)
were positively correlated with DOM formulae of high
carbon number, and negatively correlated with DOM for-
mulae of low carbon number (Supplementary Fig. S7).

Remarkably, the abovementioned correlations between
certain microbial taxa and DOM formulae formed a strong
modular network with eight modules (Fig. 3b). Previous
studies have indicated that a module within one network can
be considered as a functional unit, which may perform an
identical ecological task, and the involved microbial taxa
within that module are highly connected with each other
[40, 65]. Therefore, we speculated that microbial taxa within
certain module may cooperate to degrade some specific
types of DOM (e.g., refractory tDOM), and specific DOM
compounds may serve as substrates. Indeed, one previous
study suggested that one single species cannot completely
degrade most large molecular weight DOM compounds
[66], implying that it is necessary for multiple species to
cooperate for tDOM degradation. Furthermore, different
modules contained distinct DOM molecular composition
(Supplementary Fig. S8A), suggesting different modules
may contribute to different DOM transformations [67].

It is also important to mention the identification of key-
stone module members (i.e., module and network hubs,
connectors) due to their high connectivity within or among
modules and key roles in the network [39, 40]. In the pre-
sent study, correlations between microbial OTUs and DOM
formulae were used to construct the network, and many
microbial OTUs were largely correlated with DOM
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formulae (Fig. 3a). Accordingly, it is not surprising that
those microbial OTUs were prone to be identified as mod-
ules or network hubs. However, the identification of key-
stone module members may highlight the key roles of those
microbial taxa in tDOM transformation. Strikingly, a large
number of DOM connectors were identified in the studied
network (Supplementary Fig. 9A, B). From ecological
perspectives, connectors in the network are proposed as the
bridges linking different modules [40, 41]. Accordingly, it
can be speculated that those DOM connectors may be key
intermediate substrates or products from microbial degra-
dation of tDOM. However, FT-ICR-MS cannot predict the
chemical structure of each formula, so it is difficult to know
the actual characteristics of those DOM compounds. Fur-
thermore, the above speculation needs validation by
studying microbial functions and DOM structure.

Different DOM transformation in the lake
microcosms of different salinity

In our incubation experiments, the DOM in the original lake
waters were difficult to remove, thus any observed DOM
transformation should be a combination of both tDOM and
original lake DOM. However, little bias should have been
introduced when comparing the change of DOM composi-
tion before and after incubation because (1) any labile DOM
in the original lake waters should have been consumed
before incubations, and (2) the tDOM used in lake micro-
cosm experiment were adjusted to an equal level before
incubations.

Our results indicated that both biotic and abiotic pro-
cesses contributed to tDOM transformation, because some
newly produced DOM were detected in both biotic treat-
ments (i.e., G5) and abiotic controls (i.e., G6) (Fig. 2a, b).
This result corroborated previous findings that certain DOM
compounds in the environments could be degraded either
abiotically (such as photo- or thermal degradation) or bio-
tically (e.g., microbial activity) [68]. Nonetheless, a large
portion of DOM compounds appeared to be stable during
the experimental incubations. For example, more than 50%
of DOM compounds were shared among the initial samples,
biotic treatments, and abiotic controls (G4 in Fig. 2a). A
likely reason is that most tDOM may be resistant to bio-
logical or nonbiological degradation and can exist for
thousands of years [69], but the tDOM in our microcosm
experiments were only incubated for only 7 days.

Despite the fact that tDOM is largely refractory to bio-
logical degradation, there are some DOM compounds that
can be transformed by microbial activity, for example DOM
compounds in G3 (Fig. 2a). It is notable that among those
DOM compounds that are transformed by microbes,
microbial communities in the microcosms with high salinity
seemed to exhibit a stronger ability to transform DOM

compounds of higher carbon numbers than those in the
microcosms with low salinity (i.e., DOM formulae of G3 in
Supplementary Fig. S5). We speculated that halophilic/
halotolerant microbes in lakes of high salinity have to
exploit a broader range of carbon sources due to high
energy costs to deal with salinity stress relative to those in
lakes of low salinity [70], and thus they may have devel-
oped an ability to degrade organic matter with a higher
carbon number and more complex structures. Indeed, many
halotolerant/halophilic prokaryotes have been indicated to
possess specific enzymes that have a high efficiency to
degrade recalcitrant organic matter (e.g., lignin, cellulose,
and chitin) [71, 72].

Microbial communities in microcosms with high salinity
may selectively consume nitrogen (N)- and phosphors (P)-
containing organic compounds. For example, the micro-
bially transformed DOM molecules in the microcosms with
high salinity showed a higher relative abundance of N- and
a lower relative abundance of P-containing formulae than
those in the microcosms with low salinity (G3 in Supple-
mentary Fig. S4). Such difference may be due to different
requirements for C/N/P in lakes of different salinity.
Microbial biomass in different lakes tend to have distinct C:
N:P stoichiometry [73], so microbes in different lakes
selectively assimilate C/N/P from organic/inorganic sub-
strates in the environment to keep their stoichiometry at
equilibrium [74–76]. However, the underlying reasons still
await further investigation.

In addition, it is surprising that the CKL samples with the
highest salinity (358 g l−1) showed the highest increase of
cell abundance and the highest DOC decrease during the
incubations (Tables 2 and 3). This observation is incon-
sistent with the general principle that salinity decreases
microbial growth and metabolism [70]. Such inconsistency
may be explained by a possibility that the microbial popu-
lation in the studied CKL microcosms adopt a high-
efficiency strategy for resisting salinity stress, and they have
adapted to grow on tDOM. Indeed, four microbial OTUs
whose relative abundances increased by >1% from the
beginning to the end of the incubation were all affiliated
with Halobacteriales in the CKL samples (Supplementary
Table S2). The Halobacteriales have been suggested to
adopt the “salt-in” strategy that is energetically cheap and
thus highly efficient to balance salinity pressure in the
environment [70]. Moreover, Halobacteriales are capable
of growth on cellulose and chitin [72], which are important
components of the terrigenous organic carbon [9]. There-
fore, it may be reasonable to observe that the highest
microbial cell increase and DOC concentration decrease in
the studied CKL microcosms during incubations with
addition of tDOM.

In summary, our findings demonstrated that tDOM can
be transformed by microbial populations from different
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saline lakes, and both abundant microbes and copiotrophs
contributed to the transformation of tDOM. Microbial
communities in the microcosms with different salinities
exhibited different preference and capability in tDOM
transformation: microbial populations in the microcosms
with high salinity showed a stronger capability to degrade
high carbon number DOM compounds than their counter-
part in the microcosms with low salinity. Multiple microbial
taxa may cooperate with each other to degrade certain kinds
of tDOM compounds in the studied microcosms. Taken
together, this study expands our understanding of microbial
roles in tDOM degradation in saline lake ecosystems.
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