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ABSTRACT Microplastics provide new microbial niches in aquatic environments.
Nevertheless, information on the assembly processes and potential ecological mecha-
nisms of bacterial communities on microplastics from reservoirs is lacking. Here, we
investigated the assembly processes and potential ecological mechanisms of bacterial
communities on microplastics through full-length 16S rRNA sequencing in the Three
Gorges Reservoir area of the Yangtze River, compared to water and sediment. The
results showed that the Burkholderiaceae were the dominant composition of bacterial
communities in microplastics (9.95%), water (25.14%), and sediment (7.22%). The niche
width of the bacterial community on microplastics was lower than those in water and
sediment. For the microplastics and sediment, distance-decay relationship results
showed that the bacterial community similarity was significantly decreased with increas-
ing geographical distance. In addition, the spatial turnover rate of the bacterial commu-
nity on microplastics along the ;662-km reaches of the Yangtze River in the Three
Gorges Reservoir area was higher than that in sediment. Null model analysis showed
that the assembly processes of the bacterial community on microplastics were also dif-
ferent from those in water and sediments. Dispersal limitation (52.4%) was the primary
assembly process of the bacterial community on microplastics, but variable selection
was the most critical assembly process of the bacterial communities in water (47.6%)
and sediment (66.7%). Thus, geographic dispersal limitation dominated the assembly
processes of bacterial communities on microplastics. This study can enhance our under-
standing of the assembly mechanism of bacterial communities caused by the selection
preference for microplastics from the surrounding environment.

IMPORTANCE In river systems, microplastics create new microbial niches that significantly
differ from those of the surrounding environment. However, the potential relationships
between the biogeographic distribution and assembly processes of microbial communities
on microplastics were still not well understood. This study could help us address the lack
of knowledge about the assembly processes of bacterial communities on microplastics
caused by selection from the surrounding environment. In this study, strong geographic
dispersal limitation dominated assembly processes of bacterial communities on microplas-
tics, compared to water and sediment, which may be responsible for the microplastic bac-
terial richness, and the niche distance was lower than those in water and sediment. In
addition, sediment may be the main potential source of bacterial communities on micro-
plastics in the Three Gorges Reservoir area, which makes higher community similarity
between microplastics and sediment than between microplastics and water.
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Microplastics are an emerging pollutant of great public concern because they are con-
sidered a potential threat to aquatic biota and human health. Microplastics are ubiq-

uitous in aquatic ecosystems and are well documented in oceans (1, 2), rivers (3, 4), and
lakes (5). In particular, the lightweight and persistent nature of microplastics allows their
dispersion across large distances throughout the aquatic ecosystem (6, 7). It has been pro-
ven that microplastics can transport microorganisms, persistent organic contaminants, or
heavy metals from one ecosystem to another (8, 9). Besides, microplastics could selectively
enrich microbial communities from the surrounding environment, creating new microbial
niches that significantly differ from those of the surrounding environment (including water
and sediment, etc.) (7, 10, 11). Although the microplastic biofilm is distinct, the formation
process could not be completed without the surrounding environment (12, 13). The for-
mation and development of the microbial community on microplastics to a large extent
depend on polymer types, habitats, and time (7). However, to date, most studies reveal
that habitat plays a more critical role than polymer type in shaping the bacterial commu-
nity composition of microplastic biofilms (7, 14, 15).

Revealing the biogeographic patterns of river bacteria and their potential ecological
assembly mechanisms is beneficial for us to understand the consequences of bacterial com-
munity changes on the functioning of the Earth’s ecosystems (16–18). Especially, the micro-
bial community in the marine plastisphere had a biogeographic pattern, and biogeography
rather than substrate type determined the bacterial colonization dynamics on plastic (19,
20). Furthermore, previous studies found that stochastic processes dominated by dispersal
limitations played a dominant role in marine plastic microbial community assembly (21)
and Hangzhou Bay (22). Stochastic processes involve species probabilistic dispersal, birth,
death, extinction, and ecology drift that can drive microbial communities (23, 24), while
determinism processes mainly cover ecological selection where abiotic and biotic factors
represent distinct niches determining the fitness differences of microorganisms (25).
Dispersal and selection have been collectively regarded as two principal forces driving mi-
crobial community distribution (26–28). However, the potential relationships between the
biogeographic distribution and assembly processes of microbial communities on microplas-
tics are still not well understood.

Variable selection, homogeneous selection, homogenizing dispersal, dispersal limita-
tion, and undominated limitation have been identified as the main assembly processes for
microbial communities in the environment (29–31). Stochastic and deterministic processes
involved in these assembly processes provide a theoretical framework to better under-
stand the spatial and temporal community dynamics (32, 33). Besides, environmental
selection and dispersal were the most important assembly processes for microbial com-
munities (29, 34). Understanding the contrasting roles of environmental selection and dis-
persal is especially important because dispersal can decrease the strength of selection,
which can be well allocated by the null model based on their contributions (35, 36).
Furthermore, the distance-decay relationship is one of the most common biogeographic
models, indicating that community similarity decreases with increasing geographical dis-
tance (29, 37). The slope of the distance-decay relationship reflects the rate of species
replacement at different locations (29, 38).

In lotic rivers, the longitudinal, lateral, and vertical movement of water promoted com-
munity exchange and evolutionary processes of microbial communities in microplastic
biofilms with the surrounding environment (39, 40). This could lead to an exchange of bac-
teria on microplastics with those in water and sediment (41). In particular, the river ecosys-
tems in the Three Gorges Reservoir have dual characteristics of the reservoir and river (42).
Three Gorges dam may further enhance the exchange of microbial communities among
microplastics, water, and sediment during water storage and flood discharge. However, lit-
tle is known about the ecological assembly mechanism of microplastic bacterial commun-
ities in reservoirs and the contribution of the surrounding environment to their ecological
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assembly processes. Therefore, in this study, the assembly processes and ecological mech-
anisms of the bacterial community on microplastics were investigated through full-length
16S rRNA gene sequencing of samples from the Three Gorges Reservoir area along the
Yangtze River compared to water and sediment (Fig. 1). This study could help us address
the lack of knowledge about the assembly processes of bacterial communities on micro-
plastics caused by selection from the surrounding environment.

RESULTS
Diversity and composition of bacterial communities in different habitats. After

quality filtering and rarefaction, microplastics, water, and sediment all present rarefaction
curves with a stationary phase, suggesting the sufficient depth and accuracy of sequenc-
ing for performing bacterial community analysis (see Fig. S1 in the supplemental mate-
rial). The high-quality sequences were clustered into 2,256 operational taxonomic units
(OTUs), and the numbers of OTUs on microplastics (mean = 444) and in water
(mean = 446) were significantly lower than that in sediment (mean = 953) (Fig. 2A). The

FIG 1 Sites of sampling of microplastics, water, and sediment in the Three Gorges Reservoir area, China, and some main
shapes and materials of microplastics detected in the Three Gorges Reservoir Region. (The map of China was created with
ArcGIS.)
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Chao1 richness values of bacterial communities on microplastics (mean = 561) and in water
(mean = 715) were significantly lower than that in sediment (mean = 1,321) (Fig. 2B). The
Shannon diversity indices of bacterial communities on microplastics (mean = 6.71) and in
water (mean = 6.83) were also significantly lower than that in sediment (mean = 8.86) (Fig.
2C). Nonmetric multidimensional scaling (NMDS) analysis showed visible differences in bac-
terial communities among the three habitats at the OTU level (Fig. 2D). The proximal bacte-
rial communities on microplastics and in sediment were more closely aligned but not for
water and microplastics. Furthermore, the NMDS analysis found that the aggregation
degree of bacteria on microplastics was relatively dispersed. Analysis of similarity (ANOSIM)
showed that the differences in bacterial communities among the three habitats were signif-
icantly higher than those in the bacterial communities within the same habitats (R = 0.83;
P, 0.01), and the differences among bacterial communities on microplastics were also sig-
nificantly higher than those in water and sediment (Fig. 2E).

Furthermore, full-length 16S rRNA sequencing provided more detailed and accurate
taxon resolution of the bacterial communities on microplastics, in water, and in sedi-
ment. A total of 47,376 OTUs from all microplastic, water, and sediment samples were
classified into 377 family taxonomic taxa at the 97% similarity level, which accounted
for 99.1% of the total OTUs. The microplastic bacterial community was composed
mainly of Burkholderiaceae (9.95%), Sphingomonadaceae (9.93%), and Rhodobacteraceae

FIG 2 Difference analysis of bacterial communities among microplastics, water, and sediment based on a- and b-diversity. (A to C)
Differences in the bacterial communities’ a-diversity among microplastics, water, and sediment determined by one-way analysis of
variance (ANOVA). Different lowercase letters indicate significant differences at the 0.05 level by Duncan’s test. The hollow squares in
the box plots show the average values of community similarity, and the lines in the box plots are the median values. (D and E) NMDS
analysis and ANOSIM of the bacterial communities’ b-diversity among microplastics, water, and sediment based on Bray-Curtis distance.
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(6.85%), whereas the bacterial communities in water were composed mainly of
Burkholderiaceae (25.14%), Ilumatobacteraceae (8.63%), and clade III (8.47%) (Fig. 3A). The
sedimentary bacterial community was composed mainly of Burkholderiaceae (7.22%),
Nitrosomonadaceae (6.03%), and SC-I-84 (5.32%) (Fig. 3A). limma voom analysis showed
that microplastics had significant enrichment for Sphingomonadaceae, Hyphomicrobiaceae,
Rhizobiaceae, uncultured bacterium o_Saccharimonadales, Trueperaceae, and uncultured
bacterium o_Elsterales from the surrounding environment (water and sediment) (see Tables
S2 and S3 in the supplemental material). These results indicated that the composition of
the bacterial community on microplastics was significantly different from those in water
and sediment. Microplastics provided a microbial niche different from those of water and
sediment.

Moreover, a Venn diagram was applied to identify the unique and shared bacterial taxa
among microplastics, water, and sediment (Fig. 3B). A total of 73.2% (216 families) of
microplastic bacteria (at the taxonomic level of family) were shared by water and sedi-
ments, indicating that microplastic bacteria from the Three Gorges Reservoir area may be
mainly from water and sediment. However, 46 bacterial families (e.g., Armatimonadaceae,
Cyclobacteriaceae, and Gallionellaceae) were shared in water and sediment but were not
detected on microplastics (see Table S4 in the supplemental material), showing that micro-
plastics can selectively enrich bacteria. More bacteria were shared between microplastics
and sediment (39 families) than between microplastics and water (3 families), suggesting
that sediment may be a major source of bacteria on microplastics, or they are just adapted
for a surface-attached/biofilm lifestyle. However, 37 families of bacteria on microplastics
were not detected in water and sediment, indicating that bacteria colonizing microplastics
in rivers are not necessarily from water and sediment and may be related to the original
source of the microplastics.

Geographic distribution of bacterial communities in different habitats. Community
similarity (1-Bray-Curtis distance) analysis at the OTU level showed that the community
similarity on microplastics (0.16) was significantly lower than those in water (0.51) and
sediment (0.44) (Fig. 4A). Thereafter, we further evaluated the relationship between
bacterial community similarity and distance between sampling sites (Fig. 4B). The
results showed that the bacterial community similarity on microplastics (R2 = 0.444;
P = 0.001) and in sediment (R2 = 0.212; P = 0.036) decreased significantly with increas-
ing geographic distance between the sampling sites. Furthermore, the R2 value on
microplastics was higher than that in sediment, indicating that the bacterial

FIG 3 (A) Main composition of bacterial communities on microplastics, in water, and in sediment at the family taxonomic level. (B) Numbers of unique and
shared bacterial taxa at the family taxonomic level described by a Venn diagram.
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community on microplastics showed a stronger distance attenuation pattern than the
bacterial community in sediment. However, the slope for sediment (0.06) was higher
than that for microplastics (0.05). The bacterial community similarity in water had no
significant relationship with the distance between the sampling sites (R2 = 0.138;
P = 0.098).

Assembly processes of bacterial communities in different habitats. The average
niche width of bacterial communities on microplastics (1.72) was significantly lower
than those in water (2.20) and sediment (2.85) (Fig. 5A), indicating that there may be
different assembly patterns in bacterial communities among microplastics, water, and
sediment. Null model analyses revealed that dispersal limitation (52.4%) was the main
assembly process of the bacterial community on microplastics, while variable selection
was the main assembly process of the bacterial communities in water (47.6%) and sedi-
ment (66.7%) (Fig. 5B). Besides, the assembly processes of bacterial communities for
both microplastics (47.6%) and water (47.6%) were dominated by stochastic processes,
while the assembly processes of bacterial communities in sediment were dominated
by deterministic processes (66.7%) (Fig. 5B).

FIG 4 Difference in bacterial community similarity among microplastics, water, and sediment (A) and its attenuation
relationship with geographical distance (B). In panel A, differences in bacterial community similarity among microplastics,
water, and sediment were determined by one-way ANOVA. Different lowercase letters indicate a significant difference among
different media (P , 0.05). The hollow squares in the box plots show the average values of community similarity, and the
lines in the box plots are the median values. In panel B, asterisks denote a significant correlation (*, P , 0.05; ***, P , 0.001).

FIG 5 (A) Niche distances of bacterial communities in microplastics, water, and sediment. Different lowercase letters indicate that there are
significant differences at the 0.05 level via Duncan’s test. The hollow squares in the box plots show the average values of community
similarity, and the lines in the box plots are the median values. (B) Relative contributions of different ecological processes to the bacterial
community assembly in these three habitats based on null model analysis.
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Co-occurrence patterns of bacterial communities in different habitats. Co-occurrence
networks were constructed to disentangle the potential associations among bacterial com-
munities of microplastics, water, and sediment from the Three Gorges Reservoir area
(Fig. 6). The network results showed that the microplastic network consisted of 121 nodes
and 308 edges, which were substantially lower than those for water (234 nodes and 1,058
edges) and sediment (631 nodes and 6,322 edges). The negative correlation percentage
for the microplastic bacteria (38.64%) was higher than those for water (38.28%) and sedi-
ment (35.94%). Burkholderiaceae, Rhodobacteraceae, and Sphingomonadaceae were vital
participants in the co-occurrence network of the microplastic bacteria. In addition,
Burkholderiaceae, Ilumatobacteraceae, and Chitinophagaceae were vital bacterial partici-
pants in the co-occurrence network in water, while Burkholderiaceae, uncultured bacterium
c_Subgroup_6, and Nitrosomonadaceae were vital bacterial participants in the co-occur-
rence network in sediment. Thus, the critical bacterial taxa at the family level in the differ-
ent co-occurrence networks depended on the different habitats. Topological features
revealed that the average degree of microplastics was lower than those of water and sedi-
ment, while the density and average clustering coefficient of microplastics were higher
than those of water and sediment.

DISCUSSION

Microplastics enter aquatic ecosystems, and the bacteria from the surrounding envi-
ronment could selectively colonize and propagate on the microplastic surface, forming

FIG 6 (A to C) Co-occurrence network patterns of bacterial communities in microplastics (A), water (B), and sediment (C) at the OTU level based on
Spearman correlation analysis (jrj . 0.8; P , 0.01). The percentages next to family names are the percentages of the number of OTUs accounted for by
this family out of the total number of OTUs in the networks. (D) Major topological properties of the co-occurrence network of the bacterial communities in
microplastics, water, and sediment.
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a new microbial ecological niche (7, 10, 43, 44). This study found that the a-diversity of
bacterial communities on microplastics from the Three Gorges Reservoir area was lower
than that in sediment, but there was no significant difference from that in water. This
may be because water and microplastics have limited nutrient contents, so their micro-
bial diversities are lower than that in sediment and about equal to each other. However,
the composition of the bacterial community on microplastics was significantly different
from those in water and sediment. The reason for this may be due to the different physi-
cal and chemical properties inherent in different habitats, which lead to differences in
the compositions and structures of the bacterial communities (7, 45, 46). Specifically,
Sphingomonadaceae were not only abundant bacteria on microplastics but also showed
a significant enrichment on microplastics. Sphingomonadaceae were also the major
inhabitants of microplastics from Italian lakes (6), which was consistent with the findings
of this study. Nitrosomonadaceae play a major role in controlling the nitrogen cycle in
terrestrial and aquatic ecosystems (47). In this study, Nitrosomonadaceae were the sec-
ond most abundant bacteria in sediment and were significantly enriched, while only
Nitrosomonadaceae with low relative abundances were detected in microplastic biofilms
and water. Oligotrophic bacteria of clade III (affiliated with the SAR11 clade of the phy-
lum Proteobacteria) were the main components in water, while clade III was detected at
a low abundance in only one microplastic sample and was not detected in any sediment
sample. These results further proved that microplastics in the Three Gorges Reservoir
area provide a microbial niche different from those in the surrounding habitats.

Subsequently, the differences among the bacterial communities on microplastics,
water, and sediments were further analyzed. NMDS and ANOSIM based on Bray-Curtis
distance showed that the differences among the bacterial communities on microplas-
tics were higher than those in water and sediment (Fig. 2D and E). The bacterial com-
munity similarity on microplastics was also significantly lower than those in water and
sediment (Fig. 4A). This may be due to various polymer types of microplastics from dif-
ferent sampling sites (48, 49). In this study, the bacterial communities on microplastics
at each sampling site come from no fewer than five microplastics, which included poly-
styrene, polypropylene, and polyethylene (Fig. 1). Previous studies also confirmed that
different composition patterns of microplastic types were found along the reaches of
the Three Gorges Reservoir area (3, 50), which provides more favorable evidence for
our inference. Furthermore, the narrower niche distance of the bacterial community
was more influenced by environmental factors (37, 51). We found that the niche dis-
tance of the bacterial community on microplastics was lower than those in water and
sediment (Fig. 6). The small size and limited nutrients of microplastics may lead to
competition and selection of bacteria from the surrounding environment. Thus, many
microbial communities colonize in limited microplastic spaces without adequate nutri-
ent support compared to water and sediment, limiting their niche width.

Geographical distance is an important factor shaping the biogeography patterns
and assembly mechanisms of planktonic and sedimentary microbial communities in
rivers such as the Yangtze River (52) and Jinsha River (53). The distance-decay relation-
ship was one of the most common biogeographic patterns, referring to the decreasing
similarity of the bacterial community and geographic distance (34, 54). Although the
geographical factor was suggested to influence the bacterial community composition
on microplastics collected from brackish ecosystems (55) and ocean ecosystems (56,
57), the potential correlation of bacterial community composition on microplastics
with their geographical distribution was not clear. In this study, the bacterial commu-
nity similarity on microplastics decreased significantly with geographic distance along
the ;662-km reach of the Yangtze River, indicating that geographic distance limits
were another significant factor influencing the composition of the bacterial community
on microplastics.

The null model also suggested that the assembly processes of bacterial commun-
ities on microplastics were different from those in water and sediments. Dispersal limi-
tation was the main assembly process of the bacterial community on microplastics
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(Fig. 5), which was consistent with the assembly process of the bacterial community on
microplastics from Hangzhou Bay (22). Thus, geographic dispersal limitation domi-
nated the assembly processes of bacterial communities on microplastics. Furthermore,
selection (including variable selection and homogeneous selection) was recognized as
the ecological force that alters the community due to fitness differences among organ-
isms and environmental heterogeneity among regional pools, which was a determin-
ism process in the absolute sense (33). In this study, variable selection was the most
critical assembly process of the bacterial community, indicating that deterministic
processes play the most important role in the assembly of sediment bacterial commun-
ities (Fig. 5). A previous study demonstrated that more interconnected microbial com-
munities experienced lower turnover and susceptibility to homogenizing selection in
unperturbed aquifers (58). This study found that dispersal limitation had a weak contri-
bution to the assembly of the bacterial community in water, which was similar to the
distance-decay relationship results (Fig. 4 and 5). Meanwhile, undominated and disper-
sal limitations contributed equally to the assembly of the bacterial community in the
water. So the assembly pattern of the bacterial community in water was dominated by
the stochastic process. This also indicates that the selective enrichment of the bacterial
community by microplastics shapes its unique community assembly processes.

The assembly of microbial communities may involve changes in environmental fac-
tors but also interactions between species (18). Co-occurrence network analysis can help
us better understand the potential interaction and niche spaces shared within the bacte-
rial community (59). This study found that the structure and topological properties of
the co-occurrence network were different among microplastics, water, and sediment,
indicating that the potential interaction and niche spaces shared within microplastic bac-
terial communities were different from those of their surroundings (Fig. 5). More OTUs in
the network of microplastics were affiliated with Burkholderiaceae, Rhodobacteraceae,
and Sphingomonadaceae, indicating that these bacteria have a vital control potential
within the microplastic bacterial community assembly process, which is a vital status.
Previous studies have shown that Rhodobacteraceae and Sphingomonadaceae are the ini-
tial membrane colonists and maintain a preponderance in biofilm formation (60).
Besides, Rhodobacteraceae and Sphingomonadaceae were also known as “initial coloniz-
ers” in the plastisphere (6). To initiate biofilm formation, pioneer microorganisms would
be able to adhere to the bare substratum and then coaggregate by producing exopoly-
saccharides and surface adhesion proteins, which may facilitate the colonization process
(6, 60). Thus, perhaps the preferential colonization effect of Rhodobacteraceae and
Sphingomonadaceae on microplastics may mediate the colonization of other bacteria,
leading to their vital status in the microplastic bacterial community.

Overall, in this study, a conceptual paradigm could help us understand the relationship
between bacterial community assembly processes on microplastics and those in water
and sediment (Fig. 7A). The niche width and community similarity of the bacterial commu-
nity on microplastics were lower than those in water and sediment. The dispersal limita-
tion assembly process of the bacterial community on microplastics was higher than those
in sediment and water, but the homogenizing dispersal assembly process of the bacterial
community on microplastics was lower than those in sediment and water. Furthermore,
dispersal limitation was the main assembly process of the bacterial community on micro-
plastics, and the bacterial community similarity on microplastics and sediment significantly
decreased with increasing geographical distance. Thus, geographic dispersal limitation
dominated the assembly processes of bacterial communities on microplastics. Moreover,
the bacterial communities’ assembly on microplastics may also be affected by their sur-
rounding environment. This study found that the 216 families of microplastic bacteria
were shared by water and sediments, indicating that the bacteria colonizing microplastics
were highly dependent on the surrounding environment. However, some bacteria (e.g.,
Armatimonadaceae, Cyclobacteriaceae, and Gallionellaceae) were detected in both water
and sediment but not on microplastics, indicating that microplastics are selective for the
formation of bacterial communities on their surfaces. Microplastics collected from rivers
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(43), marine habitats (56), and a coastal bay close to Stockholm, Sweden (61), also showed
selective enrichment of microbial communities, which was consistent with the results
of this study. Surprisingly, some bacteria (Ruminococcaceae, Leptolyngbyaceae, and
Phormidiaceae, etc.) were detected on microplastics but were not detected in water and
sediments. These bacteria may have come from terrestrial ecosystems or other sources
and colonized microplastics before the microplastics entered the aquatic environment (62,
63). These studies have described the potential sources of bacterial communities on micro-
plastics from a quantified perspective, but there is currently a lack of quantified analyses of
the contribution of surrounding habitats to colonization by microbial communities on
microplastics. The path coefficient analysis showed that the direct effect of the sediment
bacterial community (20.13) on the microplastic bacterial community was lower than that
of the water bacterial community (0.25). Besides, water also contributed to the accumula-
tion of bacterial communities on microplastics through sediment, which may be related to
the lotic characteristics of the river in the Three Gorges Reservoir area (39, 40). The fresh-
water ecosystems in the Three Gorges Reservoir have the dual characteristics of the reser-
voir and the river; the dam’s capacity to hold water makes its water flow backward,
downstream, or relatively static (64, 65). Under the dynamic action of water, the particle-
associated bacteria in the sediment could come into contact with the floating microplas-
tics in water, resulting in the exchange of bacterial communities. Frère et al. (66) found
that microplastic bacterial communities in the water had a strong similarity to particle-

FIG 7 (A) Conceptual paradigm showing the relationship of bacterial community assembly processes on
microplastics compared to those in water and sediment. (B) The direct and indirect effects of the bacterial
community composition in water and sediment on the bacterial community assembly on microplastics were
analyzed by path coefficient analysis. Among the direct effects of water and sediment on the microplastic
bacterial communities, water was the largest (0.219), followed by sediment (20.066). From the indirect effect, it
was found that water also strongly contributed to the accumulation of bacterial communities on microplastics
through sediment (0.059). (C) Bacterial community similarity between microplastics and water and between
microplastics and sediment based on Bray-Curtis distance. The hollow squares in the box plots show the
average values of community similarity, and the lines in the box plots are the median values.
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associated bacteria, which also supported our interpretation. This may be the reason why
the composition of the core groups of suspended microplastics in water more closely
resembles that of sediment than that of water.

Conclusion. This study provides empirical support for the assembly processes and
potential ecological mechanisms of bacterial communities on microplastics in aquatic
ecosystems. Microplastics have been proven to be a new microbial niche in the aquatic
environment. In this study, we further found that the bacterial community assembly
on microplastics was different from that in water and sediments, which was dominated
by dispersal limitation. Besides, the bacterial community similarity on microplastics sig-
nificantly decreased with increasing geographical distance. Furthermore, the bacterial
community niche width on microplastics was lower than those in water and sediment.
In brief, geographic dispersal limitation dominated the assembly processes of bacterial
communities on microplastics.

MATERIALS ANDMETHODS
Sample collection. The Three Gorges Reservoir area is located in the upstream reach of the Yangtze

River, China, with a length of 662 km, and includes a total water surface area of 1,080 km2 and surround-
ing areas of the reservoir of about 5.8 � 104 km2 (67, 68), which not only is the largest human-made res-
ervoir in the world but also provides important ecosystem services (42). Unfortunately, this region is
found to have a large number of microplastics in the surface water, with an abundance in the range of
1,597 to 12,611 items/m3 (3, 50, 69). Thus, in this study, we collected microplastic, water, and sediment
samples at 7 sites along the mainstream of Yangtze River (length of 662 km) in the Three Georges
Reservoir area, China (Fig. 1). At each site, the surficial sediment (0 to 5 cm) was sampled with a stainless
steel core sampler, and three subsamples were collected and mixed as one sample. Microplastic samples
were collected from surface water (0 to 20 cm) using a handheld portable microplastic collection device.
Briefly, the surface water passed through a 5-mm stainless steel filter, the filtered water passed through
a 0.05-mm stainless steel filter, and the microplastic samples enriched on the 0.05-mm stainless steel
screen were then collected. Meanwhile, a 1-L water sample was collected and filtered through a 0.22-
mm via a portal vacuum pump. Next, microplastic samples were collected from water and rinsed onto a
50-mm sterile sieve and a sterile forceps clip into 10-mL sterile specimen containers. All collected micro-
plastics, filter membranes, and sediment samples were placed into a 10-mL sterile specimen container
and stored in liquid nitrogen. Furthermore, the random selection of microplastics was detected by
micro-Raman spectroscopy (DXR2; Thermo Fisher Scientific) (532-nm laser and Raman shift of 50 to
3,500 cm21) according to the method described previously by Di and Wang (3), and the chemical com-
position of the particles was determined by comparing the obtained spectra with the database on the
instrument. The results showed that the microplastics of fiber and fragments that were collected from
the Three Gorges Reservoir area surface water were mainly polystyrene, polypropylene, and polyethyl-
ene (Fig. 1). However, due to the limited collection and identification of microplastics in field sampling,
at least five microplastic particles were picked from each site, which led to not having all microplastic
polymer types being collected at each sampling site.

DNA extraction and full-length 16S rRNA sequencing. The bacterial DNA from each sample was
extracted by using the DNeasy PowerSoil kit according to the manufacturer’s guidelines (Qiagen). After
the total DNA was extracted from all samples, the primers 27F (59-AGRGTTYGATYMTGGCTCAG-39) and
1492R (59-RGYTACCTTGTTACGACTT-39), designed for the full-length 16S rRNA V1-V9 region, were syn-
thesized with Barcode (70). The single-molecule real-time (SMRT) cell method was used to sequence
marker genes (71, 72), and circular consensus sequencing (CCS) data were filtered to obtain optimized
CCS for operational taxonomic unit (OTU) clustering and taxonomic annotation. The specific methods
were described in detail in our previous study (41). In brief, the sequences were clustered at the level of
97% similarity (USEARCH, version 10.0) (73), and 0.005% of the number of sequenced sequences were
used as the threshold to filter the OTUs of each sample (74). The taxonomic annotation of OTUs was car-
ried out using the Silva (bacteria) taxonomic database (release 132; http://www.arb-silva.de) (75), and
the confidence threshold was 0.8 (76). For comparisons across different habitats, the sequencing depth
of samples was normalized to 4,100 reads via rarefaction (see Table S1 in the supplemental material).

Statistical analysis. To determine the significance of the differences in community composition
among the three habitats, we used the Bray-Curtis distance to calculate the NMDS plot and perform
ANOSIM. Besides, the bacterial community similarities at the OTUs level were estimated based on 1-
Bray-Curtis distance between samples using the vegan package (version 2.5-7) in R. Meanwhile, the geo-
graphic distance between the sampling sites was determined based on the geographic coordinates, and
the correlation between community similarity and geographical distance was then evaluated via the
ggplot 2 package (version 3.3.5) in R. Previous studies have found that limma voom has good perform-
ance in composition difference analyses (77, 78), so the composition differences in bacterial commun-
ities among the microplastics, water, and sediment were described via limma Bioconductor packages
(version 3.38.3) in this study.

The null model was applied via the picante package (version 1.8.2) in R to analyze phylogenetic and
taxonomic b-diversity metrics (b-nearest taxon index, bNTI and value of Bray–Curtis-based Raup–Crick,
RCBray) of bacterial communities on microplastics, in water, and in sediment, according to methods
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described in a previous study (29). A bNTI of greater than 2 was defined as variable selection (more phy-
logenetic turnover than expected), and a bNTI of less than 22 was defined as homogeneous selection
(less phylogenetic turnover than expected). Furthermore, an absolute value of bNTI (jbNTIj) more than
2 expressed the dominance of selection processes. Subsequently, RCBray was used to further partition
jbNTIj values of ,2. A jbNTIj of less than 2 and an RCBray of greater than 0.95 were defined as dispersal
limitation, a jbNTIj of less than 2 and an RCBray of less than 20.95 were defined as homogenizing disper-
sal, and a jbNTIj of less than 2 and an jRCBrayj of less than 0.95 were defined as undominated (consisting
mostly of weak selection, weak dispersal, diversification, and/or drift) (29, 31). Besides, to help reveal the
effects of habitats and transmission constraints on bacterial communities, the niche distance of bacterial
communities was evaluated via the spaa package (version 0.2.2) in R. Meanwhile, the direct or indirect effects
of sediment and water bacterial communities on the assembly of bacterial communities on microplastics
were described based on path coefficient analysis via SPSS (version 19.0). Co-occurrence networks of bacterial
communities in different habitats were constructed based on a strong (jrj . 0.8) and significant (P , 0.001)
Spearman correlation at the OTU level. The co-occurrence networks of bacterial communities in different hab-
itats (microplastics, water, and sediment) were visualized via Gephi (version 0.9.2), and the topological proper-
ties (including average weighted degree, average path length, average clustering coefficient, modularity, and
number of modules) of the co-occurrence network were also calculated via Gephi (version 0.9.2).

Data availability. The raw full-length 16S rRNA gene sequences generated in the present study
were deposited in the Sequence Read Archive (SRA) database (https://submit.ncbi.nlm.nih.gov/subs/
sra/) under accession number PRJNA647658.
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