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Abstract By assembling mesocosms and utilizing

high-throughput sequencing, we aim to characterize

the shifts of the bacterial community in freshwaters

driven by two contrasting submerged macrophyte

species, Ceratophyllum demersum L. and Vallisneria

spiralis L. Although the microbe in both the water

column and sediment were largely modulated by the

macrophyte, the effect varied considerably depending

on bacterial locations and macrophyte species. Acti-

nobacteria was the most abundant taxa in the water

column of all the three treatments, but its abundances

were significantly higher in the two planted treat-

ments. Moreover, Alphaproteobacteria showed high

abundance only in the unplanted control. For bacterial

taxa in the sediment, C. demersum significantly

increased the relative abundance of Anaerolineae but

reduced the relative abundance of Betaproteobacteria

and Gammaproteobacteria, while V. spiralis

increased the relative abundance of Deltaproteobac-

teria and Gammaproteobacteria. Additionally, in the

C. demersum treatment, the water column bacterial

community increased more dramatically in richness,

alpha diversity, and the relative abundance of the

dominant taxa than those in the V. spiralis treatment.

Taken together, the findings from this study reveal that

the two species of submerged macrophyte modified

the bacterial community in waters, despite the obvious

interspecific performance differences.

Keywords Submerged macrophyte � Microbe �
Mesocosms � Illumina high-throughput sequencing

Introduction

Submerged macrophytes are important components of

aquatic ecosystems, occupy key interfaces, and there-

fore have major effects on productivity and biogeo-

chemical cycles (Carpenter & Lodge, 1986; Srivastava

et al., 2008; Baart et al., 2010). Since it was found that

submerged macrophytes are crucial for the stabiliza-

tion of the clear water state in shallow eutrophic and

mesotrophic lakes (van Donk & van de Bund, 2002),

numerous efforts have been made to address the

underlying mechanisms related to the impact of

submerged macrophytes in the aquatic ecosystem

(Søndergaard et al., 2010; Vermaire et al., 2011).
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With the development of culture-independent biol-

ogy techniques, determining how macrophytes shape

the bacterial community structure has become an

active area of research (Brix & Schierup, 1989;

Metzker, 2010; Zeng et al., 2012). In aquatic ecosys-

tems, the presence of macrophytes could enhance the

horizontal and vertical heterogeneity of the water

environment by releasing substantial amounts of

oxygen and organic carbon (Herrmann et al., 2009;

Lewicka-Rataj et al., 2018) and by altering the pH and

availability of the surrounding light and nutrients

(Kirschner & Velimirov, 1997; Wu et al., 2007; Hilt,

2015), factors which could reasonably be expected to

affect microbial communities. Additionally, different

species of macrophytes characterized by dissimilar

physiology and chemical compositions would result in

the release of various types of substrates and thereby

affect the availability of ecological niches for different

bacterial strains (Brum & Esteve, 2001; Hempel et al.,

2009; Pang et al., 2016). It is a common consensus

among aquatic ecologists that plant species have a

strong selective effect on rhizosphere microorgan-

isms, epiphyton, and bacterioplankton (Marschner &

Timonen, 2005; He et al., 2014; Fan et al., 2016).

Compounds released from macrophytes could serve as

selective agents that directly alter the bacterial com-

munity composition (BCC), and the species-specific

influence of macrophytes on BCC is variable with the

season and distance (Murray & Hodson, 1986; Zeng

et al., 2012). Despite the rapid growth of knowledge

concerning the effect of submerged macrophytes on

modifying the microbial structure in aquatic systems,

most studies have solely focused on water or sediment

microorganisms, and the comparative analysis regard-

ing the impact of submerged macrophytes on both

parts has rarely been reported.

High-throughput sequencing (HTS), currently the

most popular next-generation sequencing method, has

been widely used to survey and improve our under-

standing of the diversity of prokaryotic communities

in various environmental habitats and across multiple

research disciplines (Peralta et al., 2012; Xie et al.,

2015). Unlike the other approaches (e.g., PCR cloning,

fluorescent in situ hybridization, denaturing gradient

gel electrophoresis), in addition to providing compre-

hensive information without bias (overall error

rates\ 1%), Illumina’s HTS can generate up to

billions of higher quality reads per flow cell at a far

lower price. Despite the wide use of HTS, thus far,

there is limited information about the microbial

compositional structures modulated by macrophytes

based on HTS technology.

Herein, we use Illumina’s HTS to comprehensively

characterize the diversity and composition of the

bacterial community in laboratory mesocosms with

and without submerged macrophytes. Two species,

Ceratophyllum demersum L. and Vallisneria spiralis

L., were chosen in this study because they both grow

fast and can easily develop into dense stands. More-

over, it has been documented that each could yield

good results in improving and maintaining water

quality (Qiu et al., 2001; Dai et al., 2012). More

importantly, their morphologies are remarkably dis-

tinct: C. demersum is a free-floating submerged

species and has fluffy, filamentous, bright-green

leaves; V. spiralis is a rooted submerged species and

has narrow, linear leaves. Therefore, in addition to

evaluating the role of submerged macrophytes on the

water column and sediment microbial community, we

hypothesize that C. demersum has a relatively stronger

effect on bacterioplankton in the water column,

whereas V. spiralis plays a stronger role in regulating

the bacterial community in sediment.

Materials and methods

Experimental mesocosms

A total of 9 PVC tanks (0.6 m 9 0.5 m 9 0.8 m;

length 9 width 9 height) were used for simulation of

the lake system and comparative analyses. A 10-cm

layer of sediment was placed in each tank, and each

tank was then filled with water. The sediment used in

these mesocosms was collected from the top 0–10 cm

of sediment in a eutrophic landscape river flowing

through Tongji University, Shanghai. The physical

and chemical characteristics of water and sediment are

shown in Table 1. This experiment manipulated three

experimental treatment sets (planted with C. demer-

sum; planted with V. spiralis; unplanted control), with

three replicates for each treatment set. The two species

of macrophytes were collected in June 2014 from

Donghu Lake in Wuhan. They were pre-incubated for

approximately 4 weeks in a large tank with the same

water and sediment as the mimic systems. After

washing and removing the adherent water on plants

with a line wedge of bibulous paper, these two
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macrophyte species were evenly planted in three tanks

(approximately 0.50 kg fresh weight per square meter;

C. demersum: * 25 plants; V. spiralis: * 20 plants)

immediately after filling the tanks with water. All

mesocosms were exposed to natural sunlight in an

open room with a transparent roof. During the

experimental period, July 7 to October 3, 2014, the

air temperature ranged from 20�C to 38�C. An

appropriate amount of tap water was added periodi-

cally (every 2–4 days) to maintain the initial water

level. For more details, please refer to Dai et al.

(2017).

Physical and chemical analyses

Water and sediment samples were collected at the

beginning and end of the experiment. Chemical

variables included chemical oxygen demand (COD),

total phosphorus (TP), soluble reactive phosphorus

(SRP), total nitrogen (TN), and ammonia nitrogen

(NH4
?–N). TN, NH4

?–N, and TP of water samples

were analyzed according to Standard Methods in

Environment Monitoring of China (National Bureau

of Environment Protection, 2002). COD was mea-

sured using a spectrophotometer (DR/2800, Hach Co.,

Loveland, CO, USA). SRP was determined according

to Murphy & Riley (1962).

Sediment samples were all naturally air-dried and

sieved with a standard 100-mesh sieve. P fractions

were determined using the SMT protocol (Ruban

et al., 1999). The TP concentration in sediments was

determined by the ascorbic acid method after com-

busting the sediment at 450�C for 3 h and extracting it

by 20 mL of 3.5 M HCl for 16 h. Inorganic phospho-

rus in the supernatant (IP) was measured by the

method described above after extracting the sediment

with 20 mL of 1 M HCl for 16 h. Organic phosphorus

(OP) was calculated by taking the difference between

TP and IP. Organic matter (OM) was measured as the

weight of the dry sediment after being heated in a

muffle furnace at 550�C for 3 h. TN was measured as

nitrate by alkaline persulfate oxidation digestion

(Lachat Method 12-107-04-1-B, Milwaukee, WI).

Bacterial community analysis using high-

throughput sequencing

Water column and surface sediment samples were

collected at the termination of the experiment, taken to

the laboratory, and processed immediately (within

10 min). Bacterioplankton samples in water (500 mL

of water) were collected on 0.2-lm pore-sized filters

after prefiltration through 5.0-lm pore-sized filters

(diameter 45 mm; Whatman, UK). The filters con-

taining microbes were cut into small pieces with a

sterile scalpel, and bacterial genomic DNA was then

extracted using a bacterial DNA kit (Omega Bio-Tek,

Inc., Norcross, GA, USA) following the protocol. The

sediment samples were collected at five random spots

in each system and mixed in polyethylene bags. The

DNA was then extracted from approximately 400 mg

of sediment using a soil DNA kit (Omega) according

Table 1 Physical and

chemical parameters of the

water column and sediment

in different systems

Values are shown as

mean ± SD

Different lowercase letters

(a, b, and c) indicate

significant differences

between groups (P\ 0.05),

while shared letters indicate

no significant difference

DW dry weight

Variable Beginning End

C. demersum V. spiralis Control

Water Column

TN mg/L 4.92 ± 0.19 0.76 ± 0.04a 0.74 ± 0.06a 0.84 ± 0.02b

NH4
?–N 4.14 ± 0.06 0.14 ± 0.06a 0.17 ± 0.06a 0.21 ± 0.02b

TP 0.49 ± 0.001 0.28 ± 0.003a 0.11 ± 0.02b 1.15 ± 0.03c

SRP 0.38 ± 0.001 0.26 ± 0.001a 0.020 ± 0.01b 1.14 ± 0.03c

COD 14.4 ± 0.90 12.7 ± 0.29a 13.3 ± 2.84a 19.1 ± 2.50b

Sediment

TN g/kg DW 1.92 ± 0.06 1.60 ± 0.08 1.64 ± 0.02 1.80 ± 0.42

TP 1.15 ± 0.04 1.09 ± 0.07a 1.08 ± 0.01a 1.21 ± 0.09b

IP 0.24 ± 0.03 0.81 ± 0.01 0.81 ± 0.02 0.83 ± 0.03

OP 0.91 ± 0.02 0.28 ± 0.02a 0.27 ± 0.03a 0.38 ± 0.09b

OM 55.6 ± 2.07 56.1 ± 1.13ab 55.0 ± 1.85a 59.2 ± 0.06b
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to the manufacturer’s alternative protocol. All DNA

extractions were purified with an AxyPrepTM DNA

kit.

Next-generation sequencing library preparations

and Illumina MiSeq sequencing were conducted at

GENEWIZ, Inc. (Beijing, China). DNA samples were

quantified using a Qubit 2.0 fluorometer (Invitrogen,

Carlsbad, CA) and DNA quality was checked on a

0.8% agarose gel. Five to fifty ng DNA was used to

generate amplicons using a MetaVxTM Library Prepa-

ration kit (GENEWIZ, Inc., South Plainfield, NJ,

USA). A panel of proprietary primers was designed to

anneal to the relatively conserved regions bordering

the V3, V4, and V5 hypervariable regions. The V3 and

V4 regions were amplified using forward primers

containing the sequence ‘‘CCTACGGRRBGCASCA

GKVRVGAAT’’ and reverse primers containing the

sequence ‘‘GGACTACNVGGGTWTCTAATCC.’’

The V4 and V5 regions were amplified using forward

primers containing the sequence’’ GTGYCAGC

MGCCGCGGTAA’’ and reverse primers containing

the sequence ‘‘CTTGTGCGGKCCCCCGYCAAT

TC.’’

Quality filtering on joined sequences was per-

formed, and sequences that did not fulfill the following

criteria were discarded: sequence length\ 200 bp, no

ambiguous bases, mean quality score C 20. The

sequences were then compared with the reference

database (RDP Gold database) using the UCHIME

algorithm to detect chimeric sequences that were then

removed. The sequence data are deposited into the

NCBI’s Sequence Read Archive Database under

accession numbers SAMN06212356.

The filtered sequence data were further processed to

reduce sequencing and PCR errors using the mothur

Miseq SOP (http://www.mothur.org/wiki/MiSeq_

SOP). Next, the clean sequences were imported into

Quantitative Insights into Microbial Ecology (QIIME,

version 1.8.0) for the open-reference operational tax-

onomic units (OTUs) picking and core diversity

analyses. The OTUs were assigned using usearch61

alignment and taxonomically assigned by Ribosomal

Database Program (RDP) classifier at a confidence

threshold of 0.8 using the latest version of Greengenes

database. The normalized sequences from all samples

with clean sequences between 44,427 and 115,606

were clustered into OTUs at identity thresholds of

0.97. An OTU-based rarefaction curve, alpha diversity

metrics (i.e., observed species, Chao1 richness, and

Shannon’s diversity index H), and beta diversity

metrics (weighted UniFrac) were calculated for all

samples that had clean sequences at an even

sequencing depth of 44,000 sequences (Ju & Zhang,

2015).

Statistical analysis

We generated ordination plots for visualizing the

community shifts, including rarefaction curves (RC),

abundance-based coverage estimators (ACE), Chao

richness estimator, coverage, Shannon diversity, and

Simpson diversity using the Vegan package in R

(Oksanen et al., 2013; R Development Core Team,

2015). A one-way ANOVA or a Kruskal–Wallis test

(if the data could not be transformed to follow the

assumption) was performed on the target variables to

test the difference between water column and sedi-

ment samples as well as between the three treatments

in terms of physical and chemical variables, bacterial

16S rRNA gene copy number, observed species, and

Shannon–Wiener indices.

We conducted the principal coordinate analysis

(PCoA) to compare similarities among samples based

on beta diversity metrics using weighted UniFrac

distances (considering both species phylogeny and

abundance). To further evaluate the significant differ-

ences in bacterial communities between the samples,

the randomization/permutation procedure analysis of

similarities was used. Complete separation is indicated

by R = 1, whereas R = 0 suggests no separation

(Clarke & Gorley, 2001). We also present the linear

discriminant analysis (LDA) effect size (LEfSe)

analysis on the website http://huttenhower.sph.

harvard.edu/galaxy under the following conditions:

(1) the alpha value for the factorial Kruskal–Wallis

test among classes is\ 0.05; and (2) the threshold on

the logarithmic LDA score for discriminative features

is[ 2.0 (Zhang et al., 2013). The differential features

were identified on the OTU level. The treatment

groups were used as the class of subjects (no subclass).

Additionally, QIIME scripts were used to detect sig-

nificant differences between the OTU abundance in

the different sample groups (http://qiime.org/scripts/

group_significance.html). All the analyses and

graphing were accomplished with R version 3.2.1 (R

Development Core Team, 2015).
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Results

Properties of water and sediment

At the end of the experiment, the concentrations of

TN, NH4
?, TP, SRP, and COD in the vegetated water

column were all significantly lower than those in the

control (P\ 0.05). Moreover, significantly lower

concentrations of TP and SRP were detected in the

V. spiralis group compared to the C. demersum group.

For sediment, the unplanted control had significantly

higher concentrations of TP and OP than the vegetated

groups and significantly higher concentrations of OM

than the V. spiralis group (P\ 0.05). No significant

difference was found between the vegetated groups.

Bacterial richness and diversity

The appearance of a plateau in the rarefaction curve

for each sample indicates that the bacterial community

diversity had been well captured at the sequencing

depth used in the present study (Fig. 1A, B). The

observed OTUs in the water columns and sediment

samples of the three different systems were 1194 and

4724 in the C. demersum group, 917 and 4285 in the V.

spiralis group, and 812 and 4581 in the control. In all

groups, the bacterial richness in sediment was signif-

icantly higher than the richness in the water column

(P\ 0.05). However, no significant difference in

bacterial community richness was detected among the

groups either in the water column or in the sediment

(Fig. 1C).

The Shannon–Wiener diversity index of bacterial

communities in water columns was 6.39 (C. demer-

sum), 4.70 (V. spiralis), and 4.65 (control); in

sediments it was 9.77, 9.27 and 9.64, respectively. In

addition to the significant difference between the

water column and sediment, a significantly higher

Shannon–Wiener diversity index was observed in the

water column of the C. demersum group compared to

the V. spiralis group and the control group (P\ 0.05;

Fig. 1D).

Bacterial community composition

Over 95% and 87% of the annotated sequences were

affiliated with 31 bacterial classes and 1 archaeal class

of 17 phyla in the water column samples and sediment

samples, respectively. Figure 2 shows that there were

distinct structural differences between bacterial com-

munities in water columns and sediments as well as

among the three treatments (Fig. 2). On average, in the

water columns, Actinobacteria represented the most

abundant taxa in all three treatments, but significantly

higher relative abundance was observed in the two

planted treatments (LSD: P\ 0.05), compared to the

control. Other dominant taxa following Actinobacte-

ria (accounting for over 10%) included Sphingobac-

teriia and Cytophagia in the C. demersum treatment,

Flavobacteriia and Sphingobacteriia in the V. spiralis

treatment, and Alphaproteobacteria, Flavobacteriia,

and Saprospirae in the control. Additionally, for these

taxa, there were significant differences among the

three groups. Meanwhile, compared with the relative

microbial abundance in the control, C. demersum

significantly enhanced the Anaerolineae (16.2% VS

15.8%) but reduced the abundance of Betaproteobac-

teria (15.9% VS 17.1%) and Gammaproteobacteria

(13.4% VS 14.3%) in the sediment. In the V. spiralis

group, Deltaproteobacteria (17.3% VS 15.5%) and

Gammaproteobacteria (17.3% VS 14.3%) were sig-

nificantly enhanced (P\ 0.05).

Bacterial community structure comparison

The results reveal that the variability of microbial

communities could be mainly explained by the first

principle components (PC1), which accounts for up to

76% of the variability. Microflora in the water column

and sediment were significantly separated at P = 0.01

with the R value of 0.630, together with 0.327 and

0.105 for the two parts among the three groups.

Moreover, remarkably larger variability of microflora

among the water columns was observed (Fig. 3).

To further explore the bacterial community differ-

ences among the three groups, QIIME scripts and

LEfSe were employed, and both indicated that there

were significant differences among water samples but

none among sediment samples. QIIME scripts com-

pare each OTU based on the past sample groupings to

see if it is differentially represented. In this study, each

system had its own dominant OTUs. In the C.

demersum and V. spiralis groups, each had 7 OTUs

significantly higher than in the other groups, while in

the control, there were 8 OTUs (Table 2). Most of the

OTUs belonged to Bacteroidetes and Actinobacteria:

one OTU in the V. spiralis group belonged to

Cyanobacteria, and two OTUs in the control group
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were affiliated with Proteobacteria. LEfSe can iden-

tify differentially abundant taxa by combining tests for

statistical significance, biological consistency, and

effect relevance (Segata et al., 2011). A total of 9

bacterial clades were detected as high-dimensional

biomarkers for separating water microbiota among the

three treatments (Fig. 4A). Seven were in the C.

demersum group, and one was in the V. spiralis and

control group, respectively. The most differentially

abundant phyla in the system with C. demersum were

Gammaproteobacteria (belonging to Proteobacteria),

followed by Mb-NB09, BS119 TM7-1, TM7,

and OM190 (belonging to Planctomycetes); the

predominant phylum in the V. spiralis and control

group was BSV26 (belonging to Chlorobi) and

Oscillatoria psychidae (belonging to Cyanobacteria),

respectively.

Discussion

Similar to previous findings (Zeng et al., 2012; Waters

et al., 2015), there were differentiated microbial

communities between the present and absent-plant

treatments. In addition to finding a higher abundance

of the most dominant taxon in water columns due to

the growth of macrophytes, all of the proceeding

dominant groups in planted systems belonged to

Bacteroidetes. These results support the finding of a

previous study demonstrating a positive relationship

between specific bacterial phyla and macrophytes

(Gordon-Bradley et al., 2014). Van der Gucht et al.

(2005) inferred that the die-off submerged macro-

phytes could contribute to higher concentrations of the

high molecular weight fraction of dissolved organic

matter (DOC) in clear water lakes and hence facili-

tated the proliferation of the Bacteroidetes (Kirchman,
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2002). Additionally, consistent with the previous

study, which showed a high numerical importance at

phytoplankton-dominated sites in the large and shal-

low subtropical lake (Wu et al., 2007), we found that

Alphaproteobacteria dominated only in the unplanted

control, where the nutrient concentration and phyto-

plankton density were remarkably higher in the

systems with macrophyte-absent control than in the

planted systems (Table 1; Dai et al., 2017). The supply

of phytoplankton-derived DOC could contribute to the

phenomenon (Stepanauskas et al., 2003; Bunse et al.,

2016), because the abundance of Alphaproteobacteria

is inferred almost exclusively controlled by resources

and DOM concentrations and DOM properties are

among the most important ones (Amaral et al., 2016).

Compared with the community of epibiotic bacteria

and surrounding bacterioplankton of Potamogeton

crispus in freshwater lakes, He et al. (2014) found that

Alphaproteobacteria was the most dominant group

among epibiotic bacterial taxa, whereas Actinobacte-

ria dominated bacterioplankton. In our study, Acti-

nobacteria showed significantly higher relative

abundance in the planted water columns, rather than

Alphaproteobacteria. These indicated that DOC

released by submerged macrophytes has limited

impacts on the bacterioplankton in lentic waters.

Regarding how macrophytes affect the bacterial

diversity in the water column, there are conflicting

results in the literature, as Wu et al. (2007) observed a

higher bacterial diversity in the macrophyte-absent

areas compared with the macrophyte-dominated sites.

Gordon-Bradley et al. (2015) found that the Shannon

Fig. 2 The relative abundance of dominating bacterial phyla

and classes in different systems. Relative abundances were

calculated as the number of sequences assigned to each bacterial

group divided by the total number of 16S rRNA gene in each

sample and expressed as percentages. Only bacterial groups of

high relative abundance ([ 5% in all systems) were shown in the

graph. Bacterial groups of low abundance were grouped as

Others
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Fig. 3 Three-dimensional principal coordinate analysis

(PCoA) plot (A) and the distance values show the differences

of bacterial community in water column and sediment among

the three different systems (B), and pairwise community

distances were determined using the weighted UniFrac algo-

rithm. The smallest observation, first quartile, median, third

quartile, and largest observation are indicated in (B)

Table 2 OTUs with

significantly different

frequencies in water

columns across the three

groups (Kruskal–Wallis

test, P\ 0.05)

The vaule of bold font

indicates a significantly

higher measurement

compared to that in the

other two goups

OTU ID Phylum Lowest taxonomic rank Number of sequence

C. demersum V. spiralis Control

4392826 Bacteroidetes o_Sphingobacteriales 2567 1644 34

4410004 Bacteroidetes o_Sphingobacteriales 1450 10 209

737260 Bacteroidetes f_Cytophagaceae 2315 1087 473

4343367 Actinobacteria f_ACK-M1 1928 34 4

4396611 Bacteroidetes f_Sphingobacteriaceae 1580 14 24

382140 Bacteroidetes f_Cyclobacteriaceae 1427 514 24

4383820 Actinobacteria s_rubra 3160 88 35

3447865 Bacteroidetes o_Sphingobacteriales 150 2610 8

1892589 Cyanobacteria o_Cryptophyta 58 1278 1241

726730 Actinobacteria f_Microbacteriaceae 1785 9500 5052

4337739 Actinobacteria f_ACK-M1 272 1228 2

4385507 Bacteroidetes g_Flavobacterium 68 5308 25

683853 Bacteroidetes g_Flavobacterium 269 1680 557

3883854 Actinobacteria s_rubra 264 1365 36

04085 Actinobacteria o_Actinomycetales 33 254 1497

4366287 Proteobacteria f_Pelagibacteraceae 50 306 5099

99400 Bacteroidetes f_Chitinophagaceae 928 1193 2874

307401 Bacteroidetes f_Cyclobacteriaceae 373 181 2640

640918 Bacteroidetes f_Chitinophagaceae 497 682 1590

4477199 Proteobacteria f_Comamonadaceae 607 1375 1587

574039 Bacteroidetes g_Flavobacterium 30 23 1659

708742 Bacteroidetes g_Fluviicola 962 1120 1490
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diversity indices did not vary greatly between the

blooming and nonblooming stages of Hydrilla. The

study from Declerck et al. (2005) indicates that the

richness of bacteria was positively correlated to

submerged vegetation in shallow lakes. In our study,

we found a significantly higher Shannon–Wiener

diversity index only in the water column with C.

demersum. These results imply that different species

of macrophytes could have distinctive effects on the

bacterioplankton community. This conclusion can be

further supported by the particular microbial taxa that

were identified via QIIME scripts and LEfSe. In

general, there are limited results and conclusions about

the bacterial richness and Shannon–Wiener diversity

related to macrophyte growth. Therefore, more studies

are recommended to confirm the exact effect and

uncover the underlying mechanisms, and we urge

further investigation of detailed taxonomic

compositions and ecological features, e.g., metabo-

lism, growth, and mortality.

Although variations of sediment microbes were

also observed among the treatments, compared to

bacterioplankton, the two species of submerged

macrophyte displayed a much weaker effect on the

sediment microbes. Ahn et al. (2007) came to the

analogous results that no significant effects of the

presence of macrophyte on sediment microbial com-

munities were detected in the wetland system, but they

attributed this to the low growth of plants and

sampling anomalies. Other studies have demonstrated

differences in the species composition and biomass of

sediment bacteria between macrophyte and unvege-

tated areas (Boschker et al., 2000; Kurtz et al., 2003;

Shao et al., 2011). However, their data from small

sample sizes did not allow them to conduct the

statistical analysis. Using terminal restriction frag-

ment length polymorphism (T-RFLP) and LIBSHUFF

Fig. 4 Differentially

abundant taxa identified

using LEfSe analysis. The

histogram A shows the LDA

scores computed for features

(OTU level) differentially

abundant in water columns

among different systems.

Taxonomic cladogram.

B reports the taxa

(highlighted by small circles

and by shading) showing

significant different

abundance values

(according to LEfSe) in the

three different systems; for

each taxon, the color

denotes the class with higher

median for both the small

circles and the shading
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analysis, Zhao et al. (2013) detected significant

differences in bacterial communities between unveg-

etated and rhizosphere sediments. Moreover, they

found significantly lower diversity of the bacterial

community associated with the rhizosphere sediments

of submerged macrophytes, compared to that of the

bulk sediment (zhao et al., 2017). The discrepancy

among these studies could be attributed to the different

analysis approaches used, methods of sample collec-

tion, and research systems (mesocosm and large,

shallow lake).

As we hypothesized, C. demersum showed a

stronger effect on the richness and alpha diversity of

bacterioplankton. Moreover, the abundance of seven

bacterial taxa was significantly higher in the C.

demersum group, whereas in the V. spiralis system,

only one taxon was identified. It has been documented

that characteristics of the leaf structure play a crucial

role in dictating the types of microbes that thrive on

them (Redford et al., 2010). In our study, C. demersum

has long stems with numerous side shoots and thread-

like leaves that are produced in whorls of six to twelve,

which makes the single specimen appear as a large,

bushy mass, while the leaves of V. spiralis are flat,

linear and the surface can range up to 19 mm in width.

Therefore, C. demersum has the potential to provide a

more protective habitat for bacterial colonizers.

Although both species of submerged macrophytes

showed inhibitory effects on cyanobacteria (Gross

et al., 2003; Xian et al., 2006a), one OTU with

significantly higher frequencies belonging to

Cyanobacteria was identified in the V. spiralis group.

These results imply that as the distinct allelopathy on

phytoplankton between the two species (Xian et al.,

2006b; Dai et al., 2017), C. demersum has a stronger

inhibitory effect on Cyanobacteria than V. spiralis.

Additionally, the differences in plant exudates, oxy-

gen release, pH alteration, light and nutrient avail-

ability, decomposition products of dissolved organic

matter, etc., are reasonably expected to affect micro-

bial communities differently (Boschker et al., 1999;

Gordon-Bradley et al., 2014; Levi et al., 2017).

Contrary to our expectation, no high-dimensional

biomarker and a significantly different frequency

higher OUT was identified in the planted systems,

although the relative abundance of Anaerolineae in the

system of C. demersum, along with Deltaproteobac-

teria and Gammaproteobacteria in the system of V.

spiralis, exhibited an obvious increment compared to

the sediment dominant taxon in the control system.

More studies, especially long-term experiments, are

necessary to verify the results.

In summary, we employed C. demersum and V.

spiralis as the representative submerged macrophyte

in freshwater and reported a comprehensive charac-

terization of the bacterial communities shaped by

macrophytes in mimic ecosystems.

In summary, the two species of submerged macro-

phyte shaped the water bacterioplankton community

at the end of the experiment, whose diversity and

representative populations significantly differed from

those in the unplanted control system but presented

limited impact on the sediment bacterial community.

Additionally, obvious interspecific performance dif-

ferences were observed in this study. Habitat-related

species sorting and physical and chemical properties

in the water column could be the drivers of bacterial

community formation and modulation. Hence, we

argue that macrophytes play an important role in

structuring bacteria community composition, but their

effects may differ significantly, because their various

physiological and morphological traits could provide

different heterogeneous physical structures and nutri-

ent flows.
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