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Abstract 

The microbes that are attached to aquatic plants play critical roles in nutrient cycles and the maintenance of water quality. How- 
ev er, their comm unity compositions, biodi v ersity and functions hav e not been well explor ed for the inv asi v e plants in inland w aters. 
Her e, the co-occurr ence patterns between bacteria and fungi on the leav es of Alternanthera philoxeroides and their potential ecological 
inter actions w er e studied during the gr owing seasons. Along with significant v ariations in the alpha di v ersity of attached micr obes 
over time, shifts in their community composition were significantly associated with the dynamics of plant stoic hiometry, substr ate 
composition and extracellular enzyme activity. Deterministic processes (heterogenous selection) play a predominant role in com- 
m unity assemb l y of the attac hed bacteria, while stoc hasticity (undominated process) was the major dri v er for the attached fungal 
assemb l y. Compar ed with the fr ee-li ving micr obial netw ork, the attac hed microbial netw ork was structur all y simple but highl y mod- 
ular. The attached microbes had more intra-phylum links (primarily within the phyla Actinom ycetota , Alphapr oteobacteria , Bacillota and 

Basidiomycota ) and distinct co-exclusion patterns between bacteria and fungi in the modules. In summary, the study will be helpful 
in understanding the microbes and their interactions in the phyllosphere of A. philoxeroides , an key inv asi v e species under national 
management and control. 

Ke yw ords: co-occurrence networks, community assembly, invasive macroph yte, ph yllospheric microorganisms 
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Introduction 

Macr ophytes ar e widel y distributed in aquatic ecosystems, and 

they play important roles in the structure and function of shallow 

aquatic habitats . T he lea v es of macr ophytes pr ovide substr ates for 
micr obes to attac h and gr ow, and they hav e special nic hes . T he 
phyllospher e r epr esents the substr ate surface of plants and is a 
special niche that harbors diverse species of microbes (Xie et al.
2015 , Vac her et al. 2016 ). Attac hed bacteria that hav e colonized 

the phyllosphere can influence plant growth and fitness (Vorholt 
2012 , Kembel et al. 2014 ), and fungi that have attached can con- 
tribute to the decomposition of leaf litter and play an important 
role in recycling carbon and nutrients in ecosystems (Yao et al.
2019 ). The attac hed micr obes form biofilms in aquatic ecosystems 
and play a major role in regulating the nutrient cycle and energy 
flow in water bodies . T here is increasing research interest in uti- 
lizing natural periphytic biofilms in w astew ater treatment, non- 
point source pollution control and the remediation of polluted 

waters (Yan et al. 2019 ). Multiple studies of bacteria and fungi at- 
tac hed to leav es hav e primaril y focused on terr estrial plants, suc h 

as Arabidopsis thaliana (Bai et al. 2015 ) and the red-osier dogwood 

( Cornus stolonifera ) (Osono 2007 ). Ho w e v er, v ery fe w studies hav e 
addr essed the micr obial div ersity of the phyllosphere in aquatic 
en vironments . 
Recei v ed 4 October 2022; revised 25 J an uar y 2023; accepted 1 Mar c h 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
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Alternanthera philoxeroides (Mart.) Griseb is a perennial herba- 
eous plant that is both stoloniferous and amphibious . T he na-
iv e r ange of this species is thought to be the P ar ana Riv er r egion
f southern Br azil, P ar a guay and Ar gentina, and this species has
pread in tropical, subtropical and warm temperate regions, in- 
luding China, USA, Austr alia, Ne w Zealand, Indonesia, India and
hailand (Yan et al. 2020 ). In China, A. philoxeroides was first in-
roduced into suburban Shanghai from Japan as horse feed in
he late 1930s, and it has since invaded large areas south of the
ellow River Basin and can be found sporadically in northern
hina (Wang et al. 2005 ). The aquatic type of A. philoxeroides grows
 a pidl y in the aquatic en vironment, co vers the water area, de-
reases the biomass of native plant species, alters the patterns of
utrient cycling, blocks drainage and irrigation canals, affects the 
r eshwater cultur e and farmland irrigation and causes economic
nd ecological problems in the areas invaded (Ding and Zhang
014 , Fan et al. 2016 ). Ther efor e, the contr ol and pr e v ention of A.
hiloxeroides is of great significance for maintaining the biodiver- 
ity, ecosystem and social economy of the habitat that has been
nvaded (Yan et al. 2020 ). 

Some pr e vious studies indicated that the attac hed bacteria ar e
or e div erse and form a distinct comm unity composition com-

ared with the free-living bacteria from the surrounding water 
ights r eserv ed. For permissions, please e-mail: 
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He et al. 2014 ). Free-living bacteria have been regarded as a ma-
or seed bank for the attached bacteria, which has an impor-
ant influence on the assemblage of attached bacteria (Bellés-
arulera et al. 2016 ). Macrophytes secrete and provide nutrients
nd oxygen to the attached bacterial communities, which facil-

tates their growth (Zhang et al. 2021a ) . Attached microbes can
r otect macr ophytes fr om external hazards, suc h as pernicious
icr obes and inv ertebr ate species (Hashidok o 2005 ). Plant–fungal

ssociations ar e fr equentl y k e y dri vers of the success of plant in-
 asion. The attac hed fungi can benefit their inv asiv e hosts by en-
ancing gr owth pr omotion and disease r esistance and enhancing
he tolerance of environmental stress. Ho w ever, the roles of at-
ached fungi can vary when a gi ven invasi ve plant faces differ-
nt stresses (Fang et al. 2021 ). Ho w ever, few studies have directly
ompar ed the div ersity of attac hed and fr ee-living fungi in the
urrounding water. 

Man y pr e vious studies onl y focused on the diversity and
omm unity structur e of micr obial comm unities, but ther e has
een less attention on the direct or indirect interactions be-
ween the microbial taxa that coexist in the environmental sam-
les (Barberán et al. 2012 ). The exploration of potential interac-
ions between microbial taxa (bacteria–bacteria, fung i–fung i and
acteria–fungi) in complex and differ ent micr obial comm unities
an help to elucidate the environmental niches of microbes and
heir potential functions (Ruan et al. 2006 , Chaffron et al. 2010 ).
o-occurrence/co-exclusion patterns indicate mutualism or pre-
ation, r espectiv el y, and the competition between species can be

dentified in a network analysis (Deng et al. 2012 ). In addition, net-
ork analyses have been used to study bacterial communities in

oil, freshwater lakes and activated sludge (Zhou et al. 2011 , Bar-
erán et al. 2012 , Ju et al. 2014 , Zhao et al. 2016 ) and fungal com-
unities in soil (He et al. 2017 , Xiong et al. 2021 ). F ew studies ha ve

nalyzed the networks between bacteria and fungi. 
In this study, we investigated the attached microbes on A.

hiloxeroides (A: both bacteria and fungi) throughout the growing
eason and the free-living microbes in the surrounding water (F:
oth bacteria and fungi). Alternanthera philoxeroides is an inv asiv e
lant that can grow in a variety of habitats, including dry land.
o w e v er, it is usually found in water. Alien plant invasion in na-

ive plant communities will decrease the aboveground biodiver-
ity and increase the dominance of invasive species (Rusterholz et
l. 2017 ). Ther efor e, biological inv asion usuall y c hanges the com-
osition of species and ecosystem structur e thr ough the inhibi-
ion and exclusion of the native species (Liu et al. 2020 ). The goal
f this study was to determine: (i) How did the composition of bac-
erial and fungal communities change during the growing season
f A. philoxeroides ? (ii) What was the comm unity assembl y mec ha-
ism for the phyllospheric micr oor ganisms? and (iii) How did bac-
eria and fungi interact in the phyllosphere of A. philoxeroides ? Il-
umina NovaSeq 6000 (Illumina, USA)-based sequencing was used
o study the composition and dynamics of bacterial and fungal
ommunities during the growing season. Our results will help to
etter understand the ecology of attached microbes and the free-
iving microbes in aquatic ecosystems. 

aterials and methods 

xperimental design and sample collection 

n Ma y, J une , J uly, August, September and October 2015, A.
hiloxeroides plants were collected from a site (N32 ◦4’14.88‘,
120 ◦39’46.80’) in a freshwater lake in Nantong, China. Samples
ere taken throughout the entire growing season of the plant, in-
luding the earl y sta ge (May and June), middle stage (July, August
nd September) and late stage (October) (Fig. 1 ). Three replicate
lants were collected by hands that wore sterile glo ves . Each plant
ample was stored in an aseptic plastic ba g. Mor eov er , the sur -
ounding water was also sampled to study the variation of compo-
ition of the planktonic micr obial comm unity. Appr oximatel y 1 L
f water surrounding the plant at the sampling site was collected
sing an aseptic plastic bottle. Appr oximatel y 500 ml of water was
sed for chemical analyses, and the other 500 ml was used to an-
lyze the community composition of planktonic microorganisms.
he concentrations of total nitrogen (TN) and total phosphorus

TP) of the water were measured as previously described (Green-
erg et al. 1992 ). T he total organic carbon (T OC) was analyzed us-

ng a Torch TOC Analyzer (Teledyne Tekmar, Mason, OH, USA) us-
ng high temper atur e catal ytic oxidation. All the plants and water
amples were placed on ice and k e pt cool before their transfer to
he laboratory as soon as possible ( < 4 h). 

haracteristics of A. Philoxeroides and the assays 

f hydrolase activity 

ppr oximatel y 5 g of leaves was freeze-dried to a constant weight
nd ground to a homogeneous fine powder. The carbon content
C%) and nitrogen content (N%) of the freeze-dried leaf powders
er e anal yzed by an integrated oxidation and detection device

Leco CN2000, LECO Corp., St J oseph, MI, USA). T he phosphorous
ontent (P%) was measured using inductively coupled plasma-
ptical emission spectroscopy (model: MIC IC, Metrohm, Switzer-
and) as described by Henschler ( 1988 ). The contents of cellulose,
emicellulose and lignin were measured using gel permeation
 hr omatogr a phy (W aters 1515–2414; W aters, Milford, MA, USA)
nd a UV spectrophotometer (UV-1800; Shimadzu, K yoto , Japan)
sing the NREL method as pr e viousl y described (Sluiter et al. 2008 ).

A total of 1 g of plant leaves was mixed with 9 ml of 10 mM
BS buffer (pH 8.0) and incubated on ice for 15 min. The ho-
ogenate was centrifuged at 1510 × g for 20 min. The liquid super-

atants were used to measure the activities of cellulase , xylanase ,
olyphenol oxidase and peroxidase, which were determined using
LISA kits according to the manufacturer’s instructions (Shanghai
huangying Biological Technology Co., Ltd., Shanghai, China). 

N A extr action, PCR amplifica tion, sequencing 

nd raw data treatment 
 total of 2 g of leav es was tr ansferr ed to a sterile 50 ml polyethy-

ene tube that contained 40 ml of 2 mM PBS with 0.01% (v/v) Tween
0. The attac hed micr obes wer e r emov ed fr om the leav es using ul-
rasonication for 5 min after 30 s of shaking (10 × g). The suspen-
ion that contained both the attached and free-living microbes
 as collected b y filtr ation thr ough 0.2 μm por e pol ycarbonate fil-

ers and stored at −80 ◦C until the nucleic acids were extracted. Af-
er the filters were cut into small pieces, the genomic DN A w as ex-
racted using an E.Z.N.A. water DNA kit D5525-01 (Omega BioTek,
orcross , GA, USA). T he V3-V4 region of bacterial 16S rRNA genes
as amplified from the genomic DNA using the primer pairs 341F

 5 ′ -CCTA CGGGNGGCWGCA G ) and 805R ( 5 ′ -GA CTACHV GGGTATC
 AA TCC-3 ′ ) (Herlemann et al. 2011 ), while the V4 region of fun-
al 18S rRNA genes was amplified using the primer pairs 565f
 5 ′ -CCAGCASCYGCGGT AA TTCC-3 ′ ) and 964b ( 5 ′ -ACTTTCGTTCT
GATYRA-3 ′ ) (Zorz et al. 2019 ). 

T he ra w reads of the 16S and 18S rRNA gene sequences were
rocessed using the Mothur pr ogr am (V. 1.30.0, http://www.mo
hur.org , 2013) according to the NovaSeq 6000 standard operat-
ng pr ocedur e . T he ra w r eads wer e combined, denoised, trimmed,

http://www.mothur.org
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Figure 1. Experimental design to investigate the co-occurrence pattern of bacteria and fungi on the leaves of Alternanthera philoxeroides during the 
growing seasons. 
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quality filtered and finally aligned to databases . T he 16S se- 
quences were aligned using the Ribosomal Database Project ( http: 
// rdp.cme.msu.edu/ ) and the 18S sequences were aligned to the 
SILV A database ( http://www .arb-silva.de ) (Quast et al. 2013 ). In 

this study, we avoided the dangers of closed-database operational 
taxonomic units (OTUs) clustering and instead demonstrated a 
new method that resolves amplicon sequence variants (ASVs) 
from Illumina-scale amplicon data. ASVs can sufficiently control 
errors down to the le v el of single nucleotide differ ences ov er the 
gene region that has been sequenced (Callahan et al. 2017 ). ASV 

methods infer the biological sequences in the sample prior to the 
introduction of amplification and sequencing errors, and distin- 
guish sequence variants differing by as little as one nucleotide 
(Callahan et al. 2017 ). In other w or ds, the quality sequences are 
clustered into ASVs at 100% similarity level. 

Di v ersity estimations of microbial communities 

The alpha diversity indices were estimated using the Mothur pro- 
gram (Lozupone et al., 2011 ; Jiang et al., 2013 ). The species richness 
based on species (ASV) distribution and Faith’s phylogenetic diver- 
sity (PD) index (Faith 1992 ) based on phylogen y wer e calculated.
T he Bra y-Curtis dissimilarity based on the ASV table was calcu- 
lated as beta diversity. The dissimilarities in the microbial com- 
 unity composition wer e visualized using a non-metric multidi-
ensional scaling (NMDS) plot. Beta diversity was estimated and 

he NMDS plots were performed using the vegan package in R. 

hylogenetic turnover and the quantification of 
arious ecological processes 

he ecological processes governing microbial community assem- 
ly include homogeneous selection (i.e. selection under similar bi- 
tic and abiotic envir onmental conditions), heter ogeneous selec- 
ion (i.e. selection under variable biotic and abiotic environmental 
onditions), homogenizing dispersal, dispersal limitation and un- 
ominated processes (Stegen et al. 2013 , 2015 ). In this study, to es-
imate the r elativ e contributions of various ecological processes, a
 ull model-based quantitati v e fr ame work pr oposed by Stegen et
l. ( 2013 ) was used, in which null model-based phylogenetic and
axonomic β-diversity metrics (i.e. β-nearest taxon index [ βNTI] 
nd the modified Br ay–Curtis-based Raup–Cric k [RC Bray ]) wer e
alculated. The βNTI was calculated using the function bNTI.p 
ith 1000 randomizations in the R package ieggr (v. 2.9) (Ning and
scalas 2017 ) to measure phylogenetic turnover in community 
omposition between pairwise samples. RC Bray was calculated us- 
ng the function RC.p with 1000 randomizations in the R pac ka ge
eggr (Chase et al. 2011 ). Here, the null model analysis was run

http://rdp.cme.msu.edu/
http://www.arb-silva.de
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epar atel y for eac h habitat type and season. The fr action of pair-
ise comparisons with βNTI values and RC Bray values was then
pplied to quantify the relative contributions of ecological assem-
l y pr ocesses (the methods ar e detailed in the supplementary
aterials). 

etwork construction and characterization 

he Hmisc pac ka ge in R was used to calculate the correlation ma-
rix ( R value) and the significance matrix ( P value) by counting
ll the possible pairwise Spearman’s r ank corr elations among all
he selected ASVs of each group. Only strong correlations were
elected (i.e. those with statistically significant, P < 0.05, Spear-
an’s correlation coefficient > 0.8 [or < −0.8]) to complete the

etwork analysis (Ruan et al. 2006 ). The q-value package in R was
sed to calculate the Q -v alue, whic h r epr esents the fr action of
alse positives or false negatives if a given pair is identified to be
ignificant ( Q -values < 0.05) (Ruan et al. 2006 ). The important in-
ormation, including nodes (ASVs), edges (interactions), modules,
eights and positive or negative correlations, were imported into
ephi v. 0.9.2, and topological netw orks w er e gener ated and vi-
ualized in Gephi v. 0.9.2 (Bastian and Heymann 2009 ). The net-
 ork complexity w as calculated as linkage density (links per OTU)
mong bacteria, fung i, fung i–bacterial only or all fungal and bac-
eria OTUs (Wagg et al. 2019 ). 

ta tistical anal ysis 

 principal co-ordinates analysis (PCoA) and redundancy analy-
is (RDA) were performed using the package vegan and ggplot2 in
. The coordinates of PCo1 and PCo2 were obtained based on the
CoA of the free-living microbes. All the plant physiological char-
cteristics and the PCo1 and PCo2 of fr ee-living micr obial com-
 unity wer e used as the influence factors in the RDA. The re-

ationships between alpha diversity of the microbial community
omposition and plant physiological factors were investigated us-
ng a nonlinear r egr ession, and a gener al linear r egr ession was
sed to investigate the relationships between beta diversity of the
icr obial comm unity composition and the Euclidean distance of

lant physiological c har acteristics. Nonlinear and linear r egr es-
ions were generated using OriginPro 2022 (OriginLab, Northamp-
on, MA, USA). 

ata accession numbers 

ll the sequenced raw data from the DNA of bacteria and fungi
hat were attached to A. philoxeroides and those that were free-
iving raw data were uploaded to the National Centre for Biotech-
ology Information (NCBI) sequence r eads arc hiv e (SRA) and
an be accessed with the BioSample numbers SAMN30863573-
AMN30863608 and SAMN30863609-SAMN30863644 for the bac-
eria and fungi, r espectiv el y. 

esults 

ariations in the bacterial community 

omposition during the growing season 

n total, 3341 375 high-quality bacterial sequences that ranged
rom 40 440 to 245 281 in different samples with a median length
f 400 bases were obtained. After r ar efaction to the minimum
eads number, 40 440, and remo ving singletons , 7220 ASVs were
etected from all the sequences with a range of 766 to 1894 ASVs
or each sample. 

The alpha indices, including the species richness and PD, of
oth the bacteria attached to A. philoxeroides and those that
er e fr ee-living, differ ed significantl y as the gr owing season pr o-
ressed ( P < 0.01). The alpha diversity of the attached bacte-
ia failed to fit the change curve (FitPolynomial, P > 0.05), while
he free-living bacteria increased in the early stage and then de-
reased during the growing stages ( P < 0.001) (Fig. 2 a). More-
v er, ther e was no significant difference in alpha diversity be-
ween the attached and free-living bacteria (permutation-based
 -tests, P > 0.05). We observed that the attached bacterial com-
 unities differ ed significantl y fr om the fr ee-living bacterial com-
 unities in comm unity compositions (ANOSIM: R = 0.937, P =

.001). The NMDS plots derived from the Bray-Curtis dissimilar-
ties indicated that the lifestyle of bacteria had an influence on
he community composition of attached and free-living bacteria
Fig. 2 b). 

There was a significant div er gence of the r elativ e abun-
ances of genera between the attached and free-living bac-
eria (Adonis, df = 1, F = 23.44, P = 0.001) (Fig. 2 c). Sph-
ngomonas ( Actinomycetota ), Methylobacterium ( Alphaproteobacteria ),
antoea ( Gammaproteobacteria ), Exiguobacterium ( Bacilli ), Massilia ( Be-
aproteobacteria ), Bacillus ( Bacilli ), Curtobacterium ( Actinomycetota ),
seudomonas ( Gammaproteobacteria ), Chryseobacterium ( Flavobac-
eriia ), Hymenobacter ( Cytophagia ), Aquabacterium ( Betaproteobacte-
ia ), Xanthobacter ( Alphaproteobacteria ), Pseudacidovorax ( Betapro-
eobacteria ), Rhizobium ( Alphaproteobacteria ) and Aureimonas ( Al-
haproteobacteria ) were more abundant in the attached bacterial
ommunities ( P < 0.05). Rhodococcus ( Actinomycetota ), unassigned
cidimicrobiaceae ( Actinomycetota ), GpIIa ( Cyanobacteria ) and Iluma-

obacter ( Actinom ycetota ) wer e mor e abundant in the free-living
acterial communities ( P < 0.001). The ASVs fr om surr ounding
ater comprised a portion of the attached bacterial community

Fig. S1a). 

ariations in the fungal community composition 

uring the growing season 

n total, 1762 362 high-quality fungal sequences that ranged from
47 to 160 264 in different samples with a median length of 380
ases were obtained. After rarefaction (1000) and removing single-
ons, 145 ASVs were detected from all the sequences with a range
f 11–42 ASVs for each sample. 

The alpha-indices of both the attached and free-living fungi
iffer ed significantl y during the gr owing season ( P < 0.01). The
lpha diversity of the attached fungi decreased in the early and
iddle stages and increased in the late stage (FitPolynomial, P
 0.01), while the free-living fungi failed to fit the change curve

 P > 0.05) (Fig. 3 a). Mor eov er, ther e was no significant difference
n the alpha diversity between the attached and free-living fungi
permutation-based t -tests, P > 0.05). Ther e wer e significant dif-
erences between the community compositions of attached and
ree-living fungi (ANOSIM: R = 0.467, P = 0.001). The NMDS plots
eriv ed fr om the Br ay-Curtis dissimilarities of fungal comm unity
omposition indicate that the fungal comm unity differ ed along
ith the lifestyle of fungi (Fig. 3 b). 
There was a significant divergence in the relative abundances

f phyla between the attached and free-living fungi (Adonis, df =
, F = 28.83 P = 0.001) (Fig. 3 c). Basidiom ycota was mor e abundant
n the attached fungal communities (mean, 95.25% vs 55.28%,
ermutation-based t -test, P = 0.001). Ch ytridiomycota w as more
bundant in the free-living fungal communities (mean 18.59% vs
.55%). Ascomycota was found from samples of both the attached
ungi (mean, 3.64%) and free-living fungi (mean, 8.93%). The ASVs
r om surr ounding w ater w ere attributed to a small portion of the
ttached fungal community (Fig. S1b). 



Zhao et al. | 5 

Figure 2. Alpha diversity, which included the species richness and phylogenetic diversity (PD) of attached and free-living bacterial communities in the 
growing seasons ( A ), non-metric multidimensional scaling (NMDS) plots derived from incidence-based Bray-Curtis dissimilarities of attached and 
free-living bacteria ( B ) and a heatmap of different bacterial genera between the attached and free-living bacterial community in the growing seasons 
( C ). The color bar r epr esents the r elativ e abundance of each genus, and the r elativ e abundance was transformed by Hellinger. A STAMP analysis of the 
r elativ e abundance of the bacteria between the attached and free-living groups provided statistical significance. ∗P ≤ 0.05 . ∗∗P ≤ 0.01 . ∗∗∗P ≤ 0.001. 
Genera with significantly higher relative abundances in attached bacteria are marked orange, while those with significantly higher relative abundance 
in free-living bacteria are marked magenta. 
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Ecological processes regulating the assembly of 
microbial communities 

Two metrics (i.e. βNTI and RC Bray ) based on null model anal- 
ysis were used to estimate the relative contributions of vari- 
ous ecological processes at different times . T he results suggested 

that the deterministic process (almost exclusively heterogeneous 
selection) was predominant in regulating the community as- 
sembl y in attac hed bacteria (Fig. 4 a). The stoc hastic pr ocesses 
wer e slightl y mor e important than the deterministic process for 
the comm unity assembl y of fr ee-living bacteria (Fig. 4 b). Gener- 
all y, stoc hastic pr ocesses wer e most important in fungi comm u- 
nity assemblies, for not only attached but also free-living fungi,
with the distinct contribution of undominated process (61.44% 

and 65.36%, r espectiv el y, Fig. 4 c and d). By comparison, het- 
erogeneous selection was more important in governing the as- 
sembl y of attac hed fungi (25.49%) than fr ee-living fungi (8.50%) 
among the deterministic processes . T he dispersal limitation made 
a large contribution to the assembly of both free-living bacte- 
rial and fungal communities in surrounding water (47.06% and 

22.22%, r espectiv el y) than attac hed nic he. Homogenizing disper- 
sal (3.27%–6.54%; Fig. 4 ) and homogeneous selection (0%–5.88%; 
Fig. 4 ) contributed less fraction to the assembly processes of all the 
microbes. 
ela tionships betw een the a ttached microbial 
ommunity, material composition and enzyme 

ctivities on A. Philoxeroides 
he contents of nutrients, compositions of material and activi- 
ies of enzymes except for xylanase differ ed significantl y during
he growing seasons (PERMANOVA, df = 5, n = 18, P < 0.001). The
ontents of nutrients and cellulose and the activity of peroxidase
ncreased at first and then decreased with time, while the content
f hemicellulose and activity of polyphenol oxidase decreased at 
rst and then increased. 

The r esults fr om the RDA indicated that the PCo1 of fr ee-
iving bacteria and fungi in the ambient water significantly cor-
elated with the compositions of the attached bacterial and fun-
al comm unity, r espectiv el y ( P < 0.05) (Fig. 5 ). The C%, P% and
ero xidase acti vity of A. philoxeroides only significantly corre-

ated with the compositions of bacterial community ( P < 0.05).
 he N/P ratio, hemicellulose , lignin and the activity of xylanase
er e significantl y r elated to the fungal comm unity composi-

ions during the decomposition process ( P < 0.05). The factors
hat dr ov e the dynamics of the micr obial comm unities v aried
mong the different months (Fig. 5 a and b). In May, the hemicel-
ulose of A. philoxeroides significantly affected the fungal commu- 
ity composition. In J une , the C% and P% of A. philoxeroides af-
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Figure 3. Alpha diversity, including species ric hness and phylogenetic div ersity (PD) of attac hed and fr ee-living fungal comm unities in the gr owing 
seasons ( A ), non-metric multidimensional scaling (NMDS) plots derived from incidence-based Bray-Curtis dissimilarities of attached and free-living 
fungi ( B ) and a heatmap of different fungal phyla between the attached and free-living fungal community in the growing seasons ( C ). The color bar 
r epr esents the r elativ e abundance of each phylum, and the relative abundance was transformed by Hellinger. A STAMP analysis of the relative 
abundance of the bacteria between the attached and free-living groups was used to show the statistical significance. ∗P ≤ 0.05 . ∗∗P ≤ 0.01 . ∗∗∗P ≤
0.001. Phyla with significantly higher relative abundances in attached fungi are marked orange, while those with significantly higher relative 
abundance in free-living fungi are marked magenta. 
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ected the bacteria, while the N/P ratio and the xylanase activ-
ty correlated with the fungal community. In July and Septem-
er, the pero xidase acti vity and PCo1 ob viousl y sync hr onized with
he dynamics of the bacterial community, while the lignin and
Co1 correlated with the fungal community in September and
ctober. 
A nonlinear fitting model was applied to the attached bacterial

nd fungal alpha diversity with the physiological c har acteristics
f the types of litter. The bacterial PD nonlinearly correlated with
he N/P ratio ( P < 0.05), while the fungal richness and PD nonlin-
arl y corr elated with the hemicellulose and C/P r atio ( P < 0.01 and
 < 0.05, r espectiv el y). A linear fitting model was applied to the
acterial and fungal dissimilarity with the Euclidean distance of
lant physiological c har acteristics (Fig. S2). Typicall y, the bacteria
ad factors that corr elated mor e closel y than those of the fungi.
he bacterial community dynamics linearly correlated with N%,
%, stoichiometry, cellulose, hemicellulose and activities of the
nzymes except for xylanase. By contrast, the P%, N/P ratio and
ll the material compositions and enzyme activities were identi-
ed to correlate with the fungal communities during the growing
eason. 
o-occurrence pattern of the attached and 

ree-living microbial communities 

e performed a further network analysis to unr av el the ecologi-
al role and patterns of co-occurrence for the microbes attached
o A. philoxeroides and for the free-living microbes (both bacteria
nd fungi), r espectiv el y (Fig. 6 ). The ASVs with a r elativ e abun-
ance > 0.1% were used for network construction in this study.
etwork A is composed of 129 nodes and 382 edges (av er a ge de-
ree of 5.922) and network F is composed of 147 nodes and 679
dges (av er a ge degr ee of 9.238) (Table 1 ). The high modularity of
ac h co-occurr ence network (A: 0.636, F: 0.508) suggests that each
etwork has a modular structur e (Ne wman 2006 ). Both networks
ave higher clustering coefficients compared with the random
etworks, suggesting that the networks have "small-world" prop-
rties (Watts and Strogatz 1998 ). In summary, Network A has less
odes, less correlations (edges) and a lo w er av er a ge degr ee than
hose of network F, but more modules were identified (Tables 1
nd S2). 

Of the two types of micr oor ganisms, Network A has a lower
 atio of positiv e links than Network F (A: 56.81% of all links,
: 74.67% of all links), which indicates less predominance of



Zhao et al. | 7 

Figure 4. Relative importance of various ecological processes driving the assembly of microbial community across different sample groups. ( A ) 
Attached bacteria; ( B ) free-living bacteria; ( C ) attached fungi; ( D ) free-living fungi. Two null model-based β-diversity metrics (i.e. βNTI and RC Bray ) were 
applied to infer community assembly processes. Note that we calculated βNTI and RC Bray separately for each combination of samples collected from 

the same habitat type and different times, and then calculated av er a ge β-div ersity v alues fr om the dissimilarities for samples belonging to eac h 
pairwise combination of each group ( A , B , C and D ). 
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co-occurrence (Fig. 6; Table 2 ). More connections between bac- 
teria and fungi were found in the attached microbe network (A: 
19.63% vs F: 5.01%; Table 2 ) and also the proportion of negative 
links between bacteria and fungi is higher than that of nega- 
tive links in the whole network (165/382), both intra- (33/61) and 

inter-modules (10/14). Over the two networks, the most frequent 
intr a-phylum co-occurr ence was found within the bacterial phyla 
Actinomycetota , Alphaproteobacteria , Bacteroidota , Betaproteobacteria , 
Bacillota and Gammaproteobacteria , while the most frequent intra- 
phylum co-occurrence was found within the fungal phyla Basid- 
iomycota and Chytridiomycota . The most frequent inter-phylum co- 
occurrence was identified between Actinomycetota , Alphaproteobac- 
teria and Bacteroidota with the other bacterial phyla. Basidiomy- 
cota is the most frequent fungal phylum that demonstrates inter- 
phylum co-occurrence with the other phyla ( Tables 3 and S4). 

Discussion 

Pr ocesses contr olling community assembly of 
the phyllospheric microorganisms 

Although both deterministic and stochastic processes account for 
the variation in community composition (Zhou et al. 2014 ), the 
hylogenetic null model analysis in this study highlights that de-
erministic assembl y pr ocesses play a mor e important r ole in gov-
rning attac hed micr obes than fr ee-living micr obes . T he pr e vious
tudies point out that deterministic processes (e .g. en vironmen-
al filtering and biotic interactions) were the primary ecological 
rocesses influencing the microbial community assembly during 
he initial successional phase of biofilm formation (Dini-Andreote 
t al. 2015 ). Leaf micr otopogr a phy might r egulate the assembl y of
ttac hed bacterial comm unities thr ough ecological nic hes or nu-
rient limitations (Yan et al. 2022 ). For example, leaf veins (espe-
iall y v einlets) and the gr oov es between epidermal cells hav e been
hown to facilitate the a ggr egation of micr oor ganisms (Doan et al.
020 ). Ther efor e, the c har acteristics of leav es might be essential
n shaping the attached bacterial community. 

Mor eov er, heter ogeneous selection plays a m uc h mor e vital r ole
n the community assembly of the attached bacteria than of the
ttached fung i. Fung i sho w ed potentiall y br oader envir onmen-
al thresholds for critical variables at the community level than
acteria, e v en if bacteria tended to be more metabolically flex-

ble (Zhang et al. 2021b ). The attached and the free-living mi-
r obes could exc hange betw een the tw o comm unities (Gr ossart
010 ). The y were dri ven mainly by the ability of some microbes
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Figur e 5. T he significant environmental and physiological factors that correlated with the bacterial ( A ) and fungal ( B ) community composition 
attached to Alternanthera philoxeroides revealed by using an RDA. The values on axes 1 and 2 indicate the proportion explained by the combined 
significant factors. RDA, r edundancy anal ysis. 
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o overcome the new environmental conditions imposed by dis-
urbances (Lie´bana et al. 2019 ). We have also found that PCo1 of
r ee-living micr obes hav e significant corr elations with seasonal
ssembly patterns of attached microbes . Nevertheless , the o ver-
ap of the attached and the free-living microbes along the grow-
ng season is r elativ el y small (Fig. S1), whic h indicates that niche
eparation plays a more critical role in shaping bacterial commu-
ities (Leibold et al. 2004 ). 

The comm unity-le v el envir onmental thr esholds hav e been
onsidered a measure of niche breadth associated with special-
zed envir onmental v ariables (Jiao and Lu 2020 , Zhang et al.
021b ). The attached bacterial community compositions were sig-
ificantl y corr elated with the v ariations of leav es’ C% and P%,
s well as the activity of peroxidase, and the attached fungal
ommunity compositions were correlated with leaves’ N/P ratio,
he contents of hemicellulose and lignin, as well as significantly
ith the activity of xyalanase. Ecological community responses

o environmental perturbations generally manifest as changes
n species abundance and composition (McCune and Grace
002 ). 

The free-living microorganisms ma y ha ve evolved to tolerate
he environmental dynamics and thus are mainly shaped by
ispersal limitation belonging to stoc hastic pr ocesses (Mujica-
larcon et al. 2021 , Liu et al. 2022 ). Our results reveal a higher
ffect of dispersal limitation on the free-living microbes from the
urr ounding water, especiall y fr ee-living bacteria. This ecologi-
al process is considered to have resulted from a considerable
patial distance and/or steer environmental variance (Zhou and
ing 2017 ). The higher dispersal potentiality of free-living bac-

eria compared with free-living fungi is explainable because the
maller body and pr opa gule sizes of bacteria might allow more
ccessible passive transport compared with fungi (Farjalla et al.
012 , Po w ell et al. 2015 ). Furthermore, w e found a more signifi-
ant influence of ecological stochasticity on the free-living bacte-
ial comm unity assembl y than on the attac hed bacterial comm u-
ity assembly. This might be caused by a higher diversity of free-

iving bacteria than attached bacteria during the growing season
except for October, Fig. 2 a). There is a similar study, using phy-
ogenetic null modeling anal ysis, whic h found that the stochastic
r ocesses pr edominated in high-div ersity comm unities, wher eas
he deterministic processes dominated in lo w er-div ersity comm u-
ities, associated with the reduction of specialized functions (Xun
t al. 2019 ). 

o-occurrence/co-exclusion patterns of bacteria 

nd fungi in the phyllosphere of A. Philoxeroides 
odules are connected network regions denselythat have more
ode connections inside the module than outside (Bissett et al.
013 ). In this study, the higher modularity value of Network
 may be associated with str onger nic he differ entiation in at-

ac hed micr obes than in fr ee-living micr obes (Chen et al. 2019 ).
his suggests that the fungal and bacterial domains may be in-
lined to syner gisticall y act or share similar ecological niches in
he presence of macrophyte lea ves , whereas they prefer to dis-
ribute into niches based on their own nutritional preferences
nd functional specificity on the surface of leaves (Chen et al.
019 ). 

On one hand, network A has more negative links than F, espe-
ially between bacteria and fungi within modules (Table 2 ), and
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F igure 6. Netw orks of the attached ( A and B ) and free-living ( C and D ) microbial community ( A and C : different modules are represented by different 
colors, B and D : different phyla are represented by different colors). Each node represents an ASV. A blue line indicates a positive correlation between 
the two individual nodes, whereas a red line indicates a negative correlation (according to the Spearman’s correlation, P < 0.05, R > 0.8 or R < −0.8). 
The size of node indicates the degree. ASV, amplicon sequence variant. 
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these negative associations within communities can reinforce the 
stability of network structure (Mougi and Kondoh 2012 ). It indi- 
cates that microbes with different niche requirements may ex- 
hibit negativ e inter actions (Barber án et al. 2012 , Fr eilic h et al.
2018 ), and the larger leaf vein density can supply more niches 
for microbes living on the leaf surface, whic h pr ovides further 
support for the niche effect mechanism (Yan et al. 2022 ). There 
are also ecological relationships, such as competition or preda- 
tion in the modules that contained higher negative links (Xu et 
al. 2018 ). There was a higher proportion of negative edges in the 
network of micr obes attac hed to A. philoxeroides than in the free- 
iving micr obes, whic h suggests that competition or niche differ-
ntiation is more prevalent in the plant-associated microbiomes 
Table 2 ). Co-exclusion patterns between fungi and bacteria have
een found more frequently in the attached microbes (network 
). The phylum Basidiomycota shows negative relationships with 

ctinomycetota , Alphaproteobacteria , Bacteroidota , Betaproteobacteria ,
acillota and Gammaproteobacteria . Negative correlations between 

ifferent species could originate not only from direct competi- 
ion but also from toxin pr oduction, envir onmental modification
nd differ ential nic he ada ptations (Faust et al. 2012 ). Otherwise,
he different proportions of negative relationships suggest various 
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Table 1. Topological properties of the empirical species–species co-occurrence networks of microbes on the leaves of Alternanthera philoxe- 
roides and in the ambient water. 

Attached microbes Free-living microbes 

Empirical network Nodes 129 147 
Edges 382 679 

Module number 11 8 
Modularity 0.636 0.508 

Clustering coefficient 0.515 0.616 
Av er a ge path length 4.046 3.739 
Network diameter 9 9 

Av er a ge degr ee 5.922 9.238 
Gr a ph density 0.046 0.063 

Random network Modularity (SD) 0.364 (0.011) 0.277 (0.008) 
Clustering coefficient (SD) 0.046 (0.009) 0.064 (0.006) 
Av er a ge path length (SD) 2.907 (0.018) 2.479 (0.006) 
Network diameter (SD) 5.569 (0.545) 4.135 (0.335) 

The random networks were generated by rewiring all the links with the identical numbers of nodes and edges to the corresponding empirical network. The number 
in the parentheses indicate the standard deviation (SD) of the topological properties of 1000 random networks. 

Table 2. Positive and negative links within/between the modules of two networks, and links between bacteria–bacteria, fung i–fung i and 

bacteria–fungi within/between the modules of tw o netw orks . T he percenta ges ar e calculated by dividing the links by the sum of all the 
links in each network. 

Network A (attached) Network F (free-living) 

Links within modules 
Links between 

modules Links within modules 
Links between 

modules 

Total links 319 63 586 93 
Positive links (%) 182 (47.64%) 35 (9.16%) 437 (64.36%) 70 (10.31%) 
Negative links (%) 137 (35.86%) 28 (7.33%) 149 (21.94%) 23 (3.39%) 
Bacteria–bacteria 
(positi ve/negati ve) 

251 (148/103) 46 (29/17) 524 (380/144) 88 (66/22) 

P er centage of 
bacteria–bacteria links in 
total links 
(positi ve%/negati ve%) 

65.71% (38.74%/26.97%) 12.04% (7.59%/4.45%) 77.17% (55.96%/21.21%) 12.96% (9.72%/3.24%) 

Fung i–fung i 
(positi ve/negati ve) 

7 (6/1) 3 (2/1) 33 (33/0) 0 

P er cent of fung i–fung i links 
in total links 
(positi ve%/negati ve%) 

1.83% (1.57%/0.26%) 0.79% (0.52%/0.26%) 4.86% (4.86%/0) 0 

Bacteria–fungi 
(positi ve/negati ve) 

61 (28/33) 14 (4/10) 29 (24/5) 5 (4/1) 

P er centage of bacteria–fungi 
links in total links 
(positi ve%/negati ve%) 

15.97% (7.33%/8.64%) 3.66% (1.05%/2.62%) 4.27% (3.53%/0.74%) 0.74% (0.59%/0.15%) 
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ntensities of competition or niche differentiation in different en-
ironments (Ma et al. 2020 ). 

On the other hand, we also detected a higher ratio of positive
inks between bacteria with fungi in the attached network than
hat of the free-living one (8.38% in network A vs 4.12% in net-
ork F, Table 2 ). This could result largely from microbe niche shar-

ng, a common occurrence among bacterial networks (Shi et al.
016 ). Network A has more intra-phylum linkages with a focus on
ctinom ycetota , Alphaproteobacteria , Bacillota and Basidiom ycota than
etwork F (Tables 2 and S3). Strong ecological intra-phylum link-
 ges ar e attributable to syner gistic r elationships, and the species
rom the same phylum tend to co-occur (Ju et al. 2014 ). The most
bundant phylum in the attached fungal communities is Basid-

omycota . Most of its ASVs are affiliated with Tremellomycetes and
icrobotryomycetes , and this phylum is found mor e fr equentl y in

he later stages and network A. During the later stage of the grow-
ng season, A. philoxeroides is close to withering, and the addition of
itter increased the proportion of Basidiomycota , including Tremel-
omycetes (Winder et al. 2013 ). On the contrary, the intra-phylum
ositiv e linka ges of netw ork F w er e almost pr esent in eac h bacte-
ial phylum, and the co-occurrence patterns of inter-phyla inter-
ctions are found in all microbial phyla, except for a few. 
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Ta ble 3. F requenc y of the observed co-occurrence (positi ve)/co-exclusion (negati ve) incidences betw een tw o taxa distributed intra- 
taxon/inter-taxon among bacterial and fungal phyla. The value was normalized by the number of total positi ve/negati ve links in a 
certain network, and values > 0.5% are shown here . T he phyla that are affiliated with fungi are shown in bold font. Blank, does not exist. 

Network A (attached) Network F (free-living) 

Node1 Node2 
Co-occurrence 

(%) Co-exclusion (%) 
Co-occurrence 

(%) Co-exclusion (%) 

Intra-taxon 
Interaction 

Actinomycetota Actinomycetota 6 .02 4 .42 3 .98 

Alpha pr oteobacteria Alpha pr oteobacteria 5 .76 1 .05 0 .29 < 0 .5 
Bacteroidota Bacteroidota 1 .31 2 .36 

Beta pr oteobacteria Beta pr oteobacteria 1 .05 6 .48 
Bacillota Bacillota 5 .76 1 .18 

Gamma pr oteobacteria Gamma pr oteobacteria 1 .83 0 .74 
Basidiomycota Basidiomycota 1 .31 0 .52 

Chytridiomycota Chytridiomycota 1 .33 
Inter-taxon 
interaction 

Actinomycetota Alpha pr oteobacteria 6 .54 1 .05 2 .65 1 .18 

Actinomycetota Bacteroidota 1 .31 2 .36 4 .71 2 .65 
Actinomycetota Beta pr oteobacteria 0 .52 1 .31 7 .81 4 .71 
Actinomycetota Cyanobacteria < 0 .5 1 .62 1 .18 
Actinomycetota Bacillota 1 .62 1 .03 
Actinomycetota Gamma pr oteobacteria < 0 .5 7 .33 0 .88 < 0 .5 
Actinomycetota Planctomycetes 1 .77 0 .59 
Actinomycetota Unassigned Bacteria 0 .59 < 0 .5 
Actinomycetota Verrucomicrobiota 1 .18 < 0 .5 

Alpha pr oteobacteria Bacteroidota 2 .88 < 0 .5 1 .18 
Alpha pr oteobacteria Beta pr oteobacteria 1 .31 3 .66 0 .74 0 .88 
Alpha pr oteobacteria Cyanobacteria 0 .79 0 .26 < 0 .5 
Alpha pr oteobacteria Bacillota < 0 .5 2 .09 0 .59 < 0 .5 
Alpha pr oteobacteria Gamma pr oteobacteria 1 .83 4 .71 < 0 .5 

Bacteroidota Alpha pr oteobacteria < 0 .5 0 .79 
Bacteroidota Beta pr oteobacteria 1 .31 0 .52 9 .13 < 0 .5 
Bacteroidota Bacillota < 0 .5 3 .93 < 0 .5 
Bacteroidota Gamma pr oteobacteria 2 .36 0 .52 1 .18 
Bacteroidota Verrucomicrobiota 0 .88 

Beta pr oteobacteria Cyanobacteria < 0 .5 0 .74 
Beta pr oteobacteria Bacillota 0 .79 < 0 .5 0 .44 < 0 .5 
Beta pr oteobacteria Gamma pr oteobacteria 2 .88 0 .52 1 .33 < 0 .5 
Beta pr oteobacteria Planctomycetes 2 .95 < 0 .5 

Cyanobacteria Gamma pr oteobacteria 0 .52 < 0 .5 
Bacillota Gamma pr oteobacteria 0 .52 0 .88 1 .03 
Bacillota Planctomycetes 0 .59 

Planctomycetes Bacteroidota 1 .91 
Verrucomicrobiota Beta pr oteobacteria 0 .74 < 0 .5 

Basidiomycota Actinomycetota 1 .57 0 .52 0 .59 
Basidiomycota Alpha pr oteobacteria 3 .66 2 .36 
Basidiomycota Bacteroidota 1 .05 2 .09 
Basidiomycota Beta pr oteobacteria 0 .52 1 .83 < 0 .5 
Basidiomycota Cyanobacteria 0 .52 < 0 .5 < 0 .5 
Basidiomycota Bacillota 0 .79 1 .31 0 .44 < 0 .5 
Basidiomycota Gamma pr oteobacteria < 0 .5 3 .40 

Blastocladiomycota Chytridiomycota 0 .52 
Chytridiomycota Unassigned Fungi 0 .74 

Unassigned Fungi Beta pr oteobacteria 0 .59 
Unassigned Fungi Chytridiomycota 1 .33 

 

a
b
c  

t
c  

a  

m
a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/99/4/fiad022/7085746 by guest on 02 February 2024
Conclusions 

In this study, we investigated the div ersity, comm unity composi- 
tion and co-occurrence pattern of microbes attached to A. philoxe- 
roides and the surrounding free-living microbes as well. We found 

that the alpha diversities of the attached and free-living micro- 
bial comm unity wer e influenced by the time of plant growth,
but there was no significant difference in the alpha diversity be- 
tween the attached and free-living microbes. Both the bacterial 
c  
nd fungal community compositions sho w ed notable differences 
etween the attached and free-living habitats. Deterministic pro- 
esses play a m uc h str onger r ole in the comm unity assembl y of
he attached bacteria, while ecological stochasticity made a larger 
ontribution to the assembly of attached fungi communities . T he
ttac hed micr obial netw ork w as structur all y simple but highl y
odular compared with the free-living microbial network. There 

r e mor e intr a-phylum links in the attac hed micr obes and distinct
o-exclusion patterns between bacteria and fungi in the modules,
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hich indicates the presence of specific bacterial and fungal in-
eractions in the phyllosphere. Generally, the study will be helpful
n understandingthe microbes and their interactions in the phyl-
osphere of A. philoxeroides , an k e y invasi ve species under national

anagement and control . 
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