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Abstract 
Background and  aims  Dioecious species appear to 
be sexually dimorphic and they present as result dis-
tinct responses to environmental settings. However, 
how and to what extent dioecious plants shape micro-
biota to their own benefit, remains unclear.
Methods  Male and female Populus cathayana 
plants were cultivated in soils collected from differ-
ent regions. The effect of a sexual role on the assem-
bly of the bacterial community along the plant-soil 
continuum and the arbuscular mycorrhizal fungal 
community at the root endosphere and rhizosphere 
were studied first. The process by which phytohor-
mones and defensive compounds of the dioecious 
plants influenced the endophyte community in the 
plant endosphere across different soil conditions was 
explored.

Results  The male and female plants imposed strong 
pressure on the selection of keystone species and 
influenced the microbe-microbe interactions of bac-
terial communities in the rhizosphere, roots, phloem 
and leaves. Females harbored a more diverse and 
complicated bacterial community in their phloem 
than the males. Similarly, the composition of AMF 
communities in the rhizospheres and roots also dif-
fered between males and females, respectively. The 
male roots had significantly higher concentrations of 
jasmonic acid, salicylic acid, and indoleacetic acid 
than the female roots. The hormones were more sig-
nificantly related to the relative abundance of AMF 
species in the female roots than in the male roots.
Conclusion  The plant sex imposed strong regula-
tion in plant microbiota. The different microbiota 
might provide external functions for dioecious plants. 
Therefore, more attention is required to explore the 
connections between plant microbiota and dioecious 
species.

Keywords  Sexual dimorphism · Phytohormones · 
Plant microbiota · Endophytes

Introduction

There is convincing evidence that the assembly of 
microbiota is determined by host traits and environ-
mental settings (Trivedi et al. 2021; Guo et al. 2023). 
Both bacteria and fungi are regulated by the host, and 
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which, in turn, affect the response of plant fitness to 
changing climates (Wagner et  al. 2016). In humans, 
males and females are sexually dimorphic in their 
morphological features, levels of sex hormones, and 
immunity, which then regulate sex-specific gut micro-
biota (Kim et al. 2020; Koliada et al. 2021). Similarly, 
dioecious angiosperms that comprise approximately 
5–6% of angiosperm species bear unisexual male 
or female flowers on separate plants (Renner 2014). 
Diverse microorganisms provide distinct life-support-
ing functions to extend plant fitness as they respond 
to different environments (Cordovez et al. 2019; Zhu 
et al. 2023). However, few studies have characterized 
differences in microbiota among the dioecious plant 
individuals.

Plants provide multiple microhabitats for microbes 
to inhabit the rhizosphere soil, surface (epiphytes), 
or colonize the plant issues (endophytes) (Trivedi 
et al. 2021; Lin et al. 2023). The plant hosts primar-
ily impose their selective pressure on the microbiota 
assembly in the rhizosphere by releasing diverse 
types of photosynthetic carbon that are lacking in the 
roots and altering soil properties, such as moisture, 
texture, pH, and nutrient availability (Xiong et  al. 
2021). Zhou et  al. (2022) found substantially differ-
ential metabolites in the rhizosphere soil of males and 
females, which were the primary factors in forming 
the structure of a sex-specific microbial community. 
Since microbes have to overcome physicochemical 
barriers before successfully inhabiting plant issues, 
the plant hosts are more selective at filtering and 
structuring the endophytes than they are for microbes 
that live in the rhizosphere (Trivedi et  al. 2021). 
Unlike the changes in soil conditions that are influ-
enced by external environments, such as temperature 
and precipitation, plant hosts provide relatively sta-
ble interior conditions to support the ability of endo-
phytes to biosynthesize various essential compounds 
(Trivedi et al. 2021). Therefore, the different interior 
environments are determined by plant genetics, such 
as those of metabolites, hormones, and physiologi-
cal traits, that are the primary factors that regulate 
the endophytic community. Males and females differ 
genetically, physically, and morphologically different 
(Charlesworth 2002, Juvany and Munne-Bosch 2015; 
Wu et al. 2021). It has been hypothesized that some 
endophytes can only inhabit male or female plant tis-
sues because of their different abilities to overcome 
the physicochemical barriers and adapt to the distinct 

interior environments (Guo et  al. 2023). However, 
there is still little known about how dioecious species 
affect their associated assembly of endophytes.

As important constituents of plant microbiota, 
arbuscular mycorrhizal fungi (AMF) form mutualistic 
interactions with plants by facilitating the uptake of 
water and nutrients or promoting resistance to patho-
gens of their hosts (Genre et al. 2020). There is a fit-
ness cost to the plant because it needs to release sig-
nals for AMF spores to geminate and carbohydrates, 
so that the fungi can grow (Keymer et  al. 2017). 
Therefore, plant species or genotypes that have dif-
ferences in the activities of their roots, including the 
production of root exudates, have different physi-
ological traits in their roots to interact with the AMF 
(Genre et al. 2020; Pei et al. 2020). Male and female 
poplar plants differ in their root architecture, physi-
ological traits, and metabolites (Juvany and Munne-
Bosch 2015), which may differentially impact mycor-
rhizal symbiosis in female and male plants (Guo et al. 
2023). Vega-Frutis et al. (2015) suggested that nutri-
ent uptake by female plants relies more on mycorrhi-
zae and benefits more from the mutualism than that of 
male plants (Eppley et al. 2009; Vega-Frutis and Gue-
vara 2009) because females invest more in the mycor-
rhizal symbionts than male plants invest as shown by 
studies of the level of AMF colonization (Vega-Frutis 
and Guevara 2009). However, to date, the manner by 
which the dioecious species affect the AMF commu-
nity in the rhizosphere and within roots still remains 
unclear.

A recent study clearly demonstrated that the dioec-
ious species Populus cathayana Rehder has a remark-
able sex selection in the bacterial and fungal commu-
nities that inhabit its roots and senescent and young 
leaves (Guo et  al. 2022). Studies have also revealed 
sex-specific responses to varied soil conditions that 
include the allocation of carbon and the produc-
tion of plant hormones and metabolites (Song et  al. 
2019, 2020; Wu et al. 2021; Zhou et al. 2022), which 
could be an important driving force in the selection of 
microbes. In this study, we collected soils from differ-
ent regions and transplanted the dioecious species P. 
cathayana to explore the role of sex in affecting the 
bacterial assembly along the soil-plant continuum. It 
was hypothesized that male and female plants could 
shape and regulate different bacterial communities 
in various plant compartments, including the rhizos-
phere, root, phloem and leaf. One major question of 
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plant microbiota research is how environmental vari-
ation influences the interactions between plant immu-
nity and the microbiota. Since the soil conditions 
largely differentially affect phytohormones and defen-
sive compounds between male and female plants (Wu 
et al. 2021; Zhou et al. 2022), a goal of this study was 
to determine how changes in these chemicals differ-
entially influence the endophyte community in leaves 
and roots. An additional goal was to explore the role 
of sex in affecting the AMF community in the root 
endosphere and rhizosphere. It was hypothesized that 
males and females could differentially regulate this 
community in the root endosphere and rhizosphere.

Materials and methods

Experimental design and sample collection

Soils were collected from three regions, includ-
ing Xuanhua County, Hebei Province (40o25′N, 
115o02′E), Fushun, Liaoning Province (41º51′N, 
124º54′E) and Tianjin (39°40′N, 117°12′E) in China. 
All the soils from each region were homogeneously 
mixed and air-dried at Hangzhou Normal Univer-
sity, Hangzhou, China (29°38′N, 119°54′E). The 
P. cathayana cuttings were collected from Qinghai 
Province (35◦56′N, 101◦35′E, 2,450 m) and planted in 
a garden in Hangzhou Normal University. One-year-
old cuttings of male and female P. cathayana indi-
viduals (one cutting per pot) were planted in plastic 
pots (33  cm in diameter and 22  cm high) that were 
filled with the homogeneous soil in early March 
2021. Seedlings were randomly selected to initiate the 
experiment at the beginning of May 2021. The exper-
iment contained six treatments with two sexes (male 
and female) and three soil regions. Each treatment 
had four replicates. The experiment was conducted in 
a greenhouse with temperature that ranged from 21 to 
25 °C during the day and from 15 to 18 °C at night at 
Hangzhou Normal University.

Samples, including rhizosphere soil, fine roots 
(diameter ≤ 2  mm), phloem, and leaves, were col-
lected in mid-September 2021. The rhizosphere 
soil was defined as soil that closely adheres to the 
fine roots. One portion of the soil was immediately 
stored at -80 ºC to extract the DNA. Another por-
tion of the soil was stored at -20 ºC to measure the 
contents of ammonium (NH4

+) and nitrate (NO3
−). 

The final portion of the soil samples was air-dried 
to test the pH and the amounts of total nitrogen 
(TN), total phosphorus (TP), total potassium (TK), 
calcium ions (Ca2+) and magnesium ions (Mg2+). 
One portion of the fine roots and leaves was washed 
with sterile H2O and immersed in 70% ethanol for 
5 min. The samples were treated with 5.25% sodium 
hypochlorite (NaClO) for 5 min and then with 70% 
ethanol for 30  s. All the surface-sterilized samples 
were washed with sterile H2O and stored at -80 ºC 
until the DNA was extracted. Another portion of the 
fine roots and leaves was stored at -80ºC to deter-
mine the amounts of total phenolics, condensed 
tannins, and phytohormones, including jasmonic 
acid (JA), salicylic acid (SA) and indoleacetic acid 
(IAA). The fresh phloem was stored at -80 ºC after 
surface sterilization.

Soil and plant traits

Fresh soil samples were extracted using 50 mL of 2 M 
KCl, and the extracts were used to measure the con-
tents of NH4

+ and NO3
−(Guo et  al. 2019). The soil 

pH was determined from a 1:2.5 ratio of soil: water 
(v/v). The TN in the soil was determined using the 
Kjeldahl method. The TP was determined by molyb-
denum blue colorimetry. The contents of Mg2+ and 
Ca2+ were measured from extracts of 1 M ammonium 
acetate (Flannery and Markus 1971). The amount of 
total K in the soil was determined as described by 
Singh and Goulding (1997).

The concentrations of JA, SA and IAA were 
determined using ultra-performance liquid chroma-
tography tandem mass spectrometry (UPLC-MS/
MS). Briefly, 0.5 g of plant sample was ground into 
fine powder with liquid nitrogen, and 0.1 mL of 1 
ug mL−1 standards of JA, SA, and IAA were added 
(Sigma-Aldrich, St. Louis, MO, USA). The samples 
were extracted with a 99:1 ratio of methanol: formic 
acid (v/v) at 4 ºC. The samples were dried using a 
stream of nitrogen and then dissolved in 2 mL of 10% 
methanol. A Waters Oasis HLB Column (3 cc/60 mg, 
Supelco, Sigma-Aldrich) was used to determine the 
concentrations of phytohormones. The concentra-
tion of condensed tannins was determined at 760 nm 
using the Folin-Denis method. The concentration of 
total phenolics was measured as described by Guo 
et al. (2022).
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DNA extraction and amplification

The microbial DNA from the rhizosphere soil 
was extracted using a PowerSoil DNA Kit (Qia-
gen, Hilden, Germany), and DNA from the roots, 
phloem, and leaves was extracted using a FastDNA 
SPIN Kit for soil (MP Biomedicals, Solon, OH, 
USA) according to the manufacturer’s instructions. 
The final concentration of DNA and its purification 
were determined using a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Waltham, 
MA, USA), and the DNA quality was checked by 
1% agarose gel electrophoresis.

To amplify the amount of bacterial 16S rRNA 
in the rhizosphere, the primers 338F (5’-ACT​CCT​
ACG​GGA​GGC​AGC​AG-3’) and 806R (5’-GGA​
CTA​CHVGGG​TWT​CTAAT-3’) (Caporaso et  al. 
2011) that target the V3-V4 region were utilized for 
PCR using a thermocycler PCR system (GeneAmp 
9700 Fast Thermal Cycler, Thermo Fisher Scien-
tific). A two-round amplification process was used 
to amplify the 16  S rRNA amplicon of the bacte-
ria that inhabited the roots, phloem, and leaves. The 
first round of PCR was performed using the primers 
799  F (5’-AACMGGA​TTA​GAT​ACC​CKG-3’) and 
1392R (5’-ACG GGC​GGT​GTG​TRC​-3’) (Samad 
et  al. 2017). The 799  F (5’-AACMGGA​TTA​GAT​
ACC​CKG-3’) and 1193R (5’-ACG​TCA​TCC CCA​
CCT​TCC − 3’) primers were used to target the 
V5-V7 region of the bacterial 16  S rRNA gene in 
the second round of PCR (Wang et al. 2018). Nested 
PCR was conducted to amplify the 18  S rRNA of 
the AMF. The primer pairs AML1 (5’-ATC​AAC​
TTT​CGA​TGG​TAG​GAT​AGA​-3’) and AML1 (5’-
GAA​CCC​AAA​CAC​TTT​GGT​TTCC-3’) were used 
in the first run. The primer pairs AMV4.5NF (5’-
AAG​CTC​GTA​GTT​GAA​TTT​CG-3’) and AMDGR 
(5’-CCC​AAC​TAT​CCC​TAT​TAA​TCAT-3’) were 
used in the second run in the thermocycler PCR 
system (GeneAmp 9700). The PCR amplification 
steps followed: initial denaturation (3 min) at 95 °C, 
27 cycles (30 s) at 95 °C, annealing (30 s) at 55 °C, 
elongation (45  s) at 72  °C, and a final extension 
(10  min) at 72  °C. The PCR products were recov-
ered using 2% agarose Gel, and purified with the 
AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA), then was eluted by 
Tris-HCl, and was detected by 2% agarose electro-
phoresis using Quantifluor-ST (Promega, USA).

For each sample, purified amplicons were pooled 
in equimolar amounts and paired-end sequenced 
(2 × 300) on an Illumina MiSeq platform (Illumina, 
San Diego, CA, USA) according to the manufac-
turer’s instructions. The bioinformatics analysis was 
conducted by following the “Atacama soil micro-
biome tutorial” of the QIIME2 docs along with 
customized program scripts (https://​docs.​qiime2.​
org/​2019.1/). Briefly, raw data FASTQ files were 
imported into the format that could be operated by 
the QIIME2 system using the QIIME tools import 
program. Demultiplexed sequences from each sam-
ple were quality filtered and trimmed, de-noised, 
merged, and the chimeric sequences were then identi-
fied and removed using the QIIME2 dada2 plugin to 
obtain the feature table of amplicon sequence vari-
ants (ASVs) or operational taxonomic units (OTUs) 
(Callahan et al. 2016). The QIIME2 feature-classifier 
plugin was then used to align the ASV sequences of 
all the bacteria to a pre-trained GREENGENES 13_8 
99% database to generate the taxonomy table. The 
maarjam20220506/AM species database was used to 
obtain taxonomic information of the AMF. Any con-
taminating mitochondrial and chloroplast sequences 
were filtered using the QIIME2 feature-table plugin. 
The raw sequencing data were submitted to NCBI: 
PRJNA982688 (AMF) and PRJNA982680 (bacteria).

Statistical analysis

The chemical traits of rhizosphere soil and the Shan-
non diversity of the microbial communities were ana-
lyzed by a two-way analysis of variance (ANOVA) 
to test the site, sex, and their interactive effects, and 
post-hoc comparisons by Tukey’s tests were used to 
evaluate differences among the treatments. Tukey’s 
tests were also used to evaluate the concentrations 
of defensive compounds among the different treat-
ments. After that, an independent t-test was used to 
test for significant differences between males and 
females. The beta-diversity of microbial communities 
was assessed using a Principle Coordinate Analysis 
(PCoA) based on Bray-Curtis distances, and per-
mutational multivariate analysis of variance (PER-
MANOVA) was utilized to test the site, sex, and their 
interactive effects using the “adonis” function in the 
vegan package in R (Oksanen et al. 2012). The linear 
discriminant analysis effect size (LEfSe) with loga-
rithmic LDA > 2 (Wilcoxon P < 0.05) was applied to 
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identify the biomarker taxa at each treatment (https://​
hutte​nhower.​sph.​harva​rd.​edu/​galaxy/) (Segata et  al. 
2011). A Venn diagram was used to visualize inter-
secting sets of OTUs or ASVs at each treatment 
(Conway et al. 2017). We defined the dominant taxa 
that OTUs identified as at least 75% in samples at 
each plant compartment across three sites and with a 
relative abundance ≥ 0.1%. ‘ggtree’ was then used to 
visualize these dominant taxa (Yu et  al. 2017). The 
molecular ecological networks of each plant compart-
ment were constructed to explore the role of sex in 
influencing the network traits on the MENAP plat-
form (http://​ieg4.​rccc.​ou.​edu/​MENA/) after remov-
ing the OTUs that had a relative abundance less than 
0.01% as described by Feng et  al. (2022). ‘igraph’ 
was used to visualize the networks. An independent 
t-test was used to compare the topology traits of net-
works between the males and females. ‘ggClusterNet’ 
was used to identify the hub nodes among each bacte-
rial or AMF network (Wen et  al. 2022). The domi-
nant taxa, biomarkers, and hub nodes were defined 
as potential keystone taxa (Xiong et al. 2021). Rela-
tionships between the dominant bacterial OTUs with 
corresponding defensive traits of the hosts, such as 
condensed tannins, total phenolics, and hormones, 
were tested. Since males and females share the same 
dominant OTUs, we also pooled the data of all the 
plants to test the shared dominant OTUs with plant 
defensive traits. For AMF taxa, the relationships 
were tested between ASVs (top 10 ranking in relative 
abundance) and plant defensive traits. The packages 
‘psych’ and ‘ComplexHeatmap’ were used (Revelle 
2017; Gu 2022).

Results

The three sites differed in the chemical traits, 
(Table S1). The sex imposed a substantial interactive 
effect on these traits, particularly on the concentration 
of NH4

+. The concentration of NH4
+ in the female 

rhizosphere was significantly lower than that in the 
male rhizosphere in the soils from Liaoning and Tian-
jin (Table S1).

At the phylum level, Proteobacteria, Actinobac-
teria, and Firmicutes comprised the primary compo-
nents of the bacterial community in each compart-
ment (Fig.  S1). Delftia was the primary genus of 
bacterial endophyte of the leaves, phloem, and roots 

at each site (Fig. 1). Streptomyces was relatively more 
abundant within the female roots than the male roots 
at each site (Fig.  1c). The alpha-diversity was sig-
nificantly higher in the female phloem than in that of 
the male (Fig. 1e, f). Sex was the primary factor that 
affected the beta-diversity of the bacterial community 
in the phloem (Fig. S2). The Glomeraceae dominated 
the AMF community in both the roots and rhizos-
phere (Fig. S3). The sex factor significantly affected 
the alpha-diversity of AMF in the roots but not the 
rhizosphere (Fig. S3).

Male and female P. cathayana plants harbored 
large numbers of unique bacterial OTUs at each 
plant compartment from the leaf to rhizosphere soil 
(Fig.  S4). For example, the relative abundance of 
unique OTUs that were identified from Proteobac-
teria, Actinobacteria, and Firmicutes in the female 
phloem was higher than that of the male at the Liaon-
ing site. Similarly, a substantial proportion of unique 
ASVs were identified from the rhizospheres and roots 
of male or females, respectively (Fig. 2a–f). Most of 
the unique ASVs were identified from the Glomer-
aceae and were highly abundant (Fig. 2h, i). The rate 
of AMF infection of the male roots was significantly 
higher than that of the female roots in the soil from 
Tianjin (Fig. 2g). The same or unique dominant endo-
phytes that differed in their relative abundance at each 
of the three sites were clustered in the Actinobacteria 
and Proteobacteria in the phylogenetic tree (Fig.  3). 
In particular, the females harbored more unique dom-
inant OTUs from Actinobacteria and Proteobacteria 
than the males in the rhizosphere and phloem, respec-
tively. In addition, a dominant OTU that belonged 
to Nitrospirae and a dominant OTU from Gemma-
timonadetes only occurred in the roots and phloem, 
respectively (Fig.  3). However, there were more 
unique dominant OTUs from Proteobacteria in the 
roots and leaves of males than females. The LEfSe 
showed that from the rhizosphere to leaves, the males 
and females harbored different bacterial biomarkers 
across the three sites (Fig.  S5). Similarly, the males 
and females harbored different AMF biomarkers in 
the rhizosphere and roots, respectively (Fig. S6).

At each plant compartment, the males and females 
developed different co-occurrence networks of bacte-
rial and AMF communities (Figs.  4 and 5). In par-
ticular, the clustering coefficient, node degree, and 
negative edge of the bacterial network topological 
features at the node level were significantly higher 

https://huttenhower.sph.harvard.edu/galaxy/
https://huttenhower.sph.harvard.edu/galaxy/
http://ieg4.rccc.ou.edu/MENA/
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in the male leaves than in the female ones (Fig.  4). 
The node betweenness, positive edge, node degree, 
and negative edge of the phloem networks were sig-
nificantly higher in the females than in the males, 
whereas the node eigenvector centrality scores were 
lower in the females than the males (Fig. 4). The clus-
tering coefficient, node betweenness, and node degree 
of the rhizosphere were significantly higher in the 
females than in the males, whereas the positive and 
negative edges were lower in the females than in the 
males (Fig. 4). In each compartment, the composition 
of hub species in the networks differed substantially 
between the males and females (Fig.  S7). The clus-
tering coefficient, node eigenvector centrality scores, 
node degree, and negative edge of the AMF commu-
nity in the male roots were significantly higher than 
those in the female (Fig. 5). The composition of hub 

species in the AMF networks differed substantially 
between males and females in the root and rhizos-
phere soil, respectively (Fig. S8).

The concentrations of IAA, total phenolics, and 
condensed tannins in the male leaves tended to be 
higher than those in the female leaves at each site 
(Fig.  6). By combining these data, the IAA, total 
phenolics, and condensed tannins in the male leaves 
were significantly higher, whereas the concentration 
of SA was significantly lower when compared with 
the female leaves (Fig. 6). The concentrations of IAA, 
JA, and SA in the male roots were significantly higher 
than those in the female roots (Fig. 6).

The concentrations of defensive compounds that were 
studied were more significantly related to the relative 
abundance of dominant OTUs in the root endophytes 
compared with the leaf endophytes for both males and 
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females (Fig. 7). For bacteria that inhabited the roots, the 
concentration of total phenolics significantly correlated 
with the relative abundances of dominant OTUs (bac_10, 
bac_13, bac_37 and bac_3) in the males (P = 0.04, r = 
-0.57; P = 0.007, r = 0.73; P = 0.03, r = 0.73; P = 0.03, 
r = 0.49) (Fig.  7d). For the shared dominant OTUs 
between males and females, the condensed tannins posi-
tively associated with the relative abundances of bac_7, 
bac_6 and bac_19 in the root endophytes (P = 0.023, 
r = 0.50; P = 0.04, r = 0.45; P = 0.03, r = 0.49) (Fig.  7f). 
The concentration of total phenolics positively correlated 
with the abundances of bac_16, bac_3, bac_13 and bac_7 
(P = 0.04, r = 0.47; P = 0.02, r = 0.47; P = 0.04, r = 0.48; 
P = 0.03, r = 0.44) but negatively correlated with those 
of bac_1 and bac_10 (P = 0.02, r = -0.54; P = 0.0004, 
r = -0.55) (Fig. 7f). JA had no significant relationships 

with the shared dominant OTUs, and SA only negatively 
associated with the abundance of bac_15 (P = 0.008, r 
= -0.49) (Fig. 7e, f). The concentration of tannins was 
significantly associated with the relative abundances of 
ASV43 and ASV66 in the female roots but had no signif-
icant associations with ASVs in the male roots (Fig. S9). 
The concentrations of JA and SA positively correlated 
with the abundances of ASV1 and ASV7 but negative 
correlated with ASV66 in the female roots (Fig. S9).

Discussion

Many studies have demonstrated that different plant 
species or genotypes exhibited host selection in the 
assembly of microbiota in different environments 
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(Wagner et  al. 2016; Xiong et  al. 2021, Guo et  al. 
2022). Our initial goal was to explore the role of sex 
in the regulation or selection of sex-specific microbial 
communities. This study clearly revealed that sex was 
a crucial factor in the regulation of plant microbiota 
assembly along the soil-plant continuum, and the 
selective pressure was much stronger in the endo-
sphere than in the rhizosphere. This study also dem-
onstrated that the composition and structure of bacte-
ria and the AMF communities in endosphere differed 
in response to changes in the plant defense traits 
between the male and female P. cathayana plants.

Bacterial communities in the rhizosphere and root 
endosphere

Plants impose strong control or selection in the 
structure and function of microbiota in the rhizos-
phere (Henneron et al. 2020; Henry et al. 2021; Liu 
et al. 2022). One the one hand, they do this by alter-
ing soil chemical traits (Zhalnina et  al. 2018). A 
field study found that male and female Euphrates 
poplar (P. euphratica) plants significantly affected 

the soil chemical traits, such as TN, soil water, 
NH4

+, and Ca2+, which affected the bacterial and 
fungal communities of the rhizosphere (Guo et  al. 
2021). This study also found that the sex signifi-
cantly affected the soil chemical traits. For example, 
the concentration of NH4

+ in the male rhizosphere 
tended to be higher than that in the female rhizo-
sphere (Table  S1). Guo et  al. (2022) found simi-
lar results that the contents of TN and NH4

+ were 
lower in the rhizosphere soil of female P. cathayana 
plants compared with male ones, probably because 
of the higher demands of P. cathayana females for 
nutrients for growth. Studies revealed that females 
with higher specific root lengths can explore and 
absorb more belowground resources than the males 
under favorable conditions (Xia et al. 2020, 2022). 
Alternatively, the control or selection of the rhizo-
sphere microbiota largely depends on the root exu-
dates (Zhalnina et  al. 2018). A recent study first 
demonstrated that the profiles of root exudates 
obviously differed, and their composition and quan-
tity in responding to environmental changes were 
also clearly different, which resulted in divergent 
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rhizobacteria between male and female P. cathay-
ana plants (He et al. 2022).

The male and female P. cathayana plants 
imposed less effects on diversity, whereas they sub-
stantially affected the composition of rhizobacteria, 
and plants of different sexes harbored large num-
bers of unique OTUs, biomarkers, and hub species 

(Figs.  S5, S6, and S8). This demonstrated that the 
root activities of dioecious P. cathayana, such as 
nutrient uptake and root exudates, created diver-
gent microhabitats that provided suitable habitats 
for different bacterial species to survive and grow. 
Zhou et  al. (2022) found that the metabolic differ-
ences in rhizosphere soils caused by root activities 
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drove different microbiota assembly between male 
and female papaya plants (Carica papaya L.). Field 
studies have shown that the divergent rhizobacte-
rial community could affect the processes of nitro-
gen (N) or phosphorus (P) cycling (Guo et al. 2021; 

Xia et al. 2022). For example, female P. euphratica 
plants that required high nutrients and grew in an 
environment with relatively higher amounts of soil 
water harbored more bacteria that were associated 
with N cycling (Guo et al. 2021), which is probably 
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Fig. 6   The concentrations of condensed tannins, total pheno-
lics, jasmonic acid (JA), salicylic acid (SA) and indoleacetic 
acid (IAA) in the leaves and roots. The significant differ-
ences between males and females were first compared at each 

site. The data were then pooled to compare the differences 
between sexes in these defensive traits (the embedded figures). 
*0.01 ≤ P < 0.05. **0.001 ≤ P < 0.01. ***P < 0.001
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a reason that the content of NH4
+ could be affected 

(Table S1).

AMF communities in the rhizosphere and root 
endosphere

The germination of spores and the directional growth 
of AMF to the host depend on the release of diverse 
compounds, such as flavonoids, from the roots, and 
the AMF species cannot grow without the plant host 
(Pei et al. 2020). Recent studies have demonstrated 
that the AMF biomass was higher in the rhizosphere 
of males than females when they grew in soil condi-
tions that were limited in P or water (Xia et al. 2020, 
2022). Therefore, it was hypothesized that hosts that 
release different compounds from the roots probably 
support different AMF species to survive and grow 
in the soil. This study clearly demonstrated that 
males and females harbored large numbers of unique 
ASVs, biomarkers, and hub species of the AMF 

community in the rhizosphere (Figs. 2, S7, and S9). 
These divergent AMF species largely contributed 
to construct different networks that resulted in a 
network of male rhizospheres was much closer and 
more connected than those of the female (Fig. 5). A 
more complicated AMF network is probably more 
resistant to environmental changes, which could be 
an important reason to explain why the arbuscular 
mycorrhizal hyphal biomass was reduced less in the 
male P. euphratica rhizosphere than in female one 
when there was a decrease in soil water (Xia et  al. 
2022). Male poplars have been reported to take up 
higher amounts of N and P under infertile conditions 
(Zhang et al. 2014). For example, the males could do 
this by increasing the availability of soil P compared 
with those of the females (Xia et al. 2020, 2022). It 
is hypothesized that the male plants establish more 
stable symbiotic relationships than the females dur-
ing environmental changes, but more evidence is 
needed.

Fig. 7   The relationships of dominant OTUs with host defen-
sive traits.  a and b  The relationships between the dominant 
OTUs in female and male leaves with defensive traits. c and 
d  The relationships between the dominant OTUs in female 
and male roots with defensive traits. The OTU numbers in 
pink represent the shared dominant OTUs between males and 

females in leaves (a and b) and in roots (c and d), respec-
tively. e and f The relationships of shared dominant OTUs with 
defensive traits. We renamed the OTU number (see Table S2). 
IAA, indole acetic acid; JA, jasmonic acid; OTU, operational 
taxonomic unit; SA, salicylic acid
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Vega-Frutis et  al. (2015) reported that regard-
less of their phylogenetic relationships, the female 
plants have a higher frequency of root AMF colo-
nization compared with the male plants. In con-
trast, Xia et  al. (2020) found a higher rate of AMF 
colonization of male P. cathayana roots than those 
of females in soil that was limited in P. This study 
only found a significantly higher AMF colonization 
of males than females in infertile soil collected from 
Tianjin (Fig. 2g). It suggested that there is a complex 
interaction between roots and colonization by AMF. 
However, the composition and abundance of the 
AMF species that inhabited the roots differed greatly 
(Figs.  2, S7, and S9) and was affected by defensive 
compounds (Fig. 7). The significant difference in net-
works also demonstrated a sexual role in the regula-
tion of microbe-microbe interactions (Fig.  5). The 
biomarkers and hub species are always regarded as 
potential keystone species that play crucial functions 
for their hosts (Agler et al. 2016; Xiong et al. 2021). 
For example, AMF can induce a more active antioxi-
dant system (Li et al. 2015) and P uptake (Xia et al. 
2020) in P. cathayana males compared with females, 
which may be the result of sex selection on the 
growth and colonization of AMF species. The strong 
sexual control in AMF species implies that the sur-
vival and growth of AMF have to adapt to different 
cellular chemical environments before successfully 
establishing mutualistic symbioses.

Bacterial assembly within plant internal tissues

Except for the rhizobacteria and AMF that inhabit the 
rhizosphere, bacterial species that colonize internal 
plant tissues also provide a number of life-support 
functions for their hosts (Levy et al. 2018; Zhu et al. 
2023). Plant hosts impose much stronger selective 
pressure, and bacterial species must be equipped with 
distinct traits that allow them to overcome physico-
chemical barriers and adapt to the metabolic condi-
tions of the endosphere. This study revealed stronger 
sex effects on the composition, particularly dominant 
and hub species, diversity, and network structure of 
the bacterial community in the phloem, which dem-
onstrated a different selection pressure imposed by 
sex on species selection and microbe-microbe inter-
actions. Females supported a more diverse and com-
plicated bacterial community in their phloem than 

males (Figs. 1 and 4). In comparison with the males, 
the thinner cell walls and enhanced carbohydrates of 
the long-distance transport system of females (Wu 
et al. 2021; Zhao et al. 2023) may allow more bacte-
rial species to colonize and provide carbon-rich con-
ditions for their growth (Yang et al. 2016).

It is clear that males and females also had signifi-
cant effects on the composition and structure of the 
bacterial communities within the roots and leaves. 
Guo et  al. (2022) found similar results on sex regu-
lation on the microbiota assembly in the leaves and 
roots when the plants grew at different availabilities 
of N. For example, this study also found that Strep-
tomyces was relatively more abundant within the 
female roots than in the male roots (Fig. 1c). One of 
the goals of this study was to investigate the roles of 
defense compounds and phytohormones in regulating 
a sexually different endophytic community. We found 
that most of the defensive traits had non-significant 
relationships with the dominant OTUs in the leaves, 
whereas they strongly connected with many dominant 
OTUs that inhabited the roots (Fig. 6). It is interesting 
to show that the many shared OTUs between males 
and females were mostly related to the contents of 
condensed tannins and total phenolics but not those of 
the hormones. Hormones are reported as go-betweens 
in plant microbiota assembly that can contribute to 
microbial diversity in the endosphere (Eichmann 
et al. 2021). However, Veach et al. (2019) suggested 
that plant defense strategies partially drive coloniza-
tion and the assembly of taxon-specific microorgan-
isms. One reason is that these endophytes probably 
cannot cause a large variation in hormones of the host 
like those of pathogens during their colonization pro-
cesses. Another reason is that these species are prob-
ably not sensitive to the changes in hormones. In con-
trast, bacteria have to adapt to high concentrations of 
defensive compounds, such as tannins and phenolics, 
in the endosphere, which affects the bacterial commu-
nity (Guo et al. 2022).

The presence of differences in the plant microbiota 
in male and female plants emphasizes the crucial role 
of sex in dioecious plants that we have barely started 
to discern. This study clearly demonstrated that the 
plant sex imposed strong pressure in the selection of 
different bacterial and AMF species and then con-
structed different networks. The microbiota assembly 
is a successional, multistep process and depends on 
an interactive connection among the microbes and 
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host traits. Different host characters between the male 
and female plants shape and modulate sex-specific 
plant microbiota, and in turn, affect the plant fit-
ness of dioecious species to adapt to a changing cli-
mate. Plant microbiota have been referred to as the 
extended or secondary genome of plants during plant 
evolution, because they can provide additional genes 
to influence host phenotypes. The sexual differences 
in plant microbiota might provide external functions 
for plants under evolutionary pressure. Therefore, 
more attention is required to explore the connections 
between the plant microbiota and dioecious species.
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