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• Sex-specific interactions influenced her-
bivore feeding patterns.

• Leaf damage was higher in pure male
plantation than in mixed-sex planta-
tion.

• Females provided associational resis-
tance by reducing herbivore damage of
males.

• Major differences in leaf metabolic pro-
files were found between mixed-sex
plantation and pure-sex plantation.

• Sexual diversity has herbivory implica-
tions for plantations composed of dioe-
cious plants.
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Sexual dimorphism is common in dioecious plants, but the effects of sex-specific interactions on the growth and
herbivore resistance of females and males are still unknown. To assess sex-specific interactions, Populus
cathayana females (F) and males (M) were grown in a common garden experiment with the same (F/F, M/M)
or opposite sex neighbors (F/M) under different herbivory treatments (no herbivores vs. with herbivores). We
found that females responded to males by increasing shoot mass under both the presence and absence of herbi-
vores. In contrast, males responded to females by increasing shoot biomass only under the presence of herbi-
vores. Herbivory increased phenolic production in the leaves of both sexes, but more strongly in females. In
addition, jasmonic acid (JA) production was enhanced in females under the presence of herbivores, but not in
males. Field experiments showed that females in a pure female plantation (PF) had greater total phenolic con-
tents of leaves compared to males in a pure male plantation (PM), ultimately resulting in lower damage by her-
bivore feeding. Leaf damage of males was reduced in a mixed-sex plantation (MS) compared to PM, but there
were no differences in females between PM and MS. Metabolomics analyses highlighted significant differences
in leaf metabolic profiles betweenmales and females in agreement with observed differences in herbivore resis-
tance. Female and male metabolomes also differed between pure sex plantations (PF or PM) and MS, while no
significant differences were detected inMS between females andmales. Thus, the reduction of herbivore feeding
inmales inMS was not only related to the associational effects of females, but also depended on biochemical ad-
justments. The present study demonstrated major differences in sex-specific interactions in responses to herbi-
vores. This new knowledge provides novel opportunities for the increase of insect resistance of plantations
composed of dioecious plants.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Plant growth, reproduction and defense are strongly influenced by
herbivores and neighboring plants (Kerchev et al., 2012; Züst and
Agrawal, 2016; Noman et al., 2020). The effect of plant-plant interac-
tions on the plant-herbivore relations has been intensively studied,
and several potential mechanisms have been proposed (Barbosa et al.,
2009; Hambäck et al., 2014; Kim and Underwood, 2015). For example,
if generalist herbivores induce changes in the chemical composition of
feeding plants, that can affect different plant species nearby in a cumu-
lative, synergistic or antagonistic manner (associational effects) (Huang
et al., 2018; van Halder et al., 2019). Alternatively, neighboring individ-
uals may affect the feeding patterns of herbivores by modifying plant-
plant interactions and plant-insect interactions (indirect effects)
(Agrawal, 2004; Veblen, 2008). In general, plants live in a shared
space, where resource competition, nutrient complementarity or even
chemical communication take place (Chen et al., 2012; Pierik et al.,
2013). Differentmechanisms can potentially change plant defense traits
or influence the outcome of plant-plant interactions (Graff et al., 2007;
Lankau and Kliebenstein, 2009; Van Petegem et al., 2018). Conse-
quently, plants may experience both associational effects and indirect
effects (Iason et al., 2018). However, it is still unknown, how neighbor
identity influences plant performance, metabolism and defense expres-
sion, thus altering herbivore feeding patterns, which, in turn, contribute
to the outcome of plant-plant interactions.

Sexual diversity of plants has evolved, at least partly, due to biologi-
cal factors in the environment, such as co-evolution with symbiotic mi-
croorganisms, and antagonistic animals and fungi, being often related to
their own defense, growth and reproductive costs (Ashman, 2002;
Vega-Frutis et al., 2013; Johnson et al., 2015; Rebolleda-Gomez et al.,
2019). Indeed, dioecious plants have evolvedduring a long period in dif-
ferent plant families and show major differences in reproductive costs
between females and males. Most studies have suggested that females
have greater resource investments in reproduction when compared to
males, because they produce seeds and fruits (Barrett and Hough,
2013; Juvany and Munné-Bosch, 2015). Considering the cost of repro-
ductive structures, females should invest more carbon in defense to
maintain the photosynthesizing foliage through the flower and fruiting
period. Such an investment pattern would sustain the long-term persis-
tence of populations. As the result of lower defense investments, male
plants are often found to be more sensitive to herbivory than females
(Cornelissen and Stiling, 2005; Vergés et al., 2008; Tsuji and Sota, 2010).

Plants donot live in isolation in nature. For instance, dioecious plants
almost always grow with same-sex or opposite-sex neighbors. In addi-
tion, several studies have showed that the sexual neighbor identity af-
fects the performance of dioecious plants (Chen et al., 2015; Varga
et al., 2017; Graff et al., 2018). On one hand, key leaf and root traits de-
termining resource harvesting capacities vary between sexes, resulting
in sexual dimorphism in resource acquisition and utilization strategies
(Hultine et al., 2016; Zhang et al., 2019; Xia et al., 2020). Competition
between males and females is presumed to be less intense than the
same-sex competition because of sexual niche partitioning (Chen
et al., 2015, Pérez-Llorca and Sánchez, 2019). On the other hand, plants
can chemically detect the sexual identity of neighbors and alter their
growth strategies, thereby potentially mediating sex-specific interac-
tions (Mercer and Eppley, 2014; Dong et al., 2017). However, associa-
tions between sex-specific interactions and herbivore feeding patterns
are not well known (Moreira et al., 2018). Pérez-Llorca and Sánchez
(2019) found that intrasexual competition was much stronger than in-
tersexual competition in females of dioecious Spinacia oleracea in a
glasshouse experiment. However, the damage caused by herbivores
was similar when females grew with the same or opposite sex neigh-
bors (Pérez-Llorca and Sánchez, 2019). Herbivores are potential forces
for the maintenance and development of dioecious plant populations
in nature (Ashman, 2002), and also a threat to agricultural and forest
production (Ayres and Lombardero, 2000). Therefore, it is important
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to reveal sex-specific interactions of dioecious plants and their effects
on the feeding patterns of herbivores.

Populus cathayana is a deciduous broad-leaved dioecious fast-
growing tree often used as a water conservation and soil restoration
species in northern China. Females andmales show gender dimorphism
in morphology, physiology and resistance to abiotic stresses (Zhang
et al., 2011; Liu et al., 2020; Xia et al., 2020). In the present study, we
tested, whether there are major differences in defense investments
and sex-specific interactions in response to herbivore feeding. In a com-
mon garden experiment, we first investigated the effects of sex-specific
interactions (when a plant grows with a same sex or opposite sex indi-
vidual) and herbivory on the performance and production of defense
compounds in P. cathayana females and males to characterize sex-
specific differences in defense under intra- and interspecific competi-
tion. To generalize the results to field conditions, we further assessed
the leaf damage due to herbivores and leaf defense investments in al-
most 30-year-old P. cathayana plantations growing as single-sex (pure
sex: female or male) or mixed-sex (females and males mixed) planta-
tions. We also used a metabolomics analysis to explore chemical differ-
ences in leaves among three different forest stands with the main
purpose of identifying chemical defense traits associated with the sex-
ual identity of neighbors andmediating resistance to herbivore feeding.
We addressed the following three questions: (1) Do sex-specific inter-
actions and herbivore density influence the growth and chemical de-
fense of P. cathayana, and are there differences between females and
males? (2) Can sex-specific interactions reduce the herbivory feeding
damage in P. cathayana populations? (3) If yes, are changes in chemical
traits responsible for reducing herbivore feeding damage?

2. Materials and methods

2.1. Common garden experiment

In the first experiment we evaluated the responses of P. cathayana
females and males to intra- and intersexual interactions and herbivory.
We designed a completely randomized experiment comprising the fol-
lowing three factors: sex (2 treatments; females or males), neighbor (2
treatments; same or opposite sex) and herbivory (2 treatments; no her-
bivores or with herbivores). There were four repetitions for each treat-
ment with a total of 32 experimental units.

P. cathayana cuttings were collected from 50 different trees of each
sex obtained from five populations in Qinghai, Datong, China (35°56′
N, 101°35′ E). After sprouting, uniform-sized cuttings were transferred
into 60 l plastic pots with 40 kg soil. The soil was obtained from barren
land near the Hangzhou Normal University. Soil properties were as fol-
lows: 14.34 g kg−1 soil organicmatter, 0.68 g kg−1 total N, 8.04mgkg−1

available P, 117 mg kg−1 available K and pH 8.59 (the volume ratio of
soil to CaCl2 solution was 1:2.5 during pH estimation). Two seedlings
were planted per pot, a female or a male and a neighbor of the same
or opposite sex, in a semi-open nursery at the Hangzhou Normal Uni-
versity onMarch 20, 2019. OnApril 10, half of the potswere chosen ran-
domly and isolated with a gauze cover (120 mesh) to block herbivore
feeding. We provided supplemental light to reduce the light effect in
each treatment (Fig. S1). In brief, before setting up the experiment, we
measured the strength of illumination in the semi-open nursery. The
average illuminance was about 8000–25,000 lx without gauze cover
(it depends on the weather), while the mean illuminance was de-
creased by about 20% with the gauze cover. On this basis, we provided
the supplemental light (1600–5000 lx) for eliminating the impact of
light. All pots were separated by at least three meters to prevent chem-
ical communication among treatments (Frost et al., 2007; Hussain et al.,
2019). All pots were watered daily and randomized weekly.

Plants were harvested, and shoots (leaves and stems) and roots
were separated on August 20, 2019. Shoot samples from each seedling
were placed in big envelopes and placed at −80 °C for 24 h, after
which they were freeze dried in a lyophilizer at −75 °C for 3 days. All
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dry shoot sampleswereweighed. Leaf sampleswere crushed and stored
at −20 °C.

2.1.1. Leaf phenolic total concentration assay
For the measurements of total phenolic concentration, 0.25 g of

dried leaf powder was extracted with 80% (v/v) aqueous methanol.
The total phenolic concentration was evaluated by the Folin-Ciocalteu
method and expressed as gallic acid equivalents (Chen et al., 2016).

2.1.2. Determination of jasmonic acid (JA), jasmonoyl-L-isoleucine (JA-Ile)
and salicylic acid (SA)

JA, JA-Ile and SA concentrations were quantified with methods of
Machado et al. (2013) and Li et al. (2016). Briefly, 250 mg of fine pow-
dered leaf sampleswere extractedwith 10ml ofMeOH-H2O-Acetic acid
(HOAc)mixture (90:9:1, v/v/v). Samples were agitated for 2 h and then
centrifuged at 2800 ×g for 15 min. The supernatant was decanted and
dried under nitrogen gas. The residue was dissolved in 2 ml of 0.05%
HOAc in H2O-MeCN (85:15, v/v) and filtered through a 0.22 μm nylon
syringe prefilter. The supernatant was analyzed with an LC-MS (Ulti-
mate 3000LC, Q Exactive, Thermo) equipped with autosampler, liquid
chromatograph, column oven and electrospray ionization source (ESI),
and the separation was performed on a BEHC18 (Waters) column
(50mm× 2.1mm, film thickness 1.7 μm). The columnwas equilibrated
at 45 °C. The elution gradient was composed of 0.2% HOAc in H2O (sol-
vent A) and MeOH (solvent B) at a constant flow rate of 300 ml min−1.
The mass spectrometer was operated in electrospray ionization (ESI)
mode using and negative ESI for JA, JA-Ile and SA: capillary voltage
3000 eV; source temperature 150 °C; N2 was used as cone (gas flow
rate 50 l h−1) and desolution (600 l h−1) gas. The multiple reaction
monitoring (MRM)modewas used formonitoring the parent and prod-
uct ions. The precursor and product ions for JAwere 212 and 94, respec-
tively. The precursor and product ions for JA-Ile were 322 and 130,
respectively. The precursor and product ions for SAwere 137 and 93, re-
spectively. JA, JA-Ile and SA were quantified by the addition method
with authentic standards.

2.2. Field experiment

The experiment was conducted at the Huang Yangtan national forest
farm (40°25′12″–40°32′6″ N, 115°2′34″–115°12′30″ E; elevation
600–1000 m), located in the Northwest region of the Hebei province,
China. The experimental site has aeolian sand soil. The climate is temper-
ate sub-arid climatewith amean annual air temperature of 7.6 °C andpre-
cipitation of 365mm. P. cathayana is a native but rare species in the region.

P. cathayana was planted as a vegetation restoration tree species in
1992. After decades of extensive management, relative homogeneity
and spacing forest stands have been formed. During the flowering pe-
riod, we marked the sex of each tree according to the shape of the
flowers, fortunately, we found that the sex ratio in P. cathayana planta-
tionswas different. We selected three forest stands with four replicates.
One forest stand was planted with P. cathayana females only, resulting
in a pure female plantation (PF). Another forest stand was planted ran-
domly with P. cathayana females and males as a near 1:1 mixture,
resulting in a mixed-sex forest (MS) [including females (MF) and
males (MM)]. The third stand was planted with males only, resulting
in a pure male forest (PM). Each of the replicated plots was planted at
a density of 1600 stems per ha. Overall, there are a total of 16 plots
with four treatments (PF, MF, MM and PM).

Then,we sampled leaves from each single andmixed sex plot during
July 2019. Five trees of P. cathayana females or males were selected
within each plot in PF or PM. In addition, equal numbers of each gender
were selected in MS along a similar elevation gradient. From each tree,
we divided the tree crown into three layers from top to bottom and se-
lected leaves randomly, and a total of 60 leaves were selected from four
directions. The five samples of each sex from each plot resulted in a
mixed sample that was considered as a replicate. Leaf samples were
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used to determine the relative damage by herbivore feeding and to con-
duct the metabolome analysis. Samples for the metabolic analysis were
immediately frozen on dry ice, after which they were transferred to a
−80 °C freezer. Each sample was ground to a fine powder in liquid ni-
trogen and freeze-dried.

2.2.1. Herbivory analysis
For all damaged leaves, we estimated the proportion of the leaf area

damaged by herbivores using Image J software (version 1.46). In most
cases, leaf damage appeared as gaps, but when the leaf edge was miss-
ing, damage was predicted by reconstructing the original shape of the
leaf. Then, we calculated the percentage of relative damage (proportion
of damaged leaf area / total leaf area × 100).

2.2.2. Metabolome analysis
In brief, the metabolome of sixteen samples (four biological repli-

cates per treatment) were analyzed by LC-MS (Ultimate 3000LC, Q
Exactive, Thermo)withHypergoldC18column(2.1×100mm×1.9μm)
kept at 40 °C. For themetabolomics analysis, 50mg of freeze-dried sam-
ple was extracted with 800 μl of 80% methanol and 5 μl of internal stan-
dard (8 mg ml−1, DL-o-chlorophenylalanine) and then vortexed for
30 s. Each sample was ground to fine powder using a grinding mill
(ShangHai, JingXin) operated at 60 Hz for 90 s. Then, the samples
were ultrasonicated for 30 min with 40 KHz with ultrasonic cleaner
and kept for 1 h at −20 °C. The samples were centrifuged at 12000 ×g
and 4 °C for 15 min. Supernatants were transferred to 1.5 ml Eppendorf
tubes, and kept for 1 h at −20 °C, and transferred to a vial for LC-MS
analysis. The elution was carried out with a binary solvent system
consisting of 5% acetonitrile and 0.1% formic acid in H2O (solvent A),
and 0.1% formic acid in acetonitrile (solvent B) at a constant flow rate
of 0.3mlmin−1. Simultaneous separations were completed using a gra-
dient elution of 0.0min/100% A, 1.5min/80% A, 9.5min/100% B, 14.5
min/100% B, 14.6 min/100% A, and 18 min/100% A. The typical condi-
tions (ESI+ and ESI−) were as follows: heater temperature of 300 °C;
sheath gas flow rate of 45 arbitrary units; aux gas flow rate of 15 arbi-
trary units; sweep gas flow rate of 1 arbitrary units; spray voltage of
3.0 KV; capillary temperature of 350 °C; S-Lens RF level of 30%. The
Compound Discoverer software version 3.0. (Thermo) was used to ex-
tract and process the LC/MS detection data and to organize them into
a two-dimensional data matrix.

2.3. Data analysis

In the common garden experiment, tests for normality and homoge-
neity of variances were conducted prior to statistical comparisons. The
shoot dry mass, JA and JA-Ile concentration data were log10 trans-
formed to meet the assumptions of the analysis of variance. The effects
of sex, neighbor, herbivore and their interactions on the shoot drymass,
total phenolic concentration, JA, JA-Ile and SAwere tested by three-way
analyses of variance (ANOVAs). Tukey's Honestly Significant Difference
(HSD) tests were used after one-way ANOVAs to compare individual
differences among means at a significance level of P < 0.05.

In thefield experiment, the effects of sex, neighbor and their interac-
tions on the total phenolic concentration and relative leaf damage were
tested by two-way analyses of variance (ANOVAs). Tukey's Honestly
Significant Difference (HSD) tests were used after one-way ANOVAs to
compare individual differences among means at a significance level of
P< 0.05. Subsequently, to improve accuracy, metabolite data from pos-
itive and negative ion modes were normalized and edited into a two-
dimensional data matrix. Here, we focused on the compounds that the
statistical analyses showed to be different among treatments. The ap-
proach for the screening of differential metabolites was a combination
of variable importance in the projection (VIP) value (VIP > 1) from
the PLS-DA model and the p-value (P < 0.05) from F-test. To visualize
the separation between metabolomes of different treatments, an ordi-
nation using non-metric multidimensional scaling (NMDS) based on a



Y. He, Z. Zhu, Q. Guo et al. Science of the Total Environment 774 (2021) 145819
Bray-Curtis dissimilarity matrix was used. A hierarchical clustering
analysis was applied based on the Pearson distance measure and the
Ward clustering algorithm selected by PLS-DA with precisely selected
metabolites. Then, we ran a two-way PERMANOVA with fixed factors
‘sex’ and ‘neighbor’. For thismodel, we tested variation in leafmetabolic
profiles explained by sex, neighbor and interactions. Thereafter, the di-
versity index, a comparison by the Shannon index of diversity (H), was
calculatedwith the following function:H=−∑ Pi log Pi, when Pi= ni/
N, where ni is the concentration of a specific compound, and N is the
sum of all compounds in the metabolome (Huberty et al., 2020).

3. Results

3.1. Common garden experiment

The shoot biomass accumulation of P. cathayana seedlings was influ-
enced by the three factors tested, namely sex (female or males), neigh-
bor identity (same or opposite sex) and herbivory (no herbivores or
with herbivores), as follows: greater biomass accumulation in females,
greater biomass accumulation under intersexual competition and
lower biomass accumulation under herbivory (Fig. 1a). Three-way
ANOVAs revealed significant interactions between sex and neighbor
identity, and among sex, neighbor identity and herbivory (Fig. 1a).
These interactions implied that in the presence or absence of herbivores,
the shoot dry matter accumulation of females increased under
Fig. 1. Shoot dry mass (a) and total phenolic accumulation in leaves (b) of P. cathayana
females and males grown under different combinations (single or mixed sex) and
herbivory (no herbivores vs with herbivores) treatments. Each value is the mean ± SE
(n = 4). Different letters indicate significant differences among treatments following
Tukey's Honestly Significant Difference (HSD) tests after one-way ANOVAs. Three-way
ANOVAs were used to evaluate the effects of different factors and their interactions. Sex,
female or male; neighbor, same or opposite sex neighbor; herbivory; no herbivores vs.
with herbivores, S × N, the interaction effect of sex and neighbor; S × H, the interaction
effect of sex and herbivory; N × H, the interaction effect of neighbor and herbivory;
S × N × H, the interaction effect of sex, neighbor and herbivory.
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intersexual interaction (F/M) compared with females under intrasexual
planting (F/F). On the other hand, shoot dry matter accumulation of
P. cathayanamales increased only in the F/M treatment by the presence
of herbivores (Fig. 1a).

The leaf phenolic concentrationwas influenced by both sex and her-
bivory, but not by neighbor (Fig. 1b). The treatment effects differed for
different treatment combinations, as there were significant interactions
between sex and herbivory, and among sex, neighbor identity and her-
bivory (Fig. 1b). By the absence of herbivores, the total phenolic concen-
tration of both females andmales was unaffected by the sexual identity
of the neighboring plant (Fig. 1b). On the other hand, under the pres-
ence of herbivores, the total phenolic concentration of F/F females was
greater than that of M/Mmales (Fig. 1b). In the F/M treatment, females
and males showed no differences in the total phenolic production
(Fig. 1b).

Herbivory increased the JA and JA-Ile concentrations of females
(Fig. 2a–b). Neighbor identity had a variable effect on the JA, reflecting
significant interactions between sex and neighbor identity, but non-
significant between neighbor identity and herbivory, or among sex,
neighbor identity and herbivory. Similarly to the total phenolic concen-
tration (Fig. 1b), in the absence of herbivores, the JA and JA-Ile concen-
trations did not depend on the sex of the neighboring plant. In the
presence of herbivores, females under F/F had a higher JA concentration
than males under M/M. However, under interspecific competition, no
Fig. 2. Jasmonic (JA; a), jasmonoyl-L-isoleucine (JA-Ile; b), and salicylic (SA; c) acid
accumulation in leaves of P. cathayana females and males grown under different
combinations (single or mixed sex) and herbivory (no herbivores vs. with herbivores)
treatments. Each value is the mean ± SE (n = 4). Treatment codes and statistical
analyses as in Fig. 1. In addition, NS indicates non-significant differences (P > 0.05).
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differenceswere observed between females andmales in the JA produc-
tion. The leaf SA concentration was not influenced by the three factors
and their interactions (Fig. 2c).

3.2. Field experiment

Both in single-sex plantations (PF or PM) and in themixed-sex plan-
tation (MS), the total phenolic concentration was greater in females
than in males (Fig. 3a). In addition, the total phenolic concentration of
males in MS increased compared with that in PM. On the other hand,
relative leaf damage caused by herbivores was higher in PM than in PF
(Fig. 3b). Compared with PMmales, MS males showed reduced relative
leaf damage, while no change was found in females (Fig. 3b). However,
there were no differences in relative leaf damage between females and
males in MS (Fig. 3b).

Themajor differences among the four treatments concernedmetab-
olite concentration rather than composition. We conducted a non-
metric multidimensional scaling (NMDS) for PF, PM, MF and MM
(Fig. 4a). In this analysis, two axes were obtained separately with stress
value 0.049. The separation of the metabolic profiles between PF and
PM, PF and MF, and PM and MMwas clear, indicating significant meta-
bolic differences (Fig. 4a). However, no clear separation pattern in the
metabolite composition was found between MF andMM. The variation
partitioning analysis revealed that sex explained 28.5% of the variation
in the leaf metabolome (F = 11.21, P = 0.001), and neighbor and
their overlap with sex also had significant effects (Fig. 4b).

To visualize the characteristic features of females and males, Venn
diagrams were used (Fig. 5). When comparing the four treatments
based on metabolite concentrations, there were 145 different
Fig. 3. Total phenolic concentration in leaves (a) and percentage of plant damage (b) in
P. cathayana females and males grown in a single or mixed sex plantation. Each value is
the mean ± SE (n = 4). Two-way ANOVAs were used to evaluate the effects of sex,
neighbors and their interactions. Different letters above the bars indicate significant
differences (P < 0.05) among treatments based on Tukey HSD after one-way ANOVA.

Fig. 4. The ordination using non-metric multidimensional scaling (NMDS) of leaf
metabolic data in P. cathayana females or males grown in a single or mixed sex
plantation according to a LC/MS analysis (a). Variation in metabolic profiles of leaves
explained by sex and neighbor obtained as R2 from PERMANOVA models (b). *, **, ***
indicate significant effects in the PERMANOVA tests at P < 0.05, P < 0.01, P < 0.001
respectively. (a) PF, pure female plantation, PM, pure male plantation; MF, females in
mixed-sex plantation; MM, males in mixed-sex plantation.
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metabolites in PF vs. PM, 120 differentmetabolites inMF vs. MM, 83 dif-
ferent metabolites in PF vs. MF and only 49 different metabolites in PM
vs. MM. Similarly, PF vs. PM had 37 different unique metabolites, while
PM vs.MMhad only 10 different uniquemetabolites. Therewere 47 dif-
ferent metabolites shared between PF vs. PM and PF vs. MF, but there
were only 17 metabolites shared between PM vs. MM and MF vs. MM.

In addition, the cluster analysis showed that there were 162 metab-
olites with significant concentration differences, including phenolic,
lipids, terpenoid, carbohydrate, amino acid, purine and pyrimidine and
othermetabolites (Fig. 6). Leaves in females andmales showed different
metabolic profiles, when they were in single-sex but not in mixed-sex
plantations (Fig. 6). Furthermore, many phenolic and terpenoid metab-
olites were expressed in PF females compared with PMmales. Such dif-
ferences were also found in MS males compared with PM males.

The diversity of metabolic components among the four treatments
was not significant, except for PF females having higher phenolic, terpe-
noid and amino acid diversities compared with PM males (Table 1). In
addition, the Shannon index of phenolic in MS males was greater than
that in PM males.

4. Discussion

Plant and herbivore interactions are affected by neighboring plants.
Although research on such interactions has been extensive, associations
between dioecious plants and herbivores under different sex-specific
interactions have not been explored. In our common garden and field
experiments, we found that the interactions between P. cathayana
plants and herbivores depend on the sexual identity of coexisting
plants. Especially, whenmales and females grow together in a common



Fig. 5. Venn diagrams depicting overlapping and specific differential metabolites of P. cathayana females and males grown in single- and mixed-sex plantation according to metabolite
concentrations. Numbers are differential metabolites unique to each comparison (bold black) and shared with others (black). Treatment codes as in Fig. 4.
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garden experiment, females are able to adjust their biochemical plastic-
ity, which can support a higher growth rate under herbivore pressure. In
the field, females proved to bemore resistant to herbivory when grown
alone. However, female presence in themixed plantation caused associ-
ation effects on males, leading to reduced herbivore damage on males.
Thus, association effects on males and changes in their defense strate-
gies may be responsible for reduced herbivory damage when grown
mixed with females.

4.1. Herbivory associated with sex-specific interactions affects tree growth
and defense

In our study, females but not males showed less biomass accumula-
tion in inter-sex interaction than in intra-sex planting when in the ab-
sence of herbivores, which could be due to sexual niche partitioning,
resource complementarity, or root recognition (Chen et al., 2014; Xia
et al., 2016; Dong et al., 2017). In fact, due to the unequal reproductive
effort, there are significant sexual differences in resource utilization pat-
terns betweenmales and females. Chen et al. (2014)have demonstrated
that P. cathayanamales and females have different preferences for nitro-
gen sources under water shortage regimes. Males tend to absorb more
nitrate, while more ammonium adsorption is found in females. In addi-
tion, phosphorus (P) acquisition strategies are sex-specific in
P. cathayana (Xia et al., 2020). There is a greater P demand in females
and high dependence on the root morphological proliferation under
high P, while males are more tolerant to low P and more dependent
on the mineralization of organic P and symbiosis with mycorrhizal
fungi. In P. cathayana, competition between females and males is re-
duced due to different resource acquisition strategies, whereas the
same-sex competition in females is potentially enhanced due to limited
nutrient supply to meet nutrient demand (Zhang et al., 2009; Pérez-
Llorca and Sánchez, 2019). Alternatively, positive female responses to
the opposite-sex neighbors could relate to the presence of sex recogni-
tion. Dong et al. (2017) have proposed root-mediated sex recognition in
P. cathayana. They found that the responses visible as root growth and
allocation in females varied depending on the sexual identity. Similar
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mechanisms may be responsible for the responses observed in our
study.

Herbivory altered sex-specific interactions. We found that both fe-
male andmale growthwas promotedunder intersexual treatment com-
pared to intrasexual conditions (F/F females or M/M) in the presence of
herbivores (Fig. 1a). Activating complex phytohormone signaling net-
works is a common strategy for plants to decode insect-induced up-
stream signaling events into specific defense responses (Erb et al.,
2012; Mao et al., 2017). Enhanced synthesis of secondary defense me-
tabolites is considered as one of the key plant defense responses against
herbivores (Carmona et al., 2011). In the presence of herbivores, leaf JA
and total phenolic concentrations in females in F/F were higher than in
males in M/M. This suggested herbivore-induced JA-dependent herbi-
vore resistance in females. Previous studies have showed that females
have greater reproduction expenses and this can lead to higher chemi-
cal defense efforts compared to males (Obeso, 2002; Randriamanana
et al., 2014).

4.2. Mixed-sex planting promotes herbivore resistance in males via associ-
ational effects and biochemical defense

Most studies have showed thatmale plants incurmore severe herbi-
vore damage and insect species abundance than female plants
(Cornelissen and Stiling, 2005; Avila-Sakar and Romanow, 2012). In
the present study, mixed-sex planting effectively reduced herbivore
damage on males in the field. Comparable results have been observed
in previous common garden experiments, in which mixtures of tree
species were less susceptible and less severely affected by pests or her-
bivores compared to monocultures (Jactel and Brockerhoff, 2007;
Damien et al., 2016; Barantal et al., 2019; Muiruri et al., 2019), but sex
effects, as observed in our study (Fig. 3), have been poorly studied.
The observed improvement of male herbivore resistance in F/M may
be related to alterations in plant-insect associations, including changes
in host preference or host availability, and indirect defense responses.
We found that the total leaf phenolic concentration in females was
higher than that in males, both under intra- and intersexual planting



Fig. 6. Heatmap analysis of diverse metabolites in P. cathayana females and males grown in single- and mixed-sex plantations. Treatment codes as in Fig. 4.

Y. He, Z. Zhu, Q. Guo et al. Science of the Total Environment 774 (2021) 145819
in the field (Fig. 3a). However, under interspecific competition, the dif-
ference in the total phenolic concentration between males and females
was greater in the field than in common garden conditions. The reason
may be that the local environment and herbivore pressure in the com-
mon garden are different from those in the field or the chemical re-
sponse of females depends on plant ontogeny.

Surprisingly, in the field, there were no differences in herbivore
damage between females and males in MS. Although most studies
have showed that dioecious plants exhibit male-biased herbivore feed-
ing patterns in the field, some investigations have not observed any dif-
ferences between females and males in the extent of damage caused by
insects (Cornelissen and Stiling, 2005; Maldonado-López et al., 2014;
Stark and Martz, 2018). These inconsistencies may indicate the
Table 1
Mean Shannon index±SE (n=4) for eachmetabolic component. Differences between theme
differences among treatments following Tukey's Honestly Significant Difference (HSD) tests af

Shannon index PF PM

Phenolic 4.04 ± 0.04a 3.59 ±
Lipid 2.54 ± 0.09a 2.62 ±
Terpenoid 2.81 ± 0.18a 1.90 ±
Carbohydrate 1.19 ± 0.13b 1.43 ±
Amino acid 0.91 ± 0.22a 0.28 ±
Purine & Pyrimidine 1.85 ± 0.03a 2.05 ±
Others 2.01 ± 0.17a 2.00 ±
Total metabolome 3.98 ± 0.13a 3.70 ±
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importance of focusing on the surrounding neighbors, particularly gen-
der identity, when studying the relations between dioecious plants and
herbivores. Herbivory damage can be a result of multiple recurrent in-
sect attacks. After the initial impact, plant defenses can be primed by
neighbors, e.g. via volatile signals (Frost et al., 2008; Niinemets, 2010;
Hilker et al., 2016), and initial differences in herbivore resistance may
gradually decrease and disappear among coexisting plants (Llusià
et al., 2014). Correspondingly, the introduction of females to a male
stand could explain reduced foliar herbivory observed in males in the
mixed stand (Fig. 3).

The metabolic differences between male and female plants may be
an important reason for sexual dimorphism in herbivore resistance
(Bajpai et al., 2012, 2017). We found that differences in metabolic
answere tested with an Analysis of Variance (ANOVA). Different letters indicate significant
ter one-way ANOVAs.

MF MM

0.03b 3.91 ± 0.07a 3.84 ± 0.03a
0.11a 2.70 ± 0.11a 2.56 ± 0.06a
0.13b 2.14 ± 0.22ab 1.91 ± 0.13b
0.17ab 2.01 ± 0.19a 1.35 ± 0.04b
0.02c 0.55 ± 0.08ab 0.36 ± 0.03bc
0.06a 2.06 ± 0.05a 2.12 ± 0.05a
0.04a 1.79 ± 0.08a 1.80 ± 0.11a
0.08a 3.47 ± 0.15a 3.56 ± 0.13a
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profiles between females andmales in the field depended on the sexual
identity of neighbors, whereas the differences were reduced in MS. This
suggested that the sex differentiation only partly mediated herbivore
resistance in dioecious plants (Jiang et al., 2016). On the other hand,
we found that differences in the metabolic profiles of males between
MS and PM were also significant, suggesting that different herbivore
feeding patterns of males in different forest stands were not only due
to the association effects of neighbors, but also directly depended on
their own chemical defense strategies. In MS, females were effective in
providing low-quality food and changing the behavior and metabolism
of herbivores via producing more terpenoids, flavonoids and phenolic
acids, which reduced the leaf damage of females and possibly also the
overall herbivore density. On the other hand, the presence of females al-
tered defense strategies ofmales, although itwas unclearwhether these
mechanisms were due to chemical communication between sexes,
nutrient-related sexual complementation or volatiles repelling herbi-
vores and attracting herbivore enemies (Niinemets, 2018; Wu and
Baldwin, 2009). In our study, we clearly observed that the cooperative
chemical defenses between females and males effectively reduced her-
bivore feeding in MS. We also found that the metabolic profiles of fe-
male leaves in MS and PF were significantly different. This may be due
to the belowground interactions between males and females. Previous
studies have shown that the presence of mechanisms, such as nutrient
complementation and chemical recognition, can greatly promote fe-
male growth when females and males grow together (Chen et al.,
2015; Dong et al., 2017).

As a result of extreme climatic events, the risk of death of one sex is
often greater than that of the other, since dioecious plants show sexual
dimorphism in ecological, morphological and physiological traits, possi-
bly leading to skewed sex ratios; this could even lead to population ex-
tinction (Hultine et al., 2016). Our study found that sex-associated
effects on herbivore vulnerability can play an important role in the pro-
tection of dioecious populations. Furthermore, the construction of
mixed-sex plantations in P. cathayana could effectively reduce the dam-
age of herbivores and protect populations. Sex-specific interactions me-
diated by males and females under intersexual planting are superior to
single-sex conditions. This afforestationmode could help to improve the
productivity of P. cathayana plantations. On one hand, the presence of
males could increase female productivity through resource differentia-
tion or gender recognition, while, on the other hand, females can help
strengthen the cooperative defense of males to resist herbivore feeding.

Indeed, we didn't establish strong point-to-point relations between
the metabolic profiles and herbivore feeding. For instance, we were
not clear whether the reduction in leaf damagewas due to the variation
in defensive metabolic profiles or variation in herbivore communities
under different sexual combinations. On the other hand, although sec-
ondary metabolites are proved as fundamental to the defense of plants
against herbivores, other traits such as physical resistance, gross mor-
phology, life-history, and physiology could also be worth considered
(Anderson and Mitchell-Olds, 2011; Carmona et al., 2011; Barbour
et al., 2015). JA and SA aremajor hormonesmodulating inducible chem-
ical defense, although JA defenses are typically associated with chewing
herbivores and SA defenses with sap-sucking herbivores (Schweiger
et al., 2014; Walling, 2000, 2008). Also, previous studies have reported
that the prevalent herbivores of Populus in the field were chewing,
sap-sucking, and mining types (Escalante-Pérez et al., 2012; Young
et al., 2010; Thakur et al., 2020). Our common garden experiment re-
sults indicated that sex-specific interactions may have had a greater ef-
fect on the chewing herbivores and little effect on the sap-sucking
herbivores under local environmental conditions. In the future, it is nec-
essary to conduct the investigation of herbivorous insect communities
and to evaluate the variation of female and male plant traits under dif-
ferent sexual combinations and to evaluate the variation of female and
male plant traits under different sexual combinations, and their associ-
ations with herbivore resistance from multiple levels such as nutri-
tional, genomic, and environmental levels.
8

5. Conclusions

Our study convincingly showed that sex-specific interactions in
P. cathayana influence herbivore feeding patterns through changes in
the concentration of defense chemical compounds in leaves. Further-
more, we found that female and male growth and defense differed de-
pending on sex-specific interactions, and these interactions further
depended on herbivory, as revealed in the common garden experiment.
In the field, females exerted positive associational sex effects via bio-
chemical defenses in leaves. In addition, males modify their defensive
chemistry in the presence of females to reduce herbivory feeding.
Such mechanisms provide new approaches for establishing insect-
resistant P. cathayana plantation forests.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145819.
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