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1  |  INTRODUC TION

The phyllosphere, surface and internal tissues of aboveground 
parts of plants, mainly comprise leaves populated by numer-
ous microorganisms. Although the interactions between plants 

and microorganisms in the phyllosphere have been less studied 
than those in the rhizosphere, recent studies have shown that 
phyllosphere organisms exert significant effects on plant fitness 
and ecosystem functions (Bashir et al., 2022; Stone et al., 2018; 
Vacher et al., 2016). In addition to the importance of phyllosphere 
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Abstract
Many microorganisms inhabit the aboveground parts of plants (i.e. the phyllosphere), 
which mainly comprise leaves. Understanding the structure of phyllosphere micro-
bial communities and their drivers is important because they influence host plant fit-
ness and ecosystem functions. Despite the high prevalence of ant–plant associations, 
few studies have used quantitative community data to investigate the effects of ants 
on phyllosphere microbial communities. In the present study, we investigated the 
effects of ants on the phyllosphere fungal communities of Mallotus japonicus using 
high-throughput sequencing. Mallotus japonicus is a myrmecophilous plants that bears 
extrafloral nectaries, attracting several ant species, but does not provide specific ant 
species with nest sites like myrmecophytes do. We experimentally excluded ants with 
sticky resins from the target plants and collected leaf discs to extract fungal DNA. The 
ribosomal DNA internal transcribed spacer 1 (ITS1) regions of the phyllosphere fungi 
were amplified and sequenced to obtain fungal community data. Our results showed 
that the exclusion of ants changed the phyllosphere fungal community composition; 
however, the effect of ants on OTU richness was not clear. These results indicate 
that ants can change the community of phyllosphere fungi, even if the plant is not a 
myrmecophyte.
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microorganisms in plant survival, growth, and reproduction, the 
phyllosphere is considered an ideal model system for testing eco-
logical concepts (Meyer & Leveau, 2012). Therefore, many recent 
studies have investigated the structure and drivers of phyllo-
sphere microbial communities.

Fungi are the primary components of the phyllosphere micro-
biome (Bashir et al., 2022; Stone et al., 2018; Vacher et al., 2016). 
Some phyllosphere fungi act as plant pathogens (Doehlemann 
et  al., 2017), whereas others provide host plants with tolerance 
to several types of stress such as desiccation, UV exposure, 
and pathogens (Bashir et  al.,  2022; Stone et  al.,  2018; Vacher 
et  al.,  2016). Phyllosphere fungi can affect the fitness of their 
host plants and other fungi also play a role in leaf decomposition 
during the early stage (Osono,  2006; Unterseher et  al.,  2013; 
Voříšková & Baldrian, 2013). Many studies have explored this ef-
fect of phyllosphere fungi on plants and ecosystem functioning, 
and results have shown that the compositions of phyllosphere 
fungal communities are influenced by many factors. Leaf mor-
phology, chemistry, and physiology differ among plant geno-
types and species. Many studies have shown phyllosphere fungal 
communities varies among plant genotypes (Bálint et  al., 2013; 
Cordier, Robin, Capdevielle, Desprez-Loustau, & Vacher,  2012; 
Horton et  al.,  2014; Qian et  al.,  2018; Sapkota et  al.,  2015) and 
plant species (Kembel & Mueller, 2014; Qian et al., 2020; Sapkota 
et  al.,  2015; Yao et  al., 2019). The leaf microclimate varies with 
regional climate and leaf position within a plant due to landscape, 
vegetation, and canopy structure. A significant effect of leaf mi-
croclimate on phyllosphere fungal communities has also shown 
(Bálint et al., 2015; Coince et al., 2014; Cordier, Robin, Capdevielle, 
Desprez-Loustau, & Vacher,  2012; Cordier, Robin, Capdevielle, 
Fabreguettes, et al., 2012; Osono, 2014). In addition to these abi-
otic factors, the effect of interactions among microorganisms on 
phyllosphere fungi has been inferred by studies mostly in the con-
text of disease biocontrol (Becker et  al.,  2020; Braun-Kiewnick 
et al., 2000; Innerebner et al., 2011; Prior et al., 2017). Moreover, 
insects that interact with plants can affect phyllosphere fungal 
communities.

Many plants of a wide range of lineages are associated with ants 
that protect them against herbivores. Some plants, known as myrme-
cophytes, provide specific ant partners with nesting sites (domatia). 
Most other plants, known as myrmecophilous plants, lack domatia 
but associate with various ant species through extrafloral nectaries 
(EFNs), which secrete nutrient liquids for ants (Marazzi et al., 2013). 
Because ants mechanically remove microbes and secrete antibiotic 
substances from several glands (Offenberg & Damgaard, 2019), the 
effects of ants on plant pathogens have been suggested to be po-
tentially high (Offenberg & Damgaard, 2019). Several studies have 
shown that ants regulate plant pathogens; most of these studies 
use myrmecophytes (Belin-Depoux et  al.,  1997; Heil et  al.,  1999, 
2001; Letourneau, 1998; Roux et al., 2011; Thornham et al., 2012). 
However, studies that investigate the effect of ants on the fungal 
phyllosphere community are lacking and very few studies used 
myrmecophilous plants to investigate the effect of ants attracted 

to EFNs on pathogens (de la Fuente & Marquis, 1999) despite the 
prevalence of non-obligate associations between ants and myrme-
cophilous plants.

In this study, we investigated whether ants influence the spe-
cies richness and community composition of phyllosphere fungi 
using high-throughput sequencing. The focal plant species was 
the East Asian deciduous shrub Mallotus japonicus (Thunb.) Muell. 
Arg. (Euphorbiaceae). Mallotus japonicus is a myrmecophilous 
plants that bears EFNs on its leaves for indirect defense by ants 
(Yamawo et al., 2014; Yamawo, Katayama, et al., 2012; Yamawo, 
Suzuki, et  al.,  2012). To assess the effect of ants on the phyllo-
sphere fungal communities we performed experimental manipu-
lations to control the presence of ants on the leaves. Here, we 
tested the three hypotheses, (1) ants decrease operational taxo-
nomic unit (OTU) richness of phyllosphere fungi, (2) ants affect 
phyllosphere fungal community composition, and (3) ants affect 
different functional guilds of fungi differently, specifically de-
creasing plant pathogens.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and sample collection

Samples were collected in Mt. Yoshida (35°01′31″ N, 135°47′09″ E), 
Kyoto, and Japan. We selected three open sites as the study plots, 
all of which fell within a radius of 500 m but were at least 50 m apart. 
We selected 69 saplings of M. japonicus (50–150 cm in height), of 
which 35, 18, and 16 were located in each of the three plots. The 
youngest, fully expanded leaf was selected as the target leaf for each 
sapling because leaves of this age attract more ants than those of 
other ages (Yamawo, Suzuki, et al., 2012).

Next, we randomly assigned 27, 16, and 26 of the total 69 sap-
lings to the “ant-exclusion treatment”, “resin-applied control”, and 
“control” groups, respectively (see Appendix S1 for the details). In 
the ant-exclusion treatment, we applied sticky resin (Fuji Tangle; 
Fuji Yakuhin Co., Ltd., Saitama, Japan) to the stems and petioles of 
each target sapling and cut the leaves and stems of surrounding 
plants to prevent ants from accessing each target leaf. In the resin-
applied control, we applied sticky resin to each target sapling and 
then placed a small twig onto the applied resin or attached a part 
of the surrounding plant to each sapling to allow ants to access 
the target leaf on each sapling through the twig or the plant. For 
the control treatment, we maintained each target sapling without 
any manipulation. These experimental manipulations started be-
tween June 27 and July 16, 2021 and ended in 2 or 4 weeks (see 
below), and enabled us to distinguish the effects of ant exclusion 
from those of resin application. Before the experiment started, we 
observed the target leaves on all saplings, counted the number 
of ants and identified them on each target leaf. After the experi-
ment started, we repeated this observation one to four times. The 
variation in observation frequency among the saplings was due 
to weather conditions; observations were suspended whenever 
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it rained, as rain reduces ant activity. This was done to check 
whether each manipulation controlled ant presence on the leaf as 
intended.

Two or 4 weeks after sapling manipulation, between July 11 
and August 6, 2021, we sampled leaf discs to assess both endo-
phytic and epiphytic fungi. All saplings were allocated to either a 
two-week or a four-week experiment (see Appendix S1), indicating 
that the leaf discs were collected just once from each sapling. For 
fungal sampling, we clipped a leaf disc approximately 1.0 cm in di-
ameter from an intact part of the leaf area at approximately 2 cm 
from the leaf base of each leaf using a hole puncher and forceps 
and then placed the leaf disc into a sterile 2 mL microtube using 
forceps. The hole puncher and forceps were carefully wiped with 
alcohol wipes after manipulating a leaf disc and before collecting 
another leaf disc.

2.2  |  DNA extraction, polymerase chain reaction 
(PCR) amplification, and DNA sequencing

Total DNA from both endophytic and epiphytic fungi was extracted 
from the leaf discs using the cetyltrimethylammonium bromide 
(CTAB) method. Each leaf disc was crushed in a 2.0 mL microtube 
using a TissueLyser II (QIAGEN) and a zirconia bead of 5 mm diameter. 
Then, 500 μL of CTAB buffer (10 mg CTAB; 100 mM Tris; 41 mg NaCl; 
20 mM EDTA) was added to the tubes and the mixture was incubated 
for 30 min at 55°C. After incubation, the suspension was mixed with 
500 μL of CIA solution (chloroform: isoamyl alcohol = 24:1) and cen-
trifuged for 5 min at 20°C and 20,630 × g. We transferred 300 μL of 
the supernatant to a new microtube. The supernatant and 300 μL of 
ice-cold isopropanol were mixed and centrifuged for 10 min at 4°C 
and 20,630  × g. After being washed with 70% ethanol, the precipi-
tated DNA was dissolved in 200 μL of TE buffer (10 mM Tris; 1 mM 
EDTA, pH 8.0).

The internal transcribed spacer 1 (ITS1) regions of ribosomal 
DNA were amplified using the primer pairs ITS1F_KYO2 and 
ITS2_KYO2 (Toju et al., 2012) fused with an Illumina sequencing 
primer and six random bases (N). Polymerase chain reaction was 
performed using KOD FX Neo (TOYOBO, Osaka, Japan). The re-
action solution of 10 μL contained 1 × PCR buffer, 0.4 mM deoxy-
nucleoside triphosphates, 0.3 μM each of the forward and reverse 
primers, and 0.2 units of KOD FX Neo polymerase. The PCR con-
ditions were as follows: an initial denaturation for 2 min at 94°C; 
followed by 40 cycles of 10 s at 98°C, 30 s at 60°C, 30 s at 68°C; 
and a final extension for 5 min at 68°C. To subsequently fuse the 
8 bp identifier indices (Hamady et al., 2008) and the MiSeqP5/P7 
adapter to the initial PCR amplicons, we conducted an additional 
PCR using the same PCR mixture and conditions as the initial PCR, 
except that the number of cycles was reduced to 12. The result-
ing PCR amplicons were pooled and purified using AMPure XP 
(Beckman Coulter, Brea, CA, USA). The purified library was ex-
cised using E-Gel SizeSelect (Thermo Fisher Scientific, Waltham, 
MA, USA). The libraries were sequenced via 2 × 250-bp paired-end 

sequencing on a MiSeq platform (Illumina, San Diego, CA, USA) 
using the MiSeq Reagent Kit v2 (500 cycles), following the manu-
facturer's instructions.

2.3  |  Bioinformatics

The reads retrieved from MiSeq sequencing were processed using 
CLAIDENT version 0.2.2019.04.27 (Tanabe & Toju,  2013). Reads 
were de-multiplexed using the “clsplitseq” command and the re-
sulting reads were deposited in the Sequence Read Archive of the 
DNA Data Bank of Japan (accession number: DRA017572). Using 
the “clfilterseq” command, low-quality reads were filtered based 
on a minimum quality value of 30. The resulting forward and re-
verse reads were merged using the “clconcatpair” command. Noisy 
sequences were eliminated using the “clcleanseqv” command. The 
remaining reads were clustered into operational taxonomic units 
(OTUs) with similarity thresholds of 0.97 using the “clclassseqv” 
command. Potential chimeric OTUs were eliminated using UCHIME 
(Edgar et al., 2011) without any references. Each OTU was identified 
through a local BLAST search using the “clidentseq” command and 
the “classigntax” command in CLAIDENT.

2.4  |  Data analysis

All statistical analyses were conducted using R version 4.3.1 (R Core 
Team, 2023). To test the effect of the experimental manipulations 
on ant abundance on the target leaves, we compared the number 
of ants between six groups, which were combinations of the three 
treatments (ant-exclusion treatment, resin-applied control, and 
control) and two periods (before and after manipulation) using the 
Steel–Dwass test. The mean number of ants for each target leaf 
was used as a response variable when observations were conducted 
more than once. We also assessed if species richness and species 
composition of the ants were different between before and after 
the manipulation in resin-applied control (see Appendix S2 for the 
details).

To determine the overall fungal composition, OTU richness, and 
relative read abundance were calculated. For OTU relative read 
abundance, the OTU read abundance in each sample was converted 
into a percentage, and then, the mean of percentages for an OTU 
was calculated to correct for the difference in the total OTU read 
abundance between leaf disc samples.

To analyze the phyllosphere fungal community, we first removed 
data of samples that had less than 1000 total reads after sequence 
data processing. Thereafter, the reads were resampled based on the 
smallest coverage among the remaining samples using the rarefy func-
tion. A distance matrix of the fungal community was constructed by 
resampling the data using Raup–Crick dissimilarities. We conducted 
a permutational multivariate analysis of variance (PERMANOVA) 
(Anderson, 2001) with three factors, “ants” (two levels: ants pres-
ent and absent), “resin” (two levels: applied and not applied), and 
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“experimental duration” (two levels: 2 and 4 weeks) and two inter-
action terms, “ants” × “experimental duration” and “resin” × “experi-
mental duration.” We set the plot as a block so that sample units 
were permuted only within a block and ran PERMANOVA with 9999 
permutations with the adonis2 function. All functions used for the 
fungal community analyses described above were performed using 
the package vegan in R (Oksanen et al., 2020).

We also calculated the asymptotic estimates of OTU richness 
for each sample using the iNEXT function (Chao et al., 2014; Hsieh 
et  al.,  2016). To test the effect of treatments and experimental 
duration on the estimated fungal OTU richness, ANOVA using a 
linear mixed model with the lmer function in the package lmerTest 
(Kuznetsova et al., 2017) was performed. For the linear mixed model, 
“treatment” (three levels: ant-exclusion treatment, resin-applied 
control, and control), “experimental duration” (two levels: 2 and 
4 weeks), and an interaction term of these were set as explanatory 
variables and the plot was set as a random factor. To contrast the 
differences between the combinations of treatments and the exper-
imental duration, the emmeans function in the package emmeans in 
R was used (Lenth, 2023).

To assess if ants affect frequency of specific fungal guilds, 
FungalTraits (Põlme et  al.,  2020) was used to associate potential 
functions to the fungal OTUs based on their taxonomy at the level 
of genera. Analyses of guild-based community composition were 
not performed, instead a simpler and more conservative analysis, 
Kruskal–Wallis test, was performed due to the high rate of unas-
signed guild OTUs, which accounted for more than 10% of all reads 
on average. We excluded eight samples (three from control, three 
from ant-exclusion treatment and two from resin-applied control) 
because over 30% of the reads could not be assigned to any guild. 
Subsequently we performed Kruskal–Wallis test to evaluate the 
difference in the rate of each guild between the three experimen-
tal treatments, ant-exclusion treatment, resin-applied control, and 
control. The Kruskal–Wallis test was performed for five abundant 
fungal guilds, epiphyte, plant pathogen, sooty mold, unspecified sap-
rotroph, and wood saprotroph.

3  |  RESULTS

We identified 21 ant species on the target leaves (Appendix  S3). 
The experimental manipulation controlled the presence of ants on 
the target leaves as intended (Figure 1). The number of ants on the 
target leaves significantly decreased and became zero in all cases 
except one after the application of sticky resin in the ant-exclusion 
treatment (p < .001), indicating that the applied resin prevented ants 
from accessing the leaves. However, the number of ants in the resin-
applied control was not significantly different before and after ma-
nipulation, indicating that ants were still able to access the leaves 
after the application of the resin. We also confirmed that species 
richness and composition of the ants in resin-applied control were 
not significantly different between before and after manipulation 
(Appendix S2).

A total of 872 fungal OTUs were detected in all the samples. 
The total OTU richness of Ascomycota was higher than that of 
Basidiomycota; however, the relative OTU read abundance was 
higher in Basidiomycota than in Ascomycota (Table 1). At the genus 
level, more than 70% of the relative OTU read abundances consisted 
of the five most abundant genera Curvibasidium, Aureobasidium, 
Cryptococcus, Aotearoamyces, and Pseudozyma, which included only 
17 OTUs (Table 1).

Operational taxonomic unit richness in the fungal communities 
was not significantly affected by treatment or experimental duration 
(F = 1.05, p = .36, and F = 1.69, p = .20, respectively); however, the in-
teraction between them had a significant effect (F = 26.5, p < .001). 
The significant interaction effect corresponded to the finding that 
the patterns of differences in OTU richness among the three treat-
ments differed between the two durations. In the 2-week duration 
experiment, OTU richness in the ant-exclusion treatment and resin-
applied controls was significantly higher and lower, respectively, 
than that in the control (Figure  2). However, in the 4-week dura-
tion experiment, OTU richness in the ant-exclusion treatment was 
not significantly different from that in the control, and in the resin-
applied control OTU richness was significantly higher than that in 
the control (Figure 2).

Results of PERMANOVA showed that ants significantly affected 
the phyllosphere fungal community composition, although the co-
efficient of determination was not very large (R2 = .102), whereas 
the coefficient of determination of residuals was large (R2 = .806, 
Table 2). None of the other explanatory variables had significant ef-
fects (Table 2).

F I G U R E  1 Comparison of the number of ants on target leaves 
between the treatments before and after the beginning of the 
experimental manipulations. Different letters above each boxplot 
indicate a significant difference (p < .001) by the Steel-Dwass test.
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Most abundant fungal guild was wood saprotroph in all treat-
ments (Figure  3). The four guilds, sooty mold, unspecified sapro-
troph, epiphyte and plant pathogen, were also abundant (Figure 3). 
We detected no significant difference in rate of the guilds between 
the treatments for epiphyte (χ2 = 4.05, p = .13), plant pathogen 
(χ2 = 2.72, p = .18), sooty mold (χ2 = 3.39, p = .18), unspecified sapro-
troph (χ2 = 0.48, p = .79) and wood saprotroph (χ2 = 0.20, p = .91).

4  |  DISCUSSION

As hypothesized, our results showed that the phyllosphere fungal 
community composition of M. japonicus was significantly affected 
by the presence of ants attracted to EFNs on the leaves. Antibiotics 
and the cleaning removal behavior of the ants, which have been 
reported as mechanisms that affect microorganisms (Offenberg 
& Damgaard, 2019), are likely to play a significant role in shaping 
fungal community composition. To the best of our knowledge, this 
is the first study to show the effect of ants on the phyllosphere 
fungal community composition based on robust quantitative evi-
dence using OTU-based community data. Many previous studies 
have shown that ants reduce certain phyllosphere fungi, for exam-
ple Fusarium verticillioides (formerly Fusarium moniliforme) (Belin-
Depoux et al., 1997; Roux et al., 2011), Pestalotia sp. (de la Fuente 
& Marquis, 1999) and Elsinoe mangiferae (Peng & Christian, 2005), 
but they have not assessed the entire community of phyllosphere 
fungi. Most of these studies focused on a small number of specific 
plant pathogens and assessed the reduction in pathogens based on 
visible evidence, such as fungal infestation and host plant symp-
toms caused by the pathogens (de la Fuente & Marquis, 1999; Heil 
et al., 1999, 2001; Letourneau, 1998; Peng & Christian, 2005, 2013; 
Roux et  al.,  2011; Thornham et  al.,  2012). Another study showed 
a reduction in the abundance of phyllosphere fungi by cultivation 
but did not assess community composition (González-Teuber & 
Heil, 2010). Only one study used OTU-based community data and 
showed that phyllosphere bacterial community composition was af-
fected by ants (González-Teuber et al., 2014).

Contrary to our hypothesis, the rates of the five abundant func-
tional guilds including plant pathogens and sooty mold were not 
significantly affected by the experimental treatments. Considering 
many studies that have shown that ants reduce specific plant patho-
gens, Fusarium verticillioides (formerly Fusarium moniliforme) (Belin-
Depoux et al., 1997; Roux et al., 2011), Pestalotia sp. (de la Fuente & 
Marquis, 1999), Elsinoe mangiferae (Peng & Christian, 2005) and un-
identified plant pathogens (González-Teuber et al., 2014; González-
Teuber & Heil, 2010; Heil et al., 1999, 2001; Letourneau, 1998; Peng 
& Christian, 2013; Thornham et al., 2012), ants probably affect each 
fungal species differently even within the same functional guild.

For OTU richness, the main effect of the two explanatory vari-
ables, treatment, and experimental duration, was unclear because 
the tendency in OTU richness between the treatments differed ac-
cording to the experimental duration; this difference seems to ob-
scure the effect of ants on fungal OTU richness. The OTU richness 
in the ant-exclusion treatment was expected to be higher than that 
in the control, considering the plausible effects of ant antibiotics 
(Offenberg & Damgaard, 2019) on the fungi. This hypothesis is likely 
correct for a 2-week duration, but not for a 4-week duration. Fungi 
that can be excluded from the phylospheric environment by ant ac-
tivity may inhibit other fungi from colonizing ant-excluded leaves 
through interspecific competition and may have caused a reduction 
in OTU richness within 4 weeks after ant exclusion. The elusive be-
havior of OTU richness in the resin-applied treatment was difficult 

TA B L E  1 Operational taxonomic unit (OTU) richness and OTU 
read abundance at the plylum and genus levels in the Mallotus 
japonicus phyllosphere.

Taxonomic 
level Taxon

OTU 
richness

OTU read 
abundance (%)

Phylum Basidiomycota 345 61.1

Ascomycota 522 38.6

Unknown 5 0.36

Genus Curvibasidium 4 35.4

Aureobasidium 6 18.2

Cryptococcus 4 8.48

Aotearoamyces 1 7.24

Pseudozyma 2 4.51

Botryosphaeria 1 1.97

Cladosporium 3 1.95

Filobasidium 5 1.52

Others 494 6.5

Unknown 352 14.2

F I G U R E  2 Estimated operational taxonomic unit (OTU) richness 
of the three treatments for the two experimental durations. 
Different letters above each boxplot indicate a significant 
difference (p < .05) within each experimental duration.
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to interpret, but it was possibly caused by both stochastic factors 
and the relatively small sample size.

It is noteworthy that our target plant, M. japonicus, is not a myr-
mecophytic species, and there were no ant nests on the target plant 
saplings, which suggests that fungal community composition can be 
changed by ants even when the plant is not a myrmecophyte and 
not inhabited by ant colonies. To date, only one study has showed 
that ants visiting plants from their nests regulate leaf pathogen 
damage (de la Fuente & Marquis, 1999). On the other hand, almost 
all studies of the effect of ants on pathogen or phyllosphere mi-
crobiomes used myrmecophytes or plants with arboreal ant nests 
(Belin-Depoux et al., 1997; González-Teuber et al., 2014; González-
Teuber & Heil, 2010; Heil et al., 1999, 2001; Letourneau, 1998; Peng 
& Christian, 2005, 2013; Roux et al., 2011; Thornham et al., 2012).

However, despite such studies about myrmecophytes, few study 
assessed entire phyllosphere fungal communities of myrmeco-
phytes. Lucas et al.  (2019) demonstrated that bacterial and fungal 
community compositions varied across different parts of the myrme-
cophyte species Cecropia peltata, highlighting the ability of ants on 
the phyllosphere microbial communities. However, the exact impact 
of ant presence remains unclear, as ant-exclusion experiments were 
not conducted. Considering the prevalence of ant-plant interactions, 
the available data of ant effect on phyllosphere microbial community 

in myrmecophytes and myrmecophilous plants are still very limited. 
Assessing the difference of the ant effect between myrmecophilous 
plants and myrmecophytes with more data would be intriguing and 
could advance our understanding of the ecology and evolution of 
ant-plant relationships.
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