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Abstract

Foliar insects inevitably ingest microorganisms residing both on the surface and within the internal tissues of the
leaves they consume. Among these, epiphytes — microbes inhabiting the leaf surface — are the first to interact with
the insects. While some studies have examined the impact of specific epiphytic bacterial strains on insect perfor-
mance, the role of the entire epiphytic community remains largely unexplored. In this study, we manipulated the
presence/absence of the epiphytic community on Datura inoxia leaves and evaluated its effect on the performance
of its specialist herbivorous insect Lema daturaphila. Removing the entire epiphytic community affected larval sur-
vival, but this effect varied over time. A significant difference was observed only in December, when larvae feeding
on leaves without epiphytes experienced a reduced risk of mortality. We also found that larvae feeding on leaves
without epiphytes consumed more foliar tissue but were less efficient compared to those eating control leaves. In
addition, larvae growing in December were lighter, consumed less, developed more slowly, but showed higher feed-
ing efficiency and adult mass compared to February. Overall, our findings suggest that the epiphytic community
associated with Datura inoxia increases the feeding efficiency of its specialist insect, Lema daturaphila.
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1 Introduction to different taxonomic groups, bacteria is the most

abundant one (Dastogeer et al, 2020). Recent studies

Plants and their folivorous insects are constantly, and
inevitably, interchanging microorganisms (Felton and
Tumlison, 2008; Mason, 2020; Mayoral-Pefla et al.,
2020). While consuming the foliar tissue, larvae are
exposed to a plethora of microorganisms associated with
both the surface (epiphytes) and the internal tissues of
the leaves (endophytes) (Carvalho and Castillo, 2018;
Lindow and Brandl, 2003). While the microorganisms
of the epiphytic and endophytic communities belong

have shown that epiphytes are involved not only in the
growth and development of their host plants (Francis
et al., 2020; Goswami et al., 2021), but can also act as a
protective barrier by negatively affecting pathogens and
herbivorous insects (Goswami et al., 2021; Mason, 2020;
Peters et al., 2017; Poveda, 2021). In particular, epiphytes
can influence insect feeding preferences (Peters et al.,
2017) by contributing to the production of secondary
metabolites that enhance plant defences (Poveda, 2021).
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Despite their ecological significance and potential influ-
ence on plant—insect interactions, the possible effects of
the entire epiphytic community on insect performance
are still poorly understood.

Changes in environmental conditions play a criti-
cal role in shaping the diversity, composition, and
ecological interactions of microorganisms in the phyl-
losphere — the above ground portions of plants — affect-
ing both bacterial and fungal microbiota (Cordier et al,
2012; Huang et al., 2023; Pefiuelas et al, 2012). Indeed,
the phyllosphere represents a harsh and unpredictable
environment, with fluctuations in moisture, UV and
temperature levels along with limited resource availabil-
ity that hinder the growth of most microbial organisms
(Koskella, 2020). In particular, studies show that rising
temperatures reduce the abundance of beneficial foliar
bacteria while promoting the proliferation of patho-
genic ones (Huang et al., 2023). Thermal fluctuations
also influence metabolic compound production and
stomatal activity, which, in turn, impact microbial colo-
nization (Aydogan et al.,, 2020; Huang et al.,, 2023) and
alter the phylogenetic structure of microbial communi-
ties (Aydogan et al, 2020). Further research is needed
to determine the extent to which temperature-driven
changes influence phyllosphere dynamics and, ulti-
mately, plant-insect interactions (Aydogan et al, 2020;
Huang et al., 2023).

The composition and structure of an insect’s gut
microbiome are strongly influenced by the phyllosphere
(Guidolin and Consoli, 2017; Mogouong et al, 2021).
As microorganisms pass through the food bolus, they
modify the resident intestinal microbiota (Douglas,
2015; Itoh et al., 2020; Mason, 2020). In particular, it has
been suggested that epiphytes may directly impact leaf
tissue consumption by playing a functional role in diges-
tion or detoxification (Mogouong et al., 2021). Several
herbivorous insects, including Aphis fabae (Pons et al,
2019), Sitobion miscanthi (Li et al., 2018), Macrosteles
quadripunctulatus (Gonella et al., 2015), Empoasca vitis
(Gonellaetal.,2015), Trichoplusia ni (Leite-Mondin et al.,
2021), and Lymantria dispar (Broderick et al., 2004), are
known to acquire microorganisms during phytophagy.
This microbial exchange fosters interactions between
the gut microbiota and the phyllosphere, ultimately
influencing insect feeding capacity. Notably, variations
in the gut microbiota composition can persist across
generations (Freitak et al., 2009a; Leite-Mondin et al.,
2021). Whether epiphytes directly or indirectly affect
insect performance remains an open question requiring
further study.

Different studies report that bacteria present in the
diet of phytophagous insects can significantly affect their
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development, physiology, and pathogen susceptibility,
with effects varying by bacterial species. Some studies
report a negative impact on larval survival and devel-
opmental time, though no significant effect on pupal
mass in the cabbage looper T. ni (Freitak et al., 2009b).
Similarly, other research found negative effects on lar-
val mass and growth (Shikano et al,, 2015) in T. ni and
reduced offspring viability in Malacosoma californicum
(Olson et al., 2017). In contrast, in Sitobion miscanthi,
bacterial presence positively influenced offspring pro-
duction and increased adult mass (Qian et al., 2018). In
a similar way, Acinetobacter appears to play a beneficial
role by facilitating the detoxification of toxic compounds
in Lymantria dispar (Mason et al., 2014; Shikano et al.,
2015; Olson et al., 2017). Nevertheless, all these effects
were found when using individual bacterial strains, and
the combined effect of the different epiphytic microbes
might be very different from those found for each par-
ticular strain (Peters et al, 2017). Because epiphytes
belonging to different taxonomic groups (bacteria,
algae, viruses, fungi) interact among themselves before
and after consumption, evaluating the effect of the
entire community provides complementary but essen-
tial information about how microorganisms inhabiting
the phyllosphere might shape plant-insect interactions
(Agler et al,, 2016). To test whether the entire epiphytic
community affects insect performance, we manipulated
its presence-absence on the leaves of Datura inoxia and
used these leaves to feed larvae of the specialist insect
Lema daturaphila.

2 Material and methods

21 Study system

Datura inoxia Mill (Solanaceae) is an herbaceous ruderal
biennial plant that grows on the outskirts of Queretaro
city in Central Mexico, where it is often eaten by its
specialist insect Lema daturaphila Kogan and Goeden
(Coleoptera: Chrysomelidae) (Karifiho-Betancourt,
2019; Martinez y Diaz de Salas et al, 2017). In a previ-
ous study, we showed that the epiphytic bacterial com-
munity associated with the leaves of D. inoxia is more
diverse compared to those bacterial communities asso-
ciated with other tissues within the plant (Mayoral-Pefia
et al., 2022). Thus, the larvae of L. daturaphila are con-
stantly exposed and eating a myriad of microorganisms.
In addition, functional inference analyses suggest that
some epiphytic bacteria might be involved in the bio-
synthesis and degradation of secondary metabolites
(Mayoral-Pena et al., 2022) with possible consequences
upon insect consumption.
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2.2 Experimental design

To test the possible effects of the whole community of
microorganisms inhabiting the surface of the leaves
(known as the phylloplane) on insect performance,
we manipulated the presence/absence of this micro-
bial community following a complete factorial design.
Starting in late August of 2021, sets of around 100 seeds
were germinated in the greenhouse every month until
December. When the seedlings from each set fully
expanded their first leaf, they were transplanted indi-
vidually in 4L pots filled with commercial potting soil.
All plants were fertilised at 30 and 60 days after trans-
plant with Peters (1g/L containing a balanced combina-
tion of nitrogen, phosphorus, potassium, magnesium,
and essential micronutrients), and were kept inside the
greenhouse until their fourth leaf was fully expanded
(approximately two months after transplant, right
after being fertilised for a second time) to prevent any
kind of damage or consumption. After this period, the
plants were moved outside the greenhouse and placed
near naturally growing D. inoxia on the university cam-
pus to facilitate the natural acquisition of epiphytes
from the environment. The plants stayed outside for
approximately four weeks until their eighth leaf was
fully expanded. At the same time when the first set
of seedlings were growing in the greenhouse, around
150 eggs, larvae and adults of L. daturaphila were col-
lected from the locality of El Marqués (20 °37'28.1"N,
100 ©22'07.2"W) to start a colony in the laboratory under
controlled conditions (25°C and a 12:12 photoperiod)
(Espinosa and Fornoni, 2006).

Given that D. inoxia is a biennial plant and that some
larvae and adults can be found in the field late into the
winter, we were curious to evaluate how the effects of
our treatment might vary over time due to changes in
environmental conditions. Thus, the experiment began
in November 2021 and lasted for four months, using a
total of 255 plants. From each plant, two consecutive
leaves were selected, cut using a sterile blade, and placed
on ice until processed in the laboratory. In most cases,
the seventh and eighth leaves (counted from the bottom
up) were chosen. However, in ten plants, the ninth and
tenth leaves were selected instead, as the previous leaves
showed signs of damage. Each plant was sampled only
once. Once in the laboratory, under a laminar flux cabi-
net, one of the leaves was placed in a sterile Petri dish
and left untreated (control treatment) while the other
one was treated with a series of washes to surface-sterile
it (no epiphytes treatment). Overall, the serial washes
were as follows: one wash using an epiphyte buffer
(KH,POy4, K,HPO,, triton) (1 min), four washes with ster-
ile water (2 min each), and a final mechanical cleaning
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using a sterile gauze (modified from Desgarennes et al.,
2014). From the last wash with sterile water, 100 pL
were plated in LB medium and incubated at 27 °C to
validate our disinfection process. If no growth of any
microorganism was detected after four weeks, we con-
firmed that the epiphytes were effectively removed from
leaf surface and thus those replicates were kept for the
analyses. Microbial growth was detected in the washes
of nine replicates; these were immediately discarded
and excluded from all analyses. All leaves were carefully
transferred to a sterile Petri dish, where a newly hatched
larva was then placed on top of the leaf and monitored
daily. Leaves were replaced, according to their treat-
ment, every three days. When the larva was ready to
pupate, the whole Petri dish was placed in a 500 mL pot
filled with sterile potting soil and covered with a mesh
until adult emergence.

During the experiment the following variables were
measured: survival (days until death), larval mass (g),
foliar consumption (cm?), efficiency of foliar consump-
tion (g/cm?), developmental time (days from hatching
to emergence) and adult mass (Garrido et al., 2012).
Because previous studies performed with the same bee-
tle show that larval mass at eclosion is the same among
larvae (Espinosa and Fornoni, 2006; Garrido et al., 2012;
Garrido et al., 2022), we measured larval mass only at
day seven using a digital scale (Mettler Toledo, PL303).
To estimate foliar consumption, photographs of the
leaves were taken after they were removed from the
Petri dish or when the larvae pupated and were analysed
using the Fiji distribution of ImageJ (Rueden et al., 2017)
and total area consumed per larva was then calculated.
Efficiency of foliar consumption was estimated as the
ratio between larva mass and foliar consumption. Adult
mass was measured using the digital scale.

2.3 Statistical analysis

The statistical model for all the variables included treat-
ment (with or without epiphytes), block (the months
when the experiment was performed) and their inter-
action as sources of variation. Larval survival was ana-
lysed with a Proportional Hazards mixed model using
the coxph function in the survival package (Lin and
Zelterman, 2002). Due to variation in mating and ovipo-
sition patterns within the insect colony over the course
of the experiment, which affected the total number of
replicates per month, only samples from December and
February were included in the analyses. The analysis
for larval survival was done with 248 replicates: 130 for
December (65 per treatment: control and without epi-
phytes) and 118 for February (59 per treatment). For sub-
sequent analyses, replicates with missing values were
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FIGURE 1

excluded - for example, in some cases, larval consump-
tion could not be accurately measured because larvae
consumed entire leaves before photographs were taken,
preventing measurement. All the other variables were
analysed with two-way ANOVAs with type III sums of
squares to accommodate the unbalanced design, using
the Anova function in the car package (Fox and Weisberg,
2019). Sample sizes for the ANOVAs were 58 in December
(30 control and 28 without epiphytes) and 46 in February
(26 control and 20 without epiphytes). To investigate
potential trade-offs among the measured life-history
traits (excluding survival), correlation coefficients were
calculated separately for each block (December and
February). Statistical significance was assessed using a
Bonferroni correction with the psych package (Revelle,
2017). All the analyses and plots were done using R (R
Core Team, 2024). The data is available at the following
link: https://doi.org/10.5281/zenodo.15485949 and tab
Supplementary Materials on the landing page of this
article at brill.com/pami.

3 Results

For larval survival, we detected a significant effect of
the treatment (P = 0.0088; Table S1) and of the interac-
tion between treatment and block (P = 0.0032; Table
S1), indicating that the effect of our treatment varied
over time. In December, larvae fed with leaves without
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Survival percentages by treatment across blocks (December and February)

epiphytes experienced a lower risk of mortality com-
pared to the control group (Hazard Ratio (HR) = 0.39;
95% CI: 0.19-0.79, P= 0.0088). Correspondingly, survival
was higher in the no-epiphyte treatment (83.1%) than
in the control (63.0%; Figure 1), representing a 1.32-fold
increase. In February, this trend reversed slightly: sur-
vival was lower for larvae fed with leaves without epi-
phytes (33.9%) compared to the control group (45.8%;
Figure 1). Treatment also affected foliar consumption
(P = 0.028; Table S1) and efficiency (P = 0.023; Table S1).
When eating leaves without epiphytes, larvae increased
their foliar consumption by 21% (Figure 2B) but their
efficiency of foliar consumption was 13% less (Figure 2C)
compared to larvae eating control leaves. All the other
variables were not affected by the treatment (Table S1).
We also found a significant effect of block (i.e. month)
on larval mass (P<0.0001; Table S1), consumption
(P < 0.0001; Table S1), developmental time (P < 0.0001;
Table S1) and adult mass (P < 0.0001; Table S1). The
monthly mean temperatures exhibited variability, with
recorded values of 14.5°C in December, and 17 °C in
February. Larval mass showed a tendency to increase as
the months passed, from 0.019 + 0.0014 g (mean + SE)
in December to more than double its value in February
(Table S2). Foliar consumption also increased, reaching
its highest value in February (8.75 + 0.37 cm?) compared
to December (3.34+0.32 cm?). In contrast, feeding
efficiency was 1.17 times higher in December than in
February. Larvae completed their development faster
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Effect of consuming leaves with the full epiphytic community (control) versus leaves with no epiphytes on: (A) Larval mass,

(B) Foliar consumption, (C) Efficiency of foliar consumption, (D) Developmental time, and (E) Adult mass. * indicates P < 0.01

with the passing months, with the shortest developmen-
tal time recorded in February (21.3 + 0.2 days) compared
to the one in December (26.8 + 0.18 days). Adult mass
was 1.29 times greater in December compared to the
mass reached by adults in February. No significant inter-
actions between treatment and block were detected for
growth- or consumption-related parameters.

Finally, after Bonferroni correction, we detected sig-
nificant correlations among traits. In December, larval
mass was positively correlated with foliar consumption
(r = 0.75; P < 0.0001), while efficiency was negatively
correlated with consumption (r = -0.62; P < 0.0001).
In February, larval and adult mass were positively cor-
related (r = 0.58; P < 0.0001), and the negative relation-
ship between consumption and efficiency persisted
(r =-0.76; P < 0.0001; Table S3).

4 Discussion and conclusion

We found that the presence of the epiphytic community
impacted larval performance. Epiphytes enhanced the
efficiency of foliar consumption and adult mass, while
the absence of the whole epiphytic community resulted

in an increase in foliar consumption. On the other hand,
larvae feeding on leaves with the complete endophyte
community had longer development times and lower
survival than larvae that consumed leaves with no epi-
phytes during one of the colder months (December).
These results highlight the potential role of epiphytes
not only on insect performance, but in shaping the ecol-
ogy and evolution of plant-insect interactions.

Our findings show that L. daturaphila survival is
not determined solely by the presence or absence of
epiphytes, but by the interaction between our treat-
ment and environmental changes. For example, in
December, when mean temperature was 14.5 °C, larvae
feeding on epiphyte-bearing leaves had lower survival,
but in February, when temperature was higher, survival
declined across both treatments, and a reverse trend
was observed. However, this trend was not significant,
suggesting that warmer conditions may buffer or alter
the effect of our treatments. Previous studies have
shown that in T. ni and M. californicum, the presence of
epiphytes had minimal impact under favorable condi-
tions but became detrimental under stress, such as food
scarcity (Olson et al., 2017; Shikano et al, 2015). In our
study, several abiotic factors associated with seasonal
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variation — primarily temperature, UV radiation, and
light availability — may have influenced this interaction.
These results suggest that the role of epiphytes is more
complex than previously assumed and highlight the
need for further research under varying environmental
conditions.

Interestingly, we found no significant difference in
larval mass (measured at day seven) between treat-
ments. One possible explanation is that larvae may com-
pensate for the absence of epiphytes by increasing foliar
consumption, a common strategy among herbivores
facing suboptimal nutritional conditions (Clancy et al.,
2014; Yang and Joern, 1994). Although the underlying
mechanisms remain unclear, previous research suggests
this compensation may stem from reduced efficiency
in polysaccharide degradation, a process often medi-
ated by gut microbiota (Schmidt and Engel, 2021). Since
carbohydrate metabolism plays a key role in weight
gain — particularly important for pupal development in
holometabolous insects (Le Gall and Behmer, 2014) —
inefficient carbohydrate processing may drive increased
food intake. Additionally, epiphytic microbes may aid in
the breakdown of plant secondary metabolites (Mason
et al, 2014), a function commonly attributed to the
gut microbiota (Douglas, 2015; Jing et al., 2020). Some
studies even suggest that epiphytes contribute to glyco-
side degradation, potentially enhancing larval growth
(Mason et al., 2014). However, these hypotheses remain
speculative in our system, and further research is needed
to clarify whether microbial interactions primarily influ-
ence nutrient acquisition, carbohydrate metabolism,
detoxification of plant compounds, or other physiologi-
cal processes.

In addition, we found that when eating leaves with-
out epiphytes larvae were less efficient in converting
leaf biomass into caterpillar biomass. Although we do
not have data to shed light on a possible mechanism,
previous studies suggest that phyllosphere microbes
can influence insect gut microbiota (Aluja et al., 2021;
Leite-Mondin et al., 2021; Mogouong et al., 2021), poten-
tially enhancing digestion and leaf tissue breakdown
(Guidolin and Cénsoli, 2017; Qian et al., 2018). One
possible mechanism involves the production of antimi-
crobial compounds by epiphytes, which may shape gut
microbial communities by promoting beneficial strains
(Coyte et al., 2015; Schmidt and Engel, 2021). Functional
analyses of D. inoxia epiphytes (unpublished data) sug-
gest they produce antibiotics such as ansamycins and tet-
racyclines, supporting this idea. Alternatively, epiphytes
may directly aid in foliar digestion through enzymes
involved in nutrient breakdown and detoxification
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(Gupta and Nair, 2020; Engel and Moran, 2013). In their
absence, these functions may be less efficiently carried
out by the insect alone. Overall, the improved feeding
efficiency likely results from interactions between epi-
phytes, gut microbes, and host enzymes (Newell and
Douglas, 2014; Jing et al., 2020). Further research is
needed to clarify the specific microbial and physiologi-
cal mechanisms involved.

All variables measured, except survival and effi-
ciency, showed differences across months (block fac-
tor in the analyses; Table S1). From December through
February mean temperature rose from 14.5°C to 17 °C
and larval mass, consumption and adult mass increased
accordingly. These patterns align with evidence that
temperature shapes insect performance, potentially by
altering microbiota composition and interactions (Liu
et al., 2021; Sun et al., 2022). Notably, when growing in
December at 14.5°C, epiphytes appeared to prolong
insect development. Microbial symbionts are known
to enhance thermal tolerance in insects (Fahim et al,,
2020; Jaramillo and Castafieda, 2021), and since cold
slows development (Cui et al., 2018; Huang et al., 2018),
epiphytes might help mitigate this delay. However, when
growing in February at 17 °C, these differences disap-
peared. These results suggest temperature or associated
factors such as daylength may reshape host-microbiota
interactions, thereby influencing insect development.
It has been suggested that thermal variation affects
microbial diversity, structure, and interactions within
the phyllosphere (Cordier et al, 2012; Huang et al,
2023; Pefluelas et al., 2012), potentially reducing ben-
eficial taxa and enhancing pathogens (Aydogan et al.,
2020; Huang et al., 2023). Such shifts could explain the
observed developmental patterns. Nevertheless, further
research is needed to clarify how temperature drives
changes in microbial communities and its posterior
effect on plant-insect interactions.

In December, foliar consumption and larval mass
were positively correlated, but this relationship was
not observed in February. Conversely, larval and adult
mass were positively correlated in February, whereas no
significant association was found in December. These
results suggest that environmental variation, particu-
larly temperature, plays a key role in shaping life-history
traits. The absence of a correlation between larval and
adult mass in December may be explained by the fact
that, under cooler conditions, larvae weighed at day
seven were likely still far from pupation and continued
growing for more days thereafter. To gain a more com-
prehensive understanding of trait associations, future
studies should consider separating total developmental
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time into larval and pupal stages to better understand
these relationships. Surprisingly, we did not detect
any correlation between developmental time and any
other variable. For example, a well-known trade-off
between adult mass and development (Stearns, 1989;
Roff, 2000; Zera and Harshman, 2001) was not detected
in either month. Although no significant differences
were found in larval or adult mass between treatments,
future research should explore whether the presence
or absence of epiphytes in the diet influences female
sex ratio or fecundity. Adult mass is a key fitness trait,
as larger females tend to produce more and larger eggs
(Berger et al., 2008; Calvo and Molina, 2005; Sturm,
2016), and larger males often have a mating advantage
(Hanks, 1996; Agosta, 2010).

Overall, our study offers a first step toward under-
standing how the whole epiphytic community affects
the performance of a specialist insect. Several questions
remain open for future research. For example, charac-
terizing the functional profiles of bacterial and fungal
communities on Datura inoxia leaves, followed by isolat-
ing and manipulating specific strains, could help clarify
their roles. Also, investigating how these microbes influ-
ence insect performance, through nutrient assimila-
tion, immune modulation, or detoxification, would shed
light on underlying mechanisms. Finally, tracking adult
insects to assess potential effects on reproduction could
reveal longer-term fitness impacts.
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