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Abstract

The ecological interaction between fleshy fruits and frugivores is influenced by diverse mixtures of secondary metabolites
that naturally occur in the fruit pulp. Although some fruit secondary metabolites have a primary role in defending the
pulp against antagonistic frugivores, these metabolites also potentially affect mutualistic interactions. The physiological
impact of these secondary metabolites on mutualistic frugivores remains largely unexplored. Using a mutualistic fruit bat
(Carollia perspicillata), we showed that ingesting four secondary metabolites commonly found in plant tissues affects bat
foraging behavior and induces changes in the fecal metabolome. Our behavioral trials showed that the metabolites tested
typically deter bats. Our metabolomic surveys suggest that secondary metabolites alter, either by increasing or decreasing,
the absorption of essential macronutrients. These behavioral and physiological effects vary based on the specific identity
and concentration of the metabolite tested. Our results also suggest that a portion of the secondary metabolites consumed
is excreted by the bat intact or slightly modified. By identifying key shifts in the fecal metabolome of a mutualistic frugi-
vore caused by secondary metabolite consumption, this study improves our understanding of the effects of fruit chemistry
on frugivore physiology.
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Introduction et al. 2021). While research in the chemical ecology of seed

dispersal has predominantly concentrated on investigating

During foraging, frugivores encounter a diverse array of
secondary metabolites present in fruit pulp (Whitehead
et al. 2021). These metabolites encompass a broad range
of chemicals that orchestrate ecological interactions by
defending the pulp against antagonists and attracting mutu-
alist frugivores (Schoonhoven et al. 2005). Some of these
fruit secondary metabolites exhibit wide-ranging bioactiv-
ity (Herrera 1982), including toxic (Cipollini and Levey
1997a), anti-nutritional (Gelambi et al. 2024), and deterrent
properties (Schaefer et al. 2003; Cazetta et al. 2008; Rojas
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the adaptive significance of these fruit metabolites for plants
(Whitehead et al. 2021; Nelson et al. 2023), little is known
about the broader physiological effects these chemicals
exert on mutualistic frugivores.

In Neotropical forests, a ubiquitous seed dispersal inter-
action involves short-tailed bats (Carollia, Phyllostomidae)
and their primary food source, pepper plants (Piper, Pipera-
ceae), which often contain diverse mixtures of secondary
metabolites (Kunz et al. 2011; Uckele et al. 2021; Philbin
et al. 2022). In this system, fruit secondary metabolites play
a pivotal role in mediating several processes, including bat
foraging decisions (Whitehead et al. 2016; Maynard et al.
2020; Hernandez-Leal and Sanchez 2021; Gelambi et al.
2024), seed dispersal patterns (Baldwin et al. 2020), and the
evolution of the mutualism between fruits and bats (San-
tana et al. 2021). Although fruit secondary metabolites play
a crucial role in shaping these ecological and evolution-
ary aspects of the Carollia-Piper system, the physiologi-
cal effects that might provide a mechanistic basis for these
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ecological and evolutionary consequences have not been
explored.

Studying the collection of excreted metabolites in feces,
known as the fecal metabolome, is a non-invasive initial
step in investigating the effects of fruit secondary metabo-
lites on frugivore physiology. Feces contain diverse arrays
of metabolites that can serve as direct indicators of the
ingestion, processing, and absorption of food (Matysik et
al. 2016). Therefore, any alterations in the abundance and
composition of excreted metabolites resulting from the con-
sumption of secondary metabolites offer valuable insights
into their impact on consumer physiology (Matysik et al.
2016). To investigate these potential alterations, untargeted
metabolomics offers a suitable approach, focusing on quan-
tifying and identifying broad classes of small molecules,
typically below 1500 Da (Rey-Stolle et al. 2022). Recent
untargeted metabolomics studies have captured alterations
in the fecal metabolome associated with a range of chemi-
cals and diets across diverse animal taxa, including insects
(Qin et al. 2020), fish (Hano et al. 2021), reptiles (Shi et al.
2023), and mammals, such as rats (Vieira-Potter et al. 2018;
Torres Santiago et al. 2019) and humans (Jiménez-Giroén et
al. 2015; Jain et al. 2019). These alterations, often associ-
ated with changes in the microbiome, provide insights into
the broader effects of specific drugs and chemicals, enabling
the identification and quantification of fecal biomarkers
linked to certain chemical consumption, and highlighting
diet-induced physiological shifts with potential ecological
consequences.

Here, we used Seba’s short-tailed fruit bats (Carollia per-
spicillata) to explore the effect of fruit secondary metabo-
lites on bat foraging behavior and digestive physiology.
First, we investigated how four secondary metabolites com-
monly found in plants and reported in Piper spp. affect the
foraging behavior of captive bats (objective 1). Second, we
examined how ingesting these four secondary metabolites
alters bat digestive physiology by analyzing changes in the
fecal metabolome (objective 2). By addressing these objec-
tives, we improved our understanding of the organismal-
level consequences of secondary metabolite consumption
for a keystone Neotropical frugivore.

Methods and Materials

Study Site and Study Organism. The study was con-
ducted at La Selva Biological Station, province of Here-
dia, Costa Rica, between February and March 2021. La
Selva, managed by the Organization for Tropical Studies
(OTS), encompasses a 1,536-hectare protected lowland
area comprising a mix of primary and secondary forests
and abandoned plantation areas (McDade et al. 1994).
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In the study site, short-tailed bats are one of the most
abundant groups of fruit bats (Carollia, Phyllostomidae).
Carollia bats are the primary seed dispersers of pepper
plants (Piper, Piperaceae), a diverse genus of flowering
plants (Fleming 2004; Maynard et al. 2019; Santana et
al. 2021).

Secondary Metabolite Selection. Based on previous
phytochemical studies in Piper spp. (Salehi et al. 2019)
and commercial availability, we selected the alkaloid
piperine (285.34 g/mol, Sigma-Aldrich), the polyphe-
nolic tannic acid (1701.20 g/mol, Sigma-Aldrich), the
phenolic eugenol (164.20 g/mol, Sigma-Aldrich), and the
terpene phytol (296.53 g/mol, Cayman) to test how dif-
ferent classes of secondary metabolites affect the foraging
behavior and digestive physiology of bats. We conducted
the experiments described below using concentrations
of 0.1%, 2%, and 3% of the dry weight of an artificial
diet for each metabolite. Similar ranges of concentrations
have been reported for these and other secondary metab-
olites in Piper spp. plants (Salehi et al. 2019).

Bat Capture and Maintenance. All experiments
described below were approved by the Comision Nacio-
nal para la Gestion de la Biodiversidad (resolution
number R-007-2021-OT-CONAGEBIO), Virginia Tech
Institutional Animal Care and Use Committee protocols
(approval no. IACUC 20-212) and Virginia Tech Institu-
tional Biosafety Committee (approval no. 21 —020) We
captured bats using mist nets placed in clearings and sec-
ondary forest sites. Upon capture, we released juvenile
bats and pregnant females, while adult male and non-
reproductive female bats were transferred to individual
flight cages (2% 1x1 m) within the forest. We utilized
30 bats for the study, housing them in three groups of ten
individuals during three rounds of trials (see below). All
bats acclimated to the flight cages the first two nights,
where they were fed on a maintenance diet of water,
agar powder (Eco-Taste), mashed ripe banana, soy pro-
tein isolate powder (Bulk Supplements), NaCl, CaHPO,
(Eisen-Golden Laboratories), vegetable oil, and wheat
germ (Bob’s Red Mill), using the ingredient proportion
suggested in Denslow et al. (1987). After finishing each
nightly trial, which lasted approximately three and a half
hours in total (see below), bats were fed 35 g of mainte-
nance diet and water ad libitum. We cleaned the bottom
of the cages daily with a diluted bleach solution (1/10).
After finishing the acclimation night and the trials (eight-
night total), we released the bats at the capture site. The
average percentage change in body mass compared to the
initial mass was approximately — 1%.

Objective 1. The Effects of Secondary Metabolites on
the Foraging Behavior of Captive Bats. To assess the
effect of metabolite identity and concentration on C.
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perspicillata preference, we performed non-choice tri-
als to measure the amount of food consumed by each bat
within the first 30 min of the evening. Each bat received
the four metabolites and two controls (maintenance diet)
in a randomized sequence, with either one treatment or
control given per night. These trials were repeated with
the three groups of bats, and each group received the
metabolites in a different concentration in the artificial
diet: group 1 received 0.1% of the metabolites, group 2
received 2%, and group 3 received 3% (N=10 bats per
treatment/compound concentration). We offered approxi-
mately five grams, equivalent to about 0.8 g of dry weight
of the experimental diet in a plastic Petri dish at around
7:00 p.m., when bats are actively foraging in their natural
habitat. After 30 min, we recorded the weight of the Petri
dishes.

Objective 2. The Effects of Secondary Metabolites Con-
sumption on the Bat Fecal Metabolome. After recording
the amount of food consumed for objective 1, Petri dishes
were returned to the flight cages, allowing the bats to
consume the remaining diet. Approximately three hours
later, we collected the fecal samples resulting from the
initial five grams of food offered. To separate feces from
urine, we positioned a fine plastic mesh above the cage
floor, lined with a plastic sheet, ensuring the fecal sam-
ples remained on the mesh while the urine passed through
it. We used a clean spatula to collect the fecal samples
and stored them in plastic microcentrifuge tubes. Fecal
samples were not collected from bats that did not entirely
consume the diet. We stored fecal samples at — 80 °C for
later analysis in the laboratory, except during transport
on dry ice from Costa Rica to Virginia, USA.

Fecal Metabolome Analysis. Frozen fecal samples
were dried using a Speedvac at 65 °C, 100 mTorr for
four hours. As bat fecal samples are potentially contami-
nated with Histoplasma capsulatum, we decontaminated
them by adding 1 mL of isopropanol to approximately
10-20 mg of fecal samples. The isopropanol was evapo-
rated using a Speedvac at a temperature of 65 °C, vacuum
100 mTorr for around three hours. Then, we added 10 uL
of 1 pug/pL ribitol as the internal standard and 500 pl of
80% methanol. We vortexed the samples for 5 s, sonicated
them for 15 min, and then shook them for two hours on an
orbital shaker at 140 rpm at room temperature. We cen-
trifuged the samples at 13,000 g for 15 min. We collected
400 pl of the supernatant from each sample into a glass
micro insert and evaporated the solvent at 65 °C, vacuum
100 mTorr for one hour. For the derivatization reaction,
we added 40 pL of 20 mg/mL methoxyamine hydrochlo-
ride in pyridine and incubated for 90 min at 60 °C. Then,
we added 40 pL MSTFA (N-methyl-N-(trimethylsilyl)
trifluoroacetamide) + 1% TMCS (chlorotrimethylsilane)

reagent and incubated for 90 min at 60 °C. Finally, we
injected the samples into an Agilent 7820 gas chromato-
graph paired with a 5977 mass spectrometer equipped
with an HP5-MS column (Agilent Technologies, Santa
Clara, CA, USA). We converted all Agilent files (.D) to
AIA format (.CDF) using ChemStation and processed
chromatography data, including peak peaking and align-
ment, using the R package metaMS (Wehrens etal., 2014).
We saved metabolite spectra as .msp files and matched
them using the NIST MS search 2.0. In each chromato-
gram, we removed the peaks detected in the blanks and
normalized the instrument response by dividing the peak
area of each peak by the peak area of the internal standard
and the dry weight of each sample.

Statistical Analysis. All the analyses were performed
using R version 4.2.1 (R Core Team 2021). To investi-
gate the effects of the four selected secondary metabo-
lites (piperine, tannic acid, eugenol, and phytol) on the
foraging behavior of captive bats, we first determined a
consumption ratio. This ratio was calculated by dividing
the total amount consumed (g) per treatment per individ-
ual bat by the average food consumption (g) recorded in
the two unsupplemented controls offered to the same bat.
The resulting ratio provides insight into the relative pref-
erence of each bat for particular secondary metabolites
compared to the controls. Ratios greater than one indi-
cate a preference for the treatment over the control, ratios
less than one indicate a preference for the control, and
ratios of one suggest no preference, implying no deter-
rent effect of the treatment. Bats not participating in the
control trials were excluded from subsequent analyses.
We assessed the distribution of the ratios using the ‘sha-
piro.test()’ function. Given the non-normal distribution
of the ratios, we conducted a non-parametric one-sample
Wilcoxon test using the function ‘wilcox.test()’, with the
mu parameter set to 1, to assess whether the ratios of
consumption at a given concentration (0.1, 2, and 3% dry
weight) were significantly different from 1.

To examine how secondary metabolite consumption
affects the composition of the bat fecal metabolome
(objective 2), we used a set of non-metric multidimen-
sional scaling (NMDS) analyses with the Bray-Curtis
dissimilarity index. One model was conducted for each
concentration and set of trials. To assess the statistical
support for differences in composition across compounds,
we first examined the homogeneity of group dispersions
(PERMDISP2) using the ‘betadisper()’ function, fol-
lowed by a permutational multivariate analysis of vari-
ance (PERMANOVA) using the ‘adonis2()’ function with
999 permutations. To identify the individual excreted
metabolites that distinguish the fecal metabolome of bats
that ingested different secondary metabolites at various
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concentrations, we used random forest classification
models followed by variable selection using the Boruta
algorithm, using the ‘randomForest()’ and ‘Boruta()’
functions respectively. Random forest and Boruta analy-
ses suggest a set of candidate molecules that potentially
differ in the fecal metabolome of bats that consumed dif-
ferent secondary metabolites at a given concentration.
Then, we tested the direction, i.e., increase or decrease
of each excreted metabolite among the treatments, and
the statistical support for differences among treatments
using a set of generalized linear mixed models (GLMMs)
for each excreted metabolite. The GLMMs included each
excreted metabolite identified in the Boruta analysis as the
response variable, ingested secondary metabolite identity
(treatment) as the predictor variable, and bat identity
and trial date as random effects in the models coded as
random intercepts, i.e., (1|/Bat) + (1|Date). Finally, for
each excreted metabolite suggested in random forest and
Boruta analyses, we obtained the chemical taxonomy
classification using the package ‘ClassyFireR’ (Djoum-
bou Feunang et al. 2016).

Multivariate analyses, including NMDS, PER-
MANOVA, and multivariate homogeneity of variances
(PERMDISP2) were conducted using the ‘vegan’ pack-
age (Oksanen et al. 2020). Random forest classification

models and variable selection via the Boruta algorithm
were performed using the ‘randomForest’ (Liaw et al.
2015) and ‘Boruta’ (Kursa and Rudnicki 2017) pack-
ages. The set of GLMMs was constructed using the ‘glm-
mTMB’ package (Brooks et al. 2017).

Results

Objective 1. The Effects of Secondary Metabolites on
the Foraging Behavior of Captive Bats. The one-sample
Wilcoxon test showed that at the three concentrations
tested, piperine and tannic acid consumption ratios are
not significantly different than 1 (Table S1 and Fig. 1),
indicating that these two secondary metabolites do not
have a detectable deterrent effect. In contrast, at the three
concentrations tested, eugenol and piperine consumption
ratios significantly differ from 1 (Table S1 and Fig. 1),
suggesting that these two secondary metabolites have
an overall deterrent effect. GLMMs (Table S2) post-hoc
pairwise comparisons (Table S3) explored the differences
in consumption ratios between the four secondary metab-
olites at a given concentration, indicating that at 2%,
piperine and eugenol (P<0.001), as well as tannic acid
and eugenol (P<0.001) showed statistically significant
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Fig. 1 Effect of four secondary metabolites on the ratio of consumption
by bats. The ratio was calculated using the total amount of food eaten
(g) by each in 30 min divided by the average of control (unsupple-
mented) food consumed by the same bat. Each data point represents a
preference trial, and the shape and color indicate the secondary metab-
olite identity. Trials were conducted using three different concentra-
tions (a) 0.1, (b) 2, and (c) 3% dry weight. P-values were obtained
through a one-sample Wilcoxon test, where a significant P-value indi-
cates that means are significantly different from 1. Values greater than
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1 indicate a preference for the treatment compared to the control, while
values lower than 1 indicate a preference for the control. A value of 1
would indicate no preference for either treatment or control and, there-
fore, no deterrence effect of the metabolite. Black points and error bars
represent pseudo-medians and 95% confidence intervals computed
using the Wilcoxon test. Comparisons between secondary metabolites
tested at a given concentration were conducted using GLMMs (Table
S2 and S3)
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Fig. 2 Relatively high concentrations of secondary metabolites affect
the composition of the fecal metabolome. Non-metric multidimen-
sional scaling (NMDS) plots show the effect of three different con-
centrations, (a) 0.1, (b) 2, and (c) 3% dry weight of four secondary
metabolites on the fecal metabolome composition. Each point repre-

differences. Similarly, at 3%, eugenol was significantly
different from piperine (P<0.001) and tannic acid
(P<0.001), and phytol was significantly different from
piperine (P =0.003) and tannic acid (P =0.007).

Objective 2. The Effects of Secondary Metabolites
Consumption on the Bat Fecal Metabolome. At 0.1%,
the NMDS analyses did not detect statistically significant
clustering among treatment groups (Table S4 and Fig. 2).
Conversely, at the highest concentrations tested, 2 and
3%, the ingestion of different secondary metabolites pro-
duced significant clustering (Table S4 and Fig. 2), indi-
cating potential shifts in the composition of the pool of
excreted metabolites caused by the specific secondary
metabolites initially consumed. In none of the groups
evaluated was evidence of differences in dispersion
across groups (Table S5).

Then, we investigated the individual excreted metabolites
among the two significant treatments in the NMDS, i.e., 2
and 3%. At 2%, the random forest and Boruta analyses sug-
gested nine individual features (Table S6 and S7 and Fig. 3),
two of which matched with intact eugenol. Two signals for
the same compound (e.g., phytol, eugenol) are likely due to
heterogeneity during the derivatization reaction, a common
phenomenon in metabolomics where a single metabolite
can show numerous signals or features (Deda et al. 2019).
At this concentration, eugenol consumption led to the excre-
tion of intact eugenol, isoeugenol, and increased excretion

sents a fecal sample colored by the secondary metabolites ingested.
Ellipses represent 95% confidence intervals around group centroids.
Due to the limited number of samples, ellipses could not be calculated
for 3% (C) eugenol

of amino acids, peptides, and analogues, compared with
the control. Tannic acid consumption led to an increased
excretion of the compound N-(2,6-diethylphenyl)-1,1,1-
trifluoromethanesulfonamide, and reduced excretion of a
Carboxylic acids and derivatives. Phytol consumption led
to the excretion of intact phytol, and reduced excretion of
a fatty acid.

At 3%, the random forest and Boruta analyses sug-
gested 15 individual features (Table S6 and S7 and
Fig. 4). At this concentration, eugenol consumption led
to the excretion of intact eugenol, isoeugenol, and the
increased excretion of organosilicon compounds. Tan-
nic acid consumption led to an increased excretion of the
compound  N-(2,6-diethylphenyl)-1,1,1-trifluorometh-
anesulfonamide, and increased excretion of methoxy-
benzenes, nucleotides, sulfanilides, and decrease the
excretion of fatty acids. Phytol consumption led to the
excretion of intact phytol, increased the excretion of ses-
quiterpenoids, and decreased excretion of fatty acids,
pyrimidines, and pyrimidine derivatives. All second-
ary metabolites led to the excretion of an imidazolidine

(Fig. 5).
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Fig. 3 Metabolites identified in the random forest and Boruta analy-
ses between the fecal metabolome of bats that ingested four second-
ary metabolites (piperine, tannic acid, eugenol, and phytol) at 2%.
The effect of metabolite identity was calculated using GLMMs.
Parameters predicted by the GLMMs are summarized in Table S6.
Best match in the NIST library, [UPAC names: A: trimethylsilyl

Discussion

Secondary metabolites are abundant and diverse in fruit
tissues (Whitehead et al. 2021), yet their effect on frugi-
vore physiology has been largely unexplored. In this study,
we investigated the impact of four representative second-
ary metabolites on the behavior and digestive physiol-
ogy of fruit bats. Our findings from the behavioral trials
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3-methyl-2-(trimethylsilylamino)-3-trimethylsilylsulfanylbutanoate;
B: diethoxy-methyl-octadecylsilane; C: N-(2,6-diethylphenyl)-1,1,1-
trifluoromethanesulfonamide; D: trimethylsilyl 2-oxo-3-trimethyls-
ilylpropanoate; E: trimethylsilyl (Z)-octadec-9-enoate. Significance
levels are denoted by asterisks, (P<0.001 = “**¥*’  P<(.01 = “**’,
P<0.05 = “*”), compared to the control

revealed that secondary metabolites generally decreased
food intake, with the level of deterrence contingent upon
the metabolite concentration. After consumption, our
results showed that the four secondary metabolites tested
altered the pool of metabolites excreted by bats. Each
tested metabolite had a distinct impact on modifying the
fecal metabolome, presumably due to its varying chemi-
cal properties, such as polarity and size. Among the four
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metabolites tested, tannic acid led to the highest number

of changes in metabolite excretion, altering the absorption
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Fig.4 Metabolites identified in the random forest and Boruta analyses
between the fecal metabolome of bats that ingested four secondary
metabolites (piperine, tannic acid, eugenol, and phytol) at 3%. The
effect of metabolite identity was calculated using GLMMs. Parameters
predicted by the GLMMs are summarized in Table S6. Best match in the
NIST library, IUPAC names: A: trimethyl(trimethylsilyloxy)silane; B:
trimethyl-[(32)-9-trimethylsilyloxyundeca-3,10-dien-6-yn-5-ylJoxy-
silane; C: hexadec-1-yne; D: (NVE)-N-[1-(2,5-dimethoxyphenyl)pro-

pan-2-ylidene]hydroxylamine; E: 6-[6-amino-8-(2-aminoethylamino)
purin-9-yl]-2-hydroxy-2-oxo-4a,6,7,7a-tetrahydro-4 ~ H-furo[3,2-d]
[1,3,2]dioxaphosphinin-7-ol; F: N-(2,6-diethylphenyl)-1,1,1-trifluo-
romethanesulfonamide; G: trimethylsilyl hexadecanoate; H: methyl
(9E,15E)-octadeca-9,15-dienoate; I: methyl (E)-dodec-9-enoate; J:
tert-butyl-hexadecoxy-dimethylsilane. Significance levels are denoted
by asterisks, (P <0.001 = “***° P<0.01 = “**’, P<0.05 = ‘*’), com-
pared to the control
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of key nutrients, followed by eugenol and phytol, which
also modified nutrient absorption. Piperine did not lead
to significant changes in the fecal metabolome. Further-
more, our findings indicate that a fraction of the studied
metabolites, except for piperine, are excreted partially
intact or intact.

Our results from the behavioral trials showed that bats
are deterred by the secondary metabolites tested. From
the perspective of animals, reducing the amount of food
consumed per unit of time can be an effective strategy
to avoid the accumulation of potentially harmful con-
centrations of secondary metabolites. From the plant
perspective, our results are consistent with the trade-off
hypothesis (Cipollini and Levey 1997b), which posits
that secondary metabolites that protect the fruit against
pathogens also deter mutualists, such as effective seed
dispersers. We did not find any pattern that suggests that
the most deterrent metabolite causes the most negative

2% treatment

effect after consumption in physiology, yet the number
of metabolites tested in our study was limited. How-
ever, any food aversion due to negative consequences of
metabolite consumption could not be evidenced in our
study because we offered each metabolite to each bat
once. Similarly, other studies have not identified an asso-
ciation between the deterrent effects of plant metabolites
and the physiological effects associated with the con-
sumption of the metabolites (Pass and Foley 2000). In
sum, the deterrent effect of the four metabolites tested in
this study is likely driven primarily by negative stimuli
of the olfactory and taste receptors during diet consump-
tion, rather than a post-consumption negative effect, and
might represent a strategy to avoid the accumulation of
metabolites in the body. However, we anticipate that bats
could consume high concentrations of secondary metabo-
lites in certain situations, possibly influenced by season-
ality, reproductive status, and health. For example, fruit
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Fig. 5 Tentative subclasses of excreted metabolites identified vari-
ables distinguishing the fecal metabolome between treatments (pip-
erine, tannic acid, eugenol, and phytol) at 2% and 3% concentrations.
Mean Decrease Accuracy is a metric of the importance of each vari-
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bats might ignore the deterrent effect of some metabolites
to increase nutrient intake (Gelambi et al. 2024). Addi-
tionally, as reported in other species (Raman and Kan-
dula 2008), bats might even use plant metabolites for
self-medication.

Our untargeted metabolomic survey of the fecal sam-
ples reveals that the identity of the ingested secondary
metabolites significantly affects the pool of metabolites
excreted by bats at 2 and 3%. The random forest and
Boruta analyses identified a set of candidate metabo-
lites that potentially drive the clustering patterns found
in the NMDS. Tannic acid, and tannins in general, are
widely known in nutritional ecology for impeding protein
absorption (Barbehenn & Constabel, 2011). Our results
suggest that tannic acid can also modify lipid metabolism.
Bats excreted significantly fewer fatty acids, suggesting
that tannic acid might increase the absorption of fatty
acids. Compared to the control, the consumption of the
lowest (0.1%) concentration of tannic acid also reduced
the excretion of amino acids, peptides, and analogues.
Taken together, our results suggest that the consumption
of tannic acid significantly affects the absorption of main
nutrients. Compared to tannic acid, eugenol and phytol
are less studied in the nutritional ecology literature. In
our study, eugenol significantly modified the excretion
of several metabolites, both increasing and decreasing
their excretion. Phytol mainly affects the excretion of lip-
ids and lipid-like molecules, decreasing the excretion of
fatty acids. Finally, piperine did not show any significant
changes except for the excretion of a nitrogen-containing
molecule, which is likely the product of metabolized pip-
erine. Overall, the potential increased lipid absorption
reported when consuming diets supplemented with 3%
of some of the metabolites could be a strategy to maxi-
mize energy obtaining and fuel potential detoxification
mechanisms. Additionally, it has been shown that there is
an intimate relationship between the pathways involved
in the dietary chemical detoxification of enzymes, mainly
cytochromes P450, and lipid metabolism (Finn et al.
2009).

One key finding of our study was the detection of intact
metabolites in the fecal samples. We also detected signals
of intact eugenol, phytol, and gallic acid, which are the
subunits of tannic acid, in the fecal samples. Intact pip-
erine was not detected in our samples. In addition to the
excretion of intact secondary metabolites, we also detect
structurally similar metabolites that are potentially the
metabolized form of the initial metabolites.

Excretion of intact or slightly modified fruit second-
ary metabolites might benefit bats and plants, fueling
the mutualisms between the two groups. From the ani-
mal perspective, mammalian detoxification pathways

are energetically expensive (Sorensen et al. 2005; Au
et al. 2013), therefore excreting intact or partially intact
secondary metabolites likely represents a mechanism to
save energy while consuming fruit pulp rich in second-
ary metabolites. This is relevant for our focal species,
Carollia perspicillata, which encounters a diverse and
complex array of secondary metabolites in ripe Piper
pulp. The direct excretion of secondary metabolites has
been reported for herbivores, including insects (Coo-
per 2001; Wang et al. 2021) and mammals (Huang et
al. 2016). More specifically for the metabolites studied
here, studies conducted in rats show eugenol and pip-
erine are primarily metabolized in sulfate, glucuronic
acid, and glutathione conjugated forms (Ganesh Bhat and
Chandrasekhara 1986; Thompson et al. 1991; Suresh and
Srinivasan 2010). However, detoxification pathways in
fruit bats have not been studied, and other strategies (e.g.,
Voigt et al. 2008) might play an important role in their
ability to cope with plant secondary metabolites. Finally,
understanding how bats cope with natural plant metabo-
lites can provide the groundwork to explore the effect of
anthropogenic toxins, such as pesticides, on bat physi-
ology (Torquetti et al. 2021). Untargeted metabolomics
of fecal samples are promising tools that can be used to
assess the effects of anthropogenic toxins on bats.

From the plant perspective, after being excreted by
bats, intact fruit secondary metabolites in fecal samples
might continue functioning as chemical defenses. For
instance, the major metabolites identified in bat samples
associated with the ingested secondary metabolites,
namely, eugenol (Marchese et al. 2017), phytol (Islam
et al. 2018), and gallic acid (Choubey et al. 2018), show
antimicrobial properties against fungi and bacteria. As
pathogen growth decreases the seed emergence success
of some plant species (Gallery et al. 2010), we speculate
that secondary metabolites might decrease or inhibit the
growth of pathogens in the digested pulp containing the
seeds. Also, bat fecal samples are occasionally a mix of
seeds from different plant species. Although the role of
seed interspecific competition in the seed dispersal pro-
cess has not been studied, secondary metabolites in mixed
seed fecal samples might negatively affect the germina-
tion of the competitor seeds (Loiselle 1990). As seeds
would be dispersed together in one event, the inhibition
of germination of seeds from different species might be
a mechanism of avoidance of competition for resources.

A limitation in our study that could restrict its gen-
eralizability is the use of commercially available sec-
ondary metabolites. Although our findings illustrate the
distinct impact of each metabolite on the excreted pools
of metabolites by bats, it is plausible that in natural con-
ditions, where frugivores consume complex mixtures of
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secondary metabolites, the physiological effects are more
pronounced than the ones reported here. Future studies
could explore the likely synergistic effects of secondary
metabolite mixtures on frugivore physiology.

In conclusion, our results suggest that secondary
metabolites can affect multiple aspects of the physiology
and behavior of bats. We reported a set of physiologi-
cal consequences associated with ingesting secondary
metabolites, primarily linked to the alteration of key
nutrient absorption. Our experiments also revealed two
main strategies that fruit bats might use to cope with fruit
secondary metabolites: reducing food consumption per
unit of time and excreting intact or slightly modified fruit
metabolites. We hypothesize that the excretion of intact
defensive fruit metabolites could benefit bats by reducing
energy expenditure in their detoxification pathways. Our
results have improved our understanding of the organis-
mal-level physiological consequences of ingesting sec-
ondary metabolites.
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supplementary material available at https://doi.org/10.1007/s10886-
024-01503-z.

Acknowledgements We thank the Organization for Tropical Studies
(OTS) staff at La Selva Biological Station for their support, especially
Danilo Brenes Madrigal, Orlando Vargas Ramirez, Enrique Castro
Fonseca, and Marisol Luna Martinez. We thank Jorge Gonzales for his
assistance in fieldwork.

Author Contributions All authors contributed equally to the study con-
ception and design. Material preparation, data collection, chemical and
data analyses were performed by Mariana Gelambi. The first draft of
the manuscript was written by Mariana Gelambi and all authors com-
mented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding This work was supported by the Organization of Tropi-
cal Studies Glaxo Centroamerica Fellowship (Fund 502/552) to MG
and National Science Foundation Grants no. 1856776 and 1953888
to SRW.

Data Availability All data, metadata, and R scripts used to generate
results and figures (Gelambi & Whitehead, 2024) are available from
Zenodo DOI https://doi.org/10.5281/zenodo.11002932. No novel code
was generated in this study. The study relies on pre-existing code cited
in the Method section.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless

@ Springer

indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Au J, Marsh KJ, Wallis IR, Foley WJ (2013) Whole-body protein turn-
over reveals the cost of detoxification of secondary metabolites
in a vertebrate browser. ] Comp Physiol B 183:993-1003. https://
doi.org/10.1007/500360-013-0754-3

Baldwin JW, Dechmann DKN, Thies W, Whitehead SR (2020) Defen-
sive fruit metabolites obstruct seed dispersal by altering bat
behavior and physiology at multiple temporal scales. Ecology
101. https://doi.org/10.1002/ecy.2937

Barbehenn RV, Peter Constabel C (2011) Tannins in plant-herbi-
vore interactions. Phytochemistry 72:1551-1565. https:/doi.
org/10.1016/j.phytochem.2011.01.040

Brooks ME, Kristensen K, van Benthem KJ et al (2017) glmmTMB
balances speed and flexibility among packages for zero-inflated
generalized Linear mixed modeling. R J 9:378-400

Cazetta E, Schaefer HM, Galetti M (2008) Does attraction to frugivores
or defense against pathogens shape fruit pulp composition? Oeco-
logia 155:277-286. https://doi.org/10.1007/s00442-007-0917-6

Choubey S, Goyal S, Varughese LR et al (2018) Probing gallic acid for
its broad spectrum applications. Mini-Rev Med Chem 18:1283—
1293. https://doi.org/10.2174/1389557518666180330114010

Cipollini ML, Levey DJ (1997a) Why are some fruits toxic? Glycoal-
kaloids in Solanum and fruit choice by vertebrates

Cipollini ML, Levey DJ (1997b) Secondary metabolites of fleshy
vertebrate-dispersed fruits: adaptive hypotheses and implica-
tions for seed dispersal. Am Nat 150:346-372. https:/doi.
org/10.1086/286069

Cooper PD (2001) What physiological processes permit insects to
eat Eucalyptus leaves? Insects eating Eucalyptus. Austral Ecol
26:556-562. https://doi.org/10.1046/j.1442-9993.2001.01142.x

R Core Team R (2021) R: A language and environment for statistical
computing

Deda O, Gika H, Raikos N, Theodoridis G (2019) GC-MS-Based
metabolic phenotyping. The handbook of metabolic phenotyping.
Elsevier, pp 137-169

Denslow J, Levey D, Moermond T, Wentworth B (1987) A synthetic
diet for fruit-eating birds. Wilson Bull Wilson Ornithol Soc
99:131-135

Djoumbou Feunang Y, Eisner R, Knox C et al (2016) ClassyFire: auto-
mated chemical classification with a comprehensive, comput-
able taxonomy. J Cheminformatics 8:61. https://doi.org/10.1186/
$13321-016-0174-y

Finn RD, Henderson CJ, Scott CL, Wolf CR (2009) Unsaturated fatty
acid regulation of cytochrome P450 expression via a CAR-depen-
dent pathway. Biochem J 417:43-58. https://doi.org/10.1042/
BJ20080740

Fleming TH (2004) Dispersal Ecology of Neotropical Piper Shrubs
and treelets. Piper: a Model Genus for studies of Phytochemistry,
Ecology, and evolution. Springer, pp 58-77

Gallery RE, Moore DJP, Dalling JW (2010) Interspecific variation in
susceptibility to fungal pathogens in seeds of 10 tree species in
the neotropical genus Cecropia: Cecropia seed pathogens. J Ecol
98:147-155. https://doi.org/10.1111/j.1365-2745.2009.01589.x

Ganesh Bhat B, Chandrasekhara N (1986) Studies on the metabo-
lism of piperine: absorption, tissue distribution and excretion


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00360-013-0754-3
https://doi.org/10.1007/s00360-013-0754-3
https://doi.org/10.1002/ecy.2937
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1007/s00442-007-0917-6
https://doi.org/10.2174/1389557518666180330114010
https://doi.org/10.1086/286069
https://doi.org/10.1086/286069
https://doi.org/10.1046/j.1442-9993.2001.01142.x
https://doi.org/10.1186/s13321-016-0174-y
https://doi.org/10.1186/s13321-016-0174-y
https://doi.org/10.1042/BJ20080740
https://doi.org/10.1042/BJ20080740
https://doi.org/10.1111/j.1365-2745.2009.01589.x
https://doi.org/10.1007/s10886-024-01503-z
https://doi.org/10.1007/s10886-024-01503-z
https://doi.org/10.5281/zenodo.11002932

Journal of Chemical Ecology) Chem Ecol

of urinary conjugates in rats. Toxicology 40:83-92. https://doi.
org/10.1016/0300-483X(86)90048-X

Gelambi M, Morales -ME, Whitehead SR (2024) Interactions between
nutrients and fruit secondary metabolites shape bat foraging
behavior and protein absorption. Ecosphere 15:e4843. https://doi.
org/10.1002/ecs2.4843

Hano T, Ito M, Ito K, Uchida M (2021) Alterations of stool metabo-
lome, phenome, and microbiome of the marine fish, red sea
bream, Pagrus major, following exposure to phenanthrene: a non-
invasive approach for exposure assessment. Sci Total Environ
752:141796. https://doi.org/10.1016/j.scitotenv.2020.141796

Hernandez-Leal OF, Sanchez F (2021) Black pepper’s essential oils
affect the foraging behavior of Seba’s fruit-eating bat. Int J Pest
Manag 1-7. https://doi.org/10.1080/09670874.2021.1918355

Herrera CM (1982) Defense of Ripe Fruit from pests: its significance
in relation to plant-disperser interactions. Am Nat 120:218-241.
https://doi.org/10.1086/283984

Huang H, Yie S, Liu Y et al (2016) Dietary resources shape the adaptive
changes of cyanide detoxification function in giant panda (Ailu-
ropoda melanoleuca). Sci Rep 6:34700. https://doi.org/10.1038/
srep34700

Islam MT, Ali ES, Uddin SJ et al (2018) Phytol: a review of bio-
medical activities. Food Chem Toxicol 121:82-94. https://doi.
org/10.1016/j.fct.2018.08.032

Jain A, Li XH, Chen WN (2019) An untargeted fecal and urine metab-
olomics analysis of the interplay between the gut microbiome,
diet and human metabolism in Indian and Chinese adults. Sci Rep
9:9191. https://doi.org/10.1038/s41598-019-45640-y

Jiménez-Girén A, Ibanez C, Cifuentes A et al (2015) Faecal Metabo-
lomic Fingerprint after Moderate Consumption of Red Wine
by healthy subjects. J Proteome Res 14:897-905. https://doi.
org/10.1021/pr500960g

Kunz TH, Braun de Torrez E, Bauer D et al (2011) Ecosystem ser-
vices provided by bats. Ann N'Y Acad Sci 1223:1-38. https://doi.
org/10.1111/j.1749-6632.2011.06004.x

Kursa MB, Rudnicki WR (2017) Boruta: wrapper algorithm for all
relevant feature selection, Version 5.2. 0

Liaw A, Wiener M, Breiman L, Cutler A (2015) Package ‘randomforest’

Loiselle BA (1990) Seeds in droppings of tropical fruit-eating birds:
importance of considering seed composition. Oecologia 82:494—
500. https://doi.org/10.1007/BF00319792

Marchese A, Barbieri R, Coppo E et al (2017) Antimicrobial activity
of eugenol and essential oils containing eugenol: a mechanistic
viewpoint. Crit Rev Microbiol 43:668—-689

Matysik S, Le Roy CI, Liebisch G, Claus SP (2016) Metabolomics of
fecal samples: a practical consideration. Trends Food Sci Technol
57:244-255. https://doi.org/10.1016/j.tifs.2016.05.011

Maynard LD, Ananda A, Sides MF et al (2019) Dietary resource over-
lap among three species of frugivorous bat in Costa Rica. J Trop
Ecol 35:165-172. https://doi.org/10.1017/S0266467419000129

Maynard LD, Slinn HL, Glassmire AE et al (2020) Secondary metabo-
lites in a neotropical shrub: spatiotemporal allocation and role
in fruit defense and dispersal. Ecology 101:¢03192. https://doi.
org/10.1002/ecy.3192

McDade LA, Bawa KS, Hespenheide HA, Hartshorn GS (1994) La
Selva: ecology and natural history of a neotropical rain forest.
University of Chicago Press

Nelson AS, Gelambi M, Morales -ME, Whitehead SR (2023) Fruit
secondary metabolites alter the quantity and quality of a seed dis-
persal mutualism. Ecology 104:¢4032. https://doi.org/10.1002/
ecy.4032

Oksanen J, Blanchet FG, Friendly M et al (2020) Vegan: Community
ecology package. Ordination methods, diversity analysis and
other functions for community and vegetation ecologists. R pack-
age version 2.5 (2019). R Package Version Available Online Http-
sCRAN R-Proj Orgpackage Vegan Accessed 13 Dec 2021

Pass GJ, Foley WJ (2000) Plant secondary metabolites as mammalian
feeding deterrents: separating the effects of the taste of salicin
from its post-ingestive consequences in the common brushtail
possum (Trichosurus vulpecula). J Comp Physiol [B] 170:185—
192. https://doi.org/10.1007/s003600050274

Philbin CS, Dyer LA, Jeffrey CS et al (2022) Structural and composi-
tional dimensions of phytochemical diversity in the genus Piper
reflect distinct ecological modes of action. J Ecol 110:57-67.
https://doi.org/10.1111/1365-2745.13691

Qin D, Wang G, Dong Z et al (2020) Comparative Fecal Metabo-
lomes of Silkworms Being Fed Mulberry Leaf and Artificial Diet.
Insects 11:851. https://doi.org/10.3390/insects 11120851

Raman R, Kandula S (2008) Zoopharmacognosy: self-medication in
wild animals. Resonance 13:245-253. https://doi.org/10.1007/
$12045-008-0038-5

Rey-Stolle F, Dudzik D, Gonzalez-Riano C et al (2022) Low and high
resolution gas chromatography-mass spectrometry for untargeted
metabolomics: a tutorial. Anal Chim Acta 1210:339043. https://
doi.org/10.1016/j.aca.2021.339043

Rojas TN, Bruzzone OA, Zampini IC et al (2021) A combination of
rules govern fruit trait preference by frugivorous bat and bird
species: nutrients, defence and size. Anim Behav 176:111-123.
https://doi.org/10.1016/j.anbehav.2021.04.001

Salehi B, Zakaria ZA, Gyawali R et al (2019) Piper species: a com-
prehensive review on their phytochemistry, biological activities
and applications. Molecules 24:1364. https://doi.org/10.3390/
molecules24071364

Santana SE, Kaliszewska ZA, Leiser-Miller LB et al (2021) Fruit
odorants mediate co-specialization in a multispecies plant—ani-
mal mutualism. Proc R Soc B Biol Sci 288:20210312. https://doi.
org/10.1098/rspb.2021.0312

Schaefer HM, Schmidt V, Winkler H (2003) Testing the defence
trade-off hypothesis: how contents of nutrients and secondary
compounds affect fruit removal. Oikos 102:318-328. https://doi.
org/10.1034/j.1600-0706.2003.11796.x

Schoonhoven LM, Van Loon JJA, Dicke M (2005) Insect—plant biol-
ogy. Oxford University Press

Shi L, Gao W, Yi Y (2023) Seasonal Dietary Shifts Alter the Gut
Microbiota of a Frugivorous Lizard Teratoscincus roborowskii
(Squamata, Geckonidae). Preprints

Sorensen JS, McLister JD, Dearing MD (2005) Plant secondary
metabolites compromise the energy budgets of specialist and
generalist mammalian herbivores. Ecology 86:125-139. https://
doi.org/10.1890/03-0627

Statements & Declarations

Suresh D, Srinivasan K (2010) Tissue distribution & elimination of
capsaicin, piperine & curcumin following oral intake in rats.
Indian J Med Res 131:682-691

Thompson DC, Constantin-Teodosiu D, Moldéus P (1991)
Metabolism and cytotoxicity of eugenol in isolated rat
hepatocytes. Chem Biol Interact 77:137-147. https:/doi.
org/10.1016/0009-2797(91)90069-J

Torquetti CG, Guimardes ATB, Soto-Blanco B (2021) Exposure to
pesticides in bats. Sci Total Environ 755:142509. https://doi.
org/10.1016/j.scitotenv.2020.142509

Torres Santiago G, Serrano Contreras JI, Meléndez Camargo ME,
Zepeda Vallejo LG (2019) NMR-based metabonomic approach
reveals changes in the urinary and fecal metabolome caused
by resveratrol. J] Pharm Biomed Anal 162:234-241. https://doi.
org/10.1016/j.jpba.2018.09.025

Uckele KA, Jahner JP, Tepe EJ et al (2021) Phytochemistry reflects
different evolutionary history in traditional classes versus special-
ized structural motifs. Sci Rep 11:17247. https://doi.org/10.1038/
$41598-021-96431-3

Vieira-Potter VJ, Cross T-WL, Swanson KS et al (2018) Soy-Induced
Fecal Metabolome changes in Ovariectomized and Intact Female

@ Springer


https://doi.org/10.1007/s003600050274
https://doi.org/10.1111/1365-2745.13691
https://doi.org/10.3390/insects11120851
https://doi.org/10.1007/s12045-008-0038-5
https://doi.org/10.1007/s12045-008-0038-5
https://doi.org/10.1016/j.aca.2021.339043
https://doi.org/10.1016/j.aca.2021.339043
https://doi.org/10.1016/j.anbehav.2021.04.001
https://doi.org/10.3390/molecules24071364
https://doi.org/10.3390/molecules24071364
https://doi.org/10.1098/rspb.2021.0312
https://doi.org/10.1098/rspb.2021.0312
https://doi.org/10.1034/j.1600-0706.2003.11796.x
https://doi.org/10.1034/j.1600-0706.2003.11796.x
https://doi.org/10.1890/03-0627
https://doi.org/10.1890/03-0627
https://doi.org/10.1016/0009-2797(91)90069-J
https://doi.org/10.1016/0009-2797(91)90069-J
https://doi.org/10.1016/j.scitotenv.2020.142509
https://doi.org/10.1016/j.scitotenv.2020.142509
https://doi.org/10.1016/j.jpba.2018.09.025
https://doi.org/10.1016/j.jpba.2018.09.025
https://doi.org/10.1038/s41598-021-96431-3
https://doi.org/10.1038/s41598-021-96431-3
https://doi.org/10.1016/0300-483X(86)90048-X
https://doi.org/10.1016/0300-483X(86)90048-X
https://doi.org/10.1002/ecs2.4843
https://doi.org/10.1002/ecs2.4843
https://doi.org/10.1016/j.scitotenv.2020.141796
https://doi.org/10.1080/09670874.2021.1918355
https://doi.org/10.1086/283984
https://doi.org/10.1038/srep34700
https://doi.org/10.1038/srep34700
https://doi.org/10.1016/j.fct.2018.08.032
https://doi.org/10.1016/j.fct.2018.08.032
https://doi.org/10.1038/s41598-019-45640-y
https://doi.org/10.1021/pr500960g
https://doi.org/10.1021/pr500960g
https://doi.org/10.1111/j.1749-6632.2011.06004.x
https://doi.org/10.1111/j.1749-6632.2011.06004.x
https://doi.org/10.1007/BF00319792
https://doi.org/10.1016/j.tifs.2016.05.011
https://doi.org/10.1017/S0266467419000129
https://doi.org/10.1002/ecy.3192
https://doi.org/10.1002/ecy.3192
https://doi.org/10.1002/ecy.4032
https://doi.org/10.1002/ecy.4032

Journal of Chemical Ecology) Chem Ecol

rats: relationship with Cardiometabolic Health. Sci Rep 8:16896.
https://doi.org/10.1038/s41598-018-35171-3

Voigt CC et al (2008) Nutrition or Detoxification: why bats visit Min-
eral licks of the amazonian rainforest. PLoS ONE 3:¢2011

Wang P, Vassdo DG, Raguschke B et al (2021) Balancing nutrients
in a toxic environment: the challenge of eating. Insect Sci 1744.
https://doi.org/10.1111/1744-7917.12923. -7917.12923

Whitehead SR, Obando Quesada MF, Bowers MD (2016) Chemical
tradeoffs in seed dispersal: defensive metabolites in fruits deter
consumption by mutualist bats. Oikos 125:927-937. https://doi.
org/10.1111/0ik.02210

@ Springer

Whitehead SR, Schneider GF, Dybzinski R et al (2021) Fruits, frugi-
vores, and the evolution of phytochemical diversity. https://doi.
org/10.1111/01k.08332. Oikos 0ik.08332

Wehrens R, Weingart G, Mattivi F (2014) metaMS: An open-
source pipeline for GC-MS-based untargeted metabolo-
mics. J Chromatogr B 966:109—116. https://doi.org/10.1016/j.
jchromb.2014.02.051

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/oik.08332
https://doi.org/10.1111/oik.08332
https://doi.org/10.1016/j.jchromb.2014.02.051
https://doi.org/10.1016/j.jchromb.2014.02.051
https://doi.org/10.1038/s41598-018-35171-3
https://doi.org/10.1111/1744-7917.12923
https://doi.org/10.1111/oik.02210
https://doi.org/10.1111/oik.02210

	﻿Untargeted Metabolomics Reveals Fruit Secondary Metabolites Alter Bat Nutrient Absorption
	﻿Abstract
	﻿Introduction
	﻿Methods and Materials
	﻿Results
	﻿Discussion
	﻿References


