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Abstract

Interactions with microbes are ubiquitous, and many of them are essential for the survival and success of plants. In Nepenthes
pitcher plants, they occur as part of a diverse community of organisms, so-called inquilines, that live inside the digestive fluid
of the pitcher traps. However, evidence is ambiguous regarding the role of microbial inquilines: they may complement the
plants’ prey digestion, fix atmospheric N, act as competitors that reduce plant-available nutrients or affect the plants in other
ways unrelated to the breakdown of prey. In a field experiment on Borneo, we investigated the effect of UV disinfection of
the digestive fluid on prey digestion of N. hemsleyana that captures and digests insects as well as bat faeces in its pitchers. We
show that in the short term, the photosynthetic performance of plants with UV-treated digestive fluids decreases compared to
untreated plants, likely due to lower abundances of microbial inquilines. However, at the end of 2 months, responses of pitcher
plants with UV-treated and untreated digestive fluids tend to equalise. Nutrient source, whether from insects or bat faeces,
does not influence prey digestion. We expect our findings to be a starting point for unveiling the ecological role of microbial
inquilines in pitcher plants and how they interact with other inquiline groups of higher trophic levels. Ultimately, this will
also help to improve understanding of the functioning and evolution of convergent interactions in other carnivorous plants.
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Introduction

Interactions with microbes are ubiquitous and essential
for the survival and success of plants: amongst other func-
tions, they provide limiting nutrients (Van Der Heijden et al.
2008; Jacoby et al. 2017), mitigate biotic and abiotic stresses
(Mendes et al. 2013) and promote plant growth (Vacheron
et al. 2013). In pitcher plants, microbes occur as part of a
highly diverse community of organisms, so-called inquilines,
that live inside the pitcher traps of the plant genera Sarra-
cenia, Cephalotus and Nepenthes (Adlassnig et al. 2011;
Gray et al. 2012; Bittleston 2018; Bittleston et al. 2022).
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Whilst they appear to play an essential role in the digestion
of captured prey in Sarracenia (Luciano and Newell 2017,
Miller et al. 2018), their role in the digestive processes of
Cephalotus and Nepenthes is less clear. So far, it has been
suggested that they could complement the digestive pro-
cesses of their host plants (Adlassnig et al. 2011; Bittleston
et al. 2016, 2018; Chan et al. 2016; Bittleston 2018), affect
them detrimentally by damaging the pitchers or reducing
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plant-available nutrients (Adlassnig et al. 2011; Bittleston
2018; Bittleston et al. 2022) or have no effect on prey diges-
tion (Adlassnig et al. 2011).

The pitcher plant family Nepenthaceae is distributed
throughout the Paleotropics with centres of diversity in
Borneo, Sumatra and the Philippines (Clarke and Moran
2016). Nutrient acquisition strategies of the different Nepen-
thes species are highly diverse: most species rely on insec-
tivorous strategies (Moran 1996; Bauer et al. 2012; Clarke
and Moran 2016) but some have diverged at least partially
from purely carnivorous to detritivorous (Moran et al. 2003)
and coprophagous lifestyles (Chin et al. 2010; Grafe et al.
2011). Nepenthes hemsleyana (Fig. 1) deploys a dual strat-
egy whereby it captures arthropods (Moran 1996) but also
faeces of the insectivorous bat species Kerivoula hardwickii
that roosts inside its’ pitchers (Grafe et al. 2011). Capturing
bat faeces allows N. hemsleyana to cover between 34 and
96% of its foliar nitrogen demand (Grafe et al. 2011; Schoner
et al. 2016) and it benefits from increased growth and pho-
tosynthesis (Schoner et al. 2016). Whilst the upper part
of N. hemsleyana’s pitcher body is involved in the attrac-
tion of mutualistic bats or insect prey (Schoner et al. 2015;
Thorogood et al. 2018), the lower part is filled with a diges-
tive fluid and contains several glands that secrete diverse
enzymes for the digestion of arthropod prey or bat faeces
(An et al. 2002; Rottloff et al. 2016; Matusikova et al. 2018;
Kocéab et al. 2021).

Apart from its function for prey digestion, the diges-
tive fluid also harbours a complex inquiline community of
arthropods, vermiform organisms, rotifers and microbes that
either colonise the pitcher opportunistically or are limited to
them for at least stages of their life cycles (Bittleston 2018).

Fig.1 A Aerial and B lower
pitcher of N. hemsleyana in
its natural habitat on Borneo.
Photos by Julien L. Bota
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The micro-inquiline community consists thereby of fungi,
protists but also green algae that add organic carbon into the
system which in turn is consumed by other inquilines. The
most abundant and diverse organisms living in the pitcher
fluid, however, are bacteria (Bittleston 2018). Amongst
them are members of the Chitinophagaceae, which have
been suggested to be gut inhabitants of K. hardwickii, as
well as other taxa that are associated with the mammalian
digestive tract, such as Lactobacillus, Mobiluncus and Anae-
rococcus (Sickel et al. 2016). Other gut symbionts of both
vertebrates and insects occur in the fluids as well, though
at low abundances (Sickel et al. 2016). The digestive fluid
furthermore contains bacteria with nitrogen-fixing abilities
such as Bradyrhizobium, Methylosinus and Burkholderia
that belong to the Rhizobiales and Burkholderiales (Sickel
et al. 2016). As common rhizosphere symbionts, they can
promote plant growth through the fixation of atmospheric
nitrogen and the production of phytohormones (Richardson
et al. 2009). In fact, bat faeces may serve as substrate for
those taxa and become further nitrogen enriched through
microbial activities (Schoner et al. 2016). Conversely, also
saprophytic taxa with urease and nitrate reduction capabili-
ties are present such as Mycobacterium, Corynebacterium
and Sphingobacterium (Shapleigh 2006, 2013; Sickel et al.
2016).

So far, it is unclear how the microbial inquiline commu-
nity influences prey digestion of Nepenthes (Adlassnig et al.
2011; Bittleston 2018; Matusikova et al. 2018). On the one
hand, microbes may act as decomposers that support the
breakdown of prey through the excretion of extracellular
digestive enzymes that complement the set of enzymes pro-
duced by the pitcher plant, which is for example assumed
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to be the case in the breakdown of chitin (Chan et al. 2016;
Bittleston et al. 2018). Their capabilities further include
breakdown of protein, starch, xylan, and cellulose as well
as the enrichment of the digestive fluid with organic carbon
and nitrogen (Chan et al. 2016; Bittleston 2018; Bittleston
et al. 2023). On the other hand, microbial inquilines may
compete with the plants for nutrients as also denitrifiers and
saprophytes occur in the pitcher fluid (Sickel et al. 2016),
though Nepenthes plants are not defenceless against detri-
mental microbes as they can modify the properties of the
digestive fluid such as pH, viscosity and coloration (Gil-
bert et al. 2020). Furthermore, they express antimicrobial
substances (Raj et al. 2011), enabling them, in combination
with the modulation of fluid properties, to maintain species-
specific microbial associations (Gilbert et al. 2020). It is
also possible that the relationship with at least parts of the
pitcher microbiome is of purely commensalistic or amen-
salistic nature (Adlassnig et al. 2011). However, the type of
interaction with the pitcher’s microbiome during the diges-
tive process remains elusive, and further research on this
topic is required (Schoner et al. 2016; Sickel et al. 2016;
Chan et al. 2016).

To explore the effect of the microbial inquiline commu-
nity on prey digestion of N. hemsleyana, we investigated
in the field whether plants with UV-treated digestive fluids
perform inferiorly or superiorly to untreated ones. We pre-
dicted that unaffected microbial abundance in the digestive
fluid would accelerate nutrient breakdown and thus support
nutrient uptake by the plant. In addition, we also predicted
that the nutrient source, i.e. insects versus bat faeces, would
influence the effect of the UV treatment. Investigating the
ecological role of microbial inquilines in N. hemsleyana
will not only improve our understanding of interactions
between microbes and other Nepenthes spp., but will also
increase our general knowledge of the potential functions
that microbes fulfil for plants.

Materials and methods
Study site and experimental setup

Field experiments were performed in Mulu, Sarawak,
Malaysian—Borneo during the rainy season between Novem-
ber 2017 and February 2018. Experimental plants grew at
a single site with sandy soils located in a forested area in
the lowland. Exact location data are withheld to protect the
plant population at this site. We selected 24 N. hemsleyana
plants that grew at least 2 m apart from each other and which
possessed at least two young pitchers whose lids had opened
within the last 24 h. Due to a lack of suitable aerial pitch-
ers, we also had to include lower pitchers (Fig. 1B) that
do not accommodate roosting bats. Selected pitchers were

randomly assigned to two treatment groups where pitchers
were either provided with arthropods or bat faeces as prey
items. In a second step, half of the plants of each feeding
treatment were randomly selected for an UV treatment to
reduce the abundance of microbes in the pitchers’ digestive
fluid (Supplement S 1.1). As available plants were limited,
it was not possible to start all replicates at once. Therefore,
the plants were assigned to six sets containing replicates of
all four treatments (faeces, arthropods, faeces + UV, arthro-
pods+ UV) that were started simultaneously (Fig. 2A). To
prevent pitchers from capturing arthropods or bat faeces, we
closed all pitcher orifices of the selected plants with plas-
tic wrap 1 week prior to the beginning of the experiment
(Fig. 2B, Supplement S1.3 for methodological discussion
of pitcher sealing). We then fed the two youngest pitchers of
each plant on a daily basis over a period of 8 weeks, with the
natural capture rates of 6 mg bat faeces or 5 mg arthropod
prey per day as determined by Schoner et al. (2016). In two
cases where one of the two fed pitchers was damaged (fae-
ces+ UV and arthropods + UV), we transferred the contents
and fluid from the damaged pitcher to the undamaged one
and continued the experiment with only one pitcher. Due to
limited availability of faeces from Nepenthes hemsleyana’s
mutualistic bat partner Kerivoula hardwickii, fresh faeces
from other local insectivorous bat species were used instead.
We collected guano once from a single location without
further homogenisation beneath a large roosting colony in
Dear Cave, Mulu. Whilst it was not possible to determine
the exact species composition of the colony at the collection
site, Chaerephon plicata is known to be the most abundant
species at the cave (Lundberg et al. 2022). Fed arthropods
were collected in the surroundings of the experimental site
and consisted mostly of ants and termites which are also cap-
tured naturally by N. hemsleyana (Moran 1996). To facilitate
the feeding procedure, we emptied the digestive fluids and
contents of the two selected pitchers into a plastic receptacle
daily, where the respective prey items were added (Fig. 2C).
If required, UV-treated rainwater was added to maintain the
natural level of the digestive fluid. Before the digestive fluid
was reintroduced into the pitchers, pitcher fluids of plants
in the UV treatments were treated with a portable UV dis-
infector for 48 s (SteriPEN Ultra, Katadyn Produkte AG,
Kemptthal, Switzerland; Supplement S1.1 and S1.2 for effi-
ciency of the treatment and possible side effects on enzyme
activity). After the digestive fluid and its prey contents were
reintroduced into the pitcher, we closed the pitcher orifice
again with plastic wrap to avoid any macro-inquilines or
unintended prey capture (Fig. 2C).

Measurements of photosynthetic performance

To acquire information about the photosynthetic perfor-
mance of the plants, we measured chlorophyll a fluorescence
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Fig.2 Experimental setup and measurements. A Selected plants
were randomly assigned to one of four feeding treatments: bat fae-
ces, arthropods, bat faeces+ UV and arthropods+UV. A full set of
treatments was always started simultaneously. B One week prior to
the start of the treatments, pitcher orifices were sealed with plastic
wrap to prevent the unintentional capture of prey. C To feed the pitch-
ers, the plastic wrap was temporarily removed, and the pitcher fluid
and contents were emptied into a receptacle (step 1). Based on the
assigned feeding treatment, 6 mg of bat faeces or 5 mg of arthropods

of the youngest fully developed leaf at days 0, 28 and 56
with a portable photosynthesis yield analyser (MINI-PAM
II, Heinz Walz GmbH, Effeltrich, Germany; Fig. 2D). Fluo-
rescence measurements give information about the extent
to which energy absorbed by chlorophyll is used in photo-
system II (PSII) or excess energy damages the photosyn-
thetic apparatus. Although photosynthesis is not measured
directly, inference about the plants’ photosynthetic perfor-
mance is possible by measuring relative electron transport
rates (ETR) that approximate the rate of electrons flowing
through the photosynthetic chain and thus correlate with
carbon fixation (Maxwell and Johnson 2000; Ralph and
Gademann 2005). Before the measurement, leaves were
darkened for 20 min using a leaf clip (Leaf Clip DLC-8,
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was added to the receptacle (2). Rainwater was added as needed to
maintain the natural fluid level. For UV treatments, the pitcher fluid
and the added prey items were irradiated using a portable UV dis-
infector for 48 s (3). The treated digestive fluid and prey items were
then returned to the pitcher, and the orifice was resealed with plastic
wrap (4). D Overview of measurements performed on the youngest
unfurled leaf and the whole plant, along with their timing over the
56-day experimental period

Heinz Walz GmbH) to close all reaction centres during dark
adaptation. The PAM was set to an average measuring light
intensity of ~ 0.06 pmol m~2 s~!, an actinic light inten-
sity of 190 pmol m~2 s~! and saturation pulse intensity of
2,000 pmol m~2 s~! whereby each pulse lasted 0.6 s. At first,
we measured minimum fluorescence (F,) and after apply-
ing a saturation pulse also maximum fluorescence (F,,)
was measured. After 40 s, actinic illumination was turned
on and an induction curve with 12 saturation pulses every
60 s was obtained allowing the measurement of minimum
fluorescence levels of the illuminated sample (F,’), maxi-
mum fluorescence levels of the illuminated sample (Fy,’)
and momentary fluorescence levels of the illuminated sam-
ple (F) shortly before or after the saturation pulses. Actinic
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light was switched off for 30 s at the end of the induction
curve and a rapid light curve (RLC) was initiated, increas-
ing actinic light (PAR) from an initial actinic illumination
intensity of 65 pmol m~2 s~! in eight steps lasting 10 s each
to 1,150 pmol m~2s~!. At the end of each irradiation inter-
val, a saturation pulse was given and F,’, F,,” and F were
measured. RLCs measure ETR in response to increasing
PAR, allowing assessment of photosynthetic performance
over a wide range of ambient light intensities (Ralph and
Gademann 2005). As photosynthetic performance changes
throughout the day, measurements were always conducted
around mid-day to ensure comparability. Using the Win-
Control-3 Software (v. 3.29, Heinz Walz GmbH, Effeltrich,
Germany), we calculated maximum quantum yield (F,/F, as
defined by Kitajima and Butler 1975), quantum yield of pho-
tosystem II (®pg;;; Genty et al. 1989) and relative electron
transfer rates (ETR) with a leaf absorptance constant of 0.84
and PSI/PSII allocation factor of 0.5. To quantitatively com-
pare RLCs, we fitted the data to the equation derived by Platt
et al. (1980):

a+PAR fPAR
ETR = ETR,,p,, * 1 — eE™Rmpor | % e ETRmpor (1)

where a represents the initial slope of the RLC in the light-
limited region, f characterises the downturn of the curve
after reaching ETR ., and ETR p, is the maximum photo-
synthetic output the sample could sustain in the absence of
photoinhibition. We further estimated the maximum electron
transport rate (ETR .. ), photoinhibition index (Iy), and the
minimum irradiance where electron transport is saturated
(I) using the following equations:

b

a o\
= —_— 2
ETRmax ETRmPot * ((X + ﬂ) * <(X +ﬂ> ( )
Ib = ETRmPot/ﬁ (3)
Ik = ETRmax/a (4)

In addition, by integrating the curve across all measured
PAR intensities, we attempted to capture all these parameters
in one that represents the overall performance of the plants
(ETRlotal)'

As heavy rain disturbed PAM measurements of Set 4 on
day 28 of the field experiment, we had to exclude measure-
ments conducted on this day from the analysis.

Elemental analyses

We marked the youngest fully unfurled leaf of each
pitcher plant when treatments were started and harvested
it at the end of the experimental period to determine total

concentrations of carbon, nitrogen and sulphur with a
CNS-Analyzer (Vario EL, Fa. Foss Heraeus, Hanau, Ger-
many; Fig. 2D) using air-dried and milled plant material
(DIN ISO 10694: 1996-08). The elemental concentration
of further nutrients in plant material was determined after
digesting 0.1 g biomass with 5 mL HNO; and 3 mL H,0,
in a microwave (Mars Xpress, CEM, Kamp-Lintfort, Ger-
many) followed by diluting with H,O dest. to a volume of
25 mL (DIN 38406-E22). Concentrations of P, K, Mg, Ca,
Fe and Zn were measured with inductively coupled plasma
optical emission spectrometry (ICP-OES) at wavelengths
of 214.914 nm, 766.490 nm, 285.213 nm, 317.933 nm,
238.204 nm, and 206.200 nm, respectively.

Measurement of plant growth

We counted the number of newly developed pitchers
(> 0.5 cm in length) and the number of newly developed
leaves at the end of the experiment (Fig. 2D). To identify
possible changes in the photosynthetic area of the plants,
we determined the cumulative leaf surface area of all fully
developed new leaves at the end of the experiment. Sub-
sequently, we harvested the youngest fully developed leaf,
dried it on silica gel, determined its dry weight and calcu-
lated the specific leaf area (Hunt 2017).

Data analysis

We performed all analyses in R v. 4.3.2 and v. 4.4.2 (R
Core Team 2024) and RStudio v. 2024.12.0.467 (Posit
team 2024). To prepare our raw data for statistical anal-
ysis, we used the R-package “dplyr” v. 1.1.4 (Wickham
et al. 2023). Rapid light curves were fitted using non-linear
least squares regression with the Levenberg—Marquardt
algorithm using the R-package “minpack.lm”, v. 1.2—1
(Elzhov et al. 2023). To test for significant treatment
effects influencing photosynthesis, foliar nutrient con-
tents and plant growth, we used linear mixed-effects mod-
els. These analyses were conducted using the R-package
“Ime4” v. 1.1-35.5 (Bates et al. 2015) and the package
“ImerTest” v. 3.1-3 (Kuznetsova et al. 2017) for analysis
of variance (ANOVA Type III). We assessed normality,
homogeneity of variance and outliers for each model by
examining residual vs. fitted plots and normal q—q plots
using the R-package “performance” v. 0.12.4 (Liidecke
et al. 2021). To improve the model characteristics, log-
and inverse transformation was applied where required
(Supplement S1.4). We incorporated prey type, UV treat-
ment, and, in the case of PAM measurements, sampling
day as interacting fixed effects. Non-significant interac-
tion terms were dropped for model simplification follow-
ing the approach described by Zuur et al. (2009) using
ImerTest’s “step”’-function. To account for the blocking of
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simultaneously started treatments in sets over the course
of the experiment, set identity was added as a random fac-
tor. As PAM measurements were conducted repeatedly
over different sampling days, we further included plant
identity as a random effect in these models. Marginal and
conditional R? (R?_, R?)) were calculated to estimate the
explained variance by fixed effects alone and in combina-
tion with random effects using the R-package “MuMIn”,
v. 1.48.4 (Bartoni 2024). We obtained fitted values and
standard errors from our models using the R-package
“effects” v. 4.2-2 (Fox and Weisberg 2018a, b). To ana-
lyse counted pitchers and leaves in the field experiment,
we used a Poisson regression model in combination with
analysis of deviance using the R-package “car” v. 3.1-3
(Fox and Weisberg 2018a). We checked model specifica-
tions by simulating scaled residuals and assessed resid-
ual distribution in a q—q plot as well as homogeneity of
residuals in a residual vs. fitted plot. In addition, we tested
models for over- and under-dispersion using the R-pack-
age “DHARMa”, v. 0.4.7 (Hartig 2024). Alpha was set
to p <0.05, and significant effects were further analysed
post-hoc by contrasting estimated marginal means using
the R-package “emmeans”, v.1.10.5 (Lenth 2024). False
discovery rate was controlled using the Benjamini—Hoch-
berg method. We created all plots using the R-packages
ggplot2 v. 3.5.1 (Wickham 2016) and cowplot v. 1.1.3
(Wilke 2024).

Results
Photosynthetic performance

Over the course of the experiment, maximum electron
transport rates (ETR,,) of N. hemsleyana were signifi-
cantly influenced by the UV treatment of the digestive
fluid, regardless of the type of prey fed (p,, x 44y =0.03,
Tab. 1, Fig. 3A). In plants with untreated digestive fluids,
ETR,,,, showed a non-significant tendency to increase
from 24.42 +1.06 (mean + SE) to 27.47 +1.15 umol
e~ m~2 s~ within the first 28 days of the experiment
(Fig. 3A; day 0 vs. 28: #(41.9)=-2.24, p=0.08). In
contrast, responses were delayed in plants where diges-
tive fluids were treated with UV, with ETR ,, showing
a significant upward trend only after the first 28 days of
the experiment from 24.06 +1.15 to 28.24 +1.06 umol
e”m 2s~! (Fig. 3A; day 28 vs. 56: 1(41.9)=-3.1, p=0.03).
At the end of the experimental period, however, final
ETR,,,, of plants with UV-treated and untreated digestive
fluids reached comparable levels (Fig. 3A).

This response was further reflected by total ETR
(ETR,,,) that quantifies cumulative ETR measured over
all PAR intensities of the RLC (p =0.03, Tab. 1,

uv X day
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Table1 ANOVA results for linear mixed-effects models assessing
photosynthetic performance of N. hemsleyana. Displayed are the sin-
gle effects of fed prey type (“Prey”), fluid sterilisation (“UV”), sam-
pling day (“Day”) as well as their interactions on maximum electron
transport rate (ETR,,,), cumulative electron transport rates across all
measured PAR levels (ETR,), minimum irradiance (I;) at which
electron transport is saturated, and photoinhibition index (I,). Mar-
ginal R? (R?,) gives the explained variance of fixed effects, and con-
ditional R* (R%,) the explained variance of fixed and random effects
of the respective model

ETR,x ETR gy I L,

F? F? F? F?
Prey 0.1078 0.2 0-64 0.7 0:43 203059
uv 0.1 075 0.1 072 0.2 07 0089
Day 4.5 002 7.6 0002 5.5 001 5.1 001
Prey x UV - - - -
Prey x Day - - - -
UV x Day 3900 4,0 003 3.3005 -
Prey x UV x Day - - - -
RZ, 0.16 0.18 0.15 0.10
R? 0.37 0.49 0.45 0.39

Fig. 3B). Within the first 28 days of the experiment,
ETR,.,; of plants in which the digestive fluid was not
UV treated showed a non-significant increasing trend
from 11,691.65+1,122.56 to 14,684.24 +1,197.98 umol
e”m 257! (day O vs. 28: #(41.4)=-2.4, p=0.06) with final
values on day 56 of 15,746.55+1,122.56 umol e~ m~2 !
that were significantly higher compared to the beginning
of the experiment on day 0 (#(40.1)=-3.47, p=0.01). In
contrast, ETR,,,, of plants with UV-treated digestive flu-
ids only increased significantly from 11,697.24 +1,197.98
on day 28 to 15,681.69 +1,122.56 umol e~ m~2s~! on
day 56 (Fig. 3B; #(41.4)=-3.2, p=0.01). The minimum
saturating irradiance of electron transport (I,) showed
similar tendencies in its responses to the UV treatment of
the digestive fluid (Fig. 3C; Tab. 1). The photoinhibition
index I, which gives the PAR intensity required to inhibit
potential ETR increased significantly from 232.25 +37.24
on day 28 to 324.88 +49.63 umol photons m~2 s~! on day
56 (¢(43.0)=-2.47, p=0.03) regardless of the treatment of
the digestive fluid (Fig. 3D).

Nutrient content of leaves

Foliar N content of N. hemsleyana showed a non-sig-
nificant trend to be 45% higher in plants that were fed
with faeces compared to arthropod-fed ones (Fig. 4A,
Table 2: main effect “prey”: F(1)=3.9, p=0.06). This
was further reflected by a 48% higher N:P ratio (Fig. 4B,
Table 2: main effect “prey”: F(1)=4.2, p=0.05) and a
53% higher N:K ratio in faeces-fed plants compared to
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those fed with arthropods (Fig. 4C, Table 2: main effect
“prey”: F(1)=4.2, p=0.05).

Zn was significantly influenced by the interaction of UV
treatment and fed prey type (Tab. 2: “prey x uv”’: F(1)=5.5,
p=0.03), whereby it showed a non-significant trend to

increase by 68% in arthropod-fed plants when the diges-
tive fluid was UV treated (Fig. 4D; #(14)=2.6, p=0.09).
Similarly, Fe was significantly influenced by the interaction
of UV treatment and fed prey type (Tab. 2: “prey x uv’:
F(1)=6, p=0.02), whereby Fe content of arthropod-fed
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Table2 ANOVA results from linear mixed-effects models assessing
foliar nutrient content in the youngest fully unfurled leaf of N. hems-
leyana, measured at the end of the 56-day experimental period

N N:P N:K Zn Fe

E? E? E? E? E?
Prey 39 0.06 4.2 0.05 4.2 0.05 0.0 0.89 0.1 0.77
uv 21 0.17 32 0.09 22 0.16 15 0.24 1.1 0.32
Preyx UV~ — - - 5500 ¢,0002
RZm 0.22 0.26 0.23 0.25 0.25
R? 0.22 0.26 0.23 0.25 0.25

C

Shown are the single effects of fed prey type (“Prey”), fluid sterilisa-
tion (“UV”), and their interaction on N, N:P, N:K, Zn and Fe. Mar-
ginal R (R?,) gives the explained variance of fixed effects, and con-
ditional R? (ch) the explained variance of fixed and random effects
of the respective model

plants showed a non-significant tendency to increase by 65%
when the fluid was UV treated (Fig. 4E; #(14)=2.5, p=0.1).

Plant growth

The number of newly developed leaves, camulative leaf area,
specific leaf area (SLA) and the formation of new pitch-
ers were not significantly influenced by the feeding and UV
treatments.

Discussion

In this study, we investigated how UV treatment of the diges-
tive fluid of N. hemsleyana affects the digestion of captured
prey. In addition, we examined whether these processes are
influenced by the type of prey. Though the responses exhib-
ited considerable variability, we found evidence of detri-
mental effects of the UV treatment in the short term, but not
in the long term. Observed dynamics of the UV treatment
were not influenced by the type of captured prey, except for
Fe and Zn uptake in plants that were fed with arthropods.
Foliar nutrient contents measured at the end of the feed-
ing period showed that N. hemsleyana plants were limited by
N availability (critical values given in Osunkoya et al. 2007:
N <20 mg/g, N:P< 14, N:K <2.1). This holds true for most
Nepenthes species and has been found for N. hemsleyana
before (Osunkoya et al. 2007). Even though the plants were
not released from N-deficiency throughout our experiment,
photosynthetic performance improved when we fed them
with arthropods or faeces as observed in previous studies
(Pavlovi€ et al. 2009; Schoner et al. 2016). Moreover, plants
where the digestive fluid was not treated with UV showed
an improved photosynthetic performance in response to
feeding compared to plants treated with UV (indicated by
increased ETR ., ETR .;, I, and I, within the first 28 days

max? total>
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of the experiment). In plants with UV-treated digestive fluid,
improvements in photosynthetic performance were delayed
and equal levels were only reached towards the end of the
feeding period after 56 days, which suggests that nutrient
uptake during the first 28 days was not as efficient as when
digestive fluids were untreated.

UV-C light has a high capacity to inactivate or destroy
microbes by damaging their DNA or RNA and is, therefore,
widely applied for water disinfection (Gray 2014). The UV-
Steripen that we used for our UV treatment has been shown
to reduce the abundance of protozoa, bacteria and viruses
between 94.98% and 99.99% in 1 I of water after 90 s of
irradiation (Timmermann et al. 2015). Although microbes
exhibit varying sensitivities to UV radiation (Gray 2014;
Timmermann et al. 2015) and we only irradiated the diges-
tive fluid and its prey contents, it is likely that our daily
UV treatment reduced microbial abundance in the digestive
fluid. Subsequent experiments with similarly treated diges-
tive fluids of Nepenthes plants from the greenhouse support
this assumption (Supplement S1.1). However, we have no
validation of the effectivity of the UV treatment from the
field and lack information about the abundance, composi-
tion and possible changes to the microbial community over
time. Considering the hypotheses of Chan et al. (2016) and
Bittleston (2018), that microbial inquilines act as decompos-
ers and support prey digestion of Nepenthes, it seems likely,
though, that the improved photosynthetic performance of
untreated plants was caused by different abundances of
microbes in the digestive fluid. Previous studies about the
microbiome in Nepenthes pitchers have identified several
species that may complement the digestive capabilities of
the plants through the breakdown of protein, starch, xylan,
chitin and cellulose (Chan et al. 2016; Bittleston et al. 2018)
but also possibly through N-fixation (Schoner et al. 2016;
Sickel et al. 2016; Bittleston et al. 2023) or their role as
primary producers (Bittleston 2018). Microbial inquiline
communities of the Nepenthaceae also show similarities in
their composition and richness to those of the convergently
evolved pitcher plant families Cephalotaceae and Sarrace-
niaceae (Bittleston et al. 2018, 2022). At least for Sarrace-
nia purpurea it is known that microbial inquilines play a
crucial role in the digestion of captured prey by producing
enzymes for prey degradation (Gray et al. 2012; Luciano
and Newell 2017; Miller et al. 2018). We can only speculate
about the reasons for why the photosynthetic performance of
UV-treated and untreated plants aligned towards the end of
the experiment: though Nepenthes plants are usually able to
influence the composition of microbial communities by reg-
ulating crucial abiotic factors in their pitchers (Gilbert et al.
2020), the microbial community composition in untreated
pitchers may have changed over time from taxa that support
the breakdown of prey in favour of other ones that reduce
nitrate or urease, e.g. Mycobacterium, Corynebacterium or
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Sphingobacterium. Such taxa have been identified in the
digestive fluids of N. hemsleyana (Sickel et al. 2016). In
addition, saprophytes may incorporate the nutrients, making
them temporarily unavailable (Sickel et al. 2016), or other
biotic or abiotic factors may become limiting. Alternatively,
it would also be possible that UV-resistant pathogens ben-
efitted from the UV treatment and inhibited photosynthesis.
Subsequent pathogen-related reactions of the plants then
could have induced enhancement of photosynthesis in the
long term (Selvaraj and Fof 2012).

Over the observation period, however, the effects on pho-
tosynthesis were not reflected in plant growth or the nutri-
ent content of the leaves. This could indicate that (a) the
observed effects on photosynthesis were not crucial for the
plant, (b) effects may only become visible in the long term
or (c) were overshadowed by other factors as the experi-
mental setup considered only microbial inquilines. Under
natural conditions, pitchers are colonised by a whole mul-
titude of different macro-inquilines, which represent many
different taxa and include all trophic levels (Bittleston 2018)
but were excluded in our experimental setup. Their pres-
ence may change the here observed outcome fundamentally:
prey breakdown may be supported by higher trophic levels,
e.g. through shredding of carcasses (Miller et al. 2018), but
nutrients may also get ultimately lost when species that only
spend their larval stages inside the pitcher finally emerge
(Bittleston 2018). Under such conditions of strong nutrient
competition, a delayed uptake, as observed in plants with
UV-treated digestive fluids and presumably reduced micro-
bial inquiline abundance, would be detrimental, whilst accel-
erated exploitation of captured prey, promoted by microbial
inquilines, could be of great benefit.

N content of bat guano from Deer Cave used for feeding
is 7.6% (Lundberg et al. 2022). In contrast, arthropods have
a higher N content that ranges between 8.1% for herbivores
and 12.6% for predators (Fagan et al. 2002). Despite this,
foliar N content was higher in faeces-fed plants, regardless
of UV treatment. This is consistent with experiments of
Schoner et al. (2016) who found that bat facces constitute a
superior nutrient source for N. hemsleyana. Unlike arthropod
prey, where nitrogen is mainly bound in protein, chitin and
nucleic acids, bat faeces and especially urine contain a high
proportion of urea that can be taken up comparably fast by
the plants, but also uric acid, ammonia, creatinine and chitin
(Schoner et al. 2016; Kocéb et al. 2021).

It is important to note that our conclusions about a possi-
ble microbial contribution to prey digestion in this study are
speculative. For a full assessment of the interactions between
the pitcher plant microbiome and its host plant, information
on direct effects of the UV treatment on diversity, abun-
dance, dynamics and functional composition of the micro-
bial communities is required. Future studies should include
the diverse macro-inquiline community as it can profoundly

influence the net outcome of the interactions (Kneitel and
Miller 2002; Miller et al. 2018). In addition, more profound
effects of microbial inquilines on plant growth and health
may only become visible over longer experimental periods,
and the here considered experimental period of 8 weeks
might have been too short. Although we did not account for
environmental conditions within individual pitchers, future
studies may benefit from including variables such as diges-
tive fluid biochemistry, pH, viscosity, and pitcher volume as
covariates, as these factors can influence microbial commu-
nity composition and dynamics (Bittleston et al. 2020, 2023;
Gilbert et al. 2020). Despite the limitations of our study,
we believe that it may be a starting point to investigate the
interactions between the microbial inquiline communities
and their Nepenthes host plants.

Conclusion

We conclude that the observed differences in the photo-
synthetic performance of N. hemsleyana in response to a
UV treatment following feeding of the pitchers with either
arthropods or bat faeces were most likely caused by dif-
ferences in the abundance of microbial inquilines in the
digestive fluid. These possibly support the breakdown of
captured prey and complement the plant’s own enzymes.
Plant responses to the UV treatment were not affected by
the type of captured prey, except for arthropod-fed plants
with UV-treated digestive fluids which showed an elevated
Zn and Fe uptake.

Pitcher plants are promising model systems to address
digestive mutualisms with microbes as different nutrient
sequestration strategies that involve multispecies interac-
tions evolved several times also in distantly related Nepen-
thes taxa and are further mirrored in the three unrelated plant
families of pitcher plants Nepenthaceae, Sarraceniaceae
and Cephalotaceae (Bittleston et al. 2016). Comparative
and experimental studies of such interactions that emerged
independently and share similar physiological or ecologi-
cal functions—so-called convergent interactions (Bittleston
et al. 2016)—will help to investigate the ecological role of
microbes in the digestive process of pitcher plants as well
as how these interactions evolved (Ellison and Gotelli 2001;
Bittleston et al. 2016, 2018).
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rial available at https://doi.org/10.1007/s00442-025-05749-6.
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