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Abstract

Plants have to allocate their resources in both growth and defense under different environmental challenges. Several plant
species have become invasive particularly in disturbed fertile habitats, which may influence their resource allocation.
We studied the effects of nitrate fertilization (low versus high) on various plant responses towards a pathogenic fungus,
Alternaria brassicae, and a herbivorous insect species, Mamestra brassicae, in a population of Bunias orientalis, which
is invasive in parts of central Europe. Aboveground biomass and leaf trichome density were enhanced in plants under
high fertilization. In contrast, the short-term fungal infection and herbivory had no effect on aboveground biomass. Leaf
water, nitrogen content and glucosinolate concentrations were neither affected by fertilization nor in response to antagonist
attack. The total soluble sugar content, especially fructose, as well as leaf peroxidase activity increased significantly in
leaves upon fungal infection, but independent of fertilization. Larval biomass gain and herbivore survival were likewise
unaffected by fertilization. Our findings highlight that under conditions of high fertilization, B. orientalis plants allocate
more resources into growth and morphological defenses than chemical defenses. In contrast, induced responses to short-

term antagonist attack seem independent of nitrate availability in this population.

Keywords Alternaria brassicae. Bunias orientalis. Coordinated resource hypothesis. Mamestra brassicae. Nitrogen

fertilization. Resource allocation

Introduction

Plants are exposed to a complex environment and must
respond to both abiotic and biotic challenges. Abiotic chal-
lenges, such as different nutrient availability, have a huge
impact on allocation of resources into plant growth and
defense (Monson et al. 2022; Sun et al. 2020). Furthermore,
biotic factors such as pathogens or herbivores lead to tissue
damage (Kessler and Baldwin 2002), which has a signifi-
cant impact on the plant’s physiology (Bostock et al. 2001).
To cope with these challenges, a set of molecular mecha-
nisms are activated in plants (Rejeb et al. 2014). Some of
these responses are independent of the type of the inducing
factor, while others are specifically induced only by certain
types of antagonists (Bostock et al. 2001; Glazebrook and
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Roby 2018). Moreover, plant responses to biotic challenges
may be differently modulated in dependence of the nutri-
ent availability (Gorden and Adler 2013), enabling plants
to invest more or less in different types of defenses (Rejeb
et al. 2014). Soil fertilization can thus have a negative or
positive impact on the host plant but also on different types
of antagonists. However, we still do not fully understand
how nutrient availability influences plant interactions with
pathogenic fungi versus herbivores, particularly in species
that established in new habitats with various levels of soil
quality.

Nitrate and other nitrogen (N)-containing compounds
are required by plants, influencing their growth and pro-
ductivity (Ding et al. 2021; Ohyama 2010) as well as their
defense (Lou and Baldwin 2004; Simon et al. 2010). Various
hypotheses have been postulated on how different levels of
nutrients affect growth versus defense (Bryant et al. 1983;
Herms and Mattson 1992). For example, according to the
carbon—nutrient balance hypothesis, only under sufficient
nutrient supply plants may be able to invest more in defen-
sive metabolites (Bryant et al. 1983; Cipollini et al. 2002).
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However, various of these hypotheses have been questioned
(Hamilton et al. 2001). Instead, recently the coordinated
resource hypothesis has been framed, which postulates that
the presence of accumulated resources provides a safety
margin for responses to future challenges, thereby balanc-
ing the trade-off between growth and defense (Monson et
al. 2022). This safety margin should depend on fertilization
and resources.

Nitrogen is also an important element in amino acids,
which are needed for the biosynthesis of numerous spe-
cialized metabolites such as glucosinolates, a class of
compounds found in Brassicales plants, that act defensive
against many fungi and herbivores (Agerbirk and Olsen
2012; Halkier and Gershenzon 2006). The composition and
concentration of glucosinolates differ in plants in depen-
dence of several environmental challenges. For example,
N fertilization has been found to lead to either increased
or decreased concentrations or no changes in aliphatic or
indolic glucosinolates, depending on the species (Chen et al.
2006; Kutyniok and Miiller 2013; Li et al. 2007). Such shifts
in defense levels may affect pathogen establishment and/or
herbivore feeding and growth (Sochting and Verreet 2004).
For example, high N fertilization increased disease severity
caused by the fungus Botrytis cinerea in lettuce (Lecompte
et al. 2013), but decreased susceptibility in tomato (Vega et
al. 2015). Nitrogen fertilization can also affect peroxidase
activity of leaves (Dietrich et al. 2004), which is involved
in forming a boundary towards pathogen infection through
polymerization (Cooper and Varner 1984). Herbivore per-
formance and development also change in different direc-
tions due to N fertilization, differing among plant species
(Fischer and Fiedler 2000; Kurze et al. 2018; Lu et al.
2007). Furthermore, N application can enhance the density
of leaf trichomes (Bilkova et al. 2016), acting as a mechani-
cal defense against herbivores (Wei et al. 2013). Moreover,
plant defense responses induced by pathogens and herbi-
vores are modulated in dependence of nutrient availability
(Chen et al. 2010; Dietrich et al. 2004; Mur et al. 2017).
Thus, the interplay between abiotic and biotic challenges
needs to be considered when studying plant-antagonist
interactions.

Fertilization and disturbance have frequently been found
to act as primary drivers facilitating the establishment of
invasive species in new areas (He et al. 2011; Leishman
and Thomson 2005). One example is Bunias orientalis L.
(Brassicaceae), which is invasive in parts of central Europe
(Birnbaum 2006) and often found in highly fertilized areas,
which may support its establishment (Steinlein et al. 1996;
Tewes and Miiller 2018). Populations from different origins
grown in a common garden with either low or high nitrate
fertilization showed an increased biomass (i.e. more and
longer leaves) under high fertilization (Tewes and Miiller
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2018). In contrast, glucosinolate concentrations were not
affected. There was also no significant effect on pathogen
and herbivore load, but in individual populations, such as
one from Wiirzburg (Germany), the pathogen load and leaf
damage seemed lower in plants under high fertilization
(Tewes and Miiller 2018).

In the present experiment, we thus chose the popula-
tion from Wiirzburg to study the effects of N fertilization
(low versus high) on plant responses and their interactions
with antagonists, a necrotrophic fungus and an herbivo-
rous insect species, under controlled conditions. A high N
availability was predicted to lead to an increase in total
aboveground biomass, leaf trichome density and peroxidase
activity, while constitutive glucosinolate concentrations
were expected to be unaffected by fertilization in this plant
species. Moreover, in response to fertilization, we expected
shifts in the carbon-to-nitrogen (C/N) ratio, which deter-
mines plant quality for antagonists (Rostas et al. 2002). The
fungus was expected to establish better on high-fertilized
plants, leading thus to a higher leaf water loss as indica-
tor for virulence (Tewes and Miiller 2020). Moreover, plant
sugars are nutritional sources for fungus growth (Solomon
et al. 2003) and fungi can reduce photosynthesis, thus alter-
ing the sugar content in infected and uninfected leaf parts
(Rosa et al. 2009). The fungal infection was thus expected
to reduce total sugar and sucrose content and to induce per-
oxidase levels. The larval biomass and survival of the her-
bivore were expected to be lower in highly fertilized plants.
Finally, high fertilization was expected to lead to a more
pronounced changes in different groups of defenses.

Methods and Materials
Plant, Pathogen and Herbivore Rearing

Three separate sets of experiments were performed, one
plant-pathogen experiment and two plant-herbivore experi-
ments (one to test plant responses and one to measure her-
bivore performance), all using low or high fertilization
conditions. Pathogen performance was only measured indi-
rectly by comparing the water content of fungus-infected
leaves to that of leaves treated with agar only as control. As
necrotrophic pathogen, Alternaria brassicae (Berk.) Sacc.
(Pleosporaceae) was used, which destroys the plant cells
directly after infection mediated by a mycotoxin (Pedras
et al. 2003) and uses the dead plant as a food source (Cho
2015). It can be virulent on different species of the Bras-
sicaceae, including Bunias orientalis (Farr and Rossman
2022; Tewes and Miiller 2020). As a herbivore, we used
Mamestra brassicae L. (Lepidoptera: Noctuidae), which is
a generalist herbivore previously reported to survive well
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when feeding on B. orientalis plants of invasive populations
(Harvey and Gols 2011; Tewes et al. 2018). Seeds of B. ori-
entalis were collected from four mother plants in Wiirzburg
(49°50.95°N, 9°51.94°E ), where this species is considered
invasive, and plants were grown from these seeds for one
generation in a common garden in Bielefeld, ensuring cross-
fertilization only among plants of this population (Tewes et
al. 2018). Seed of the F1 were sterilized in 2% NaOC]I with
0.03% Triton X-100 (Sigma Aldrich, Steinheim, Germany)
and allowed to germinate in the dark. For the plant-patho-
gen experiment, seedlings were planted in 0.6 L pots filled
with a 1:1 mixture of seedling soil (Archut Fruhstorfer Erde
Typ LAT-Terra Standard Pikiererde; Hawita, Vechta, Ger-
many) and low-nutrient, coarsely structured potting soil (C
710 with Cocopor, Stender, Schermbeck, Germany), which
had been sterilized by steaming. As only few plants germi-
nated in the first batch, a second batch of plants was grown
a few days later. For the plant-insect experiment, seeds were
initially placed in small pots (50 mL) filled with the seedling
soil and the seedlings then were transferred to 0.6 L pots
filled with the potting soil.

For each experiment, all plants were arranged randomly
in a controlled growth chamber [for plant-pathogen experi-
ment: initial three weeks in lab at room temperature, then at
22 °C, 16:8 h light:dark cycle, 75% r.h. in Perceival, CLF
Plant Climatics, Wertingen, Germany) under Philips lamps
(25 W; Philips GmbH, Hamburg, Germany); for plant-
herbivore experiments: 24 °C; 16:8 h, light:dark cycle;
70% r.h.) under Osram Fluora lamps (L 36 W/77; Osram,
Munich, Germany) in a climate chamber] and were watered
three times per week. Half of the plants per experiment was
assigned to one of two fertilization treatment groups (low
and high). All plants were fertilized for two weeks with 10
mL and then with 15 mL of a mineral nutrient solution mod-
ified after Hoagland (Hoagland and Arnon 1950) per week.
The fertilizer solution consisted of 12 nutrient salts (for
details see Supplementary Material Table S1), with differ-
ences in the calcium nitrate tetrahydrate (Ca (NO;), 4H,0;
SIGMA, Darmstadt, Germany) concentration, with 1 mM
Ca (NOs;), for the low and 4 mM Ca (NO;), for the high fer-
tilization treatment. Solutions were freshly prepared from
stock solutions before each fertilization event.

The A. brassicae strain (CBS 102.24) was purchased
from Westerdijk Fungal Biodiversity Institute (Utrecht, The
Netherlands) and cultivated on low strength potato dextrose
growth medium (30 g L™, Carl Roth, Karlsruhe, Germany)
with 10 ug L' ZnSO, x 7H,0 and 5 pg L' CuSO, x 5H,0 in
9 cm Petri dishes. To stimulate conidia growth, Petri dishes
with fungi were exposed to a 1:1 mixture of white light and
black light (8:16 h light:dark cycle) at 20 °C.

Larvae of M. brassicae were taken from a colony estab-
lished at Bielefeld University for several generations and

reared in a climate chamber (24 °C, 16:8 h, light:dark cycle,
60% r.h.; Binder GmbH, Tuttlingen, Germany) on Brassica
rapa var. pekinensis leaves.

Plant-Pathogen Experiment

Half of the plants of each fertilization treatment were
assigned to the agar control, the other half to the fungus
infection group (n=15 per treatment and group; one rep-
licate less for control plants of the low fertilization treat-
ment). For the inoculation of B. orientalis with the fungus
A. brassicae, a method described by Tewes and Miiller
(2020) was adapted. The youngest fully developed leaf of
each plant assigned to the fungus infection treatment was
inoculated at its tip with two agar disks (7 mm diameter)
with fungal material, taken from the edge of fungus cul-
ture plates (1518 days old), containing growing mycelium
and conidia. To ensure proper infection, the leaf section
on which agar discs were applied was artificially pre-dam-
aged with a needle-device and 20 uL of growth medium
[26.5 g L-1 potato glucose broth (Carl Roth, Karlsruhe,
Germany) with 0.03% [w/v] Triton X- 100 (stock solution:
0.32% [w/v] in millipore water, sterile), solution 1:10] were
applied to the damaged area. The control plants received the
same treatment, but the agar disks contained no mycelium.
Four days later, the whole infected and respective control
leaves were harvested and the leaf material was weighed
(0.1 mg; CPA224S, Sartorius, Gottingen, Germany). For
measurements of peroxidase activity, two leaf discs (diam-
eter: 8 mm) were taken from the central area of the leaves
(~2 cm distance from the infection sites). The remaining
leaf part, including the infection sites, was used for later
analyses of contents of water, C and N, glucosinolates and
sugars. Leaf material was frozen in liquid nitrogen, and leaf
discs stored at -20 °C, the remaining leaf parts at -80 °C. All
leaf material was freeze-dried. The remaining aboveground
biomass was harvested, dried at 40 °C for three days and
weighed to determine the shoot dry mass.

Trichome density was only measured in response to
fertilization. Therefore, two leaf disks were taken before
pathogen infection from the leaf base of the youngest leaf
of each plant with a cork borer (6 mm diameter) and stored
at -20 °C. The trichomes were counted on the upper and
lower leaf surface of both disks with a microscope (Olym-
pus SZX16, Tokyo, Japan), and numbers from both disks
were summed (separately for lower and upper leaf surface).

Plant-Herbivore Experiment 1: Plant Induction
Half of the plants of each fertilization treatment were

assigned to a control, the other half to the herbivore
treatment group (n=9 per treatment and group). For the
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induction experiment, all plants received two clip cages
(15 mm diameter, 17 mm high, Fig. S1a) at the leaf base of
each leaf of the youngest fully developed pair of leaves (in
total four clip cages per plant). On plants of the herbivore
group, one 15—17 d old M. brassica larva was placed in each
of the four clip cages, while clip cages of the control group
were left empty. If a larva did not eat the available leaf area
or only a little, it was replaced by another larva within a
period of 10 h in order to ensure the most uniform possi-
ble induction. After 48 h, 14 leaf discs of each leaf hold-
ing clip cages were cut with a cork borer (7 mm diameter)
from the tip and middle in comparable position, the fresh
weight determined, and material frozen in liquid nitrogen
and stored at -80 ° C for later analyses of glucosinolates as
well as C/N. The remaining aboveground plant material was
harvested, weighed, dried in an oven (40 °C) for three days
and weighed again to determine the shoot dry biomass.

Determination of C and N Contents

Leaf samples were homogenized in a ball mill for 30 s at
30 Hz (MM301, Retsch, Haan, Germany). About 2 (+0.1)
mg was taken for analysis of the C and N contents using
a C/N-analyzer (Vario MICRO cube, Elementar, Hanau,
Germany).

Determination of Glucosinolates

For glucosinolate analysis, about 10 (£ 0.2) mg of leaf pow-
der were extracted threefold in 1 ml of 80% methanol (= 98%
MeOH; JT Baker, Munich, Germany) and 20 pl of allyl glu-
cosinolate (Phytoplan, Heidelberg, Germany) was added as
internal standard at the first extraction. Supernatants were
applied to anion exchange columns [Sephadex A25 (Appli-
Chem, Darmstadt, Germany) in 0.5 M acetic acid buffer,
pH=5.0], and columns rinsed with water and subsequently
with 0.02 M acetic acid buffer (pH 5). For conversion of
glucosinolates to desulfoglucosinolates, a purified sulfatase
solution (sulfatase from Helix pomatia type H-1; 10,000 U,
Sigma, Darmstadt, Germany) was added and the samples
incubated for 24 h at room temperature. The columns were
rinsed with Millipore water, samples dried and re-eluted in
water. For the plant-pathogen experiment, desulfoglucosin-
olates were analyzed using a high performance liquid chro-
matograph (HPLC, Dionex Ultimate 3000, Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a C18 col-
umn (250x4.6 mm, 5 um, Supelco, Bellefonte, PA, USA),
coupled with a diode-array detector at 25 °C oven tem-
perature. A gradient of eluent A (20% Millipore water) and
eluent B (80% methanol) at a flow rate of 0.35 mL min~!
was used. For the plant-herbivore experiment, desulfoglu-
cosinolates were measured on another HPLC (1200 series;
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Agilent Technologies, Waldbronn, Germany), equipped
with a shorter C18 column (150 x 3 mm, 3 pum; Supelco) at a
flow rate of 1 mL min~!. Glucosinolates were identified by
comparing their retention times and spectra to an in-house
database. Peaks were integrated at 229 nm and quantified
using the response factors 1 for aliphatic, 0.5 for benzenic,
and 0.26 for indolic glucosinolates, and glucosinolate con-
centrations calculated using the internal standard and sam-
ple fresh weight. Concentrations of different glucosinolates
were summed up in total and within each group.

Analysis of Sugars

The sugar analysis (plant-pathogen experiment) was per-
formed according to a method modified after Kutyniok
and Miiller (2013). Freeze-dried leaf tissue [10 (+0.2)
mg] was extracted threefold in 1 mL buffer [2.5:1:1 (v:
v: v) methanol: H,O: chloroform, with 0.2 mg/mL ribitol
(99%, Sigma-Aldrich, Steinheim, Switzerland) as internal
standard]. After centrifugation, subsamples of the super-
natants were dried under nitrogen and derivatized using
methoximation with O-methylhydroxylamine hydrochlo-
ride (Thermo Fisher Scientific, Karlsruhe, Germany) in
pyridine (99.9%, Sigma-Aldrich, 20 mg mlI™!) for 30 min at
50 °C, followed by silylation with N-methyl-N-trimethylsi-
lyl-trifluoroacetamide (Macherey-Nagel, Diiren, Germany)
for 30 min at 50 °C. The samples were diluted in pyridine
and then analyzed using a gas chromatograph coupled to a
mass spectrometer (GC-MS 2010 Plus QP2020, Shimadzu,
Kyoto, Japan) equipped with a VF-5 ms column (38 m X
0.25 mm x 0.25 um, Agilent Technologies, Santa Clara, CA,
USA). Samples were injected at 225 °C with a split ratio
of 1:10 at a helium flow rate of 1.46 ml min". The oven
temperature was set at 50 °C for 5 min, followed by a ramp
(5 °C min™") to 280 °C. The temperature of the transfer line
was 250 °C. Samples were measured at 70 eV in electron
impact ionization mode. A mixture of n-alkanes (C8-C40,
Sigma-Aldrich) was measured under the same conditions.
Analytes were identified by comparing Kovats retention
indices (Kovats 1958), as well as mass spectra to reference
compounds measured under the same parameters and the
NIST database (NIST14, National Institute of Standards
and Technology, Gaithersburg, Maryland, USA). The total
ion count was used to determine the peak areas for the ana-
lytes. Peak areas of analytes belonging to the same metabo-
lite were summed up (for fructose and glucose). Peak areas
were divided by the area of the internal standard and the dry
mass of the leaf sample.
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Measurement of Peroxidase Activity

To determine the peroxidase activity of leaves (plant-patho-
gen experiment), about 15-30 mg of frozen leaf material
was homogenized and extracted in 250 pl of 100 mM Na-
acetate buffer at pH 6.0 (5.77 g C,H;NaO,, AppliChem
GmbH; 1.78 g C,H,0,, VWR, Prolabo, France) on ice,
centrifuged, and the supernatant used for the photometric
determination of the peroxidase activity, following a pro-
tocol by Rosa et al. (2020). Leaf extracts were mixed with
100 mM Na-acetate buffer in a 96 well plate (Microplate,
96 well, Thermo Scientific, Nuncleon™ Delta Surface,
Denmark). A master reaction mix containing 12.5 mM
H,0, (30%, VWR), 0.306 mM guaiacol (substrate, > 98%
2-methoxyphenol, Thermo Fisher) and 100 mM Na-acetate
buffer was added to all plant extracts. A dilution series of
H,0, in 100 mM Na-acetate buffer was measured in par-
allel. Immediately before the start of the measurements, a
standard reaction mix containing 12 mM guaiacol, 1.4 mg
peroxidase (horse radish peroxidase 124 U mg~!, Sigma-
Aldrich, Steinheim; Switzerland) and 100 mM Na-acetate
buffer was added to each well of the dilution series. Plates
were measured in a multi-plate photometer (Power wave
200 on COM1, Bio-Tek, USA) at 470 nm wave length for
4 min and data analyzed with KC4 software (Kinetical for
Windows, Version 2.7 Rev 8).

Plant-Herbivore Experiment 2: Herbivore
Performance

The relative growth rate and survival of the herbivore was
investigated using plants of the low and high fertilization
treatment (n= 12 per treatment). One clip cage was placed
at the tip of each leaf of the youngest, fully grown pair of
leaves (two cages per plant), and provided with one larva
of M. brassicae (second larval stage; 2—4 d old) per cage.
Before the experiment began, all larvae were weighed
(£+1 pg; ME36S, Sartorius, Gottingen, Germany). If a
larva died during the first 24 h, it was replaced. The status
(alive or dead) of each larva was recorded on a daily basis.
If the available leaf area was almost entirely consumed,
the clip cage was relocated on the same leaf to ensure that
there was always enough food. After 7 d, the weight of each
surviving larva was measured again, and the larvae were
moved from the clip cages into gauze bags, allowing access
to the entire leaf. The weight of each larva was measured
once again after another seven (day 14), and a total of 19
d of observation. If a leaf was totally consumed before that
period, the larva was moved to a comparable leaf on the
same plant. If no comparable leaf was available, the larva
was transferred to the leaf of a plant of the same fertilizer
treatment on which another caterpillar had already died. The

larval biomass gain of M. brassicae was calculated for each
observation time point as the difference between the bio-
mass at that time point and their initial biomass.

Statistical Analyses

All statistical analyses and figures were performed with
RStudio under R 4.1.2 (R Core Team 2020). For con-
tinuous data (Gaussian distribution), linear mixed models
(LMMs) with the lmer function and Ime4 R-package (Bates
et al. 2015) were used for all traits measured in the plant-
pathogen experiment. To meet the requirements of a normal
residual distribution, the data were log or square root trans-
formed, where necessary. For all traits of the plant-pathogen
experiment, fertilization treatment, infection treatment and
their interaction were considered as fixed factors, whereas
plant batch was considered as random factor. The number
of leaf trichomes (Poisson distribution), was analyzed by a
generalized linear mixed model (GLMMs) using the lme4
package (function glmer; Bates et al. 2015).This model
was then adjusted by glmm Template Model Builder (glm-
mTMB) with a negative binomial 1 family (Brooks et al.
2017) and the DHARMa package was used to check the
model (Hartig 2020). To test the plant treatment effects on
the density of trichomes, fertilization treatment, leaf side
and their interaction were considered as fixed factors and
batch and plant identity as random factors. The LMMs were
fitted with a maximum likelihood approach, and P values
were obtained using a type III Anova with Chi-square tests.
The correlation between the fructose content (leaf including
the infection site) and peroxidase enzyme activity (infected
leaf without infected area) was analyzed by Spearman rank
correlations in infected plants, separately for low and high
fertilization.

The Shapiro-Wilk test and the Levene test (package: car;
Fox and Weisberg 2019) were used to test for data distribu-
tion and homoscedasticity in the plant-herbivore experiment
1. If the data was normally distributed and with homoge-
neous variance, linear models (LM) were used, except for
data on the total glucosinolate concentration, for which a
generalized linear model (GLM) was used. Within the LM
and GLM, fertilization treatment, herbivore treatment and
their interaction were considered as fixed factors. The P
values for all LMs were evaluated using F tests. The larval
biomass gains of M. brassicae were evaluated by an LMM
with fertilization treatment, time of observation and their
interaction as fixed factors and plant identity as a random
factor. The survival probability of M. brassicae was esti-
mated using a non-parametric event time analysis accord-
ing to Kaplan-Meier (package survival; Therneau 2022).
The log-rank test was used to test if there was a significant
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Fig. 1 Responses of plants of Bunias orientalis to nitrate fertilization
(Fert, low and high) and infection treatment (Treat) by Alternaria
brassicae (control or fungus) in (a) aboveground biomass, (b) water
content, (c¢) nitrogen content, and (d) carbon to nitrogen ratio (b-d:
leaf including infection site). Data are presented as box whisker plots,

difference in survival probability between larvae raised on
plants of the two fertilization treatments.

Results

Effects of Fertilization and Pathogen Treatment on
Plant Traits

In the pathogen-plant experiment, the aboveground biomass
was significantly higher by about 23% in plants with high
fertilization, but unaffected by fungus infection or the inter-
action of fertilization and infection treatment (Fig. 1a). The
water content of the leaves was neither affected by fertil-
ization, infection treatment nor their interaction (Fig. 1b).
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quartile ranges, and open dots are outliers, n=14—15. Significant p val-
ues (p <0.05) are highlighted in bold

Likewise, the nitrogen content and C/N ratio were neither
affected by the fertilization treatment, infection treatment,
nor their interaction (Fig. 1c,d).

The most abundant sugar in all treatments was glucose,
followed by fructose, which together contributed to about
90% of all measured soluble sugars. The total soluble sugar
content (normalized peak area) of the treated leaves was sig-
nificantly affected by the infection treatment, being about
two times higher in leaves of infected compared to those
of control plants, while fertilization and the interaction of
fertilization and infection treatment had no significant influ-
ence (Fig. 2a). Each of the three measured sugars exhib-
ited a different pattern (Table S2). Similar as the total sugar
content, the content of fructose was significantly affected
by the infection treatment, being three times higher in
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peroxidase activity of control or infected leaf (d: area distant to leaf
infection). Data are presented as box whisker plots, boxes represent the
25th and 75th percentile and median, crosses show means, whiskers
mark minimum and maximum within 1.5-fold interquartile ranges,
and open dots are outliers, one outlier (9.56) of infected leaf in low
fertilization is not shown in graph (a), n=14-15. Significant p values
(p<0.05) are highlighted in bold

Table 1 Effects of fertilization and pathogen infection by Alternaria brassicae on leaf glucosinolate concentrations of Bunias orientalis

Fertilization Infection Fertilization *
Infection
df 2 P daf  x2 P df x2 P
Total GS (log) 1 002 0.898 1 0.00 0953 1 032 0.574
Benzenic GS (log) 1 0.00 0948 1 0.01 0909 1 0.22 0.641
Aliphatic GS (log) 1 0.06 0.807 1 0.35 0.555 1 029 0.592
Indole GS 1 019 0.664 1 0.93 0336 1 043 0.513

Traits were analyzed using linear mixed-effects models and values transformed as indicated, where necessary. All models were fitted using the
maximum likelihood method, and p values were determined using likelihood ratio tests (chi-square tests). Fertilization (low or high) and Infec-

tion (control or fungus), n=14-15, GS: glucosinolate (umol g~ ' fw)

fungus-infected than in control leaves (Fig. 2b). In contrast,
glucose and sucrose contents were not affected by any of the
treatments (Table S2).

The total glucosinolate concentration as well as concen-
trations of the different glucosinolate groups of the treated
leaves were not influenced by any of the treatments (Table 1;
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Fig. 2¢). The identified glucosinolates comprised one ben-
zenic, four aliphatic, and two indole glucosinolates, with
p-hydroxybenzyl glucosinolate being dominant (Fig. S2).
Indole-3-ylmethyl glucosinolate was only present in minute
concentrations and could not be detected in leaves of control
plants under high fertilization. Furthermore, 4-methylsulfi-
nylbutyl glucosinolate was only detectable in trace amounts
in control plants under low fertilization (Fig. S2).

The activity of peroxidase was significantly enhanced by
36% in leaves infected by the fungus compared to control
leaves, but fertilization and the interaction between fertil-
ization and infection treatment had no significant effects
(Fig. 2d). The peroxidase activity (measured in leaf area
distant to the infection site) showed by trend a moderate
positive correlation with the fructose content (measured in
leaf including infection site), at least in plants of the low
fertilization treatment (S=166, rho=0.544, P=0.058) but
not in the high fertilization group (S=318, rho=0.432,
P=0.109; Fig. S3b).

The trichome density was significantly affected by
both fertilization (y°=5.44, df=1, P=0.019) and leaf side
(’=12.53,df=1, P<0.001), with more trichomes per mm?
under high fertilization and less trichomes on the upper than
on the lower side (Fig. S4).

Effects of Fertilization and Herbivore Treatments on
Plant Traits

In the herbivore-plant experiment 1, the aboveground bio-
mass was significantly influenced by the fertilization treat-
ment, with plants showing on average a 10.6% higher
biomass when grown under high compared to low fertil-
ization. In contrast, herbivore infestation did not affect the
aboveground biomass (Fig. 3a). Fertilization treatment had
also no effect on the N content or the C/N ratio (Fig. S5a-b).

The total glucosinolate concentration as well as the
concentrations of the different glucosinolate groups of the
treated leaves were likewise not influenced by any of the
treatments (Table 2; Fig. 3c). 4-Methoxyindol-3-ylmethyl
glucosinolate was only present in minute concentrations and
could not be detected in leaves of infested plants under high
fertilization. Furthermore, 1-methylpropyl glucosinolate
was only detectable in trace amounts in control plants under
low fertilization (Fig. S6). This glucosinolate has been pre-
viously mis-identified as n-butyl glucosinolate, but its iden-
tity could now been confirmed with the help of a standard
(kindly provided by N. Agerbirk).

@ Springer

Effects of Host Plant Fertilization on Herbivore
Performance

At all three observation time points, the larval biomass gain
was not influenced by the fertilization treatment of their
host plants, but biomass gain significantly increased over
time, with four and eleven times higher biomass gains in
the second and third week of the experiment, respectively
(Fig. 3b).

The survival over time was not affected by fertilization
(log rank test y’=0.01, P=0.9), but dropped over time in
both treatment groups (Fig. 3d).

Discussion

This study demonstrates that aboveground biomass and
morphological defense traits, i.e. trichomes, of B. orientalis
were significantly enhanced by high fertilization. Short-term
fungal infection led to several changes in phytochemical
contents of the host plants but independently of the fertiliza-
tion, whereas herbivore infestation did not influence any of
the traits tested in this study.

Plant growth and biomass production are generally influ-
enced by a combination of soil nutrients and various other
environmental conditions (Morgan and Connolly 2013).
As expected, the application of higher nitrate fertilization
in this study resulted in higher aboveground biomass accu-
mulation compared to less fertilized plants, in accordance
with numerous previous studies (Anjum et al. 2012; Guo et
al. 2019; Hsu et al. 2009). However, aboveground biomass
was not impacted by the infection of the pathogenic fungus
A. brassicae, which may be due to the fact that the infec-
tion treatment only lasted for four days. An enhanced nitrate
fertilization is considered to increase plant susceptibility to
necrotrophic fungi (Long et al. 2000), which could reduce
the nutrient availability for plant growth (Berger et al. 2007;
van Dijk et al. 2021). Such impacts on plant growth may
only become visible after longer growth periods with the
fungus. Moreover, fungal pathogens frequently lead to a
reduction in the leaf water content by damaging the leaf sur-
face (Grimmer et al. 2012) and thus evoking wilting. In this
study, infected leaves did not differ in their water content
compared to leaves from uninfected plants. In other popula-
tions of B. orientalis, a higher water loss in leaves infected
by A. brassicae was found in plants of a native population
(Rize, Turkey) compared to an invasive population (from
Jena, Germany) after a 8 d infection period (Tewes and
Miiller 2020). Differences in the chemical and morpho-
logical defenses between different populations of B. ori-
entalis but also in the infection time and specific infection
conditions may affect the plant susceptibility towards this
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Fig. 3 Responses of plants of Bunias orientalis to nitrate fertilization
(Fert, low and high) and infestation treatment (Treat) of leaves by 2nd
instar Mamestra brassicae (control or herbivore) in (a) aboveground
biomass, (b) larval biomass gain (biomass at respective day minus ini-
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under different nitrate fertilization (low and high). Time: day 0: n=24
(per treatment); day 19: n=13 for low and n= 10 for high fertilization.
Survival probability was analyzed by log rank Kaplan-Meier survival
analysis. Data are presented as box whisker plots, boxes represent the
25th and 75th percentile and median, crosses show means, whiskers
mark minimum and maximum within 1.5-fold interquartile ranges, and
open dots are outliers, n=9. Letters above the boxes in (b) indicate
significant differences among time points according to Tukey posthoc
tests (p <0.05). Significant p values (p <0.05) are highlighted in bold

Table 2 Effects of fertilization and herbivore infestation by Mamestra brassicae larvae on leaf glucosinolate concentrations of Bunias orientalis

Fertilization Infestation Fertilization *
Infestation
df  x2 P df  x2 P af 32 P
Total GS (log) 1 1.67 0.205 1 1.17 0288 1 091 0.348
Benzenic GS (log) 1 1.52 0226 1 1.60 0.215 1 1.17  0.287
Aliphatic GS (log) 1 1.64 0807 1 0.01 0923 1 0.03 0.867
Indole GS 1 08 0372 1 214 0.153 1 0.06 0.805

Traits were analyzed using linear models and values transformed as indicated, where necessary. Fertilization (low or high) and Infestation

Treatment (control or herbivore), n=9, GS: glucosinolate (umol g™! fw)

fungus. Furthermore, plant metabolism of the A. brassicae

mycotoxin may play a role in susceptibility. The synthesis
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of the N-containing mycotoxin likely depends on N avail-
ability (Wang et al. 2009). Thus, modulation in virulence
caused by plant fertilization may significantly influence
plant susceptibility.

Against our expectation, leaf N content and C/N ratio
of B. orientalis leaves were not affected by the fertilization
treatment. This stability may indicate a balance of physi-
ological processes regardless of nutrient availability in this
plant population, at least at the used fertilizer concentra-
tions. In contrast, in various other species, an increase in
N content and decline in C/N ratio have been reported fol-
lowing N addition (Esmeijer-Liu et al. 2009; Lii et al. 2012;
Novotny et al. 2007). Both N and C/N ratio were also not
affected by the fungus infection in the present experiment.
The resources accumulated during growth may have pro-
vided a safety margin also under low fertilization condi-
tions, buffering a strong response to the fungal infection
challenge, as proposed in the coordinated resource alloca-
tion hypothesis (Monson et al. 2022).

While no changes were visible in C/N, the content of total
soluble sugars and in particular of fructose was significantly
enhanced in B. orientalis leaves infected by A.brassicae, in
contrast to our expectation. Pathogen infection is usually
expected to reduce the content of sugars in plant tissue due
to negative impacts on photosynthesis (Morkunas and Rata-
jezak 2014). Moreover, necrotrophic pathogens act as sink
for the sugars and cause an increased demand of assimilates
for the plant to induce defense responses (Berger et al. 2007;
Liu et al. 2022). However, the impact of fungi on plant sugar
contents varies significantly across plant-pathogen interac-
tions and contents in infected leaves were found to be lower,
higher or unaffected, depending on the system (Berger et al.
2007; Bonfig et al. 2006; Scharte et al. 2005). Higher levels
of sugars due to infection, as also found in tobacco plants
infected with the potato virus Y (Herbers et al. 2000), may
be explained by physical disturbance of the transport system
or stimulation of cell wall defense responses.

The leaf glucosinolate concentrations of B. orientalis
were unaffected by fertilization. This finding is in line with
previous results, as a similar N-fertilization also did not
affect glucosinolate concentrations in B. orientalis plants
of different populations grown in a field experiment (Tewes
and Miiller 2018). However, the concentration of glucosino-
lates was also not affected by the fungus treatment in our
study. In contrast, in Arabidopsis thaliana, the concentra-
tions of certain glucosinolates and their hydrolysis prod-
ucts peaked one day after leaf infection by the necrotrophic
fungus Sclerotinia sclerotiorum but returned to base levels
after two to three days (Chen et al. 2020). Indolic gluco-
sinolates increased in Chinese cabbage (Brassica rapa L.
ssp. pekinensis cv. Kantonner) five days after infection by

@ Springer

A. brassicae (Rostas et al. 2002). Thus, the time-course is
obviously critical for induction responses of these defense
metabolites.

Thickening of cell walls is very important for plant
defense at an early stage of fungal infections (Morkunas and
Ratajczak 2014). Peroxidases have been suggested to play a
pivotal role in the formation of barriers against pathogens,
as they lead to a polymerization of cell wall components.
Moreover, they are involved in the hypersensitive reaction
of cells and protect against damage caused by oxidative spe-
cies. The activity of antioxidant enzymes such as peroxidase
has been shown to increase with increasing fertilization
(Dietrich et al. 2004; Yue et al. 2021). In contrast, fertiliza-
tion did not influence the peroxidase activity of B. orientalis
plants. However, in response to A. brassicae, peroxidase
activity increased significantly in our experiment. Likewise,
an induction of peroxidase activity in response to A. bras-
sicae has been found in several other Brassicaceae species
(Mallick et al. 2015; Rostas et al. 2002). The regulation of
peroxidase in response to fungal infection is closely linked
with sugar signaling (Morkunas and Ratajczak 2014). In
response to fungal infection, we found a moderate posi-
tive relationship between fructose content and peroxidase
activity in B. orientalis. This suggests a role of fructose as
a signal molecule in regulating plant defense mechanisms
(Formela et al. 2014).

Leaves of B. orientalis are also characterized by a rela-
tively high density of trichomes compared to other Bras-
sicaceae (Travers-Martin and Miiller 2008), but densities
largely vary between populations of this species (Fortuna et
al. 2014). Trichomes can act as effective mechanical defense
against many plant antagonists (Elad and Evensen 1995;
Tian et al. 2012). The trichome density on both leaf sides
was significantly enhanced in highly fertilized B. orientalis
plants in the present study, suggesting that the investment
in trichomes may be energy-demanding. Nitrogen fertiliza-
tion has been shown to enhance leaf expansion of B. ori-
entalis in the field (Tewes and Miiller 2018). An efficient
allocation of resources to leaf development may enable the
plants to also allocate some resources into the trichomes on
the surface, which represent the first line of defense against
environmental challenges. Higher densities of trichomes in
response to high N fertilization have also been reported in
other species (Bilkova et al. 2016; Zettlemoyer 2022).

In the plant-herbivore experiment 1, aboveground bio-
mass was likewise enhanced by fertilization, as expected.
However, as in the plant-pathogen experiment, fertilization
had no influence on N content, C/N ratio and total glucosin-
olate concentration in B. orientalis. Likewise, the herbivore
treatment did not affect any of these plant traits. The herbi-
vore damage for two days may have been too short and too
little damage may have been imposed in the confined area of
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the clip cage to cause any significant changes. Likewise, a
five day feeding by 6 larvae (first instar) of M. brassicae did
not lead to an induction of leaf glucosinolates in two other
populations of B. orientalis (Harvey and Gols 2011). In con-
trast, when 10 larvae of M. brassicae fed for a longer time
(four weeks) on B. orientalis leaves, a significant increase in
glucosinolates, particularly of p-hydroxybenzyl glucosino-
late and 1-methylethyl glucosinolate, was found (Fortuna
et al. 2014). Thus, at least under short herbivore exposure,
B. orientalis may rather rely on mechanical defense, e.g. by
high trichome density, but may induce chemical defenses
only after long-term exposure. Other defense chemicals, not
investigated here, may have been induced more rapidly.

The plant nutritional quality is critical for the growth and
survival of herbivores, affecting their metabolism (Lu et al.
2007). Conversely to our expectation, host plant growth
conditions under different supply of N fertilization did not
affect the larval performance and survival of M. brassicae.
The larval biomass gain increased with time, indicating that
B. orientalis is in general a suitable host for larvae of M.
brassicae. This herbivore has also been found in the field on
B. orientalis and larvae develop well on this plant species
(Harvey et al. 2010). However, under natural conditions,
young larvae of M. brassicae usually feed gregariously
(CABI 2022), thus our design of placing just one larva on
a plant was somewhat artificial. An initial feeding of more
young larvae may have caused stronger effects on older
larvae, with different effects in dependence of nitrate fer-
tilization. As a generalist herbivore with a very broad host
range, M. brassicae may be less sensitive towards different
fertilization treatments and be able to maintain growth and
development simultaneously. The larval performance and
survival of herbivores can vary greatly under different fer-
tilization treatments on different plant species (Casey and
Raupp 1999; Lu et al. 2007; Salehi et al. 2020).

Since enhanced fertilization mostly affected aboveg-
round biomass and trichome density of the leaves rather than
induction of chemical defenses in response to antagonist
attack, it may be concluded that plants of B. orientalis tested
here invest rather into biomass and morphological defense
than chemical defense. Future studies may investigate, how
B. orientalis respond to a simultaneous or more pronounced
attack of different antagonists and whether plant-mediated
cross-effects occur between A. brassicae and M. brassi-
cae. In response to the low levels of fungal infection and
herbivore attack as tested here the plants of this invasive
population may be quite robust and able to coordinate their
resource allocation well.
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