
P
os

te
d

on
A

ut
ho

re
a

11
Ja

n
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

19
06

65
.5

37
62

38
2/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Metabolomic responses of indigenous and nonindigenous plants to
deer exclosure fencing and deer herbivory in a suburban forest
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Abstract

Trees and shrubs in suburban forest understories can be subject to chronic herbivory from abundant white-tailed deer. An
undocumented consequence of this stress may be shifts in secondary metabolite production associated with defense. We aimed
to learn whether plants protected from deer exhibited different metabolomic profiles compared to those exposed to deer. We
tested the indigenous species Nyssa sylvatica and Lindera benzoin and the invasive, nonindigenous species Rosa multiflora
and Euonymus alatus within a suburban forest understory in New Jersey, USA, in unfenced plots and plots fenced for 5.3
years. We did untargeted metabolomics by sampling leaves from three plants of each species per 6-7 fenced and unfenced plots,
conducting chloroform-methanol extractions followed by LC-MS/MS, and conducting statistical analysis on Metaboanalyst.
We also scored each species for deer browse frequency over eight years, and compared their heights and percent cover between
unfenced and fenced plots. The analysis identified 2,333 metabolites. The global metabolome diverged significantly between
fenced and unfenced plots pooled across species, but for individual species only N. sylvatica exhibited a significant fencing
effect. Nyssa sylvatica was one of the most browsed species and was the only one with both greater cover and height in fenced
plots, suggesting greater susceptibility to deer browsing. The metabolites most responsible for the fenced/unfenced divergence
also were affected by the species-fencing combination, with increases in certain species but decreases in others. The most
significant metabolites that were upregulated in fenced plants include some involved in defense-related metabolic pathways,
e.g. monoterpenoid biosynthesis. Further study of more species in multiple sites is needed to learn how common metabolomic
responses to deer are among forest species, how the intensity of deer pressure influences the responses, which types of metabolites
are most affected, and if there are ecological consequences at the physiological, population, and/or community levels.
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ABSTRACT

Trees and shrubs in suburban forest understories can be subject to chronic herbivory from abundant white-
tailed deer. An undocumented consequence of this stress may be shifts in secondary metabolite produc-
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tion associated with defense. We aimed to learn whether plants protected from deer exhibited different
metabolomic profiles compared to those exposed to deer. We tested the indigenous species Nyssa sylvatica
and Lindera benzoin and the invasive, nonindigenous species Rosa multiflora and Euonymus alatus within
a suburban forest understory in New Jersey, USA, in unfenced plots and plots fenced for 5.3 years. We did
untargeted metabolomics by sampling leaves from three plants of each species per 6-7 fenced and unfenced
plots, conducting chloroform-methanol extractions followed by LC-MS/MS, and conducting statistical anal-
ysis on Metaboanalyst. We also scored each species for deer browse frequency over eight years, and compared
their heights and percent cover between unfenced and fenced plots. The analysis identified 2,333 metabolites.
The global metabolome diverged significantly between fenced and unfenced plots pooled across species, but
for individual species only N. sylvatica exhibited a significant fencing effect. Nyssa sylvatica was one of the
most browsed species and was the only one with both greater cover and height in fenced plots, suggesting
greater susceptibility to deer browsing. The metabolites most responsible for the fenced/unfenced diver-
gence also were affected by the species-fencing combination, with increases in certain species but decreases
in others. The most significant metabolites that were upregulated in fenced plants include some involved
in defense-related metabolic pathways, e.g. monoterpenoid biosynthesis. Further study of more species in
multiple sites is needed to learn how common metabolomic responses to deer are among forest species, how
the intensity of deer pressure influences the responses, which types of metabolites are most affected, and if
there are ecological consequences at the physiological, population, and/or community levels.

Key words: ecometabolomics, white-tailed deer, browse pressure, invasive plants, suburban forests

1 | Introduction

Suburban landscapes consist of a mix of human-created infrastructure and fragmented natural communities.
In the temperate deciduous forest biome of northeastern North America, small forest stands are common
components of the many parks, preserves, and private holdings in suburban areas. In conjunction with the
lawns and fields that also commonly occur in suburbia, this landscape provides ideal habitat for white-tailed
deer (Odocoileus virginianus ) . Hunting is very limited in suburbia; consequently, deer densities can be
extremely high . The influence of high deer pressure on suburban forest species is of particular interest
because of the huge extent of urbanizing landscapes; suburban forests now contain a large share of many
regions’ biodiversity .

Many consequences of very high deer densities for forest plants and their natural communities are well
documented. For example, herbivory by deer causes tissue loss that can lead to increased mortality rates or
decreased reproduction; they may eat entire plants in the form of seedlings or seeds like oak acorns; seedlings
can be trampled by deer, and deer can otherwise disturb the forest floor as they move across it and bed down
at night (reviewed in . These effects vary with the level of deer browse pressure and among plant species
. In very severely browsed forests, there may be extremely low abundance of any plants below the browse
line, which increases sunlight penetration and recruitment opportunities for less shade tolerant plants, and
has a cascade of other indirect effects in the forest community . Defense and stress responses of long-lived,
woody plant species also are likely to be strongly affected by high deer browse pressure, but this possibility
has not been well studied. Here, we compared the metabolomic profiles of indigenous and nonindigenous
woody species that had been exposed to or protected from deer in a forest community in suburban New
Jersey, USA.

Woody plants have characteristics particularly attractive and vulnerable to deer. They are chronically
exposed to repeated browsing, they have green foliage throughout the growing season or even year-round for
evergreens, and their buds provide highly nutritious forage throughout the winter. Thus, high deer browse
pressure is associated with depletion of the woody component of forest understories .

Not surprisingly, woody species invest in various mechanical and chemical defenses that deter browsing . Deer
browse has been demonstrated to be greater when defense levels are lower , and induced defense responses
can occur within individuals in response to deer browse . Additionally, the physiological costs of producing
defenses against browse can affect plant fitness , resulting in evolutionary responses at the population level

2
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over time . In some instances, on the other hand, plant chemical defense may be unaffected by deer browse or
may even decrease . In suburban forests, where deer browse pressure is particularly high, effects on chemical
defenses of long-lived woody plants are likely strong and, as demonstrated for the more commonly studied
woody plant defenses against insect herbivory , defenses against deer browse could also influence allocation
of resources to plant growth and reproduction .

Advances in metabolomic research have increasingly enabled investigation of metabolome-wide responses of
plants to stressors , with growing application of metabolomics to plants in natural ecological communities
. There has been limited ecometabolomic research on woody plants so far, but the studies have been wide-
ranging, including investigations of abiotic drivers of population or species variation in plant chemistry , the
role of plant defenses in phylogenetic diversification , metabolomic niche differentiation among sympatric
tropical species , ontological variation in foliar chemistry , and disease resistance . However, there has been
very little attention paid to plant metabolomics associated with deer herbivory, with just one study, showing
that white-tailed deer browse less frequently on nonindigenous invasive plants that are chemically dissimilar
to indigenous plants in the community .

Significant quantitative and qualitative variations are commonly observed in defense responses of different
plant species; the final defense phenotypes result from genetic factors and/or environmental (light, nutrient
availability, geography, etc.) gradients . Additionally, the type of defense strategy that a plant species
employs is optimized by the severity of herbivore pressure and the feeding mode of the attacking herbivore
(chewing herbivores vs piercing-sucking herbivores) , as well as the plant’s mode of growth; i.e. annuals
versus perennials or fast-growing versus slow-growing species . Therefore, variation among species’ chemical
defense responses to abundant deer is expected, and could have important consequences for forest community
structure. Species that are less preferred or even avoided by deer altogether may have an ecological advantage
beyond avoidance of tissue loss. Many secondary metabolites, especially those rich in nitrogen, are costly
for plants to produce , so if upregulation of defense-related chemistry is a consequence of heavy, chronic deer
browsing, browsed plants could experience added stress. If severe enough, these metabolic costs could con-
tribute to shifts in species dominance within the community. Since some nonindigenous invasive plant species
are less preferred by deer compared to indigenous species , it is even possible that costly, metabolome-wide
responses to deer in browsed plants could facilitate invasion by nonindigenous plant species that deer avoid.
Indeed, deer are acknowledged as invasion facilitators in some cases , but the possible role of metabolomic
responses to deer in this facilitation has not been considered until recently . Despite the multiple hypotheses
put forward to explain the variability in defense phenotypes in plant communities and the growth-defense
tradeoff , studies that compare the global metabolomic responses and/or constitutive/induced defense re-
sponses of indigenous and nonindigenous species are lacking.

A first step in addressing the consequences for plant communities of metabolome-wide responses to high
deer pressure is to document the metabolomic profiles of a variety of species in a community. In our study,
we tested four long-lived, woody or semi-woody species that occur in one forest preserve, both in plots
that had been fenced for over five years to exclude deer and in plots that were open to deer. Two species
are indigenous (Nyssa sylvatica and Lindera benzoin ), and two are nonindigenous, invasive species (Rosa
multiflora andEuonymus alatus ). The forest is situated in a suburban landscape (more information given in
the Materials and Methods section) with very high deer density, and all four species experience deer browse,
but at different rates.

We predicted that fenced and unfenced plants would differ in their global metabolite profiles and signaling
pathways involved in defense. We also expected that the metabolomic divergence between fenced and
unfenced plants would be more pronounced for species that are more highly preferred and affected by deer.

2 | Materials and methods

2.1 | Plant species and deer browse

The four species included in this study were the indigenous treeNyssa sylvatica Marshall, the indigenous
shrub Lindera benzoin L. Blume, the nonindigenous, invasive shrub Euonymus alatus (Thunb.) Siebold,
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and the nonindigenous, invasive semi-woody shrub Rosa multiflora Thunb. We selected them based on four
criteria. First, they were sufficiently abundant in the understory to provide a sample of individuals in both
fenced and unfenced plots. Second, they included a mix of indigenous and nonindigenous, invasive species,
since both types are common in suburban forests and comparisons of their ecologies is relevant to a broader
understanding of plant invasions. Both invasive species are of conservation concern . Third, they include
both a tree species and shrubs. The ecological success of both groups is essential for maintaining the physical
layers of forest structure and food sources that support a diversity of other forest species . Fourth, the four
species were all vulnerable to deer browse, but at somewhat different rates.

Deer browse rates for each species were measured on unfenced and fenced plants in the summer of 2018,
the season when we sampled the leaves for metabolomic analysis, and over multiple seasons from 2012-2019,
including one fall, two winters, and seven summers. The rates were calculated in each plot by inspecting all
individuals of the species in an L-shaped, 0.5 x 7.5 m belt transect that followed two edges of the plot, and
recording the presence or absence of the distinctive, tell-tale signs of deer browse: bitten, shredded twig tips
. Any browse signs inside the fences should be considered as the error rate of falsely assigning a damaged
twig tip to deer browse when it was due to some other cause. For the browse rates presented for the species
in this study, the fenced rate on the species was subtracted from its unfenced rate. The browse rates were
compared among species for the summer 2018 rates and the rates pooled across years, using G-tests for
overall heterogeneity among the species along with pairwise tests with a Bonferroni correction for multiple
tests on the same data set. G-tests were done in R v 4.1.2 , with the G.test function in the RVAideMemoire
package.

2.2 | Study site and plots

The study was conducted in Herrontown Woods Preserve, in Princeton Township in suburban central New
Jersey, USA (40.3792, -74.6469). The study site extends 20-45 m from the nearest forest edge, is 0.3 km to
the nearest housing community, and is 3.3 km to a town center, Princeton Borough. A recent aerial, infrared
drone survey in the region estimated deer density ranging from 35-39 deer/km2 . The preserve is a 136 ha,
second-growth, deciduous forest stand estimated to be at least 150 years old, based on tree ring analysis of the
cohort of largest trees in the study site (unpublished data). The most abundant tree species (in descending
order) are Liriodendron tulipifera ,Fraxinus pennsylvanica , Nyssa sylvatica , Caryaspp., Quercus rubra ,
and Liquidambar styraciflua . Permanent plots are 4 x 4 m, and those designated for deer exclosure were
surrounded since spring 2013 by 5 x 5 m of 2.3 m tall, black plastic fencing with a 4 x 4.5 cm mesh (obtained
from deerbusters.com). This type of fencing does not alter light or wind . The fences were staked to the
ground, but had three 10 x 30 cm gaps cut at ground level on each side to allow entry by small animals
such as rabbits and voles, to ensure that the only excluded vertebrate herbivores were deer. The fences did
prevent deer access; the rate of deer browse signs (measured as described above) on all woody species in
unfenced plots in this forest was 9.7% (N = 6675 observations), compared to 0.5% (N = 5899) inside fences.

2.3 | Leaf sampling

For each species, we sampled foliage from three juvenile plants in each of six or seven fenced plots and six or
seven unfenced plots (six if there were not seven with a sufficient number of plants). In an attempt to limit
variation in plant age, we selected individuals that were within the middle 50% of the range of heights for
that species in open plots or in fenced plots, based on measurements from fall 2017 in 4 x 1 m belt transects
in all plots in the forest. Within the size range, we selected plants with the least amount of visible insect
damage. On 26 July 2018, we identified and marked the plants to be sampled and then completed the entire
foliage collection the next day, on 27 July. We alternated collection between fenced and unfenced plots, and
all collection was completed for one species before proceeding to the next. The youngest fully expanded leaf
was collected from the plot’s three plants simultaneously, by having three people work together. The three
leaves were combined, formed into a single pellet, wrapped in foil and submerged into liquid nitrogen within
30 sec of collection. They were transferred directly into a -80 C freezer within 2 hr of collection, and 4 days
later shipped overnight on dry ice to the Boyce Thompson Institute for metabolite extraction and analysis.
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. 2.4 | Extraction and analysis of metabolites

Leaf samples were ground into fine powder in liquid nitrogen using mortar and pestle. Two hundred mil-
ligrams of the fine powder were transferred into pre-chilled microcentrifuge tubes that contain two metal
beads and homogenized in 1 mL ice-cold extraction buffer (1: 2: 1 chloroform : methanol : water; v/v) for
2 min. The homogenized samples were vortexed for 20 min at 4 oC and centrifuged for 20 min at 15,000 g.
Then, 750 μL of the clear supernatants were transferred into new microcentrifuge tubes and dried under vac-
uum at room temperature. After adding 100 μL 70% methanol (in water; v/v), the tubes were vortexed for
10 min, centrifuged for 10 min at 15,000 g, and 5 μL of the clean supernatants were analyzed on Q-exactive
liquid chromatography-tandem mass spectrometer (LC-MS/MS; Thermo Scientific) in negative ionization
mode.

2.5 | Pre-processing of mass spectrometric data and statistical analysis

Raw mass spectrometric data from the LC-MS/MS were converted to mzXML format using the MSConvert
tool (Version 3.0) of the open-source ProteoWizard software (http://proteowizard.sourceforge.net/ ). Peak
peaking, retention time correction and peak grouping were performed using the XCMS package in the R sta-
tistical programing language. After annotating the isotopes and adducts using the CAMERA package , the
filtered peak lists were normalized by the mass of the leaves used for metabolite extraction. The peak lists
were imported to the metaboanalyst platform (https://www.metaboanalyst.ca/ ), filtered using inter-quantile
range (IQR) to remove metabolite features that do not provide useful information (e.g. metabolites whose
concentrations are close to the background noise, that are constant in all samples and/or have low repeata-
bility), normalized by the median, and log-transformed and scaled to undertake statistical comparison.

Principal component analysis (PCA) was conducted using the normalized peak areas to assess the overall
relationship of the samples in an unsupervised manner. To identify the 15 top metabolite features that
accumulate significantly differently among the plant species and/or treatments, we conducted partial least
squares-discriminant analysis (PLS-DA). We also conducted hierarchical cluster analysis (HCA) to iden-
tify the top 25 significant metabolite features and followed that with Pearson correlation to find out the
relatedness of these samples. To probe and visualize the metabolite-based relationship of the samples, we
constructed dendrogram using Ward’s clustering algorithm and Pearson correlation.

2.6 | Putative identification of the significant metabolites

Metabolite features that are unique to each species or are shared among some/all of them were identified
using a Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). To obtain putative predic-
tion of the metabolic pathways that the identified metabolite features are assigned to, we compared the
accurate masses of these features against the annotated metabolite database ofArabidopsis thaliana using
the “Functional Analysis” module and the Gene Set Enrichment Assay (GSEA) tool of MetaboAnalyst
5.0 (https://www.metaboanalyst.ca/MetaboAnalyst/ModuleView.xhtml). Using these predictions, we com-
pared the metabolic pathways that are shared by some/all of the species or are unique to each.

2.7 | Measurements of the effect of deer exclosure on plant percent cover and height

Percent cover and maximum height of the four species were measured in fall 2019, after 6.5 years of the
fencing or no-fencing treatment. Percent cover was estimated in each of the sixteen 0.25 m2 subplots per
plot, formed by blindly tossing a quadrat frame into each 1 m2 section of the 16 m2 plot. Percent cover was
recorded as 0, >0-10%, >10%-20%, etc. The midpoints of the ranges were averaged to provide one cover
score per 16 m2 plot. Maximum height was recorded on all individuals of the species in a 0.5 m x 4 m belt
transect in each plot.

For each species, a one-tailed t-test for the difference between percent cover or mean heights was conducted
using the Analysis Toolpak in Excel 2019.

3 | Results

3.1 | Deer browse rates on the four species
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. Browse rates on unfenced plants scored during the summer of 2018 (from 20 July-20 August) varied slightly
among the species, with the highest rates on N. sylvatica and E. alatus and the lowest onR. multiflora
(Figure 1) , but the difference among the four was not statistically significant (G = 1.1, df = 3, P = 0.8).
Deer browse can be patchy, so any one sample in a season may be rather idiosyncratic, whereas browse
measured over multiple seasons offers a fuller picture of deer preference. The overall browse rates based on
the scores pooled from 2012 through 2019 displayed significant differences among the four species (G = 22,
df = 3, P < 0.0001). Bonferroni-corrected pairwise tests indicated that the indigenous species L. benzoin
had significantly greater browse rates than the nonindigenous invasive species E. alatus (P = 0.0006) andR.
multiflora (P = 0.004). The indigenous species N. sylvatica also was significantly more browsed than E.
alatus (P = 0.02) and was somewhat less browsed than R. multiflora (P = 0.06). The two indigenous species
were browsed at similar rates, as were the two nonindigenous species (Figure 1) .

3.2 | Metabolomic comparison of the four species in fenced and unfenced conditions.

To compare the global metabolome of the four species under fenced and unfenced conditions, we conducted
untargeted metabolomic analysis, which resulted in the identification of 2,333 metabolite features. A signif-
icant portion (84.3%) of these metabolite features were unique to each species: 950 metabolites in E. alatus
(19.99%), 1,190 metabolites in R. multiflora (25.04%), 849 metabolites inN. sylvatica (17.87%) and 1,017
metabolites in L. benzoin(21.40%). While some metabolites were shared by two or more species (Appendix
Table 1 ), only 27 metabolite features (1.1%) were commonly found in all the four species (Figure 2A ).
Principal component analysis (PCA) conducted to assess the overall relatedness of the samples with respect
to the 2,333 metabolite features generated four distinct clusters, each cluster corresponding to a species; the
first two principal components PC1 and PC2 explained 25.4% and 23% of the total variability among the
samples, respectively (Figure 2B ). The same pattern of relatedness among the samples is also observed on
the dendrogram constructed using Pearson correlation and Ward’s clustering algorithm. The dendrogram
grouped the two nonindigenous species (R. multiflora and E. alatus ) in the same clade, indicating that
the nonindigenous species are the closest to each other with respect to their metabolite profiles. For most
species, samples collected from the fenced (indicated by red color) and unfenced (indicated by green color)
plants did not form distinct subclades on the dendrogram; however, N. sylvatica samples were grouped into
two distinct subclades that correspond with the presence/absence of fence (Figure 2C ).

Using the metabolite features, we conducted functional analysis, which putatively assigned the metabolite
features to 61 metabolic pathways; 14 (22.9%) of these metabolic pathways were found in all the four species
while a few were shared by two or three species. Among the pairwise comparisons, the two indigenous species
(L. benzoin and N. sylvatica ) shared the largest numbers of predicted metabolic pathways (30 metabolic
pathways, 49.2%) (Figure 2D ). The complete list of predicted metabolic pathways that are unique to each
species or shared among any of them is given in Appendix Table 2 .

To identify metabolites that differentiate the samples based on species and/or treatment (fence vs. no
fence), we conducted partial least squares-discriminant analysis (PLS-DA), which resulted in two main
clusters corresponding to treatment (presence or absence of fence) and four subclusters within each of these
clusters that correspond to species (Figure 3A ). The accumulation of the top 15 most important features
that contributed to the separation of the samples into the two main PLS-DA clusters is influenced mainly
by the presence or absence of fences (Figure 3B ). However, close inspection of the relative accumulation
of some of the top metabolite features (m/z: 149.0597; 176.8251; 188.0995; 215.0810 and 187.0967) indicates
that their abundance was influenced both by species and/or treatment (Figure 3C ).

Among the four species and fencing treatments, the accumulation of metabolite 1 (m/z = 149.0597) was
significantly lower in fenced N. sylvatica and fenced and unfenced L. benzoin plants (P < 0.05; Tukey HSD).
Within species, we observed no significant differences in the accumulation of this metabolite between the
fenced and unfenced samples for R. multiflora , L. benzoin andE. alatus , but unfenced N. sylvatica accumu-
lated significantly more of this metabolite (P = 0.03; ANOVA). Fenced N. sylvatica plants also accumulated
significantly lower (P < 0.05; Tukey HSD) amount of metabolite 2 (m/z = 176.8251) than the other species,
while unfenced L. benzoin samples had significantly more (P < 0.05; Tukey HSD). Comparing fenced and
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. unfenced plants within species, we found that the accumulation of metabolite 2 increased significantly (P
< 0.05; Tukey HSD) in N. sylvatica andL. benzoin samples from unfenced plots. On the other hand, the
accumulation of metabolite 3 (m/z = 188.0995) did not vary much among or within the species in both
fenced and unfenced conditions. The exception was N. sylvatica , which, under fenced conditions, accumu-
lated a significantly lower amount than all other species except for unfencedL. benzoin (P < 0.05; Tukey
HSD). With respect to metabolite 4 (m/z = 215.0995), fenced N. sylvatica , L. benzoin and E. alatus plants
accumulated significantly lower amounts compared to R. multiflora (P < 0.05; Tukey HSD), whereas in
unfenced conditions, L. benzoin and E. alatus accumulated significantly lower amounts (P < 0.05; Tukey
HSD). Within species, comparison of fenced and unfenced samples revealed a difference only for N. sylvatica
, with significantly more metabolite 4 in the unfenced plants (P < 0.05; Tukey HSD). Unfenced R. multi-
flora , N. sylvatica , and E. alatus plants accumulated significantly lower amounts of metabolite 5 (m/z =
187.0967) compared to L. benzoin (P < 0.05; Tukey HSD). Under unfenced conditions, the accumulation
of this metabolite feature was not significantly different among R. multiflora , N. sylvatica and E. alatus ,
but L. benzoin plants accumulated significantly more of this metabolite (P < 0.05; Tukey HSD). Comparing
fenced and unfenced plants within species, we observed that unfenced R. multiflora , N. sylvatica and E.
alatus plants had significantly reduced accumulation of metabolite 5 (P < 0.05; Tukey HSD) (Figure 3C ).

3.3 | Metabolomic comparison of fenced and unfencedN. sylvatica plants

Comparison of the global metabolome of fenced and unfenced N. sylvatica plants resulted in the identification
of 1,025 metabolite features. To assess the overall metabolomic accumulation pattern of the samples from
the fenced and open areas, PCA was conducted using the 1025 metabolite features, which clustered the N.
sylvatica samples into two separate groups that correspond with the treatment (presence or absence of fence);
the first two principal components (PC1 and PC2) explained 47.5% of the total variability (Figure 4A ). The
top 15 metabolite features that contributed to the separation of the samples into the two distinct clusters
were identified using PLS-DA (Figure 4B ), and their accumulation pattern varied based on treatment
(fence or no fence) (Figure 4C ). Hierarchical cluster analysis (HCA) was conducted to identify the 25
top significant metabolite features and to cluster the samples based on the top features (Figure 4D ).
The PLS-DA (Figure 4C ) and HCA (Figure 4D ) analyses identified similar metabolite features whose
accumulation patterns were consistent with the presence/absence of fences (Figure 4D ).

We obtained putative prediction on the chemical identity of the 1,025 metabolites and their associated
metabolic pathways using the GSEA functional analysis tool. Among the identified metabolic pathways
are the pentose phosphate pathway (P = 0.01), starch and sucrose metabolism (P = 0.02), pyrimidine
metabolism (P = 0.054), cyanoamino acid metabolism (P = 0.054), riboflavin metabolism (P = 0.054) and
monoterpenoid biosynthesis (P = 0.058) (Appendix Table 3 ).

Out of the identified metabolic pathways, the monoterpenoid biosynthetic pathway produces metabolites
that mediate indirect defenses in many plant species , while the cyanoamino acid pathway is implicated in
detoxification .

3.4 | Metabolomic comparison of fenced and unfencedL. benzoin plants

We identified 1,225 metabolite features in all L. benzoin samples by conducting untargeted metabolomics
analysis. PCA did not indicate clear treatment- or species-based subgrouping of the samples (Figure 5A ).
Hence, we followed a supervised approach (PLS-DA and HCA) to probe for metabolites that varied among
the samples based on treatment (fence vs no fence) (Figure 5B , D ). Both methods (PLS-DA and HCA)
identified similar significant metabolite features with similar patterns of accumulation between the fenced
and unfenced plots (Figure 5C, D ).

We used the metabolite features that we identified to obtain putative prediction of the chemical identities
of the 1,225 metabolite features and the metabolic pathways that they are assigned to using the GSEA
functional analysis tool. Our analysis identified glyoxylate and dicarboxylate metabolism (P = 0.01) and
pentose phosphate pathway (P = 0.02) as significantly overrepresented pathways (Appendix Table 4 ).
The glyoxylate and dicarboxylate pathway is not involved in plant defense directly; however, the possible
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. role of the pentose phosphate pathway in pathogen defense has been shown in Arabidopsis thaliana . .

3.5 | Metabolomic comparison of fenced and unfencedR. multiflora plants

We conducted untargeted metabolomics analysis on all R. multiflora samples and identified 1,350 metabolite
features. Even though the samples tend to separate from each other on the PCA plot based on treatment
(fence vs no fence), the PCA did not group the samples into distinct clusters (Figure 6A ). To inspect the
treatment-based differences in the metabolite profile of the plants, we conducted PLS-DA (Figure 6B )
and identified the top 15 features that varied significantly across the treatments (Figure 6C ). We followed
this analysis with HCA to obtain a filtered set of 25 metabolites that consistently and significantly varied
between the fence and no fence samples. The heatmap generated from the HCA analysis indicates that the
top 25 metabolites clearly differentiate the fence and no fence samples (Figure 6D ). The GSEA tool in
Metaboanalyst was used to identify some putative metabolic pathways that the metabolomic features are
associated with, including the pentose phosphate pathway (P = 0.04) and carbon fixation in photosynthetic
organisms (P = 0.04) (Appendix Table 5 ); though carbon fixation is not directly related with plant
defense, the pentose phosphate pathway is implicated with stress responses in plants .

3.6 | Metabolomic comparison of fenced and unfencedE. alatus plants

We identified 1,153 metabolite features from the untargeted metabolomic analysis of all E. alatus plants.
The PCA that we conducted using these features did not produce clearly distinct clusters based on treatment
(Figure 7A ). Using PLS-DA, we identified the top 15 metabolite features that separate these samples into
two groups based on treatment (Figure 7 B, C ). Similarly, the HCA identified the top 25 significant
metabolite features that differed significantly among whole group and whose accumulation pattern clustered
the 12 samples into two nearly distinct groups: fenced and unfenced (Figure 7D ). Among the top metabolic
pathways predicted by the GSEA are glutathione metabolism (P = 0.02), pentose phosphate pathway (P
= 0.04), and alanine, aspartate and glutamate metabolism (P = 0.04) (Appendix Table 6 ). All of
the significantly overrepresented pathways are involved in stress response and/or detoxification of defensive
related metabolites .

3.7 | Percent cover and height of the four woody tree species in fenced and unfenced plots

After 5.3 years of fencing, three species increased in percent cover and/or maximum height in fenced compared
to unfenced plots. Nyssa sylvatica , the indigenous tree species, had significantly greater cover (P<0.01)
and height (P<0.0001) in fenced plots. The indigenous shrub L. benzoin had greater height in fenced plots
(P<0.05) and a trend of greater cover, and the nonindigenous, invasive shrub E. alatus had greater cover
in fenced plots (P<0.05). In contrast, the nonindigenous, invasive shrubR. multiflora had greater maximum
height in unfenced plots, compared to the plots that had been fenced for 5.3 years (P<0.01) (Figure 8) .

Discussion

In this study, we investigated how long-term protection from herbivory by overabundant white-tailed deer
affected the metabolomic profiles of long-lived woody or semi-woody plant species in a suburban forest
understory. Furthermore, by studying two indigenous and two nonindigenous, invasive plant species that are
subject to different deer preferences, we could consider how metabolomic responses to deer browse may affect
the ecology of invasion in suburban forests. Below, in light of the results, we discuss our hypotheses that 1)
the metabolomic profiles of fenced and unfenced plants diverge, and 2) this divergence is more pronounced
for species most affected by deer in our site. First, we discuss the overall metabolomic variation among the
species.

We studied four diverse species, including the indigenous tree speciesN. sylvatica , the indigenous shrub
L. benzoin , the nonindigenous shrub E. alatus , and the nonindigenous semi-woody shrub R. multiflora
. All four species are potentially subject to severe negative effects from deer herbivory; they are all long-
lived and are therefore exposed to chronic deer browse in from overabundant deer while growing in the deer
browse zone. Their shared understory forest environment has very limited light , so losing photosynthetic
tissue to deer herbivory can be a serious problem for any of these species. Although the four species
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. share these morphological and ecological similarities, they are rather distant phylogenetically. All belong to
different plant Orders (Figure 9 ), which could impose metabolomic variation among them based solely on
genetic distance . Additionally, they possess some distinct chemical or morphological features that could
affect their metabolomes. Lindera benzoin is notably chemically defended , with very aromatic foliage, R.
multiflora is defended with large prickles, and E. alatusproduces tough, corky protrusions from its branches.
In contrast,N. sylvatica possesses none of these features. Given this diversity, it was not surprising that
the four species’ metabolomes were quite distinct, with only 1.1% of the 2,333 detected metabolite features
shared among them, and just 23% of the putative metabolic pathways shared among all four species (Figure
2A, D ).

The dendrogram based on all metabolites produced four distinct clusters for the four species, but the two
nonindigenous species, E. alatus and R. multiflora , clustered together (Figure 2C ). In a recent study
in eastern US forests, demonstrated metabolomic divergence between a large group of indigenous and non-
indigenous species in the same plant community, along with evidence for greater regional invasion frequency
in nonindigenous species with greater chemical novelty. In our case, with just two indigenous and two
nonindigenous species, it is not possible to confidently attribute the clustering to their indigenous status,
although our result is consistent with Sedio et al’s observation. Also, E. alatus and R. multiflora happen
to be more closely related phylogenetically than are the two indigenous species we studied (Figure 9 );
so their greater metabolomic similarity could be due simply to genetic relatedness rather than some sim-
ilar physiology related to being successful invasive species. We also note that the two indigenous species,
N. sylvatica and L. benzoin , shared the largest number of putative metabolic pathways that the detected
metabolites may be part of, possibly suggesting greater similarity in their physiological ecologies. While
variation among the four species based on the metabolite features is quite clear, any prediction that diver-
gence in these metabolites indicates differences in the pathways is rather speculative, since the connection
from metabolites to pathways is based on the only knowledge available at this point, which is from the model
plant Arabidopsis thaliana . We must be very cautious when applying such evidence to quite different species
and contexts , such as woody species in a forest understory.

Even given the differences among the species enumerated above, we had predicted that their shared suburban
forest understory environment, with its overabundance of deer, would lead to an across-the-board divergence
of the plants’ metabolomes in fenced versus unfenced plots. In support of this hypothesis, we did indeed
observe a global divergence (Figure 3A, 3B ). We suspect that the difference was caused mainly by
protection from deer herbivory in the fencing treatment, which is widely considered the common effect of
deer exclosure . However, preventing deer access also may alter other ecological variables that could affect
plant stress and influence a plants’ metabolome, i.e. trampling of plants; soil compaction and therefore more
difficult root penetration that negatively affects the soil microbial community and/or access to soil water and
nutrients; elimination of deer fecal deposition, thereby altering soil nutrients; and release from herbivory for
the entire plant community, creating increased competition with other plants . An important aim of ongoing
research in deer-related plant ecometabolomics will be to disentangle all of these possible effects of deer on
plant metabolomes in natural communities.

The overall divergence in the metabolomes of fenced and unfenced plants is by no means the entire story;
rather, there were notable distinctions among the species/fencing treatment combinations in metabolites that
were the main drivers of the fenced/unfenced divergence (Figure 3C ). For the top five of these metabolites,
a significant difference between fenced and unfenced samples within a species appeared in just some: N.
sylvatica for metabolites 1, 2, 4, and 5; L. benzoin for metabolites 2 and 3; R. multiflora and E. alatus for
metabolite 5. It should be noted that these were conservative pairwise tests, and the means in Figure 3C
suggest additional marked differences, i.e. metabolite 3 in R. multifloraand N. sylvatica and metabolites 2
and 5 in E. alatus . In any case, the species’ responses to protection from deer were variable for these five
metabolites, and there was variation in whether the five increased or decreased when exposed to deer. For
metabolites 1, 2, and 4, the significant differences were due to greater production in plants exposed to deer,
but for metabolites 3 and 5, plants protected from deer by fencing had greater amounts. These findings on
the top five metabolites responsible for the global fenced/unfenced divergence therefore partially support
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. the idea that metabolites involved in plant defense responses would be downregulated in fenced plots. More
detailed knowledge of these chemicals’ roles in the defense physiology of woody, understory plants is needed
to fully understand why some were upregulated and some downregulated.

The separate analyses on each species provides further insight on the responses of defense-related metabolites
to deer fencing and also enables discussion of our second hypothesis, that the effect of fencing on a plant’s
metabolomic profile is stronger for plant species that are more preferred by deer. Support for this hypothesis
would add credence to the idea that it is herbivory by deer, rather than other fencing-related impacts,
that affects the metabolome. Out of the four species, N. sylvatica stood out as the one with a metabolomic
profile most affected by protection from deer; only for this species did the fenced and unfenced samples clearly
cluster into separate groups on both the PCA based on all of its detected metabolites and in the HCA based
on its top 30 significantly different metabolites (Figure 4 vs. Figures 5, 6, and 7 ). Some of these top
metabolites are putatively involved in pathways that produce intermediate compounds that can be used to
produce defense secondary metabolites, e.g. pentose phosphate pathway and cyanoamino acid metabolism
, or are involved in indirect defenses, e.g. monoterpenoid biosynthesis . Although fencing did not separate
the other three species into distinct treatment-based clusters on the PCA plot, a significant numbers of
metabolite features exhibited significant changes in their accumulation based on fencing treatment (Figures
5D, 6D, and 7D ).

Deer did, indeed, browse N. sylvatica frequently, but the other species also were commonly browsed (Figure
1 ). In the summer of 2018, the same season when the samples were taken, N. sylvaticaand E. alatus were
browsed the most and at very similar rates, but the differences among the four species was not statistically
significant. The browse rates from all observations pooled across all observed individuals from 2012-2019
provides more comprehensive knowledge of deer preference for these four species in the site, and revealed
that the two indigenous species, N. sylvatica andL. benzoin , were preferred over the two non-indigenous
species,E. alatus and R. multiflora . Full support for our second hypothesis would therefore require that both
N. sylvatica andL. benzoin exhibit more divergent metabolomic profiles between the fenced and unfenced
plants than did the less-preferred nonindigenous species, yet such divergence was only clear in N. sylvatica .

There are several aspects of herbivory that our data did not address and which may be key to understanding
the variation among species in their metabolomic responses to protection from deer; these are all worth
further study. First, as in other studies, e.g. , we used the proportion of observed plants with presence
of browse signs as our metric for deer browse. A more fine-grained metric that captures the intensity,
rather than presence, of browsing on a species could be a better predictor of how metabolomes respond to
overabundant deer.

Second, plants are affected by herbivory not just by whether they are attacked, but also by their tolerance
of any herbivory that does occur , and the four species we studied may differ in tolerance. For example,N.
sylvatica is the only tree of the four species we studied, and this plant architecture, with one central stem
and terminal bud, could make its seedlings less tolerant of a deer browse event that removes that bud,
compared to more branched shrub species with more meristems . We may then expect a lack of tolerance to
be correlated with stronger chemical defenses against herbivory , although some recent evidence for this idea
is equivocal or negative ). In any case, variation in tolerance to deer herbivory may correlate to variation in
a species’ metabolomic profile.

Finally, our framework for investigating the effect of deer on the plants’ metabolomes relied on comparing
plants that had been protected from chronic deer herbivory for years (in fenced plots) versus those exposed
to deer (in unfenced plots). Given the overall high browse rates on these species, it was reasonable to
assume that at least some of the exposed plants would have experienced herbivory in the recent past,
leading to metabolomic profiles different from protected plants. However, little is known about the timing
of herbivory-induced metabolite production in long-lived woody plants. While there is evidence that woody
plants maintain increased levels of some induced defense chemicals for months following herbivory , other
studies in herbaceous plants showed that the metabolomic response to herbivory can be very rapid and then
quickly wane . Similarly, the priming of the metabolome caused by an herbivory event, which readies the
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. plant or neighboring plants to rapidly defend against subsequent herbivory, may persist for months in woody
plants, and even throughout the plant life cycle of herbaceous plants, or may last only days .

The four species included in this study exhibited variation in their metabolomes, but also in their ecological
success in response to protection from deer. The connection between these responses is worth consideration.
Nyssa sylvatica was the only species of the four that, in both measures of ecological success, percent cover
and height, showed statistically significantly greater values in fenced vs. unfenced plots after 6.5 years
(Figure 8 ). This suggests that N. sylvatica is particularly vulnerable to deer pressure in this forest. It was
indeed browsed at one of the highest rates, suffering tissue loss, but it also was the one species that showed a
clear metabolomic difference in fenced vs. unfenced plots, with increased production in deer-exposed plants
of potentially costly secondary metabolites that are involved in defense-related pathways. The increased
metabolite production did not appear to protect it from browse relative to the other three species, since it
had among the higher browse rates in unfenced plots. Thus, we may expect this indigenous tree species to
decline under severe, chronic deer herbivory, as in this suburban forest.

In contrast, one of the invasive species, R. multiflora , actually did better in the unfenced plots exposed to
deer pressure, with a significantly greater mean height and a trend of increased cover. Although R. multiflora
was browsed, it had among the lower browse rates and much less difference between metabolites in fenced
vs. unfenced plants. This all suggests that R. multiflora is resistant and/or tolerant of deer browsing and,
under the severe deer pressure in suburban forests, even may gain a competitive advantage over other,
more susceptible species. Thus, we may expect this nonindigenous, invasive species to increase in the plant
community.

It is important to note that species’ responses to deer in a community are specific and likely cannot be
generalized into, for example, indigenous vs. nonindigenous invasive species. Of the other two species, the
indigenous L. benzoin did not show a strong difference among the metabolites in fenced vs. unfenced plants
and exhibited only a weak positive effect on growth when protected from deer in the fences, but it had among
the highest browse rates. The nonindigenous, invasive E. alatus was as highly browsed as the indigenous
N. sylvatica in the summer of 2018, yet like the indigenous L. benzoin , had only a weak positive growth
response to protection from deer, and did not have clear difference in its metabolites in fenced vs unfenced
plants.

This study has set the stage for further research on how severe, chronic deer pressure affects the metabolomes
of long-lived species in forests, with possible consequences for the ecology of communities that are now
composed of a mix of indigenous and nonindigenous species, as in many suburban forests. While our
research clearly indicates that protection from overabundant deer in suburban forests can influence a plants’
metabolome, including affecting metabolites putatively involved in plant defense and stress pathways, it is
only a first step. Needed next are ecometabolomic studies that include quantification of deer preference
and herbivory intensity in various ways, measurements of tolerance to deer herbivory, documentation of the
timing of metabolomic responses to deer herbivory in long-lived plants, and determination of the chemical
identities of significant metabolite features.
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Appendix Table 1. Metabolite features that are shared by two or more species.

Species Number of metabolites Metabolite features

E. alatus, L. benzoin, N. sylvatica and R. multiflora 27 113.0594; 127.0752; 99.9244; 105.9344; 129.0544; 103.9188; 109.0281; 114.9327; 207.0503; 115.9193; 207.9305; 143.0702; 85.0028; 144.9223; 125.0231; 84.0076; 116.9271; 599.5253; 113.9249; 65.997; 123.9451; 126.0264; 102.9474; 106.9423; 71.0123; 149.9934; 159.8441
E. alatus, N. sylvatica and R. multiflora 14 89.0229; 162.0478; 149.0597; 188.9322; 161.8412; 87.9238; 85.028; 119.9456; 201.9316; 153.0545; 137.0595; 147.0651; 280.9378; 377.1815
E. alatus, L. benzoin and R. multiflora 10 317.9508; 181.0708; 160.841; 163.0601; 326.9025; 197.8072; 162.838; 233.1543; 115.0022; 238.9314
E. alatus, L. benzoin and N. sylvatica 28 646.8527; 190.9276; 454.289; 297.1524; 320.8854; 306.9191; 117.9273; 230.9553; 210.931; 125.023; 196.0244; 138.9056; 423.3251; 120.0554; 452.3207; 131.0337; 153.0546; 335.8901; 637.5853; 239.9026; 194.905; 299.9185; 638.5889; 578.8656; 325.1835; 132.8665; 123.0552; 451.2892
L. benzoin, N. sylvatica and R. multiflora 20 258.9156; 180.8986; 78.9575; 171.0653; 117.0179; 208.9339; 168.8353; 161.0444; 141.0181; 101.0229; 240.0801; 209.9334; 231.9311; 147.9388; 177.9021; 101.9323; 180.0585; 239.0767; 187.9409; 273.8907
E.alatus and R.multiflora 27 121.9427; 489.0854; 198.9355; 600.5289; 242.9432; 187.0967; 157.0859; 293.1757; 196.0535; 86.0313; 199.0958; 99.0073; 375.8276; 169.873; 205.0712; 275.1653; 202.0713; 294.8299; 92.0055; 152.9433; 468.8941; 392.8701; 371.0984; 205.0344; 156.0655; 243.8738; 90.0263
E. alatus and N. sylvatica 28 148.0321; 192.928; 448.0965; 510.8784; 254.9387; 139.0752; 261.1341; 195.0502; 277.0926; 197.0622; 308.9158; 175.3102; 163.8383; 191.9308; 444.8888; 248.9603; 179.0341; 118.9255; 195.905; 376.9024; 447.093; 385.9376; 388.1167; 147.0287; 90.932; 373.1858; 252.9031; 266.1511
E. alatus and L. benzoin 61 138.0548; 228.1602; 222.9189; 100.9322; 72.0157; 80.9153; 166.9233; 582.5265; 146.9375; 374.9055; 462.241; 87.0073; 162.8384; 193.0858; 180.8987; 164.9263; 573.4911; 453.9242; 273.189; 250.0721; 191.0189; 601.5221; 440.8928; 585.1199; 220.0537; 610.5573; 206.0817; 249.9638; 118.0578; 276.1603; 594.8362; 126.0265; 242.9434; 311.1681; 442.8922; 192.0222; 154.9462; 224.0607; 390.9998; 112.7999; 133.0125; 219.0505; 117.0544; 96.9586; 233.8441; 128.8768; 139.0388; 453.2851; 384.9352; 195.8102; 378.9193; 289.1656; 60.0157; 145.0827; 456.2346; 191.4242; 339.1988; 150.9458; 473.2801; 368.2663; 182.8957
N. sylvatica and R. multiflora 28 118.9228; 107.0237; 384.9351; 72.0156; 195.0501; 783.566; 134.0162; 175.0602; 353.0877; 206.0816; 286.9115; 223.0452; 188.0556; 303.8954; 151.06; 276.9916; 219.0504; 633.0701; 179.0551; 293.179; 88.0107; 460.8565; 123.0074; 223.9079; 176.0636; 87.0072; 332.0704; 164.9261
L. benzoin and R. multiflora 25 153.0182; 128.034; 125.0595; 173.9252; 158.0812; 215.0321; 243.947; 316.9477; 145.0127; 474.2834; 225.061; 609.5538; 346.1584; 122.0234; 209.0298; 644.8475; 174.955; 175.8274; 141.9176; 238.0643; 200.0557; 226.0644; 191.9309; 172.0965; 175.3104
L. benzoin and N. sylvatica 27 187.0968; 208.0536; 164.9262; 588.8942; 523.3282; 589.8978; 192.9281; 135.0286; 581.523; 254.9384; 163.039; 254.9389; 142.0497; 175.96; 173.9253; 176.935; 248.8889; 186.0764; 724.8679; 211.0186; 310.9315; 60.9916; 173.081; 218.9454; 572.4976; 309.119; 152.0705

Appendix Table 2 . Unique and shared putative metabolic pathways that are identified by the GSEA
pathway analysis of the MS Peaks to Pathways module of metaboanalyst. Asterisks denote metabolic
pathways involved in defense.

Species
Total number of
metabolites

Predicted metabolic
pathway

E. alatus, L. benzoin, N. sylvatica
and R. multiflora

14 Amino sugar and nucleotide sugar
metabolism Starch and sucrose
metabolism Flavonoid
biosynthesis* Flavone and flavonol
biosynthesis* Phenylpropanoid
biosynthesis* Purine metabolism
Galactose metabolism Ubiquinone
and other terpenoid-quinone
biosynthesis Glucosinolate
biosynthesis* Ascorbate and
aldarate metabolism Cysteine and
methionine metabolism Pentose
phosphate pathway Riboflavin
metabolism Steroid biosynthesis

E. alatus, L. benzoin and R.
multiflora

2 Pantothenate and CoA
biosynthesis Glutathione
metabolism

E. alatus, L. benzoin and N.
sylvatica

3 Glyoxylate and dicarboxylate
metabolism Cyanoamino acid
metabolism Arginine and proline
metabolism
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Species
Total number of
metabolites

Predicted metabolic
pathway

E. alatus, N. sylvatica and R.
multiflora

3 Tyrosine metabolism Arginine
biosynthesis Stilbenoid,
diarylheptanoid and gingerol
biosynthesis

L. benzoin, N. sylvatica and R.
multiflora

4 Glycerolipid metabolism Pentose
and glucuronate interconversions
Carbon fixation in photosynthetic
organisms Terpenoid backbone
biosynthesis*

E. alatus and L. benzoin 4 Porphyrin and chlorophyll
metabolism Citrate cycle (TCA
cycle) Carotenoid biosynthesis
beta-Alanine metabolism

E. alatus and R. multiflora 1 alpha-Linolenic acid

metabolism*

E. alatus and N. sylvatica 2 Phenylalanine, tyrosine and

tryptophan biosynthesis*

Isoquinoline alkaloid biosynthesis
L. benzoin and R. multiflora 2 Zeatin biosynthesis* Sulfur

metabolism
L. benzoin and N. sylvatica 9 Inositol phosphate metabolism

N-Glycan biosynthesis
Phosphonate and phosphinate
metabolism Fructose and
mannose metabolism Pyrimidine
metabolism Glycolysis /
Gluconeogenesis Folate
biosynthesis Phosphatidylinositol
signaling system Glycine, serine
and threonine metabolism

N. sylvatica and R. multiflora 1 Lysine biosynthesis
E. alatus 4 Alanine, aspartate and glutamate

metabolism Glycerophospholipid
metabolism Histidine metabolism
Fatty acid biosynthesis

L. benzoin 4 Vitamin B6 metabolism Caffeine
metabolism Diterpenoid
biosynthesis* Anthocyanin
biosynthesis

R. multiflora 3 Nicotinate and nicotinamide
metabolism
Glycosylphosphatidylinositol
(GPI)-anchor biosynthesis
Thiamine metabolism

19



P
os

te
d

on
A

u
th

or
ea

11
J
an

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

19
06

65
.5

37
62

38
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Species
Total number of
metabolites

Predicted metabolic
pathway

N. sylvatica 5 Selenocompound metabolism
Valine, leucine and isoleucine
degradation Tryptophan
metabolism* Sesquiterpenoid and
triterpenoid biosynthesis*

Monoterpenoid biosynthesis*

Appendix Table 3 . Metabolic pathways identified based on the metabolite features identified for N.
sylvatica using the GSEA pathway analysis of the MS Peaks to Pathways module of metaboanalyst. Asterisks
denote metabolic pathways involved in defense.

Metabolic pathway Pathway Total Hits P val P adj NES EC Hits
Pentose phosphate pathway 5 5 0.0119 0.402 -1.73 EC0004;EC0002
Starch and sucrose metabolism 3 3 0.02941 0.402 1.664 EC0002;EC0009;EC0006;EC0007;EC0004
Pyrimidine metabolism 1 1 0.05455 0.402 1.378 EC0002
Cyanoamino acid metabolism 1 1 0.05455 0.402 1.378 EC0002
Riboflavin metabolism 1 1 0.05455 0.402 1.414 EC0002
Monoterpenoid biosynthesis* 1 1 0.05882 0.402 -1.481 EC0002
Arginine biosynthesis 1 1 0.1273 0.7455 1.308 EC00025;EC00041
Folate biosynthesis 1 1 0.1765 0.8039 -1.367 EC0005;EC00020;EC00035
Lysine biosynthesis 1 1 0.2545 0.8039 1.237 EC00012
Glycine, serine and threonine metabolism 1 1 0.2549 0.8039 -1.253 EC0003;EC00013;EC00022
Glyoxylate and dicarboxylate metabolism 1 1 0.2549 0.8039 -1.253 EC00010
Selenocompound metabolism 1 1 0.2941 0.8039 -1.215 EC0004
Purine metabolism 3 3 0.3529 0.8039 1.033 EC00021;EC0004
Terpenoid backbone biosynthesis* 3 3 0.3676 0.8039 -1.125 EC00036
Phenylpropanoid biosynthesis* 8 8 0.4 0.8039 1.054 EC00014

Appendix Table 4 . Metabolic pathways identified based on the metabolite features identified for L. benzoin
using the GSEA pathway analysis of the MS Peaks to Pathways module of metaboanalyst. Asterisks denote
metabolic pathways involved in defense.

Metabolic pathway Pathway Total Hits P val P adj NES EC Hits
Glyoxylate and dicarboxylate metabolism 2 2 0.01639 0.5854 -1.498 EC0006;EC0002
Pentose phosphate pathway 3 3 0.02857 0.5854 -1.502 EC0005
Glucosinolate biosynthesis 4 4 0.0625 0.5854 -1.509 EC0002;EC0009;EC0006
Vitamin B6 metabolism 1 1 0.06818 0.5854 -1.327 EC0002
Purine metabolism 1 1 0.08333 0.5854 1.314 EC0002
Ascorbate and aldarate metabolism 3 3 0.09375 0.5854 1.478 EC00020;EC0002;EC0003
Pantothenate and CoA biosynthesis 2 2 0.09756 0.5854 1.448 EC0002;EC00012;EC00013
Pyrimidine metabolism 1 1 0.1167 0.6125 1.286 EC00047
Citrate cycle (TCA cycle) 1 1 0.1591 0.6682 -1.266 EC00036
Glycine, serine and threonine metabolism 1 1 0.1591 0.6682 -1.297 EC0001
Steroid biosynthesis 1 1 0.2045 0.7344 -1.236 EC00037
Flavone and flavonol biosynthesis* 4 4 0.225 0.7344 -1.215 EC00010
Glycolysis / Gluconeogenesis 2 2 0.2623 0.7344 -1.154 EC0006
Glycerolipid metabolism 2 2 0.2623 0.7344 -1.154 EC00026;EC00017;EC0006
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. Carbon fixation in photosynthetic organisms 2 2 0.2623 0.7344 -1.154 EC00022

Appendix Table 5. Top 15 metabolic pathways identified based on the metabolite features of R. multiflora
using the GSEA pathway analysis of the MS Peaks to Pathways module of metaboanalyst. Asterisks denote
metabolic pathways involved in defense.

Metabolite pathway Pathway Total Hits P val P adj NES EC Hits
Pentose phosphate pathway 1 1 0.04348 0.5068 -1.348 EC0008
Carbon fixation in photosynthetic organisms 1 1 0.04348 0.5068 -1.378 EC0001
Glucosinolate biosynthesis* 3 3 0.06757 0.5068 -1.502 EC0004;EC0001
Pentose and glucuronate interconversions 1 1 0.125 0.5068 1.306 EC0001;EC00016
Glycerolipid metabolism 1 1 0.125 0.5068 1.306 EC00046
Nicotinate and nicotinamide metabolism 1 1 0.125 0.5068 1.277 EC00039;EC00027;EC00033;EC00037
Zeatin biosynthesis* 1 1 0.125 0.5068 1.306 EC00012
Ascorbate and aldarate metabolism 2 2 0.1351 0.5068 1.49 EC00011;EC00013;EC00025;EC00034
Glutathione metabolism 1 1 0.1739 0.5797 -1.256 EC00019
Arginine biosynthesis 1 1 0.1964 0.5893 1.219 EC00014
Steroid biosynthesis 1 1 0.2174 0.5929 -1.225 EC00026
Galactose metabolism 2 2 0.2424 0.6061 -1.167 EC0005
Lysine biosynthesis 1 1 0.3036 0.7005 1.161 EC0004;EC00015;EC0001
Sulfur metabolism 2 2 0.4394 0.8696 -1.037 EC00030;EC0001;EC00024;EC0002;EC0006
Thiamine metabolism 1 1 0.4821 0.8696 1.045 EC0001

Appendix Table 6. Top 15 metabolic pathways identified based on the metabolite features identified for E.
alatus using the GSEA pathway analysis of the MS Peaks to Pathways module of metaboanalyst. Asterisks
denote metabolic pathways involved in defense.

Metabolic pathway Pathway Total Hits P val P adj NES EC Hits
Glutathione metabolism 1 1 0.02041 0.4286 -1.358 EC0004;EC0008
Pentose phosphate pathway 1 1 0.04082 0.4286 -1.268 EC0005
Alanine, aspartate and glutamate metabolism 1 1 0.04082 0.4286 -1.298 EC00021;EC00010;EC0002;EC00032
Ascorbate and aldarate metabolism 2 2 0.07042 0.4286 -1.376 EC0008;EC00014
Porphyrin and chlorophyll metabolism 1 1 0.07407 0.4286 1.294 EC00020
Isoquinoline alkaloid biosynthesis 2 2 0.09859 0.4286 -1.315 EC00047
Glucosinolate biosynthesis 2 2 0.09859 0.4286 -1.312 EC00018;EC00040
Tyrosine metabolism 3 3 0.1039 0.4286 -1.279 EC00013
Steroid biosynthesis 1 1 0.1224 0.449 -1.238 EC00030;EC00011;EC00035
Starch and sucrose metabolism 2 2 0.1613 0.5233 1.277 EC0006
Flavone and flavonol biosynthesis* 6 6 0.1744 0.5233 -1.316 EC00024
Arginine biosynthesis 1 1 0.2222 0.5577 1.182 EC00037
Glycerophospholipid metabolism 1 1 0.2222 0.5577 1.21 EC00030
Citrate cycle (TCA cycle) 2 2 0.2535 0.5577 -1.17 EC00017;EC00018;EC0009
Glyoxylate and dicarboxylate metabolism 2 2 0.2535 0.5577 -1.17 EC00018

Figure Captions

Figure 1. Proportion of sampled unfenced plants with deer browse signs in the understory of a central
New Jersey suburban forest, Herrontown Woods Preserve. LIBE, Lindera benzoin ; NYSY, Nyssa sylvatica
; EUAL, Euonymus alatus ; ROMU, Rosa multifloraNumber of sampled plants from right to left: LIBE,
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. 30, 476; NYSY, 29, 308; EUAL, 80, 743; ROMU, 55, 492. G-tests for heterogeneity indicated a significant
difference among species only for the pooled 2012-2019 data; different letters indicate species that were
significantly different (P< 0.02) in pairwise tests.

Figure 2. Comparison of the metabolite profiles of the tree species in the fenced and unfenced plots. A) The
number of common and unique metabolite features identified for the four woody tree species is depicted in
the Venn diagram. B) Principal component analysis (PCA) depicts the clustering of all the samples based on
species. C) Dendrogram displays the relationship of the samples based on genotype and presence or absence
of fences. D) Common and unique metabolic pathways predicted based on the differentially accumulating
metabolites.

Figure 3. Identification of metabolites that accumulate differentially in the four species following the treat-
ment gradient. A) Partial least squares discriminant analysis (PLS-DA) separates the samples into eight
distinct groups corresponding to species and containment in fence or unfenced plots. B) Important features
that contributed to the PLS-DA based separation of the samples are depicted with their pattern of accu-
mulation shown by the color code. C) Normalized concentrations (mean+ SE) of the top five metabolite
features identified by PLS-DA. Different letters indicate statistically significant differences (ANOVA and
Tukey’s HSD).

Figure 4. Untargeted metabolomic analysis of N. sylvatica samples from fenced and open plots. A) Principal
component analysis (PCA) grouped the samples into two clusters that correspond with the fencing treatment.
B) PLS-DA clustering identified two distinct groups based on treatment. C) The top 15 metabolite features
that contributed to the separation of the samples into two clusters on the PLS-DA plot and their relative
abundances is shown. D) Hierarchical cluster analysis (HCA) computed based on the top 30 significantly
different metabolite features groups the samples into two groups.

Figure 5. Metabolomic comparison of fenced and unfenced L. benzoin samples. A) PCA plot demonstrates
the metabolite-based relationship of the fenced and unfenced L. benzoin samples. B) PLS-DA plot clusters
L. benzoin samples into two groups based on significant features. C) The top 15 metabolite features that
are responsible for the PLS-DA grouping of the samples and their relative abundances in fenced and un-
fenced plants is displayed. D) Pearson Correlation and HCA identified the top 25 metabolites that varied
significantly among the samples and clustered the sampled into groups based on these features.

Figure 6. Untargeted metabolomic analysis of R. multiflora under fenced and unfenced plots. A) PCA plot
displays the similarities and differences of R. multiflora samples based on the identified metabolite features.
B) PLS-DA identifies two clusters that correspond to treatments. C) Important features that differentiate
the samples into fenced and unfenced groups. D) HCA displays the top 25 significantly different metabolites
and their relative abundances among the R. multiflora samples.

Figure 7. Comparative metabolomic analysis of E. alatus samples from fenced and open plots. A) PCA
indicates no treatment-based clustering of the samples. B) PLS-DA clusters the E. alatussamples into
two treatment-related groups. C) Fifteen of the top most important features were identified by PLS-DA
analysis and their relative abundances in fenced and unfenced plots are shown. D) HCA depicts the relative
concentrations of the top 25 metabolite features that differed among the fenced and unfenced samples
significantly.

Figure 8. Means + 95% CL of percent cover and height of four woody and semi-woody species in the
understory of a central New Jersey suburban forest, Herrontown Woods Preserve, in fall 2019. Fenced plots
had excluded deer since spring 2013. LIBE, Lindera benzoin ; NYSY,Nyssa sylvatica ; EUAL, Euonymus
alatus ; ROMU, Rosa multiflora . Top, N fenced = 18, N not fenced = 20. Bottom, N from left to right:
23, 41, 14, 5, 65, 18, 11, 17. * P<0.05, **P<0.01, ****P<0.0001, from one-tailed t-tests between fenced and
no-fenced values for each species.

Figure 9. Phylogenetic relatedness of the four species included in the study. Species Order classifications are
from the Integrated Taxonomic Information System (http://www.itis.gov), and the Order-level tree is from
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. the Angiosperm Phylogeny Website (http://www.mobot.org/MOBOT/research/APweb/).
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