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Abstract
Purpose Beneficial soil microbes, such as rhizobia,
engage in facultative symbioses in the roots of leguminous host plants to exchange nitrogen for products
of photosynthesis, and these symbioses can be altered
by biotic and abiotic factors. Here, we investigated
how soil nitrate supply and aboveground insect herbivory interact to influence biological nitrogen fixation in Medicago sativa (alfalfa or lucerne).
Methods Using field and greenhouse experiments,
we quantified above- and belowground allocation
of rhizobially fixed nitrogen using isotopic nitrogen ratios in plants with different combinations of
herbivory and nitrate supplementation. We caged
Empoasca fabae (potato leafhopper) on fixing and
non-fixing cultivars of M. sativa and supplemented
soils with varied nitrate concentrations.
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Results We detected strong changes in legume
above- and belowground allocation of fixed nitrogen in response to both herbivory and nitrate supply. Moderate nitrate soils, irrespective of herbivory,
induced little to no fixed nitrogen allocation across
both field and greenhouse experiments. In the field
only, non-supplemented soil increased aboveground
allocation of fixed nitrogen following herbivore damage but resulted in no changes belowground. In contrast, non-supplemented and high nitrate soils in the
greenhouse increased above- and belowground fixed
nitrogen allocation relative to moderate nitrate soils.
Conclusion Our results demonstrate herbivory
drives distinct plant allocation strategies across soil
nitrate levels, advancing our understanding of how
rhizobia influence legumes both above- and belowground. Herbivory-induced changes in rhizobialegume symbioses are likely widespread across both
agricultural and natural ecosystems.
Keywords Leafhopper · Medicago · Rhizobia ·
Aboveground/belowground interactions ·
Mutualisms · Nitrogen fertilization
Introduction
Plant roots shape belowground ecosystems. Roots
assimilate nutrients and water and deposit exudates
during growth, which can alter soil microbiomes
(Haichar et al. 2014), nutrient cycling (Tateno et al.
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2017), and long-term soil fertility in agricultural systems (Congreves et al. 2015). Abiotic stressors, such
as drought or nutrient limitation, and biotic stressors, such as pathogens or root herbivores, can affect
root function (Fallath et al. 2017; Kramer-Walter
and Laughlin 2017; Naylor and Coleman-Derr 2018;
Grunseich et al. 2020). To combat stressors, roots
can recruit beneficial soil microbes to increase nutrient uptake (Lum and Hirsch 2002), stimulate growth
(Pineda et al. 2010), and decrease drought stress
(Vurukonda et al. 2016), and these processes also
systemically affect aboveground plant tissues (Grunseich et al. 2019). Systemic changes in aboveground
plant tissues following interactions with beneficial
microbes often enhance plant defenses against pathogen or herbivore attack, referred to as induced systemic resistance (Pieterse et al. 2014). Induced systemic resistance has been shown to occur following
plant root associations with arbuscular mycorrhizal
fungi (Mitra et al. 2021), as well as rhizobacteria (Friman et al. 2021) and rhizobia (Tonelli et al. 2020).
Nitrogen-fixing rhizobia form highly specialized
interactions with roots in the family Leguminosae
(Fabaceae) by inducing root nodulation. Rhizobia fix
atmospheric dinitrogen, which is metabolically costly
for rhizobia and requires legumes to provide substantial amounts of photosynthetically fixed carbon
(Kramer et al. 2012; Ladygina and Hedlund 2010).
Despite carbon losses to rhizobia, legumes gain bioavailable nitrogen (Burity et al. 1989), a critical and
often growth-limiting plant macronutrient. Legumerhizobia symbioses do not always result in mutualism, however, and numerous factors are theorized to
induce rhizobia parasitism (Denison and Kiers 2004;
Porter and Simms 2014; Sachs and Simms 2006) or
legume abortion of nodules (Ferguson et al. 2019).
For instance, high levels of bioavailable soil nitrogen, such as nitrate, often cause legumes to abort the
rhizobia mutualism in favor of less costly sources of
nitrogen (Camargos and Sodek 2010; Carroll and
Gresshoff 1983; Imsande 1986; Streeter and Wong
1988). In addition, non-fixing parasitic rhizobia have
been shown to alter insect herbivory on legumes
(Simonsen and Stinchcombe 2014), further implicating the important role of fixed nitrogen in plant–herbivore interactions.
Aboveground nitrogen allocation in plants contributes to the synthesis of important components
of primary and secondary metabolism, such amino
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acids, enzymes, and proteins. Fixed nitrogen allocation aboveground in legumes uniquely shapes their
metabolism (Barsch et al. 2006), resulting in nitrogen-rich plants relative to non-fixing plants (Adams
et al. 2016; McKey 1994; Wolf et al. 2017). Legumes
translocate fixed nitrogen aboveground in the form of
ureides (Ladrera et al. 2007) or amino acids, such as
asparagine and glutamate (Lodwig et al. 2003), and
aboveground fixed nitrogen allocation can both attract
nitrogen-limited herbivores (Ballhorn et al. 2017) but
also heighten legume anti-herbivore defenses through
induced systemic resistance. Nitrogen allocation
processes can be strongly affected by herbivory, as
shown when rhizobia-associated lima beans increased
production of toxic nitrogen-containing compounds
after herbivore attack, enhancing cyanogenesis and
emission of volatile indole (Ballhorn et al. 2013;
Thamer et al. 2011). Similarly, when comparing cyanogenic and non-cyanogenic varieties of Trifolium
repens, the cyanogenic variety reduced aboveground
chewing herbivore growth but did not decrease
aphid performance (Kempel et al. 2009), suggesting
piercing-sucking herbivores bypass rhizobia-based
legume defenses. Piercing-sucking herbivores, such
as aphids, can also manipulate and enhance aboveground nitrogen allocation in host plants for their
own benefit (Wilson et al. 2011). Indeed, aphid densities correlated with increased ureide concentrations
in soybeans (Riedell et al. 2013), suggesting aphids
may induce greater fixed nitrogen allocation for their
own nutrient supply. Depending on herbivore feeding guild and legume defense strategy, aboveground
insect herbivores can differently drive fixed nitrogen allocation in legumes. Here we explore how soil
nitrate and aboveground insect herbivory alter legume-rhizobia symbioses, ultimately shaping aboveand belowground plant nutrient allocation patterns.
In conjunction with aboveground fixed nitrogen
allocation, legumes allocate photosynthetic carbon
belowground for both long-term storage and symbioses with rhizobia. Carbon allocation is also affected
by aboveground insect herbivory, but herbivory can
drive either increases or decreases in belowground
carbon. On one hand, to reduce aboveground herbivore access to carbon, carbon allocation can shift
belowground following herbivore attack (Kaplan et al.
2008; Schwachtje et al. 2006), which can cascade to
enhance root associations with rhizobia (Heath and
Lau 2011). Increased legume-rhizobia symbioses
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following herbivory can feedback to affect nitrogen
fixation and subsequent fixed nitrogen allocation. On
the other hand, aboveground insect herbivory can
reduce carbon through decreased rates of photosynthesis (Lamp et al. 2004; Velikova et al. 2010) and
legume growth (Brunner et al. 2015), diminishing
belowground carbon allocation and inhibiting rhizobia nitrogen fixation (Layton and Boethel 1987). How
legumes allocate carbon following herbivory, as well
as whether or not herbivory suppresses aboveground
carbon fixation, determines the outcomes of legumerhizobia symbioses (Heath and McGhee 2012) but
how herbivory influences legume-rhizobia interactions is not fully understood.
In addition to aboveground insect herbivory,
soil nitrate levels shape legume-rhizobia symbioses. Essentially, plants take up ‘cheaper’ sources of
nitrogen in the form of soil nitrate rather than allocating carbon to rhizobia, although nitrate effects
vary depending on the genotype of both plants and
rhizobia (Heath et al. 2010). Legumes balance soil
nitrate and rhizobia ammonium uptake depending
on the amount of each nitrogen resource available
and the needs of the plant at a given time (Regus
et al. 2017). How insect herbivory alters the effect
of nitrate, however, remains less clear. Extrapolating
from the predictions of Vannette and Hunter (2011),
legume defense expression after herbivore attack is
constrained by rhizobia carbon costs and these costs
vary across nitrate levels. Examining the effect of herbivory across different nitrate levels provides novel
understanding on how legumes alter interactions with
rhizobia and fixed nitrogen allocation.
Further complexity arises when considering legume roots do not interact with rhizobia alone under
field conditions. Although rhizobia are typically
highly abundant in soil microbial communities surrounding legumes, legumes also interact with many
other microbes in the rhizosphere (Tsiknia et al.
2021), as well as endophytically in legume roots or
nodules (Xiao et al. 2017; Brown et al. 2020). Soil
microbial communities are often shaped by species richness, abundance, and functional diversity
(Fierer 2017), all of which can influence legume
growth and function. Microbial communities are
also not static and legumes can modulate their surrounding microbial communities, or microbiomes,
through root exudates (Sasse et al. 2018). Legumes

release flavonoids to attract nitrogen-fixing rhizobia,
increasing the abundance and activity of rhizobia
in microbiomes, but recent evidence suggests legumes promote the growth of other types of microbes
as well for their own benefit (Hartman et al. 2017).
Intriguingly, microbiomes exert significantly different
effects in greenhouse and field settings (Schittko et al.
2016; Heinze and Joshi 2018; Forero et al. 2019),
meriting comparisons between the two experimental
approaches. For legumes, greenhouse settings can
isolate effects of rhizobia and contrast these effects
with complex microbiomes present in field settings.
The goal of this study was to examine how herbivory alters above- and belowground nutrient allocation in legumes across varied soil conditions in
both field and greenhouse settings. Here, we explored
how an aboveground piercing-sucking herbivore
(Empoasca fabae) and nitrate supplementation interact to alter fixed nitrogen and carbon allocation in
a legume (Medicago sativa). Building on previous
work that showed E. fabae herbivory decreases photosynthesis rates (Flinn et al. 1990; Womack 1984)
and belowground carbon allocation (Lamp et al.
2001; Nielsen et al. 1990), we measured fixed nitrogen allocation in M. sativa and predicted that herbivory would limit nitrogen fixation through reduced
carbon supply to rhizobia. We also tested how varying
soil nitrate levels change systemic fixed nitrogen allocation in M. sativa in the field and greenhouse, and
we predicted legume-rhizobia interactions would follow a quadratic relationship. Non-supplemented soils
were predicted to constrain legume primary metabolism, as photosynthesis is limited by nitrogen inputs.
Moderate nitrate supplementation was predicted to
alleviate constraints on primary metabolism, allowing for increased photosynthesis despite herbivore
feeding. Increased photosynthesis was theorized to
feed back to legume-rhizobia symbioses and increase
systemic fixed nitrogen allocation at moderate nitrate
levels (Friesen and Friel 2019). We tested high nitrate
soils in the greenhouse only and predicted M. sativa
would assimilate soil nitrogen alone, reducing M.
sativa reliance on rhizobia. Finally, as a strategy to
tolerate herbivory, we predicted allocation of fixed
nitrogen away from herbivore attack to belowground
tissues, regardless of nitrogen supplementation. Our
study changes current thinking on plant allocation as
a tolerance strategy to insect herbivory by including
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the influence of plant-associated microbes, further
elucidating the role of microbes in plant tolerance/
resistance strategies to insect herbivores.
Methods and materials
Study system
We used the legume Medicago sativa L. (Family
Fabaceae, alfalfa or lucerne), which forms root nodules when interacting with nitrogen-fixing bacteria
(Ensifer meliloti), to explore the effect of herbivory
and soil nitrate on fixed nitrogen allocation. Based
on preliminary experiments, we selected two near
isogenic M. sativa cultivars (Barnes et al. 1990): one
capable of nitrogen fixation (Saranac ‘2425’) and
one that is not (Saranac ‘2393’). We henceforth refer
to these as ‘fixing’ and ‘non-fixing,’ respectively.
The non-fixing cultivar is homozygous recessive for
the ‘in’ gene, which controls nitrogen fixation in M.
sativa (Peterson and Barnes 1981). For both field and
greenhouse experiments, the non-fixing cultivar was
subjected to the same treatment combinations as the
fixing cultivar but the non-fixing cultivar was used
only to determine nitrogen fixation levels in the fixing
cultivar, as described below.
Empoasca fabae (Family Cicadellidae), which
are well-studied insect herbivores of M. sativa, were
used for aboveground herbivory treatments. E. fabae
induces significant damage to M. sativa including
reduced rates of photosynthesis (Lamp et al. 2004),
decreased stem elongation (Hutchins and Pedigo
1989), and reduced basal translocation of photoassimilates (Nielsen et al. 1990). For the greenhouse
experiment only, E. fabae were collected from M.
sativa fields in Keedysville, MD, USA and reared
on fava beans (Vicia faba) in BugDorm mesh cages
(BugDorm-44545F Insect Rearing Cage, Megaview
Science, Taiwan) in a growth chamber (60% relative
humidity, 16:8 L:D cycle). The colony was maintained for six months prior to experimentation, which
corresponds to 6–7 E. fabae generations.
As a perennial forage crop, M. sativa stands last
for multiple growing seasons, and successful stands
rely on both root and crown (transitional structure between roots and shoots) storage of nutrients
(Márquez‐Ortiz et al. 1999). M. sativa is also continuously harvested every 35 d during the growing
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season. Between harvests of M. sativa, levels of nitrogen fixation in M. sativa vary, peaking after 21 d of
regrowth (Vance et al. 1979). After 21 d of regrowth,
for both field and greenhouse experiments, herbivory
treatments were applied. In the field, herbivores were
caged on plants until the conclusion of the experiment at 35 d and we repeated the experiment across
two harvests, or sampling periods. In the greenhouse,
herbivores were caged on plants for one week and
removed for the final week of growth before we sacrificed plants at 35 d.
Field cage experiment
To determine how varied nitrate supplementation
treatments and herbivory affect M. sativa fixed nitrogen allocation in a field setting, plots were seeded on
5-Sept-2017 in Hagerstown Silt Loam with 3 to 8%
slope at the Western Maryland Research and Education Center (WMREC) in Keedysville, Maryland,
USA (39.4862° N, 77.6997° W) following wheat
(Triticum aestivum). Wheat was grown without spring
applications of fertilizer to promote uptake of ambient soil nitrogen prior to planting M. sativa, which
allowed us to manipulate soil nitrogen levels relative
to non-supplemented control plots. The design was a
randomized complete block split-plot with four blocks
and four main plots per block. Main plots (3 m × 6 m)
were inoculated with rhizobia from Welter Seed and
Honey Company (Onslow, IA, USA) and seeded at
a rate of 20 kg/hectare. Main plots included the following combinations of M. sativa cultivar and nitrate
supplementation: 1) the fixing cultivar with no nitrate,
2) the fixing cultivar with moderate nitrate supply, 3)
the non-fixing cultivar with no nitrate, and 4) the nonfixing cultivar with moderate nitrate supply. Main
plots were divided in half (3 m × 3 m) to establish two
subplots per main plot: cages either with or without
herbivores. Across all plots, emergent spring growth
was mowed to a height of 4 cm on 22-May-2018 and
subsequent analyses were conducted on regrowth of
M. sativa. Three days later, we collected soil samples
from each block and applied nitrate supplementation treatments to each designated subplot at a rate
of 0.20 g of 15 N-labelled potassium nitrate diluted
in 120 mL of deionized water (Schmitt et al. 2013).
Nitrate supplementation treatments were sprayed
directly on soil surface with a plastic spray bottle.
Heavy nitrogen (15 N) was utilized to distinguish
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the contribution of soil nitrogen to plants relative to
atmospheric, or fixed, nitrogen (14 N). We applied
nitrate supplementation treatments once throughout
the entire experiment as heavy nitrogen is retained
by soils for long periods of time (Epstein et al. 2001).
Field cages (n = 32) were erected fifteen days later to
provide 1 × 1 m of plant material to herbivores and
neem oil organic insecticide (Eight Insect Control;
Bonide Products, Inc., Oriskany, NY) was sprayed
inside cages to reduce any outbreak of unwanted
pests. Five days later (20 d after spring cutback),
we added 100 adult herbivores to designated cages,
which is comparable to economically damaging field
densities in 1 × 1 m area. Herbivores were collected
by D-Vac from adjacent M. sativa fields at WMREC,
aspirated from mesh fabric cages (60 × 60 × 92 cm),
and released into designated field cages. Two weeks
after herbivores were caged on plants, we removed
cages and clipped plant foliage from the entire plot to
4 cm above soil surface with a handheld grass trimmer. The timing of clipping followed a typical harvest
cycle of M. sativa (Tracy et al. 2016), as described
above. Plant samples were taken to the lab where we
separated weeds from M. sativa and placed all material in a forced air oven at 68 degrees Celsius until
dry. Samples of M. sativa were ground and weighed
(4 mg) for nitrogen isotope analysis. Sample processing was conducted by the Colorado Plateau Stable
Isotope Laboratory (Flagstaff, Arizona, USA). Samples were processed using a DELTA V Advantage
Isotope Ratio Mass Spectrometer (Thermo Fisher™
Instruments, USA) coupled with an Elemental Analyzer (Carlo Erba Instruments, Milan, Italy) through a
Finnigan™ ConFlo III. Nitrogen isotope values were
reported as δ15N ‰ and we used δ15N ‰ values to
calculate the nitrogen percentage derived from the
atmosphere (%Ndfa).
Plots for the second sampling period were prepared following the same methodology as the first
sampling period. Subplots receiving herbivore treatments were rerandomized to avoid any additive
effects of herbivory. Following methodology from
the first sampling period, shoots were clipped after 35
d. We also collected belowground tissue by digging
up M. sativa crowns and roots (including nodules) at
10 cm below the soil surface, which encompassed the
primary biomass of the roots. We brought all samples
to the lab, placed samples in the forced air oven until
dry, and followed the same procedure to grind and

prepare samples for nitrogen isotope analysis. Shoots
from the second sampling period degraded in the lab
prior to nitrogen isotope analysis and were removed
from statistical analysis.
Statistical analyses were conducted within the program R version 3.5.1 (R Core Team 2018). Since we
did not collect whole plant samples on the same date
(shoots collected separately from crowns and roots),
we analyzed each plant component independently.
Additionally, we only analyzed fixing plants, as nonfixing plants were only included in the experiment
to calculate nitrogen fixation. Response variables for
fixing plants were tested using linear mixed effects
models with the “lmer” function from package lme4
(Bates et al. 2015). When necessary, response variables were transformed to meet assumptions of normality and equal variance. Data presented in figures,
however, is not transformed. Our models included
nitrate, herbivory, and the interaction of nitrate and
herbivory as fixed effects. A random term (block by
nitrate) accounted for our block and split-plot in our
randomized complete block split-plot design. Significances of the model terms were tested using analysis of deviance in the car package (Fox et al. 2012).
For multiple means comparisons, least-square means
were compared using the “ls_means” function from
package lmerTest (Kuznetsova et al. 2015) to determine any significant differences within nitrate treatment levels for plants with and without herbivores.
Greenhouse experiment
To further investigate the effect of nitrate supplementation and herbivory on fixed nitrogen allocation in M. sativa, we conducted a greenhouse
experiment comparing non-supplemented plants to
two rates of nitrate supplementation (moderate and
high). We included an additional rate of nitrate supplementation to determine the quantity of soil nitrogen needed to induce different nutrient acquisition
strategies in M. sativa. To test our predictions, seeds
of fixing and non-fixing cultivars of M. sativa were
planted in standard potting mixture and placed in a
growth chamber (60% relative humidity, 16:8 L:D
cycle). We kept plants in the growth chamber for the
duration of the experiment. We repotted seedlings
(n = 96), both fixing (n = 48) and non-fixing (n = 48),
after three weeks. All seedling roots were dipped in
a solution of 4.00 g rhizobia/500 mL water using
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the same rhizobia inoculant as the field experiment.
Seedlings were placed in ‘cone-tainers’ (3.8 cm in
diameter × 21 cm deep) containing 50/50 mixture
of sterilized sphagnum peat moss and sand (Sakrete
Multi-Purpose Sand; Sakrete, Charlotte, NC), totaling 130 g of sand-peat mixture per cone-tainer. We
fertilized plants once per week with 10 mL of fullstrength nitrogen-free Hoagland’s solution (Hoagland
and Arnon 1950). Cone-tainers were arranged in a
randomized complete block design containing eight
blocks and twelve treatment combinations. Our treatment combinations contained two factors with two
levels (cultivar, herbivory) and one factor with three
levels (nitrate supplementation), fully crossed. Nitrate
supplementation treatments were applied once a
week following repotting until the conclusion of the
experiment and consisted of three different levels:
full rate (High Nitrate), 25% rate (Moderate Nitrate),
or none (No Nitrate). Using an estimate of 67 kg of
nitrogen fertilizer per hectare for small grain production, we calculated the full rate of nitrogen supplementation to be 4.3 mg per pot. For the full rate
(High Nitrate), we added 3.03 × 10–3 mmol/L (5 mL)
of 15 N-labelled potassium nitrate diluted in deionized
water each week. To account for any effect of potassium, we equilibrated the amount of potassium added
across all other supplementation treatments with
potassium chloride amendments. Hence, the 25% full
rate (Moderate Nitrate) supplementation consisted
of 7.60 × 10–4 mmol/L (1.5 mL) of 15 N-labelled
potassium nitrate diluted in deionized water and
3.09 × 10–3 mmol/L (3.5 mL) of potassium chloride
diluted in deionized water per week. For non-supplementation (No Nitrate), we added 3.00 × 10–3 mmol/L
(5 mL) potassium chloride diluted in deionized water
per week. Plants were watered daily with 10–20 mL
of deionized water as needed.
After twelve weeks of growth, plants were clipped
to simulate a harvest and herbivores were caged on
regrown M. sativa 21 days later. Following the same
procedure as the field experiment, herbivores were
applied 21 days after clipping due to known increases
in nitrogen fixation in M. sativa at this time (Vance
et al. 1979). We placed 2 nymphs (fourth instar) in
designated plastic cages (4 cm in diameter × 30–60 cm
in height; mesh fabric glued to plastic connector and
placed on top to allow for gas exchange). After 7 d
of feeding, nymphs were removed from plants and all
cages were removed. Plants grew for seven more days
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to reach 35 d of regrowth after our simulated harvest.
We sacrificed plants and separated roots (including
nodules), crowns, and shoots, and placed samples in
the forced air oven at 68 degrees Celsius until dry and
measured dry weight of all samples. Dried samples
were ground and weighed (4 mg) for nitrogen isotope
analysis following the same procedure described for
the field experiment.
For statistical analyses, we tested each plant component independently and combined shoots, crowns,
and roots for each plant sample to test whole plant
responses. Again, only fixing plants were analyzed.
Response variables were tested using linear mixed
effects models with the “lmer” function from package
lme4 (Bates et al. 2015). When necessary, response
variables were transformed to meet assumptions
of normality and equal variance. Data presented in
figures, however, is not transformed. Our models
included nitrate, herbivory, and the interaction of
nitrate and herbivory as fixed effects. A random term
(block) accounted for block effect in our randomized
complete block design. Significances of the model
terms were tested using analysis of deviance in the
car package (Fox et al. 2012). For multiple means
comparisons, least-square means were compared
using the “ls_means” function from package lmerTest (Kuznetsova et al. 2015) to determine significant
differences between nitrate treatment levels, as well
as within nitrate treatment levels on plants with and
without herbivores.
Calculating biological nitrogen fixation and fixed
nitrogen biomass
To determine the amount of biological nitrogen fixation in M. sativa, we used natural nitrogen isotope
ratios (expressed as δ15N values) of fixing and nonfixing plants. Nitrogen fixation is expressed as the
nitrogen percentage derived from the atmosphere
(%Ndfa). Non-fixing reference plants account for the
contribution of soil nitrogen to the isotopic signature
of fixing plants. In other words, the δ15N value of the
fixing plant should fall somewhere between the δ15N
value of the non-fixing plant, which relies entirely on
soil nitrogen, and the δ15N value of the atmosphere,
as 99.636% of N in the atmosphere is 14 N. Two
different equations were used to calculate %Ndfa,
depending on nitrate supplementation treatment. For
experimental units that did not receive supplemental
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nitrate, we used the 15 N Natural Abundance Equation
(Shearer and Kohl 1986):

%Ndfa =

δ15 N of reference plant − δ15 N of N2 − fixing legume
100
×
15
1
δ N of reference plant − B

In this equation, ‘B’ represents the δ15N of nitrogen derived from fixation for a given plant species.
Following similar methodology as West et al. (2005),
we set B equal to 0. Additionally, for each treatment
combination, we averaged δ15N values of non-fixing
reference plants (Tables S3 and S6) and used the
average per treatment combination value for calculations of %Ndfa in each fixing replicate.
For experimental units that received supplemental
nitrate, we calculated %Ndfa using the 15 N Isotope
Dilution Equation (McAuliffe et al. 1958):
%Ndfa =

carbon percentage, or nitrogen percentage (Table 1;
Table S2). However, herbivory had a significant

(
)
atom%15 N excess N2− fixing legume
× 100
1−
atom%15 N excess reference plant

‘Atom%15 N excess’ is similar to δ15N values but
reflects the 15 N enrichment above background. We
used the 15 N Natural Abundance Equation because
soil nitrogen content was artificially enriched relative to the atmosphere, allowing us to disregard the B
value because enrichment exceeds natural variation of
15
N (Unkovich et al. 2008). We averaged atom%15 N
excess values for all reference plants under specific
nitrate supplementation and herbivory treatment combinations and used those average per treatment values
to calculate %Ndfa of each fixing replicate.
To calculate fixed nitrogen biomass, we determined nitrogen biomass (Dry Biomass x N Percentage) and used the following formula:
Fixed Nitrogen Biomass =

(Nitrogen Biomass × %Ndfa)
100

Results
Field experiment: above‑ and belowground responses
to herbivory and nitrate supplementation
Soil nutrient analyses revealed low levels of soil
nitrate prior to nitrate supplementation treatments
(Table S1). Nitrate supplementation, herbivory, and
their interaction had no effect on shoot total biomass,

effect on shoot C:N ratios (F1,6 = 10.07, P = 0.02;
Table 1) and, under moderate nitrate supplementation
only, induced an 11% increase (P = 0.02; Fig. 1a) in
the C:N ratio of shoots. Shoot nitrogen biomass was
not affected by either herbivory or nitrate (Table 1;
Table S2). Shoot %Ndfa was affected by nitrate supplementation (F1,6 = 15.21, P = 0.008; Table 1) and
herbivory (F1,6 = 21.53, P = 0.004; Table 1) treatments, as well as the interaction of nitrate supplementation and herbivory (F1,6 = 37.33, P < 0.001;
Table 1). Specifically, under no nitrate conditions,
we detected a 150% increase (P < 0.001; Fig. 1b) in
shoot %Ndfa following herbivory when compared
to undamaged controls. Moderate nitrate conditions
induced low %Ndfa regardless of herbivory (Fig. 1b).
When we tested shoot fixed nitrogen biomass, our
model detected an effect of nitrate (F1,6 = 13.90,
P = 0.01; Table 1). Fixed nitrogen biomass increased
130% (P = 0.04; Fig. 1c) in shoots with herbivory
under no nitrate supplementation compared to shoots
without herbivory, indicating biomass differences
alone did not drive the pattern seen in %Ndfa. Shoot
fixed nitrogen biomass in moderate nitrate soils
remained low with and without herbivory (Fig. 1c).
For the above- and belowground interface (crowns)
and belowground (roots) tissue, we detected few
effects of herbivory, nitrate supplementation, or
the interaction of nitrate and herbivory (Table 1;
Table S2). To calculate %Ndfa for crowns and roots,
we used non-fixing δ15N and Atom%15 N excess values (Table S3). For crowns, we detected no significant
effects across all response variables (Table 1). The
interaction of nitrate supplementation and herbivory
affected carbon percentage of roots 
(F1,6 = 8.71,
P = 0.03; Table 1). For all other response variables,
we detected no significant effects for roots (Table 1).
Greenhouse experiment: above‑ and belowground
responses to herbivory and nitrate supplementation
We found that nitrate supplementation and herbivory treatments differentially altered the response
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Table 1  Linear mixed effects model analysis of variance results of M. sativa samples taken from field experiment. Shoots were collected on 25-Jun-2018, and crowns and roots were collected on 30-Jul-2018. Bolded values indicate significant effects
Shoots
Parameter

Source

df

F value

Total Biomass

Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate
Nitrate
Herbivory
Herbivory *Nitrate

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.11
3.34
2.14
3.13
0.80
0.12
0.03
2.40
0.03
0.91
10.07
0.63
0.11
3.15
1.28
15.21
21.53
37.33
13.90
2.49
4.10

Percent Carbon (%)

Percent Nitrogen (%)

C:N Ratio

Nitrogen Biomass

Fixed Nitrogen (%)

Fixed Nitrogen Biomass

of shoots, crowns, and roots in the greenhouse
(Table 2; Table S4). Nitrate and herbivory treatments
did not change percent carbon in shoots, crowns,
Fig. 1  Herbivory in the
field increased aboveground
nitrogen fixation and fixed
nitrogen allocation in nonsupplemented soils. Shoot
(stems and leaves) means
(± SE). Brackets indicate
differences between nitrate
levels. ‘*’ P < 0.05 ‘**’
P < 0.01 ‘***’ P < 0.001; a
%Ndfa = Nitrogen percentage derived from the atmosphere b Fixed nitrogen
biomass
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Crown
p-value
0.75
0.12
0.19
0.13
0.41
0.74
0.88
0.17
0.86
0.38
0.02
0.46
0.76
0.13
0.30
0.008
0.004
< 0.001
0.01
0.17
0.09

Roots

F value

p-value

F value

p-value

4.02
1.55
1.49
1.26
2.98
0.84
1.83
0.03
1.78
0.16
1.15
0.52
2.50
1.55
0.74
0.01
0.01
0.22
0.11
0.08
0.32

0.07
0.24
0.24
0.31
0.08
0.36
0.22
0.86
0.23
0.70
0.30
0.48
0.14
0.24
0.41
0.94
0.92
0.65
0.75
0.79
0.58

3.22
0.54
1.90
1.14
2.87
8.71
0.08
3.29
0.08
1.19
0.02
1.61
3.62
1.24
2.27
0.54
0.38
0.38
0.49
0.33
0.31

0.12
0.49
0.22
0.33
0.14
0.03
0.79
0.12
0.78
0.32
0.89
0.25
0.11
0.31
0.18
0.48
0.55
0.55
0.50
0.58
0.59

or roots (Table 2; Table S5). We detected an effect
of nitrate (F1,35 = 3.76, P = 0.03; Table 2) and herbivory (F1,35 = 8.07, P = 0.007; Table 2) on percent
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Table 2  Linear mixed effects model analysis of variance results of whole plants of M. sativa from greenhouse experiment. Shoots,
crowns, and roots were collected simultaneously and combined for whole plant analyses. Bolded values indicate significant effects
Parameter
Total Biomass

Source

Nitrate
Herbivory
Herbivory *Nitrate
Percent Carbon (%)
Nitrate
Herbivory
Herbivory *Nitrate
Percent Nitrogen (%)
Nitrate
Herbivory
Herbivory *Nitrate
C:N Ratio
Nitrate
Herbivory
Herbivory *Nitrate
Nitrogen Biomass
Nitrate
Herbivory
Herbivory *Nitrate
Fixed Nitrogen (%)
Nitrate
Herbivory
Herbivory *Nitrate
Fixed Nitrogen Biomass Nitrate
Herbivory
Herbivory *Nitrate

Shoots

Crown

Roots

Whole Plant

df

F value p-value

F value p-value

F value p-value

F value p-value

2
1
2
2
1
2
2
1
2
2
1
2
2
1
2
2
1
2
2
1
2

0.69
1.45
2.87
1.45
5.78
1.20
3.76
8.07
1.89
2.67
14.11
1.36
0.34
0.30
0.97
559.24
5.92
0.43
16.99
0.08
0.81

nitrogen of shoots but not percent nitrogen of crowns
or roots. C:N ratio of shoots (P < 0.05; Fig. 2a) and
crowns (P < 0.05; Fig. 2a) under no nitrate conditions
increased by 18% and 32%, respectively, in response
to herbivory. Herbivory also increased C:N ratio of
high nitrate shoots by 12% (P < 0.05; Fig. 2a). C:N
ratio of shoots, crowns, and roots under moderate
nitrate conditions showed no significant response to
herbivory (Fig. 2a). Nitrate supplementation affected
%Ndfa (P < 0.001; Table 2) and fixed nitrogen biomass (P < 0.001; Table 2) of shoots, crowns, and
roots. Additionally, an effect of herbivory on %Ndfa
of shoots was detected as well (F1,35 = 5.92, P = 0.02;
Table 2). Fixed nitrogen biomass increased across
shoots, crowns, and roots under herbivory without nitrate supplementation (Fig. 2b). In contrast,
fixed nitrogen biomass decreased in high nitrate
shoots, crowns, and roots under herbivory (Fig. 2b).
Shoots, crowns, and roots in moderate nitrate conditions showed no changes in fixed nitrogen biomass
(Fig. 2b).

0.51
0.06
0.24
0.02
0.07
1.46
0.98
3.14
0.97
3.50
0.98
0.24
0.03
0.40
0.007 1.34
0.17
2.47
0.08
0.89
< 0.001 0.66
0.27
2.83
0.71
0.19
0.59
0.16
0.39
0.50
< 0.001 607.27
0.02
0.53
0.66
0.71
< 0.001 23.50
0.78
0.01
0.45
0.86

0.95 0.04
0.90 0.31
0.24 1.86
0.06 0.59
0.07 0.21
0.78 0.76
0.68 0.81
0.26 0.01
0.10 0.34
0.42 1.18
0.42 0.01
0.07 0.34
0.83 0.14
0.69 0.23
0.61 1.15
< 0.001 52.07
0.47 0.87
0.50 0.47
< 0.001 21.83
0.99 0.18
0.43 0.33

0.96 0.21
0.58 0.05
0.17 1.83
0.56 0.23
0.65 1.07
0.47 0.94
0.46 1.22
0.92 2.88
0.71 1.65
0.32 0.25
0.92 0.34
0.71 1.10
0.87 0.26
0.64 0.29
0.33 1.00
< 0.001 76.71
0.36 0.29
0.63 1.43
< 0.001 54.52
0.67 3.17
0.72 0.03

0.81
0.82
0.17
0.80
0.31
0.40
0.31
0.10
0.21
0.78
0.56
0.34
0.78
0.60
0.38
< 0.001
0.59
0.25
< 0.001
0.08
0.97

Greenhouse experiment: combined whole plant
responses
Since all tissue types responded similarly to treatment combinations in the greenhouse, shoots,
crowns, and roots were combined to analyze
changes in whole plant responses to nitrate supplementation, herbivory, and the interaction of
herbivory and nitrate (Table S7). We found a 17%
reduction (P = 0.02; Fig. 3a) in the nitrogen percentage of whole plants under herbivory in conditions without nitrate supplementation. Interestingly,
plants without nitrate supplementation or herbivory
accumulated the greatest nitrogen percentage relative to all other treatment combinations (Fig. 3a).
An effect of nitrate (
F2,35 = 76.71, P < 0.001;
Table 2) on %Ndfa of whole plants was documented, although no significant pairwise comparisons between plants with and without herbivores
were detected (Fig. 3b). Nitrate supplementation
had an effect on fixed nitrogen biomass of whole
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Discussion

Fig. 2  Nitrate supplementation in the greenhouse did not
alter nitrogen percentage but changed fixed nitrogen allocation
above- and belowground. Shoot (stems and leaves), crown, and
root means (± SE). Brackets indicating differences between
nitrate levels removed for clarity. ‘*’ P < 0.05 ‘**’ P < 0.01
‘***’ P < 0.001; a Nitrogen (%), significant nitrate effect for
shoots: None-Moderate (P = 0.01) b Fixed nitrogen biomass
of shoots (leaves and stems), crowns, and roots, significant
nitrate effect for shoots, crowns, and roots: None-Moderate
(P < 0.001) and Moderate-High (P < 0.001)

plants (F2,35 = 54.52, P < 0.001; Table 2). Wholeplant fixed nitrogen allocation was marginally significant (F2,35 3.17, p = 0.08; Table 2) and showed
differential responses to herbivory across nitrate
levels: increases with no nitrate supplementation,
none at moderate nitrate, and decreases with high
nitrate supplementation (Fig. 3c).
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Determining outcomes of plant interactions with beneficial soil microbes remains challenging but critical
as these symbioses often enhance plant growth and
defense (Pineda et al. 2010; Heinen et al. 2018; Friman et al. 2021), and harnessing the full potential
of beneficial microbes is predicted to boost agroecosystem productivity (Pineda et al. 2017; Yadav et al.
2020; French et al. 2021). Plant interactions in both
above- and belowground environments can influence
soil microbe symbioses, requiring examination of
systemic changes in plants. Here, we tested how M.
sativa plants respond to nitrate supplementation and
aboveground herbivory, examining both above- and
belowground plant resource allocation. We predicted
herbivory would decrease legume carbon provided to
rhizobia, as previous research demonstrated herbivory
reduced photosynthesis and belowground carbon allocation (Nielsen et al. 1990). Reduced belowground
carbon was predicted to limit nitrogen fixation, and
we predicted these effects would be evident in nonsupplemented soils. In contrast, moderate nitrate
soils were predicted to allow legumes to overcome
carbon losses to herbivores, as nitrate would boost
photosynthesis. High nitrate supply was predicted to
reduce legume reliance on rhizobia, allowing legumes
to access nitrogen necessary for growth and defense
through the soil. Across nitrate levels, we predicted
allocation of fixed nitrogen belowground, away from
the aboveground herbivore feeding.
Overall, we detected the opposite response in M.
sativa: non-supplemented and high nitrate soils stimulated fixed nitrogen allocation, although patterns of
above- and belowground allocation differed between
the field and greenhouse, and moderate nitrate soils
allocated comparatively low levels of fixed nitrogen.
Across soil nitrate levels in both the field and greenhouse, we detected very minimal effects of herbivory
on belowground tissues. In non-supplemented field
soils only, herbivory increased aboveground fixed
nitrogen allocation (Fig. 1b-c).
Above‑ and belowground resource allocation
To tolerate herbivory, plants can allocate resources
above- or belowground away from the attacking herbivore (Kaplan et al. 2008). Tolerance allows plants to
withstand herbivory but not necessarily directly deter
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Fig. 3  Nitrogen fixation and fixed nitrogen
allocation varied in the
greenhouse across nitrate
supplementation, but not
nitrogen percentage. Whole
plant means (± SE). Brackets indicate differences
between nitrate levels.
‘*’ P < 0.05 ‘**’ P < 0.01
‘***’ P < 0.001; a Nitrogen
(%) b %Ndfa = Nitrogen
percentage derived from
the atmosphere c Fixed
nitrogen biomass

the herbivore. In contrast to tolerance, plants can also
allocate resources to defense against herbivores, and
rhizobia are thought to play important roles in supplying nitrogen for plant production of aboveground
defense compounds (Thamer et al. 2011). We found
M. sativa allocated greater amounts of fixed nitrogen aboveground following herbivory in non-supplemented field soils (Fig. 1b-c). To determine fixed
nitrogen allocation, we used nitrogen isotope methods, which have some limitations including underestimating fixed nitrogen allocation, as we could not
account for nitrogen lost to plant volatiles or root exudates, and subjecting fixing and non-fixing cultivars
to herbivory. The cultivars may respond to herbivory
in contrasting ways but we used the non-fixing cultivar, in essence, as a tool to estimate nitrate uptake
in fixing plants with nitrate supplementation treatments. Increased aboveground fixed nitrogen allocation could indicate M. sativa utilizes fixed nitrogen
aboveground for defense or a compensatory growth
response that is independent of herbivore response
pathways due to aboveground tissue loss. Dean et al.
(2014) found no changes in defensive phytohormones
of soybeans following aphid feeding but recent findings indicate this effect is dependent on the identity
of aphid bacterial endosymbionts (Pandharikar et al.
2020). To subvert plant defenses, insect herbivores
can employ different counter-defense strategies to
access host-plant nutrients (Karban and Agrawal

2002). Aphids, as well as other piercing-sucking
herbivores, rely on endosymbionts in their salivary
glands to manipulate host-plant defense (Wang et al.
2020) and access nutrients (Goggin 2007). Indeed,
pea aphid feeding redirects nitrogen movement in M.
sativa (Girousse et al. 2005), which suggests piercing-sucking herbivores could enhance fixed nitrogen allocation aboveground for their own benefit.
Pea aphids are co-evolved with M. sativa whereas E.
fabae is native to North America and M. sativa is not.
Although E. fabae and M. sativa are not co-evolved,
E. fabae feeds on a wide range of host plants and
shows a clear preference for Fabaceae (Lamp et al.
1994). It is possible that E. fabae can manipulate
fixed nitrogen movement in co-evolved species within
Fabaceae and the same mechanisms are at play with
M. sativa. Recent work on the transcriptomics of E.
fabae salivary glands identified numerous candidate
genes that may shed light on the mechanism underlying E. fabae host-plant manipulation (DeLay et al.
2012). Further research is needed to determine if the
increase in aboveground fixed nitrogen allocation is
driven by plant or herbivore.
Soil nitrate and legume‑rhizobia symbioses
Legume-rhizobia symbioses typically result in
mutualism, as legumes provide carbon in exchange
for fixed nitrogen from rhizobia. Mutualisms can
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breakdown, however, when rhizobia ‘cheat’ by
inducing nodulation but not fixing nitrogen, which
is often detected and sanctioned against by legumes (Kiers et al. 2003). Enhanced soil nitrate levels can also drive legumes to opt-out of rhizobia
mutualisms (Kiers et al. 2006), as legumes assimilate nitrogen directly from the soil (Streeter and
Wong 1988). Numerous lines of recent evidence
call into question the generality of nitrate effects
on legume-rhizobia symbioses, such as maintaining
nitrogen fixation with increased nitrate fertilization
(Regus et al. 2014; Wolf et al. 2017; Forrester and
Ashman 2018) and varying responses of different
genotypes of both rhizobia and M. sativa to nitrate
supply (Heath et al. 2010). Further, previous studies reported M. sativa maintained nitrogen fixation
despite nitrogen fertilization at rates comparable to
our high nitrate supply (Kelner et al. 1997; Lamb
et al. 1995), suggesting a capacity for legumes to
simultaneously participate in rhizobia mutualisms
and assimilate soil nitrate. Since legumes assimilate
and transport fixed nitrogen and soil nitrate in contrasting ways (Ciesiołka et al. 2005; Katayama et al.
2010), different nitrogen sources may play distinct
roles in legume growth and defense. Our field and
greenhouse experiments showed moderate nitrate
supply decreased both nitrogen fixation (Figs. 1b
and 3b) and fixed nitrogen biomass (Figs. 1c and 3c)
relative to legumes in non-supplemented soils. In
the field, we also observed moderate nitrate supply
increased shoot C:N ratio (Fig. 1a) following herbivory. Changes in C:N ratio may reflect increased
carbon-based defenses (Burghardt 2016), which,
coupled with low fixed nitrogen allocation, support
differential contributions of nitrogen sources to legume defense (Pandharikar et al. 2020). In the greenhouse, high nitrate soils increased fixed nitrogen
biomass relative to moderate nitrate soils (Figs. 2b
and 3c), restoring fixed nitrogen allocation to levels indistinguishable from non-supplemented soil
(Fig. 3c). Following herbivory in high nitrate soils,
we also documented non-significant reductions in
fixed nitrogen biomass (Figs. 2b and 3c), providing additional evidence nitrate plays a distinct role
in legume defense that differs from fixed nitrogen.
One possible explanation for restored nitrogen
fixation in high nitrate soils could be nutrient colimitation. For nitrogen fixation, legume-rhizobia
mutualisms require specific amounts of macro- and
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micronutrients in soils (Bonilla and Bolanos 2009),
and legume roots may also require certain nutrients
to maintain nitrate assimilation as well. Alternatively, rhizobia can also utilize soil nitrate (Breitenbeck and Bremner 1989), which may indicate freeliving rhizobia outcompeted M. sativa for nitrate in
high-nitrate soils (Kaye and Hart 1997), forcing legumes to rely on nitrogen fixation.
Differential legume responses across field and
greenhouse soils
An intriguing finding from our study was the difference between field and greenhouse experiments
in fixed nitrogen allocation in non-supplemented
soils. In our field experiment, herbivory stimulated
increased fixed nitrogen allocation to shoots (Fig. 1c)
but did not impact allocation to crowns or roots
(Table S2). In greenhouse non-supplemented soils,
herbivory did not change fixed nitrogen allocation
across shoots, crowns, and roots (Fig. 2b). Rhizobia
diversity could drive different patterns between the
field and greenhouse, as Dean et al. (2009) detected
differential responses of aphids feeding on soybeans
inoculated with commercial rhizobia compared to
naturally occurring rhizobia. Although we inoculated M. sativa with commercial rhizobia for our field
experiment, it is possible naturally occurring rhizobia
nodulated M. sativa as well or even outcompeted the
commercial strain. Variation between rhizobia strains
can differentially affect legume growth and nutrient allocation (Heath et al. 2020), and even cascade
to influence ecosystem function (Taylor et al. 2020),
indicating legume soil microbiome diversity could be
an underappreciated tool in agroecosystems. Other
beneficial microbes, such as arbuscular mycorrhizal fungi, can also influence aboveground legume
defense against pathogens (Ballhorn et al. 2014) and
herbivores (Selvaraj et al. 2020), and these additional
microbes may account for contrasting patterns across
the field and greenhouse. Root herbivores can also
play hidden roles in belowground interactions, such as
the clover root weevil enhancing its performance by
feeding on legume nodules (Wolfson 1987) and disrupting aboveground resource allocation in legumes
(Johnson and McNicol 2010). Additional research is
needed to identify the specific cause of the difference
between field and greenhouse results.
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Conclusions
Our study demonstrates herbivory increases aboveground fixed nitrogen allocation in legumes but only
in soils not supplemented with additional nitrate.
Overall, our results align with proposed non-linear
responses of plants to nutrient availability and belowground mutualists (Treseder and Allen 2002; Vannette
and Hunter 2011), as theory suggests a quadratic relationship between nutrient gradients and root colonization by beneficial microbes. Nutrient-free and high
nutrient levels are predicted to decrease plant associations with microbes whereas moderate nutrient levels
increase microbial colonization. Our results with legume-rhizobia symbioses show the opposite pattern,
as non-supplemented and high nitrate soils increased
fixed nitrogen allocation and moderate nitrate soils
showed little fixed nitrogen allocation. Different types
of plant–microbe symbioses alter plant traits in contrasting ways (Gibert et al. 2019), indicating more
research is needed to determine how herbivores alter
each symbiosis across soil nutrient conditions.
We conclude the response of M. sativa to herbivory is altered by nitrate supplementation, changing above- and belowground fixed nitrogen allocation. Considering nitrogen fixation drives increased
production of specific amino acids (Liu et al. 2018),
future research should focus on discerning the identity
of the proteins or compounds M. sativa incorporates
fixed nitrogen into in response to herbivory and their
role in plant defense which may help to determine the
mechanism behind the observed responses. Our work
advances current knowledge on how herbivory affects
plant–microbe symbioses across varying abiotic conditions, which has important implications for our
understanding of these tripartite interactions across
natural and agricultural ecosystems.
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