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Abstract

Legumes are notorious for coevolutionary arms races where chemical defenses are employed to ward off herbivores—
particularly insect seed predators. Locoweeds are legumes containing the toxic alkaloid swainsonine which can poison
livestock, but its role as a deterrent for insects is unknown. Swainsonine is produced by the fungal endophyte Alternaria
section Undifilum, and the chemical composition of the toxin has been well characterized. Despite this knowledge, the
ecological roles and evolutionary drivers of swainsonine toxins in locoweeds remain uncertain. Here, we quantify swain-
sonine concentrations and herbivory levels in the hyper-diverse locoweed Astragalus lentiginosus to evaluate its role as
an evolved chemical defense. We found that A. lentiginosus shows considerable variation in swainsonine concentrations
according to variety, in particular showing presence/absence variation at both population and local geographic scales. Sur-
prisingly, herbivory levels from presumed generalist insects emerging from fruits showed no correlation with swainsonine
concentrations. Conversely, seed and fruit herbivory levels linked to specialist Acanthoscelides seed beetles increased
with concentrations of swainsonine—suggesting a possible coevolutionary arms race. Our results highlight that variation
in endophyte-produced toxin systems may not follow classical expectations for geographic variation and ecological roles
of plant chemicals. We discuss the implications of these results on plant-endophytic toxin systems and coevolutionary
dynamics more broadly, highlighting a considerable need for more research in these systems.
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Introduction

Antagonistic coevolution between plants and phytophagous
insects that consume them has long been hypothesized to
be a primary driver of Earth’s plant and insect diversity
(Ehrlich and Raven 1964). This model is characterized by
an arms race between plant chemical defenses and insect
resistance, punctuated by episodes of plant range expansion
and insect specialization, promoting ecogeographic repro-
ductive isolation and speciation in both groups (Maron et
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al. 2019). This coevolutionary relationship is particularly
prevalent among legumes (Fabaceae), where pre-dispersal
seed predation by insects is common, and chemical defenses
are particularly abundant (Janzen 1971)—likely contribut-
ing to Fabaceae ranking as the third most speciose plant
family (7% of all plants, Christenhusz and Byng 2016; Judd
et al. 1999). This hypothesis, frequently termed “escape and
radiate” (Thompson 1994), has been a topic of extensive
research in evolutionary biology for decades, yet the proxi-
mal mechanisms for how insect herbivory mediates diver-
sification remain unclear (Marquis et al. 2016; Maron et al.
2019). Furthermore, while plant defenses are well charac-
terized in many groups, their relationship with herbivory
is typically assumed and not well characterized, limiting a
more mechanistic understanding of plant-insect coevolu-
tionary dynamics (Moore et al. 2014).

The diversity of legumes in both species and chemical
defenses is embodied by the genus Astragalus, the single
most speciose genus of plants with over 3,000 described spe-
cies, including approximately 400 in Western North America
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alone (Maassoumi 2020; Folk et al. 2024). Astragalus are
notorious for their diversity of toxic compounds presumed
to be plant defenses, including several nitrotoxins, selenium
hyperaccumulation, and an indolizidine alkaloid swainso-
nine (Williams and Barneby 1977; Emerick and DeMarco
1990; Cook et al. 2009; Liu et al. 2017). Many Astragalus
species are commonly referred to as “Locoweeds”™—a group
of toxic plants known to poison livestock with a syndrome
referred to as “locoism” (Cook et al. 2009; Kingsbury
1964). These toxic plants cause negative economic impacts
reaching several million dollars per year due to death, repro-
ductive complications, and weight loss of livestock (Wu et
al. 2016; Zhao et al. 2013; James et al. 1992, Ralphs et al.
2000). Of the many Astragalus toxins, the toxin responsible
for locoism is swainsonine, with cases of livestock locoism
documented across the globe (Molyneux and James 1982;
Molyneux et al. 1994; Wu et al. 2016). Interestingly, swain-
sonine concentration has been documented to vary greatly
among species and within Astragalus species (Ralphs et al.
2008, Gardner et al. 2001, 2004; Cook et al. 2009, 2011).
For example, mean swainsonine concentrations have been
documented to vary by as much 100x between species (4.
amphioxys <0.001% and A. mollissimus>0.1%, Ralphs
et al. 2008), and in a recent screen of A. lentigininosus,
swainsonine was detected at some level in 31 taxonomic
varieties—while being totally absent from 8 others (Cook
et al. 2016b). However, previous screens for swainsonine
have only included limited numbers of samples per taxon
and did not rigorously examine population and geographic
variation. The stark variation among taxa is intriguing and
requires spatially explicit sampling within taxa to better
disentangle the ecological forces that shape this variation,
particularly at the sub-specific level.

It was long thought that swainsonine was a secondary
plant metabolite of locoweeds, however it is now under-
stood to be produced by fungal endophytes (Cook et al.
2014; Braun et al. 2003; Pryor et al. 2009). In Astragalus,
Alternaria section Undifilum endosymbionts are responsible
for the synthesis of swainsonine and the associated toxicity
(Baucom et al. 2012; Oldrup et al. 2010; Lu et al. 2016).
Alternaria section Undifilum are vertically transmitted by
way of hyphae present in the seed coat and removal of the
seed coat in Oxytropis plants (a locoweed genus sister to
Astragalus) leads to no detection in swainsonine in progeny
plants (Oldrup et al. 2010; Grum et al. 2012). This endo-
phyte as well as swainsonine, has been found in all parts of
the plant and the endophyte does not appear to grow out-
side of living plants as mycelia (Cook et al. 2009, 2011).
The high variation in swainsonine concentration observed
in Astragalus and Oxytropis has been linked to the amount
of the fungal endophyte present within a given plant (Cook
et al. 2009, 2011). A common garden experiment further
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demonstrated that endophyte genotype is responsible for
determining swainsonine toxin concentrations (Cook et al.
2013).

Despite the economic impacts and considerable inves-
tigation over the last decade, the ecological role of the
swainsonine toxin for locoweed plants remains unclear. The
widespread distribution of swainsonine in Astragalus taxa
points to an ecologically important role for this toxin—pre-
sumably as a defense against herbivory. However, empirical
study of the effects of swainsonine concentrations on her-
bivory are lacking or absent in the literature. Swainsonine
does not appear to deter grazing by large ungulate mam-
mals, locoism can take weeks of consuming the same plants
to develop (Cook et al. 2014; Pfister et al. 2003). Thus,
the interaction between Astragalus and swainsonine pro-
ducing fungal symbionts is unlikely to have evolved as a
defense against herbivory by mammals. Furthermore, clip-
ping of locoweeds to simulate herbivory does not lead to an
increase in swainsonine production, indicating swainsonine
is unlikely to be an induced defense response (Ralphs et
al. 2002; Cook et al. 2016a). Plant toxins are often asso-
ciated with coevolutionary defenses against insect herbi-
vores, especially pre-dispersal seed predators of legumes
(Janzen 1971). A variety of insects have been documented
to consume Astragalus seeds, including lepidopterans,
hemipterans, and seed chalcid hymenopterans. By far the
most significant seed predators are larvae of specialist seed
beetles and weevils which can have profound impacts on
plant fitness by consuming more than 75% of seeds (Green
and Palmbald 1975; Combs et al. 2011, 2013). Of note is
a monophyletic group of seed beetle species within the
genus Acanthoseclides (Chrysomelidae: Bruchinae) that
feed nearly exclusively on Astragalus seeds (Johnson 1970;
Kingsolver 2004). Importantly, swainsonine concentrations
appear to be highest in the seeds and pods of Astragalus oxy-
physus and other locoweeds (Molyneux et al. 1991). There-
fore, we hypothesize that swainsonine serves as a defensive
compound against beetle seed predation, which accounts for
profound fitness losses in Astragalus populations and repre-
sents a strong ecological selective pressure. Studies across
many other plant-toxin systems have found largely clinal
variation between prevalence of plant defenses and intensity
of herbivory and represent the primary evidence for herbi-
vores as the selective agent driving plant defense evolution
(reviewed Agrawal et al. 2012; Ziist et al. 2012). We there-
fore also predict to find a correlation between swainsonine
concentration and intensity of seed and/or fruit herbivory
as this would represent a coevolutionary hotspot with both
organisms under intense selection (Thompson 2005; Brodie
et al. 2002).

Astragalus lentiginosus is the most taxon-rich plant
species in North America (Knaus 2010) with 40 accepted
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Fig.1 (A) Map showing collection sites for all Astragalus lentiginosus
plants used in this study, with colors indicating variety. All sites had
only one variety. (B) Map of swainsonine variation across sites. Pie

taxonomic varieties (Plants of the World Online, Maas-
soumi 2020) and is distributed throughout arid and semiarid
regions of western North America from southern Canada
to northern Mexico. These varieties are distinguished by
their morphological diversity, and many occupy special-
ized edaphic conditions that contribute to ecogeographic
displacement (Knaus 2010; Knaus et al. 2005). Acanthos-
celides beetles have been reared from 16 of 20 sampled A.
lentiginosus varieties and can contribute to seed mortality
up to 93% (Morse, unpublished data). This system is there-
fore ideal for investigating not only how swainsonine var-
ies within and among populations in a geographic context,
but also correlations between toxin concentration and seed
predation.

Here, we employ a hierarchically structured sampling
approach that is spatially explicit allowing us to examine
the geographic scale of swainsonine variation within popu-
lations, between sites, and across taxonomic varieties, as
well as examine associations between swainsonine level
and insect herbivory. This extensive field survey includes
nearly 500 field collected specimens spanning 18 Astrag-
alus lentiginosus varieties collected from 59 sites in the
American southwest. We evaluated three questions inves-
tigating swainsonine variation in Astragalus lentiginosus:

chart on interior indicates the number of plants at a given site with
(black) vs. without (white) swainsonine, while the outer ring indicates
average swainsonine concentration at that site

(1) What is the scale of ecogeographic variation in swain-
sonine and insect herbivory of Astragalus among sites
and taxonomic varieties? (2) Does geographic variation in
swainsonine, a toxin produced by an endophytic associa-
tion, differ from clinal patterns typically observed in plant
endogenous chemical defenses? (3) Does the relationship
between swainsonine and herbivory differ between Astraga-
lus seed specialists and other insect herbivores? We answer
these questions and discuss their implications for broader
topics like the evolutionary ecology of locoweeds, defense
strategies for herbivory in legumes, and patterns of variation
in toxin-producing endophytes.

Methods

Collection of Astragalus lentiginosus Plant Material
and Environmental Data

A field survey was conducted in 2019 to collect A. lentigi-
nosus specimens from across the southwest portion of their
range. Plant populations were identified by searching for
recent geolocalized herbarium specimens. Specimens were
collected in the field from 59 field sites across California,
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Nevada, Arizona, and Utah between May and July. The
sampled populations were identified to species and variety
using online georeferenced herbarium records (e.g. Jepson’s
eflora; Intermountain Biota). At each site, ripe fruits were
collected from up to 20 total plants, resulting in 487 indi-
vidual plants used for swainsonine and herbivory data col-
lection. A subset of ripe fruits from each site were placed in
mason jars sealed with double wrapped cheesecloth to rear
developing insect larvae from fruits.

GPS coordinates and elevation were taken for each plant
specimen using a Garmin eTrex 20 (Garmin, Olathe, Kan-
sas). For each collection site, we used the Worldclim 2 data-
base to extract bioclimatic data from source location data at
30 arcsecond resolution (Fick and Hijmans 2017). Here we
utilize BIO1, BIO12 and BIO15 for this study as they have
been shown to be the most reliable predictors from species
distribution modeling for A. lentiginosus varieties (Grillo et
al. unpublished).

Swainsonine Quantification

Swainsonine detection and concentration was measured in
487 Astragalus lentiginosus specimens by using a modifi-
cation of a previously published procedure (Gardner and
Cook, 2011). A measured quantity of seeds was placed in
a 2 mL screw-cap microcentrifuge tube. The ground mate-
rial was extracted in 1.5 mL of 2% acetic acid for 18 h with
agitation. After extraction, the samples were centrifuged,
and a measured volume of extract (0.5 mL) was added to
0.5 mL of 20 mM ammonium acetate in a 1 mL auto-sam-
pler vial. Samples were analyzed by HPLC-MS (Thermo
Scientific LCQ Advantage) to quantitate swainsonine as
previously described (Gardner et al. 2001). In brief, swain-
sonine was measured from a reconstructed ion chromato-
gram (m/z=156) and quantitation based on an external
calibration standard using a standard curve of an authenti-
cated swainsonine standard. The detection limit of swain-
sonine was 0.01 mg/g of dry weight using this extraction
procedure. The resulting swainsonine concentration of the
injected sample was converted to microgram swainsonine
per milligram dry weight (ug/mg) of the mass of the plant
material extracted, and this concentration was used for all
downstream analyses.

Herbivory Quantification

Herbivory was measured in two distinct ways for all 487
specimens used for swainsonine concentration. Fruit her-
bivory was measured in a maximum of 30 randomly-
selected fruits per plant (mean 24.4 fruits, 4-30 fruits used),
and of these fruits, each was scored for presence or absence
of insect exit holes. When exit holes were present, hole size
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Table 1 Summary of presence, absence, and mean concentrations of
swainsonine across 18 varieties of A. lentiginosus varieties

Astragalus len- n sites n plants n plants with / with- Mean
tiginosus var. out swainsonine (% swainso-

present) nine conc.
(ug/mg)

antonius 2 20 0/20 (0%) 0

araneosus 2 4 3/1(75%) 4.99
australis 2 25 17/ 8 (68%) 2.84
borreganus 4 30 2773 (90%) 1.10
Sfloribundus 5 35 21/ 14 (60%) 3.00
fremontii 8 59 45/ 14 (76%) 3.05
ineptus 3 30 19/ 11 (63%) 0.85
kennedyi 3 26 19/7 (73%) 0.85
maricopae 3 29 17 /12 (59%) 7.14
nigricalycis 3 15 12 /3 (80%) 2.49
palans 2 19 12 /7 (63%) 8.67
salinus 4 36 29 /7 (81%) 8.69
semotus 1 15 877 (53%) 2.08
sierrae 1 8 0/8(0%) 0

variabilis 5 42 34/8 (81%) 1.81
vitreus 2 10 9/1(90%) 11.6
wilsonii 3 33 2776 (82%) 6.17
yuccanus 6 51 36/ 15 (71%) 2.08
Totals 59 487 335 /152 (69%) 3.50

was measured and categorized as either small (<1 mm) or
large (1+mm). No fruits were observed to possess both
large and small holes. The hole size categorization was cho-
sen to differentiate herbivory by seed beetles (indicated by
small holes) which specialize on Astragalus plants, from
herbivory by all other insects (indicated by larger holes).
While these seed beetles could be one of several beetle
groups, for this dataset we infer all beetles with this exit
hole to be from genus Acanthoscelides (Chrysomelidae:
Brucidae), as these were the only insects of any kind that
were reared from surveyed fruits. For the larger fruit holes,
it was not possible to determine which insect herbivores
were causing this damage as it could be several—these are
referred to as non-specialists henceforth, because while it
is unclear if they are generalists, they do not represent the
dominant seed predators on A. lentiginosus.

For the fruit herbivory analysis, varieties A. lentiginosus
wilsonii and A. lentiginosus maricopae were excluded, as
these varieties have seed pods that dehisce (open naturally)
and therefore would not require exit holes by most insect
herbivores. For A. lentiginosus sierrae only swainsonine
measurements were taken due to a limited number of fruits
at the time of collection.

Seed herbivory was measured in a maximum of 50 seeds
per plant and the proportion of seeds with herbivory was
recorded. For this, seeds were compressed using a finger-
nail: seeds with beetle herbivory become hollowed out
and crush easily, whereas seeds without beetle herbivory
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remain intact. All seed herbivory was presumed to be from
Acanthoscelides beetles for the same reasons as explained
for small exit holes above. We only find Acanthoscelides
reared from intact fruits, and they are known to be dominant
seed predators on these species (Green and Palmbald 1975;
Combs et al. 2011, 2013).

Statistical Analyses

All statistical analyses as well as data visualization in this
study were performed using R version 4.2.0 (R core team).
Because swainsonine concentration ranges from very small
(but non-zero) concentrations to multiple-fold increases, for
all statistical analyses using swainsonine concentration as a
variable, we used a log(x+ 1) transformation to better rep-
resent variation in this compound.

For analyzing swainsonine concentration as a product
of abiotic variables and Astragalus lentiginosus variety, we
used the nlme package of R (Pinheiro et al. 2022) to con-
struct linear mixed effect models. The model includes A.
lentiginosus variety, date of collection (in day of the year),
elevation, latitude, and bioclimatic variables for annual mean
temperature (BIO1), annual mean precipitation (BIO12),
and precipitation seasonality (BIO15) as fixed effect vari-
ables. Collection site was a random effect to account for
pseudo replication of abiotic variables introduced by hav-
ing multiple individuals from the same geographic location
(i.e. same value for all variables). The model used trans-
formed swainsonine concentration as the response variable.
The model uses all individuals quantified for swainsonine,
including the sizeable proportion that had no trace (i.e. 0.0
ug/mg) of swainsonine. We then ran an ANOVA on the
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Fig. 2 Log-transformed swainsonine concentrations of individual
Astragalus lentiginosus varieties separated by (A) variety and (B) col-
lection site. Panel B) shows only collection sites for a subset of 4 vari-

eties that showcases presence/absence as well as quantitative variation
both within and between sites. Swainsonine concentration was found
to significantly differ between varieties (F(17)=3.45, P=0.0009)
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model to determine the statistical contribution of each vari-
able to variation in swainsonine concentration.

For the herbivory models, we used binomial generalized
linear models where each plant was one row of data and
included both count of seeds/fruit herbivorized as well as
count that were intact. In this way, each seed or fruit was
individually scored dichotomously, but tied to a particular
plant in the glm model. All three models used the same
three independent variables, log-transformed swainsonine
concentration, host variety, and collection site. Collection
site was a fixed effect in these models as there is no pseudo
replication of other variables and collection site represents
a real ecogeographic variable that might lead to variation
in herbivore presence or intensity. The three models then
only differed in the response variable, the seed model
compared seeds crushed vs. not, and fruit models split by
exit hole size: one model compared number of fruits with
presence of small holes to all other fruits (including those
with large holes) and the second model compared number
of fruits with large holes compared to all others (including
those with small holes). We then ran an Analysis of Devi-
ance (an ANOVA for glm models) on each model to assess
statistical contributions of these variables to each metric of
herbivory. All code used in analyses can be found on Github
(github.com/grillolab/Alentiginosus-swain) and can be rep-
licated using the supplementary info in this publication or in
that repository.

Results

Swainsonine Varies by Variety and site, but not
Abiotic Variables

In total, we quantitated swainsonine concentration in 487
individual Astragalus lentiginosus plants across 18 varieties
and 59 collection sites (Table 1). Of these 487 plants, 335
possessed swainsonine (69% of all plants), with the remain-
ing 152 with no detectable swainsonine. Swainsonine con-
centration in plants that contained the compound ranged
from trace detection (0.081 ug/mg) to high concentrations
(26.15 ug/mg maximum — var. salinus), with a mean of 3.50
ug/mg (Fig. 2). There was broad variation among taxonomic
varieties, ranging from two varieties (sierrae and antonius)
with no detectable swainsonine to varieties maricopae, sali-
nus, vitreus, and palans all with mean concentrations above
7 ug/mg. Interestingly, every variety had at least one plant
with no swainsonine present (Fig. 2A). There was a simi-
larly wide variation among and within collection sites, with
7 sites showing no swainsonine for any plants, while the site
with the highest mean concentration (site 19-51, 15.80 ug/
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mg) also had one plant without any swainsonine (Figs. 1B
and 2B).

The statistical model interrogating this variation using
log-transformed swainsonine concentrations indicates that
there is significant variation between A. lentiginosis variet-
ies (F(17)=3.45, P=0.0009). However, there was no signif-
icant effects of elevation (F(1)=0.0659, P=0.799), latitude
(F(1)=0.13, P=0.721), date of collection (F(1)=0.923,
P=0.343), annual mean temperature (BIO1: F(1)=0.471,
P=0.497), annual mean precipitation (BIO12: F(1)=1.00,
P=0.324), or precipitation seasonality (BIO15: F(1)=3.02,
P=0.091). Some of the abiotic variables display noticeable
trends—there is a modest decrease in swainsonine concen-
trations with higher precipitation and seasonality. While
trends in abiotic variables are observed, the lack of signifi-
cance can be explained by the large variation in swainso-
nine concentration among plants of the same variety at a
given site (Fig. 2). For example, while the plants with the
highest overall mean concentrations can be found at higher
latitudes, there are also plants with no swainsonine found at
the same site.

Relationships Between Herbivory and Swainsonine
Concentration

We quantified relationships between swainsonine concentra-
tion and several measures of herbivory across plants where
both swainsonine concentration was measured and her-
bivory information was obtainable. Overall, we identified
2,813 seeds with evidence of herbivory out of a total 22,135
seeds (12.7%) assayed across 471 plants, with sizeable vari-
ation between varieties (Table 2). Our model revealed that
A. lentiginosus variety (D(16)=1036.03, P(x*)<0.001),
collection site (D(40)=1135.23, P(x*)<0.001) and log-
transformed swainsonine concentration (D(1)=174.14,
P(%*) <0.001) significantly influenced seed herbivory, with
higher swainsonine concentrations associated with higher
levels of seed herbivory (Fig. 3A).

For fruits, herbivory was divided into two groups based
on size of exit holes: small exit holes made by specialist
seed beetles of the genus Acanthoscelides (Fig. 3B), and
larger holes made by a variety of other insects. Out of
10,020 fruits evaluated from 395 plants, 1,628 (16.2%) had
small exit holes while 1,177 (11.7%) had larger exit holes
(Table 2). Separate analyses were performed for each exit
hole size to independently assess the effect of swainsonine
between herbivore types. Results for the small exit hole
model mirrors those from seed herbivory, with significance
for A. lentiginosus variety (D(14)=567.38, P(y*) <0.001),
collection site (D(35)=961, P(¥*) < 0.001) and swainsonine
concentration (D(1)=63.35, P(y*)<0.001) and a positive
relationship between swainsonine concentration and small
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Table 2 Summary of herbivory for each 4. lentiginosus variety. Her-
bivory is measured in 3 ways (see methods)

exit holes in fruits (Fig. 3B). In contrast, while the model for
large exit holes also showed a significant effect of A. lentigi-

Astragalus len-  n plants ~ Proportion  Proportion of fruit . )
tiginosus var of crushed  with: nosus variety (D(14)=181.72 P(¥*)<0.001) and COHCC.UOII
seeds small exit holes large site (D(35)=339.49, P(¥*)<0.001), there was no relation-
exit holes ship between swainsonine concentration and presence of
antonius 20 2.7% 10.5% 10.5% large exit hole herbivory (D(1)=1.04, P(x*)=0.3075) (Fig.
araneosus 4 5.0% 14.2% 2.5% 3D).
australis 25 2.9% 5.4% 8.5%
borreganus 30 24.5% 7.1% 7.5%
Sforibundus 35 14.6% 17.1% 11.7% Di .
Iscussion
fremontii 59 11.1% 12.8% 19.8%
ineptus 30 7.9% 7.3% 8.6% .
kennedyi 2 339 6.6% 17.4% Plar.lt.chemllcal defenses haV.e been fre?quently.shown .to
maricopae 29 11.0% dehisced dehisced exhibit continuous or otherwise ecologically clinal varia-
nigricalycis 15 22.4% 38% 9.3% tion, often associated with selective pressures from herbi-
palans 19 25.0% 13% 9.9% vores (Agrawal et al. 2012; Ziist et al. 2012). However, these
salinus 36 28.8% 20.3% 10.3% studies have been almost exclusively focused on endoge-
semotus 15 2.1% 11.1% 8.5% nous plant toxin systems, and considerably less is known
variabilis 42 12.4% 20% 7.5% about the distribution and ecological role of toxins produced
vitreus 10 22.9% 51.3% 13.3% by endophytes (Clay 2014; Panaccione et al. 2014). Our sur-
wilsonii 33 11.8% dehisced dehisced vey of Astragalus lentiginosus includes nearly 500 plants
0 0 ) . .
yuccanus 3 9-0% 241% 16% thereby allowing us to robustly assess the geographic scale
Totals 487 12.7% 16.2% 11.7% .. . . ; .
of variation for this compound. We identify considerable
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Fig. 3 Associations between various measures of herbivory (Y-axes)
and swainsonine toxin concentration (X-axes) in Astragalus len-
tiginosus. Each point represents a single plant, its log-transformed
swainsonine concentration and the proportion of it’s seed or fruit her-
bivorized. Panel (A) and (B) show the positive associations between
swainsonine and herbivory by specialist Acanthoscelides seed beetle
predators (shown panel C). Panel (A) shows positive relationship
between proportion of seeds herbivorized and swainsonine concentra-

tion (D(1)=174.14, P(x*) <0.001*), while panel (B) shows a similar
pattern but with small exit holes characteristic of Acanthoscelides
emergence (D(1)=63.35, P(y*) <0.001%*). Panel D) highlights the lack
of association between toxin level and herbivory by non-seed beetle
specialists (D(1)=1.04, P(¥*)=0.3075). Trend lines on panels A, B
and D are y~x lines to show direction of relationship, and not actual
statistical analyses, which were analyzed using binomial regression,
not proportions
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variation in swainsonine toxin concentrations among vari-
eties and collection sites, and most notably a striking level
of presence/absence variation at the local site level. Inter-
estingly, swainsonine variation was not associated with a
reduction in overall herbivory, but patterns differed by
herbivore type. Our data revealed a positive association
between swainsonine and specialist seed beetle predation,
while other insect herbivores show no association. Here we
discuss the insights that these results can provide on the eco-
evolutionary forces that shape swainsonine toxin variation,
while acknowledging the limits of this inference and identi-
fying areas for continued research.

Overall, we identified a surprising level of swainsonine
variation within and between both collection sites and taxo-
nomic varieties of A. lentiginosus. There was considerable
variation between taxonomic varieties, as multiple varieties
had average concentrations higher than the maximum value
of other varieties (Fig. 2). There was also considerable vari-
ation between collection sites within a variety, with some
sites possessing the toxin in a single plant while nearby sites
showing high prevalence and concentration. Most surpris-
ingly, variation within sites was profound, with the large
majority (78.8%) of sites containing at least one plant with
no detectable levels of swainsonine that co-occurred with
plants with varying levels of swainsonine concentration
(Fig. 1).

Moreover, two taxonomic varieties (var. anfonius and
var. sierrae) possessed no detectable swainsonine in any
specimens, whereas the remaining 16 varieties included
plants with and without swainsonine. Interestingly, the two
varieties without swainsonine were the only “mountain
island” varieties—varieties that are found exclusively at
high elevation sites with very narrow geographic distribu-
tions, often separated by lower elevation regions. It is pos-
sible that these ranges—being more isolated and distinct in
geology—have different selective pressures, either by over-
all relaxed herbivory patterns, or stricter need for resources
that could otherwise by used by the endophyte for toxin
production.

Plant chemical defenses are diverse, the vast majority of
which are synthesized as secondary metabolites produced
by the plant at some cost to growth or other forms of fit-
ness (Erb and Kliebenstein 2020; Whitehead et al. 2021).
Ample evidence of such endogenous defenses often show
continuous geographic variation that matches gradients of
herbivory, abiotic variables that influence fitness, or a com-
bination of the two (Agrawal et al. 2012; Ziist et al. 2012;
Moreira et al. 2018). To the best of our knowledge, pres-
ence/absence variation as we have identified here—at all
levels including the local spatial scales—does not occur
for plant derived endogenous toxins. Comparatively, toxins
produced by fungal endosymbionts are currently limited to
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just three plant families—Convolvulaceae, Fabaceae, and
Poaceae (Quach et al. 2023). While considerable research
has been conducted, largely in grasses, to investigate endo-
symbiont toxins (reviewed Rudgers and Clay 2007; Clay
and Schardl 2002; Schardl et al. 2006), this area of inquiry
is still quite understudied and additional fungal derived sec-
ondary defensive compounds are likely to be found. Pre-
vious surveys on the geographic distribution of endophytic
toxins are limited to Poaceae, very few of which have
investigated toxin distributions at local scales. Work in tall
fescue (Lolium arundinaceum) shows broad worldwide dis-
tribution of both the plant and its endophyte (Neotyphodium
coenophialum), and global sampling reveals approximately
90% infection rates; although data on geographic toxin vari-
ation was absent (Rudgers and Clay 2007; Ball et al. 1991).
One study examining sleepygrass (Achnatherum robustum)
endophytes identified a pattern of presence/absence of alka-
loid toxins among plant populations (but not within pop-
ulation), and this pattern was clinal in nature, with lower
toxicity radiating from a focal population with high toxicity
(Faeth et al. 2006).

Despite limited investigation to date, presence/absence
variation may be a common feature of fungal derived
defensive compounds. Thus, such toxins are fundamen-
tally distinct from endogenous plant toxins in the scale of
geographic variation. This extreme level of variation, as
presented here, undoubtedly impacts the eco-evolutionary
outcomes between plant hosts and insect herbivores and
should be taken into account when studying tripartite inter-
actions (i.e. plants, fungal endophytes, insects) in these eco-
logically and economically important systems.

The forces that maintain the high degree of swainsonine
variation within and between sites and taxonomic varieties
remain unclear. In locoweeds (A4stragalus and Oxytropis)
swainsonine levels have been shown to be largely attributed
to fungal genotype and are consistent across environmental
and plant-host conditions as revealed through common gar-
den and cross-inoculation experiments (Cook et al. 2012).
Therefore, the swainsonine variation that we have identified
is not likely to be solely shaped by environmental variables.
Likewise, we found here that 4. lentiginosus varieties sig-
nificantly differ in overall swainsonine level, highlighting
that genotypic differences inherent to the plants also play
a role in its variation. Yet, several studies on swainsonine
levels that have found a consistent pattern of plants that
contain detectable levels of swainsonine, and plants absent
the compound (Cook et al. 2009, 2011). It is yet unclear
if this is due to presence/absence variation in swainsonine
production controlled by fungal genotype, or if it is simply
the presence and absence of the fungus itself. Our results
here reinforce that this pattern is widespread across geog-
raphy and among taxonomic varieties but does not provide
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clarity on ecological pressures or dynamics maintaining this
variation. Future endophyte-culturing studies across variet-
ies would be critical in better understanding if this phenom-
enon is dictated primarily by abundance of endophyte or by
plant genotypic variation.

Much of our understanding of naturally occurring varia-
tion in plant endogenous toxins revolves around the cost
of defense (e.g. Optimal Defense Theory, Resource Avail-
ability Hypothesis; Coley 1987; Stamp 2003). Moreover,
association with fungal endophytes is expected to come at
a cost that is outweighed by the benefits that plant receives
from the interaction (Clay and Schardl 2002; Davitt et al.
2010). There is ample evidence in other endophytic fungi-
plant toxin systems that these associations provide protec-
tion from various vertebrate and insect herbivores (Omacini
et al. 2001; Brem and Leuchtmann 2001; Siegel and Bush
1996, Clay et al. 2005). Other work has expanded on this
idea by using a cost-benefit analysis to determine that fun-
gal endophytes increase plant fitness and defense produc-
tion with beneficial endophytes, while other endophytes can
act as parasites to plant growth and defense (Vannette and
Hunter 2011). Studies in the locoweeds Astragalus and Oxy-
tropis have shown that the Alternaria endosymbiont plays
little to no benefit for drought and nitrogen stress resistances
(Vallotton et al. 2012; Klypina et al. 2017). Additional stud-
ies investigating nitrogen use in these plants have shown
that while swainsonine production is positively impacted
by presence of nitrogen-fixing rhizobia, toxin production is
not nitrogen-limited by rhizobia or added soil nitrogen (Del-
aney et al. 2011; Barillas et al. 2007).

These results, combined with our result of extensive
presence/absence variation, present a conundrum, as we
lack evidence for strong negative or positive benefits of
Alternaria association with Astragalus. It therefore remains
unknown if there is a cost for locoweeds to maintain associ-
ation with Alternaria fungal endophytes or what the benefi-
cial ecological role might be. Additional work in these plant
species directly measuring fitness of the plants (including in
size of plant, fecundity, etc.) associated with swainsonine
levels and the absence and presence of herbivores would be
very useful for further insights on why these species have
ubiquitous endophytic associations.

We hypothesized that swainsonine is a plant defense
against seed predation. While it is well established that
swainsonine is a potent neurotoxin for domesticated mam-
mals, impacts on invertebrates have not been previously
described. Through our survey of fruit and seed herbivory
we did not find an association between swainsonine levels
and large fruit exit holes that are indicative of herbivory by
non-specialist insects. We did identify a positive relation-
ship between both small fruit exit holes and seed predation
which are caused by specialist Acanthoscelides beetles. It

is important to note that while our survey of herbivory was
large in scale, encompassing thousands of fruits and seeds
across a broad geographic area, this analysis is best viewed
as a “snapshot” of insect herbivory at a single time point.
The results may very well differ if sampling at different time
points throughout the season or across years; therefore, her-
bivory results should be interpreted with some caution.

Our findings suggest that swainsonine is not an effec-
tive defense against herbivory by various insects that cause
large exit holes. However, the overall incidence of large exit
holes was quite low and swainsonine, or perhaps some other
endogenous chemical, may indeed function as an effective
deterrent causing non-specialist insects to avoid A. lentigi-
nosus. Given our hypothesis that swainsonine serves as a
chemical defense against herbivory, it is somewhat surpris-
ing that we identified a positive correlation between both
measures (i.e., small fruit exit holes and seed predation) of
specialist Acanthoscelides beetle herbivory. That is, plants
with higher swainsonine experienced greater levels of seed
predation, contrary to expectations of this toxin being an
effective defense for seed predation. While this may seem
surprising, this finding may be indicative of trait matching
or phenotypic escalation where Acanthoscelides beetles
have evolved resistance to swainsonine through an on-going
coevolutionary arms race (Berenbaum and Zangerl 1998).
Regions with high levels of herbivory and swainsonine may
reflect co-evolutionary hotspots as described by Thompson
(2005). Spatial and temporal variation in herbivory could
potentially give rise to the high degree of swainsonine varia-
tion that we have identified, particularly if the costs of main-
taining association with the fungal endophytes are high. For
instance, in years of high insect herbivory, we would expect
there to be selection to increase association with high-toxin
chemotype Alternaria, and selection to associate with low-
toxin chemotypes when insect herbivory is low. Observed
high levels of toxin and chemotype variation even at local
levels may be in part maintained by the seed bank which
delays response to selection from insect herbivores. None-
theless, our results provide the first documented association
between swainsonine and insect seed predation, albeit in a
somewhat unexpected direction. Manipulative insect rear-
ing experiments as well as long term field monitoring stud-
ies are necessary to more rigorously test the hypothesis that
swainsonine acts as a defense against insect predation in
Astragalus.

Given that our data represent a snapshot of herbivory it
is important to consider alternative hypotheses and scenar-
ios. First, swainsonine, and association with fungal endo-
phytes that produce it, may indeed serve as a plant chemical
defense but our sampling occurred too early in the season.
Overall, our measures of insect predation were much less
than published reports in related Astragalus species (Green
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and Palmbald 1975; Combs et al. 2011, 2013). Astragalus
lentiginosus spans disparate ecogeographic habitats, and at
the time of sampling, some sites possessed only ripe fruits
and dried plants, whereas others were in early stages of fruit
ripening. Under laboratory conditions, Acanthoscelides
beetles can have multiple generations as long as ripe seeds
are available (Morse personal observation). It is thus pos-
sible that sampling at the end of the growing season may
yield different results. An important caveat to consider is
that while the seed coat of Astragalus harbors the endo-
phyte and swainsonine, it is unclear if these beetles actually
directly interact with the toxin and sequester it in some form
or another (Erb and Robert 2016), or mechanically burrow
past it to consume the toxin-absent seed inside. More in-
depth experiments are necessary to understand the relation-
ship between specialist seed beetles and swainsonine. An
alternative hypothesis may be that swainsonine acts primar-
ily as a foliar defense against herbivory. When the toxic
endophyte is present in locoweeds, swainsonine is present
throughout all plant tissues (Cook et al. 2011). Predictions
from the Optimal Defense Hypothesis (Stamp 2003) would
suggest the seed coat would have the highest toxin concen-
trations to defend against insect seed predation. But perhaps
defending foliar or other tissue is more important to these
plants, and more explicit tests of foliar herbivory would
be needed to dissect this. Or perhaps swainsonine func-
tions in some other capacity beyond herbivore resistance.
While other toxin producing plant fungal endophytes have
been shown to confer defense against herbivores (Oma-
cini et al. 2001; Brem and Leuchtmann 2001; Siegel and
Bush 1996, Clay et al. 2005) other benefits to plant hosts
have been documented. Most prominently, several studies
have shown benefits of fungal endophytes for tolerance to
abiotic stressors, including drought and heat stress as well
as nutrient acquisition in poor environments (Zhang et al.
2011; Lewis et al. 1997; Marks and Clay 1996; Malinowski
and Belensky 2000)—but the generality of these benefits
has been recently challenged (Decunta et al. 2021). Another
benefit of fungal endophytes and/or their toxins is defense
against diseases imposed by other fungi, as seen in Ephicloé
systems (Pérez et al. 2020), but this would still not explain
extensive presence/absence variation as seen here. Specific
to Astragalus, we noted above that Alternaria shows no ben-
efit for drought and nitrogen stress resistances (Vallotton et
al. 2012; Klypina et al. 2017), but it is possible that Astraga-
lus’ association with Alternaria endophytes may be driven
in part by benefits to survival unrelated to herbivory. More
work evaluating fitness of Astragalus species associated
with both presence and absence of the endophyte—both in
laboratory and field settings—is needed to disentangle these
overlapping hypotheses.
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Finally, beyond swainsonine correlations, it is possible
that there are plant secondary metabolites that differ among
A. lentiginosus varieties that influence patterns of herbivory
seen here. These metabolites may function as either plant
defenses against herbivores or attractants for pollinators and
can often have complex relationships ecologically (Nelson
and Whitehead 2021). Future studies that examine such
compounds would help to provide a more comprehensive
understanding of the chemodiversity of this species and per-
haps provide insight on ecological functions of swainsonine.

Conclusion

Compared to endogenous plant-chemical defense systems,
geographic variation in endophyte-produced toxin systems
is severely understudied—a critical gap in our understand-
ing of plant-symbiont interactions and some of the most
common and important coevolutionary relationships in
nature. Here we provide a large-scale survey of toxin varia-
tion and herbivory in a legume-fungal endophyte system
aimed at bridging this gap. Our results show a relatively
unique pattern of geographic toxin variation dominated by
presence/absence at the level of taxonomic variety, popula-
tion, and local scales. This pattern is in stark contrast to the
vast majority of patterns seen in endogenous plant defenses,
subverting the classical expectation that plant toxins are a
response to clinal variation in herbivore activity. This rela-
tionship is further confounded by our survey of herbivory,
which found a positive relationship between toxins and
specialist seed predators, and a lack of association between
toxin level and other insects. Together, these results raise
many questions and hypotheses about the underlying mech-
anisms responsible for the extensive variation in endophytic
toxins in Astragalus and plant-endophyte systems more
broadly. Here and elsewhere, herbivory is assumed to be an
important driver of toxin prevalence in plants, but this may
not be the case in every system.

Overall, our results highlight that much more research
is needed in the area of fungal-endophyte toxin variation,
with particular emphasis on identifying ecological roles that
are driving patterns of association and toxin levels. Further
research, both in the field and laboratory, connecting plant
fitness, endophyte association, toxin variation, and herbiv-
ory levels could be transformational in our understanding of
plant-symbiont relationships, and coevolution more broadly.
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