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Abstract

Plants affect associated biotic and abiotic edaphic factors, with reciprocal feedbacks
from soil characteristics affecting plants. These two-way interactions between plants
and soils are collectively known as plant-soil feedbacks (PSFs). The role of phylogenetic
relatedness and evolutionary histories have recently emerged as a potential driver of
PSFs, although the strength and direction of feedbacks among sympatric congeners
are not well-understood. We examined plant-soil feedback responses of Asclepias
syriaca, a common clonal milkweed species, with several sympatric congeners across
a gradient of increasing phylogenetic distances (A. tuberosa, A. viridis, A. sullivantii, and
A. verticillata, respectively). Plant-soil feedbacks were measured through productivity
and colonization by arbuscular mycorrhizal (AM) fungi. Asclepias syriaca produced less
biomass in soils conditioned by the most phylogenetically distant species (A. verticil-
lata), relative to conspecific-conditioned soils. Similarly, arbuscular mycorrhizal (AM)
fungal colonization of A. syriaca roots was reduced when grown in soils conditioned
by A. verticillata, compared with colonization in plants grown in soil conditioned by
any of the other three Asclepias species, indicating mycorrhizal associations are a po-
tential mechanism of observed positive PSFs. This display of differences between the
most phylogenetically distant, but not close or intermediate, paring(s) suggests a po-
tential phylogenetic threshold, although other exogenous factors cannot be ruled out.
Overall, these results highlight the potential role of phylogenetic distance in influenc-
ing positive PSFs through mutualists. The role of phylogenetic relatedness and evolu-
tionary histories have recently emerged as a potential driver of plant-soil feedbacks
(PSFs), although the strength and direction of feedbacks among sympatric congeners
are not well-understood. Congeneric, sympatric milkweeds typically generated posi-
tive PSFs in terms of productivity and AM fungal colonization, suggesting the low
likelihood of coexistence among tested pairs, with a strength of feedback increasing

as the phylogenetic distance increases.
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1 | INTRODUCTION

Interactions between plants and associated soils play an important
role in the shaping and maintenance of plant communities (Bever
et al.,, 2015; Mangan, Schnitzer, et al., 2010). Plants actively exude
phytohormones, sugars, and other compounds, which directly and
indirectly influence the biotic and abiotic properties of rhizosphere
soil (Bever, 1994; De Long et al., 2018; Meiners et al., 2017). The
effects of plants on local soil properties, along with subsequent re-
ciprocal interactions, are collectively known as plant-soil feedbacks
(PSFs) (Bever et al., 2010). Plant-soil feedbacks span a continuum
from negative to positive, and the direction and magnitude of the
feedback are often determined by the presence or absence, as well
as abundance, of certain soil biota (Crawford et al., 2019). Negative
PSFs occur when plant growth is reduced in soil previously occu-
pied by plants of the same species (conspecific-conditioned), com-
pared to growth in soil previously occupied by a different species
(heterospecific-conditioned). Alternatively, positive PSFs occur when
plants produce greater biomass in soil conditioned by conspecifics,
relative to heterospecific-conditioned soil. In plant communities,
negative PSFs encourage heterogeneity and coexistence between
heterospecifics; thereby promoting greater plant diversity, whereas
positive PSFs promote monotypic stands, with resultant reductions
in plant diversity (Bever et al., 1997; Mack et al., 2019). Plant species
within native, co-evolved communities typically exert negative PSF,
where the species generally performs better in soils conditioned
by heterospecifics, which facilitates greater overall plant diversity
(Crawford et al., 2019; Meiners et al., 2017; Stein & Mangan, 2020).
However, a number of factors influence the magnitude and direction
of PSF dynamics between species within a localized plant commu-
nity, with tremendous implications for community-level interactions
contributing to heterogeneity. Elucidation of mechanisms driving
these interactions is critical for further understanding of competi-
tive dynamics that contribute to observed community patterns.
One such mechanism may be plant relatedness. Closely related
species are more likely to share common traits or characteristics
due to a longer shared evolutionary history, relative to species that
diverged earlier in history (Pagel, 1999). Over the last decade, a
growing body of literature suggests that phylogenetic relationships
influence plant-soil interactions (Anacker et al., 2014; Crawford
et al.,, 2019; Hoeksema et al., 2018; Kempel et al., 2018; Segnitz
et al., 2020; Wandrag et al., 2020). Although diverse, native plant
communities typically display high levels of phylogenetic diversity
with representatives from multiple genera, families, and orders,
many ecosystems support suites of sympatric congeners, and the
role of PSFs among co-occurring congeners is poorly understood
(Wilschut et al., 2019). While some studies have found no relation-
ship between phylogenetic distance and PSF (Mehrabi & Tuck, 2014;

Wilschut et al., 2019), many others have found considerable support
for phylogenetic relatedness influencing PSF dynamics (Anacker
et al., 2014; Crawford et al., 2019; Hoeksema et al., 2018; Kempel
et al., 2018; Wandrag et al., 2020). However, PSF can be driven by
several mechanisms, some of which may be differentially influenced
by phylogenetic relatedness of host plants. For instance, the degree
of host specificity of soil pathogens and mutualists may depend
upon phylogenetic scale, with pathogens being more specialized in
lower-order taxa [e.g. within genera (Wang, Hoffland, et al., 2019;
Wang, Jiang, et al., 2019)]. Strong phylogenetic conservatism of
host-specific pathogens suggests that many plant species should
exhibit strong negative PSF when soil is conditioned by phyloge-
netically distant plant species, due to the lack of shared antagonists
(Collins et al., 2020; Gilbert & Webb, 2007; Parker et al., 2015).
Alternatively, PSFs may be driven by the presence or absence of
mutualists, which typically show greater specificity at higher-order
taxonomic levels [e.g. family and order (Wang, Hoffland, et al., 2019;
Wang, Jiang, et al., 2019)]. For example, plants that do not share mu-
tualistic cohorts will likely exhibit positive PSFs if each plant spe-
cies benefits equally from the host-specific mutualists (Hoeksema
etal., 2018; Reinhart et al., 2012). In this scenario, if phylogenetically
distant species are less likely to share mutualists due to earlier di-
vergences, relative to more closely related species, then PSFs will
likely become more positive as the phylogenetic distance increases
(Crawford et al., 2019). The vast majority of studies examining the
role of evolutionary history in plant-microbial interactions do so
at very coarse phylogenetic scales, incorporating relatively large
numbers of species from multiple genera or families (Crawford
et al., 2019; Hoeksema et al., 2018). Negative feedbacks have been
shown to predominate at such coarse scales (Crawford et al., 2019),
consistent with deeply conserved plant traits related to pathogen
defense. Whether variation in mutualists becomes more important
at finer phylogenetic scales remains unknown.

Milkweeds (Asclepias) are a diverse genus of plants in the milk-
weed and dogbane family (Apocynaceae), with 130 of the esti-
mated 400 species found in North America. Milkweed research
has increased dramatically over the past two decades, due in part
to its importance as the primary food source of monarch (Danaus
plexippus L.) larvae. Only recently have researchers started to ex-
plore the complex relationships between milkweeds and soil sym-
bionts, particularly arbuscular mycorrhizal (AM) fungi. Even less
research has been conducted assessing PSF that may be occurring
between different milkweed species, with only one study being
published to date (Snyder & Harmon-Threatt, 2019). In the grass-
lands of central North America, several Asclepias species can be
observed growing within relatively close proximity to one another.
Common sympatric species in North American prairies include
Asclepias syriaca L. (common milkweed), A. tuberosa L. (butterfly
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milkweed), A. viridis Walter (green antelopehorn), A. sullivantii
Engelm. ex A. Gray (prairie milkweed), A. verticillata L. (whorled
milkweed), and several others. Because the relationship between
milkweeds and AM fungi remains largely unexplored, many knowl-
edge gaps exist, including the direction and magnitude of feed-
backs occurring between sympatric species. Filling these gaps
can provide insight into intraspecific organization on landscapes
where congeners co-occur, and how these dynamics may be me-
diated through PSFs.

To assess the PSF dynamics between sympatric congeners, a
greenhouse study was conducted to assess the strength and di-
rection of PSFs occurring between a common, clonal milkweed
species [A. syriaca (focal species)] and four sympatric congeners
across a gradient of increasing phylogenetic distances [A. tuberosa,
A. viridis, A. sullivantii, and A. verticillata, respectively (collectively,
peripheral species)]. The influence of A. syriaca on sympatric con-
geners, as well as the reciprocal effects, were measured by compar-
ing biomass production and AM fungal colonization of peripheral
species grown in A. syriaca- and conspecific-conditioned soils. Due
to previous research suggesting many native plant species per-
form poorly in soil conditioned by conspecifics, we hypothesize
that our selected milkweed species will produce greater biomass
and have greater AM fungal colonization in soil conditioned by
heterospecifics (i.e. negative PSF). Furthermore, we hypothesize
that this difference will be amplified as the phylogenetic distance
of the “conditioning” species increases. Native plants often pro-
mote negative PSFs, although previous research suggests positive
or neutral PSFs may be observed between closely related species
(Liu et al., 2011; Crawford et al., 2019). Because of this, we ex-
pect neutral or weakly negative PSFs between A. syriaca and more
closely related species, such as A. tuberosa and A. viridis, with PSFs
becoming more strongly negative as the phylogenetic distance
increases, as with A. sullivantii and A. verticillata. Examination of
PSFs of closely related species is largely non-existent, including
species at the center of current conservation concerns, such as
Asclepias spp. By examining the above- and belowground effects
(i.e. biomass production and AM fungal colonization, respectively)
of PSFs between co-occurring congeners, we may better under-
stand the role of plant-soil-microbial interactions in shaping plant
communities. In addition, this research can provide key insight into
the coexistence dynamics of related species on the landscape, as
well as the degree to which evolutionary history dictates plant-
soil-microbial interactions.

2 | METHODS

2.1 | Plant species, soil collection, and soil
conditioning

In our experiment, we tested the plant-soil feedback dynamics of
a focal plant species (Asclepias syriaca) and four sympatric conge-
ners spanning across a phylogenetic gradient. Asclepias syriaca is a
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long-lived perennial, clonal milkweed species native to much of east-
ern and central North America. The four peripheral species, from
decreasing to increasing phylogenetic distance from A. syriaca, were
A. tuberosa (phylogenetic distance: 480.5), A. viridis (1155.0), A. sul-
livantii (1308.8), and A. verticillata (2441.1). Phylogenetic distances
were derived from recent phylogenies constructed by Fishbein
et al. (2018). Native tallgrass prairie soil was collected from the
Konza Prairie Biological Station (KPBS), Manhattan, KS, USA, where
all five species used in this experiment can be commonly found. Soil
was sieved through a 10 mm sieve to remove rocks and coarse plant
material.

All seeds for this experiment were purchased from Prairie
Moon Nursery (Winona, MN, USA). In the initial phase of the ex-
periment, soils were conditioned, by growing individual Asclepias
seedlings in 650ml dee-pots (Stuewe & Sons, Inc., Tangent, OR,
USA) containing 600 g of native prairie soil. Each conditioning pot
contained a single seedling of one of the five species used in the
experiment, and this process was repeated for all species. Plants
were grown and maintained for 18 weeks, at which time the ma-
jority of individuals were beginning to senesce, and soil was col-
lected for use as inoculum in a subsequent feedback experiment.
For our focal species, A. syriaca, 80 seedlings were grown for the
purposes of soil conditioning, whereas 20 individuals of each of
the other four species were grown. This ensured that enough in-
oculum would be produced for each pairwise feedback between
being tested. The soil conditioning phase consisted of 160 pots [(4
speciesx 20 replicates)+(1 speciesx 80 replicates)]. Conditioned
soils were pooled by species and homogenized prior to use as in-
oculum for the PSF experiment.

2.2 | Plant-Soil feedback (PSF) experiment

The experimental design of the PSF test follows the feedback ap-
proach described by Bever (1994). Seeds of all five species were
germinated in moist vermiculite following 30days of cold-moist
stratification. After two pairs of true leaves had formed (~24 days),
individual seedlings were transplanted into pots (Stuewe & Sons,
Inc., Tangent, OR, USA) filled with 600g (dry weight) of soil parti-
tioned into three layers: 400g of steam-pasteurized prairie (KPBS)
soil [80°C for 2h and allowed to cool for 72 h to eliminate biotic com-
munities but retain soil abiotic traits (Hetrick et al., 1990, Wilson &
Hartnett, 1998)], followed by 100g of soil inoculum (described above
in soil conditioning phase), followed by 100g of steam-pasteurized
soil to protect from cross-contamination during the growing period
(Duell et al., 2019). For our focal species, A. syriaca, a single seed-
ling was planted per pot and inoculated with soil conditioned by a
conspecific or one of each of the four heterospecific peripheral spe-
cies. For each of the four peripheral species, a single seedling was
planted per pot and inoculated with soil conditioned by conspecifics
or soil conditioned by A. syriaca. The feedback test consisted of a
partially factorial design with 130 pots [(1 speciesx5 inoculax 10
replicates) + (4 species x 2 inoculax 10 replicates)].
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After 20weeks, prior to shoot senescence, plants were har-
vested, and root and shoot biomass was separated. All biomass was
dried at 60°C for 48h and weighed. Roots were washed free of soil
and three subsamples from each individual plant were collected and
stained with Trypan blue to determine the percent mycorrhizal root
colonization. AM fungal root colonization was scored by using the
magnified gridline intersect method (McGonigle et al., 1990), using
a compound microscope (200x) to measure the percentage of root
colonized by AM fungal structures (hyphae + vesicles +arbuscules).
For each root sample, three random sections of root length were
scored separately, with a total of approximately 900 grids observed
per sample. Reported colonization values of each sample represent
the mean of these three subsets.

2.3 | Statistical analyses

Feedbacks were calculated for total biomass and intraradical AM
fungal colonization. Interaction coefficients were calculated to
quantify PSF dynamics between A. syriaca and several peripheral
congeners grown with inoculum conditioned by either conspecific
or heterospecific plants. We used the following equation: I, = G(
A)a—G(A)ﬂ—G(B)a+G(B)ﬁ, where I is the feedback interaction co-
efficient, G(A) is the growth of plant species A inoculated with
conspecific soil, G(A)/, is the growth of plant species A inoculated
with heterospecific soil, G(B), is the growth of plant species B in-
oculated with heterospecific soil and, G(B)/, is the growth of plant
species B inoculated with conspecific soil (Bever et al., 1997).
When [, values are positive (I, > 0), a net positive feedback on plant
growth is generated by the soil community, and coexistence be-
tween plant species does not occur. Conversely, when I  values
are negative (I,<0), a net negative feedback on plant growth is
generated by the soil community, and coexistence between plant
species does occur (Bever, 2003). Interaction coefficient values
were calculated for each combination of A. syriaca and the four
peripheral species.

Using PROC-GLM in SAS, we constructed a general linear
model using log-transformed (for normalization of data) biomass
data and logit-transformed colonization data as the dependent
variables. Conditioning species identity and experimental species
identity were used as factors with interactions for each focal-
peripheral species pairing. Plant-soil feedback was tested within
the conditioning and experimental plant-species interaction,
where conditioning species represents the plant species used in
the conditioning phase of the experiment and experimental spe-
cies refers to the plant being assessed in the second experiment
(Bever, 1994). These analyses were conducted using the PROC-
GLM procedure in (SAS Institute, Cary, NC, U.S.A.), version 9.4 of
the SAS System for Windows.

Prior to analysis, all data were tested for normality and homo-
geneity of variances using the Shapiro-Wilk and Levene's tests,
respectively. Lastly, simple linear regressions were constructed
to test the effect of pairwise phylogenetic distance on PSF

dynamics. These analyses were performed in R version 4.0.2 (R
Core Team, 2020).

3 | RESULTS

Biomass production of A. syriaca was not different among soil in-
oculum, with the exception of inoculum conditioned by A. verticillata
(Figure 1d; Figure S1). In soils conditioned by A. verticillata, A. syri-
aca produced significantly less biomass compared to conspecific-
conditioned soils, as well as soils conditioned by A. tuberosa, A. viridis,
and A. sullivantii. Biomass production of three of the four periph-
eral species was not different between A. syriaca- and conspecific-
conditioned soils, with the exception being A. verticillata (Figure 1d;
Figure S2). Interestingly, A. verticillata produced significantly less
biomass in conspecific-conditioned soils, relative to soil conditioned
by A. syriaca (Figure 1d; Figure S2). Interaction coefficients in bio-
mass production tended to become more positive with increasing
phylogenetic distance, but none of these individual feedbacks be-
tween A. syriaca and peripheral species were significant (Figure 2a).

Overall, there were no significant differences in AM fungal col-
onization among A. syriaca grown in conspecific- or heterospecific-
conditioned soils (Figure 3; Figure S3). However, similar to patterns
seen in biomass production, AM fungal colonization was generally
lower in A. syriaca plants grown in A. verticillata-conditioned soils,
relative to soils conditioned by A. tuberosa, A. viridis, and A. sulli-
vantii (Figure 3a-d; Figure S3). In fact, when grown in A. verticillata-
conditioned soils, A. syriaca displayed significantly lower AM
fungal colonization levels, relative to conspecific-conditioned soils
(Figure 3d). Interestingly, as A. verticillata is the most phylogeneti-
cally distant peripheral species, our observation of greater coloniza-
tion in conspecific-conditioned soil with the A. verticillata-A. syriaca
pairing is qualitatively consistent with greater mycorrhizal special-
ization with greater phylogenetic distance (Figures 2, 3),

4 | DISCUSSION

We investigated the PSF and AM fungal dynamics between a com-
mon milkweed species (A. syriaca) and several sympatric congeners
spanning a phylogenetic gradient (A. tuberosa, A. viridis, A. sullivantii,
and A. verticillata, respectively). Overall, two clear patterns emerged.
First, biomass PSF between A. syriaca and all four peripheral spe-
cies were generally weakly positive. Secondly, AM fungal interaction
coefficients indicate greater colonization density when milkweeds
were grown with conspecific soils, as is consistent with AM fun-
gal specialization on plant species, and this was particularly true
for the two more phylogenetically distant species pairs (A. syriaca
with A. sullivantii and A. verticillata, respectively). Such specializa-
tion of AM fungi would be expected to generate positive PSF and,
though not significant, the PSF tended to be most positive between
the two most distantly related species, A. syriaca and A. verticillata.
With an estimated 400 Asclepias found throughout North America,
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parts of South America, and sub-Saharan Africa, the inclusion of ad-
ditional species would certainly strengthen this type of experiment;
however, as we were interested primarily in local-scale community
dynamics including sympatric congeners, the number of available
species was limited.

Phylogenetically-driven PSF is often linked to the presence and
abundance of host-specific pathogens (Collins et al., 2020; Gilbert
& Webb, 2007; Parker et al., 2015) or mutualists (Bever, 2003;
Mangan, Herre, & Bever, 2010; Wang et al., 2017), and the de-
gree to which the associated microbiomes of the two plants over-
lap. Interestingly, significant results in our study centered around
the pairwise interactions between A. syriaca and A. verticillata, the
most phylogenetically distant of the four peripheral species. For
example, we found no differences in the productivity of A. syriaca
among conditioned soils, with the exception of soil conditioned by
A. verticillata. These results suggest the reduced productivity of
A. syriaca in A. verticillata-conditioned soils is likely driven by a lack
of shared mutualists, namely AM fungi. Similar patterns have been
observed in tropical rainforests, where seedlings of tree species per-
formed better in soils and AM fungal communities conditioned by
conspecifics, compared to those of heterospecific trees (Mangan,
Herre, & Bever, 2010). Alternatively, the only peripheral species to
be affected by soil conditioning was A. verticillata, which produced
greater biomass in soils previously occupied by A. syriaca, relative to
conspecific-conditioned soils, suggesting a build-up of host-specific

A. sullivantii A. syriaca A. verticillata
Conditioning Species

pathogens. Taken together, our results suggest that PSF dynamics
between A. syriaca and A. verticillata may be driven by both mutu-
alists and pathogens simultaneously, with mutualist dynamics likely
having the strongest influence on A. syriaca productivity, and patho-
gen load-driving patterns observed in A. verticillata. While the ef-
fects of phylogenetic distance on PSF dynamics have been observed
in other species pairings (Crawford et al., 2019), these patterns have
rarely been observed at such fine phylogenetic scales. Although no
interactions or significant PSFs were detected between A. syriaca
and the three more closely related peripheral species, significantly
greater AM fungal colonization with conspecific-conditioned soils
between the most distantly related pairs of species does not rule out
the possibility of a phylogenetic threshold. However, it is also pos-
sible other factors are at play, including, but not limited to, host life
cycle, CSR (competitor, stress-tolerator, ruderal) strategies, or the
degree of responsiveness to symbionts (Davison et al., 2020; Koziol
etal., 2022).

While most PSF studies assess the influence of plants, soils, and
reciprocal interactions on subsequent biomass production, the flex-
ibility of the interaction coefficient calculation allows for the testing
of differential impacts of conspecific vs heterospecific inocula on
a number of quantifiable plant traits. In our study, AM fungal root
colonization of our focal species did not differ, regardless of condi-
tioning species identity. Interestingly, A. tuberosa, the most closely
related to our focal species, displayed a weakly greater AM fungal
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FIGURE 2 Plant-soil feedback (PSF) effects on (a) biomass production and (b) colonization by arbuscular mycorrhizal (AM) fungi of
Asclepias syriaca and four sympatric congeners spanning a phylogenetic gradient. Within each panel, the phylogenetic distance from

A. syriaca increases from left to right. Interaction coefficients were calculated using the following equation: I, = G(a)a - G(a)p - G(b)a+ G(B)
B, where |_is the feedback interaction coefficient, G(a)a is the growth of plant species A inoculated with conspecific soil, G(a)p is the growth
of plant species A inoculated with heterospecific soil, G(b)a is the growth of plant species B inoculated with heterospecific soil and, G(B)B is
the growth of plant species B inoculated with conspecific soil (Bever et al., 1997). Plant-soil feedbacks that differ statistically from zero are

denoted by asterisks.

—~
()
-~

1.00 1
. C=ns
—o— A. syriaca E=ns
c CxE =ns
RS A. tuberosa
® 0.75
N
c
i)
o
O 0.501
5
c I
2 254 E\\I
=
<
0.00 1
A. syriaca A. tuberosa
Conditioning Species
© 4004
. C=0.03
—eo— A. syriaca E=ns
c CxE =0.04
il A. sullivantii
w© 0.754
N
c
o
o
O 0.501
[ v
£ ———%
= 0.251
=
<
0.00 1

A. syriaca A. sullivantii

Conditioning Species

—_
o
-~

AM fungal colonization

—
o
-~

AM fungal colonization

1.00 1

0.75 1

0.50 1

0.25 1

0.00 1

C=ns
E=ns
CxE =ns

—e— A. syriaca

A. viridis

\v

1.00 1

0.75 1

0.50 1

0.25 1

0.00 1

A. syriaca A. viridis

Conditioning Species

C =0.004
E =0.003

—-e— A. syriaca CxE = 0.002

A. verticillata

S
™~

A. syriaca  A. verticillata
Conditioning Species

FIGURE 3 Proportion of intraradical
arbuscular mycorrhizal (AM) fungal
colonization of A. syriaca and paired
peripheral species across a phylogenetic
gradient. Phylogenetic distance from

A. syriaca increases from panels a-d,

with A. tuberosa and A. verticillata being
the most closely and distantly related to
A. syriaca, respectively. Within each panel,
red points and lines represent A. syriaca,
and green points and lines represent
peripheral species. In the upper right-hand
of each panel, the effects of conditioning
species (c), experimental species [E (i.e.
identity of species grown during the
experimental phase of the feedback
experiment)], and the interaction of the
two (CxE) are shown as represented by
model p-values, with significance assessed
at p<.05.

85U8017 SUOWILLIOD BA TR0 3(eot|dde ayy Aq peusenob ae sajoiie O ‘8sN Jo S8|nJ 1oy Afiq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWBIALI0O" A3 | IMAe.q) 18U [UO//:SANY) SUORIPUOD PUe SWB | 8L 88S *[£202/80/0T] U0 AkeidiTauluo A8|IM ‘saireiqi sesuey JO AIseAIUN AQ £9/6'€898/200T 0T/I0PALI0D" A8 | 1M Ake.q 1 |Buluo//:Sdny wouy pepeojumod ‘T ‘€202 ‘85LL5702



DUELL €T AL.

colonization in conspecific inocula. However, AM fungal colonization
of A. sullivantii and A. verticillata was much greater in conspecific-
conditioned soils, compared to A. syriaca-conditioned soils, with sig-
nificantly positive interaction coefficients. These results suggest an
absence of mutualists in soils conditioned by A. syriaca (Bever, 2002),
which may be attributed to the phylogenetic distances of these spe-
cies. Overall, these results are in line with several previous studies
that have found greater mutualist abundances in soils previously
occupied by conspecifics (Haskins & Gehring, 2005; Kulmatiski
et al., 2017; Wang, Hoffland, et al., 2019; Wang, Jiang, et al., 2019).

The positive AM fungal interaction coefficients seen in our
study may be due at least in part to the clonal nature of some
of our study species. For clonality to be a successful form of
asexual reproduction and lateral spread, appropriate soil condi-
tions must exist for the establishment of new ramets. Negative
PSF has been observed in several clonal plant species and is
thought to be a driving mechanism of ring formation in some spe-
cies (Bonanomi et al., 2014; Carteni et al., 2012). The connect-
edness of rhizomes or stolons may increase susceptibility to soil
pathogens, and recent evidence suggests that some stoloniferous
grasses perform better in sterile soil, relative to soils previously
occupied by conspecifics, though these results may be species-
specific (Xue et al., 2022). Alternatively, extensive rhizomes may
facilitate pathogen escape, thus weakening the effect of negative
PSF (D'Hertefeldt & van der Putten, 1998). It is worth noting that
we did not test mother plants and ramets due to time constraints,
as this would take multiple years to grow plants to maturity. While
it is possible that plant ontogeny (e.g. seedling vs. ramet) influ-
ences PSF outcomes, this area of work remains largely unexplored.
Three out of five of our Asclepias species (A. syriaca, A. sullivantii,
and A. verticillata) exhibit clonality, and the two clonal peripheral
species (A. sullivantii and A. verticillata) consistently exhibited the
strongest, albeit not always significant, positive interaction co-
efficients. Although there was no significant effect of condition-
ing species identity on AM fungal colonization of A. syriaca, both
A. sullivantii and A. verticillata exhibited significantly greater AM
fungal colonization in conspecific-conditioned soils, indicating a
presence of selected mutualists in conspecific-conditioned soils.
However, greater colonization levels did not necessarily translate
to conferred benefits, as A. verticillata produced very little bio-
mass in conspecific-conditioned soils, highlighting the need for
further investigation of Asclepias-microbial interactions and spec-
ificity (Koziol et al., 2022).

Our study provides novel insight into the effects of plant-soil
interactions on biomass production and AM fungal colonization in
coexisting Asclepias species, yet many knowledge gaps remain. We
assessed PSF dynamics between a single, focal species and sev-
eral peripheral congeners. Even within the same genus, it has been
well-established that plants can vary widely in their responses to,
and selection of, AM fungal partners (Koziol et al., 2022; Wilschut
et al., 2019), making microbial community abundances and as-
semblages crucial for understanding plant-microbial dynamics
among related species. In the context of our study, it is possible
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that pairwise PSFs between our peripheral species may differ in
direction and magnitude, depending on the degree of host speci-
ficity of mutualistic and pathogenic communities. With the rapid
advancement in molecular tools and techniques, researchers are
able to identify AM fungal taxa in soils. This, along with emerg-
ing interest in host-symbiont specificity within plant communities
(Klironomos, 2002; Sepp et al., 2018; Wang, Hoffland, et al., 2019;
Wang, Jiang, et al., 2019), provides a unique opportunity to assess
differences in microbial community composition between and
among related species. As plant community succession advances
temporally, species within those communities often display greater
degrees of host specificity with regard to AM fungal symbionts
(Koziol & Bever, 2016; Cheeke et al., 2019). Successional stages of
Asclepias are often species-specific and context-dependent (Bauer
et al., 2018; Middleton & Bever, 2012), with many considered to
be mid-successional. Thus, it is likely that a certain degree of AM
fungal host specificity exists within the genus, as supported by
recent studies (Koziol et al., 2022).

Interactions between plants and their associated soils are recog-
nized as key drivers of plant community diversity and organization
on the landscape (Bever et al., 2015; Mangan, Schnitzer, et al., 2010)
and may be especially important for sympatric-related species
(Mangan, Herre, & Bever, 2010). While recent literature suggests
that pairs of distantly related species likely exhibit more negative
PSF due to pathogen specialization (Crawford et al., 2019; Mangan,
Herre, & Bever, 2010), these patterns may occasionally be masked
by the absence of shared mutualists, resulting in stronger positive
feedbacks. Our results suggest PSF dynamics between Asclepias
species are likely driven by mutualist communities. In short, our data
indicate that soil conditioning by heterospecific congeners generally
does not affect productivity, regardless of phylogenetic distance.
However, this was not the case for paired phylogenetically distant
species (Crawford et al., 2019). Furthermore, our study indicates
that sympatric Asclepias species are capable of conditioning soils
to the benefit of conspecifics with regard to intraradical AM fungal
abundances, but that these results do not translate to plant produc-
tivity metrics such as total biomass production. While our study con-
sisted of four sympatric congeners, further research is warranted to
determine whether this is a generalizable pattern across additional
Asclepias species. Phylogenetic signals within and among plant-
microbial interactions are well-documented, though empirical evi-
dence with a focus on congeners is severely lacking. Our research
provides support for change in directionality and magnitude of PSF
across congeneric phylogenetic distances and provides a baseline

for further similar studies.

AUTHOR CONTRIBUTIONS

Eric Duell: Conceptualization (equal); data curation (lead); formal
analysis (equal); investigation (lead); methodology (lead); project
administration (equal); software (equal); validation (lead); visualiza-
tion (lead); writing - original draft (lead); writing - review and editing
(lead). James D. Bever: Formal analysis (equal); methodology (sup-
porting); software (equal); validation (equal); writing - review and

8518017 SUOWILIOD aA1Ie1D) 3|l dde 8Ly Aq peusenob ke sajole YO '8sN JO S9INJ 0§ Akeuqi ] 8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLIBYWI0D A8 | 1M AlRIq U1 |UO//SdNL) SUORIPUOD pue Swie | 8y 88S *[£202/0/0T ] Uo AreiqiTauljuo Ao|IM ‘satrelqi sesuet JO Aisienun AQ £926'€899/200T 0T/I0P/LI00 A 1M AIqpul|uoy/sdny Wwoiy papeojumod ‘T ‘€202 ‘8S.LLSV0Z



DUELL T AL.

80of9 WI LEY-ECOIOgy and Evolution

Open Access,

editing (equal). Gail Wilson: Funding acquisition (lead); project ad-
ministration (supporting); resources (lead); supervision (lead); writ-

ing - review and editing (equal).

ACKNOWLEDGMENTS

The authors would like to acknowledge support from the National
Science Foundation grant OIA 1656006, United States Department
of Agriculture (USDA) NIFA-AFRI grant 1003475, and USDA NIFA
Hatch Project OKL-02930. The authors also thank Kris and Melissa
Vance, Oakley Windiate, and Heath McDonald for their assistance
with experimental maintenance.

CONFLICT OF INTEREST

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
Data will be uploaded in the Dryad upon acceptance.

ORCID
Eric B. Duell ' https://orcid.org/0000-0001-8692-5271
REFERENCES

Anacker, B. L., Klironomos, J. N., Maherali, H., Reinhart, K. O., &
Strauss, S. Y. (2014). Phylogenetic conservatism in plant-soil feed-
back and its implications for plant abundance. Ecology Letters, 17,
1613-1621.

Bauer, J. T., Koziol, L., & Bever, J. D. (2018). Ecology of floristic qual-
ity assessment: Testing for correlations between coefficients of
conservatism, species traits and mycorrhizal responsiveness. AoB
Plants, 10, pIx073.

Bever, J. D. (1994). Feedback between plants and their soil communities
in an old field community. Ecology, 75, 1965-1977.

Bever, J. D. (2002). Negative feedback within a mutualism: Host specific
growth of mycorrhizal fungi reduces plant benefit. Proceedings
of the Royal Society of London. Series B: Biological Sciences, 269,
2595-2601.

Bever, J. D. (2003). Soil community feedback and the coexistence of
competitors: Conceptual frameworks and empirical tests. New
Phytologist, 157, 465-473.

Bever, J. D., Dickie, I. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora,
M., Rillig, M. C., Stock, W. D., Tibbett, M., & Zobel, M. (2010).
Rooting theories of plant community ecology in microbial inter-
actions. Trends in Ecology & Evolution, 25(8), 468-478. https://doi.
org/10.1016/j.tree.2010.05.004

Bever, J. D.,Mangan, S., & Alexander, H. (2015). Pathogens maintain plant
diversity. Annual Review of Ecology and Systematics, 46, 305-325.

Bever, J. D., Westover, K. M., & Antonovics, J. (1997). Incorporating the
soil community into plant population dynamics: The utility of the
feedback approach. Journal of Ecology, 85, 561-573.

Bonanomi, G., Incerti, G., Stinca, A., Carteni, F., Giannino, F., & Mazzoleni,
S. (2014). Ring formation in clonal plants. Community Ecology, 15,
77-86.

Carteni, F., Marasco, A., Bonanomi, G., Mazzoleni, S., Rietkerk, M., &
Giannino, F. (2012). Negative plant soil feedback explaining ring for-
mation in clonal plants. Journal of Theoretical Biology, 313, 153-161.

Cheeke, T. E., Zheng, C., Koziol, L., Gurholt, C. R., & Bever, J. D. (2019).
Sensitivity to AMF species is greater in late-successional than
early-successional native or nonnative grassland plants. Ecology,
100(12), e02855. https://doi.org/10.1002/ecy.2855

Collins, C. D., Bever, J. D., & Hersh, M. H. (2020). Community context for
mechanisms of disease dilution: Insight from linking epidemiology
and plant-soil feedback throry. Annals of the New York Academy of
Sciences, 1469, 65-85.

Crawford, K. M., Bauer, J. T., Comita, L. S., Eppinga, M. B., Johnson, D.
J., Mangan, S. A., Queenborough, S. A., Strand, A. E., Suding, K. N,
Umbanhowar, J., & Bever, J. D. (2019). When and where plant-soil
feedback may promote plant coexistence: A meta-analysis. Ecology
Letters, 22, 1274-1284.

Davison, J., Garcia de Ledn, D., Zobel, M., Moora, M., Bueno, C. G,,
Barceld, M., Gertz, M., Léon, D., Meng, Y., Pillar, V. D., Sepp, S.-K.,
Soudzilovaskaia, N. A., Tedersoo, L., Vaessen, S., Vahter, T., Winck,
B., & Opik, M. (2020). Plant functional groups associate with dis-
tinct arbuscular mycorrhizal fungal communities. New Phytologist,
226,1117-1128.

De Long, J. R, Fry, E. L., Veen, G. F., & Kardol, P. (2018). Why are plant-
feedbacks so unpredictable, and what to do about it? Functional
Ecology, 33, 118-128.

D'Hertefeldt, T., & van der Putten, W. (1998). Physiological integration
of the clonal plant Carex arenaria to soil-borne pathogens. Oikos,
81,229-237.

Duell, E. B., Zaiger, K. L., Bever, J. D., & Wilson, G. W. T. (2019). Climate
affects plant-soil feedback of native and invasive grasses: Negative
feedbacks in stable but not in variable environments. Frontiers in
Ecology and Evolution, 7, 419.

Fishbein, M., Straub, S. C. K., Boutte, J., Hansen, K., Cronn, R. C., &
Liston, A. (2018). Evolution at the tips: Asclepias phylogenomics
and new perspectives on leaf surfaces. American Journal of Botany,
105, 514-524.

Gilbert, G. S., & Webb, C. O. (2007). Phylogenetic signal in plant
pathogen-host range. Proceedings of the National Academy of
Sciences, 104, 4979-4983.

Haskins, K. E., & Gehring, C. A. (2005). Evidence for mutualist limitation:
The impacts of conspecific density on the mycorrhizal inoculum po-
tential of woodland soils. Oecologia, 145, 123-131.

Hetrick, B. A. D., Wilson, G. W. T., & Todd, T. C. (1990). Differential re-
sponses of C; and C, grasses to mycorrhizal symbiosis, phosphorus
fertilization, and soil microorganisms. Canadian Journal of Botany,
68, 461-467.

Hoeksema, J. D., Bever, J. D., Chakraborty, S., Chaudhary, V. B., Gardes,
M., Gehring, C. A., Hart, M. M., Housworth, E. A., Kaonongbua, W.,
Klironomos, J. N., Lajeunesse, M. J., Meadow, J., Milligan, B. G.,
Piculell, B. J., Pringle, A., Raa, M. A., Umbanhowar, J., Viechtbauer,
W., Wang, Y.-W,, ... Zee, P. C. (2018). Evolutionary history of plant
hosts and fungal symbionts predicts the strength of mycorrhizal
mutualism. Communications Biology, 1, 1-10.

Kempel, A., Rindisbacher, A., & Fischer, A. E. (2018). Plant soil feedback
strength in relation to large-scale plant rarity and phylogenetic re-
latedness. Ecology, 99, 597-606.

Klironomos, J. N. (2002). Feedback with soil biota contributes to plant
rarity and invasiveness in communities. Nature, 417(6884), 67-70.
https://doi.org/10.1038/417067a

Koziol, L., & Bever, J. D. (2016). AMF, phylogeny, and succession:
Specificity of response to mycorrhizal fungi increases for late-
successional plants. Ecosphere, 7, e01555.

Koziol, L., Schultz, P. A, Parsons, S., & Bever, J. D. (2022). Native my-
corrhizal fungi improve milkweed growth, latex, and establishment
while some commercial fungi may inhibit them. Ecosphere, 13,
e4052.

Kulmatiski, A., Beard, K. H., Norton, J. M., Heavilin, J. E., Forero, L.
E., & Grenzer, J. (2017). Live long and prosper: Plant-soil feed-
back, lifespan, and landscape abundance covary. Ecology, 98,
3063-3073.

Liu, X., Liang, M., Etienne, R. S., Wang, Y., Staehelin, C., & Yu, S. (2011).
Experimental evidence for a phylogenetic Janzen-Connell effect

8518017 SUOWILIOD aA1Ie1D) 3|l dde 8Ly Aq peusenob ke sajole YO '8sN JO S9INJ 0§ Akeuqi ] 8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLIBYWI0D A8 | 1M AlRIq U1 |UO//SdNL) SUORIPUOD pue Swie | 8y 88S *[£202/0/0T ] Uo AreiqiTauljuo Ao|IM ‘satrelqi sesuet JO Aisienun AQ £926'€899/200T 0T/I0P/LI00 A 1M AIqpul|uoy/sdny Wwoiy papeojumod ‘T ‘€202 ‘8S.LLSV0Z


https://orcid.org/0000-0001-8692-5271
https://orcid.org/0000-0001-8692-5271
https://doi.org/10.1016/j.tree.2010.05.004
https://doi.org/10.1016/j.tree.2010.05.004
https://doi.org/10.1002/ecy.2855
https://doi.org/10.1038/417067a

DUELL €T AL.

in a subtropical forest. Ecology Letters, 15(2), 111-118. https://doi.
org/10.1111/j.1461-0248.2011.01715.x

Mack, K. M. L., Eppinga, M. B., & Bever, J. D. (2019). Plant-soil feedbacks
promote coexistence and resilience in multi-species communities.
PLoS One, 14, €0211572.

Mangan, S. A, Herre, E. A., & Bever, J. D. (2010). Specificity between
neotropical tree seedlings and their fungal mutualists leads to
plant-soil feedback. Ecology, 91, 2594-2603.

Mangan, S. A, Schnitzer, S. A, Herre, E. A., Mack, K. M. L., Valencia, M.
C., Sanchez, E. I., & Bever, J. D. (2010). Negative plant-soil feed-
back predicts tree-species relative abundance in a tropical forest.
Nature, 7307, 752-755.

McGonigle, T. O., Miller, M. H., Evans, D. G., Fairchild, G. L., & Swan, J.
A. (1990). A new method which gives an objective measure of col-
onization of roots by vesicular-arbuscular mycorrhizal fungi. New
Phytologist, 115, 495-501.

Mehrabi, Z., & Tuck, S. L. (2014). Relatedness is a poor predictor of nega-
tive plant-soil feedbacks. New Phytologist, 205, 1071-1075.

Meiners, S. J., Phipps, K. K., Pendergrast, T. H., IV, Canam, T., & Carson,
W. P. (2017). Soil microbial communities alter leaf chemistry and
influence allelopathic potential among coexisting plant species.
Oecologia, 183, 1155-1165.

Middleton, E. L., & Bever, J. D. (2012). Inoculation with native soil com-
munity advances succession in a grassland restoration. Restoration
Ecology, 20, 218-226.

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
Nature, 401(6756), 877-884. https://doi.org/10.1038/44766

Parker, I. M., Saunders, M., Bontrager, M., Weitz, A. P., Hendricks, R.,
Margarey, R., Suiter, K., & Gilbert, G. S. (2015). Phylogenetic struc-
ture and host abundance drive disease pressure in communities.
Nature, 520, 542-544.

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing https://www.R-proje
ct.org/

Reinhart, K. O., Wilson, G. W. T., & Rinella, M. J. (2012). Predicting plant
responses to mycorrhizae: Integrating evolutionary history and
plant traits. Ecology Letters, 15, 689-695.

Segnitz, R. M., Russo, S. E., Davies, S. J.,, & Peay, K. G. (2020).
Ectomycorrhizal fungi drive positive phylogenetic plant-soil feed-
backs in a regionally dominant tropical plant family. Ecology, 101,
e03083.

Sepp, S., Davison, J., Jairus, T., Vasar, M., Moora, M., Zobel, M., & Opik,
M. (2018). Non-random association patterns in a plant-mycorrhizal
fungal network reveal host-symbiont specificity. Molecular Ecology,
28(2), 365-378. https://doi.org/10.1111/mec.14924

Snyder, A. E., & Harmon-Threatt, A. N. (2019). Reduced water-availability
lowers the strength of negative plant-soil feedbacks of two
Asclepias species. Oecologia, 190, 425-432.

Ecology and Evolution 90of9
=t S YY) LEYy 2"

Stein, C., & Mangan, S. A. (2020). Soil biota increase the likelihood for
coexistence among competing plant species. Ecology, 101, e03147.

Wandrag, E. M., Bates, S. E., Barrett, L. G., Catford, J. A,, Thrall, P. H.,
van der Putten, W. H., & Duncan, R. P. (2020). Phylogenetic sig-
nals and predictability in plant-soil feedbacks. New Phytologist, 228,
1440-1449.

Wang, G. Z., Li, H. G, Christie, P,, Zhang, F. S., Zhang, J. L., & Bever, J. D.
(2017). Plant-soil feedback contributes to intercropping overyield-
ing by reducing the negative effect of take-all wheat and compen-
sating growth of faba bean. Plant and Soil, 415, 1-12.

Wang, X.-X., Hoffland, E., Mommer, L., Feng, G., & Kuyper, T. W. (2019).
Maize varieties can strengthen positive plant-soil feedback through
beneficial arbuscular mycorrhizal fungal mutualists. Mycorrhiza, 29,
251-261.

Wang, Z., Jiang, Y., Deane, D. C., He, F., Shu, W., & Liu, Y. (2019). Effects
of host phylogeny, habitat and spatial proximity on host specificity
and diversity of pathogenic and mycorrhizal fungi in a subtropical
forest. New Phytologist, 223, 462-474.

Wilschut, R. A., van der Putten, W. H., Garbeva, P., Harkes, P., Konings,
W., Kulkarni, P., Martens, H., & Geisen, S. (2019). Root traits and
belowground herbivores relate to plant-soil feedback variation
among congeners. Nature Communications, 10, 1-9.

Wilson, G. W. T., & Hartnett, D. C. (1998). Interspecific variation in plant
responses to mycorrhizal colonization in tallgrass prairie. American
Journal of Botany, 85, 1732-1738.

Xue, W., Huang, L., Sheng, W.-J,, Zhu, J.-T., Li, S.-Q., & Yu, F.-H. (2022).
Contrasting effects of plant-soil feedbacks on growth and mor-
phology of physically-connected daughter and mother ramets in
two clonal plants. Plant and Soil, 472(1-2), 479-489. https://doi.
org/10.1007/s11104-021-05266-4

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Duell, E. B., Bever, J. D., & Wilson, G.
W. T. (2023). Role of plant relatedness in plant-soil feedback
dynamics of sympatric Asclepias species. Ecology and
Evolution, 13, €9763. https://doi.org/10.1002/ece3.9763

8518017 SUOWILIOD aA1Ie1D) 3|l dde 8Ly Aq peusenob ke sajole YO '8sN JO S9INJ 0§ Akeuqi ] 8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLIBYWI0D A8 | 1M AlRIq U1 |UO//SdNL) SUORIPUOD pue Swie | 8y 88S *[£202/0/0T ] Uo AreiqiTauljuo Ao|IM ‘satrelqi sesuet JO Aisienun AQ £926'€899/200T 0T/I0P/LI00 A 1M AIqpul|uoy/sdny Wwoiy papeojumod ‘T ‘€202 ‘8S.LLSV0Z


https://doi.org/10.1111/j.1461-0248.2011.01715.x
https://doi.org/10.1111/j.1461-0248.2011.01715.x
https://doi.org/10.1038/44766
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/mec.14924
https://doi.org/10.1007/s11104-021-05266-4
https://doi.org/10.1007/s11104-021-05266-4
https://doi.org/10.1002/ece3.9763

	Role of plant relatedness in plant–­soil feedback dynamics of sympatric Asclepias species
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Plant species, soil collection, and soil conditioning
	2.2|Plant–­Soil feedback (PSF) experiment
	2.3|Statistical analyses

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


