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ABSTRACT
Recognition and response to prospective competitors are crucial variables that must be considered in
resource distribution and utilization in plant communities. Associated behaviors are largely mediated
through the exchange of low-molecular weight exudates. These cues can significantly alter the root
system architecture (RSA) between neighboring plants and are routinely sensitive enough to distinguish
between plants of the same or different accessions, a phenomenon known as kin recognition (KR). Such
refined discrimination of identity, based on the composition and detection of patterns of exudate signals
is remarkable and provides insight into the chemical ecology of plant-plant interactions. The discovery
that KR occurs in Arabidopsis thaliana provides a model system to resolve many of the mechanistic
questions associated with this process. We hypothesized that the low-molecular weight cues which direct
changes to the RSA during KR was driven by nutrient availability. Here we present evidence in support of a
nutrient-inducible model for KR. Our findings underscore how exudate production and detection are
influenced by nutrient availability as well as how this information is integrated into ‘decisions’ about
competition and root system architecture which may have broader impacts on community composition.

Abbreviations: A. thaliana, Arabidopsis thaliana; DMSO, Dimethylsulfoxide; MES, 2-(N-morpholino)ethanesulphonic
acid; MS, Murashige & Skoog Media; RSA, Root System Architecture
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The evolution, maintenance, and benefits of social interactions
are the subject of considerable study in insects, birds, and other
animals.1-4 Many of the ‘social’ behaviors displayed by these
organisms are based on discriminating between related and
unrelated conspecifics (same species) to limit both resource
competition as well as inbreeding.5-7 Through careful observa-
tion the existence of analogous social behaviors in plants has
been confirmed. In particular, the ability of plants to distin-
guish between members of the same or different accessions, the
phenomenon of kin recognition (KR), has been well character-
ized.8-16

Plants are generally thought to be incapable of processing
complex visual or auditory cues, such as plumage or song, sug-
gesting these sensory input channels are unavailable for KR.
However cryptochrome-mediated KR has been observed in
model organisms such as A. thaliana.13 In this study, accession
identity impacted leaf-orientation and shade responses; ulti-
mately, impacting plant growth and resource allocation.

While photo-mediated KR is intriguing, low-molecular
weight root exudates diffusing through soil have been more
routinely implicated as regulatory elements of this phenome-
non (Fig. 1).10,16-18 In Arabidopsis thaliana and many other
plants KR manifests by a significant reduction in the number of
observed lateral roots when samples are grown with plants of
the same accession (Kin) versus different ones (Stranger).11-15

Sodium orthovanadate (Na3VO4), a generic ABC-transport
inhibitor, which blocks the release and/or uptake of root

exudates, eliminated the increased lateral root number
observed during KR studies with different accessions of A.
thaliana.19,20 These findings underscore the importance of such
low-molecular weight secondary metabolites in mediating KR
(Fig. 1). Detection of these signals is akin to the senses of smell
and taste, also based on low-molecular weight molecules.

While the effects on the root system architecture (RSA), the
pattern of root growth in plants, is the most commonly
observed KR phenotype other noteworthy changes also occur.
For example, differential gene expression in response to the
presence of Kin or Stranger plants has previously been observed
in A. thaliana.16 In particular, genes associated with pathogen
resistance and secondary metabolite production were influ-
enced by this phenomenon. KR can also impact the formation
of symbiotic associations as observed in studies with Ambrosia
artemisiifolia which establish more robust networks with sib-
ling plants than strangers.21 Given its effects on RSA, symbio-
ses, and gene expression KR may play a crucial role in the
formation and maintenance of plant communities.

In addition to neighbor identity, as determined by KR and
other cues, nutrient availability plays a critical role in estab-
lishing the RSA in many plants.22-24 Nitrogen and phosphorus
deficiencies, for example, are well established modulators of
lateral root development.24,25 Nutrient availability also alters
exudate production and composition with the potential to
impact both interorganismal interactions as well as nutrient
uptake.26-29 For example, in Sorghum bicolor reduced nitrogen
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and phosphorus levels promote the release of 5-deoxystrigol
which encourages the recruitment of mycorrhizal fungi.26

Clearly, plants must integrate information regarding both
neighbor identity as well as nutrient availability if they are to
successfully compete in the environment. Work by Cahill et al.
with Abutilon theophrasti (Velvetleaf) suggested that when
grown in isolation these plants preferred to adopt a broad root-
ing strategy regardless of nutrient avaialbility.30 However, the
presence of a neighboring kin plant resulted in a more
restricted architecture, suggesting an effort to reduce competi-
tive interactions between the 2 plants. Furthermore, changes in
the RSA architecture could be ‘tuned’ by the placement of
nutrients. These findings suggest that nutrient sensitivity and
its subsequent impact on the RSA is largely driven by the pres-
ence/absence of prospective competitors.

In contrast to A. theophrasti, the RSA of A. thaliana as well
as exudate production appears to be very sensitive to nutrient
availability, in particular nitrogen and phosphorus, whether
grown in isolation or in groups.22-29 Based on these prior obser-
vations we hypothesized that A. thaliana may utilize informa-
tion regarding nutrient availability to influence decisions
regarding competition based on neighbor identity. In other
words, nutrient availability may influence the production of
specific exudates associated with KR which could alter the RSA
accordingly.

Assuming nutrient availability regulates the production of
exudates associated with KR then these phenomena should be
‘tunable’ by altering nutrient concentration and observable by
the subsequent changes to the RSA. As lateral root number has
already been established as an indicator for both in A. thaliana
we monitored this phenotype in the present study.12 Specifi-
cally, we evaluated the effects of decreasing nutrient availability,
using Murashigie-Skoog (MS) media, on lateral root number in
samples for KIN (same accession) or STRANGER (different

accession) recognition. Using a user-defined nutrient media
permits us to expand on the nutrient studies by Cahill et al.
and others by varying the availability of specific nutrients to
determine their effects on KR. Columbia-0 (Col-0) and Lands-
berg erecta (LA-1), 2 of the most common laboratory acces-
sions of A. thaliana, were utilized in the present study. MS
concentrations ranged from 1x to 0.1xMS in our initial study
(Fig. 2A & B).

Lateral root number was inversely correlated with nutrient
concentration in all samples but the magnitude of this effect
varied. KIN samples displayed increased lateral root number
compared to SOLO samples (single plant) at concentrations
�0.5xMS (Fig. 2A & B). This is in sharp contrast to
STRANGER samples (Col-0 and LA-1) which were significantly
different from SOLO controls even at 1xMS (Fig. 2A & B).
Lateral root numbers in STRANGER populations were also sig-
nificantly greater than those in KIN populations at concentra-
tions �0.75xMS in these studies. These trends were consistent
for both the Col-0 (Fig. 2A) and LA-1 (Fig. 2B) accessions.
Similar trends were observed for KR studies between the Col-0
and Bensheim-0 (Be-0) accessions (Data not shown).

In plants like Cakile edentula (American searocket) neighbor
recognition can even distinguish between ‘kin’ and ‘sibling’
plants, the latter derived from the same parent(s).15 In these
samples, lateral root development was reduced in sibling plants
relative to Kin controls. The limits of A. thaliana to distinguish
siblings has yet to be established and is important for determin-
ing the ultimate utility of this model system for understanding
such recognition events. In order to determine this recognition
boundary, Seedlings of either Col-0 or LA-1 derived from the
same self-fertilized seed pod (SIBLINGS) were also evaluated in
our nutrient reduction growth assays. At all concentrations,
SIBLINGS (Col-0/Col-0 or LA-1/LA-1) were indistinguishable
from their corresponding KIN samples (Fig. 2A & B). This

Figure 1. Model of exudate-mediated conspecific recognition. The root exudates (depicted by the symbols) produced by plants of 2 different accessions (A or B) regulate
their interactions with other biotic elements in the soil community. When previously isolated plants (Solo) detect members of the same accession (Accession recognition,
ER) exudate profiles adjust slightly, and triggers changes in the root system architecture. During encounters between 2 different accessions (A&B) recognition is limited
to conspecifics. Common elements of the exudate profile are retained between but sufficient variations in exudate composition (concentration and/or identity) are suffi-
cient to trigger more substantial changes in the RSA between the prospective competitors.
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suggests that unlike C. edentula and several other plants, the
sensitivity of neighbor recognition in A. thaliana may be lim-
ited to accession-level resolution. Further studies to resolve ‘sib-
ling’ effects in A. thaliana are currently underway but these
results may underscore a limit to the viability of A. thaliana as
a model system for the study of the KR phenomenon.

Having established conditions for ‘tuning’ recognition, spe-
cific nutrients were evaluated for their ability to affect KR.
SOLO, KIN, and STRANGER samples were grown on plates
containing 0.10xMS media supplemented with an excess of
the basal salts for either: Nitrogen (N), Phosphorus (P), Sulfur
(S), Iron (Fe), Calcium (Ca), or Potassium (K) equivalent to
1xMS for that nutrient (Fig. 3). Only N or P treated samples
were different from 0.1xMS controls. Samples supplemented
with nitrogen (N) or phosphorus (P) showed significant
reductions in the total lateral root number in both
STRANGER and KIN samples consistent with 1xMS controls.
KIN and STRANGER samples supplemented with both NCP
were statistically indistinguishable from one another (Fig. 3).
Modified 1xMS in which N and P were both reduced to
0.10xMS concentrations, showed increased lateral root alloca-
tion in KIN and STRANGER samples (Fig. 3).

Finally we sought to determine if nutrient availability altered
exudate composition and/or sensitivity thereby inducing the
observed phenotypes (Fig. 4). Exudates were extracted from
seedlings of LA-1 grown at ‘nutrient limiting’ (0.1xMS, white
bars) or ‘nutrient rich’ (1xMS, gray bars) conditions and
applied by agar overlays to individual seedlings (Fig. 4). LA-1
exudates from nutrient-limited plants significantly increased
lateral root number in Col-0 seedlings grown under the same

Figure 2. Inducing CR and ER in Arabidopsis thaliana. Seedlings of the A. thaliana
(A) Col-0 and (B) LA-1 accessions were grown on plates of the indicated concentra-
tion of MS. Lateral root number for all samples (n D 50) were scored after 18 d of
growth (See Methods). White Bars: SOLO (individual seedlings), Matted dots: SIB-
LINGS (2 seedlings from the same seed pod), Light Gray Bars: Accession-resolution
(ER, 2 seedlings of the same accession), and Dark gray: Conspecific-resolution (CR,
2 seedlings of different accessions). Results are expressed as the mean of the lat-
eral root numberC/¡ standard deviation. Different letters indicate statistically sig-
nificant differences samples based on Tukey’s post-hoc test (p-value < 0.05).

Figure 3. Supplementing nutrients limits CR and ER. Seedlings of A. thaliana Col-0
and LA-1 are grown on plates containing either: (i) 0.10xMS with the indicated
nutrient added (C) using MS basal salts to yield 1XMS or (ii) 1xMS with nitrogen
and phosphorus content reduced to 0.1xMS equivalent (-N,-P). Lateral root number
was scored after 18 d and the results expressed as the mean C/¡ one standard
deviation (n D 30). White SOLO, Light Gray: Accession-resolution (ER, 2 seedlings
of the same accession), and Dark gray: Conspecific-resolution (CR, 2 seedlings of
different accessions). Different letters indicate statistically significant differences
samples based on Tukey’s post-hoc test (p-value < 0.05).

Figure 4. Low nutrient conditions promote recognition. Seven day-old Col-0 seed-
lings grown at 0.10x (white) or 1x (gray) MS were treated with exudates from Col-
0 (KIN) or LA-1 (STRANGER) plants also grown at 0.10x or 1xMS (indicated on
x-axis). MOCK seedlings were treated with the same agar overlay without the exu-
date. Seedlings were scored for lateral root number after an additional 11 d of
growth. Results are expressed as the mean lateral root number of each sample
(n D 30) C/¡ one standard deviation. Different letters indicate statistically signifi-
cant differences samples based on Tukey’s post-hoc test (p-value< 0.05).
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conditions, but had little effect on Col-0 seedlings grown under
nutrient rich conditions (Fig. 4). Exudates from LA-1 seedlings
grown under nutrient rich conditions failed to significantly
increase lateral root number in Col-0 seedlings under either
nutrient limiting or nutrient rich conditions (Fig. 4).

In order to determine if the observed trends in exudate pro-
duction and sensitivity were consistent with KIN samples these
experiments were repeated with Col-0 seedlings as the source
of the exudates. Col-0 exudates derived from nutrient limited
plants were also able to stimulate lateral root production in
Col-0 seedlings grown under nutrient limiting but not nutrient
rich conditions (Fig. 4). Finally, nutrient rich exudates from
Col-0 seedlings failed to significantly induce lateral root forma-
tion in either Col-0 samples (Fig. 4).

Plants compete with each other for available light, polli-
nators, nutrients, water, and mutualistic symbionts all of
which may provide selective advantages.31 Resource scarcity
is also a major driving force in competition and can alter
root exudate composition, the source of the signals respon-
sible for KR. 26,30,32,33 Our findings support our hypothesis
that nutrient availability modulates changes in the RSA
associated with KR. Nutrient reduction resulted in a general
increase in lateral root number, our metric for ‘competition’
in all samples. This effect was significantly greater than
SOLO samples in both the KIN and STRANGER samples,
supporting KR as a nutrient dependent phenomenon
(Fig. 2). This effect was eliminated by supplementing the
0.1xMS samples with excess nitrogen and/or phosphorus, 2
nutrients which play crucial roles in regulating lateral root
density/number (Fig. 3).24,25 Furthermore, exudates collected
from seedlings grown at 0.10xMS, rather than 1xMS, are
more effective at inducing lateral root formation (Fig. 4).
Sensitivity to these exudates also appears nutrient depen-
dent as seedlings grown at 0.10xMS are more sensitive to
0.10xMS exudates than seedlings grown at 1xMS (Fig. 4).
Taken together these results support the hypothesis that
such recognition events are nutrient-dependent (nitrogen
and phosphorus, specifically), inducible phenomena in
plants.

The increased lateral root number observed in KIN and
STRANGER samples relative to SOLO plants may simply reflect
increased nutrient scarcity due to the introduction of an addi-
tional plant, independent of any specific recognition. However,
our extraction method separates organic low-molecular weight
root exudates from the macro and micronutrients which are
retained in the aqueous layer. The constituents of the organic
phase are then dissolved into the agar without any additional
nutrients and applied to individual test plants. While this method
results in a single dose being applied to our samples rather than
continuously over the growth period, they are still able to influ-
ence the RSA of test plants. Such experimental limitations are a
reasonable explanation for the reduced activity of the exudates
(Fig. 4) relative to the direct growth studies (Fig. 2).

While compelling, the studies presented here have several
limitations. First, gel-based media provides a uniform distri-
bution of water and nutrients across the surface, unlike the
heterogeneous soil environment and may accentuate these
effects. Future studies will explore these phenotypes in soil
analogs to better mimic this environment. Second, while

lateral root number is easy to document, it may not be the
most effective measure of ‘competition’ between root sys-
tems. Root system volume and other metrics may ultimately
prove more useful indicators of competition. Third, as the
petri dish is a closed, sterile system it is difficult to deter-
mine what responses arise from an exaggerated concentra-
tion of exudates or volatile organic compounds that have
accumulated or might normally have been eliminated by
microorganisms within the rhizosphere. Finally, given that
Nitrogen and Phosphorus appear to be crucial regulators of
lateral root formation during KR conditions, it is difficult to
distinguish between pure nutrient-mediated effects and
those arising from the perception of perspective competi-
tors. Indeed, it may be impossible to completely uncouple
these 2 processes.

Future studies will focus on exploiting our ability to ‘dial-in’
competition to identify molecular elements associated with KR,
including changes in gene expression, protein synthesis, sec-
ondary metabolite production, and exudate composition. The
direct comparison of plants engaged in STRANGER or KIN
with SOLO plants may also permit us to distinguish elements
associated with nutrient detection and acquisition as well as
conspecific recognition. This is particularly important as root
exudates are not only crucial to mediating biotic interactions
with other soil organisms but can also facilitate nutrient acqui-
sition (See 29 for a review). Long-term growth and physiological
assays are currently underway in A. thaliana to determine what
effects KR may have on fitness and secession under nutrient
limiting conditions.

Resolving the molecular elements associated with these phe-
nomena can provide insights into improving soil nutrient utili-
zation and optimization of plant-plant interactions. As genes
associated with pathogen resistance are differentially regulated
during such interactions it further suggests that research into
KR may impact our understanding of how host-pathogen inter-
actions are regulated under nutrient limiting conditions in the
presence of multiple plants, approximating real world condi-
tions more accurately than the isolated inoculations of lone
plants.16 The study of the molecular elements underpinning
these processes also refines our understanding of the forces at
work under the limited resources which drive succession and
maintenance in plant communities.

Finally, the study of plant-plant recognition strategies
broadens our appreciation for the social behaviors present in a
Kingdom (Plantae) which appears to communicate primarily
through chemical signals. In some respects these chemical
exchanges are not entirely unlike the vocalizations utilized by
songbirds to coordinate social behaviors.4 The continued explo-
ration of the convergence of the prokaryotic and eukaryotic
world on these solutions for resource utilization and competi-
tion has substantial value in the natural world as well as across
multiple disciplines.

Materials and methods

Reagents & materials

Columbia-0, Landsberg, and Bensheim accessions were pur-
chased from Lehle Seeds and propagated in the Florida Institute
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of Technology greenhouse. All reagents were purchased from
Sigma-Aldrich, Fisher Scientific, or Caisson Labs.

Seed sterilization and germination

Seeds of A. thaliana are surface sterilized by a 5 minute wash
with a 2% sodium hypochlorite solution supplemented with
0.5% Tween-20, followed by a 3 minute treatment with 90%
EtOH. Seeds were rinsed in triplicate with sterile dH2O then
transferred to germination plates (0.25xMS, 8 g/L agar, pH:
6.0) and stored at 4�C for 3 d. Seeds were germinated by
removing them from the refrigerator and placing them under
cool white lights for �3 d.

Growth studies

Following germination, all plants were transferred to agar
plates containing the indicated concentrations of Murashigie-
Skoog (MS) media (10 g/L agar, 5 g/L sucrose, pH: 5.8).34

Nutrient supplementation studies were performed using the
same basal salts utilized for the preparation of MS. Three day-
old seedlings were transferred from germination plates to
growth plates to initiate experiments. Each plate contained: (i)
a single seedling (SOLO), (ii) 2 seedlings of the same accession
(KIN), or (iii) 2 seedlings of distinct accessions (STRANGER).
All seedling pairs were placed approximately 2 cm apart. Plates
were wrapped in Parafilm and grown vertically for 18 d at 23�C
with a 16:8 h day:night cycle. Total lateral root number was
recorded at the end of the growth period. The results of the
nutrient limited or supplementation growth studies were ana-
lyzed by an ANOVA followed by a Tukey’s post-hoc evaluation
using the PAST v3.0 software package (http://folk.uio.no/oham
mer/past/).35

Extraction experiments

Col-0 or LA-1 seedlings were grown individually in 6-well
plates with 5 ml of the indicated nutrient concentration on an
orbital shaker (90 rpm) for 18 d at 23�C with a 16:8 h day:night
cycle.36 At the end of the growth period exudates from 24 seed-
lings were extracted from the growth media with ethyl acetate
(EtOAc), evaporated to dryness, and dissolved in 1 ml of
DMSO. Extracts were added by agar overlays to isolated test
seedlings. Overlays were prepared by adding 50 ml aliquots of
the extracts to 9.95 ml of warm 10 mM 2-(N-morpholino)etha-
nesulphonic acid (MES), a biologically inert buffer, supple-
mented with 8 g/L agar. 37
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