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Kin recognition, manifesting through various traits such as changes in root or shoot
growth, has been documented in several species of plants. Identifying this phenomenon
in plants has intrinsic value itself, understanding why plants recognize kin and how it
might benefit them evolutionarily has been of recent interest. Here we explore studies
regarding nutrient and resource allocation in regard to kin recognition as well as discuss
how kin recognition is involved in multispecies interactions with an emphasis on how
plant roots are involved in these processes. Future directions of this research are
also discussed.
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BACKGROUND

Throughout the biological world, we see diverse examples of animal populations interacting and
often cooperating with tasks such as obtaining food, protecting young, building dens, etc. What
many of these animals have in common is that they are often part of groups where many of the
members share genetic relatedness and they have the ability to recognize the individuals in their
group and identify them as kin (related) or non-kin (not related) (Hanggi and Schusterman, 1990;
Mateo, 2003). Identification of other member’s relatedness may facilitate inbreeding avoidance or
cooperative behaviors (Sharp et al., 2005; Gerlach and Lysiak, 2006; Carazo et al., 2014). Cooperative
or altruistic behaviors that benefit the population can evolve if the benefit to a group of related
individuals outweighs the direct costs to the individuals themselves (Hamilton, 1964). In general,
cooperation between animals is more likely to occur between closely related rather than distantly
or unrelated individuals (West et al., 2021). Cooperation between kin can be common in harsh
environments, although not always as a result of the environment, but often because cooperation
can be favored in these hard to survive locations (West et al., 2021). Additionally, the costs and
benefits of cooperation may differ among animal species and be dependent upon unique situations
such as competition with other species, food availability, climate and habitat availability (Lin et al.,
2019; West et al., 2021).

Despite the fact that plants have evolved and thrived in the same harsh environments as animal
species it was not until the last few decades that scientists have begun to understand the complexities
of plant-plant interactions in their environment (Baldwin et al., 2006; Sanon et al., 2009; Kong et al.,
2018). Unlike most animal species, plants have a more limited ability to relocate to a different site if a
stressful situation such as disease, drought, or competition for nutrients or light arises. Plants have
adapted to these biotic and abiotic challenges in a myriad of ways including immune responses,
dynamic shoot growth, root plasticity, resource allocation, secretion of allelochemicals and shoot
volatile emissions (Kessler and Baldwin, 2001; Jones and Dangl, 2006; Haig, 2008; Murphy and
Dudley, 2009; Karban et al., 2013). We also know that plant responses in growth can be influenced
by the genetic relatedness of their neighbors. Just as in certain animal species, several species of
plants have been found to have the ability to distinguish individuals as related or unrelated plants
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(Dudley and File, 2007; Biedrzycki et al., 2010; Karban et al.,
2013). Early kin studies by Dudley and File (2007) demonstrated
that Cakile edentula plant root growth patterns differed when
plants were grown with strangers (plants that were from the
same species but a different mother) vs kin (plants that were
siblings from the same mother). With the discovery that plants
do indeed recognize kin and change their root growth based
on the relatedness of the surrounding individuals, determining
why and how plants were communicating during these behaviors
were the next questions. The concept of kin recognition in
plants is still considered controversial by some. In animal species
“kin recognition” has been described as “the ability to recognize
and cooperate with genetically close relatives” (Ho et al., 2013).
However, here, this review will consider plant kin recognition,
in a broad sense, as evidence of differences in plant growth
patterns (roots, shoots, overall biomass, etc.) or physiological
processes (nutrient acquisition, chlorophyll content, metabolite
and root secretion profiles, etc.) between the plants when grown
with related (kin) versus non-related (stranger or non-kin)
plants that may contribute to direct or indirect benefits for the
plants involved.

KIN RECOGNITION INFLUENCES
FITNESS NUTRIENT UPTAKE

As a consequence of living a sessile lifestyle, many plant
communities have adapted to resource partitioning in their
environment, allowing for the coexistence of multiple species
when nutrients are limited (McKane et al., 2002; Xu et al., 2011;
Zhang et al., 2016; Yang et al., 2018). Although this adaptation can
decrease competition between species, it may potentially increase
competition within a species (Murphy and Dudley, 2009; Zhang
et al., 2016). Zhang et al. (2016) examined whether increased
competition or nutrient partitioning occurred when two species
(Glycine max and Sorghum vulgare) were grown in the presence
of kin vs strangers by investigating changes in biomass and
nitrogen uptake. Researchers found that although both species
showed evidence of kin recognition, that S. vulgare increased
root allocation when growing with strangers as opposed to kin
and did not have significant changes in the rate or quantity of
nitrogen uptake whereas G. max did not have changes in biomass
when grown with strangers vs kin but did have modifications to
the rate and quantity of different forms of nitrogen when grown
with strangers (Zhang et al., 2016). These results support previous
studies that trait manifestation of kin vs stranger recognition may
be species dependent and may present as physiological changes
as well as morphological changes.

Further investigations continued to examine changes in
biomass as well as nutrient niches in kin recognition in various
species. Li et al. (2017) studied whether biomass and/or nutrient-
uptake efficiency changed during kin vs stranger recognition
in four species (perennials: Belamcanda chinensis, Caesalpinia
pulcherrima, Populus tomentosa and annual: G. max). All four
species exhibited varied responses to growth with kin plants vs
with stranger plants. G. max plants grown with kin exhibited
reduced nutrient-uptake efficiency in several nutrients and

increased biomass indicating reduced competition between kin
in these conditions. Although P. tomentosa reduced phosphorus
uptake in the presence of kin vs strangers, they increased
root allocation in the presence of kin as well, indicating that
competition as well as kin recognition occurred simultaneously.
The two other species, C. pulcherrima and B. chinesis, did not
show any changes in biomass, however, saw inverse reactions
to S uptake efficiency, where this efficiency decreased in
C. pulcherrima and decreased in B. chinesis (Li et al., 2017). These
results indicate that plants with different lifestyles may respond
to kin recognition with increased or decreased competition.
Perennial plants with a longer lifespan may not benefit from
decreased competition among kin as much as an annual plant
with shorter life cycle since nutrient storage maybe more
important for a perennial species whereas an annual maybe
more likely to utilize the nutrients directly (Zhu et al., 2011;
Li et al., 2017).

These previous studies hint at the fact that plants may
encounter situations where reduced competition with kin maybe
more beneficial to growth of both plants. Along these lines,
Pezzola et al. (2019) examined whether varying concentrations of
nutrients can influence the degree of kin cooperation in Pisum
sativum. The researchers grew plants with kin and strangers
in low and high nitrogen conditions. Increased aboveground
biomass and nutrient allocation was found in the plants grown
with kin strangers after 30 days. However, at the end of the growth
cycle, plants grown with strangers in low nutrient conditions
showed decreased fruit production and biomass versus the plants
grown with strangers in the high nutrient conditions. Therefore,
the degree to which P. sativum plants cooperated was dependent
upon the relatedness of individuals as well as the surrounding
environment, indicating that there is a gradient to kin recognition
and cooperation behaviors in some plants (Pezzola et al., 2019).

Li et al. (2018) took this line of research one step further
when they examined how kin recognition responded to the effects
of soil nutrient levels as well as heavy metal soil pollution.
Working with S. vulgare, researchers compared leaf and root
parameters as well as nutrient use efficiency and heavy metal
concentrations in plants growth with kin or strangers. They
found that when grown in high levels of nutrients, S. vulgare kin
plants exhibited lower specific leaf area (SLA) and nutrient use
efficiency (NUE) of nitrogen and sodium compared to S. vulgare
grown with strangers. However, the plants grown with kin in low
nutrient conditions showed higher root growth, SLA and NUE
of phosphorus and sulfur. Addition of heavy metal cadmium
resulted in a decrease in biomass and chlorophyll production in
kin plants as compared to stranger plants. Conversely, addition of
lead decreased production of physiological stress indicators in kin
plants but also resulted in a decrease in chlorophyll content in kin
plants as compared to strangers. These differing results between
kin and strangers in regards to growth and stress responses
under heavy metal stress indicate that kin recognition maybe
a resource tradeoff and perhaps more beneficial under specific
environmental stresses than others.

As nutrients are a limiting factor for plant growth, water
acquisition is also essential for plant survival and Goddard
et al. (2020) recently investigated whether kin recognition
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was influenced by water limitation. Using Glechoma hederacea,
plants were grown alone, with kin and with strangers in water
adequate and water limited conditions. G. hederacea plants
exhibited root growth avoidance toward strangers but not toward
roots of kin plants. Water limited conditions altered plant
root growth patterns but was not influenced by relatedness of
individuals. Therefore, in this study, presence of kin did not
enhance growth in low water conditions, in contrast to many
low nutrient conditions, where presence of kin aids in growth
under stress. Taken together, these studies highlight that kin
cooperation can be considered as a gradient of behaviors based
upon environmental conditions and that manifestation of kin
cooperation in plants may be species specific and is not simply
an “all or nothing” behavior.

KIN RECOGNITION IN TARGET SPECIES
INFLUENCES DEFENSE MECHANISMS
AND PERCEIVED MULTITROPHIC
INTERACTIONS

We see that kin recognition can play an important and varied
role in plant competition in regard to nutrient partitioning and
allocation but this leads to additional questions regarding plant
competition in reference to other traits as well. In addition to
nutrient uptake and root growth patterns, kin recognition has
been identified to benefit several above ground traits as well.
According to Torices et al. (2018) pollinator attraction can be
considered a costly investment for plants pertaining to growth
and resources. They investigated the role of kin recognition
in an insect pollinated species, Moricandia moricandioides to
determine whether plants growing with kin invest more resources
into floral display versus plants grown with non-relatives. Their
results showed that “advertising effort” (total mass allocated to
petal mass) was significantly increased in plants grown with kin.
These results point toward the possibility of higher pollination
rate in kin plants as insects are more likely to be attracted to the
larger floral displays (Torices et al., 2018). Thus, kin interactions
may influence plant behaviors not only within the population but
at different levels of an ecosystem if pollinator attraction behavior
is also influenced by as well.

In addition to increasing floral display, researchers have
examined the role of kin recognition on other above ground
anatomical as well as chemical features. Yamawo (2015)
investigated the role of neighbor relatedness on expression of
defense traits that protect against herbivores. Indirect defense
traits such as number of extrafloral nectaries, volume of
extrafloral nectar, and number of food bodies as well as direct
defense traits such as pellucid dot density, trichome density,
and total phenolic content (Yamawo, 2015). Interestingly, kin
plant growth was significantly decreased because of increased
investment in direct defenses such as total phenolic compounds
and pellucid dot production. However, plants grown with non-
kin were found to invest more in trichome production, an
indirect defense which may not be as costly to the plant to
produce compared to the direct defenses (Yamawo, 2015). This

experiment further supported earlier research by Karban et al.
(2013) that Artemisia tridentata plants experienced less herbivory
because of volatile cues emitted from wounded neighbors when
the neighbors were more closely related versus distantly related.
The results from these two studies support that plant allocation
of resources for protection against herbivores may well be
influenced by kin interactions.

Protection against herbivory is vital to the survival of many
species, however, in addition to attacks from herbivores, many
plants face chemical attacks from other plant species. Production
of allelopathic compounds has been well documented in many
plant species, including rice. Xu et al. (2021) recently investigated
the influence of kin interactions on the allelopathic interactions
between Oryza sativa and various species of paddy weeds.
The study found that plants grown with close relatives shifted
their resource allocation to increased growth of intrusive roots
toward weeds and decreased their production of allelochemicals.
Remarkably, the rice grown with closely related neighbors
also had increased populations of root bacterial communities
and the communities differed from those found on distantly
related neighbors.

In addition to promoting bacterial community growth, kin
recognition has been found to support mycorrhizal colonization.
File et al. (2012) investigated the effect of kin recognition in
Ambrosia artemisiifolia and mycorrhizal symbiosis with Glomus
intraradices with the hypothesis that greater cooperation between
kin plants would result in an increase in the common mycorrhizal
network (CMN) as compared to plants grown with strangers
and that this increase in the CMN would increase total nutrient
acquisition and enhance overall fitness, including pathogen
resistance, for the groups of kin (File et al., 2012). The results
demonstrated that, indeed, A. artemisiifolia plants grown with
kin had increased mycorrhizal growth, increased leaf nitrogen
content and fewer lesions from bacterial infection as compared to
the plants grown with strangers. Similar studies were conducted
at higher and low soil phosphorus conditions. Plants grown
with kin showed long soil hyphae growth in both high or
low phosphorus levels whereas plants grown with strangers
showed an increase in soil hyphae length under low phosphorus
conditions. This highlights the previously mentioned research
suggesting that altered nutrient conditions can result in tradeoffs
between kin cooperation and other traits. Additionally, this
research emphasizes the ecological significance of kin recognition
and cooperation through influence on interspecies interactions.

WHAT ROLE DO ROOTS PLAY IN KIN
INTERACTIONS?

As previously mentioned, Dudley and File (2007) first
demonstrated clear evidence of kin versus stranger recognition
in plants by growing C. edentula plants together in pots and it
has been well established that plants roots secrete compounds
into the surrounding soil or rhizosphere in response to biotic and
abiotic conditions (Bais et al., 2006). Therefore, the next question
to be explored was whether root secretions were involved in
the kin recognition process. Biedrzycki et al. (2010) exposed
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FIGURE 1 | The schematic shown depicts variation in kin recognition and discrimination in plants with different trade-offs. (A) The image in panel A is adapted from
Bais (2018), rice plants exposed to kin members secrete less allelochemical (allantoin) compared to interactions with non-kins (Yang et al., 2018). (B) Panel B shows
aboveground trade-offs of kin recognition in Arabidopsis plants. The schematic is adapted from Bais (2015), wherein kin plants interactions with other kin showed
reorientation of leaves (more light sharing) and less root allocation (Crepy and Casal, 2014). (C) Panel C is also adapted from Bais (2015), in here, plants reacting with
kin showed more floral reward system compared to its interaction with non-kin members (Torices et al., 2018).

Arabidopsis thaliana plants to root secretions rather than the
roots themselves, of kin and stranger plants and determined that
lateral root growth increased when exposed to stranger secretions
as opposed to kin secretions. Additionally, when a root secretion
inhibitor, sodium orthovanadate (NA3VO4), was applied to the
plants, root growth differences between kin and stranger plants
were eliminated further supporting the role of root exudates in
kin recognition (Biedrzycki et al., 2010).

Further investigations regarding the role of root exudates in
kin recognition were performed by Semchenko et al. (2014).
Here, root exudates of Deschampsia cespitosa were collected
and then exposed to siblings, strangers from the same species
and plants of different species (Lychnis flos-cuculi) from both
the same and different communities, in localized applications.
Plants exposed to exudates from strangers from the same
population had more branched roots and higher specific root
length compared to plants that were exposed to sibling exudates.

Conspecific plants exposed to root secretions from individuals
from the same population had greater root density than when
exposed to secretions from a different population and exudates
from L. flos-cuculi did not show any significant differences.
These results indicate a highly specific mechanism for recognition
of rhizosphere neighbors facilitated by plant root exudates
(Semchenko et al., 2014).

Root exudates have also been found to be involved in kin
recognition in O. sativa cultivars. Yang et al. (2018) examined
the presence of kin recognition in the crop species and found
that two of the cultivars were able to recognize kin and altered
root growth and biomass allocation in response. Additionally,
exposure of seedlings to distantly related cultivars promoted
growth of larger root systems as compared to when the seedlings
were exposed to exudates of a closely related or their own cultivar.
This growth response also ceased when the root secretion sodium
orthovanadate was applied (Yang et al., 2018). The focal cultivars
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of O. sativa in this study were also found to significantly
increase their secretion of allantoin (a nitrogen compound also
known to protect plants from abiotic stress) in the present
of distantly related cultivars versus when with the same or
closely related cultivars. Furthermore, the O. sativa cultivars were
capable of recognizing kin secreted allantoin, in the presence
of non-kin plants, to stimulate growth of their root systems,
suggesting that in some rice cultivars, allantoin is specifically
involved in kin recognition (Yang et al., 2018). Identification of
specific root exudates involved in kin recognition stresses the
significance of this work.

FUTURE DIRECTIONS

Over the last decade, many studies, including those referenced
here, have established that kin recognition does, indeed, occur
in plants (Figure 1); but what is lacking from our greater
understanding of these plant interactions are “big picture
generalities” for plant kin recognition (West et al., 2021). As West
et al. (2021) discussed, in regards to microorganisms and animal
species, often details can be learned about kin recognition in
a specific species but that we still have more to uncover about
kin responses in organisms in general. Questions remain such
as “Does cooperation actually occur in some species but not
others?”, “When does kin recognition confer fitness benefits and
do these benefits occur at the individual or population level?”,
“What are the costs and benefits of kin recognition?” (Anten and
Chen, 2021; West et al., 2021). Improved understanding of these
plant kin interactions would also benefit from standardization of
terminology such as what exactly constitutes as a “kin”, “stranger”
or “non-kin” and what degree of recognition or change in growth
or behavior is enough to qualify as true “kin recognition” as
opposed to general cooperation or altruism (Penn and Frommen,
2010). Elucidating these fundamental ecological questions will
aid in better understanding plant interactions.

In addition to investigating broad kin recognition interactions,
continued research to understand the tradeoffs between kin
cooperation and macro and micronutrient acquisition in normal

as well as in nutrient-depleted conditions would elucidate the
process of nutrient allocation and plant growth plasticity. Along
these lines, exploring the implications of kin interactions on
competition and yield in crops species may prove for future
crop breeding (Murphy et al., 2017; Anten and Chen, 2021).
Additionally, more studies investigating how kin recognition
influences plant interactions along multitrophic levels with
beneficial insects and microbes as well as with herbivores and
pathogenic microbes will help understand the greater ecological
significance of plant kin recognition in plant survival (File et al.,
2012; Torices et al., 2018). It would be valuable, not only to
conduct these studies in lab settings but in field or natural
conditions if possible, as well.

However, the area of plant kin recognition that would benefit
the most from continued research would be biochemical studies
of root exudates to elucidate the chemical signals involved.
Furthermore, investigation of these chemical signals as well as
genetic and metabolic studies to examine genes and proteins
involved in root secretion need to resume (Badri et al., 2012).
Growth plasticity reduced competition, improved associations
with beneficial as well as decreased interactions with pathogens
and herbivores have all been observed in plants during kin
recognition, management of these traits of kin recognition
mechanisms may lead to a deeper understanding of ecological
interactions as well as the improvement of crop species.
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