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Abstract Kin recognition has been demonstrated by plant
biomass allocation and morphology traits as well as by nitro-
gen (N) uptake, but has not been examined from a nutri-
ent-niche view yet. In this study, four species with distinct
lifestyles, including Glycine max (L.) Merr. (herbaceous
legume), Belamcanda chinensis (L.) DC. (herbaceous non-
legume), Caesalpinia pulcherrima (L.) Sw. (woody legume),
and Populus tomentosa (L.) Carr. (woody non-legume) were
used to demonstrate kin recognition by estimating their bio-
mass and allocation, as well as nutrient niches based on their
uptake efficiency for N, phosphorus (P), sulfur (S), potas-
sium (K), calcium (Ca), magnesium (Mg), and iron (Fe). For
G. max, kin recognition was achieved by increased biomass,
and by reduced nutrient-uptake efficiency of N, P, S, K, Ca,
Mg, and Fe (decreased nutrient niches) to decrease nutrient
competition among kin plants compared to the strangers.
Although B. chinensis and C. pulcherrima had no biomass
response, kin plants of B. chinensis increased, whereas C.
pulcherrima decreased their S-uptake efficiency compare to
strangers. Therefore, kin competition occurred in B. chin-
ensis through increased nutrient niche whereas kin recogni-
tion occurred in C. pulcherrima through decreased nutrient

P4 Xing-Liang Xu
xuxingl @hotmail.com

> Yu-Rong Liu
yrliu@rcees.ac.cn

Key Laboratory of Land Surface Pattern and Simulation,
Key Laboratory of Ecosystem Network Observation

and Modeling, Institute of Geographic Sciences and Natural
Resources, Chinese Academy of Sciences, Beijing 100101,
China

State Key Laboratory of Urban and Regional Ecology,
Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences, Beijing 100085, China

niche. By comparison, P. tomentosa showed the co-occur-
rence of kin recognition and competition by increased root
allocation and decreased P-uptake efficiency. These find-
ings suggest that the biomass allocation and plant nutrient
niches based on their nutrient-uptake efficiency can be used
as potential parameters to identify kin recognition.
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Introduction

According to the resource-partitioning theory, stronger
competition might occur among intraspecific plants
because they exhibit more niche overlap and similarity
in nutrient use as compared to interspecific plants (Chep-
lick and Kane 2004; Silvertown 2004; Mo et al. 2016).
However, the kin selection theory predicts that altruism
towards relatives could be possible through the evolution
of kin recognition (Hamilton 1964). Recent studies pro-
posed kin recognition by showing the kin responses of the
siblings living together in numerous plant species (Mur-
phy and Dudley 2009; File et al. 2012; Simonsen et al.
2014). Studying kin recognition in plants can contribute
to our understanding of plant interactions (Chu et al. 2008;
Milla et al. 2009), community structure and diversity in
natural ecosystems (Callaway and Mahall 2007; Brooker
and Kikvidze 2008). Plants respond to kin recognition
by increasing their fitness and displaying their plastic-
ity in competitive traits in the presence of their relatives
(Cheplick 1992; File et al. 2012). For example, siblings of
Plantago lanceolata and Ipomoea hederacea give more
reproductive output (Tonsor 1989; Biernaskie 2011) than
strangers. When the fitness is not available, competitive
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traits, e.g., root distribution (Ninkovic 2003; Dudley and
File 2007; Caffaro et al. 2013; Fang et al. 2013; Sem-
chenko et al. 2014) and leaf distribution (Ninkovic 2003;
Murphy and Dudley 2009; Lepik et al. 2012; Milla et al.
2012), which involved in soil nutrient acquisition and light
and CO, capture, should be invited to identify kin interac-
tions (File et al. 2012).

More recently, several studies attempted to explore kin
recognition by estimating nitrogen (N) uptake of plants
using '°N isotope (Zhang et al. 2016). Besides N, various
soil elements are essential for maintaining cell structure
and physiological activities of plants (Buchanan et al.
2000; Taiz and Zeiger 2006; Xu et al. 2016), e.g., phos-
phorus (P) is the primary component of phospholipids,
coenzymes, and high-energy phosphates, which drive
the metabolic cycles of photosynthesis and respiration.
Sulfur (S) is a component of many proteins, amino acids
(cysteine, cystine, and methionine), and vitamins B1 and
biotin. Potassium (K) is required to activate enzymes
related to various metabolic reactions. Magnesium (Mg)
is a constituent of chlorophyll molecules, and calcium
(Ca) is indispensable to the growth of meristematic cells
(Maathuis 2009). To realize species coexistence, plants
can develop their nutrient niches reflected by their uptake
efficiency for these essential elements. As a result, nutri-
ent niches could be a potential signal of kin recognition.
However, so far it remains unexplored (Cheplick 1992;
Zhang et al. 2016).

Plant kin recognition responses are species specific (Mur-
phy and Dudley 2009; Lepik et al. 2012). Diverse species
have distinct growth and resource-use strategies for light
and soil nutrients (Tilman 1988). Thus, the kin recognition
responses might vary on the types of nutritional elements
among plant species, e.g., legumes can fix atmospheric N
via their associated rhizobium, leading to differentiation in N
utilization as compared to non-legume plants (Franco and de
Faria 1997). Nevertheless, most of previous studies focused
on the annual herbaceous plants with the same lifestyle
(Dudley and File 2007; Murphy and Dudley 2009; Biedr-
zycki et al. 2010; Biernaskie 2011; Lepik et al. 2012); how-
ever, the mechanism of kin recognition in perennial plants,
particularly in shrub or woody plants (Bais et al. 2006), as
well as, kin responses on the uptake of essential elements
remains unclear. Accordingly, we assumed that kin recog-
nition could be achieved by decreasing the nutrient-uptake
efficiency (i.e., reduced nutrient-niches) of kin plants. To test
this hypothesis, the seeds of Glycine max (herbaceous leg-
ume), Belamcanda chinensis (herbaceous non-legume), Cae-
salpinia pulcherrima (woody legume), and the branches of
Populus tomentosa (woody non-legume) were collected. We
mainly aimed to demonstrate which nutritional element(s)
could be regarded as the potential parameter(s) to identify
kin recognition among plant species with different lifestyles.
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Materials and methods
Material and experimental design

Seeds of G. max (cultivars of Shengdou No.5), B. chinen-
sis, and C. pulcherrima were collected from Xishuangbanna
Botanic Garden, Chinese Academy of Science in Yunnan
Province (N 21°41'42.00"; E101°25'45.68", 559 m above
sea level). Cutting branches of the staminiferous (the pis-
tilliferous plants were restrained in this district) P. fomentosa
plants were collected from a plantation in Henan Province
(N35°18'13.71"; E113°55'15.05"”, 310 m above sea level).
The offspring seeds/branches of each species were collected
from four mother plants of the same cultivar growing in
the same plot within a distance of approximately 5 m. For
each species, the offspring plants from the same mother
plant were defined as siblings, whereas those from different
mother plants were referred to as strangers. We used the one-
factor experimental design of relatedness. For each treat-
ment, two seedlings, either siblings (kin groups) or strangers
(strangers groups), from four mother plants were planted as
pairs per cylinder pot without any barriers for root contact.
Twenty-four replicates were used for each treatment of each
species.

Growth condition

All seeds collected from the mother plants of G. max, B.
chinensis, and C. pulcherrima were allowed to germinate in
the Petri dishes containing only distilled water. After 6 days,
the healthy and similar-sized seedlings were selected to
eliminate the size effect. The cutting branches of P. tomen-
tosa from different stock plants were cut into similar shape
and prepared for cottage plantation until rooted. All plant
seedlings were then transplanted into soil cylinder pots on
October 2, 2015 in a greenhouse at the Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences,
Beijing, China. The cylinder pots were 10 cm in height and
20 cm in diameter, and the distance between the two seed-
lings was 10 cm. The soil contained 50% roseite and 50%
humus. The temperature of the glasshouse was maintained at
28 °C in the day and at 18 °C in the night, with a light:dark
photoperiod of 16:8 h, the photosynthetic photon fluency
rate of 180 pM m~2s~!, and the relative humidity of approx-
imately 60%. The pots were watered every two days to main-
tain soil moisture at 70% field water holding capacity. The
plants were not fertilized during the experiment.

Biomass and allocation measurements
After the plants grew for 100 days, they were harvested indi-

vidually. Subsequently, roots were washed in distilled water
to remove any elements bound to their surface. G. max, C.
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pulcherrima, and P. tomentosa plants were separated into
leaf, stem, and root parts, whereas B. chinensis plants were
separated into shoots and roots, because they have no obvi-
ous stems. All plant materials were oven-dried at 65 °C for
48 h, and weighed for each plant part and whole dry biomass
for each species.

Element concentration and uptake efficiency
measurements

The individual plant leaves, stems, and roots of each spe-
cies were ground with a ball mill (MM2, Retsch, Haan,
Germany). Subsequently, 60 mg of each pulverized sample
was packaged in silver paper to determine the concentra-
tion of N and S using the vario MACRO cube (Elementar
Analysensysteme, GmbH, Germany). Samples (150 mg)
were prepared to analyze the contents of P, K, Ca, Mg, and
Fe. According to the method of Zarcinas et al. (1987), the
samples were placed in a 100-ml microwave jar and digested
with 5 ml of nitric acid for 1 h, followed by the addition of
2 ml hydrogen peroxide (H,0,). Subsequently, they were
allowed to cool to about 25 °C and then transferred into
15-ml volumetric flasks. The sample volumes were made
constant by adding ultrapure water. The total elemental
concentration in the digests was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES)
according to the method of Fassel et al. (2008). All values
were expressed in mg kg~! DW plant.

Calculation and statistics

The root and leaf allocations were calculated by the ratio
of root biomass to total plant biomass and the ratio of leaf
biomass to total biomass, respectively. The nutrient-uptake
efficiency was calculated by (element concentrations in
root X root biomass +element concentrations in shoot X shoot

biomass)/root biomass/100 days (Moreau et al. 2015), and
the unit was expressed as mg g~! day™'. A two-way analysis
of variance (ANOVA) was used to test the effects of spe-
cies, kinship, and their interaction on biomass and nutrient-
uptake efficiency with SPSS 16 (SPSS Inc., Chicago, IL,
USA). The differences in the biomass and nutrient-uptake
efficiency of siblings and strangers were considered signifi-
cant at P <0.05.

Results
Biomass and allocation

Plant biomass was significantly dependent on the species,
kinship, and their interaction (Table 1). The kin plants of G.
max showed higher shoot and root biomass than the stran-
ger plants (Fig. 1a). The allocation to root and leaf tissues
was not significantly different between the kin and stran-
gers of G. max (the root allocation ratio was 0.164 for kin
and 0.169 for strangers while leaf allocation ratio was 0.389
for kin and 0.366 for strangers). The species B. chinensis
and C. pulcherrima showed no significant difference in the
shoot and root biomass, as well as in the root and leaf allo-
cation between kin and strangers (Fig. 1; P> 0.05). For P.
tomentosa, the kin plants showed higher root biomass and
root allocation (the root allocation ratio was 0.172 for kin
and 0.132 for strangers) than strangers, but shoot biomass
and leaf allocation (kin ratio was 0.724 and strangers was
0.720) was not different between the kin and stranger groups
(Fig. 1d).

Nutrient-uptake efficiency

Significant interactive effects between species and kinship
were observed on the uptake efficiency for N, S, K, Ca,

Table 1 Effect of species

(Glycine max, Belamcanda Effect Species Kinship Species * Kinship
chinensis, Caesalpinia df F Sig. df F Sig. df F Sig.
pulcherrima and Populus
tomentosa), kinship (sibling or Biomass
stranger) and their interaction Root 3 128.313 <0.001 1 14.900 <0.001 7 5.519 0.010
on plant biomass and element Shoot 3 49.586 <0001 1 0.010 0921 7 3.547 0.015
uptake efficiency .
Element uptake efficiency
N 3 45.962 0.024 1 8.597 0.010 7 3.224 0.026
P 3 34.200 0.011 1 0.002 0962 7 2.251 0.048
S 3 89.469 <0.001 1 12.392 0.001 7 6.966 <0.001
K 3 98.574 <0.001 1 1.701 0.195 7 0.905 0.021
Ca 3 43.472 <0.001 1 2.673 0.105 7 0.849 0.040
Mg 3 35.742 0.041 1 6.209 0014 7 2.642 0.049
Fe 3 42.096 0.015 1 4.077 0462 7 1.317 0.030

Each source differences were tested by two-way ANOVA (P <0. 05)
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Fig. 1 Plant shoot (leaf and (a)
stem) and root biomass when 1.5 -
a G. max, b B. chinensis, :
¢ C. pulcherrima, and d P.
tomentosa growing with kin o0 T
or strangers. The values were g 1 4 *
mean + SE of 12 replicates. The 2
asterisks (*) on bars indicate g
significant differences between .2
kin and stranger of each subarea M 0.5
biomass including leaf, stem
and root in each species at P <
0.05 level 0
C
© 0.4 -
T
L
0.2 A
0

and Mg (Table 1). Compared to strangers, kin plants of G.
max showed lower uptake efficiency for N (P=0.039), P
(P=0.024), S (P=0.043), K (P=0.001), Ca (P=0.02), and
Mg (P =0.044; Fig. 2a). However, kin plants of B. chinensis
showed higher (P =0.01; Fig. 2b) whereas kin of C. pulcher-
rima (P =0.027; Fig. 2c) showed lower S-uptake efficiency
than strangers. P. tomentosa showed decreased P-uptake effi-
ciency (P=0.031) compared to the strangers (Fig. 2d). No
significant difference was observed in the uptake efficiency
for other elements between kin and strangers in each species.

Discussion

Numerous studies have suggested that kin recognition could
occur mainly based on the fitness and morphological traits
of plant species, but it is seldom evaluated according to
their nutrient-uptake efficiency or nutrient niches. Here, we
showed that the nutrient-uptake efficiency is species-spe-
cific for various essential elements, and the nutrient niches
together with biomass allocation could be a proper indicator
of kin recognition.

Kin recognition is generally identified through the better
performance of plants living with relatives (File et al. 2012).
This is confirmed by the higher biomass of kin plants than
the strangers of G. max, but is not reflected in the biomass
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response of B. chinensis and C. pulcherrima. A possible
explanation is that the biomass responses are not universal
among the self-incompatible plants (Masclaux et al. 2010).
Moreover, we observed no kin recognition responses in root
or shoot allocation for both species. This indicates that a
decreased root allocation might be not necessary for kin
recognition (Dudley and File 2008; Zhang et al. 2016). By
comparison, the P. fomentosa kin plants showed a higher
competitive ability than its strangers through higher root
allocation (Dudley and File 2007). Thus, various biomass
responses among these species again confirmed that plant
kin recognition was species-specific (de Kroon 2007; Lepik
et al. 2012).

Although plant biomass and competitive traits have been
suggested to be the powerful indicators of kin recognition,
they are often affected by environmental factors (Cheplick
1992; File et al. 2012). Consequently, there could be other
more proper kin recognition indicators, based on the fact
that plants recognize their kin perhaps through reducing the
competition and mutual accommodation of their resources to
cooperate with their relatives (Lepik et al. 2012). Moreover,
the field experiments demonstrate that three or four resources
are limiting in any plant community (Tilman 1982). Thus,
the limited elements that play a key role in plant growth
might respond to kin recognition based on Liebig’s law of
the minimum. In this study, the nutrient-uptake efficiency for
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Fig. 2 The nutrient niches con-
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N, P, S, K, Ca, and Mg showed kinship and species interac-
tive effects and can be considered as the potential signals or
complementary parameters to identify kin interactions when
the fitness is unavailable.

A variation in the nutrient-uptake efficiency between kin
and stranger plants suggests a complementary kin interaction
as compared to the biomass response. Given the increased
nutrient-uptake efficiency exhibits a higher competition for
soil nutrients (Kuzyakov and Xu 2013), the nutrient-uptake
efficiency of many essential elements can reflect the plant
nutrient niches to a certain extent. The decreased uptake
efficiency of N, P, S, K, Ca, Mg, and Fe elements indicate
reduced nutrient niches in the kin plants of G. max compared
to the strangers (Fig. 1a), leading to mutual accommodation
of kin. It is similar to a previous study that siblings showed
significantly decreased uptake of total N (Zhang et al.
2016). Moreover, the decreased nutrient uptake in siblings
yet led to more biomass production, indicating relatively
higher nutrient-use efficiency. Similarly, kin recognition was
observed in C. pulcherrima based on its lower S-uptake effi-
ciency despite without any change in its biomass. On the
contrary, the higher S-uptake efficiency suggested higher
competition in the kin plants of B. chinensis compared to its
strangers. Although the kin plants of P. tomentosa showed

K

Stranger

(b)

(mg kg day'l)3 N

(d) (mgkg'day ‘; N

significantly increased root allocation, but did not enhance
their uptake efficiency of nutritional elements compared to
the strangers (Zhang et al. 2016). Instead, they achieved
kin recognition through their reduced P-uptake efficiency
(Fig. 2d). As greater root allocation commonly refers to the
enhanced belowground competitive ability (Dudley and File
2007), kin cooperation and competition co-occurred in P.
tomentosa plants. Such increased root allocation response
could be mainly ascribed to the competition for space or
water in the given pot size. Based on above information, we
demonstrated that the nutrient-uptake efficiency of plants,
together with biomass responses, can identify kin recogni-
tion more precisely.

We observed kin recognition response in terms of bio-
mass allocation and nutrient-uptake efficiency was species-
specific for various essential elements in plants of distinct
lifestyles, e.g., annual versus perennial and legume versus
non-legume plants. These results indicate that kin recogni-
tion could be related to plant lifestyles and strategies for
nutrient absorption and transmission (Graves et al. 2006)
and nutrient niches (McKane et al. 2002). The reason is that
nutrients might be used mainly for transformation and uti-
lization in annual plants, but also for storage in perennial
plants, thus affecting their biomass allocation (Zhu et al.
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2011). Here, we adopted the same type of soil and nutri-
ent supply level for different plant species. Compared to the
three perennial plants, the kin response of annual G. max on
the compromise of all measured elements could be attributed
to its fast growth and short life cycle with strong nutrient
requirements (Aerts and Chapin 2000). This is reflected in
our result that G. max showed higher nutrient-uptake effi-
ciency than the other species (Fig. 2).

For perennial plants, the kin response of nutrient uptake
exhibits element selectivity based on the identity of plant
species. Because legumes usually contain abundant proteins,
especially sulfur-containing amino acids (Jukanti and Chib-
bar 2012), lead to S-uptake as a sensitive response to kin
recognition. Thus, kin recognition is achieved by decreasing
the S-uptake efficiency of G. max and C. pulcherrima in kin
plants compared to strangers. However, the kin response on
the S-uptake of the non-legume plants of B. chinensis was
opposite to that of legumes. This could be ascribed to dif-
ferent S requirements of these plants. Further studies should
be performed to explain why these plants are sensitive to
uptake of S. The kin recognition response in P. fomentosa
on the uptake of P element could depend on its limited sup-
ply and high requirement for fast growth in the long-term
lifestyle. However, our study was confined to only a limited
number (four) of plant species because of the difficulty in
seed collection. Therefore, more rigorous investigation of
kin recognition in vast number of plant species should be
performed for the better understanding of plant interaction
among plants with distinct lifestyles.

In summary, our study shows significant species-specific
kin responses in terms of both biomass allocation and nutri-
ent niches based on the nutrient uptake efficiency of soil
essential elements. Therefore, nutrient niches together with
biomass allocation can be regarded as the potential param-
eters to identify plant kin recognition. Considering the
distinct roles of various essential elements in plant growth
and development, more studies should be focused on spe-
cific micronutrients or some specific functional elements in
response to plant kin recognition in future.
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