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Abstract

Species interactions and mechanisms affect plant coexistence and community assembly. Despite increasing knowledge of kin

recognition and allelopathy in regulating interspecific and intraspecific interactions among plants, little is known about whether

kin recognition mediates allelopathic interference. We used allelopathic rice cultivars with the ability for kin recognition grown

in kin vs. non-kin mixtures to determine their impacts on paddy weeds in field trials and a series of controlled experiments.

We experimentally tested potential mechanisms of the interaction via altered root behavior, allelochemical production, and

soil microbial community composition, as well as carbon and nitrogen partitioning in the weeds. We consistently found that

the establishment and growth of paddy weeds were more inhibited by kin mixtures compared to non-kin mixtures. The effect

was driven by kin recognition that induced altered root placement, established similar soil microbial communities, and altered

weed carbon and nitrogen partitioning. Importantly, genetic relatedness enhanced the production of intrusive roots towards

weeds and reduced the production of rice allelochemicals. These findings suggest that relatedness allows allelopathic plants to

discriminate their neighboring collaborators (kin) or competitors and then adjust their growth, competitiveness and chemical

defense accordingly.
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. Species interactions and mechanisms affect plant coexistence and community assembly. Despite increasing
knowledge of kin recognition and allelopathy in regulating interspecific and intraspecific interactions among
plants, little is known about whether kin recognition mediates allelopathic interference. We used allelo-
pathic rice cultivars with the ability for kin recognition grown in kin vs. non-kin mixtures to determine
their impacts on paddy weeds in field trials and a series of controlled experiments. We experimentally tested
potential mechanisms of the interaction via altered root behavior, allelochemical production, and soil mi-
crobial community composition, as well as carbon and nitrogen partitioning in the weeds. We consistently
found that the establishment and growth of paddy weeds were more inhibited by kin mixtures compared
to non-kin mixtures. The effect was driven by kin recognition that induced altered root placement, estab-
lished similar soil microbial communities, and altered weed carbon and nitrogen partitioning. Importantly,
genetic relatedness enhanced the production of intrusive roots towards weeds and reduced the production of
rice allelochemicals. These findings suggest that relatedness allows allelopathic plants to discriminate their
neighboring collaborators (kin) or competitors and then adjust their growth, competitiveness and chemical
defense accordingly.

KEYWORDS

allelopathic rice cultivar, allelochemical production, resource partitioning, kin and non-kin cultivar mixtures,
neighbor relatedness, root placement pattern, soil microbial community

1 INTRODUCTION

Understanding the mechanisms of co-occurring species interactions in plant coexistence and community
assembly has been of great interest to ecologists for decades (Maron, Hahn, Hajek, & Pearson, 2020; Tilman
& Pacala, 1993). When one or more species occur together and interact, plants may detect and recognize
their neighbors, potentially differentiating interspecific individuals from conspecific individuals (Gruntman
& Novoplansky, 2004), and even intraspecifically between kin and non-kin individuals (Dudley & File, 2007).
Following neighbor detection and recognition, plants may adjust their growth and defense strategies, altering
plant coexistence and community assembly (Wang, Kong, Wang, & Meiners, 2020).

The role of plant-plant interactions in regulating coexistence has been a fundamental issue within ecology and
evolution, focusing predominately on interspecific and intraspecific competition (Bennett, Riibak, Tamme,
Lewis, & Partel, 2016; Genung, Bailey, & Schweitzer, 2012; Yamawo & Mukai, 2020). In recent decades, this
issue research has expanded to include both kin recognition and allelopathy (Bilas, Bretman, & Bennett,
2020; Kong et al., 2018). Kin recognition may allow plants to optimize competitive strategies, resulting in
less intraspecific competition and more cooperation among plants, maximizing stand performance (Bilas,
Bretman, & Bennett, 2020; Dudley, Murphy, & File, 2013). Kin recognition in crop cultivars may also be
exploited to improve crop yields (Anten, & Chen, 2021; Murphy, Swanton, van Acker, & Dudley, 2017). In
contrast to the altruism of intraspecific kin recognition, allelopathy is an interference mechanism in which
plants produce and release allelochemicals exerting a mostly negative effect on interspecific or intraspecific
neighbors. Such allelopathic interferences can have profound effects on the performance of neighboring plants
and alter local plant coexistence (Meiners, Kong, Ladwig, Pisula, & Lang, 2012; Zhang, Liu, Yuan, Weber, &
van Kleunen, 2020). Noteworthily, different from competition for taking up shared resources, allelopathy is a
chemical strategy in the defense of plant against competing neighbors, which results from the allelochemicals
produced and released from plants themselves (Maćıas, Mej́ıas, & Molinillo, 2019).

Both kin recognition and allelopathy have been investigated extensively in natural and managed ecosystems
(Anten, & Chen, 2021; Inderjit, Wardle, Karban, & Callaway, 2011; Maćıas, Mej́ıas, & Molinillo, 2019;
Serra, Shanmuganathan, & Becker, 2021). However, kin recognition and allelopathic interference are usually
studied separately, with no attention to their potential linkage. Plants often grow in mixtures of kin, non-kin
conspecifics, and individuals from different species, and thus kin recognition and interspecific allelopathic
interference may often occur simultaneously. Accordingly, kin recognition may interact with allelopathic
interference within a heterogenous community context. Ultimately, understanding the interactions between
kin recognition and allelopathic interference in diverse natural systems will depend on initial efforts from
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. simplified agroecosystems.

Crop plants have coexisted with weeds in agroecosystems for thousands of years and can act as models
for addressing eco-evolutionary dynamics in plant coexistence (Baucom, & Holt, 2009). Weeds pose an
important biological constraint to crop productivity while only a few crop cultivars are very competitive
against weeds. However, the weed-suppressive effects have not been fully explained by considering just
the physical characteristics of being strong in competition for resources (Bastiaans, Kropff, Kempuchetty,
Rajan, & Migo, 1997; Olofsdotter, Navarez, Rebulanan, & Streibig, 1999). Subsequent studies have shown
the participation of allelopathy. In particular, allelopathic crop cultivars can detect the presence of weeds
and respond by increasing allelochemicals to inhibit weeds, maximizing their own growth (Kato-Noguchi,
2011; Kong et al., 2018; Kong, Li, Hu, Xu, & Wang, 2006). Therefore, crop-weed interactions are not only of
fundamental ecological interest, but also exceedingly important from an applied perspective in sustainable
agriculture.

Rice (O ryza sativa ) is one of the principal food crops in the world, containing both allelopathic and
non-allelopathic cultivars. Allelopathic rice cultivars can produce and release allelochemicals to inhibit the
growth and establishment of paddy weeds, acting as an efficient component of integrated weed management
(Kong, Hu, Wang, & Wu, 2008; Patni et al., 2018; Serra, Shanmuganathan, & Becker, 2021). Recent studies
have shown kin recognition in rice cultivars (Fang et al., 2013) and allelopathic rice cultivars with the ability
for kin recognition can alter root behavior and biomass allocation, increasing grain yields (Yang, Li, Xu,
& Kong, 2018). Therefore, allelopathic rice interference with paddy weeds represents a well-characterized
model system to understand the combined roles of kin recognition and interspecific allelopathy in plant-plant
interactions.

There is a wealth of information on allelopathic rice interference with paddy weeds under field situations and
controlled conditions (Gealy, Rohlla, & Boykin, 2019; Kato-Noguchi, 2011; Kong, Hu, Wang, & Wu, 2008; Li,
Zhao, & Kong, 2020). However, when it comes to the role of kin recognition in allelopathic rice interference
with paddy weeds, there is a lack of data. Such information is critical for understanding the consequences
and mechanisms of plant coexistence in the given ecosystem. In this study, we identify the potential linkage
between kin recognition and allelopathic interference in a rice paddy model system, to test two specific
hypotheses (1) whether kin recognition can alter the consequences of interspecific allelopathic interference,
and (2) whether relatedness allows allelopathic plants to discriminate between neighboring collaborators
(kin) and competitors by altering biochemical plasticity and then adjust their growth, competitiveness,
and chemical defense. To do this, we examined the effects of allelopathic rice cultivars with the ability
for kin recognition from two sets of indica-inbred and indica-hybrid rice lines against paddy weeds in field
and controlled conditions. Furthermore, we addressed potential mechanisms through documenting changes
in root behavior, allelochemical production, associated soil microbial communities, and the carbon and
nitrogen partitioning of weeds. Together, these efforts provide a thorough assessment of the contribution
of kin recognition to allelopathic interference, and its implications for plant coexistence and community
assembly.

2 MATERIALS & METHODS

2.1 Plant materials, soil and chemicals

Seven rice (Oryza sativa ) cultivars, Huagan-3, Huagan-8, Huafeng, Lingyou-6173, Lingyou-6365, Lingyou-
3826 and Liaojing, were used for this study. Among them, allelopathic Huagan-3 and Lingyou-6173 have the
ability for kin recognition (Yang, Li, Xu, & Kong, 2018), and other cultivars are non-allelopathic. ‘Huagan-3’
and ‘Huagan-8’ or ‘Lingyou-6173’ and ‘Lingyou-6365’ were bred or hybridized from reciprocal parents or
identical male sterile, resulting in their relatedness. ‘Huafeng’ or ‘Lingyou-3826’ was obtained from other
parents or male sterile that do not have consanguinity ties with the ‘Huagan-3’ and ‘Huagan-8’ or ‘Lingyou-
6173’ and ‘Lingyou-6365’. These cultivars with different relatedness were divided into two sets of genotypes,
indica-inbred and indica-hybrid. In the indica-inbred rice set, ‘Huagan-3’ was the focal rice cultivar (same
cultivar, self). ‘Huagan-8’ and ‘Huafeng’ were the closely related (kin) and distantly related (non-kin) culti-
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. vars, respectively. In indica-hybrid rice set, ‘Lingyou-6173’ was the focal rice cultivar (same cultivar, self).
‘Lingyou-6365’ and ‘Lingyou-3826’ were the closely and distantly related cultivars, respectively. In addition,
a japonica-inbred cultivar ‘Liaojing’ was used for comparative evaluation as a more distant non-kin for both
sets. Finally, the relatedness of cultivars in both sets was determined by genetic distances relative to the
focal cultivar (Yang, Li, Xu, & Kong, 2018). The genetic distance, allelopathic potential and grain biomass
of these cultivars were presented in Supplementary Table 1.

Weeds seeds and soil were collected at Nanling experimental station of rice research, Anhui Province, China
(30°56’52’’ N, 118deg23’15’’ E), located in the low mountains on the southern side of the Yangtze River. Soil
was collected randomly from the surface (0-10 cm) of a paddy field. The soil is typical fluvaquent, Etisol
(US taxonomy) with pH 5.6, organic matter of 24.5 g*kg-1 and a fertility for total nitrogen of 1.4 g*kg-1,
available phosphourus of 29.3 mg*kg-1 and available potassium of 56.8 mg*kg-1. Soil samples were air-dried,
sieved (2 mm mesh) to remove plant tissues, and used in the series of greenhouse experiments described
below.

The rice allelochemicals tricin and momilactone B were isolated from allelopathic rice PI312777 seedlings
following Kong et al. (2004). Allantoin, related to kin recognition in rice lines (Yang, Li, Xu, & Kong, 2018),
and other chemicals were purchased from China National Chemical Corporation (Beijing, China) and were
of the highest purity available.

2.2 Field trials

A paddy field was selected at the experimental station during the 2020 growing season. The paddy had pre-
viously been planted with rice for several seasons. Several weeds occurred in the paddy, includingEchinochloa
crusgalli (barnyardgrass), Leptochloa chinensis , Cyperus difformis and Eclipta prostrata but barnyardgrass
was dominant. Other weedy species such asAlternanthera sessilis and Monochoria vaginalisoccasionally oc-
curred in the field. The field was divided into a series of 3x5 m plots arranged in a completely randomized
design with four replicates of each treatment or control. Each plot was separated by trenches with at least
30 cm discard strips on each side. Each focal cultivar ‘Huagan-3’ or ‘Lingyou-6173’ was paired with itself,
or with a closely or distantly related cultivar, and planted at a density of 50 m-2 by direct seeding at a
1:1 proportion. Plots not planted with rice served as controls for weed growth. All plots received fertilizer
(nitrogen, phosphorus pentoxide, and potassium oxide at the rates of 7.5 g m-2, 9.0 g m-2 and 8.5 g m-2

respectively) 1 day before the plots were saturated with water. All other field management followed the rules
of the rural administration in Anhui Province, China except chemical or hand weeding. After 50 days, weed
species and numbers in each plot were identified and their aboveground biomass dry weights measured.

2.3 Greenhouse experiments

A series of experiments were conducted in a greenhouse with 20-30 degC night and day temperatures and
65-90% relative humidity. Each experiment was conducted in a completely randomized design with four
replicates for each treatment and control. Rice seeds were sterilized with 5% H2O2 then placed in Petri
dishes with moistened filter paper. Weed seeds were sterilized with 75% ethyl alcohol for 3 min, followed
with 3% sodium hypochlorite for 12 min. Sterilized seeds were rinsed with distilled water and then transferred
to Petri dishes with moistened filter paper for vernalization in a 4 degC refrigerator for 24 h. Dishes of rice
and vernalized weed seeds were pre-germinated in an environmentally controlled chamber at a temperature
of 28 degC in the dark for use in each experiment.

A preliminary experiment was conducted to investigate the effect of rice cultivar mixture proportions on four
common paddy weeds (barnyardgrass,L. chinensis, C. difformis and E. prostrata ). Eight pre-germinated
seeds were sown in each pot (12 cm diameter x10 cm deep) containing 1000 g soil. Four rice seeds in a 3:1, 2:2
and 1:3 (focal cultivar: related cultivar) ratio were placed uniformly in the central area while four weed seeds
of one species were sown surrounding the rice in the pot (Supplementary Figure 1). Monocultures of eight
weed seeds served as controls. The weed seedlings were harvested after 4 weeks and their dry weights were
recorded. This design was replicated for each focal cultivar and weed species. As a result (Supplementary
Table 2), the 2:2 ratio was used for each subsequent experiment (Experiments 1- 4) as described below.
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. Experiment 1- the effect of rice cultivar mixtures on the performance of four weeds and their mixtures with
barnyardgrass. Eight pre-germinated seeds were sown in each pot as described above. Four rice seeds for
each cultivar pair were placed uniformly in the central area of each pot. Four weed seeds for each species, or
two barnyardgrass with two other weed seeds, were sown surrounding the rice. Controls were monocultures
of eight weed seeds for each species and their mixtures with barnyardgrass. Mixtures with barnyardgrass
reflect the dominance of the species as a paddy weed and its regular co-occurrence with other weeds. Weed
seedlings were harvested at the three-leaf rice stage and their shoots and roots were separated and dry weight
of each was recorded.

Experiment 2- allelochemical production and grain biomass of rice cultivar mixtures in response to barnyard-
grass and its mixtures with other weeds. Eight pre-germinated seeds were sown in a pot as described above.
Four rice seeds for each cultivar pair were placed uniformly in the central area. Four barnyardgrass seeds or
two barnyardgrass with two other weed seeds were sown surrounding the rice in each pot. Monocultures of
each rice cultivar and eight weed seeds for each species and their mixtures with barnyardgrass served as con-
trols. Allelopathic rice leaves produce allelochemicals at their early growth stages and then release them into
soil through the roots that reach maximal level at the five-leaf stage and then decrease dramatically (Kong
et al., 2004; Kong, Li, Hu, Xu, & Wang, 2006). This experiment focused on allelochemical production but
not allelochemical release. Accordingly, rice leaves were sampled at the three-leaf stage and quantification of
rice allelochemicals conducted as described below. Weed plants and rice grains were each harvested at the
rice mature stage and their dry weight of each was recorded.

Experiment 3- soil microbial community in response to rice cultivar mixtures in the presence of barnyardgrass,
the dominant weed competitor. Eight pre-germinated seeds were sown in each pot as described above. Four
rice seeds for each cultivar pair were placed uniformly in the central area. Four barnyardgrass seeds were
sown surrounding the rice in the pot. Monocultures of barnyardgrass or focal rice cultivar served as controls.
At the three-leaf stage, a soil core with 2.5 cm diameter and 5 cm depth was sampled from the central area of
each pot. Visible root fragments were removed and the sample freeze-dried for the analysis of phospholipid
fatty acids (PLFA) as described below.

Experiment 4- the performance and resource partitioning of barnyardgrass in response to potential signaling-
chemical in rice cultivar mixtures. Kin recognition in allelopathic rice cultivars involves the nitrogen-rich
compound allantoin (Yang, Li, Xu, & Kong, 2018). Accordingly, allantoin and its equal quantity of NH4NO3

were applied into rice cultivar mixtures in the presence of barnyardgrass. Eight pre-germinated seeds were
sown in each pot (12 cm x10 cm) containing 1000 g soil. Four rice seeds for each cultivar pair were placed
uniformly in the central area of each pot. Four barnyardgrass seeds were sown surrounding the rice in the pot
and monocultures of barnyardgrass served as controls. The pots received either allantoin at a concentration
of 0.32 mM (50 μg g-1 dry soil), NH4NO3at a concentration of 0.63 mM (50 μg g-1 dry soil), or distilled
water, respectively. The NH4NO3 treatment represents a non-signaling nitrogen source to contrast with
the signaling and high N content allantoin treatment. Barnyardgrass seedlings were harvested at three-leaf
stage, separating their shoots and roots. The dry weights of each root and shoot sample were recorded and
their carbon and nitrogen contents were each measured with a CN elemental analyzer (Elementar vario EL
cube, Elementar Analysensysteme GmbH, Langenselbold, Germany), at a combustion temperature of 960 .

Experiment 5- root placement patterns between focal rice cultivar and weeds in response to rice cultivars
of different relatedness. A series of window rhizoboxes (30 cm long ×3 cm wide ×30 cm high) were made
with a clear plexiglass sheet containing 2000 g soil. Each rhizobox was vertically divided into six equal parts,
and three rice and three weeds for each species were sown in the rhizoboxes according to the order of two
plants of related cultivars, a plant of the focal cultivar, and three weed plants from the left to the right
(Supplementary Figure 2). Monocultures of six plants barnyardgrass or focal cultivars served as controls.
Window rhizoboxes were placed in racks at an angle of 40° with the clear plexiglass facing down and away
from the light source. Rhizoboxes were opened after 4 weeks and the root systems were scanned to a gray
scale image and, divided into right and left parts, and the roots freeze-dried for biomass assessment. Each
image was processed with WINRHIZO (Regent Instruments, Quebec, Canada) to obtain root length, and
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. horizontal asymmetry in root length. Horizontal asymmetry in root biomass was also calculated from root
dry weight of the left (towards rice) and right (towards weed) halves of the root system.

2.4 Quantification of rice allelochemicals

Quantification of allelochemicals from focal rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ was performed with
a liquid extraction-solid phase extraction followed by High Performance Liquid Chromatography (HPLC).
The rice samples collected from the experiment 2 were freeze-dried and ground, and 20 mg was extracted
with 10 mL MeOH for 12 h and filtered. The filtrates were evaporated to dryness individually under nitrogen
gas. Dry residues were dissolved in 2 mL 50% aqueous methanol then filtered through a 0.22 μm filter. The
filtered samples were subsequently subjected to HPLC for quantitative analysis.

Quantitative analysis was carried out by injecting 10 μL into an HPLC (HPLC-1525; Waters, Worcester,
MA, USA) with a UV detector set at 320 nm. Elution was performed at a constant flow rate of 1.0 mL
min-1 at 40 with acetonitrile and a mixture of 0.5% formic acid in a gradient: initial mobile phase of 10%
acetonitrile for 4 min, increased to 35% for 4 min, then decreased to 10% for 4 min, for a total run time
of 12 min. The allelochemicals tricin and momilactone B were quantified by interpolating the peak area
on the HPLC chromatogram to a standard curve constructed from the peak area of authentic tricin and
momilactone B (Yang & Kong, 2017).

2.5 PLFA analysis

The soil samples collected from the experiment 3 were subjected to PLFA analysis that was conducted
following method of Sun et al. (2014) with minor modifications. Briefly, freeze-dried soil was extracted with
a mixture of CHCl3-MeOH-citrate butter (1:2:0.8, v/v/v), and the phospholipids were separated from other
lipids on a silica-gelfilled solid-phase extraction cartridge (0.50 g Si; Supelco, Inc., Bellefonte, PA, USA).
The resulting fatty acid methyl esters (FAMEs) were identified and quantified by GC-MS. The identification
of the FAMEs was based on retention time comparisons with FAMEs controls (Supelco, Inc., Bellefonte, PA,
USA). Quantification was performed by calibration against standard solutions of nonadecanoate methylester
(C19:0), which were also considered as internal standards.

A total of 16 PLFAs were identified and quantified for the analysis. Twelve fatty acids (i-15:0, a-15:0, i-16:0,
i-17:0, 16:1 ω7c, 16:1ω9c, cy-17:0, 14:0, 15:0, 16:0, 17:0 and 18:0) were considered as bacterial. Among them,
four fatty acids (i-15:0, a-15:0, i-16:0 and i-17:0) were identified as Gram-positive bacteria (Gram+) and 3
fatty acid (16:1 ω7c, 16:1ω9c and cy-17:0) were identified as Gram-negative bacteria (Gram-). Fungi were
assessed by 18:1ω7c and 18:1ω9c. Actinomycetes were assessed by 10Me17:0 and 10Me18:0.

2.6 Data analysis

Data were presented as means ± standard error (SE) from four replications for each experiment and determi-
nation. The data were analyzed by full factorial ANOVAs followed by Tukey’s honestly significantly different
(HSD) tests. Weed inhibition and allelochemical production were calculated as (1-T/C)×100, based on weed
dry weights or allelochemical quantity in treatments (T) and in controls (C). Horizontal asymmetry in root
length and biomass were calculated as response ratios Vn/Va (Yang & Kong, 2017). Vn is the response value
for rice-weed interactions while Va is the response value for rice or weed alone. Vn/Va >1 represented root
growth increased towards neighbors, resulting an intrusive pattern of root placement. Vn/Va<1 represen-
ted root growth decreased towards their neighbors and Vn/Va=1 represented an unaltered pattern of root
growth. Principal component analysis (PCA) of PFLA data was performed with the STATISTICA software
package, version 6.0 (StatSoft Inc., USA). Data were transformed using sample unit totals to represent the
relative abundance of each PLFA (mole percentage of total PLFA). All data analyses were conducted with
SPSS 25.0.

3 RESULTS

3.1 Kin recognition in allelopathic rice interference with paddy weeds

6
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. When allelopathic rice cultivars were each paired with itself or other rice cultivars, the growth of four
common paddy weeds (Echinochloa crusgalli, Leptochloa chinensis, Cyperus difformis andEclipta prostrata )
were inhibited. However, inhibitory effects were dependent on the genetic relatedness and proportions of rice
cultivars. The mixtures with closely related cultivars (kin) had stronger weed inhibition than the mixtures
with distantly related cultivars (non-kin) regardless of proportions or weed species. Significant inhibition
occurred at the 2:2 proportion with an exception of the broadleaf weed E. prostrata (Supplementary Table
2).

When each mixture of allelopathic rice cultivars with other cultivars at different levels of genetic relatedness
was grown in a paddy field at a 1:1 proportion, the emergence and growth of paddy weeds varied greatly
in mixed culture with kin and non-kin cultivars (all weeds pooled, Figure 1). Allelopathic rice cultivars
grown alone and with kin cultivars showed stronger weed inhibition than when grown with non-kin cultivars.
Compared with allelopathic rice cultivars and their mixtures with kin cultivars, a significant reduction in
weed inhibition occurred in the mixtures with non-kin cultivars. The results implied the role of kin recognition
in mediating allelopathic rice interference with paddy weeds.

3.2 Kin recognition meditated allelopathic rice against weeds at the root level

Greenhouse experiment 1 further confirmed that rice cultivars inhibited the growth of paddy weeds and that
the inhibition was dependent on the genetic relatedness of the mixture (Figure 2). Allelopathic rice cultivars
grown with kin cultivars caused stronger weed inhibition than mixtures with non-kin cultivars. Regardless of
weed species and the genetic relatedness of rice cultivars, there was always stronger inhibition in root growth
than in shoot growth of weeds (Figure 2). Further, rhizobox experiment 5 revealed that rice and weeds showed
different root placement patterns measured by horizontal asymmetry in response to interacting neighbors.
(Supplementary Figure 3 & 4). Rice roots always grew towards the roots of weeds (intrusive pattern), while
the roots of all weeds trended to avoid growing towards roots of rice (avoidance pattern). However, root
placement patterns between rice cultivars depended on genetic relatedness. Focal rice cultivars grown by
themselves or with closely related cultivars had a more root intrusion towards paddy weeds than when
grown with distantly related cultivars (Figure 3). Similarly, the largest avoidance by weed roots occurred
in allelopathic cultivars grown by themselves or in mixture with closely related cultivars (Figure 4). These
results indicated that kin recognition in allelopathic rice could regulate belowground interactions with weeds
by optimizing root placement and distribution.

3.3 Impact of kin recognition on weed-induced rice allelochemical production

Weed inhibition of allelopathic rice cultivars mainly results from rice allelochemicals. Furthermore, the pre-
sence of paddy weeds can induce the production of rice allelochemicals (Kato-Noguchi, 2011; Kong, Li, Hu,
Xu, & Wang, 2006; Li, Zhao, & Kong, 2020). In experiment 2, when allelopathic rice cultivars were grown in
the presence of paddy weeds, the weed-induced rice allelochemical (tricin and momilactone B) production was
lowered in cultivar mixtures. In particular, the mixture with closely related cultivars always led to a greater
reduction in the production of allelochemicals regardless of the presence of the dominant weed barnyardgrass
(Echinochloa crusgalli ) or its mixtures with other paddy weeds (Figure 5). Though mixtures with closely
related cultivars significantly reduced the production of rice allelochemicals, weed inhibition were increa-
sed (Supplementary Figure 5) and rice grain biomass were not significantly altered (Supplementary Figure
6). These results revealed that kin recognition within the rice cultivar mixtures could lower allelochemical
defense cost but increase or maintain weed inhibition and rice grain biomass.

3.4 Soil microbialcharacteristics of rice cultivar mixture with barnyardgrass

The alteration of root placement patterns and allelochemical production by rice cultivars impacted soil mi-
crobial characteristics. In experiment 3, when allelopathic rice cultivars and their mixtures with kin and
non-kin cultivars were grown in the presence of barnyardgrass, there were changes in soil microbial charac-
teristics. PLFA profiling showed that the signature of lipid biomarkers of bacteria, fungi and actinomycetes
were affected by the genetic relatedness of rice cultivar mixtures (Supplementary Figure 7). The relative ab-
undances of bacterial PLFA (16:0) were significantly greater in the soil of allelopathic cultivars grown with
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. closely related cultivars than distantly related cultivars. By contrast, PLFA (18:1ω7c) and PLFAs (10Me17:0,
10Me18:0) respectively belonging to fungi and actinomycetes, were reduced in the soil of allelopathic cultivars
grown with closely related cultivars than distantly related cultivars (Supplementary Figure 7). PCA scores
for the PLFA extracted from samples were clearly distinguished by the genetic relatedness of rice cultivar
mixtures. The composition of soil microbial groups of allelopathic cultivars grown alone was similar when
mixed with closely related cultivars and differed greatly from those mixed with distantly related cultivars.
The first two principal components of PFLA composition together accounted for 77.12% (Huagan-3) and
68.97% (Lingyou-6173) of the variation in the sets of indica-inbred and indica-hybrid genotypes, respectively
(Figure 6). The results indicated that the genetic relatedness of rice cultivar mixtures also determined soil
microbial characteristics.

3.5 Role of allantoin in inhibition andresourcepartitioning of barnyardgrass with rice cultivar
mixtures

In experiment 4, with or without application of a N-fertilizer NH4NO3, allelopathic rice cultivars and their
mixtures with closely related cultivars inhibited the growth of barnyardgrass to a greater extent than the
mixtures with distantly related cultivars. However, the inhibition was not observed when the nitrogen-rich
compound allantoin was applied (Figure 7). Furthermore, there were different changes in carbon and nitrogen
partitioning in barnyardgrass under application of NH4NO3 and allantoin. Relative to monocultures, barn-
yardgrass grown with rice had increased root carbon and nitrogen. In particular, kin cultivar mixtures had
a higher root/shoot carbon and nitrogen ratios of barnyardgrass than non-kin cultivar mixtures. Compared
with control (without N), NH4NO3 induced carbon and nitrogen partitioning of barnyardgrass from shoot
into roots. However, the carbon and nitrogen partitioning were not altered by allantoin (Figure 8). The
results indicated that allantoin did not served as a N-fertilizer for the inhibition and resource partitioning of
barnyardgrass by rice cultivar mixtures.

4 DISCUSSION

Intraspecific genetic variation can have important ecological consequences for interspecific interactions
(Ehlers, David, Damgaard, & Lenormand, 2016; Fridley & Grime, 2010; Genung, Bailey, & Schweitzer,
2012). Kin recognition and allelopathic interference are important mediators of interspecific or intraspecific
interactions among plants (Bilas, Bretman, & Bennett, 2020; Dudley, Murphy, & File, 2013; Kong et al.,
2018; Wang, Kong, Wang, & Meiners, 2020). From a model system of allelopathic rice interference with
paddy weeds, this study presents the first evidence that intraspecific kin recognition may have consequences
for interspecific allelopathic interference. In particular, this study makes the case for a novel mechanism:
that reductions in the costs associated with intraspecific interactions with kin allow increased interspecific al-
lelopathic inhibition of co-occurring weeds. The direct evidence and mechanisms were that, when grown with
closely related cultivars, there was (1) increased weed inhibition, maintaining rice grain biomass; (2) reduced
production of rice allelochemicals, lowering defense cost; (3) altered root placement towards weeds, recon-
ciling niche partitioning and competitive ability; (4) generated similar soil microbial community structure;
and (5) altered carbon and nitrogen partitioning of weed species.

A plant may interfere with neighboring plant growth and establishment directly through competition, al-
lelopathy, or both. In allelopathic rice against paddy weeds, the weed-suppressive effect is a combination
of allelochemical action and interspecific competition (Kong, Hu, Wang, & Wu, 2008). Allelopathy and
competition are well known to regulate inter- and intra-specific interactions and community assembly (Fer-
nandez et al., 2016; Inderjit, Wardle, Karban, & Callaway, 2011; Xia, Kong, Chen, Wang, & Wang, 2016).
An increasing number of studies have shown that kin recognition in plants can also alter the outcome of
intraspecific and interspecific competition and determine species coexistence (Dudley, Murphy, & File, 2013;
Ehlers, David, Damgaard, & Lenormand, 2016; Yamawo & Mukai, 2020). In some plant communities, there
is a reciprocal relationship between competition and intraspecific trait variation (Bennett, Riibak, Tamme,
Lewis, & Partel, 2016). In particular, intraspecific genetic relatedness may be more important than variation
among species in determining species coexistence (Ehlers, David, Damgaard, & Lenormand, 2016; Fridley
& Grime, 2010). These studies have revealed the linkage between kin recognition and competition in plant
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. coexistence and community assembly. In the current study, we extend this observation to both competition
and allelopathy. Intraspecific genetic relatedness in rice enhanced root intrusive behavior towards paddy
weeds, affecting competition and allelopathy. Furthermore, kin recognition reduced the production of alle-
lochemicals in rice cultivar mixtures with closely related cultivars. Root inhibition of paddy weeds mainly
result from allelochemicals and intrusive roots of allelopathic rice cultivars generating avoidance patterns in
weed roots (Yang & Kong, 2017). This study highlights that kin mixtures result in stronger root inhibition
and avoidance growth of paddy weeds than non-kin cultivar mixtures, even with reduced production of alle-
lochemicals. Therefore, weed inhibition appears to be generated by targeted kin recognition through altered
root placement, reconciling niche partitioning and competitive ability, rather than an overall upregulation
of allelochemicals.

Allelopathic rice cultivars produce and release allelochemicals against paddy weeds. However, the production
of allelochemicals must also incur a defense cost, subsequently generating a trade-off between growth and
defense (Meiners, Kong, Ladwig, Pisula, & Lang, 2012). A plant can change its defensive strategy based
on the identity of its neighbors (Broz et al., 2010; Metlen, Aschehoug, & Callaway, 2009; Pierik, Mommer,
& Voesenek, 2013). The production of allelochemicals also depends on co-occurring plant species (Kong et
al., 2018; Ormeno, Fernandez, & Mevy, 2007; Xia, Kong, Chen, Wang, & Wang, 2016). The production of
allelochemicals may be decreased in the presence of a “good” neighbor like the kin cultivars in this study,
representing a benefit to the allelopathic plant while maintaining a reduced cost to the kin.

Plant neighbor recognition and allelochemical responses have been well documented between species (Kong et
al., 2018;Lankau & Strauss, 2007; Pierik, Mommer, & Voesenek, 2013), but less is known about intraspecific
kin and non-kin interactions. Several studies have shown that relatedness of neighboring plants mediates
the expression of indirect defense traits (Karban, Shiojiri, Ishizaki, Wetzel, & Evans, 2013; Kalske, Shiojiri,
Uesugi, Sakata, & Kessler, 2019; Yamawo, 2015). However, these studies have been primarily in the context of
herbivore-induced defenses rather than direct plant-plant interactions. Data generated in this study revealed
that kin recognition also affect chemical defenses in plant-plant interactions, reducing the production of
allelochemicals in the presence of close relatives, shifting allocation from defense into growth.

Plants differentiate their neighbors based on genetic relatedness and alter functional traits in response to
intraspecific competition (Donohue, 2003; Dudley, Murphy, & File, 2013). Functional trait responses can
result in kin facilitation and cooperative behavior (Ehlers, David, Damgaard, & Lenormand, 2016). Func-
tional changes in response to the presence of kin particularly alter patterns of root growth and distribution
(Semchenko, John, & Hutchings, 2007; Semchenko, Saar, & Lepik, 2014), ameliorating the negative effects of
root competition (File, Murphy, & Dudley, 2012). Roots from distantly related rice plants may grow towards
each other while closely related roots exhibit avoidance, minimizing intraspecific competition (Yang, Li, Xu,
& Kong, 2018). Reduced competition among kin in cultivar mixtures allowed individuals to better cope with
interspecific competition.

Soil microorganisms may contribute to the coexistence of plant species (Miki, Ushio, Fukui, & Kondoh,
2010). The effects of kin on rice performance and interaction with weeds may have been partly driven by
soil microbial composition. Soil microbial composition is closely associated with plant species and their root
exudate metabolites (Hu et al., 2018; Schnitzer et al., 2011). In particular, root exudate metabolites drive
plant-soil feedbacks by shaping the rhizosphere microbiota (Hu et al., 2018), impacting plant growth and
chemical defense traits (Formenti et al., 2021). In the presence of competing barnyardgrass, allelopathic
rice generated cultivar-specific soil microbial communities that can induce positive feedbacks on growth and
reproduction (Sun, Wang, & Kong, 2014). The present data show that kin cultivar mixtures are capable of
recruiting and assembling a similar soil microbial community in which they are able to thrive. Kin effects
mainly occur in the preferred soil where competitor relatedness alters local soil conditions, causing indirect
soil effects on plant coexistence (Ehlers, David, Damgaard, & Lenormand, 2016). Therefore, kin cultivar
mixtures may create a better soil microbial community for rice growth.

An additional source of fitness variation in plants growing with relatives arises from the trade-off in the
allocation of plant carbon and nitrogen (File, Murphy, & Dudley, 2012). Recent studies have indicated
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. the importance of nitrogen partitioning and cycling in kin recognition (Semchenko, Saar, S., & Lepik, 2017;
Zhang, Liu, Tian, Xu, & Ouyang, 2016). In this study, kin cultivar mixtures always had stronger inhibition on
barnyardgrass than non-kin cultivar mixtures, regardless of available nitrogen. However, nitrogen application
generated carbon and nitrogen allocation shifts of barnyardgrass from shoots into roots. These results imply
that nitrogen acquisition and partitioning may function independently in intraspecific kin recognition and
interspecific allelopathy.

Allelopathic rice cultivars differentially respond to kin and non-kin by altering the release of nitrogen-rich
allantoin, releasing more allantoin in the presence of distantly related cultivars (Yang, Li, Xu, & Kong,
2018). In this study, allantoin application appeared to alleviate inhibitory differences between kin and non-
kin cultivar mixtures and did not affect the carbon and nitrogen partitioning of barnyardgrass. Allantoin
may act as a transportable nitrogen or signal to protect plants from stresses (Nourimand & Todd, 2016),
activating the jasmonic acid signaling pathway (Takagi et al., 2016). Rice cultivars produce and release
allantoin in response to species interactions (Wang, Kong, Hu, & Xu, 2007), inducing changes in microbial
diversity and community composition in soil (Wang, Kong, Sun, & Xu, 2010). In this study, allantoin was
not a transportable source of nitrogen, but may serve as signaling chemical in response to kin recognition.
However, the role of allantoin as a signal of relatedness still needs to be verified in cultivar specific or upstream
signals. Allantoin may not be the signal but rather the effect of an unidentified, underlying signal (Wang,
Kong, Wang, & Meiners, 2020).

5 CONCLUSIONS

Allelopathic interference and its ecological implications in natural and managed ecosystems have been well
established. Recent efforts have made considerable progress towards understanding kin recognition in plant-
plant interactions. Nevertheless, the role of kin recognition in mediating allelopathic interference remains
largely unknown. This study showed that kin recognition may alter the consequences of allelopathic rice
interference with paddy weeds. In particular, altruistic responses to kin recognition in rice may contribute to
allelopathic interference with paddy weeds. We showed that genetic relatedness allows allelopathic plants to
discriminate neighboring collaborators or competitors and adjust their growth, competitiveness and chemical
defense accordingly. This work greatly improves our understanding of plant neighbor detection by integrating
response strategies to intraspecific and interspecific interactions. However, such responsiveness needs to be
explored in other plant systems to determine whether is a general phenomenon or is restricted to allelopathic
rice interference with paddy weeds. A thorough understanding of the mechanisms and interactions between
intraspecific kin recognition and interspecific allelopathy may offer many ecological implications and potential
applications for sustainable agriculture.
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FIGURE LEGENDS

FIGURE 1 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars on weed number and biomass (all species pooled) in a paddy field. Closely related cultivars,
‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’ and ‘Lingyou-3826’ (both indica) and
Liaojing (japonica). Values were calculated as percentages relative to controls (plots without rice). Columns
with different letters indicate significant differences within each cultivar at P < 0.05 according to ANOVA,
followed by Turkey HSD tests.

FIGURE 2 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars on four paddy weeds and their barnyardgrass-based mixtures. Closely related cultivars,
‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’ and ‘Lingyou-3826’ (both indica)
and Liaojing (japonica). Values were calculated as percentages relative to controls (weeds only). Columns
with different letters indicate significant differences within the same weeds and their mixtures at P < 0.05
according to ANOVA, followed by Turkey HSD tests.

FIGURE 3 Root intrusion of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars in the present of paddy weeds. Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’.
Distantly related cultivars, ‘Huafeng’and’Lingyou-3826’ (both indica) and Liaojing (japonica). Control,
allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ monocultures in the absence of paddy weeds. Vn/Va
values indicate root placement patterns of unresponsive (Vn/Va=1), intrusive (Vn/Va > 1), or avoidance
(Vn/Va <1).

FIGURE 4 Root avoidance of paddy weeds in response to allelopathic rice cultivars ‘Huagan-3’ and
‘Lingyou-6173’ mixed with different related cultivars. Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-
6365’. Distantly related cultivars, ‘Huafeng’ and ‘Lingyou-3826’ (both indica) and Liaojing (japonica). Con-
trol, paddy weeds monocultures without any rice cultivars. Vn/Va values indicate root placement patterns
of unresponsive (Vn/Va=1), intrusive (Vn/Va > 1), or avoidance (Vn/Va <1).

FIGURE 5 Production of allelochemicals (tricin and momilactone B) from allelopathic rice cultivars
‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars in presence of barnyardgrass and
barnyardgrass-based weed mixtures. Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly
related cultivars ‘Huafeng’ and ‘Lingyou-3826’ (both indica) and Liaojing (japonica). Values were calculated
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. as percent increase above controls (no weeds). Columns with different letters indicate significant differences
within barnyardgrass or its mixtures with other weeds at P < 0.05 according to ANOVA, followed by Turkey
HSD tests.

FIGURE 6 Plots of principal components analysis of PLFA composition in the soils grown by focal rice
cultivar ‘Huagan-3’, ‘Lingyou-6173’ or barnyardgrass monocultures and their mixed-cultures. Data used in
PCA plots were transformed using sample unit totals to represent the relative abundance of each PLFA
(mole percentage of total PLFA).

FIGURE 7 Inhibition of barnyardgrass by allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars under applied NH4NO3 and allantoin. Closely related cultivars, ‘Huagan-8’
and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’ and ‘Lingyou-3826’ (both indica) and Liaojing
(japonica). Values were calculated as % reduction relative to controls (no rice). Columns with different
letters indicate significant differences at P < 0.05 among different related cultivar in the same nitrogen
treatment according to ANOVA, followed by Turkey HSD tests.

FIGURE 8 Root/shoot carbon and nitrogen ratios of barnyardgrass in the presence of allelopathic rice
cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars under applied NH4NO3 and
allantoin. Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’
and ‘Lingyou-3826’ (both indica) and Liaojing (japonica). Control, barnyardgrass monocultures.

Supplementary Figure 1 Pot experiments for the performance of weeds by allelopathic rice cultivars mixed
with different related cultivars at seedling stage. Control refers weed monocultures. Only barnyardgrass is
shown here.

Supplementary Figure 2 Rhizobox experiments for the root placement pattern of weeds in the presence
of allelopathic rice cultivars mixed with different related cultivars at seedling stage. Top panel illustrates
the planting design in an individual rhizobox. Control refers to weed monoculture. Only barnyardgrass is
shown here.

Supplementary Figure 3 Distribution of root length and biomass of allelopathic rice cultivars ‘Huagan-3’
and ‘Lingyou-6173’ mixed with different related cultivars in the presence of paddy weeds. Closely related
cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’ and ‘Lingyou-3826’ (both
indica) and Liaojing (japonica). Columns with different letters indicate significant differences within each
weed at P < 0.05 according to ANOVA, followed by Turkey HSD tests.

Supplementary Figure 4 Distribution of root length and biomass of paddy weeds in response to allelo-
pathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars. Closely related
cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’and’Lingyou-3826’ (both in-
dica) and Liaojing (japonica). Columns with different letters indicate significant differences within each
weed at P < 0.05 according to ANOVA, followed by Turkey HSD tests.

Supplementary Figure 5 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars on barnyardgrass and barnyardgrass-based weed mixtures at rice mature
stage. Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars ‘Huafeng’ and
‘Lingyou-3826’ (both indica) and Liaojing (japonica). Values were calculated as percentages relative to
controls (weeds only). Columns with different letters indicate significant differences within barnyardgras or
its mixtures with other weeds at P < 0.05 according to ANOVA, followed by Turkey HSD tests.

Supplementary Figure 6 Grain biomass of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars in presence of barnyardgrass and barnyardgrass-based weed mixtures. Closely
related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars ‘Huafeng’ and ‘Lingyou-3826’
(both indica) and Liaojing (japonica). Columns with different letters indicate significant differences within
barnyardgras or its mixtures with other weeds at P < 0.05 according to ANOVA, followed by Turkey HSD
tests.

15



P
os

te
d

on
A

u
th

or
ea

19
M

ar
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

61
83

44
.4

03
98

80
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Supplementary Figure 7 Relative abundance of bacterial, fungal, actinobacterial PLFAs in the soils grown
by focal rice cultivar ‘Huagan-3’, ‘Lingyou-6173’ or barnyardgrass monocultures and their mixed-cultures.
Closely related cultivars, ‘Huagan-8’ and ‘Lingyou-6365’. Distantly related cultivars, ‘Huafeng’, ‘Lingyou-
3826’ (both indica) and Liaojing (japonica). Columns with different letters indicate significant differences
within the same PLFA at P< 0.05 according to ANOVA, followed by Turkey HSD tests.

FIGURE 1 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars on weed number and biomass (all species pooled) in a paddy field

FIGURE 2 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars on four paddy weeds and their barnyardgrass-based mixtures
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FIGURE 3 Root intrusion of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different
related cultivars in the present of paddy weeds
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.

FIGURE 4 Root avoidance of paddy weeds in response to allelopathic rice cultivars ‘Huagan-3’ and
‘Lingyou-6173’ mixed with different related cultivars

FIGURE 5Production of allelochemicals (tricin and momilactone B) from allelopathic rice cultivars
‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars in presence of barnyardgrass and

18



P
os

te
d

on
A

u
th

or
ea

19
M

ar
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

61
83

44
.4

03
98

80
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. barnyardgrass-based weed mixtures

FIGURE 6 Plots of principal components analysis of PLFA composition in the soils grown by focal rice
cultivar ‘Huagan-3’, ‘Lingyou-6173’ or barnyardgrass monocultures and their mixed-cultures

FIGURE 7 Inhibition of barnyardgrass by allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars under applied NH4NO3 and allantoin
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FIGURE 8 Root/shoot carbon and nitrogen ratios of barnyardgrass in the presence of allelopathic rice
cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars under applied NH4NO3 and
allantoin.

Supplementary Figure 1 Pot experiments for the performance of weeds by allelopathic rice cultivars
mixed with different related cultivars at seedling stage.
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Supplementary Figure 2 Rhizobox experiments for the root placement pattern of weeds in the presence
of allelopathic rice cultivars mixed with different related cultivars at seedling stage

Supplementary Figure 3Distribution of root length and biomass of allelopathic rice cultivars ‘Huagan-3’
and ‘Lingyou-6173’ mixed with different related cultivars in the presence of paddy weeds
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Supplementary Figure 4 Distribution of root length and biomass of paddy weeds in response to allelo-
pathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed with different related cultivars
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. Supplementary Figure 5 Inhibition of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars on barnyardgrass and barnyardgrass-based weed mixtures at rice mature
stage

Supplementary Figure 6Grain biomass of allelopathic rice cultivars ‘Huagan-3’ and ‘Lingyou-6173’ mixed
with different related cultivars in presence of barnyardgrass and barnyardgrass-based weed mixtures

Supplementary Figure 7 Relative abundance of bacterial, fungal, actinobacterial PLFAs in the soils grown
by focal rice cultivar ‘Huagan-3’, ‘Lingyou-6173’ or barnyardgrass monocultures and their mixed-cultures

Supplementary Table 1 The genetic distance, allelopathic potential and grain biomass of rice cultivars
tested
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. Genotype Cultivar Genetic
distance

Allelochemical
induction (%
of control)

Weed
inhibition (%
of control)

Grain biomass
(g/plant)

Indica-inbred Huagan-3 1.00 57.44±6.31 a 64.17±3.67 a 2.63±0.33 a
Huagan-8 0.78 36.70±3.57 b 37.51±4.24 b 1.64±0.14 b
Huafeng 0.60 31.86±4.08 b 33.28±3.19 b 1.34±0.17 b

Japonica-
inbred

Liaojing 0.54 30.16±4.29 b 8.49±1.79 c 1.13±0.12 b

Indica-hybrid Lingyou-6173 1.00 47.27±5.65 a 36.90±3.78 a 1.24±0.13 b
Lingyou-6365 0.85 33.91±3.21 b 20.72±1.55 b 1.32±0.12 b
Lingyou-3826 0.67 35.32±5.81 b 15.73±2.01 b 2.11±0.15 a

Japonica-
inbred

Liaojing 0.42 30.16±4.29 b 8.49±1.79 c 1.13±0.12 b

Columns with different letters indicate significant differences within indica-inbred set or and indica-hybrid
set at P < 0.05 according to ANOVA, followed by Turkey HSD tests.

Supplementary Table 2 Preliminary experiment to determine inhibition (%) of allelopathic rice cultivars
‘Huagan-3’ and ‘Lingyou-6173’ mixed culture with the same cultivars ‘Huagan-3’ and ‘Lingyou-6173’, closely
related cultivars ‘Huagan-8’ and ‘Lingyou-6365’ and distantly related cultivars ‘Huafeng’ and ‘Lingyou-3826’
(both indica) and Liaojing (japonica) on four paddy weeds at different mixture proportions.

Cultivar
mix-
ture
proportion

Cultivar
relat-
edness
(a)

Huagan-
3

Huagan-
3

Huagan-
3

Huagan-
3

Lingyou-
6173

Lingyou-
6173

Lingyou-
6173

Lingyou-
6173

Echinochloa
crusgalli

Leptochloa
chinensis

Cyperus
difformis

Eclipta
prostrata

Echinochloa
crusgalli

Leptochloa
chinensis

Cyperus
difformis

Eclipta
prostrata

3:1 Same
cultivar

52.20±4.82
a

26.58±1.64
a

37.36±4.78
a

25.39±2.80
a

41.62±4.99
a

29.44±2.58
a

31.39±3.54
a

23.15±3.06
a

Closely
related
cultivar

49.81±3.50
a

28.56±2.72
a

37.93±3.25
a

27.09±3.42
a

43.42±3.98
a

26.41±3.64
ab

32.27±5.33
a

24.63±2.69
a

Indica-
distantly
related
cultivar

44.30±4.31
a

25.44±3.92
a

30.79±4.96
a

26.51±2.82
a

40.04±5.83
a

21.92±2.44
b

28.05±5.16
a

22.08±4.15
a

Japonica-
distantly
related
cultivar

48.02±2.15
a

23.31±2.10
a

31.10±1.42
a

22.17±1.73
b

41.64±5.06
a

22.10±2.60
ab

29.12±1.95
a

20.88±2.67
a

2:2 Same
cultivar

52.20±4.82
a

26.58±1.64
a

37.36±4.78
a

25.39±2.80
a

41.62±4.99
a

29.44±2.58
a

31.39±3.54
a

23.15±3.06
a

Closely
related
cultivar

50.71±2.69
a

25.72±2.47
a

35.57±5.31
a

23.46±1.52
a

39.38±3.33
a

27.50±2.26
a

34.13±4.81
a

23.72±2.42
a

Indica-
distantly
related
cultivar

35.15±5.47
b

18.26±3.49
b

23.62±4.24
b

20.82±2.58
a

29.92±3.56
b

16.67±2.54
b

21.98±2.36
b

21.27±2.06
a
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. Cultivar
mix-
ture
proportion

Cultivar
relat-
edness
(a)

Huagan-
3

Huagan-
3

Huagan-
3

Huagan-
3

Lingyou-
6173

Lingyou-
6173

Lingyou-
6173

Lingyou-
6173

Japonica-
distantly
related
cultivar

35.96±7.26
b

17.52±3.67
b

24.49±4.70
b

20.55±1.65
a

28.50±4.04
b

13.48±1.61
b

22.20±2.23
b

20.52±1.28
a

1:3 Same
cultivar

52.20±4.82
a

26.58±1.64
a

37.36±4.78
a

25.39±2.80
a

41.62±4.99
a

29.44±2.58
a

31.39±2.54
a

23.15±3.06
a

Closely
related
cultivar

46.20±4.97
ab

19.94±2.47
ab

29.17±4.10
ab

19.83±2.81
ab

34.27±2.07
ab

19.42±2.91
b

24.43±2.80
b

22.24±2.76
a

Indica-
distantly
related
cultivar

32.21±4.28
b

17.64±3.53
b

21.63±5.60
b

19.23±2.48
ab

26.02±1.51
b

18.08±2.93
b

22.23±3.52
b

17.24±3.28
a

Japonica-
distantly
related
cultivar

38.65±7.97
ab

16.79±4.59
b

22.93±5.12
b

17.28±3.05
b

30.61±4.36
b

17.31±3.24
b

23.39±2.17
b

19.55±2.98
a

(a) Rice cultivar mixtures are associated with four plants of each weed. Columns with different letters indicate
significant differences within the same cultivar mixture proportion at P < 0.05 according to ANOVA, followed
by Turkey HSD tests.
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