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Abstract

Mixing crop cultivars has long been considered as a way to control epidemics at the field
level and is experiencing a revival of interest in agriculture. Yet, the ability of mixing to con-
trol pests is highly variable and often unpredictable in the field. Beyond classical diversity
effects such as dispersal barrier generated by genotypic diversity, several understudied pro-
cesses are involved. Among them is the recently discovered neighbor-modulated suscepti-
bility (NMS), which depicts the phenomenon that susceptibility in a given plant is affected by
the presence of another healthy neighboring plant. Despite the putative tremendous impor-
tance of NMS for crop science, its occurrence and quantitative contribution to modulating
susceptibility in cultivated species remains unknown. Here, in both rice and wheat inocu-
lated in greenhouse conditions with foliar fungal pathogens considered as major threats,
using more than 200 pairs of intraspecific genotype mixtures, we experimentally demon-
strate the occurrence of NMS in 11% of the mixtures grown in experimental conditions that
precluded any epidemics. Thus, the susceptibility of these 2 major crops results from indi-
rect effects originating from neighboring plants. Quite remarkably, the levels of susceptibility
modulated by plant—plant interactions can reach those conferred by intrinsic basal immunity.
These findings open new avenues to develop more sustainable agricultural practices by
engineering less susceptible crop mixtures thanks to emergent but now predictable proper-
ties of mixtures.

Introduction

Reducing susceptibility to plant pathogens is key to maintain low pathogen burden and to con-
trol epidemics in crop fields [1]. At the plant level, susceptibility can be reduced by the action
of 2 different pathways: gene-for-gene resistance, mostly based on well-known resistance
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genes, and basal immunity [2]. Since protection conferred by resistance genes is usually not
durable, in particular in pure stands [3], plants are often left protected only by basal immunity,
which reduces quantitatively the levels of susceptibility. The significant reduction of suscepti-
bility by basal immunity is well illustrated by recent work on defense inducers that activate
plant basal immunity in the fields [4]. However, finding other ways to modulate basal immu-
nity of individual plants, in particular in a constitutive manner, would facilitate the reduction
of field susceptibility levels.

One way of reducing susceptibility to pathogens at the field level consists in mixing varie-
ties, an old practice that is experiencing a renewed interest in Europe [5-8]. For instance, sep-
toria disease and leaf rust in wheat [9] or blast fungus in rice [10,11] can be partially controlled
in varietal mixtures. Several mechanisms have been described in the literature to explain such
positive diversity effects [5,12]. For instance, pathogens of one given plant genotype has a cer-
tain probability to propagate to plants to which they are not adapted, thereby leading to unsuc-
cessful attack and a reduction of pathogen multiplication, a phenomenon known as the
dilution effect. Moreover, such unsuccessful attacks can induce basal immunity that will pro-
tect plants against further infection by adapted pathogens [12,13]. Yet, meta-analyses highlight
that the effects of mixing varieties on disease susceptibility are highly variable (from —40% to
+40%) [14,15]. This suggests that other processes that remain understudied or even not docu-
mented are at play to modulate susceptibility.

Intraspecific plant-plant interactions can modulate individual plant susceptibility to dis-
eases [16]. We recently identified isolated cases of varietal mixtures in rice and wheat where
basal immunity and susceptibility to pathogens were modulated by healthy, intraspecific
neighbor plants, a phenomenon called neighbor-modulated susceptibility (NMS; [17]). How-
ever, this study was limited to one focal plant genotype and the general response to neighbors
in a variety of focal plants is unknown. Thus, the general occurrence of such phenomenon
remains unknown. In addition, establishing if favorable neighbors can be found to reduce
pathogen burden at the plot level would help designing varietal mixtures.

NMS mirrors other documented cases of so-called indirect genetic effects (IGEs), which
characterize the ability of a genotype to modify the phenotype (here susceptibility) of another
neighboring individual [18,19]. It contrasts with basal immunity that represents a direct
genetic effect (DGE), which characterizes the impact of a genotype on its own phenotype (here
susceptibility). Although still poorly studied in plants, IGEs have been documented on size
and developmental traits [20,21]. Yet, to our knowledge, the existence of IGE on traits associ-
ated with disease resistance still needs to be demonstrated. In the perspective of using NMS to
improve crop protection, the relative contributions of IGE (NMS) and DGE (i.e., susceptibility
measured in the absence of neighbor) in disease limitation need to be evaluated.

Here, we measured disease susceptibility in 2 major cereal species, rice and durum wheat,
in more than 200 pairs of intraspecific mixtures and their corresponding pure controls, using
genetically defined varieties. Since plant breeding has mostly been conducted on pure stands
and not mixtures, traits and the related genetic basis important for NMS may have been par-
tially lost upon recent selection. Thus, to test the possible impact of modern breeding on the
level and occurrence of NMS, for each study species, we selected one set of genotypes com-
posed of elite varieties (JAPrice and ELIwheat), and one from populations that have not under-
gone modern selection (ACUrice and EPOwheat). Since the sets of genotypes occupy different
ecological/agronomical environments, we only tested mixtures within each set of genotypes
and avoided possible artifacts resulting from mixing genotypes from different sets. We used 2
major model foliar fungal pathogens of rice (Magnaporthe oryzae) and wheat (Puccinia triti-
cina) and performed inoculations under controlled greenhouse conditions to measure disease
susceptibility as a trait, in the absence of epidemics. Using a statistical model that accounts for
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both IGE and DGE on disease susceptibility, we quantified the relevance of NMS and the rela-
tive contribution of neighbor effect on pathogen susceptibility in varietal mixtures.

Results

Broad modulation of susceptibility to pathogens in varietal mixtures in the
absence of epidemics

The 201 pairs of intraspecific genotype mixtures grown in pots under controlled conditions
were inoculated with fungal foliar pathogens, and disease susceptibility was monitored before
any possible pathogen dispersal. Each matrix consisted in all possible pairs within each set of
genotypes. Pairs of genotypes from different sets were not tested as these sets are not ecolog-
ically/agronomically compatible. We thus produced 4 matrices (JAPrice, ACUrice, ELIwheat,
and EPOwheat) of susceptibility levels that were used for subsequent analyses. For each pair in
a given pot, we created an index called relative susceptibility total (RST) similar to the one
used to compare yield in mixed and pure cultures in the field (see Methods). RST is a relative
measure of susceptibility of a mixture in a pot compared to the average values of pure stands
in separate pots. At the pot level, for each of the 4 sets of intraspecific mixtures, the average of
RST was significantly different from 1 (Fig 1), indicating that genotypes expressed different
disease susceptibility depending on whether they were grown in mixture or pure conditions.
Average disease susceptibility of rice to M. oryzae in mixtures was increased by 4% and 12% in
the JAPrice and ACUrice matrices, respectively. Average susceptibility of wheat to P. triticina
was reduced by 10% and 16%, respectively, in ELIwheat and EPOwheat matrices when grown
in mixtures.

Besides this change of susceptibility at the pot level, we examined susceptibility effects at the
level of individual focal plants. The distribution of the average susceptibility levels of individual
plants (see Methods) was compared between the pure and the mixture conditions (S1 Fig).
The overall susceptibility of focal plants in rice mixtures was significantly higher in the ACUr-
ice (p = 0.003) but not in the JAPrice (p = 0.64) matrices, suggesting a tendency of interactions
between genotypes to increase disease susceptibility. In wheat, the distribution of susceptibility
in mixtures was significantly lower in both matrices (p = 0.009 for ELIwheat and p = 0.041 for
EPOwheat).

Specific interactions between focal and neighbor plants are the major effect
explaining NMS

To investigate which of basal immunity (DGE), global neighbor effect (IGE), or specific inter-
actions between focal and neighbor plants (DGE:IGE) contributed the most to the observed
variations in susceptibility, we compared the outputs of a model designed for analyzing DGE
and IGE (Model A) (see Methods; Table 1).

DGEs were significant in 3 out of the 4 populations tested (JAPrice, ELIwheat, and EPO-
wheat), indicating that intrinsic basal immunity is genetically variable in these populations.
DGE accounted for up to 15% of the observed variation in susceptibility (JAPrice). In the case
of the ACUrice matrix, there was no significant DGE, suggesting that the genotype of the plant
had no effect on susceptibility levels to the fungal strain used. These low levels of DGE may
simply result from the fact that all ACU lines come from a unique landrace. Remarkably, in 3
of the matrices tested (ACUrice, ELIwheat, and EPOwheat), the percentage of variation
explained by specific focal-neighbor plant interactions reached comparable levels or was even
higher (ACUrice matrix) than DGE. The IGE of neighbors on susceptibility was significant for
JAPrice and EPOwheat matrices but explained only a very small proportion of the variation
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Fig 1. Effect of genotype mixing on disease susceptibility distribution in rice and wheat populations. Distribution of density of the relative susceptibility
index (RST) for the 4 matrices of plant-plant interactions tested. At the pot level, mixing effect on disease susceptibility was quantified with the RST index,
which represents the ratio between the average susceptibility of the 2 genotypes in mixture divided by the mean of the susceptibility of the 2 genotypes in pure
stands (see Methods). Means (u) and standard deviations (o) are reported. A star symbol indicates a mean RST significantly different from 1 according to a t.
test (NS: p > 0.1,.: p < 0.1; *: p < 0.05; **: p < 0.01, ***: p < 0.001). RST index was calculated for each pair of each of the four matrices of plant-plant
interactions tested in this study: Elite temperate japonica (A: JAPrice, n = 66 pairs/pots), Acuce lines (B: ACUrice, n = 45), Elite Durum wheat (C: ELIwheat,
n = 45) and lines from pre-breeding population (D: EPOwheat, n = 45). The data used can be found at https://doi.org/10.57745/RRA3HL.

https://doi.org/10.1371/journal.pbio.3002287.9001

(up to 1.4%) compared to DGE (8.5% to 15.3%). In contrast, the effect of specific focal-neigh-
bor plant interactions (DGE:IGE) was significant and strong in ACUrice and EPOwheat
matrices (6.9% and 7.8%, respectively). Thus, in 3 of the 4 matrices tested, the genotype of the
neighbor strongly and significantly contributed to the susceptibility phenotype of the focal
plant considered.

Some genotypes are better than others in reducing susceptibility in their
neighborhood
To go deeper into the identification of specific focal-neighbor plant interactions displaying

NMS, we identified in the 201 pairs tested the situations in which the modulation of suscepti-
bility of the focal plant by the presence of an intraspecific neighbor was most significant. The
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Table 1. Effect sizes of basal immunity and neighbor effects in mixtures calculated from the IGE:DGE model.

Set of genotypes Species
JAP ice Rice
(elites varieties) | (Oryza sativa spp. temperate
japonica)
ACU e Rice
(lines from (O. sativa spp. indica)
landrace)
ELILpheat Durum Wheat (Triticum
(elites varieties) | turgidum)
EPOyheat Durum Wheat (T. turgidum)

(inbred lines)

https://doi.org/10.1371/journal.pbio.3002287.t001

Effect of basal immunity Global neighbor effect | Specific interaction between focal and neighbors
(DGE) (IGE) (DGE:IGE)
15.3%*** 1.2%** 4.7%
0.6% 0.6% 6.9%***
4.4%*** 0.3% 5.1%
8.6%*** 1.4%** 7.8%***

susceptibility of at least 1 member of the pair was significantly affected by the identity of its
neighbor in 23 mix situations (11% of the cases; Fig 2).

In rice, the susceptibility of the focal genotype was significantly higher (up to 67% for MAR
cultivated with M20) in 11 mixtures compared to its respective pure stand, whereas it was
lower in 2 combinations. Out of these 13 significant genotype combinations, there was no
observed case of a significant increase of susceptibility in one genotype associated with a signif-
icant reduction of susceptibility in the other. In wheat, 10 mixes corresponded to situations
where the susceptibility of the focal plant was significantly affected by the identity of its neigh-
bor. In all of them, the neighbor reduced the susceptibility of the focal plant, with 2 mixtures
(line 6 with 67 and line 74 with 295) where each focal genotype of the mixture showed reduced
susceptibility (from 75% to 88%) when grown with the other.

Some neighboring genotypes affected the susceptibility of several focal plants in a consistent
manner: The rice variety LUX and the wheat line 68 generally increased susceptibility in their
neighborhood, and, conversely, the rice variety MAR and the wheat line 74 reduced it (Fig 2).
Because of the overrepresentation of the mix condition (11 or 9) compared to the pure control
condition (1), it was not statistically appropriate to identify focal plants that were generally
responsive to their neighbors. However, it seemed that genotypes like line 15 or variety MAR
in rice, and line 309 or variety OBE in wheat, were affected for their susceptibility by several
intraspecific neighbors. Beyond these specific significant cases of focal-neighbor interactions,
when considered altogether, neighbors globally reduced the susceptibility of focal plants in
wheat by 4% to 10% and increased it in rice by 9% to 16% (S1 Fig). Finally, there was no corre-
lation between the level of susceptibility of the neighbor genotype and the NMS phenotype on
a given focal plant (S2 Fig), consistent with previous results that NMS does not require the
neighbor to be infected [17].

Discussion

This study sheds lights on the general occurrence and amplitude of the recently discovered
NMS phenomenon in rice and durum wheat [17]. Out of the 201 pairs tested in diverse sets of
rice and wheat genotypes, we identified 23 intraspecific mixtures (approximately 11%) where
disease susceptibility was modulated by plant-plant interactions. Thus, NMS is a relatively fre-
quent phenomenon. In rice, we observed both significant positive and negative effects of the
neighbors on the susceptibility of focal genotypes, suggesting that the output of plant-plant
interactions can be variable. We identified some neighbor genotypes that had global effects on
the susceptibility of most focal plant tested, suggesting the existence of neighbors having
generic effects. Understanding how some genotypes modulate the susceptibility of their
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Fig 2. Modulation of disease susceptibility by intraspecific interactions. The susceptibility of individual focal genotypes in all possible mixtures and pure
stands from Fig 1 is represented as heatmap for rice (JAPrice and ACUrice) and wheat (ELIwheat and EPOwheat). Each square corresponds to the adjusted
ratio (see Methods) of the susceptibility to pathogens of a given focal plant genotype (y axis) cultivated in presence of a given neighbor genotype (x axis)
compared to its pure stand. The value for each pure stand was thus equal to 1 and is indicated by a white color in the diagonal. A red and blue color,
respectively, indicates that the focal plant becomes more and less susceptible in the presence of the considered neighbor. Adjusted ratios were used for a
comparative representation of the neighbor effect on each focal plant. The figure combines the results of 2 statistical analyses performed with adapted models
(described in Methods). Model A: the + symbol above the name of a neighbor plant indicates a statistically significant different group generated by a Tukey
HSD test. For instance, in the JAPrice matrix, genotypes cultivated with the MAR genotype are on average more resistant than in pure stand. Model B: a * star
symbol in a square indicates a statistical difference detected by a Dunnett test performed for each focal plant, with the pure stand as reference (.: p < 0.1;*:

P <0.05 ™ p < 0.01, ***: p < 0.001). The data used can be found at https://doi.org/10.57745/RRA3HL.

https://doi.org/10.1371/journal.pbio.3002287.g002

conspecifics and what makes others responsive to their neighbors is critical to understand how
plant-plant interactions affect the susceptibility to third parties that are pathogens.

The demonstration that NMS is a case of IGE was made using an appropriate model of dis-
ease susceptibility in 4 matrices representing a total of 201 pairs. Neighbor effects (IGE and
DGE:IGE) significantly affected focal plant susceptibility in 3 out of 4 matrices, supporting the
idea that the genetic identity of the neighbor mediates disease susceptibility to pathogens in
plants in the absence of epidemics. Thus, NMS can be considered as a case of IGE, which, to
our knowledge, was only observed once, in natural environment [22]. Quite remarkably, we
found that in the ACUrice and EPOwheat matrices, susceptibility modulation arising from
interactions between genotypes (IGE:DGE) was higher than, or similar to, susceptibility
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conferred by intrinsic basal immunity (DGE). NMS could reduce susceptibility up to 88% (for
EPO line 72 cultivated with line 67) or enhance it up to 67% (for MAR cultivated with M20 in
the JAP matrices). Thus, the contribution of NMS to disease reduction is potentially high in
intraspecific communities such as varietal mixtures.

Across all matrices, we found no evidence of a trade-off for NMS since the reduction of sus-
ceptibility in a given focal plant was not systematically associated with an increase of suscepti-
bility of the neighbor. Among all the mechanisms that could explain NMS (presented in [16]),
we cannot exclude a case of intraspecific competition for resource. In contrast, in wheat, there
was a global, unilateral, and positive effect of mixtures, with focal plants showing lower disease
susceptibility to the pathogen tested. This held true whatever the neighboring genotype, sug-
gesting in this case an example of apparent cooperative behavior in plants [23].

Interestingly, IGE or DGE:IGE contributions were much less pronounced and mostly not
significant in elite varieties (JAPrice and ELIwheat matrices) than in populations that have not
undergone modern selection (ACUrice and EPOwheat matrices). The ACUrice matrix is com-
posed of lines that belong to a landrace known to be composed of heterogeneous genotypes
that were grown together for hundreds of years in the same paddy fields [24]. The EPOwheat
matrix was made with lines that have recently been randomly selected from a large genetic
basis with wheat ancestors [25]. In contrast, the JAPrice and ELIwheat matrices were made
using lines that have not been grown together and come from separate breeding programs. We
speculate that NMS has been maintained in coevolving genotypes and was possibly eliminated
by breeding in japonica rice and durum wheat elite varieties. If this holds true, using NMS for
designing varietal mixtures that display low levels of disease susceptibility may require to
retrieve interesting genotypes for NMS in crop ancestors, which might have been lost during
domestication and breeding like other traits [26].

Genetic distance has been invoked as a driver for the outcome of plant-plant interactions
[27-30]. To test whether genetic distance between the members of each mixture influenced
NMS, we quantified the correlation between RST and the genetic distance between the compo-
nents of each pair (S3 Fig). No significant correlation was found in any of the 4 populations
tested between genetic distance and RST. A locus-by-locus approach might help identify the
mechanisms that trigger IGE and their interactions with DGE [31,32]. Recently, we demon-
strated that NMS is amenable to genetics and identified a locus in rice neighbors that modulate
resistance in their neighborhood [33].

Thus far, epidemiological interactions created by the introduction of diversity within fields
were put forward to explain disease control in varietal mixtures [34,35]. In this study, disease
levels of plants grown under controlled conditions, in the absence of epidemics, were strongly
dependent on the identity of the neighboring genotype they grew with. Our finding raises
questions on the possible occurrence of NMS in the field, with possibly antagonistic effects
between NMS and epidemiological interactions resulting from diversity. For instance, recent
results suggest that genetically defined plant-plant interactions could reverse most positive
effects produced by diversity in the field on reducing durum wheat susceptibility to septoria
disease [32]. Similarly, we observe detrimental effects of NMS in the case of rice infected by M.
oryzae, contrasting with the observation in the field that susceptibility to M. oryzae is reduced
by 20% to 94% in mixtures [10,11]. Thus, the removal of NMS resulting in an increase of sus-
ceptibility could result in a strong improvement of disease control. However, in the case of
wheat and leaf rust, the discovery of a positive, unilateral effect of intraspecific interactions on
disease reduction opens new perspectives for improving mixtures. Considering NMS as a
property emerging from plant-plant interactions renews our way of studying the ecological
and evolutionary drivers in intraspecific communities. From an agroecological perspective,
designing efficient varietal mixtures is a major challenge [36-38]. In this context, our study
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suggests that the indirect effects of plant-plant interactions on pathogen susceptibility could
be used to design varietal mixtures with embedded crop protection.

Methods
Plant material and growth conditions

We selected in each species (rice and wheat) a set of elite varieties and a set of lines originating
from highly diversified populations. We chose genotypes to maximize the variability in genetic
distance between genotypes in each set. For rice, we used a set of 19,997 SNPs common to the
JAPrice and the ACUTrice genotypes [39]. For wheat, we used a set of approximately 46,000
SNPs common to the ELIwheat and the EPOwheat genotypes [40]. We calculated whole-geno-
mic distance among pairs of genotypes by computing a shared allele index with DARwin soft-
ware [41].

In order to reduce the strong impact of resistance genes on susceptibility phenotypes, we
excluded the genotypes that were completely resistant to the pathogens used and only kept
genotypes that were susceptible to the strains used. Thus, for each genotype, the susceptibility
value measured is a proxy of its basal immunity. For rice, we selected 10 varieties in the O.
sativa ssp. temperate japonica cultivated in Europe (Italy and France) from [39] (JAPrice), and
we added the 2 reference varieties Kitaake and Nipponbare. As a second rice set, we selected
10 genotypes in the highly diversified, cultivated landrace called Acuce of O. sativa ssp. indica
from the Yuanyang terraces [24] (ACUrice). For wheat, we selected a set of 10 durum wheat
varieties (ELIwheat) from a durum wheat collection of 78 commercial lines produced by
French private companies [40]. For the second wheat set, we used 10 inbred lines (EPOwheat)
from an evolutionary pre-breeding population [25]. These cultivars are derived from a popula-
tion resulting from crosses between nondomesticated wild emmer wheat, landrace, and elite
germplasm. For each set, we grew each genotype in presence of itself (“Pure” condition), and
binary mixtures in the presence of each other genotype belonging to the same set (“Mix”
condition).

We designed 4 matrices of all possible pairs of genotypes in each set. This represented 66
pairs for the JAPrice matrix and 45 pairs of lines from each of the ACUrice, ELIwheat, and
EPOwheat matrices, for a total of 201 pairs. Inoculation for susceptibility evaluation was per-
formed on all plants in each pair. Thus, in the mix conditions, each genotype was alternatively
considered as a focal and as a neighbor within the same pot; mix of genotypes A and B pro-
duced 2 phenotypic data: phenotype of A in the presence of B, and phenotype of B in the pres-
ence of A. This represented a total of 402 intraspecific mixtures and 42 corresponding pure
stands. For rice, 8 plants (4 of each genotype in mixtures and 8 of the same genotype in mono-
genotypic pots) were grown in plastic pots (9 x 9 x 9.5 cm). For wheat, 6 plants (3 of each
genotype in mixtures and 6 of the same genotype in monogenotypic plots) were grown in plas-
tic pots (7 x 7 x 6 cm) filled with the appropriate substrate as described in [17]. Plants were
grown 3 weeks and were then all inoculated with the relevant pathogens (see below). Each pot
was randomly placed in the experiment and identified by its coordinates. At least 3 identical
experiments were done for each matrices inoculation. Each experiments represents at least 4
replicates for each combination (4 pots at least for each focal/neighbour association).

Pathogen inoculation and disease assessment

For rice, we selected the multivirulent CL26 strain [42] of hemibiotrophic fungal pathogen M.
oryzae and performed inoculations as described in [43] with a concentration of 100,000
conidia per mL. We inoculated wheat plants with a multivirulent field isolate of P. triticina
from southern France [44] as described in [45]. We scanned the symptoms of the latest, well-
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developed leaf of each focal plant per pot (3 for wheat and 4 for rice) using a resolution of 600
pixels per inch, 6 to 7 days after inoculation. Plants with retarded growth were not scored. We
analyzed images with LeAFtool (Lesion Area Finding tool), a home-developed R package avail-
able on GitHub depository [46] to obtain lesion number and leaf area. Parameter values used
for image analysis were at least 10,000 pixels for leaves and 50 pixels for lesion areas, with a
blur at 1. To account for outliers and software mistakes, we removed from the analysis any
lesion with aberrant size. Finally, we estimated leaf susceptibility by counting the number of a
lesion per cm® of leaf area. The disease data (S1 Data) can be found at https://doi.org/10.
57745/RRA3HL.

Statistical analyses

a) Relative susceptibility of the mixtures

All statistical analyses were performed using R (www.r-project.org). To compare in Fig 1 the
susceptibility of each mixture to the susceptibility of its 2 pure stand components, we calcu-
lated the RST index, inspired from the response ratio used in [15], using the following for-
mula:
rstij= O+
Sii + Sjj

where RSTij is the RST for the mixture ij, and Sij is the LSmeans of the susceptibility (see
below) of the focal genotype i in the presence of the genotype j as neighbor. Since pure stand
controls (Sii and Sjj) were made of twice the same genotype, the Sii and Sjj values were pro-
duced with twice values than Sij and Sji. Under no mixing effects, RST equals 1. RST < 1 indi-
cates that the mixture is less susceptible than the average of the 2 pure stand components,
whereas RST > 1 means that the mixture is more susceptible than the average of the 2 pure
stand components. For each matrix, significant difference from 1 of RST was tested using
T.test.

b) Statistical models for direct and indirect genetic effects on susceptibility

We tested whether focal plant susceptibility responds to neighbor identity using 2 different
linear models fitted with the Im function of R base. Model A accounted for the effect of the
focal genotype, known as the direct genetic effect (DGE), the effect of the neighbor, known as
the indirect genetic effect (IGE), and the specific interaction between the focal genotype and
the neighbor genotype (DGE:IGE) on disease susceptibility of the focal genotype, as follows:

VSfocal =Xb+ 1, +1,+ 1, 1, + €

where Sfocal denotes the susceptibility of the focal plant expressed as the number of lesions by
cm” of leaf, b is a vector of fixed effects including block and position, Iy the identity of the focal
plant (DGE), I, the identity of the neighbor plant (IGE), I I, the interaction between the focal
genotype and the neighbor genotype (DGE x IGE), and ¢ the residual error. As already
described in [17], square root transformation was used to correct for normality and homosce-
dasticity. For each of the 4 sets of genotypes, sequential type 1 ANOVA analysis was performed
using the anova function of R base, then the proportion of variance explained by DGE, IGE,
and DGE x IGE was computed using n* metric. The n° metric (shown as percentage in

Table 1) represents the variance explained by a given variable from the remaining variance
after excluding the variance explained by other factors. Model A was also used to identify
neighbors with generic effects on focal plants by Tukey HSD test and calculate Least Square
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means (LSmeans, using the emmeans R package) of susceptibility of each focal in mixtures.
LSmeans were then used to calculate adjusted ratio for each focal in mixture, which corre-
sponds to modulation of susceptibility by the neighbor, as follows:

Sii
Adjusted ratioij = _l]
Sii

where Sij is the LSmeans of the susceptibility of the focal genotype i in the presence of the
genotype j as neighbor, and Sii the LSmeans of the susceptibility of the focal genotype i in pure
stand.

To identify particular combinations of genotypes for which the susceptibility of the focal
genotype was significantly affected by the identity of its neighboring genotype, we applied a
second linear model (Model B) to each focal genotype. Model B was used to perform Dunnett
test for each focal genotype using the pure stand as reference to identify specific neighbor
genotype affecting focal susceptibility:

v/ Sfocal = Xb+1, + ¢

Where yfocal denotes the susceptibility of the focal plant expressed as the number of lesions
by cm” of leaf, b a vector of spatial effects due to experimental design including block and posi-
tion, I,, the identity of the neighbor plant (IGE), and € the residual error. Square root transfor-
mation was used to correct for normality and homoscedasticity.

Supporting information

S1 Fig. Disease susceptibility of wheat and rice in intraspecific mixtures. Disease suscepti-
bility means (number of lesions / leaf cm®) were quantified for each focal plant in the 2 differ-
ent conditions: Pure stand (pure) in blue and mixture (mix) in red. LSmeans were calculated
according to Model A described in Method. LSmeans density is represented for each set of
genotypes. A: Elite temperate japonica (JAPrice) (n = 132 mix and 12 pure); B: Acuce lines
(ACUrice) (n = 90 mix and 10 pure); C: Elite Durum wheat (ELIwheat) (n = 90 mix and 10
pure); D: lines from pre-breeding population (EPOwheat) (n = 90 mix and 10 pure). A star
symbol indicates a statistical difference detected by ANOVA performed on the model A
described in Methods between the pure and the mix conditions (NS: p > 0.1; *: p < 0.05; **:
P < 0.01, ***: p < 0.001). The data used can be found at https://doi.org/10.57745/RRA3HL.
(PDF)

S2 Fig. Relation between susceptibility of the neighbor and its capacity to modulate suscep-
tibility in a focal plant. Modulation of disease susceptibility in focal is the fold change of sus-
ceptibility in focal plant by a neighbor genotype compared to its value in pure stand. For each
set of genotypes, Elite temperate japonica (A: JAP;c., n = 132), Acuce lines (B: ACU ;ce,

n = 90), Elite Durum wheat (C: ELLpear, # = 90), and Pre-breeding population (D: EPOypeqr 1
=90), this modulation of disease susceptibility in focal was compared to the susceptibility
value of the corresponding neighbor. Pearson correlation were calculated and R* and p.value
are shown. The data used can be found at https://doi.org/10.57745/RRA3HL.

(PDF)

S3 Fig. Relation between genetic distance between genotypes and RST. RST values represent
the ratio between the average susceptibility of the 2 genotypes in mixture divided by the mean
of the susceptibility of the 2 component genotypes in pure stands (see Methods). For each pair
of 2 genotypes, we use a shared allele index as proxy of the genetic distance (see Methods).
Relation between RST and genetic distance are shown for (A) Elite temperate japonica
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(JAP,ic.) (n = 66), (B) Acuce lines (ACU,j.) (n = 45), (C) Elite Durum wheat (ELI},cat)

(n = 45), and (D) Pre-breeding population (EPOypear) (1 = 45). Pearson correlation were cal-
culated and R* and p.value are shown. The data used can be found at https://doi.org/10.57745/
RRA3HL.

(PDF)

S1 Data. The data has been deposited in a publicly available repository: “Disease levels in
binary mixtures of rice and wheat” (https://doi.org/10.57745/RRA3HL). The susceptibility
data measured is given for each matrix. For each matrix are provided the Modalities (summa-
rizes for R the modality), the Experiment (Laboratory internal reference), the focal plant on
which symptoms are measured, the corresponding neighbor (plant cultivated with focal), the
Species (rice or durum wheat), the Population (JAP rice, ACU rice, EPO wheat, and ELI
wheat), the Pathogen used (M. oryzae for rice and P. triticina for wheat), the Lesion number
(total lesion number), the Lesion/surface unit (lesion number/unit surface), the corresponding
condition (Mix or pure), and, when available, the genetic distance between focal and neighbor.
(XLSX)

Acknowledgments
We thank Andy Brousse for technical support.

Author Contributions

Conceptualization: Rémi Pélissier, Elsa Ballini, Huichuan Huang, Fort Florian, Violle Cyrille,
Jean-Benoit Morel.

Data curation: Rémi Pélissier, Coline Temple, Aurélie Ducasse, Xiaoping Qin.

Formal analysis: Rémi Pélissier, Elsa Ballini, Julien Frouin, Fréville Héléne, Jean-Benoit
Morel.

Funding acquisition: Huichuan Huang, Violle Cyrille, Jean-Benoit Morel.
Investigation: Rémi Pélissier, Elsa Ballini, Jean-Benoit Morel.

Methodology: Rémi Pélissier, Aurélie Ducasse, Michel Colombo, Julien Frouin, David
Jacques, Fréville Hélene.

Project administration: Jean-Benoit Morel.

Resources: Rémi Pélissier.

Validation: Rémi Pélissier, Jean-Benoit Morel.

Visualization: Rémi Pélissier.

Writing - original draft: Rémi Pélissier, Elsa Ballini, Jean-Benoit Morel.

Writing - review & editing: Rémi Pélissier, Elsa Ballini, Fort Florian, Fréville Héléne, Violle
Cyrille, Jean-Benoit Morel.

References

1.  Nelson R, Wiesner-Hanks T, Wisser R, Balint-Kurti P. Navigating complexity to breed disease-resistant
crops. Nat Rev Genet. 2018; 19:21-33. https://doi.org/10.1038/nrg.2017.82 PMID: 29109524

2. Jones JDG, Dangl JL. The plantimmune system. Nature. 2006; 444:323. https://doi.org/10.1038/
nature05286 PMID: 17108957

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002287 September 12, 2023 11/13


https://doi.org/10.57745/RRA3HL
https://doi.org/10.57745/RRA3HL
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002287.s004
https://doi.org/10.57745/RRA3HL
https://doi.org/10.1038/nrg.2017.82
http://www.ncbi.nlm.nih.gov/pubmed/29109524
https://doi.org/10.1038/nature05286
https://doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957
https://doi.org/10.1371/journal.pbio.3002287

PLOS BIOLOGY

Disease susceptibility in plant mixtures

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Mundt CC. Durable resistance: A key to sustainable management of pathogens and pests. Infect Genet
Evol. 2014; 27:446-455. https://doi.org/10.1016/j.meegid.2014.01.011 PMID: 24486735

Sandroni M. Plant resistance inducers (PRIs): perspectives for future disease management in the field.
CAB Rev Perspect Agric Vet Sci Nutr Nat Resour. 2020;15. https://doi.org/10.1079/
PAVSNNR202015001

Wolfe MS. The Current Status and Prospects of Multiline Cultivars and Variety Mixtures for Disease
Resistance. Annu Rev Phytopathol. 1985; 23:251-273. https://doi.org/10.1146/annurev.py.23.090185.
001343

Cowger C, Mundt CC. Effects of Wheat Cultivar Mixtures on Epidemic Progression of Septoria Tritici
Blotch and Pathogenicity of Mycosphaerella graminicola. Phytopathology. 2002; 92:617—623. https://
doi.org/10.1094/PHYTO.2002.92.6.617 PMID: 18944258

Burdon JJ, Barrett LG, Rebetzke G, Thrall PH. Guiding deployment of resistance in cereals using evolu-
tionary principles. Evol Appl. 2014; 7:609-624. https://doi.org/10.1111/eva.12175 PMID: 25067946

Gaba S, Lescourret F, Boudsocq S, Enjalbert J, Hinsinger P, Journet E-P, et al. Multiple cropping sys-
tems as drivers for providing multiple ecosystem services: from concepts to design. Agron Sustain Dev.
2015; 35:607—-623. https://doi.org/10.1007/s13593-014-0272-z

Kristoffersen R, Jargensen LN, Eriksen LB, Nielsen GC, Kiaer LP. Control of Septoria tritici blotch by
winter wheat cultivar mixtures: Meta-analysis of 19 years of cultivar trials. Field Crops Res. 2020;
249:107696. https://doi.org/10.1016/j.fcr.2019.107696

ZhuY, ChenH, FanJ,Wang, Li Y, Chen J, et al. Genetic diversity and disease control in rice. Nature.
2000; 406:718-722. https://doi.org/10.1038/35021046 PMID: 10963595

Raboin LM, Ramanantsoanirina A, Dusserre J, Razasolofonanahary F, Tharreau D, Lannou C, et al.
Two-component cultivar mixtures reduce rice blast epidemics in an upland agrosystem. Plant Pathol.
2012; 61:1103-1111. https://doi.org/10.1111/j.1365-3059.2012.02602.x

Mundt CC. Use of Multiline Cultivars and Cultivar Mixtures for Disease Management. Annu Rev Phyto-
pathol. 2002; 40:381—-410. https://doi.org/10.1146/annurev.phyto.40.011402.113723 PMID: 12147765

Clin P, Grognard F, Mailleret L, Val F, Andrivon D, Hamelin FM. Taking Advantage of Pathogen Diver-
sity and Immune Priming to Minimize Disease Prevalence in Host Mixtures: A Model. Phytopathology.
2021; 111:1219-1227. https://doi.org/10.1094/PHYTO-09-20-0429-R PMID: 33297731

Reiss ER, Drinkwater LE. Cultivar mixtures: a meta-analysis of the effect of intraspecific diversity on
crop yield. Ecol Appl. 2018; 28:62—77. https://doi.org/10.1002/eap.1629 PMID: 28940830

Borg J, Kieer LP, Lecarpentier C, Goldringer |, Gauffreteau A, Saint-Jean S, et al. Unfolding the potential
of wheat cultivar mixtures: A meta-analysis perspective and identification of knowledge gaps. Field
Crops Res. 2018; 221:298-313. https://doi.org/10.1016/j.fcr.2017.09.006

Pélissier R, Violle C, Morel J-B. Plant immunity: Good fences make good neighbors? Curr Opin Plant
Biol. 2021; 62:102045. https://doi.org/10.1016/j.pbi.2021.102045 PMID: 33965754

Pélissier R, Buendia L, Brousse A, Temple C, Ballini E, Fort F, et al. Plant neighbour-modulated suscep-
tibility to pathogens in intraspecific mixtures. J Exp Bot. 2021; 72:6570-6580. https://doi.org/10.1093/
jxb/erab277 PMID: 34125197

Frank SA. All of life is social. Curr Biol. 2007; 17:R648—R650. https://doi.org/10.1016/j.cub.2007.06.005
PMID: 17714656

Bijma P. The quantitative genetics of indirect genetic effects: a selective review of modelling issues.
Heredity. 2014; 112:61-69. https://doi.org/10.1038/hdy.2013.15 PMID: 23512010

Mutic JJ, Wolf JB. Indirect genetic effects from ecological interactions in Arabidopsis thaliana. Mol Ecol.
2007; 16:2371-2381. https://doi.org/10.1111/j.1365-294X.2007.03259.x PMID: 17561898

Fréville H, Roumet P, Rode NO, Rocher A, Latreille M, Muller M, et al. Preferential helping to relatives:
A potential mechanism responsible for lower yield of crop variety mixtures? Evol Appl. 2019; 12:1837—
1849. https://doi.org/10.1111/eva.12842 PMID: 31548861

Silva JC e Potts BM, Bijma P Kerr RJ, Pilbeam DJ. Genetic control of interactions among individuals:
contrasting outcomes of indirect genetic effects arising from neighbour disease infection and competi-
tion in a forest tree. New Phytol. 2013; 197:631-641.

Bilas RD, Bretman A, Bennett T. Friends, neighbours and enemies: an overview of the communal and
social biology of plants. Plant Cell Environ. 2021; 44:997—1013. https://doi.org/10.1111/pce.13965
PMID: 33270936

Xiahong H, Yan S, Dong G, Fugang W, Lei P, Cunwu G, et al. Comparison of Agronomic Traits between
Rice Landraces and Modern Varieties at Different Altitudes in the Paddy Fields of Yuanyang Terrace,
Yunnan Province. J Resour Ecol. 2011; 2:46-50. https://doi.org/10.3969/j.issn.1674-764x.2011.01.007

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002287 September 12, 2023 12/13


https://doi.org/10.1016/j.meegid.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24486735
https://doi.org/10.1079/PAVSNNR202015001
https://doi.org/10.1079/PAVSNNR202015001
https://doi.org/10.1146/annurev.py.23.090185.001343
https://doi.org/10.1146/annurev.py.23.090185.001343
https://doi.org/10.1094/PHYTO.2002.92.6.617
https://doi.org/10.1094/PHYTO.2002.92.6.617
http://www.ncbi.nlm.nih.gov/pubmed/18944258
https://doi.org/10.1111/eva.12175
http://www.ncbi.nlm.nih.gov/pubmed/25067946
https://doi.org/10.1007/s13593-014-0272-z
https://doi.org/10.1016/j.fcr.2019.107696
https://doi.org/10.1038/35021046
http://www.ncbi.nlm.nih.gov/pubmed/10963595
https://doi.org/10.1111/j.1365-3059.2012.02602.x
https://doi.org/10.1146/annurev.phyto.40.011402.113723
http://www.ncbi.nlm.nih.gov/pubmed/12147765
https://doi.org/10.1094/PHYTO-09-20-0429-R
http://www.ncbi.nlm.nih.gov/pubmed/33297731
https://doi.org/10.1002/eap.1629
http://www.ncbi.nlm.nih.gov/pubmed/28940830
https://doi.org/10.1016/j.fcr.2017.09.006
https://doi.org/10.1016/j.pbi.2021.102045
http://www.ncbi.nlm.nih.gov/pubmed/33965754
https://doi.org/10.1093/jxb/erab277
https://doi.org/10.1093/jxb/erab277
http://www.ncbi.nlm.nih.gov/pubmed/34125197
https://doi.org/10.1016/j.cub.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17714656
https://doi.org/10.1038/hdy.2013.15
http://www.ncbi.nlm.nih.gov/pubmed/23512010
https://doi.org/10.1111/j.1365-294X.2007.03259.x
http://www.ncbi.nlm.nih.gov/pubmed/17561898
https://doi.org/10.1111/eva.12842
http://www.ncbi.nlm.nih.gov/pubmed/31548861
https://doi.org/10.1111/pce.13965
http://www.ncbi.nlm.nih.gov/pubmed/33270936
https://doi.org/10.3969/j.issn.1674-764x.2011.01.007
https://doi.org/10.1371/journal.pbio.3002287

PLOS BIOLOGY

Disease susceptibility in plant mixtures

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

David J, Holtz Y, Ranwez V, Santoni S, Sarah G, Ardisson M, et al. Genotyping by sequencing tran-
scriptomes in an evolutionary pre-breeding durum wheat population. Mol Breed. 2014; 34:1531-1548.
https://doi.org/10.1007/s11032-014-0179-z

Reif JC, Zhang P, Dreisigacker S, Warburton ML, van Ginkel M, Hoisington D, et al. Wheat genetic
diversity trends during domestication and breeding. Theor Appl Genet. 2005; 110:859-864. https://doi.
org/10.1007/s00122-004-1881-8 PMID: 15690175

Biedrzycki ML, Jilany TA, Dudley SA, Bais HP. Root exudates mediate kin recognition in plants. Com-
mun Integr Biol. 2010; 3:28-35. https://doi.org/10.4161/cib.3.1.10118 PMID: 20539778

Biedrzycki ML, L V, Bais HP. Transcriptome analysis of Arabidopsis thaliana plants in response to kin
and stranger recognition. Plant Signal Behav. 2011; 6:1515-1524. https://doi.org/10.4161/psb.6.10.
16525 PMID: 21900741

Dudley SA, Murphy GP, File AL. Kin recognition and competition in plants. Funct Ecol. 2013; 27:898—
906. https://doi.org/10.1111/1365-2435.12121

Semchenko M, Saar S, Lepik A. Plant root exudates mediate neighbour recognition and trigger complex
behavioural changes. New Phytol. 2014; 204:631-637. https://doi.org/10.1111/nph.12930 PMID:
25039372

Cortes LT, Zhang Z, Yu J. Status and prospects of genome-wide association studies in plants. Plant
Genome. 2021; 14:e20077. https://doi.org/10.1002/tpg2.20077 PMID: 33442955

Montazeaud G, Flutre T, Ballini E, Morel J-B, David J, Girodolle J, et al. From cultivar mixtures to allelic
mixtures: opposite effects of allelic richness between genotypes and genotype richness in wheat. New
Phytol. 2022; 233:2573-2584. https://doi.org/10.1111/nph.17915 PMID: 35081666

Pélissier R, Ducasse A, Ballini E, Frouin J, Violle C, Morel J-B. A major genetic locus in neighbours con-
trols changes of gene expression and susceptibility in intraspecific rice mixtures. New Phytol. 2023;
238:835-844. https://doi.org/10.1111/nph.18778 PMID: 36710512

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S. Agricultural sustainability and intensive pro-
duction practices. Nature. 2002; 418:671-677. https://doi.org/10.1038/nature01014 PMID: 12167873

Stenberg JA. A Conceptual Framework for Integrated Pest Management. Trends Plant Sci. 2017;
22:759-769. https://doi.org/10.1016/j.tplants.2017.06.010 PMID: 28687452

Litrico I, Violle C. Diversity in Plant Breeding: A New Conceptual Framework. Trends Plant Sci. 2015;
20:604—-613. https://doi.org/10.1016/j.tplants.2015.07.007 PMID: 26440430

Barot S, Allard V, Cantarel A, Enjalbert J, Gauffreteau A, Goldringer |, et al. Designing mixtures of varie-
ties for multifunctional agriculture with the help of ecology. A review. Agron Sustain Dev. 2017; 37:13.
https://doi.org/10.1007/s13593-017-0418-x

Mahaut L, Fort F, Violle C, Freschet GT. Multiple facets of diversity effects on plant productivity: Species
richness, functional diversity, species identity and intraspecific competition. Funct Ecol. 2020; 34:287—
298. https://doi.org/10.1111/1365-2435.13473

Volante A, Desiderio F, Tondelli A, Perrini R, Orasen G, Biselli C, et al. Genome-Wide Analysis of japon-
ica Rice Performance under Limited Water and Permanent Flooding Conditions. Front Plant Sci.
2017;8. https://doi.org/10.3389/fpls.2017.01862 PMID: 29163588

Rimbert H, Darrier B, Navarro J, Kitt J, Choulet F, Leveugle M, et al. High throughput SNP discovery
and genotyping in hexaploid wheat. PLoS ONE. 2018; 13:e0186329. https://doi.org/10.1371/journal.
pone.0186329 PMID: 29293495

Perrier X, Jacquemoud-Collet J. DARwin—Dissimilarity Analysis and Representation for Windows. Ver-
sion 5.0.158. 2006 [cited 2022 Jul 4]. Available from: https://darwin.cirad.fr/.

Gallet R, Fontaine C, Bonnot F, Milazzo J, Tertois C, Adreit H, et al. Evolution of Compatibility Range in
the Rice-Magnaporthe oryzae System: An Uneven Distribution of R Genes Between Rice Subspecies.
Phytopathology. 2015; 106:348—-354. https://doi.org/10.1094/PHYTO-07-15-0169-R PMID: 26667186

Berruyer R, Adreit H, Milazzo J, Gaillard S, Berger A, Dioh W, et al. Identification and fine mapping of
Pi33, the rice resistance gene corresponding to the Magnaporthe grisea avirulence gene ACE1. Theor
Appl Genet. 2003; 107:1139-1147. https://doi.org/10.1007/s00122-003-1349-2 PMID: 12838393

Bolton MD, Kolmer JA, Garvin DF. Wheat leaf rust caused by Puccinia triticina. Mol Plant Pathol. 2008;
9:563-575. https://doi.org/10.1111/j.1364-3703.2008.00487.x PMID: 19018988

Ballini E, Tavaud M, Ducasse A, Sanchez D, Paux E, Kitt J, et al. Genome wide association mapping for
resistance to multiple fungal pathogens in a panel issued from a broad composite cross-population of
tetraploid wheat Triticum turgidum. Euphytica. 2020; 216:92. https://doi.org/10.1007/s10681-020-
02631-9

Ravel S. sravel/LeAFtool. 2020. Available from: https://github.com/sravel/LeAFtool.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002287 September 12, 2023 13/13


https://doi.org/10.1007/s11032-014-0179-z
https://doi.org/10.1007/s00122-004-1881-8
https://doi.org/10.1007/s00122-004-1881-8
http://www.ncbi.nlm.nih.gov/pubmed/15690175
https://doi.org/10.4161/cib.3.1.10118
http://www.ncbi.nlm.nih.gov/pubmed/20539778
https://doi.org/10.4161/psb.6.10.16525
https://doi.org/10.4161/psb.6.10.16525
http://www.ncbi.nlm.nih.gov/pubmed/21900741
https://doi.org/10.1111/1365-2435.12121
https://doi.org/10.1111/nph.12930
http://www.ncbi.nlm.nih.gov/pubmed/25039372
https://doi.org/10.1002/tpg2.20077
http://www.ncbi.nlm.nih.gov/pubmed/33442955
https://doi.org/10.1111/nph.17915
http://www.ncbi.nlm.nih.gov/pubmed/35081666
https://doi.org/10.1111/nph.18778
http://www.ncbi.nlm.nih.gov/pubmed/36710512
https://doi.org/10.1038/nature01014
http://www.ncbi.nlm.nih.gov/pubmed/12167873
https://doi.org/10.1016/j.tplants.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28687452
https://doi.org/10.1016/j.tplants.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26440430
https://doi.org/10.1007/s13593-017-0418-x
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.3389/fpls.2017.01862
http://www.ncbi.nlm.nih.gov/pubmed/29163588
https://doi.org/10.1371/journal.pone.0186329
https://doi.org/10.1371/journal.pone.0186329
http://www.ncbi.nlm.nih.gov/pubmed/29293495
https://darwin.cirad.fr/
https://doi.org/10.1094/PHYTO-07-15-0169-R
http://www.ncbi.nlm.nih.gov/pubmed/26667186
https://doi.org/10.1007/s00122-003-1349-2
http://www.ncbi.nlm.nih.gov/pubmed/12838393
https://doi.org/10.1111/j.1364-3703.2008.00487.x
http://www.ncbi.nlm.nih.gov/pubmed/19018988
https://doi.org/10.1007/s10681-020-02631-9
https://doi.org/10.1007/s10681-020-02631-9
https://github.com/sravel/LeAFtool
https://doi.org/10.1371/journal.pbio.3002287

