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Genetic Mapping of the Root Mycobiota fiia

in Rice and its Role in Drought Tolerance

Beatriz Andreo-Jimenez'?", Dennis E. te Beest?, Willem Kruijer®, Nathan Vannier*, Niteen N. Kadam®?,
Giovanni Melandri?, S. V. Krishna Jagadish®”, Gerard van der Linden®, Carolien Ruyter-Spira’,
Philippe Vandenkoornhuyse* and Harro J. Bouwmeester''%"

Abstract

Background Rice is the second most produced crop worldwide, but is highly susceptible to drought. Micro-organ-
isms can potentially alleviate the effects of drought. The aim of the present study was to unravel the genetic factors
involved in the rice-microbe interaction, and whether genetics play a role in rice drought tolerance. For this purpose,
the composition of the root mycobiota was characterized in 296 rice accessions (Oryza sativa L. subsp. indica) under
control and drought conditions. Genome wide association mapping (GWAS) resulted in the identification of ten
significant (LOD >4) single nucleotide polymorphisms (SNPs) associated with six root-associated fungi: Ceratosphaeria
spp., Cladosporium spp., Boudiera spp., Chaetomium spp., and with a few fungi from the Rhizophydiales order. Four
SNPs associated with fungi-mediated drought tolerance were also found. Genes located around those SNPs, such as a
DEFENSIN-LIKE (DEFL) protein, EXOCYST TETHERING COMPLEX (EXO70), RAPID ALKALINIZATION FACTOR-LIKE (RALFL)
protein, peroxidase and xylosyltransferase, have been shown to be involved in pathogen defense, abiotic stress
responses and cell wall remodeling processes. Our study shows that rice genetics affects the recruitment of fungi, and
that some fungi affect yield under drought. We identified candidate target genes for breeding to improve rice-fungal
interactions and hence drought tolerance.
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Introduction
Rice (Oryza sativa L.) is the most important staple food
crop worldwide, with an average production of around
700 million tons per year (FAOSTAT database: http://
www.fao.org/faostat/en/#home). Rice is a high yield crop
when grown in paddy fields under waterlogged condi-
tions. Waterlogged conditions guarantee high rice pro-
ductivity while preventing the growth of weeds, but are
also responsible for the low water use efficiency (0.60 kg
yield/m? water) of rice compared with other major cere-
als, such as maize (2.19 kg yield/m® water) and wheat
(2.46 kg yield/m? water) (Liu et al. 2009; Kuschel-Otérola
et al. 2020). Global climate change has increased both
the intensity and duration of drought periods (Trenberth
et al. 2014) thereby reducing the availability of water for
irrigation and threatening the production of high water-
demanding crops including rice grown in paddy fields.
Plants have several physiological and developmental
responses to mitigate the effects of drought, includ-
ing adjusting flower phenology, closing the stomata to
reduce transpiration, developing a deeper root system
to increase water uptake, accumulating stress-protec-
tive proteins and metabolites (Cattivelli 2008; Pandey
& Shukla 2015; Melandri et al. 2020a, b) and establish-
ing mutualistic symbioses with micro-organisms, col-
lectively called the microbiome (Vandenkoornhuyse
et al. 2015; Santos-Medellin et al. 2017; Xu et al. 2018;
Andreo-Jimenez et al. 2019; Simmons et al. 2020;
Abedini et al. 2021). Plant microbiomes are present
in/on all plant organs including roots and shoots, and
are composed of diverse bacteria and fungi (Sessitsch
et al. 2011; Hardoim et al. 2015). Root-associated fungi
are important components of the plant microbiome
because of their positive effect on plant tolerance of
both biotic stresses (Mejia et al. 2008; Macid-Vicente
et al. 2008; Chadha et al. 2015) and abiotic stresses,
including drought (Redman et al. 2011; Worchel et al.
2012; Azad & Kaminskyj 2015; Santos-Medellin et al.
2017). Root-associated fungi are ubiquitous, they colo-
nize the roots of all land plants. Arbuscular mycorrhi-
zal (AM) fungi are a particular case of root-associated
fungi, although not very abundant in rice (Yuan et al.
2010; Andreo-Jimenez et al. 2019), they have been
shown to play an important role in drought toler-
ance by improving plant photosynthetic efficiency and
boosting the accumulation of antioxidants under stress
(Ruiz-Sanchez et al. 2010; Duc et al. 2018). On the other
hand, these symbionts can also increase susceptibility
to pests and pathogens e.g. Lissorhoptrus oryzophilus,
Rhizoctonia solani (Bernaola et al. 2018). Other non-
mycorrhizal fungal endophytes, such as Fusarium sp.
(Hypocreales), Curvularia sp. (Pleosporales) and Cla-
dosporium sp. (Capnodiales), have also been shown to
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enhance drought tolerance in plants. Nicotiana bentha-
miana and rice inoculated with fungal endophytes pro-
duced more biomass and grain, higher water content
and/or increased activity of antioxidant enzymes than
non-inoculated plants under drought or salinity stress
(Redman et al. 2011; Dastogeer et al. 2018). In contrast
to AM fungi, non-mycorrhizal fungal endophytes do
not have a tight relationship with their host and their
effect on plants depends more on the host and envi-
ronmental conditions (Rodriguez et al. 2008; Geisen
et al. 2021). Strigolactones have been shown to play
an important role in recruitment and colonization by
AM fungi of rice growing under phosphorus deficiency
(Choi et al. 2020; Kim et al. 2022). However, our under-
standing of the mechanisms that underlie the recruit-
ment of AM and other fungi by rice under drought and
the recruitment dependency on the environment is far
from complete.

The host plant genotype has been shown to influence
the structure and composition of the microbial com-
munity in leaves (Horton et al. 2014; Wagner et al. 2016;
Leopold & Busby 2020) and roots (Edwards et al. 2015;
Liu et al. 2019; Brown et al. 2020) but little is known
about the mechanisms behind this relationship. Plant—
microbe associations are complex, and studies using
holistic approaches that account for both environmental
and genetic variables as drivers of these relationships are
required to advance our understanding of these systems
(Salvioli & Bonfante 2013).

Like plant response to drought and yield, microbiome
assembly in plants is a complex trait that is challenging
to address using reverse genetics approaches. With the
development of faster and cheaper sequencing technolo-
gies, forward genetic strategies such as whole genome
studies have become an important tool to study such
complex traits (Han & Huang 2013; Zargar et al. 2015).
Genome wide association studies (GWAS) use genetic
maps made of thousands of single nucleotide polymor-
phism (SNP) markers that allow the genetic dissection
and fine mapping of complex traits (Brachi et al. 2011;
Beilsmith et al. 2019). Thanks to new generation high
throughput sequencing techniques, dense genetic marker
maps have become available for several crops, including
rice (Zhao et al. 2011; McCouch et al. 2016). In the last
decade, several GWAS have been performed of rice traits
including grain size, starch quality, aluminum and iron
toxicity tolerance, panicle morphology, canopy tempera-
ture, root architecture and grain yield (Huang et al. 2010;
Famoso et al. 2011; Rebolledo et al. 2016; Kadam et al.
2017; Melandri et al. 2020b, 2021). The use of GWAS to
map variations in plant traits that are related to the inter-
action with microorganisms is a novel research area. A
pioneer study using the model plant Arabidopsis thaliana
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identified loci associated with bacterial and fungal endo-
phyte community abundance in the phyllosphere (Horton
et al. 2014). These loci were mainly involved in processes
linked to the cell wall, such as xyloglucan biosynthesis
and trichome development. A GWAS on root associated
bacteria and fungi in Arabidopsis identified loci encom-
passing genes related to plant defense but also to root
development (Bergelson et al. 2019). Furthermore, the
same authors concluded that fungi strongly influence the
root microbiome, and that the host effect on the fungal
microbiome is stronger than on the bacterial community.
So far, GWA mapping of the microbial community in
crops has only been used for bacteria on maize and rice
leaves (Wallace et al. 2018; Roman-Reyna et al. 2020),
and sorghum roots (Deng et al. 2021). Recently, QTL
mapping showed that host genetics shapes the bacterial
and fungal communities in the rhizosphere of barley and
tomato (Escudero-Martinez et al. 2022; Oyserman et al.
2022), however, how this is affected by environmental
constraints such as drought remains to be explored.

The primary objective of the present study was to
understand how host genetics affects the association
between rice and root-associated fungi and how these
fungi contribute to drought tolerance in rice. To achieve
this objective, we investigated (1) the role of the rice as
host in its association with root-associated fungi, (2) the
changes in this partnership under drought conditions, (3)
the extent to which the fungal community affects yield in
rice under well-watered compared with under drought
conditions, and (4) the genetic loci associated with yield
and the recruitment of root-associated fungi.

Materials and Methods

Plant Material and Field Experiment

For this study, 296 accessions of Oryza sativa (L.)
subsp. indica were used in a field experiment (14°11’ N,
121°15' E; elevation 21 m above sea level) conducted at
the International Rice Research Institute (IRRI) in the
2013 dry season. The panel was representative of the
genetic diversity of indica rice from tropical and sub-
tropical regions and includes both traditional landraces
and improved lines (Rebolledo et al. 2016). The 25Xx90 m
experimental field was located on an upland farm in a
loamy soil with a mix of clay (36%), sand (22%) and silt
(41%). Plants were sown in 2.5X0.8 m plots, each con-
taining 48 plants (four rows of 12 plants) of one acces-
sion. To reduce the effect of field variation, the plots were
laid out in a serpentine design with a total of three repli-
cates per accession and per treatment. The field was split
into two parts, one well-watered and the other under
drought conditions. To synchronize flowering, the acces-
sions were divided into groups according to days to flow-
ering (data collected previous to this study, Kadam et al.
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2018), and progressively sown and transplanted with
intervals of 10 days between each group. All the plants
were grown in flooded conditions until they reached the
50% flowering stage (i.e. when half the plants in each plot
were in flower). At this point, in half of the field, watering
was withheld for 14 days (soil water potential —46 kPa)
(drought treatment) while the other half was kept flooded
(well-watered treatment). At the end of the drought
treatment, the stress field was re-watered until all the
accessions reached maturity for harvest when grain yield
was determined (for details, see Kadam et al. 2018). At
the end of the 14 day period of stress, root samples were
collected by taking 1070 cm soil cores from the inner
part of each plot. Samples were placed in plastic bags
and stored at 4 °C until further processing. The 1776 root
samples were placed on a fine sieve and carefully cleaned
under a gentle stream of tap water then stored at—80 °C
until further analysis. This cleaning process was chosen
to focus on the root associated fungi (i.e. both root-epi-
phytic and -endospheric fungi).

DNA Extraction and Sequencing

Roots from the same accession and treatment (biological
replicates) were pooled and ground to a powder with a
mortar and pestle in liquid nitrogen. DNA was extracted
from 60-80 mg of plant material using the DNeasy 96
Plant Kit (Qiagen) following the manufacturer’s proto-
col. The DNA was diluted tenfold for amplification of a
fragment of the 18S SSU rRNA gene using general fungal
primers (NS22: 5-AATTAAGCAGACAAATCACT-3/
and SSU0817: 5'-TTAGCATGGAATAATRRAATAGGA
-3’) (Borneman & Hartin 2000), with the following pro-
gram: 95 °C for 4 min; 40 cycles at 95 °C for 30 s, 54 °C
for 30 s and 72 °C for 1 min; and a final extension at 72 °C
for 7 min. Primers were modified to allow amplicon mul-
tiplexing for the sequence production process: a collec-
tion of 96 modified SSU0817 primers was generated each
containing a specific tag consisting of 10 nucleotides.
The PCR products were purified with AMPure XP beads
(Beckman Coulter) using a genomic sample preparation
platform (BRAVO, Agilent technologies). The concentra-
tion of amplicons was measured with an ultrasensitive
fluorescent stain (Quant-ITTMPicoGreen®dsDNA Assay
kit, Invitrogen), and the size was determined using the
Agilent High Sensitivity DNA kit (Agilent Technologies).
Equimolar amplicon pools were paired-end sequenced
(Ilumina Miseq), following the manufacturer’s guide-
lines. The raw data were uploaded in the NCBI database
under project number PRJNA810017.

Trimming and Identification of Sequences
The 5" and 3’ primers (on R1 and R2 reads) and unknown
bases (n) were removed from the sequences using the
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Phyton package ‘Cutadapt’ (Martin 2011). The reads
were analyzed according to FROGS pipeline guidelines
(Kozich et al. 2013; Escudié et al. 2018) using the galaxy
workbench at Genotoul (http://bioinfo.genotoul.fr). The
clustering step was performed with the ‘swarm’ method
thus avoiding the need for an identity threshold. The
sequence-clusters (Operational Taxonomic Units, OTUs)
produced by FROGS use a similar view as the amplicon
sequence variant (ASV) delineation (Callahan et al. 2017)
but with the advantage of limiting the risk of overestimat-
ing diversity if copies of the SSU rRNA gene differ within
a given individual. Following the pipeline designer’s
advice, a de-noising step was performed with a maximum
distance of aggregation of 1 followed by a second step
with a maximum distance of aggregation of 3. Chimera
products were filtered out with the FROGS ‘remove chi-
mera’ tool. A filter was then applied to remove sequence-
clusters with sequences in less than five samples to avoid
artificial sequence clusters. Sequence clusters were iden-
tified with ‘Blast+’ (Camacho et al. 2009) using the Silva
128 18S database. Sequence cluster assignments were
filtered based on the quality of the match with a Blast
threshold of 95% and 95% Blast identity. Subsequently, all
sequence clusters were checked at the phylum level and
those belonging to a non-fungal taxon were removed.

Microbial Ecology Analyses

All statistical analyses were performed in R (R core team
2021). The contingency matrix of the sequence clus-
ter count was filtered: sequence-clusters that occurred
at least 25 times with a total of at least 100 reads were
retained. Drought and control samples were filtered
separately. For each sample, the counts assigned to each
sequence cluster were log-transformed, i.e. divided by
its total, summed with a pseudo-fraction (0.001), and
then log transformed. The thus log-transformed data
were adjusted for the plate effect (using the control and
drought samples together), using a linear model, remove-
BatchEffect, in the R package LIMMA (Ritchie et al.
2015). This normalized contingency matrix was used for
the follow up analyses. Data on rice grain yield were aver-
aged across replicates. From the normalized contingency
matrix, sequence cluster richness, evenness and diver-
sity index estimators were calculated using the VEGAN
R package (Oksanen et al. 2015) and BIODIVERSITY
R (Kindt & Coe 2005). Statistical differences in these
parameters were analyzed using two-way ANOVA with
the R package CAR (Fox & Weisberg 2011). In order to
reduce the size of the sequence-cluster dataset and to
extract the most relevant information concerning the
sequence-cluster effect on yield, the differences within
the fungal community under the different treatments
were analyzed using redundancy analysis (RDA) with
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grain yield as constraining covariate, using the function
rda in the VEGAN R package. Redundancy analysis sum-
marizes the variation in the microbial community that is
explained by yield and drought. To test for significant dif-
ferences between fungal communities under control and
drought treatments, a permutational multivariate analy-
sis of variance (PERMANOVA) was run with the adonis
function on the Bray—Curtis distance matrix from the
relative abundances using the VEGAN R package.

Population Genotyping

We worked with a collection of 296 indica accessions, of
which 274 were included in a bigger panel that was geno-
typed (genotyping-by-sequencing) with ~ 90,000 SNPs at
Cornell University, USA (Rebolledo et al. 2016; Kadam
et al. 2017). These 274 accessions were used for associa-
tion mapping analysis.

Genome-Wide Association Analysis

Marker-based estimates of narrow-sense heritability
were computed based on all the cultivars used in the pre-
sent study (Kruijer et al. 2015). GWA analyses were per-
formed of all sequence clusters with a frequency higher
than 5%, using the 82,858 SNPs with a minor allele fre-
quency (MAF)>0.05. Univariate GWAS was performed
of each fungal sequence cluster under drought and con-
trol conditions separately, as well as for the RDA axes
described above. We used the approach of Kang and
colleagues (Kang et al., 2010) implemented in the STAT-
GENGWAS package (https://cran.r-project.org/web/
packages/statgenGWAS/index.html) using the function
runSingleTraitGwas. For the sequence-cluster univariate
GWAS, we only used the most abundant fungal taxa (17
sequence clusters under control and 15 under drought
conditions). For the remaining analyses, we selected the
sequence clusters that occurred at least 150 times with a
total number of reads of at least 5000. All SNPs with an
FDR<0.10 were selected.

Linkage Disequilibrium Analysis and Identification

of Candidate Genes

The linkage disequilibrium (LD) decay rate in indica
rice varieties is about 75 Kb (Mather et al. 2007). We
consequently defined windows of 75 Kb upstream and
75 Kb downstream of the SNP of interest to search for
candidate genes using the TRIO R package (Schwender
et al. 2014). Genes located in the selected windows were
obtained from the MSU Rice Genome Annotation Pro-
ject database (http://rice.plantbiology.msu.edu), version
7.0. For 24 loci, in silico gene expression analyses were
performed with RiceXPro (http://ricexpro.dna.affrc.go.
jp/) and IC4R Rice Expression Databases (http://expre
ssion.ic4r.org/).
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Results

Rice Genetic markers Associated with Root Mycobiota

To study the role of the host in the recruitment of root
mycobiota and how the recruitment changes under
drought, a root fungal community was analyzed to iden-
tify which sequence clusters differed the most between
well-watered and drought conditions. Univariate GWA
analysis was used to search for genomic associations with
the most abundant sequence clusters.

The root fungal community sequencing data resulted
in a total of 15,271,794 sequences belonging to 2,687
different sequence clusters. A total of 2,347 sequence
clusters were found in both treatments, while 61 were
specific to the drought treatment and 278 to the control
treatment (Additional file 1: Fig. S1a). The total number
of sequence reads (abundance) and the total number of
sequence clusters (richness) were lower under drought
conditions, while the diversity (Shannon) and species
balance (J-evenness) indexes were higher under the
drought treatment (Additional file 1: Fig. S1b). The fun-
gal community observed in our experiment consisted
of 12 different phyla, the most abundant group being
Ascomycota, followed by Basidiomycota. Glomeromy-
cota, the group of fungi that form arbuscular mycorrhiza,
were underrepresented with only four sequence clus-
ters (Additional file 1). Although Glomeromycota rich-
ness may have been underestimated as a result of primer
bias during amplification, this bias would be expected
to be similar across samples. Under drought there was
an increase in the relative abundance of sequence clus-
ters belonging to Dothideomycetes (Pleosporales: 1.7-
fold increase, Capnodiales: 1.5-fold increase), followed
by Eurotiomycetes and Chytridiomycetes (Additional
file 1: Fig. S1a) while under control conditions, the most
abundant sequence clusters belonged to Sordariomycetes
(Sordariales: twofold higher, Pezizales: 1.6-fold higher).
The few Glomeromycota sequence clusters detected were
two fold more abundant in the control treatment (Addi-
tional file 2). The drought treatment resulted in a signifi-
cantly different fungal microbiome from the microbiome
found under control conditions (Additional file 1: Fig. S2)
(PERMANOVA analysis control vs. drought; R*=0.70;
P=0.001). As treatment had a strong effect on the com-
position of the fungal community, the two treatments
were analyzed separately from then on.

Univariate GWA analysis was used to identify the
loci associated with the abundance of each individual
sequence cluster. Analysis of marker-based narrow-sense
heritability showed that 7% of the sequence-clusters had
heritability (h%) values ranging from 0.5 to 0.2, 12% from
0.2 to 0.1 and the rest below 0.1. The analysis yielded ten
SNPs that were significantly associated with six differ-
ent sequence clusters (FDR<0.10) (Fig. la; Additional
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file 2), the majority of which were found under drought
conditions, thereby confirming that fungal associations
with rice roots are affected by rice genetics, and that the
effect differs under drought and control conditions. The
significant SNPs were located on chromosomes 7 (con-
trol treatment), and chromosomes 1, 2, 4 and 10 (drought
treatment), and the SNPs had an allelic effect with A/G,
C/G and C/A changes (Fig. 1a; Additional file 1: Fig. S3).
Furthermore, the relative abundance of sequence clus-
ters with a significantly associated SNP was found to dif-
fer between treatments, with half the sequence clusters
being more abundant and the other half being less abun-
dant in the drought treatment than in the control treat-
ment (Wilcoxon, P<0.001) (Fig. 1b). Among sequence
clusters with a significantly associated SNP, two belong to
the order Rhizophydiales, one to the Chaetomiaceae, and
the rest are a Cladosporium sp., Ceratosphaeria sp. and
Boudiera sp. (Additional file 1: Table S1).

Rice Genetic Markers Related to Root Associated Fungi
that Affect Grain Yield

To study to what extent the fungal microbial commu-
nity correlates with plant performance, we first con-
ducted a Spearman correlation analysis between the six
sequence-clusters (identified above as being associated
with genetic markers) and grain yield. The results showed
that two sequence clusters (OTU_0002 Ceratosphaeria
spp. and OTU_0011 Boudiera spp.) were positively corre-
lated with yield under control conditions (P value<0.01;
R>0.10), while two showed a negative correlation, one
under control conditions (OTU_0001 Chaetomiaceae;
P value=0.003; R=-0.18) and one under drought that
was almost significant (OTU_0019 Rhizophydiales; P
value=0.058; R=—-0.11) (Fig. 2a). Interestingly, among
the six sequence clusters, the one that correlated posi-
tively with yield under control conditions (OTU_0002)
was less abundant under drought conditions (Fig. 1b,
Additional file 1: Table S1).

A comprehensive correlation analysis of all sequence
clusters and grain yield only resulted in eight significant
correlations (P value<0.05) (Additional file 1: Fig. S4a),
and only under control conditions (Additional file 1:
Table S2). To assess the multivariate effect of all the
sequence clusters together on yield, we fitted an RDA
with yield as constraining variable. The resulting con-
strained axis is a linear combination of the individual
sequence clusters and represents the effect of all the taxa
together on yield. For the control samples, yield as con-
straining variable tested significant (P value=4e—04),
for drought, the effect was smaller (P value=0.076)
(Fig. 2b). The higher the contribution to the yield axis
(RDA score) the more independent the sequence-clus-
ter yield effect. RDA analysis resulted in more sequence
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Fig. 2 Effect of the sequence clusters on yield. a Correlation plots showing the relation between the abundance of sequence clusters and
grain yield, for sequence clusters with at least one associated SNP. b RDA plot showing the relationship between the composition of the fungal
community associated with the roots and yield. We analyzed control and drought samples separately as the structure of their microns differed

substantially. Correlation per sequence-cluster with yield per treatment were tested with a permutation test. Each dot represents one sequence
cluster community and its correlation with yield
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clusters that contribute to yield than in the correlation
analysis used above (Additional file 1: Fig. S4). For all the
sequence clusters that were found to be correlated with
yield (i.e. correlation analysis) we also identified associ-
ated SNPs (Fig. 1, Additional file 1: Table S1), except for
two sequence clusters (OTU_0015 and OTU_0019), both
Rhizophydiales, that did not contribute to yield.

The RDA scores were subsequently used for GWA
analysis, and four SNPs were found to be significantly
associated with the abundance of these yield-related
sequence clusters (indirectly by their RDA scores),
including eight SNPs on chromosome 1 under control
conditions and seven SNPs, mainly on chromosome
4, under drought conditions (Fig. 3a, b). Among these
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SNPs, the one with the highest LOD score under the
control treatment (Chrlpos5530841.1) and the one
with the highest Lod score under drought treatment
(Chr4pos3648070.1) had a clear allelic effect with a
C/G and A/T change in chromosome 1 and 4, respec-
tively (Fig. 3c).

Gene Candidates

LD analysis with a window of 150 kb around each SNP
was used to identify candidate genes (within chro-
mosomal intervals) underlying the significant SNPs
identified by GWA analysis, providing a list of a priori
candidate genes that possibly control the association
between root associated fungi and/or grain yield.
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The list of candidate genes and their functional annota-
tion was retrieved from the MSU Rice database (Table 2,
Additional file 1: Table S1). When looking at the SNPs
with the highest LOD score from the GWAS sequence-
cluster (Additional file 1: Table S1), we identified candi-
date genes related to protease activity (serine protease
SUBTILISIN, LOC_0Os04g35140), cellulose synthesis
protein (e.g. CELULOSE SYNTHASE-LIKE PROTEIN
H2 (CSLH2) LOC_Os04g35020), anti-microbial defense
(DEFENSIN-LIKE, DEFL, LOC_Os04g31250), Bric-a-
brac/Tramtrack (BTB/POZ, LOC_Os10g28970) and
EXO70 exocyst complex (LOC_Os04g31330), among
other kinases and phosphatases (Table 1). The two SNPs
with the highest LOD score from the GWAS with the

Table 1 List of SNPs associated with fungal sequence clusters

Locus® SNP oTuU Taxonomy OTU yield effect Description IC4R database* RiceXPro
database**
LOC_0s01g24060 Chr- OTU_0015 Cladochytriaceae  Positive Importin subunit  FPKM < 1 —3.5 (+X.oryzae
1p0s13629118.1 fam leaf)
LOC_0s02g43220 Chr- OTU_0002 Ceratosphaeria Positive Polyamine FPKM <1 1 (+M.oryzae
2p0s26097336.1 spp oxidase leaf) —2.5 (+ABA
root); —4
LOC_0s04g31410 Chr- OTU_0019 Rhizophydiales Negative RALFL 6 FPKM (root) (+JAroot); =3
4p0s18765756.1 ord (+M.oryzae root)
LOC_0s04g35020 Chr- OTU_0011 Boudiera spp. Positive Cellulose syn- FPKM < 1 —1(+M.oryzae
4p0s21345052.1 thase CSLH2 root)
LOC_0s04g35060 Chr- OTU_0011 Boudiera spp. Positive Nicotinate phos- 20 FPKM (leaf); 14 5 (+JA root); 1.5
4p0s21345052.1 phoribosyltransfer FPKM (root) (+M.oryzae root)
ase
LOC_0s04g35140 Chr- OTU_0011 Boudiera spp. Positive Subtilisin 3 FPKM (leaf); 5 1 (+JAroot); 3
4p0s21345052.1 FPKM (root) (+JA leaf); 2 (+ M.
oryzae leaf); —5
(+X.oryzae
leaf); —2 (+ABA
root)
LOC_0s02g43250 Chr- OTU_0002 Ceratosphaeria Positive Kinase 7 FPKM (root, -Pi) 1 (+ABA
2p0s26097336.1 spp root); — 1.5 (+ M.
oryzae root)
LOC_0s10g12620 Chr- OTU_0007 Cladosporium No effect Kinase 4 FPKM (root) No data
10p0s7061662.1 spp.
LOC_0s04g31250 Chr- OTU_0019 Rhizophydiales Negative Defensin (DEFL) 2 FPKM (leaf) —1 (+JAroot, leaf)
4p0s18765756.1 ord
LOC_0s10g28970 Chr- OTU_0019 Rhizophydiales Negative Bric-a-brac/ 4 FPKM (root) —1(+JAroot), =2
10p0s15139435.1 ord Tramtrack (BTB/ (+JAleaf), =9 (+X.
POZ) oryzae leaf)
LOC_0s07g27580 Chr- OTU_0001 Chaetomium spp. Negative Haloacid dehalo-  No data No data
7p0s16162723.1 genase (HAD)
phosphatase
LOC_0s04g31330 Chr- OTU_0019 Rhizophydiales Negative Exo70 exocyst 20 FPKM (leaf) —1 (+Xoryzae
4p0s18765756.1 ord complex leaf)

Only SNPs where candidate genes were found within a 75 Kb window around the SNP are shown. All the SNPs were found in drought conditions, except the SNP
related to OTU_0001 (LOC_0s07927940) which was only found in the control treatment

2 For some gene functions there are several loci found. Here only the most highlighted ones are represented

“ Showing only expression values for leaf and root tissues. FPKM: Fragments Per Kilobase of transcript per Million mapped reads

" Showing Log,Fold expression values.+M.oryzae: inoculation with Magnaporthe oryzae;+ X.oryzae: inoculation with Xanthomonas oryzae;+ ABA: abscisic acid
treatment; + JA: jasmonic acid treatment
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Table 2 List of candidate genes associated with SNPs from the yield-related mycobiota

Locus? SNP RDA-GWAS Description IC4R database* RiceXPro database**

LOC_0s01g10320 Chr1pos5498898.1 Control HD-Zip protein No data No data

LOC_0s01g10350 Chr1pos5498898.1 Control MPPN_protein No data No data

LOC_0s01g10370 Chr1pos5498898.1 Control AP2 protein 1 FPKM (root) 4 (+ABA leaf); 1 (+JA leaf);— 2.5 (+ M.oryzae root/leaf)

LOC_0s01g10440 Chr1pos5498898.1 Control Xylosyltransferase FPKM < 1 4 (+ABA root); 4 (+ JA root); 2.5 (+M.oryzae root); 3.5
(+M.oryzae leaf)

LOC_0s01g10450 Chr1pos5498898.1 Control Kinase no data No data

LOC_0s01g10470 Chr1pos5530841.1 Control RALFL17 FPKM <1 No significant differences

LOC_0s01g10480 Chr1pos5530841.1  Control Plastocyanin FPKM <1 No data

LOC_0s01g10490 Chr1pos5530841.1  Control Keratin type | protein  No data No data

LOC_0s01g10504 Chr1pos5530841.1 Control OsMADS3 No data No data

LOC_0s01g10550 Chr1pos5530841.1  Control Defensin (DEFL) FPKM < 1 No data

LOC_0s04g06790 Chr4pos3632808.1 Drought Dioxygenase 14 FPKM (root)  No significant differences

LOC_0s04g06860 Chr4pos3632808.1 Drought Peroxidase No data No data

2 For some gene functions there are several loci found. Here only the most highlighted ones are represented

" Showing only expression values for leaf and root tissues. FPKM: Fragments Per Kilobase of transcript per Million mapped reads

" Showing Log,Fold expression values.+ M.oryzae: inoculation with Magnaporthe oryzae; + X.oryzae: inoculation with Xanthomonas oryzae; + ABA: abscisic acid

treatment; + JA: jasmonic acid treatment

RDA scores for sequence clusters associated with grain
yield are linked to several candidate genes i.e. a peroxi-
dase enzyme (LOC_Os04g06860), anti-microbial defense
protein but on a different locus (DEFENSIN-LIKE
(DEFL), LOC_Os01g10550) and cysteine-rich systemic
response proteins (cysteine-rich RAPID ALKALINI-
ZATION FACTOR-LIKE (RALFL), LOC_0Os01g10470)
(under control conditions). These RALF proteins coor-
dinate processes such as lateral root development and
root hair growth, in response to environmental stimuli,
e.g. plant hormones or pathogen infection (Campbell &
Turner 2017) (Table 2). Several of these a priori candidate
genes that are linked to microbial resistance, environ-
mental responses, metabolite transport, and protease and
protease inhibitors are promising candidates for involve-
ment in microbiome recruitment and grain yield under

drought.

Discussion

Using a combination of high throughput sequencing of
microbial marker genes and a bioinformatics pipeline, we
characterized the composition of the fungal microbiome
associated with rice roots under well-watered (control)
and drought conditions. The use of an indica rice panel
consisting of 247 genotyped accessions (Rebolledo et al.
2016; Kadam et al. 2017), representing a wide range of
yield performance (Melandri et al. 2020a, b), allowed
us to assess the diversity of rice-root mycobiota and to
determine the extent to which this diversity is geneti-
cally controlled by the host plant, in both well-watered
and drought conditions. Drought was shown to have a
strong impact on the root mycobiota and to increase

its mycobiota diversity (Additional file 1: Fig. S1b). The
same was recently reported in a tropical grassland soil
and in another study on rice (Andreo-Jimenez et al.
2019; Oliveira et al. 2020). Drought increased species
diversity and evenness but at the same time reduced spe-
cies richness compared to in water-sufficient conditions
(Additional file 1: Fig. S1b). Despite the notable heteroge-
neity observed in plant-microbial communities of a single
plant species grown on different soils, there is a growing
body of evidence that the composition of plant microbi-
ota is not randomly assembled but at least partially ruled
by deterministic processes under the control of the host
plant (Shi et al. 2018; Xiong et al. 2021). Accordingly, we
identified ten SNPs associated with the abundance of
specific fungal sequence clusters and four SNPs linked
to sequence clusters correlated with yield. The candidate
genes underlying these SNPs encode proteins related to
microbial resistance, environmental responses, metabo-
lite transport, and protease and protease inhibitors, and
are promising candidates for involvement in the plant-
microbiome interaction.

Increasing our knowledge of the plant-microbiome
interaction with the final aim of enhancing agricultural
productivity is a rapidly expanding research field. Little
is known about how environmental changes like global
warming and drought will affect root based microbial
populations, and vice versa, how these microbial popula-
tions will contribute to resilience against these environ-
mental challenges. The increase in root-associated fungal
diversity under drought potentially equips the host with
additional functions to mitigate the consequences of
drought (van der Heijden & Hartmann 2016; Prudent
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et al. 2020). Pleosporales and Capnodiales, and to a
lesser extent, Chaetothyriales and Rhizophydiales were
more abundant under drought conditions, while Sord-
ariales and Pezizales were more abundant under control
conditions (Additional file 1: Fig. S1a). Pleosporales are
ubiquitous fungi and include species with quite differ-
ent functions, such as plant pathogens, saprophytes and
plant endophytes, as well as plant beneficial fungi (Zhang
et al. 2009). Inoculation of rice with members of the Ple-
osporales has been shown to improve nitrogen content
and to boost plant growth (Vergara et al. 2019) and Ple-
osporales have been reported to be key taxa in the rice
core seed microbiome (Eyre et al. 2019). Dark septate
endophytes (DSE), which belong to Pleosporales, were
reported to promote growth of the xerophyte, Ammo-
piptanthus mongolicus, under drought conditions (Li
et al. 2018). A Pleosporales sequence cluster (OTU_0003)
was shown to contribute most to grain yield under well-
watered conditions (Additional file 1: Fig. S3), making
this a highly interesting candidate fungus for follow-up
research. Capnodiales, which were more abundant under
drought in the present study?, are widespread and behave
as saprotrophs, plant and human pathogens, mycopara-
sites and endophytes (Abdollahzadeh et al. 2020). For
example, Cladosporium fulvum is a well-studied plant
pathogen that causes tomato leaf mold (Thomma et al.
2005). In our study, a Cladosporium spp. sequence clus-
ter contributed positively to yield under both drought
and control treatments (Additional file 1: Figs. Sla, S4a).
Species such as Cladosporium cladosporioides and Clad-
osporium porophorum are known fungal endophytes that
can hyper-parasitize fungal pathogens of several crops,
including rice (Becker et al. 2020; Chaibub et al. 2020;
Erfandoust et al. 2020). Sordariales and Pezizales were
more abundant in our control treatment. The former are
saprotrophs, and plant pathogenic and wood inhabiting
fungi. For instance, Colletotrichum spp. are serious plant
pathogens that cause anthracnose and rotting diseases
and affect a wide range of plant species (Cannon et al.
2012). Pezizales can be saprotrophs, ectomycorrhizae or
pathogens in plants. Pezizomycetes, for example, occur
in moist habitats in soil and in decomposing wood (Eka-
nayaka et al. 2018). In the present study, two sequence
clusters belonging to Pezizales (Boudiera acanthospora)
and Sordariales (Ceratosphaeria lampadophora) posi-
tively contributed to yield (Additional file 1: Fig. S3). Cer-
atosphaeria spp. are closely related to Magnaporthe spp.
such as M. grisea, responsible for the rice blast, and occur
widely in freshwater environments (Luo et al. 2019), but
little is known concerning a potential beneficial role.

The positive effect of drought on microbial diversity
has also been reported in artichoke in which rhizosphere
bacterial diversity increased under salt stress (Yang et al.
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2016). However, under long-term stress, diversity in ecto-
mycorrhizal fungi in trees decreased, with a few ben-
eficial species remaining as the dominant ones (Gehring
et al. 2014). In our study, species richness under drought
was lower, like in coastal plant populations where high
salinity decreased AM fungi species richness (Guo &
Gong 2014). The positive correlation of a number of
sequence clusters with plant yield were dependent on
the environment, with sequence clusters correlated with
yield under either control or drought conditions (Fig. 2a;
Additional file 1: Fig. S4). Positive correlations have
also been reported for grapevine, in which drought can
enhance the growth promoting effect of plant growth
promoting bacteria, Acinetobacter and Pseudomonas
(Rolli et al. 2015).

Ten different SNPs were found to be associated with the
abundance of six independent sequence clusters, among
which two were also correlated with grain yield under
control conditions. We found several candidate genes,
putatively involved in plant-microbe interactions, which
may also be involved in sequence cluster abundance in
rice roots, and possibly in rice yield. When zooming in on
individual candidate genes, we found a number of candi-
date genes for disease resistance and plant development,
including two that encode RALF-LIKE (RALFL) pep-
tides, for instance. The RALF protein family is conserved
across species and has a role in root development and
as signaling molecules for stress adaptation responses
(e.g. drought) (Sharma et al. 2016). Both RALFL candi-
date loci are downregulated in rice after root treatment
with jasmonic acid (—4 Log,Fold) and abscisic acid
(=4 Log,Fold), and Magnaporthe oryzae infection (-3
Log,Fold) (data in the RiceXPro database: https://ricex
pro.dna.affrc.go.jp/). RALF proteins are able to negatively
regulate the plant immune system, and, in strawberry,
have been shown to be differentially expressed upon
inoculation with Botrytis cinerea (Negrini et al. 2020).
In Medicago truncatula, RALF genes are induced by nod
factors in the early steps of Rhizobium symbiosis (Kereszt
et al,, 2018). Fungal pathogens like Fusarium oxysporum
secrete RALF functional homologs, which was shown to
facilitate their infection of roots (Masachis et al. 2016).
The RALF genes are also of potential interest because of
their role in root development (Sharma et al. 2016). Root
developmental genes have been shown to shape the root
associated fungal and bacterial microbiome in Arabidop-
sis (Bergelson et al. 2019), which supports the candidacy
of this RALFL candidate gene for sequence cluster abun-
dance in rice. In our study, the two RALFL loci were asso-
ciated with a sequence cluster from the Rhizophydiales
order that was slightly negatively correlated with yield
under the drought treatment (Fig. 2). Rhizophydiales
are diatom microparasites and are commonly found in
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water environments, and they compete with surround-
ing bacteria for microbial photosynthetic carbon, and
consequently affect the composition of bacterial micro-
biome (Klawonn et al. 2021). We also found several can-
didate genes related to host—pathogen interactions and
defense. One of them, defensin (DEFL), which appears
in two loci (DEFL35 LOC_Os01g10550, DEFL49 LOC_
Os04g31250), is a family of antimicrobial peptides that
are involved in defense processes. In rice, two defensin
proteins (OsDEF7 and OsDEF8) have been shown to act
against two pathogenic bacteria, Xanthomonas oryzae
and Erwinia carotovora, and OsAFP1 displayed anti-
fungal activity against Candida albicans (Tantong et al.
2016; Ochiai et al. 2018). The defensin proteins found in
the present study were associated with a fungus nega-
tively correlated with yield (OTU_0019) and positively/
negatively correlated with other yield related fungi under
drought conditions (DEFL35). This suggests that fun-
gal interactions affect yield more negatively in the rice
plant i.e. OTU_0019. On the other hand, the expression
pattern of DEFL proteins is more heterogenous than
that of other pathogen defense related proteins such
as NOD-like receptors (NLR), and DELF proteins dis-
play higher functional diversification i.e. development
of reproductive organs, heavy metal resistance (Mon-
dragén-Palomino et al. 2017). It would be interesting
to create knock-out mutants of these DEFLs and allelic
complementation lines to see what the consequences are
for the recruitment of pathogenic and beneficial myco-
biota. Another candidate gene, EXOCYST TETHERING
COMPLEX (EXO70), is a regulator of secretor vesicles in
the cell membrane, and these regulators are highly spe-
cialized. Exocyst tethering complex proteins are involved
in several plant development processes, i.e. auxin-
dependent root development, pollen maturation, germi-
nation, as well as in immune defense processes (Markovié¢
et al. 2021). For instance in rice, EXO70 is involved in
defense against Maganaporthe oryzae (De la Concepcion
et al. 2022). On the other hand, these EXO70 tethering
complexes are also involved in symbiotic relationships.
For instance, EXO70I is required for the development of
the peri-arbuscular membrane during arbuscular mycor-
rhizal (AM) symbiosis in Medicago truncatula (Zhang
et al. 2015; Ho-Plagaro et al. 2022). Furthermore, in leg-
umes such as soybean, the tethering system GmEx070]
is a precondition for establishment of the symbiosis with
nitrogen-fixing rhizobia (Wang et al. 2016). Perhaps our
EXO70 candidate gene in rice also plays a role in sym-
biosis with AM fungi, although, unexpectedly, it is highly
expressed in rice leaves (Table 1). Finally, a large num-
ber of candidate genes found to be related to OTU_0019
under drought conditions belong to the Bric-a-Brac

Page 12 of 16

Tramtrack Broad/Poxvirus and Zinc finger (BTB/POZ)
protein complex families that have a role in plant growth
and development and plant defense regulation. Interest-
ingly, BTB/POZ can stimulate but also repress the plant
immune system (Orosa et al. 2017). For instance, in
Nicotiana benthamiana, the BTB/POZ complex NbBTB
has been shown to negatively regulate plant resistance
against Phytophthora parasitica and is easily triggered by
pathogen effectors (Zhao et al. 2022).

Among all the fungal-mediated yield SNPs found
in our study, a clear difference was evidenced between
drought and control, with SNPs on chromosome 1 more
present under control conditions and SNPs on chromo-
some 4 more present under drought conditions (Fig. 3).
These sequence clusters are interesting molecular targets
and the underlying genes could be involved in plant—
microbe symbioses as well as in the combined response
of the plant-mycobiota and its impact on plant fitness
under stressful conditions such as drought, and yield
under control conditions. Interestingly among the candi-
date genes that influence the abundance of yield related
sequence clusters, we found some that encode disease
resistance genes (DEFL). As discussed above, receptors
related to host defense and symbiosis are structurally
similar, making them interesting candidate genes for
resistance.

Conclusions

Our study provides new candidate genes in rice that may
be involved in interactions between fungi and rice roots,
including both pathogens and mutualistic fungi. Moreo-
ver, some of the candidate genes are related to abiotic
stress responses especially sequence clusters that are cor-
related with yield. The genes responsible for the abun-
dance/presence of independent sequence-clusters may
indirectly contribute to the plant phenotype in response
to drought stress. The candidate genes should be further
investigated in follow-up experiments to see how robust
their association is with the trait of interest. Starting from
a fungal culture collection isolated from these rice culti-
vars, experimental inoculation with the fungal isolates
detected in the GWAS analysis would make it possible
to test their effect on rice drought tolerance and on yield.
Our study also opens up new avenues for further analy-
ses of the mechanisms underlying the plant-root-myco-
biota interaction and drought tolerance. This information
would be extremely valuable for rice breeding programs
aimed at developing genotypes that are better equipped
to recruit beneficial fungi (or to avoid pathogenic fungi)
that will help increase yields under sub-optimal condi-
tions, such as drought.
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Abbreviations

GWAS Genome wide association study

[0J]V] Operational taxonomic unit/sequence cluster

SNP Single nucleotide polymorphism

RDA Redundancy analysis

DEFL Defensin-like protein

RALFL Rapid alkalinization factor-like protein

EXO Exocyst tethering complex

BTB/POZ  Bric-a-Brac tramtrack broad/poxvirus and zinc finger complex
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