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Fusarium head blight (FHB), caused by the funguBusarium graminearum represents
one of the major wheat diseases worldwide, determining sewve yield losses and
reduction of grain quality due to the accumulation of mycotrins. The molecular response
associated with the wheat 2DL FHB resistance QTL was mined tbugh a comprehensive
transcriptomic analysis of the early response td~ graminearuminfection, at 3 days
post-inoculation, in spikelets and rachis. The analyses we conducted on two near
isogenic lines (NILs) differing for the presence of the 2DLTQ (2-2618, resistant 2DIC

and 2-2890, susceptible null). The general response to fura infection in terms of
MRNAs accumulation trend was similar in both NILs, even thah involving an higher
number of DEGs in the susceptible NIL, and included down-regjation of the primary and
energy metabolism, up-regulation of enzymes implicated iignin and phenylpropanoid
biosynthesis, activation of hormons biosynthesis and sigal transduction pathways and
genes involved in redox homeostasis and transcriptional gulation. The search for
candidate genes with expression pro les associated with tie 2DL QTL for FHB resistance
led to the discovery of processes differentially modulatedh the R and S NILs related
to cell wall metabolism, sugar and JA signaling, signal regdion and transduction,

regulation of the redox status and transcription factors. Weat FHB response-related
miRNAs differentially regulated were also identied as patively implicated in the
superoxide dismutase activities and affecting genes regating responses to biotic/abiotic
stresses and auxin signaling. Altered gene expression wasls observed for fungal
non-codingRNASs. The putative targets of two of these were neresented by the wheat
gene WIR1A involved in resistance response, and a gene encoding a jatia-related lectin
protein, which participate in biotic and abiotic stress reponse, supporting the presence
of a cross-talk between the plant and the fungus.
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INTRODUCTION study performed on recombinant inbred lines (RILS) carrying
resistant (R) and susceptible (Bhb2alleles. These genes were

Fusarium head blight (FHB), caused by the lamentousrepresented byloci encoding a CoA ligase, callose synthase,
ascomycete Fusarium graminearum Schwabe [telomorph  basic Helix Loop Helix (bHLH) transcription factor (TF),
Gibberella zeagSchwein.) Petch], represents one of the majoglutathione S-transferase, ABC transporter-4, and cindamy
wheat diseases worldwide, resulting in yield losses becalis alcohol dehydrogenaseDfiokane et al., 20)6 This study
kernel shriveling, reduction of grain quality due to a selleet a|so revealed a pathogen-related activation of phenylpropanoi
loss of albumin and gluten proteins in the seed endosperm, angnd avonoid pathways, receptor kinases, bHLH, WRKY, and
accumulation of toxic fungal secondary metabolites known amYB TFs and genes implicated in detoxi cation and signaling
mycotoxins including deoxynivalenol (DON) and its deretivas  (Dhokane et al., 20)6
3-acetyl-deoxynivalenol and 15-acetyl-deoxynivaleridlogvn Other large scale analyses have been conducted to compare the
etal., 201 response to FHB infection in di erent wheat genotypEsayman

The genetic bases of both FHB resistance type | (resistange al. (2015)performed a microarray analysis of the response
to initial spikelet infection) and type Il (resistance to theto FHB (12 days post-inoculation—dpi), in the moderately
Transmission of FHB to other spikelets along the rachis).ehavsysceptible (S) winter wheat cv Mizrak 98 and the S cv Gun
been largely studied and a number of major and minor FHB91 highlighting the implication of FHB-responsive pathogases
resistance QTLs have been mapped in the whdaiticum related (PR) genes, TFs like WRKYs and bZIPs, and genes
aestivum genome, supplying useful tools for breeding programssssociated with the membrane activity. An alteration in the
(Buerstmayr etal., 20@.%eSideS the identi cation of resistance expression of genes imp”cated in Carbohydrates and energy
sources, the understanding of the molecular mechanismgetabolism was also detected. The molecular analysis efithe
involved in the expression of FHB resistance plays also @ dpi) response to FHB of the highly R cv Nobeokabouzu-
relevant role in the development of new strategies to reducRomugi characterized by low levels of mycotoxins in infelcte
the spread of the disease. To date, the gene responsible f@ysues, has highlighted the involvement of detoxi catigenes,
only one FHB resistance QTIEhbllocated on chromosome |ike multidrug-resistance proteins, UDP-glycosyltransferaad
3BS and conferring a durable broad-spectrum resistance, haBC transporters, together with systemic defense-relateege
been cloned and characterized. The type-hbl resistance, (Kosaka etal., 201%b
derived from the wheat cultivar (cv) Sumai 3, is due to Several FHB R lines from a Chinese germplasm collection
the action of a pore-forming toxin-like RTF) gene which ere shown to possess a resistance QTL on chromosome 2DL
encodes a chimeric lectin with two agglutinin domains anaon derived from the wheat line Wuhan-1Spmers et al., 2003; He
ETX/MTX2 toxin domain Rawat et al., 20)6Plant lectins et al., 201}t A study conducted at early stages of infection of two
are well-known to reversibly bind carbohydrates and to play|ILs di ering for presence/absence of the 2DL QTL (R 2Dp-
a role in plant defense to insects, nematodes, bacteria,,fun@618 and S null 2-2890) revealed that resistance occursghrou
and viruses l(annoo and Van Damme, 20L4ETX/MTX2  the suppression of fungal growth at the point of initial infextiin
prOtemS are bacterial toxins that form channels in the hOSthe Rspike|et3, thus reducing the progressioﬁ_cgraminearum
cell membrane leading to its deatRdtit et al., 2001 Thus, it into the rachis, a mechanism compatible with a type Il resistance
has been proposed that the PFT protein may participate in thg ong et al., 2015 Moreover, by comparing the transcriptional
recognition of fungal carbohydrates and cause toxicitylte t response of infected and control samples for both NILs, a
fungus, arresting its growth by interacting with the fungedll  general down-regulation of di erent classes of genes wastizte
(Rawat et al., 20)6Candidate genes were also proposed for theyith the most severe reduction observed for the FHB infected
Fhb2QTL, located on chromosome 6BS and also derived frong nyll 2-2890. This down-regulation was mostly observed for
Sumai 3, using an integrated large scale metabolo-trgmsenic  genes involved in energy metabolism, transport, perception of
environmental stimuli and adaptation, including auxin rede
Abbreviations: 2DLC, presence of the 2DL FHB resistance QTL; ABA, abscissigenes, a brassinosteroid LRR receptor kinase-like gene, two
acid; bHLH, basic helix loop helix; CCS, copper chaperone for superoxidgenes associated with gibberellin response and one related t
dismutases; CSD, Cu/Zp supgroxide dismutasg; Cyv, cultivar; DE@edtially abscissic acid (ABA) response, Suggesting H:agraminearum
express gene; DGE, dierential gene expression; DON, deoxynival®pi, . K . K . .
days post-inoculation; ET, ethylene; FC, fold change; FDR, @seovery rate; disrupts multiple phytohormone signaling pathways in spikes
Fg, Fusarium graminearumFHB, fusarium head blight; IDT, integrated DNA increasing 2-2890 susceptibility. Furthermore, eightstesice
technologies; GO, gene onthology; HR, hypersensitive respon&OBIL, barley  candidate genes, one of them predicted to have a close homolog
superoxide dismutase 1; JA, jasmonic acid; LRR, leucine rich repdRNA,  on chromosome 2DL and encoding a methyltrasferase, were
miRNA-like RNA; miRNA, microRNA; mRNA, messenger RNA ; MT, modulation discoveredl(ong et aI., 20])5

type; ncRNA, non-coding RNA; NGS, next generation sequendiig, near X . i

isogenic line; PAA2, P-Type ATPase 2; PCA, principal component sisaly RNA-Seq is a Next Generation Sequencing (NGS)-based
PCD, programmed cell death; PP2C, protein phosphatase 2C; PR, pathisgendranscriptome analysis that has been utilized in many stutties
related; PTF, pore-forming toxin-like; RT-gPCR, quantitative réale PCR; describe the p|ant responses to pathog@'ﬂ{\ﬁqaresi etal., 2012;
QTL, quantitative traitlocus R, resistant; RIL, recombinant inbred line; ROS, Kugler et al., 2013: Xiao et al., 2013: Zhu et al., 2013: Huang
reactive oxygen species; RPKM, reads per kilobase per million; 8psbkx; SA, X . . .

salicylic acid; SNC4, suppressor of nprl-1, constitutive 4; SNN3-8ike; SnRKs, et al., 2016; Matlc etal., 20)163e3|des °°d'“9 mMRNAs, NGS- .
sucrose non-fermenting-1-related protein; SRNA, smallRNA; TF, trpson ~ Pased analysis can also be employed to describe small nongcodi

factor; WAK, cell wall-associated kinase. RNAs and specically microRNAs (miRNAs). miRNAs have
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been demonstrated to participate in many developmental-eelat RNA Extraction, RNA-Seq, and
processes like organ polarity, leaf growth, sex determinati@d  smallRNA- Seq

sterility as well as in the response to abiotic and bioticsses Total RNAs were extracted using the TRIzol reagent (Life
(Mallory and Vaucheret, 2006; Sunkar et al., 20X18iRNAS  Technologies) followed by a treatment with DNase | (Ambion)
implicated in pathogen responses have been extensively réportgccording to provided instructions. For the RNA-Seq experiment
in di erent plant species and were involved in the regulation of|jpraries were prepared using fng of total RNA, puried
hormone signalingl{lavarro et al., 2006; Wu et al., 2014; Baldrichoy the RNeasy Mini Kit (QIAGEN), and the TruSeq RNA
2019, and disease resistance ¢t al., 2012, 2016; Boccara et al. jhstructions. Libraries were quanti ed through RT-gPCRs a
2014; Liu et al., 2014; Ouyang et al., 2014; de Vries et a5, 20recommended by the protocol, and single-end sequenced for 70
Yinetal., 201} Despite the importance of the disease, to date Ngases on an lllumina Genome Analyzer (GAllx), multiplexing
description of miRNAs implicated in wheat FHB disease responsg,q samples per lane. miRNA libraries were prepared using
has been reported in literature. 1 mg of unpuried total RNA and the TruSdf) Small RNA

In the present study, RNA-Seq and miRNA-Seq analysegt (lllumina), following provided instructions. Libraries eve
were conducted at early stage of FHB infection (3 dpi) foy1 nt single-end sequenced on a GAllx, multiplexing six
spikelets and rachis of two bread wheat NILs, R 2D2-2618 samples per lane. The quality of RNAs and of both RNA-Seq

and S null 2-2809, carrying respectively the R and S alletes fgnd miRNA-Seq libraries was assayed on a 2100 Bioanalyzer
the FHB resistance QTL on chromosome arm 2DL. Metaboligagilent).

pathways and miRNAs implicated in basal defense response

were identied and, even if the precise location of the 2DL

QTL is still unknown, several candidate genes whose funstio Bioinformatic Analysis of the RNA-Seq

could be associated with 2DL QTL-specic resistance werExperlment

suggested. The analysis led to the discovery of severalsgefe The fastQC application was utilized for Itering for low-qitl
response strategies clearly di erentiated in the two NILs.oTw reads and contaminants the raw fastQ les. Low quality reads
loci related to S null 2-2890 susceptibility, one correspondingquality< or D 10 phred score) and contaminants were trimmed
to a miRNA, were identi ed. Additionally, our data suggestedout by the Cutadapt softwaréViartin, 201). Sequencing data
the presence of a cross-talk between the plant and thieave been deposited on the European Nucleotide Archive (ENA,;

fungus. https://www.ebi.ac.uk/ena; accession number: E-MTAB-E383
Filtered reads were mapped to wheat genome (Wheat Genome

MATERIALS AND METHODS IWGSC release 2.25) with Tophat version 2.0.12 and Bowtie
version 2.2.3.0 Trapnell et al., 2002 HTSeq version 0.6.1

Plant Materials and Inoculation (Anders et al., 20)4was utilized for read count collection from

The FHB RT. aestivumline 2-2618, carrying the 2DL FHB BAM alignment les.

resistance QTL, and its S 2DL FHB QTL null NIL 2-2890 were DEGs were called by the use of the DESeq2 package version
selected for the NGS analyses. The NILs were generated frdn8 using parametric t and betaPrior parameter set to True.
a cross between the R genotype HC374 and the S CDC AlsaBESeq2 implements di erential expression analysis based®n th
(formerly called BW301), as described hyng et al. (2015) Negative Binomial distributionl(ove et al., 200)4The FDR [false
For quantitative real time PCRs (RT-gPCRs), one additionadliscovery rate; Eenjamini and Hochberg, 19%%hreshold for
pair of NILs, segregating for the same QTL (2-272DLC/2- DEG callingwas setto 0.001, while the fold change (FC) tlnldsh
2674—null) and derived from the same parental lines, was alswas set to 2. Data visualization with Mapmanh(mm et al.,
used. Seeds of the four NILs were generously donated by Di009] was performed by importing DESEg2-mormalized data
Daryl Somers (Cereal Reserch Centre, Agriculture and AgaeF  into mapman application.

Canada). Plants were grown in a controlled-environmenimab Wheat genes were assigned to mapman bins based on the
with 16h light at 20C and 8h dark at 16C until mid- available wheat mappings le: IWGSP_MIPSv2.2.txt (http://
anthesis and then transferred to growth chambers. Infectio mapman.gabipd.org/web/guest/mapmanstore) upon parsing and
was performed with the virulerfe. graminearunisolate DAOM  adapting ID su xes in mapman mapping le.

180378 (Canadian Collection of Fungal Cultures, Agricdtur For gene onthology (GO) enrichments, the GOSeq
and Agri-Food Canada, Ottawa, Canada). For the infectioioconductor package Robinson and Oshlack, 20)0was
experiment, every developed spikelet of each head was inatulatesed as described iBaldoni et al. (2016)GOseq corrects for
(about 90-95% of each head) following the procedure reporteBRNA length bias typical of RNA-Seq approachéslilack and

by Long et al. (2015)All inoculated spikelets were harvestedWake eld, 2009. Gene IDs to GO mapping les were obtained
at 3 dpi. At the same time point, the rachis segments carryinfrom ensembl plants repository (Wheat IWGSC2.25 release). An
inoculated spikelets were also collected. Mock controls fithb FDR threshold of 0.01 was set for GO enrichment call.

tissues and lines were carried out. Three biological repkcate Principal component analysis (PCA) on RNA-Seq data was
each consisting of spikelets and rachis from six wheat heads peerformed on the covariance matrix for the DEGs in all the
sample, were performed (a total of 24 samples for each pair phir-wise comparisons using the “bpca’ R packagerig and
NILs). Demeétrio, 201R
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To identify modulation type (MT) groups, the common DEGs Statistical Analyses
in di erent pair-wise comparisons were identied by a Venn Variance analyses were performed using the Tukey's range test
diagram built up using all the eight comparisons and the Venn(default parameters) in the SYSTAT 12 software.
diagram tool on the UGent website (http://bioinformatics.psb
ugent.be/webtools/Venn/). The DEGs belonging to a speci Quantitative Real Time PCRs (RT-qgPCR)
group identi ed in the Venn diagram were then subgrouped onTotal RNAs extracted from two pairs of NILs, 2-2618/2-2890
the basis of their di erential expression in the corresponding(the same used in the NGS experiments) and 2-2712/2-2674
comparisons. To verify if all the DEGs belonging to the sameavere used for RT-gPCRs, conducting two technical replicates
MT display the same expression pattern in the sample analyzefr each biological replicate for mRNAs and three technical
MTs containing more than 1ciwas subjected to PCA analysesreplicates for each biological replicate for miRNAs. For RNA-Seq
conducted on the expression of the DEGs in the three biologicalalidation, primer pairs were designed using the integratecdADN
replicates for each sample, using the bpca R package. technologies (IDT; https://eu.idtdna.com/scitools/Applicais/

RealTimePCRY/) for the genes reported in Supplementary Table 1.

L. . . ) cDNA synthesis of DNase-treated and cleaned total RNAs was
Bioinformatic Analysis of the miRNA-Seq carried out using the RETROscriptreverse transcription kit
Experiment (Ambion), using 3mg of each RNA into a 2@d reaction
CLC Genomics workbench v8.0.2 (CLC bio, Denmark) wasolume with oligo(dT)18 primer, using manufacturer's protbco
used for smallRNA analysis. The CLC Genomics WorkbenclkDNAs were diluted 30 times andr were employed for each
approach to smallRNA analysis consists in counting theeaction. The Brilliant SYBR Green QPCR core reagent kit
di erent types of smallRNAs in the data and in comparing and the MJ Research PTC200 thermal Cycler with Chromo 4
them to microRNAs present in available databases or othedetector were utilized to performed RT-qPCRs. Thel2¢t
smallRNAs. Adapters were trimmed under default parametermethod (ivak and Schmittgen, 20pWwas used to calculate FC
setting and only reads with lengths included between 18 andalues, and the relative expression levels were normalgaad st
30 nt were retained. Sequencing data have been depositéttee wheat reference genesdx (UniGene54952)w-GAPDH
on the European Nucleotide Archive (ENA; https://www. (Unigene479973), andh-RNP-Q(Unigenel126248)i(ng et al.,
ebi.ac.uk/ena; accession number: PRJEB24307). Selected A8L5] as calculated byandesompele et al. (200Bor miRNAs
30 nt long reads were mapped on thEé. graminearum the stem-loop RT-PCR methodvérkonyi-Gasic et al., 2007
genome, downloaded from https://genome.jgi.doe.gov/pgbrtawas applied. Stem loop RT primers and forward primers for
pages/accessDenied.jsf?state=%27anonDownload%27, @llovRT-gPCR ampli cations were designed as describedClnen
0 mismatches and setting length fraction and similaritycfran et al.(2005 Supplementary Table 1). For miR164, miR9774, Fox-
to value of 1. All the reads not mapped on tRegraminearum milRNA-1, and fox-milRNA-7 the reverse universal primer was
genome were then used to create a sample of wheat-related nautilized, for miR9653b the reverse primer was represented by
redundant reads with the corresponding count for subsequentev3628 Y/arkonyi-Gasic et al., 200,Avhile for miR168 and fox-
analyses. The reads were annotated (default parametersradlo milRNA-2c-d-e speci ¢ reverse primers (Tae_miR168_REV and
0 mismatches) by the miRBase (release 21, taking as expresdiox-milRNA2_REV, respectively) were designed (Supplementary
count the total number of reads mapping on the precursor,Table 1). TheT. aestivum snoR1(Ta-snoR10) was the
grouping by precursor option in the CLC software) dataseendogenous reference. Retrotranscription was conducted by
related to monocotyledons specied. (aestivum Triticum  using 200 ng of each RNA sample and the SuperScript IlI
turgidum, Aegilops tauschiBrachypodium distachyphlordeum enzyme (Invitrogen), following manufacturer's instruatioSybr
vulgare Elaeis guineensigestuca arundinace@ryza sativa GreenER RT-qPCR SuperMix for ABI PRISM (Invitrogen) was
Sorghum bicolpBaccharum o cinarumZea mays Read counts utilized for RT-qPCRs, according to the provided protocol.
of the annotated miRNAs were compared among several groups To test the expression level of miR9653a precursor, its
of samples and di erential expression was detected by stisti putative target WIR1-like (CA673319) and the other WIR1
analysis [Empirical analysis of dierential gene expressioiamily members WIR1A, WIR1B, and WIR1C, two-step RT-
(DGE), default parameters, FDR 0.05, FC absolute valseor  gPCRs were carried out. cDNAs were synthesized through the
D 2]. Reads mapped on tHe graminearungenome were then Super Script Il enzyme (Invitrogen), following manufactuser
analyzed following the same procedure and taking as referenmstructions, and quanti ed by the use of the Qubit Fluororaet
the databases of milIRNAs previously publisheddyen et al.  (Invitrogen). Primers were designed by the Primer3 sofavar
(2015)(F. graminearuryy Chen et al. (2014F. oxysporumKang  (http://simgene.com/Primer3; Supplementary Table 1). The
et al. (2013)T. ressgj andZhou et al. (2012[S. sclerotiorujn  housekeeping gene was represented by the aestivum
Read counts of the annotated milRNAs were compared amongolyubiquitin (WubiG). Reactions were performed by using
R 2DLC 2-2618 vs. S null 2-2890 and di erential expressionwag ng of cDNA for each sample and the KAPA SYBR
detected by statistical analysis as reported above. PCAsialy FAST ABI Prism RT-gPCR Kit, according to manufacturer's
miRNA annotated read counts was conducted using the stedilsti indications. Reactions were run on a PCR thermal cycler
PCA tool in the CLC Genomic Workbench software. miRNA 7300 Real Time PCR System (Applied Biosystem) and the
MTs were identi ed in the same way described for the RNA-Se®DS7300 absolute quanti cation software (Applied Biosystem)
experiment. was applied for transcriptional comparative analyses. Relative
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gene expression was calculated by thé1Xt method (Livak level observed for the null lineF{gure 1B). Variance analyses
and Schmittgen, 20QIon the averages of the three biologicalrevealed signi cant di erences in amount of infected tissue
replicates. among the two genotypes 2-2618 (2D)/2-2890 (2DL null)
(Figure 10, while no signi cant di erences were detected for
RESULTS the pair of NILs 2-2712 (2DC)/2-2674 (2DL null;Figure 10).
These data suggest some interaction between the resistdrice Q
Phenotypic Evaluations and other genes present in the 2-2674 genetic background and

Two pairs of NILs 2-2618 (2DL)/2-2890 (2DL null) and e ect previous observations made byng et al. (2015js
2-2712 (2DIC)/2-2674 (2DL null) were evaluated for visible in the S null 2-2890 the spreading of the infection occurred
FHB symptoms at 8 dpi. 80% of infected 2-2618 (R @pL at greater extent compared to the R 2D12-2618, a nding
plants showed only one infected spikelet and 60% displaydl agreement with a type Il resistance conferred by the 2DL
only 1-2 infected nodes, while the corresponding S null 2FHB QTL.

2890 showed a much higher spread of infection with about

20% of plants showing more than 6 infected spikelets and 50@verview of the RNA Sequencing Analyses

of plants carrying 5-6 infected nodef&igure 1A). A similar  The sequencing of mMRNAome and smallRNAome were assessed
phenotype was scored for the other two NILs, 2-2712 (DL at an early stage of infection (3 dpi) on mock and infected
and 2-2674 (null), with however a slightly lower infection spikelets and rachis of both NILs, R 2DL2-2618 and S null

A Spikelet Rachis
120 120
100 100
80 W 6&more 80 M 5-6 nodes
60 1 4-5sp 60 W 3-4 nodes
40 W 2-3sp 20 M 1-2 nodes
W 1sp 0 nodes
20 20
0 0
2-2890-null 2-2618-2DL+ 2-2890-null 2-2618-2DL+
B Spikelet Rachis
120 120
100 100
80 H 6&more 80 M 5-6 nodes
60 M 4-5sp 60 W 3-4 nodes
20 M 2-3sp 20 M 1-2 nodes
M 1sp m 0 nodes
20 20
0 0
2-2674-null 2-2712-2DL+ 2-2674-null 2-2712-2DL+
C
2-2890-null/2-2618-2DL+ 2-2674-null/2-2712-2DL+
sp ra sp ra
Mean square 155.167 117.020 3.682 3.682
F-ratio 100.998 113.759 4.804 1.842
p-value 0.000 0.000 0.031 0.178
Error 1.536 1.029 0.766 1.999
R? 0.889 0.810 0.230 0.145
FIGURE 1 | Bar plots representing the phenotypic data obtained by poitinoculation of the two pairs of NILs: 2-2618 2DLC/2-2890— null (A) and 2-2712
2DLC/2-2674—null (B). The percentages of plants showing infected spikelets andachis internodes at 8 days post-inoculation (dpi) are repted. Each genotype is
indicated and color legend refers to the number of infected gikelets and rachis. Error bars represent standard deviath. (C) Report of variance analyses conducted
on phenotypic data. Sp, spikelets; ra, rachis.
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2-2890. Three biological replicates were performed for eachiways Pearson coe cients values above 0.9, indicatingaa go
condition, for a total of 24 samples. level of reproducibility (Supplementary Table 4).
The following eight pair-wise comparisons were carried out to

nd genes implicated in FHB basal response and candidate genes
RNA-Seq for the 2DL FHB resistance QTL: infected By graminearum
For each sample the RNA-Seq analysis yielded from 6,043,3¢7) vs. mock (HO) samples, considering the same genotype
to 27,170,339 ltered reads, and all of them were mappednd tissue (Fg vs. #0_R spikelet; Fg vs. 4#D_R rachis; Fg vs.
to the Wheat Genome database IWGSC release 2.25 (httpsHdhO_S spikelet; Fg vs.J@_S rachis), and of R vs. S samples,
www.wheatgenome.org/) and to th&. graminearum(Fg) considering the same treatment and tissue (R vs. S_infected
genome (https://genome.jgi.doe.gov/portal/pages/acaassD. spikelet; R vs. S_infected rachis; R vs. S_mock spikelet; R vs.
jsf?state=%27anonDownload%?27) (Supplementary Table 2). 8s mock rachis). The highest number of DEGs in the comparisons
expected, for all mock samples reads mapping to the fungusetween infected tissues and controls was observed forlstgke
genome were almost absent (mean valbed.09%), while Fg and rachis of the S null 2-2890 (24,755 and 23,071, respiggtive
speci c reads were present in infected samples (mean valwehile a substantial lower number of DEGs was detected for
D 13.71%; Supplementary Table 2). However, Fg reads wele R 2DIC 2-2618 spikelets (11,43%igure 2A), whereas the
more abundant in the S null 2-2890 related samples (rangingachis from R 2DIC 2-2618 had 19,376 DEGs. The successful
from 18.39 to 36.06% for infected spikelets and from 11.39 testablishment of the infection in the S null 2-2890 genotype
29.45% for infected rachis), than in the R 2DI12-2618 (from in terms of number of cells targeted by FHB infection could
6.13 to 7.25% for infected spikelets and from 3.37 to 4.17% foesult in a higher amount of DEGs. When the two genotypes
infected rachis; Supplementary Table 2). This nding con rmswere compared (R vs. S comparisons), the highest number of
that the FHB colonization is reduced in the R genotype withDEGs was highlighted for infected spikelets (11,237) fabw
respect to the S one, particularly for rachis. The analysis diy infected rachis (5,327Figure 2B). A steady-state di erence
variance, performed on the percentages of reads mapped on thregene expression between the two NILs in both mock tissues
F. graminearungenome in each sample, con rmed a signi cant was also observed with the number of DEGs higher in the
di erence among samples{ D 0.926), mainly due to treatment spikelets (512) than in the rachis (29%igure 2B). A substantial
and genotype (Supplementary Table 3A). Correlation analysesimber of DEGs were commonly modulated by infection in
between biological replicates from the same samples carridmbth genotypes: a total of 8,201 DEGs were in common among

A B
Fg vs H,O 2-2618 (2DL+-R) vs 2-2890 (null-S)
2-2890 (null-S) 2-2618 (2DL+-R) Spikelet Rachis
Spikelet Rachis Spikelet Rachis H,O Fg H,O0 Fg
Total Total
DEGs 24,755 23,071 11,439 19,376 DEGs 512 11,237 299 5,327
miRNAs 95 95 72 29 miRNAs 29 42 17 46
(] D
Rsp_FgvsH20 Sra_FgvsH20 Rsp_FgvsH20 Sra_FgvsH20

Rra_FgvsH20 Ssp_FgvsH20 Rra_FgvsH20 . Ssp_FgvsH20

FIGURE 2 | Numbers of differentially expressed genes (DEGSs) identi eid the infected vs. mock (Fg vs. HO) (A) and resistant 2DLC 2-2618 vs. susceptible null
2-2890 (B) comparisons for RNA-Seq and miRNA-Seq experiments. Venn dgrams of RNA-Seq DEGSC) and miRNA-Seq DEGs(D) from all the Fg vs. BO
comparisons. S, susceptible null genotype 2-2890; R, resimnt 2DLC genotype 2-2816; sp, spikelet; ra, rachis; FgF. graminearuminfected sample; H, O, mock
control sample.
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the four Fg vs. HO comparisons, 7,826 were modulated inindicate a common basal defense response displayed by the two
both S and R rachis, while 2,385 were in common betweeNILs.
R and S spikeletsF{gure 2C). However, a genotype-speci c
di erential expression, after infection, was also presenthie t miRNA-Seq
two tissues: 260, 2,035, and 178 DEGs were present in Fs Vae small RNA (sRNA)-Seq analysis generated 120,477,327 raw
H,O comparisons for R spikelet, R rachis, and both R tissueggads with an average of 5,019,888 reads per sample. Thesdetail
respectively; while 6,010, 2,951 and 3,367 were present is. FS are reported in Supplementary Table 2 where the numbers and
H>O comparisons for S spikelet, S rachis and both S tissuehe percentages of reads obtained after adapter trimming and
respectivelyKigure 20). size selection (18-30 nt) are also indicated. The percentage
When the logFCs of the DEGs detected in Fg vsp®  of reads included in the 18-30 nt range was generally lower
in the S null 2-2890 were plotted against 46¢s in the R in infected samples compared to the mock ones; additionally,
2DLC 2-2618 (only common DEGs were used), almost alh more relevant reduction of reads number was observed in
DEGs showed the same trend of modulation in both NILsthe S null infected 2-2890 genotype with respect to the R
although, the slope of the correlation curve indicates ahflljg 2DLC infected 2-2618, and in spikelets, representing the point
higher gene induction/repression in the S null genotype inhbot of infection, with respect to rachis (Supplementary Table 2).
tissues, and particularly in spikelétigures 3A,B. The similarity ~ Variance analyses, conducted on the percentages of 18-30 nt
between the responses of the two NILs was also con rmed byeads in each sample, revealed signicant di erencB8 D
a principal component analysis (PCA), revealing that 97% 0.993) of read length distribution in the 24 samples, primaril
variance is explained by treatment and tissue, regardledseto tdue to treatment, followed by genotype, treatment x genotype
genotype (Supplementary Figure 1). The same modulation of iateraction, and tissue (Supplementary Table 3B). It is ewide
common set of DEGs in R and S genotypes after infection likelfiow F. graminearuninfection modi ed the distribution of read
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FIGURE 3 | Dispersion graphs representing the differences in lag-old Changes (log FCs) of RNA-Seq DEGs identi ed in the inoculated vs. mock samps
comparisons in the susceptible null 2-2890Y axis) toward the resistant 2DIC 2-2618 (x axis) in rachis(A) and spikelets (B). Dispersion graphs representing the
differences in FCs of miRNA-Seq DEGs identi ed in the inocutad vs. mock samples comparisons in the susceptible null 2-890 (y axis) toward the resistant 2DIC
2-2618 (x axis) in rachis(C) and spikelets (D). Only common DEGs were considered for the four comparisonsBlue lines indicate the diagonal of the graph, while the
red lines represent the actual correlation. S, susceptiblaull genotype 2-2890; R, resistant 2DIC genotype 2-2816; sp, spikelet; ra, rachis; FgF. graminearum
infected sample; H,O, mock control sample.
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length, increasing particularly the portion of short readswkr number of dierentially expressed miRNAs was recorded for
than 18 nt) in both NILs (Supplementary Figure 2). The e ectinfected tissues (42 and 46 di erentially expressed miRNAs in
is more consistent in spikelets compared to rachis, and in the Bfected spikelets and rachis, respectivEigure 2B). A steady-
null 2-2890 compared to the R 2L 2-2618 (Supplementary state expression dierence between the two NILs was also
Figure 2); for S null 2-2890, as mentioned above, the lackbserved for miRNAs and, like RNA-Seq, it was higher in mock
of the resistance 2DL QTL may involve an ampli ed defensespikelet (29 di erentially expressed miRNAS) vs. mock rachis (17
response, given the more consistent spreading of the pathogeerentially expressed miRNAgigure 2B).
(Long et al., 2015 Nonetheless, further analyses are needed to Among the 106 miRNAs modulated during infection in
better understand if these 18 nt RNAs represent only degraded spikelets, 61 (57.5%) were modulated in both NILs, while in
fragments or sSRNAs with a role in the wheat defense response tachis only 21 miRNAs, out of 103 miRNAs modulated by
FHB infection. infection, were in common between the two genotypes (20.4%;
All mock samples showed very low percentages (fronfrigure 2D). Like the RNA-Seq experiment, a genotype-speci c
1.12 to 4.41%) of reads mapped on tlife graminearum modulation was discovered also for Fg vs,(Hdi erentially
genome (Supplementary Table 2), while in infected samples tlexpressed miRNAs: 6 and 4 miRNAs were detected for R spikelet
percentages of reads assigned to the fungus were higher in taed R rachis, respectively; while 13, 16, and 19 miRNAs were
samples from S null 2-2890 (from 24.7 to 27.56% for infectetbund for S spikelet, S rachis, and both S tissues, respectively
spikelets and from 15.17 to 25.39% for infected rachis) thaéne  (Figure 2D).
corresponding samples of R 2D12-2618 (from 9.11 to 15.37%  With the exception of one di erentially expressed miRNA
for infected spikelets and from 7.18 to 8.43% for infectedhisic in spikelet, all the di erentially expressed miRNAs commonly
Supplementary Table 2). These numbers further con rm a lowemodulated by infection in the two NILs showed the same
fungal growth in R tissues with respect to the S ones, partilyula regulation in both genotypes, at a higher level for the S null 2
for rachis, as already noticed with the RNA-Seq data. Vaganc2890 with respect to its R NIL, with the majority being down-
analysis, performed on the percentages of reads mapped on tregulated Figures 3C,D.
F. graminearungenome in each sample, gave similar results as In summary, both RNA-Seq and miRNA-Seq analyses
for the RNA-Seq experiment with a signi cant di erence among highlighted a common FHB basal defense response for the two
samples R D 0.954), mainly due to treatment and genotypeNILs that is however ampli ed in the S null 2-2890 for which
(Supplementary Table 3C). the lack of the 2DL QTL and the consequent higher growth
Pearson correlation coe cient calculated with all the of the pathogen in the host tissues would imply an ampli ed
annotated miRNAs read counts between the two NILs was 0.98anscriptional response.
between mock samples for both spikelets and rachis, while when

infected samples were compared the coe cients between R aroﬂ . . .
S NILs were 0.96 for spikelets and 0.91 for rachis. Comparis nrlaIySIS of leferentlally Expressed Genes

of Fg vs. mock samples yielded coe cients of 0.80 and 0.66DEGS) and Differentially Expressed
in the S line, and 0.83 and 0.95 in the R line for spikelets anthiRNAs Related to FHB Infection
rachis, respectively. This result indicates that infectaechis is The pie charts in Figure4 indicate the percentages of
more similar to the mock in the R 2DL 2-2618 than in the S DEGs belonging to the most interesting MapMan functional
null 2-2890. When the annotated read counts were subjeced tathegories identi ed for each Fg vsp@ comparison, while the
PCA, the R 2DIC 2-2618 infected rachis samples were separatgulots in Figure 5show the rst 100 enriched GO terms, belonging
from the other infected samples (Supplementary Figure 3)o the biological processes class, detected in each Fg,@. H
The whole picture obtained from this rst level of analysis comparison. The overall picture rising from both analyse#fer
supports a general reduction Bf graminearungrowth inthe R con rms that the two NILs display similar responsive strategie
2DLC 2-2816, when compared to the S null 2-2890, a nding intoward FHB, modulating the same biological processes, with th
agreement with both RNA-Seq data and phenotypic evaluationS null 2-2890 activating a higher response in terms of modurat
(Figure ) and coherent with the type Il resistance describedntensity and of number of genes activated or repressed durin
for the 2DL FHB resistance QTL from Wuhan-Si(zuki et al., infection.
2012; Long et al., 20).5Type Il resistance limits the spread of = Several DEGs and di erentially expressed miRNAs identi ed
the disease along the spike and therefore reduces the extentveere implicated in processes related to plant responses to
the miRNAome (and mRNAome) modulation in the rachis. pathogens like “defense response,” “redox homeostasis,’
Inthe Fg vs. HO comparisons, the most consistent regulation“hormone metabolism and signaling,” “cell wall metabolism,’
was observed in the S null 2-2890 where the highest numbésignal transduction,” and “regulation of transcriptionOther
of di erentially expressed annotated miRNAs was observed (9biological processes containing a consistent amount of DEGs
in both tissues;Figure 2A). The lowest amount was instead were implicated in “carbohydrate metabolism,” “protein
detected for R 2-2618 rachis (29 di erentially expressed miRNA metabolism,” “transport,” and “detoxi cation.” Furthernre,
Figure 2A), consistent with the fact that this tissue is the leastach DEG was classi ed into a speci ¢ modulation type (MT)
responsive to the FHB attack, a further con rmation of a typeon the base of its di erential expression across the comparisons,
Il resistance associated with the 2DL FHB resistance QBhq similarly to what was proposed biiong et al. (2015)and
et al., 201p Moreover, in R vs. S comparisons the highesbrie y described in Materials and method3ables 1, 2 report
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FIGURE 4 | Pie charts representing the parcentages of DEGs, for each Fgs. HyO comparison, belonging to the main MapMan functional cathgories. Each
functional class is reported in the color legend. The genope and tissue for each Fg vs. HO comparison is indicated. S, susceptible null 2-2890; R, reistant 2DLC
2-2618; NA, not assigned.

a summary of the MTs detected and the correspondingesults in an inhibition of photosynthesis, photorespirationdan
modulation in the dierent comparisons for RNA-Seq and starch biosynthesis, in favor of the activation of fermeiota,
miRNA-Seq experiments, respectively. A total of 385 di erentricarboxylic acid cycle, and secondary metaboligag(re 4,

MTs were detected for the RNA-Seq experimendélfle 1and Table 1 and Supplementary Data Sheet 1-Sheets 2, 3). For
Supplementary Data Sheet 1), while 65 MTs were identi ed in thexample, 111 and 55 down-regulated DEGs (MT10 and
mMiRNA-Seq analysisTéble 2and Supplementary Data Sheet 2).MT23, respectively) were implicated in photosynthesis and
This analysis allowed the identi cation of genes modulatedohotorespiration, while 24 and 26 down-regulated DEGs (MT3
by infection in both genotypes (e.g., MTs 1, 4, 7, 10, 23, andnd MT20, respectively) were classi ed as implicated in major
36; Table 1 and Supplementary Data Sheet 1-Sheet 1), genearbohydrate metabolismTéble 1 and Supplementary Data
modulated by infection only in S null 2-2890 (e.g., MTs 2, 3, 14Sheet 1-Sheets 1-3). Conversely, the highest number of DEGs
15, 21, and 24table 1and Supplementary Data Sheet 1-Sheet limplicated in fermentation (8) was observed for MT4, while 191,
and genes which expression was alterated by infection spadlgi ¢ 86, and 78 genes assigned to secondary metabolism belonged to
inthe R 2DIC 2-2618 (e.g., MTs 100, 116, 132, 152, 173, 208, 28@Ts 1, 7, and 4, respectivelf¥gble 1and Supplementary Data
284, and 288Table 1 and Supplementary Data Sheet 1-SheeSheet 1-Sheets 1, 3).

1). Di erential expression among the two genotypes, regardless

of treatment, was also highlighted (e.g., MTs 63, 94, 126, 140ell Wall Modi cation

151, 172, 194, 202, 210, 219, 309, 323, and R&de 1 and Several cell wall-related responses were present in both, B and
Supplementary Data Sheet 1-Sheet 1) &ow down-regulated NILs; indeed, a total of 20®ciimplicated in phenylpropanoid

by infection in the R 2DC 2-2618 NIL while induced in the S biosynthesis (201 involved in lignin biosynthesis) were part
null 2-2890 were identi ed and belonged to MTs 198 and 264f MT1, while 267 phenylpropanoid biosynthetic DEGs (265

(Table 1and Supplementary Data Sheet 1-Sheet 1). corresponding to enzymes implicated in lignin biosynthesis)
were present in MT4 (Supplementary Data Sheet 1-Sheet 2).
Carbohydrate Metabolism Moreover, down-regulation after infection of pectin acetyl

According to Long et al. (2015)the basal disease responseesterases occurred (e.g., 4 ando8i were present in MTs 3
associated with our genotypes goes through a down-regulaticand 19, respectively; Supplementary Data Sheet 1-Sheet 2)
of the primary and energy metabolism as many genes implicatedgether with an over-expression of pectin methyl esterases
in these processes were modulated by infection in both NIL§3, 4, and 4 in MTs 1, 2, 9, respectively; Supplementary Data
or in the S null 2-2890 onlyTables 1 3 and Supplementary Sheet 1-Sheet 2). Moreover, in all the Fg vsOHtomparisons,
Data Sheet 1-Sheets 2, 3). In details, the presence of thadungctivation of avonoids, specically chalcones, avonols,
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FIGURE 5 | Plots representing the rst 100 enriched GO terms, belongingo the biological processes class, detected by goseq in eachFg vs. H,O comparison. The
genotype and tissue of each comparison are reported. log(InGO term enrichmentp-values—pval) are indicated on X axis. The color of each circle represes the
number of DEGs identi ed for each GO term, while the dimensioorresponds to the ratio between the number of DEGs detectedand the total number of genes
included in each GO term. S, susceptible null genotype 2-289; R, resistant 2DLC genotype 2-2816; BP, biological process.

dihydro avonols, and anthocyanins biosynthetic pathwaysre&v S comparisons), with respect to S, in both conditions (MT63;
recorded (see for example MT4; Supplementary Data She®&able land Supplementary Data Sheet 1-Sheets 1, 2). The second
1-Sheet 2). gene was Traes_2dl_0d d3ce2, more expressedKog 2)

Twolociimplicated in cell wall metabolism but not modulated in R spikelets, with respect to the S one, in both conditions
by infection were dierentially expressed between the twaMT94; Table 1and Supplementary Data Sheet 1-Sheet 1), and
NILs. The rst is represented by the Traes_3al_194 20fa geneorresponded to a putative alpha-L-fucosidase implicated in
encoding for cinnamyl-alcohol dehydrogenase, that wasemorxyloglucan degradation, removing xylose from xyloglucan 1
transcribed in both R tissues (IggCs 2 in all the R vs. precursor (Supplementary Data Sheet 1-Sheet 2).
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TABLE 1 | Modulation types (MTs) of all RNA-Seq DEGs identi ed in the gt TABLE 1 | Continued
pair-wise comparisons.
MT Fgvs. H,O Rvs. S N. of DEGs
MT Fgvs. H,0 Rvs. S N. of DEGs
R S sp ra
R S sp ra
H20 H20
1 2779
2 2177
3 2091
4 1930
5 | 1901
6 . 1741
7 1601
8 1503
9 | | 1279
10 1102
11 ] 997
12 970
5 EEEN
14 916
15 892
16 | 817
17 | | 780
18 775
19 .- 576
20 566
21 I 484
2 450
23 446
24 ] 407
25 | 376
26 | N 336
27 234
28 197
29 . 193
30 ] 180
31 ] 179
2 | 154
3 | | | 154
34 147
35 | 140
36 139
37 131
38 127
39 125
40 115
41 113
42 108
43 107
44 107
45 106
46 08
47 95
(Continued) (Continued)
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TABLE 1 | Continued TABLE 1 | Continued
MT Fgvs.H,0O Rvs. S N. of DEGs MT Fgvs. H,O Rvs. S N. of DEGs
R S sp ra R S sp ra
sp ra sp ra Fg H20 Fg H20 sp ra sp ra Fg H20 Fg H20

13 144
13 145
13 146 |
13 147
13 148

L
13 149 .-

13 150 ]
12 151
11 152 ]

11 153
10 154
10 155
10 156
10 157
10 158

10 159
10 160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

5 191 3

(Continued) (Continued)
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TABLE 1 | Continued TABLE 1 | Continued

MT Fgvs.H,0O Rvs. S N. of DEGs MT Fgvs. H,O Rvs. S N. of DEGs

pe)
n
(%)
o

ra R S sp ra

NN NN NN NN NN NN N NN N NN N NN N N N N NN NN D N NN D D D D | e e w | ww
Rlrlrlkrlrlr|r|rrrrlr|lr|r|rrRrRrRr|Rr|Rr|RrR[RrRrRrR|[NM[NININMINM NN NNND DN NN NN NN

2 1
(Continued) (Continued)
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TABLE 1 | Continued TABLE 1 | Continued

MT Fgvs.H,0O Rvs. S N. of DEGs MT Fgvs. H,O Rvs. S N. of DEGs

R S sp ra R

n

sp ra

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
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364
365
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368
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370
371
372
373
374
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(Continued) (Continued)
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TABLE 1 | Continued Furthermore, Traes_3dl_8c6d663c5, repressed by infeirtién
tissues and S rachis and less expressedRod 1.04) in
R infected spikelets compared to the S one (MT1I&hle 1
R s sp ra and Supplementary Data Sheet 1-Sheet 1), corresponded to a
Protein Phosphatase 2C (PP2C) homolog toAhéhalianaABI1

MT Fgvs. H,0 Rvs. S N. of DEGs

sp ra sp ra Fg H20 Fg H20

380 1 (Supplementary Data Sheet 1-Sheet 2), which negativelyategul
the energy sensor SnRKRddrigues et al., 20).3

380 ! An opposite regulation by infection in the two genotypes
381 ! was recorded for Traes_6as_ac24f31a6 which was repressed by
382 1 infection in R spikelets and induced by infection in S spikelets
383 1 while was more expressed ([tC D 3.05) in R vs. S in

384 1 mock treated spikelets (MT37Table 1and Supplementary Data

385 1 Sheet 1-Sheet 1). This gene encodes fbifructofuranosidase

For each MT, the number of total DEGs is indicated. Green, up-regulation; de down- 1- invertase 1- precursor, Impllcated in sucrose catabolism
regulation; S, susceptible null genotype 2-2890; R, resistant 2DL genotype 2-2816; sp, (Supplementary Data Sheet 1-Sheet 2).
spikelet; ra, rachis; Fg, F. graminearum infected sample; H20, méacontrol sample.

Hormone Metabolism and Signaling

The Traes_1bl f026049bdocus corresponding to an A general activation of hormone metabolism and signaling was
O-methyl transferase ZRP4 (Supplementary Data Sheet 1-Sh&stected after infection in our experiment as a higher number
2), was induced by infection in the R genotype only ¢6Gs of DEGs implicated in these pathways was present in MTs up-
D 3.64 and 5.95 for spikelet and rachis, respectively) and mof&9ulated after infection, compared to those down-regulate
expressed in R vs. S (ig8Cs D 3.94) in infected spikelets (Supplementary Data Sheet 1-Sheets 2, 3). The activation of
(MT113;Table 1and Supplementary Data Sheet 1-Sheet 1).  Salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and\AB

Several DEGs implicated in cell wall metabolism werdiosynthesis and signal transduction pathways was recoinled
repressed by infection in the R genotype and were down@!l the Fg vs. HO comparisons. For example, out of 135 MT1
regulated in the R vs. S at least in infected spikeIePEGS involved in hormone metabolism, 102 were implicated
Traes_2ds_7bfbc3007 and Traes 2as_f4e575606 (MTléQ)',“\BA metabolism, 63 in JA metabolism, 6 in SA metabolism,
Traes_2ds_0Oeb3b8c4e and Traes_2bs_18ed569db (MT2@8§1 4 in ET metabolism; of the 63 MT4 hormone metabolism-
encoding cellulose synthases, while Traes 5bl_8512c24gfated DEGs, 18 were implicated in SA metabolism, 6 in JA
corresponds to a beta-1,4-glucanase (MT17B3bie 1 and metabolism, and 19 in ET metabolism; among the 55 MT7
SupplementaryData Sheet 1-Sheets 1, 2). The miRNA-SQ(?GS involved in hormone metabolism, 8, 6, and 11 represented
experiment revealed that miR9653a was considerably mo&eNes related to ET, JA, and SA metabolic pathways, respectively
expressed in S null 2-2890 than in R 2DI12-2618 (FC values (Supplementary Data Sheet 1-Sheets 2, 3). Moreover, even genes
from 116 to 1,019.5) in both infected and mock tissues (MTZZipvolved in auxin metabolism were induced by infection in bot
Supplementary Data Sheet 2-Sheet 1). Among the putati@notypes, at higher level in S null 2-2890, as, for example, 31
miR9653a targets, a gene homolog to the members of the wIRMT1 DEGs were classi ed as acting in auxin metabolism and
family (WIR1-like—CA673319) was detected. Even if this gen&gnaling (Supplementary Data Sheet 1-Sheets 1, 2). Reprefsion
was not annotated on the wheat genome released used in tfi§Xin response pathway enhanéeshalianasusceptibility to the
work, and thus it was not possible to nd it among the DEGs in necrotrophicfungi P. cucumerinandB. cineredLlorente et al.,
the RNA-Seq experiment, it belongs to a gene family well-knowr 009. Further experiments are needed to better understand the

for being involved in cell wall reinforcementpram etal., 2070 ~ contribution of this hormone to FHB response.
The ampli ed FHB response in the S null 2-2890 NIL was

Sugar Signaling further demonstrated by someciinvolved in JA metabolism and
Among the DEGs showing di erential expression in the twosignaling belonging to MT106 and less expressed in all the  vs.
genotypes regardless of treatment, Traes_3as_c082cdsfe wamparisons: Traes_6as_70b2f2ae4 encoded for the cytnehro
not responsive to infection but more transcribed in the RP450 CYP74, involved in the JA biosynthetic pathway; while
NIL, with respect to the S one (MT63; IggCs from 1.04 to Traes_lds_75af80583 and Traes_1bs 527ed00b9 represented
2.13; Table 1 and Supplementary Data Sheet 1-Sheet 1), antvo C2H2 zinc nger TFs {able 1 and Supplementary Data
encoded for a putative plastidic glucose transporter implidate Sheet 1-Sheets 1, 2), a ecting JA- and ABA-mediated resistanc
in response to trehalosgtimulus(Supplementary Data Sheet 1- to pathogens[Peb et al., 2016

Sheet 2). The same MT63 was also detected for genes encoding

respectively for a SNL TF (Traes_3as_acac429eb), a MYRetoxi cation

domain-containing TF (Traes_3as_6626d4a69) and a WDA4A class of enzymes implicated . graminearunresponse is
repeat protein (Traes_3as_a3ce60e4f; Supplementary Data Shiepresented by the UDP-glycosyltrasferases which participate
1-Sheets 1, 2). These are all gene functions involved innsggo in DON detoxi cation (Kugler et al., 2013; Schweiger et al.,
to trehalose stimulus, suggesting that the threhalosea$iigm 2013; Li et al., 20)5Even in our case UDP-glycosyltrasferases
pathway might regulate FHB response in the R ZDP-2618. might be implicated in basal response to FHB as severl
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TABLE 2 | Modulation types (MTs) of the miRNA-Seq DEGs identi ed in theight TABLE 2 | Continued
pair-wise comparisons.

MT Fgvs. H,0 Rvs. S n. of differentially
MT Fgvs. H,O Rvs. S n. of differentially expressed miRNAs
expressed miRNAs R S Sp rac
R S sp rac
sp ra sp ra Fg Ho,O0 Fg H0
sp ra sp ra Fg H,O Fg H,O0 48 1
1 11 29 1
2 10 50 1
3 9 51 1
4 8 52 1
5 7 53 1
6 5 54 1
7 4 55 1
8 4 56 1
9 4 57 1
10 3 58 1
11 3 59 1
12 2 60 1
13 2 61 1
14 2 62 1
15 2 63 1
16 2 64 1
v 2 65 1
18 2
19 2 For each MT, the number of total differentially expressed miRNAs is indieal. Green, up-
regulation; red, down-regulation. S, susceptible null genotype 2-2890; R, resista2DLC
20 2 genotype 2-2816; sp, spikelet; ra, rachis; Fg, F. graminearum infected sampl&i20, mock
21 2 control sample.
2 | 2
2 | 2
24 2 corresponding to this class of enzymes were induced by iiofect
25 2 in both NILs, at higher level in S null 2-2890. For example,
26 2 72 UDP-glycosyltrasferases encoding genes belonged to MT1,
27 | | 2 20 to MT4 and 28 to MT7 (Supplementary Data Sheet 1-
28 1 Sheet 2). Mycotoxin detoxi cation is also related to the ABC
29 1 transporter family Kosaka et al., 2015a; Walter et al., 2015
30 1 which was found up-regulated after infection in both genotype
a1 1 35 loci corresponding to ABC transporters belonged to MT1,
2 1 42 to MT4 and 50 to MT7 (Supplementary Data Sheet 1-
23 1 Sheet 2).
" 1 The ABC transporter encodindpcus Traes 3as_el18f065a3
e 1 was considered likely associated with the 2DL FHB resistasice
% i it was more expressed in R vs. S in both tissues and treatments
(log2FCs ranging from 1.86 to 2.49; MT63; Supplementary Data
il ! Sheet 1-Sheets 1, 2).
38 1
%9 ! Defense Response
40 1 N Lo
As expected, numerous genes implicated in biotic stress regpon
a ! were up-regulated by infection in both NILs and tissues. @&,
42 ! a number of genes coding for PR proteins were present in MTs 1
43 1 (19 DEGs) and 4 (24 DEGs; Supplementary Data Sheet 1-Sheet 2).
44 1 Moreover, severdbciinvolved in signaling processes triggering
45 1 plant defenses were found induced by infection. Among them,
46 1 several genes encoded G proteins (30, 22, and 15 DEGs in MTs
a7 1 1, 2, and 4, respectively), MAPKs (8, 9, 10, arlddin MTs 1,

(Continued) 2, 4, and 7, respectively), lectins (25, 30, and 17 DEGs in MTs 1,
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4, and 7, respectively)—a class of proteins recently demdedtra Redox Homeostasis
to be associated to the wheat FHB resistance §ébd (Rawat Several genes participating in the maintaining of cellularosed
etal., 2015 LRR receptor kinases (52, 56, and 41 DEGs in MTs homeostasis were modulated by infection in both genotypes. As
4, and 7, respectively) or cell wall receptor kinases (29,rid®, aexamples, 15 redox homeostasis DEGs belonged to MT1, 15 to
11 DEGs in MTs 1, 4, and 7, respectively) and di erent geneMT4, 12 to MT7 and 20 to MT10 (Supplementary Data Sheet
were implicated in C& signaling (Supplementary Data Sheet1-Sheet 3) and might participate in FHB basal response.
1-Sheet 2). Nevertheless, several genes involved in redox homeostasis-
A number of genes implicated in the signal transductionrelated processes were dierentially regulated in the R and
triggering plant defense responses were presentin MTs asasdciaS NILs. Traes_2dl_03caa3b80, homolog to #ebidopsis
with 2DL FHB resistance (Supplementary Data Sheet 1-Sheets2Type ATPase 2 (PAA2), showed a peculiar MT as being
3). Traes_2dl_7788247ee encodes a LRR transmembrane protisie only gene induced by infection in R spikelets (6G
kinase (Supplementary Data Sheet 1-Sheet 2) belonging toDa 1.39) and more expressed in R vs. S in both tissues and
class of membrane receptors implicated in pathogens recogniti conditions (logFCs ranging from 5.57 to 8.29; MT28Mgble 1
(Monaghan and Zipfel, 20)2 This DEG, displayed in the and Supplementary Data Sheet 1-Sheet 1). Moreover, the
MT100, showed induction by infection in R tissues and highelCu-miRNAs miR398, which targets two Cu/Zn superoxide
expression (log=CsD 1.18 and 1.81 for infected spikelet anddismutases (CSDs), the cytosolic CSD1 and CSD2, was
rachis, respectively) in R 2L 2-2618 compared to S null down-regulated by infection in S null 2-2890 tissues, in
2-2890 Table 1 and Supplementary Data Sheet 1-Sheet l)omparison to the R ones (FCB 77.29 and 55 for
Other receptors displaying MT compatible with the involvementspikelet and rachis, respectively; MT2 from miRNA-Seq
in the 2DL FHB resistance were represented by the MT118xperiment; Supplementary Data Sheet 2-Sheets 1, 2). Finally,
Traes_3as_bc76a2e7e, a LRR kinase, Traes_3ds_072b70fé7pbserved that two genes homolog AsabidopsisCSD1,
homolog to wheat LRK10-like kinase, and Traes_3ds_58@)f8f4Traes_2ds_3c3a2al2a and Traes_2bs 6015bc7c6 (MT15), were
homolog to thaumatin-like kinase, all induced by infectioninduced by infection in S null 2-2890 (Supplementary Data Shee
in both R tissues with a higher transcription in R vs. S1-Sheets 1, 2).
comparison in infected spikeletdgble 1 and Supplementary
Data Sheet 1-Sheets 1, 2). Additionally, the RLK receptdRegulation of Transcription
kinase encoding gene Traes_las_581d331e0 was activatedTbg were among the functional classes more extensively
infection in R spikelets only, thus resulting in higher (¢ modulated by FHB infection Kigure 4 Supplementary Data
D 1.17) expression in R infected spikelets, with respect t8heet 1-Sheet 3) and an up-regulation in the Fg vsOH
the S (MT116;Table 1 and Supplementary Data Sheet 1-comparisons was detected for several TF families known to be
Sheets 1, 2). The same MT116 was associated with othierplicated in plant resistance response. As example, 29 and 10
loci encoding proteins implicated in plant disease resistancéoci encoding WRKY TFsSatapathy et al., 20)livere present
Traes_7bl_22d90b6c6, corresponding to a NB-ARC domainga MTs 1 and 7, respectively; 27 MT1 DEGs correspond to
containing disease resistance protein, and a CC-NB-LRR protelC2H2 zinc ngers Kielbowicz-Matuk, 201g 11 MT1 DEGs
encoded by the gene Traes_7al_278f88e19 (Supplementary Dateode AP2sGutterson and Reuber, 209420 MT1, 15 MT2,
Sheet 1-Sheets 1, 2). 10 MT4, and 9 MT7 DEGs are MYBZg&lIfang et al., 200529
Moreover, lower mRNA levels (IegCs from 1.21to 2) MT1land 12 MT4 correspond to NAC$uruzzaman etal., 2013
were detected in the R 2[ 2-2618 NIL, in comparison Supplementary Data Sheet 1-Sheet 2).
to the S null 2-2890, for Traes_2dl_7b0056729 (MT103), a Among the genes di erentially expressed between the two
gene encoding a serinc domain-containing protein implicatedNILs, Traes_3as_6626d4a69 (a MYB domain-containing TF;
in sphingolipids biosynthesisTéble 1and Supplementary Data MT63, Table 1 and Supplementary Data Sheet 1-Sheets 1,
Sheet 1-Sheets 1, 2). 2) and Traes_4bs_2ea81743el (a Chitin-inducible gidberel
In  addition, Traes_7ds_6333b91f8 (MT288) andresponsive GRAS TF; MT196, Supplementary Table 5 and
Traes_7as_95f4e4729 (MT370), both repressed by infecti@upplementary Data Sheet 1-Sheets 1, 2) were both more
in R spikelets and in the R 201 2-2618 NIL in comparison to expressed in R than S infected spikeletsAIBgsD 2.57 and 1
S null 2-2890, encoded for a peptidase S41 (Supplementary Déba the two loci, respectively).
Sheet 1-Sheets 1, 2). This class of proteases is homologous tamiR164, which targets NAC TFs, was repressed by infection
the proteases down-regulated in tobacco plants R to the tabacin both genotypes and tissues but at higher levels in S null 2-
mosaic virus during the infectionJada et al., 20)4therefore, 2890 (FC of about12 in the S NIL and of 2.79 and 8.25
the inhibition of this gene after FHB infection in R 2@L2-2618 in the R genotype; MT6lable 2and Supplementary Data Sheet
might be associated with the 2DL QTL resistance. 2-Sheet 1). Furthermore, it was more expressed in RQRE
The miRNA-Seq experiment revealed that two members of th2618 infected rachis samples compared to the S one®(B36;
miR9863 family, miR9863a, and miR9863b, were down-regulatéible 2and Supplementary Data Sheet 2-Sheet 1).
by infection in S null 2-2890 rachis and spikelets and, to a less miR319b and miR319d were identi ed as repressed after
extent, in R spikelets, thus resulting in higher expressiofRin infection in both genotypes and tissues, at higher levelsSfor
2DLC 2-2618vs. S null 2-2890 infected tissues (MIEhle 2and  null 2-2890 (FC® 24.17 and 17.12 for S spikelet and rachis,
Supplementary Data Sheet 2-Sheet 1). respectively and FCB 5.25 and 2.41 for R spikelet and
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rachis, respectively; MT25), and more expressed in R vs. S Validation by Quantitative Real Time PCR
spikelets in both conditions and in infected rachis (FCs from(RT-qPCR)

2.01 to 9.12Table 2and Supplementary Data Sheet 2-Sheet 1RNAs extracted from the same experimental setting as the RNA-

These miRNAs belong to a family whose putative targets argeq analysis and from another pair of NILs (2-2712/2-2674),

represented by the wheat MYB3 TFs homologouA.thaliana  gj ering for the presence of the 2DL QTL, were utilized for

AtMYB59 whichis induced in response to JAand ET and inhibitsRT_quR validation.

cell growth Oe Paola et al., 20).6 From the RNA-Seq data analysis, 10oci were
selected for general validation in NILs 2-2618 and 2-

) . . . 2890: Traes_2dl_03caa3b80—P-Type ATPase (MT280),
Analysis of F. graminearum miRNA-Like Traes_2d|_0d d3ce2—alpha-L-fucosidase 1 precursor
RNAs (MT94), Traes_2dl_a208876fe—elongation factor 1-alpha
Fungi produce several ncRNAs which share many similaritie€MT94), Traes_2dl_7788247ee—LRR transmembrane protein
with plant and animal miRNAs and are named miRNA-like RNAskinase (MT100), Traes_2dl_179570792—function unknown
(milRNAs) because some of them are produced by similar butMT63),  Traes_2dl_89a313ac3—qlycine-rich  RNA-binding
not identical mechanisms as those for conventional miRNAs(  protein  GRP1A (MT139), Traes_2dl_3040097a4—function
etal., 201 unknown (MT202), Traes 3as_b45dld4fc—receptor kinase

The 18-30 nt long reads from R 2012-2618 and S null LRK10 (MT166), Traes_3ds_cfc93f8b4—subtilase (MT300),
2-2890 infected samples were mapped on Fhegraminearum Traes_3as_272105d49—receptor kinase LRK10 (MT364;
genome and then analyzed to detect the presence of milRNAupplementary Data Sheet 1-Sheet 1). A general agreement,
previously annotated in four fungal specids: graminearum in terms of up- and down-regulation in the eight pair-wise
(Chen et al., 2005 Fusarium oxysporum(Chen et al., comparisons, between RNA-Seq and RT-pPCR results was found,
2019, Trichoderma resséKang et al., 2013 and Sclerotinia particularly for the dierential expression between genotypes
sclerotiorum(Zhou et al., 201 Similarities were found only for (Figure 6. However, some dierences were highlighted,
milRNAs from the genugusarium leading to the identi cation probably due to the di erent sensibility of the two methods. For
of 15 dierent groups (Supplementary Table 5). Most of theexample, Traes_2dl_03caa3b80 was induced by infection only
fungal milIRNAs were present only in infected samples, although the R spikelets in the RNA-Seq experiment (Supplementary
in some cases the corresponding reads were also detectedData Sheet 1-Sheet 1), while by RT-gPCR higher expression was
control samples even if just for a few of the isomiRs. This isletected also in infected R rachis in comparison to the mock
probably due to an overlap between host and pathogen ncRNA#es, even if at a lower level with respect to the spikelets. The
as mentioned before. di erential expression among 2DL and null genotypes for

Interestingly, fox_ miRNA_7, identi ed in infected samples Traes_2dl_03caa3b80 was also detected for the additiorial NI
but present at low levels also in mock samples, showed, agir 2-2712/2-2674Fjgure 7), suggesting that thitocusmight
a putative target, the WIR1A encoding mRNA (CA698068)be related to the presence of the 2DL FHB resistance QTL.
WIR1A belongs to same gene family as the putative target To validate miRNA-Seq data, eight miRNAs were selected for
of miR9653a (the so called WIR1-like), which is consistentlfRT-gPCRs performed on NILs 2-2618/2-2890. Due to problems
more expressed in S null 2-2890 than in R ZDI2-2618. in amplifying mature miR9653a, RT-gPCRs were performed on
Taken together these results represent a further support to thigs precursor (pre-miR9653a). This miRNA was evaluated also
possible relevant implication of the WIR gene family in wheatn the additional NIL pair 2-2712/2-2674. No ampli cation was
FHB resistance governed by the 2DL QTL. The role of fungapbtained in samples from R 2@ 2-2618 (mock and infected
smallRNAs (sRNAs) as e ectors to suppress host immunity ispikelets and rachis), possibly because of the low expression
not new and was recently reported byeiberg et al. (2013) of pre-miR9653a in this genotypeTdble 3. On the other
for Botrytis cinereaThe authors demonstrated that sRNAshand, ampli cation was detected for all the S null 2-2890-
from B. cinereacan interfere with plant resistance by targetingrelated samplesTable 3 with a down-regulation in infected
MAPK1-2, the oxidative stress-related gétXIIF coding fora samples (both spikelets and rachis) vs. mock condititab(e 4.
peroxiredoxin, and a cell wall-associated kinase (WAK). Unexpectedly, no ampli cation was detected in all samples of the

For fox-milRNA-2c-d-e, present only in infected samples,NIL pair 2-2712 (2DIC) and 2-2674 (null) Table 3. Di erences
less reads were detected in R ZDR-2618 line, particularly in  in expression patterns between di erent pairs of NILs segregati
spikelets, compared to S null 2-2890, according to the greatéer the same QTL have been recently highlighted loyng
fungal biomass expected in the S genotype. A rice Jacalin-liké al. (2015who suggested the presence of additional elements
lectin domain containing protein encoding gene (TC379239xontributing to resistance, other than the identi ed 2DL QT
was detected as a putative target of this class of milIRNA by To assess the transcription of thgéIR1 genes in response to
PsRNATarget. The jacalin-related lectins participate inibiahd ~ FHB infection, RT-gPCRs for WIR1-like, the putative target of
abiotic stress response in whe&o(g et al., 20)4and a lectin  miR9653a, and for all the members belonging to the WIR1 family
encoding gene was recently found to be associated witklthd@  present in the NCBI database (WIR1-A—HQ337015, a putative
wheat QTL Rawat et al., 20)6further supporting the presence target of fox_miRNA_7, WIR1-B—HQ337016, and WIR1-C—
of a cross-talk between the plant and the pathogen. HQ337017;Table 3 and Figure 7) were conducted for the two
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FIGURE 6 | Bar plots representing RT-gPCR results for 10 selected DEGislenti ed in the RNA-Seq experiment and performed on RNAs fnm the pair of NILs R
2DLC 2-2618/S null 2-2890. Each bar corresponds to the log FC detected for the comparison indicated and expressed as asrage of three biological replicates.
Standard deviations are indicated. sp, spikelet; rach, rdus; Fg, F. graminearuminfected sample; H,O, mock control sample; R, resistant 2DIC 2-2618;

S, susceptible null 2-2890.
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FIGURE 7 | (A) Bar plots representing RT-qPCR results for Traes_2d|_03e8b80 and performed on the pair of NILs 2DIC 2-2712/null 2-2674. Each bar
corresponds to the log FC detected for the comparison indicated and expressed as arage of three biological replicates. Standard deviationare indicated. (B) Bar
plots representing RT-gPCR results for the members of the WIRgene family performed on the two pairs of NILs R 2DC 2-2618/S null 2-2890 and 2DLC

2-2712/null 2-2674. Each bar corresponds to the logFC detected for the comparison indicated and expressed as asrage of three biological replicates. Standard
deviations are indicated. Each color corresponds to a speai gene as indicated in the color legend.(C) Bar plot representing RT-qPCR results for miR398 performed
on the pair of NILs 2DIC 2-2712/null 2-2674. Each bar corresponds to the log FC detected for the comparison indicated and expressed as asrage of three
biological replicates. Standard deviations are indicatedsp, spikelet; rach, rachis; Fg,F. graminearuminfected sample; H, O, mock control sample; R, resistant 2DIC
2-2618; S, susceptible null 2-2890.

pairs of NILs. NILs 2-2618 (2DT) and 2-2890 (null) showed and miR9653b—MT61) was tested by RT-gPCRs in @DL

induction of WIR1-like in FHB inoculated samples, and a generaP-2618/null 2-2890 giving comparable results in term of up-

higher level of transcription for all the members of the geneand down-regulation with however di erent FC34ble 4, thus

family was observed in R 2@ 2-2618 compared to S null 2- con rming miRNA-Seq results.

2890 in both tissues and conditions, particularly duringeiction

(Figure 7), supporting the putative role fowIR1-genes in the

response to FHB. Moreover, the WIR1-like expression pro 1eDISCUSSION

negatively correlated with miR9653a expression, highiigha .

functional relationship between WIR1-like and miR9653a. TheGeneral 'I_'ranscrlptl(_)nal Responses tO_FHB

same general response was observed also when the expres$i#ection in the Resistant and Susceptible

of the same gene was assayed in the additional NIL pair 2-27ILs

(2DLC)/2-2674 (null), with the exception of WIR1-like, which Figure 8 represents a summary of all the pathways induced or

was up-regulated during infection in both tissues of bothen repressed by infection in the two genotypes.

with higher modulation and expression in the null genotypehwi Down-regulation of the primary and energy metabolism in

respect to the 2DC one (Figure 7). All the results underline that  response to FHB was oserved, as many genes implicated in these

miR9653a and its putative target WIR1-like could play a roleprocesses were modulated by infection in both NILs. Down-

in FHB response. The expression trend identi ed in the NGSregulation of photosynthesis and primary metabolism in general

experiment was con rmed by RT-gPCRs also for miR398 in thehas been reported in dierent plant-pathogen interactions

pair 2-2618/2-2890Table 4), but no signi cant transcriptional (Denoux et al., 2008; Bilgin et al., 2010; Windram et al.,

variation was found performing the analysis for the other pair 2019, including wheatF. graminearumfor which an elevated

NILs (Figure 7). demand of carbohydrates and energy equivalent during FHB
For a further general validation of the NGS data, a sampleesponse is requesk(igler et al., 2013 Thus, the breakdown of

of randomly selected miRNAs (miR9666a—MT22, miR9774—photosynthesis and primary metabolism might replenish energy

MT33, miR164—MT6, miR167c—MT17, miR168—MT8,equivalent from carbohydrates to alleviate the energy costs
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TABLE 3 | Expression patterns for the miRNAs and predicted target gegs tested by RT-qPCR in the two pairs of NILs.

2-2890 (null) 2-2618 (2DLC)
Spikelet Rachis Spikelet Rachis
Fg H,0 Fg H,0 Fg H,0 Fg H,0
miR9774 C C Cc C C C C C
pre-miR9653a C C C C
miR9666a C C C C C C C C
miR164 C C (3 C C C C C
miR167c¢ C C (3 C C C C C
miR168 C C C C C C C C
miR9653b C C Cc C C c C C
miR398 C C c C C c C C
fox-milRNA-2c-d-e C C C Cc
fox-milRNA7 C Cc Cc c
Fg-milRNA-1 C C Cc C C C C
WIR-1-like C C c C C Cc C C
WIR1A C C C C C C C C
WIR1B C C (3 C C C C C
WIR1C C C (3 C C C C C
2-2674 (null) 2-2712 (2DLC)
Spikelet Rachis Spikelet Rachis
Fg H,0 Fg H,0 Fg H,0 Fg H,0
pre-miR9653a
miR398 C C C C C C C C
fox-milIRNA-2c-d-e C C C C
fox-milIRNA7 C C C C
Fg-milRNA-1 C C C Cc
WIR-1-like C C Cc C
WIR1A C C c C C Cc C C
WIR1B C C Cc C C C C C
WIR1C C C c C C Cc C C

Fg, infection by F. graminearum; HO, mock; C, ampli ed; , not ampli ed.

associated with the up-regulation of other metabolic pathsyay reduces the e ect of fungal polygalacturonaséslpi et al., 2011;
leading to the shift from source to sink which may enhance the3ethke et al., 20)4In addition, hemicellulose of the R genotype
activation of defense responsé@&sm(ton, 2009. was enriched in arabinose, galactose, and glucose, instead of
A general up-regulation of enzymes implicated in lignin andxylose (ionetti et al., 201% Moreover, cell wall reinforcement
phenylpropanoid biosynthesis with essential roles in plargaé® was also associated with the whEab1QTL-speci c resistance,
resistanceNliedes et al., 20)%as well as of chalcones, avonols, which is correlated with an accumulation of hydroxycinnami
dihydro avonols, and anthocyanins biosynthetic pathwayasw acid amides, phenolic glucosides, and avonoids in cell wdlls o
detected for both genotypes and tissues after infectiorinfected spikelets and rachi§(nnaiah etal., 2032
Therefore, in our experimental system cell wall remodeling an  Altough accumulation of salicylic acid (SA), jasmonic acid
reinforcement might play central roles in basal response t@JA), abscissic acid (ABA), and indole acetic acid during
FHB, opposing the action of the cell wall degrading enzymeB. graminearuminfection in wheat was recently demonstrated
produced by the fungus during the infection process (e.ghy Qi et al. (2016) with few exceptions represented by JA
pectinases, cellulases, and xylanaBedjncampi et al., 2034 (below discussed), the activation of hormons biosynthesi a
These pathways were previously found associated to resistagignal transduction pathways was recorded as general respons
responses to FHB. Indeedjonetti et al. (2015)analyzed cell to FHB infection in all the samples analyzed. Similarly, gene
wall composition of FHB infected spikes at anthesis of a R breaglated to UDP-glycosyltrasferases, which participate in DON
wheat and a S durum wheat and observed that the R cell walktoxi cation (Kugler et al., 2013; Schweiger et al., 2013; Li et al.,
was enriched of S-type lignin, and methylesteri ed pectinjokh 2015, were induced in both R and S NILs.
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Several genes involved in redox homeostasis and
transcriptional regulation were identied as commonly
modulated in both R and S NILs. However, several DEGs
showing di erential modulation were also identi ed (discuess
below), indicating a putative role in FHB resistance goverogd
the 2DL resistance QTL.

Transcriptional Responses Associated to
the 2DL QTL for FHB Resistance

Several genes involved in defense processes were identi ed as
di erentially regulated among the two NILs, both in terms of
expression in the R NIL only, regardless of the FHB infection,
and/or speci cally modulated (induced or repressed) in the R
NIL.

Cell Wall Metabolism

Two loci were more transcribed in the R NIL,
Traes_3al_194 20fa gene, encoding for cinnamyl-alcohol
dehydrogenase, an enzyme involved in the phenylpropanoid
metabolism and lignin biosynthesis and implicated in
disease resistance in wheaMichell et al., 199p and
Traes_2dl_0d d3ce2, corresponding to a putative alpha-L-
fucosidase implicated in xyloglucan degradation, removing
xylose from xyloglucan 1 precursor thus making cell wall
more resistant to fungal hydrolytic enzymese(lincampi

et al., 2014 A further contribution in increasing of cell
wall reinforcement in the R 2DC 2-2618 NIL might be
attributed to the Traes_1bl_f026049bc locus, corresponding
to an O-methyl transferase; this gene, induced by infection
in the R genotype only and more expressed in R vs. S in
infected spikelets, was implicated in wheat resistance to
stripe rust (Ciu et al., 200p and in cell wall reinforcement
through an involvement in suberin biosynthesisi€ld et al.,
1993. Moreover, several DEGs encoding cellulose synthases
and a beta-1,4-glucanase were repressed by infection in the
R genotype. Since~. graminearumutilizes cellulases and
hemicellulases to degrade the principal components of primary
plant cell wall Carapito et al., 20)3 the inhibition of these
genes in the R genotype after the pathogen infection might
contribute to the remodeling of cell wall during pathogen aka
while the higher expression observed in S infected spikelets
might contribute to the higher invasion of the fungus in S
tissues.

The miRNA-Seq experiment identied miR9653a as more
expressed in S than in R NILs. A putative target was identi ed
in a member of the WIR1 family, a gene family well-known for
being involved in cell wall reinforcement, increasing adbe®f
cellular membrane to cell wall during pathogen attaclo(am
et al., 201)) This result is in agreement with the work abng
et al. (2015where a member of the WIR1 family, WIR1A, was
more expressed in the R 2[0L2-2618 spikelets than in the S
null 2-2890 spikelets during. graminearuninfection. Although
WIR1A has not been functionally characterized, it is thought
play a role in basal and non-host resistance and two WIR1A
variants were mapped within the interval of a wheat genomic
locus on chromosome 7BS that confers FHB resistabesglielm
et al., 201p Thus, the high level of miR9653a identi ed in the
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FIGURE 8 | Summary of the cascades of biochemical events during the crestalk between the two NILs and FHB. Blue arrows indicate a madation implicated in
basal defense response. Red arrows indicate modulation &t infection in the susceptible null 2-2890 NIL only. Green ewws indicate modulation after infection in the
resistant 2DLC 2-2618 NIL only and thus a likely involvement in the 2DL speci cesistance. Red boxes indicate higher expression in S nul-2890 with respect to R
2DLC 2-2618. CCS, copper chaperone for superoxide dismutases; GD, Cu/Zn superoxide dismutase; HR, hypersensitive respores MAPK, mitogen-activated
protein kinase; PAA2, P-Type ATPase 2; PCs, plastocyaning;CA, tricarboxylic acid; TFs, transcription factors.

S null 2-2890 and the higher expression of WIR1A (and othewas repressed by infection in R tissues and less expressed in
members of the WIR1 family) in the R NILS might contribute R infected spikelets compared to the S NIL. ABA and energy
to the dierential response to FHB recorded among the twosignaling pathways interact through PP2Cs inhibition and

NILs. the ArabidopsisABI1 represents a SnRK1 phosphatase that
inactivates the energy sensor SnRiRbdrigues et al., 20).3lt
Sugar Signaling was demonstrated that stress-derived energy de ciendyatet

Several DEGs showing higher expression in R vs. S Nlltee Sucrose non-fermenting-1-related proteins (SnRKs), sscla
regardless of FHB infection encoded for gene function®f energy sensors and regulators induced by starvation and
involved in responses to trehalose stimulus. These includestiresses and promoting up-regulation of catabolic processes,
Traes_3as_c082cdcfe (encoding a putative plastidic glucoseether with inhibition of primary metabolism, to maintain
transporter), Traes_3as_acac429eb (encoding a SNL TEgllular energy homeostasigan den Ende and El-Esawe, 2014
Traes_3as_6626d4a69 (encoding a MYB domain-containinghe lower transcription of Traes_3dl_8c6d663c5 in R spikelet
TF), and Traes_3as_a3ce60e4f (encoding for a WD40 repesith respect to S ones, migth contribute in maintaining SnRK
protein). Trehalose represents a ROS (reactive oxygen specias)ivity, supporting the implication of sugar signaling in taBL
guencher in wheat during infection and confers partial pratec ~ QTL FHB resistance, while the unresponsiveness and the highe
to wheat challenged by powdery milde®enard-Merlier et al., expression detected in the S infected spikelets may congritaut
2007. Moreover, trehalose-6-P is a regulator of the sucrosthe S null 2-2890 susceptibility.

pathway and both sucrose and trehalose trigger membrane Repression and induction by infection were respectively
stabilization. During biotic and abiotic stresses, suerastivates observed in R and S spikelets for Traes_6as_ac24f31a6 which
the biosynthesis of fructans in wheat and anthocyanins irencodes for gene functions related to sucrose catabolism.
A. thaliana through the activation of MYB TFs that interact The accumulation of hexoses promotes the induction of PR
with WD40 repeat proteins, thus enhancing ROS detoxi cationgenes, the down-regulation of photosynthesis, the triggering
(Teng et al., 2005; Xue et al., 2011; Van den Ende and El-Esawg phenylpropanoids and anthocyanins biosynthesis and the
2019. Furthermore, Traes_3dl_8c6d663c5 (encoding a Proteideposition of callose in cell wallfguzin and Giardina, 2035
Phosphatase 2C (PP2C), homolog to the thaliana ABI1), Although a role for the activation of Traes_6as_ac24f31a6 i
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S null 2-2890 needs to be investigated, the MT377 detectedbserved for this genotype increasing cell death activatizh a

for this gene might underline two dierent strategies likely FHB penetration in its tissues.

displayed by the two NILs: activation of sucrose signalinith w The miRNA experiment identi ed miR9863a and miR9863b

inhibition of its catabolism, leading to membrane staldtibn  as up-regulated in the R vs. S comparisons. The miR9863 family

for R 2DLC 2-2618, and activation of defense response througplays a key role in dampening resistance to powdery mildew in

hexose signaling for S null 2-2890, that howeveris notadédp  barley, targeting a group of MLA immune receptors leading to

fungal growth. HR (Liu et al., 201)} suggesting that these two members might
participate even to control the FHB response in the R NIL.

JA Metabolism and Signaling

Several loci involved in JA metabolism and signaling wer&egulation of the Redox Status

more expressed in the S NIL, in comparison to the R oneThe Traes_2dl_03caa3b80 gene, encoding a P-Type ATPase 2

These included: (i) Traes_6as_70b2f2ae4, encoding for tlBAA2) was induced by infection in R spikelets and more

cytochrome P450 CYP74, that functions as an allene oxidexpressed in R vs. S NILs. PAA2 is a thylakoid located Cu

synthase, catalyzing the dehydration of the hydroperoxile ttransporter required for the accumulation of Cu in plastociyemn

an unstable allene oxide in the JA biosynthetic pathwaySince it is implicated in the maintenance of Cu homeostasis in

(ii) Traes_1ds_75af80583 and Traes_1lbs 527ed00b9,iegcodhloroplasts (apken et al., 20)2the higher expression detected

two C2H2 zinc nger TFs which activate DREB expressiorin R 2DLC 2-2618, with respect to the S null 2-2890, might

and promote the resistance against plant pathogens mediatedsult in a higher activity and in a more e cient maintenanoé

by JA and ABA Deb et al.,, 2006 Makandar et al. (2010) chloroplast Cu and redox homeostasis during FHB infection in

found Arabidopsismutants in the JA pathway hyperresistantthe R 2DIC 2-2618 NIL with respect to S null 2-2890.

to F. graminearumand demonstrated that the JA pathway Moreover, we observed that miR398 was down-regulated

contributes toF. graminearunsusceptibility by attenuating the by infection in S null 2-2890 tissues. miR398 targets two

activation of SA signaling. Thus, the higher expression effA Cu/Zn superoxide dismutases (CSDs), the cytosolic CSD1

related genes in the S null 2-2890, with respect to its R NIghini and CSD2, localized in the stroma, and the copper chaperone

contribute to its susceptibility. for superoxide dismutase (CCS) which lets CSDs to receive
their Cu cofactor fbdel-Ghany and Pilon, 2008In barley-
Receptors and Signal Transduction powdery mildew interaction, an accumulation of chloroplast

Several genes involved in signal transduction were indimed Cu/Zn SOD1 (HvSOD1) was a consequence of the activity
FHB infection in the R NIL only or showed higher transcription of the Mla and Rarl genes which negatively regulate also
level in the R NIL in comparison to the S one. These includedniR398 that, in turn, targets HvSOD1. Moreover, the
Traes_2dl_7788247ee, encoding a LRR transmembrane protsitencing of HvSOD1 impededMlia-triggered HO, and
kinase belonging to membrane receptors implicated in pathegerhypersensitive response (HR) at barBygraminisinteraction
recognition (Mlonaghan and Zipfel, 20)2Traes_3as_bc76a2e7esites, suggesting that HvSOD1-generatedOR contributes
a LRR kinase, Traes_3ds_072b70fd7, homolog to whetmt ROS accumulation and enhanc8&gh response in barley
LRK10-like kinase, and Traes_3ds_5870f8f48, homolog {Xu et al., 201}t Furthermore, induction after infection in
thaumatin-like kinase. Furthermore, these last two proseirere  the S NIL was recorded for two genes (Traes_2ds_3c3a2al?a
also classied as SNC4 (suppressor of nprl-1, constitutivand Traes_2bs 6015bc7c6) homolog Asabidopsis CSD1.
4), an atypical receptor-like kinase with two predictedFor several necrotroph pathogens, like graminearum it
extracellular glycerophosphoryl diester phosphodiesterasgas demonstrated that HR promotes virulenceo(l et al.,
domains, involved in lipid degradation and conferring réaicce  2017). In the R NIL, higher levels of miR398 (leading to
to Hyaloperonospora arabidopsidis Arabidopsis(Bi et al., degradation of transcripts encoding for Cu/Zn superoxide
2010. Finally, also the RLK receptor kinase encoding gendismutases) together with a more e cient maintenance of
Traes_las 581d331e0 was induced by infection in R spikeleeslox homeostasis through induction of the PAA2 gene might
only. reduce HR. Conversely, in the S NIL, induction of CSD1
Lower mRNA levels were recorded in the R NIL, withand reduced degradation of transcripts for Cu/Zn superoxide
respect to the S one, for Traes_2dl_7b0056729 (MT103), dismutases (promoted by the down-regulation of mi398)
gene encoding a serinc-domain containing protein, involired might lead to opposite responses, possibly driving higher level
the biosynthesis of sphingolipids, a class of plant lipids withof susceptibility to the infection of the FHB necrotrophic
a role in plant-pathogen interactions and in programmed cellpathogen.
death (PCD) as being second messengers in disease response
(Sperling and Heinz, 2003This observation is in agreement Transcriptional Regulation
with the hypothesis that hemibiotrophic and necrotrophic Traes_3as_6626d4a69, encoding a MYB domain-containing
pathogens promote PCD leading to the production of PCD-protein and Traes_4bs_2ea81743el, encoding a Chitin-induc
inducing factors, such as sphingolipids, in order to faciétdteir  gibberellin-responsive GRAS TF, were both more expressed in R
penetration and spreading inside plant cellslagnin-Robert  than S infected spikelets. GRAS TFs are involved in nodulation
et al., 201p Thus, the higher expression observed in S nulburing symbiosis interactionGobbato et al., 20)2and were
2-2890 might participate to enhance the disease susceptibilifound to respond to chitin, an elicitor of plant defenses,An
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thaliana (Libault et al., 200 The higher expression of such signaling, including auxin signal cascade, superoxide diaseu
genes in the R 2DC 2-2618 NIL, with respect to the S null activities and genes implicated in pathogen resistance resgons
2-2890, might suggest an implication in the 2DL FHB resistanc (Figure 8). Despite the fact that the 2DL FHB resistance QTL
Among the miRNAs di erentially regulated, we observed thathas not been precisely located yet, genes associated with the
miR164 was more repressed by infection the S NIL and mor2DL QTL-speci c resistance, on the base of their inductioreaf
expressed in the infected rachis of the R NIL, with respectéd®h infection in the R 2DIC 2-2618 or their di erential expression
one. miRNA164 is implicated in the response to abiotic stresselsetween the two NILs were identi ed: e.g., LRR transmembrane
like drought and salinity Golldack et al., 20)Jand targets NAC kinase, P-type ATPase 2, required for the functionality of
TFs, which are implicated in abiotic stress response and afRCs for photosynthesis electron transport and Cu and redox
regulators of plant disease resistanceiuzzaman et al., 20).3 homeostasis in chloroplasts, and alpha-fucosiddsguge 9.
For example, the barleyvNAC6gene enhances basal resistancéloreover di erent defense response strategies associatdd wit
to powdery mildew by a ecting ABA accumulatiorchen et al., sugar signaling were likely displayed by the two NILs: activati
2013. According to literature, predicted putative targets ofof membrane stabilization through sucrose signaling for R2D
the miR164 family were identied among DEGs di erentially 2-2618, thus suggesting sucrose implication in the 2DL QTL
regulated among R and S NILs (Traes_7dl_91cfe828f amdsistance, and activation of basal disease response through
Traes_7al_628a69311). Lower levels of Traes_7dl_98t&w82 hexose signaling for S null 2-289@igure 8. Two genes
Traes_7al_628a69311 transcripts were respectively detectedassociated with the null 2-2890 susceptibility were diseme
infected spikelets (MT25) and both tissues (MT22) of R ZI2-  a serinc-domain containing protein encoding gene, involved
2618 in comparison to the S null 2-289Maple 1; Supplementary in the synthesis of phosphatidylserine and sphingolipids, and
Data Sheet 1-Sheet 1; Supplementary Data Sheet 2-Sheet?). Tie miR9653a corresponding gene. miR9653a was much more
behavior might be related to the negative e ect of miR164. Thigxpressed in S null 2-2890, with respect to R 22-2618, and
miRNA was also identi ed as implicated in the regulation of putatively targets a gene belonging to a gene family impliciated
auxin signaling, since it was demonstrated that TFs belangi plant disease response. This work provides new perspectives to
to the TCP class activate miR164 expression and inhibit auxibetter understand FHB resistance/susceptibility in wheatufeu
signaling and transporti{oyama et al., 20)0Down-regulation researches will be addressed to deeply validate and chazacter
after infection of TCP TFs was observed, for S null 2-289thén the putative candidate resistance genes and the putativetsarge
RNA-Seq analysis, as 4 MT3, 2 MT8, and 4 MT19 TCP loci weref the miRNAs here identi ed and their functions, thus clarifig
repressed by infection in S spikeletalle 1and Supplementary the regulatory networks implicated in the defense response
Data Sheet 1-Sheets 1, 2). Thus, the down-regulation oktheselated to the 2DL FHB resistance QTL in wheat.
TFs might result in the repression of miR164, con rming a ne
regulation of cellular processes implicated in FHB resporsg, a AUTHOR CONTRIBUTIONS
might correlates with the di erential expression detecteairxin
metabolism-related genes observed in the RNA-Seq experimenCB performed library preparation, RT-gPCRs, RNA-Seq, and
smallRNA analyses and statistical analyses. PB performed
CONCLUSIONS bioinformatic analysis of the RNA-Seq experiment. PF
contributed to the bioinformatic analysis of the smallRNA-
A comprehensive transcriptomic analysis (MRNA and miRNA)Seq experiment. XH conducted RT-gPCRs for mRNAs. MB
of spikelets and rachis from two bread wheat NILs, di eringperformed plant infection, sampling, phenotyping and RNA
for the presence of the 2DL FHB resistance QTL, inoculatedxtractions. MM contributed to RNA-Seq data analysis. ZY
with F. graminearumat 3 dpi and mock, was performed to contributed to the writing. TO, LC, and GV conceived the
gain new insight in the molecular response associated witB FHexperiments. The manuscript was drafted by CB and reviewed
tolerance. A general common defense response to infectien why all other authors.
observed in both genotypes even though the S null 2-2890
mounted an ampli ed reaction, in terms of number of modulated FUNDING
genes and intensity of modulation, with respect to its R ZDL
NIL 2-2618. The FHB basal disease response implicates @his work was supported by the Italian Ministry of Agriculture,
alteration of cell metabolism, that goes through the intidsi of ~ Project “CANADAIR” (D.M. 27240/7303/2011).
photosynthesis and primary metabolism in favor of the actoat
of fermentation and secondary metabolism, the activatiofSUPPLEMENTARY MATERIAL
of cell wall reinforcement and remodeling, the induction of
hormone metabolism and signaling and the triggering of ROShe Supplementary Material for this article can be found
scavenging Rigure 8. The basal disease response processesline at: https://www.frontiersin.org/articles/10.28#ls.2018.
involving miRNAome involved the targeting of hormone 00037/full#supplementary-material
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