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Abstract

Background: Fusarium fujikuroi is the causal agent of bakanae, the most significant seed-borne disease of rice.

Molecular mechanisms regulating defence responses of rice towards this fungus are not yet fully known. To identify

transcriptional mechanisms underpinning rice resistance, a RNA-seq comparative transcriptome profiling was

conducted on infected seedlings of selected rice genotypes at one and three weeks post germination (wpg).

Results: Twelve rice genotypes were screened against bakanae disease leading to the identification of Selenio and

Dorella as the most resistant and susceptible cultivars, respectively. Transcriptional changes were more appreciable

at 3 wpg, suggesting that this infection stage is essential to study the resistance mechanisms: 3,119 DEGs were

found in Selenio and 5,095 in Dorella. PR1, germin-like proteins, glycoside hydrolases, MAP kinases, and WRKY

transcriptional factors were up-regulated in the resistant genotype upon infection with F. fujikuroi. Up-regulation of

chitinases and down-regulation of MAP kinases and WRKY transcriptional factors were observed in the susceptible

genotype. Gene ontology (GO) enrichment analyses detected in Selenio GO terms specific to response to F.

fujikuroi: ‘response to chitin’, ‘jasmonic acid biosynthetic process’, and ‘plant-type hypersensitive response’, while

Dorella activated different mechanisms, such as ‘response to salicylic acid stimulus’ and ‘gibberellin metabolic

process’, which was in agreement with the production of gibberellin A3 in Dorella plants.

Conclusions: RNA-seq profiling was performed for the first time to analyse response of rice to F. fujikuroi infection.

Our findings allowed the identification of genes activated in one- and three- week-old rice seedlings of two

genotypes infected with F. fujikuroi. Furthermore, we found the pathways involved in bakanae resistance, such as

response to chitin, JA-dependent signalling and hypersensitive response. Collectively, this provides important

information to elucidate the molecular and cellular processes occurring in rice during F. fujikuroi infection and to

develop bakanae resistant rice germplasm.
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Background
Bakanae disease or disease of foolish seedlings is one of

the most important seed-borne diseases of rice, caused

by the fungal pathogen Fusarium fujikuroi Nirenberg

[teleomorph Gibberella fujikuroi (Sawada) Ito in Ito &

K. Kimura] [1, 2]. Common disease symptoms include

elongated seedlings which may also be stunted and

yellow with crown rot [3, 4]. As many Fusarium spe-

cies, F. fujikuroi is a necrotrophic pathogen [5].

Crop losses due to bakanae disease may reach 40 % in

an outbreak or epidemic [6]. Reduced pesticide availabil-

ity for seed dressing in recent years led to increased

bakanae disease incidence in several countries, becoming

a serious threat for rice cultivation [7]. Though many

rice cultivars (cvs.) have been screened for resistance to

bakanae disease [8–10], to date no cultivar has shown a

complete resistance, and despite the advancements in

elucidating the F. fujikuroi genome [11, 12], there is still

a limited knowledge on the mechanisms of rice resist-

ance to bakanae, crucial for the development of appro-

priate control strategies.

Response of rice to fungal attack is complex and in-

volves a battery of biological and physiological processes.

RNA-seq provides enhanced detection potential over

more traditional approaches as microarrays with respect

to detection of previously unknown transcripts, produc-

tion of low background signal, wide dynamic range of

expression levels, and ability to detect sequence mo-

difications such as SNPs in the transcribed regions [13].

Recently, RNA-Seq was employed in characterizing

transcriptional resistance mechanisms to rice pathogens

(e.g. [14–16]), but to the best of our knowledge, the

response of rice to F. fujikuroi still awaits investigation

by RNA-Seq.

In this study, the transcriptional response of two rice

cultivars to F. fujikuroi infection was analysed at two

time points of inoculation by using RNA-Seq. The two

cultivars, Selenio and Dorella, were selected after dedi-

cated screenings as the most resistant and susceptible to

bakanae disease, respectively. Our study identified novel

genes involved in rice resistance to bakanae disease and

may contribute in a deeper understanding of the rice-F.

fujikuroi interaction.

Results and discussion
Evaluation of rice cultivars against bakanae disease

Out of 12 genotypes screened against bakanae disease,

Selenio resulted the most resistant (disease index

17.0 %), while Dorella turned out to be the most suscep-

tible (disease index 82.5 %). A sporadic presence of

yellowish plants, without typical symptoms of bakanae

disease was observed in cv. Selenio. On the contrary,

typical bakanae-diseased symptoms with elongated and

thin internodes which progressively led to plant death

were observed in plants of cv. Dorella (69 %). The other

tested genotypes showed intermediate levels of resist-

ance (Fig. 1).

The F. fujikuroi colonization was quantified in the

Selenio and Dorella genotypes at 1 and 3 weeks post ger-

mination (wpg) (Fig. 2). Dorella showed abundant infec-

tion with F. fujikuroi at 3 wpg (15 times more than

Selenio), confirming its sensitivity, while at 1 wpg a low

F. fujikuroi infection level with no significant differences

between the two cultivars was shown. Phenotypic and

quantitative molecular differences in Selenio and Dorella

inoculated with F. fujikuroi allowed to select the two cul-

tivars for further transcriptomic studies.

Differentially expressed genes in bakanae-infected rice

RNA was isolated from leaves of both cvs. Selenio and

Dorella, inoculated with F. fujikuroi or with the mock, at

Fig. 1 Rice cultivars screened for resistance to Fusarium fujikroi. a disease index and (b) symptomatology. Rice mock- and bakanae-inoculated

plants were grown in controlled greenhouse conditions. Disease index and disease symptoms were evaluated 3 weeks post germination
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1 and 3 wpg, and subjected to whole transcriptome se-

quencing via RNA-seq. Selenio was constituted in 1987,

while Dorella was constituted in 1998, both in Italy. Both

cultivars showed similar growth rate and developmental

stage during the sampling period. The growing cycle

from sowing to spike lasts 95 days for both cultivars and

the growing cycle from sowing to maturity lasts, respect-

ively, 145 days for Selenio (plant height: 76.0 cm; ear

length: 17.0 cm) and 140 days for Dorella (plant height:

96.0 cm; ear length: 21.0 cm). Both cultivars are not pig-

mented and the grains are not aromatic and not glutin-

ous. Three biological replicates were sequenced for each

genotype (Selenio vs Dorella), disease condition (mock

vs bakanae-inoculated), and infection time point (1 vs 3

wpg). Raw reads generated from the Illumina Genome

Analyzer GAIIx were filtered by Illumina passed-filter

call. Subsequently, adapters identified by fastQC and

low-quality regions were filtered out by cutadapt appli-

cation [17]. Filtered, 51-base reads for each biological

replicate (on average, 17 million reads, Additional file 1:

Table S1) were mapped with Bowtie/2TopHat2 to

the rice genome sequence (Oryza sativa Japonica -

Nipponbare IRGSP-1.0.20).

Read counts were generated from Bam alignment files

with HTSeq software [18]. Data normalization and call

of differentially expressed genes (DEGs) was imple-

mented with DESeq2 R package [19, 20].

Pearson correlation coefficients for normalized expres-

sion values of samples are shown in Additional file 2:

Table S2. All biological replicates sharing cultivar type

(Selenio vs Dorella), infection time point (1 vs 3 wpg)

and treatment (mock vs bakanae-inoculated) showed

correlation coefficients above 0.9 indicating a good re-

producibility between biological replicates. Expression

values of all detected transcribed genes and non-coding

RNAs are reported as DESeq-normalized read counts

and log2 fold changes in Additional file 3: Table S3.

The number of DEGs at 1 wpg was 80 in Selenio

(Selenio mock 1 wpg vs Selenio inoculated 1 wpg) of

which 24 were Selenio-specific expressed loci, 5 were

common DEGs, 7 were genes called as DEGs in Selenio

but expressed loci also in Dorella, and 44 were DEGs

common in both cultivars at 3 wpg; and 1,285 in Dorella

(Dorella mock 1 wpg vs Dorella inoculated 1 wpg) of

which 797 were Dorella-specific expressed loci, 7 were

expressed loci in Dorella but called as DEGs also in

Selenio, 5 were common DEGs, and 476 were DEGs

common in Selenio and Dorella at 3 wpg.

The number of DEGs was higher at 3 wpg in both cul-

tivars: 3,119 in Selenio (Selenio mock 3 wpg vs Selenio

inoculated 3 wpg), of which 1,560 were Selenio-specific

expressed loci, 19 were common DEGs, 1,346 were

genes called as DEGs in Selenio but expressed loci also

in Dorella, and 194 were DEGs common in Selenio and

Dorella at 1 wpg; and 5,095 in Dorella (Dorella mock 3

wpg vs Dorella inoculated 3 wpg), of which 3,347 were

Dorella-specific expressed loci, 1,346 were expressed loci

in Dorella but called as DEGs also in Selenio, 19 were

common DEGs, and 383 were DEGs common in both

cultivars at 1 wpg (Fig. 3).

Fig. 2 Quantification of F. fujikuroi in rice cultivars Selenio and Dorella at 1 and 3 weeks post germination. S- = non inoculated Selenio; S + = bakanae

inoculated Selenio; D- = non inoculated Dorella; D + = bakanae inoculated Dorella. Error bars show standard deviations for triplicate assays. Columns

with the same letter are not statistically different by Duncan’s Multiple Range Test (P < 0.05)
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Modulated genes for both genotypes were therefore

more abundant at 3 wpg than at 1 wpg, indicating a

higher infection level in mature rice plants compared to

younger plants [21]. Rice plants germinated one week

after sowing, and the first bakanae symptoms occurred

at 1 wpg. Susceptible cultivars of rice, inoculated with

pathogenic F. fujikuroi, started to die at 3 wpg, indicat-

ing that this is another crucial time point [22]. The

higher number of DEGs identified in the susceptible cv.

Dorella compared to the resistant cv. Selenio is consistent

with a highly visible infection of F. fujikuroi in the tissues

of Dorella, resulting in a numerically higher number of

transcriptionally modulated genes. This finding is similar

to what has been described for the interaction between

rice and other rice pathogens, where the susceptible culti-

var showed much more DEGs than the resistant one [14,

16]. However, the defence mechanisms involved in the

bakanae disease responses were largely divergent between

Selenio and Dorella since the two genotypes shared only 5

and 19 DEGs at 1 and 3 wpg, respectively.

The proportion of up-regulated DEGs was higher in

the susceptible genotype (62.0 %) with respect to the re-

sistant one (38.8 %) at 1 wpg, whereas it was higher in

the resistant genotype (75.9 %) compared to the suscep-

tible one (41.2 %) at 3 wpg, as indicated in the MA-plots

(Fig. 4). Indeed, a higher proportion of down-regulated

genes was observed in Dorella at 3 wpg (58.8 %)

when systemic infection, characterized by specific

symptoms of bakanae in all the green tissues of rice,

was well established.

Functional annotations of the rice transcripts available

from RAP-DB (http://rapdb.dna.affrc.go.jp/) were used

to investigate the functions and the role of the selected

genes differentially expressed in response to F. fujikuroi

infection. The criteria used for the description of genes

in the following sections were based either on the higher

fold changes (FC) in cv. Selenio in the case of cyto-

chrome P450 monooxygenases, or on the defence role of

genes already reported in rice infected with other patho-

gens [14, 15, 23–26].

Cytochrome P450 monooxygenases

Cytochrome P450 monooxygenases (P450s) are uni-

versal enzymes that catalyse the oxidation of many

substrates by the activation of molecular oxygen.

Plant P450s catalyse several enzymatic steps for vari-

ous plant metabolites such as defence-related metabo-

lites, phytohormones, pigments, fatty acids, and lignin

[27, 28]. Here, we found a putative cytochrome P450

(Os12g0582700; family 94) as the most up-regulated

gene in Selenio (3 wpg) with a log2FC 6.60 (Additional

file 4: Table S4). Other highly up-regulated P450s in

Selenio (3 wpg), also located on chromosome 12,

were Os12g0443000 and Os12g0150200 (both genes

belonging to family 94). The three P450s were not

DEGs either in Selenio or in Dorella at 1 wpg. Inter-

estingly, P450 Os12g0443000 was the highest down-

regulated gene in Dorella with log2FC -3.66 at 3 wpg,

while the other two P450s were not present among

the DEGs in this cultivar.

PR genes

Pathogenesis-related (PR) proteins have antifungal ac-

tivity against many phytopathogenic fungi, such as

Fig. 3 Venn diagrams of DEGs modulated by bakanae disease. Venn diagrams represent DEGs in resistant (Selenio) and susceptible (Dorella) rice

genotypes after F. fujikuroi inoculation at 1 and 3 weeks post germination
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Phytophthora infestans, Phytophthora parasitica, Uromyces

fabae, and Erysiphe graminis [29, 30]. PR1 plant pro-

teins have homology to the superfamily of cysteine-

rich proteins, and when act as protease inhibitors

they can suppress the enzymatic activities in response

to proteinase attack produced by plant pathogens [31, 32].

PR1 genes were induced in wheat infected by Fusarium

pseudograminearum and in rice infected by Magnaporthe

oryzae [15, 23, 33].

We found, respectively five and six up-regulated PR1

genes in Selenio and in Dorella at 3 wpg (Additional file 5:

Table S5). Furthermore, there were no down-regulated

proteinase inhibitors in Selenio, while in Dorella five of

them were down-regulated. Interestingly, out of five up-

regulated genes in Selenio (all proteinase inhibitors), three

of them were down-regulated in Dorella (Os01g0615050,

Os03g0429000 and Os01g0127600). At 1 wpg, there were

no induced PR1 genes in Selenio, whereas only one PR1

gene was transcriptionally activated in Dorella.

Few other PR genes, including thaumatin-like genes,

were identified as modulated by F. fujikuroi infection

mainly at 3 wpg in Selenio and Dorella (4 and 8

genes, respectively). Out of four up-regulated PR

genes in Selenio, three were down-regulated in Dorella

(Os01g0693400, Os12g0555300, and Os12g0569500;

Additional file 5: Table S5). Furthermore, the four up-

regulated genes in Selenio were also induced in rice during

M. oryzae infection (Os01g0693400 and Os12g0569500

in compatible interactions, and Os04g0398000 and

Os12g0555300 in incompatible interactions) [15].

Glycoside hydrolases

Glycoside hydrolases (GH) catalyse the hydrolysis of

glycosidic bonds in cell wall polymers. The rice GH are

classified into 34 families encoding 437 GH genes [26].

The largest GH17 family contains PR2 genes producing β-

1,3-glucanases that hydrolyse β-1,3-D-glucosidic linkages

in β-1,3-glucans [34]. Fungal cell walls usually contain

both chitins and β-1,3-glucans, and the contemporary

expression of chitinases and β-1,3-glucanases indicate

their mutual function in fungal cell wall degradation [35].

Sharma et al. [26] found 128 up-regulated and 82 down-

regulated GH genes during response of rice to four rice

pathogens, whose 19 up-regulated in response to M.

oryzae, the causal agent of blast disease. Kawahara et

al. [15] reported up-regulation of 23 GH17 genes in

early-stage of M. oryzae infection.

In the present work, an higher up-regulation of GH

genes, comprising β-1,3-glucanases, was observed at 3

wpg; 16 genes in Selenio and 13 genes in Dorella

(Additional file 6: Table S6). Five up-regulated GH

genes (Os01g0713200, Os01g0860800, Os01g0940800,

Fig. 4 Mean expression versus log fold change plots (MA-plots). Transcriptional changes are presented in Selenio and Dorella at 1 week post

germination (a) and 3 weeks post germination (b). Normalized mean expression values are plotted versus log2 fold changes. Genes with an

FDR < 0.05 are plotted in blue for Dorella and red for Selenio

Matić et al. BMC Genomics  (2016) 17:608 Page 5 of 17



Os03g0792800, and Os11g0704600) in Selenio were in

common with the rice-M. oryzae interaction [15].

At 1 wpg, Selenio did not induce any GH gene, while

Dorella up-regulated 9 glucanase genes. Dorella shared 4

up-regulated GH genes during both infection stages. A

higher activation of glucanase genes in the susceptible

genotype compared to the resistant one at 1 wpg could

be attributed to the F. fujikuroi colonization of Dorella

plants and to the consequent activation of the mecha-

nisms of fungal cell-wall degradation.

Chitinases

Chitinases belong to the PR protein families PR3, 4, 8,

and 11, and are involved in the plant defence response

against pathogens and pests by hydrolysing the chitin

in the cell wall of fungi and in the skeleton of insects

[36, 37]. Three up-regulated chitinases were common

in Dorella at 1 and 3 wpg, while Selenio did not

show activation of chitinases at 1 wpg (Additional

file 7: Table S7). Interestingly, among the up-regulated

chitinases in Selenio at 3 wpg, Os02g0605900 was down-

regulated in Dorella during both infection time points.

Os02g0605900 was also up-regulated during incompatible

interaction between rice and M. oryzae [15]. At 3 wpg, we

found 10 up-regulated chitinase genes in the susceptible

genotype, whereas Selenio showed only 2 up-regulated

chitinases. Higher up-regulation of chitinase genes in

Dorella compared to Selenio at 3 wpg might be a conse-

quence of fungal colonization of plant cells and subse-

quent activation of fungal cell-wall degradation, as in the

case of glucanase genes at 1 wpg.

Peroxidases

Peroxidases are PR9 proteins induced in plant tissues

upon pathogen infection and they are known as defence-

related proteins. Peroxidases are produced to prevent

cellular diffusion of pathogens by massive production of

reactive oxygen and nitrogen species, and subsequent

creation of an highly toxic environment, or by develop-

ment/reinforcement of structural barriers [38–40]. In

our study, we found 12 up-regulated peroxidase genes in

Dorella and 7 in Selenio at 3 wpg (Additional file 8:

Table S8). Activation of a higher number of peroxidases

was also found at 1 wpg in susceptible genotype (9) as

compared to the resistant genotype (2). Selenio did not

share activated peroxidases between 1 and 3 wpg, while

one induced peroxidase was common in Dorella during

both infection time points (Os02g0236600). Lower in-

duction of peroxidases in Selenio could be attributable

to a reduced spreading of F. fujikuroi in this genotype.

Three peroxidases (Os01g0787000, Os03g0285700, and

Os07g0677600) up-regulated in Selenio were also in-

duced in rice infected with M. oryzae [15].

Germin-like proteins

Oxalate oxidase-like genes, recently known as germin-

like protein (GLP) genes, are included in plant defence

mechanisms, where some of them increase their expres-

sion upon pathogen infection or insect attack [41–44].

GLP genes are known to contribute to rice resistance.

Manosalva et al. [24] demonstrated that when GLP

genes of chromosome 8 were suppressed, rice plants

were more susceptible to rice blast and sheath blight

(caused by Rhizoctonia solani).

At 3 wpg, 4 up-regulated GLP genes were identified in

Selenio, while 5 up-regulated and 2 down-regulated GLP

genes were found in Dorella (Additional file 9: Table S9).

Interestingly, 2 up-regulated GLPs (Os08g0189600 and

Os11g0537350) in Selenio were down-regulated in

Dorella. Out of four up-regulated GLPs in Selenio, two

genes (Os08g0189600 and Os08g0189400) are located

on chromosome 8, where other GLP genes involved in

rice fungal resistance are present [24]. On the other

hand, Selenio did not activate GLP genes at 1 wpg,

whereas Dorella had all GLPs genes up-regulated at this

stage.

MAP kinases

Mitogen-activated protein kinases (MAPKs) play an im-

portant role in many resistance (R)-mediated defence re-

sponses to plant pathogens [45]. MAPK cascades are

involved in a range of signalling pathways downstream

of receptor kinases, such as the biosynthesis of phyto-

alexins in plants [46]. MAPK cascades are composed of

three functionally linked protein kinases: MAPK, phos-

phorylated and activated by a MAPK kinase (MAPKK),

which itself is activated by another protein kinase, a

MAPKK kinase (MAPKKK) [47].

A MAPK cascade, including the MAPKK OsMKK4

and two MAPKs, OsMPK3 and OsMPK6, is involved

in chitin elicitor-induced biosynthesis of diterpenoid

phytoalexins in rice [25]. Two of these genes were up-

regulated in Selenio at 3 wpg (OsMKK4 or Os02g0787300

with a log2FC 3.27, and OsMPK3 or Os03g0285800 with a

log2FC 1.64), whereas one of them was the most down-

regulated MAP-kinase in Dorella (OsMKK4 with a log2FC

-2.83) (Additional file 10: Table S10). Furthermore, Selenio

had five further MAP kinases activated while the majority

of MAP-kinases were down-regulated in Dorella (8 genes

in total). No MAP kinases were DEGs either in Selenio or

in Dorella at 1 wpg.

WRKY transcriptional factors

WRKY transcription factors are a superfamily of zinc-

finger transcription factors which contain a highly con-

served DNA-binding WRKY domain. Most WRKY pro-

teins bind to the conserved W-box, which is present in

the promoters of many defence-related genes [48, 49].
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At 3 wpg, Selenio showed an induction of 22 WRKY

genes with FC ranging from 2 to 15 and a down-

regulation for only two WRKY genes (Additional file 11:

Table S11). Conversely, at the same time point Dorella

up-regulated only 4 WRKY genes (FC from 2 to 4), and

down-regulated 15 WRKY genes (Additional file 11:

Table S11). Selenio showed no activation of WRKY genes

at 1 wpg, while Dorella showed 4 WRKY up-regulated

genes with only one of them shared between 1 and 3

wpg. Interestingly, 8 up-regulated WRKY genes in

Selenio at 3 wpg were down-regulated in Dorella at the

same infection time point. On the contrary, one of the

down-regulated genes in Selenio (WRKY29) was highly

up-regulated in Dorella.

Comparison of WRKY gene induction identified in the

present study with analyses carried out on M. oryzae-rice

interactions [14, 15], highlighted a common activation of

WRKY-62, −76, −19, and −50 genes in resistant rice

cultivars.

Expression of defence-related genes in Selenio and

Dorella in response to F. fujikuroi

Comparison of the transcript profiles for Selenio and

Dorella at 1 and 3 wpg reveals a different modulation of

the plant response to F. fujikuroi. In detail, Selenio

activated, albeit to a moderate extent, only peroxidase

genes at 1 wpg (Os07g0677200 and Os01g0326300),

while many genes related to glucanases, germin-like

proteins, peroxidases, MAP kinases, WRKY transcriptional

factors, and PR genes were activated at 3 wpg (Fig. 5).

Overall, Selenio up-regulated the highest number WRKY

transcription factors, MAPK, and glucanases, and down-

regulated the majority of peroxidases at 3 wpg. Further-

more, Dorella activated all groups of defence-related genes

at both infection time points (with exception of MAP-

kinases at 1 wpg), and it activated the highest number of

chitinases, glucanases, and peroxidases and down-

regulated the majority of WRKY transcription factors

at 3 wpg (Fig. 5). Further analyses focused on the re-

sults at 3 wpg, because this infection time point with

a higher transcriptomic response in both cultivars,

showed to be crucial in the F. fujikuroi-rice

interactions.

GO enrichment analyses

As GO terms covering genes with longer transcripts are

more likely to be determined as enriched due to higher

read counts and increased statistical power for DEG call

[50], the goseq R package was implemented in order to

limit such length-related biases [51]. Test sets for goseq

inputs were DEGs assessed by DESeq2 Goseq output,

resulting in 79 and 97 enriched GO terms for Selenio

and Dorella, respectively. Specific and common GO

terms at 3 wpg, i.e. 46 common, 33 Selenio-specific, and

51 Dorella-specific GO terms, are detailed in Fig. 6.

Among 46 common enriched terms in both rice geno-

types, some GO terms were associated to general plant

response to fungus attack such as ‘defence response’

Fig. 5 Transcriptome profiling of defence-related genes in Selenio and Dorella in response to F. fujikuroi. Two infection time points in two rice

genotypes are shown: (a) 1 week post germination and (b) 3 weeks post germination
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(GO:0006952), ‘MAP kinase kinase kinase activity’

(GO:0004709), ‘oxidation-reduction process’ (GO:0055114),

‘response to stress’ (GO:0006950), and ‘response to

wounding’ (GO:0009611). On the other hand, some GO

terms associated with fungal infection were specific.

Among the GO terms found solely in Selenio, but not

in Dorella, there are: ‘response to chitin’ (GO:0010200),

‘brassinosteroid mediated signaling pathway (GO:0009742),

‘response to abscisic acid stimulus’ (GO:0009737), ‘jasmonic

acid biosynthetic process’ (GO:0009695), ‘plant-type

hypersensitive response (GO:0009626), and ‘transmem-

brane receptor protein tyrosine kinase signalling pathway’

(GO:0007169).

Although Dorella displayed a higher number of spe-

cific GO groups, many of them were not associated with

a specific plant response to biotic stress. Furthermore,

Dorella activated a different battery of response mecha-

nisms to F. fujikuroi as compared to Selenio, e.g. ‘re-

sponse to salicylic acid stimulus’ (GO:0009751), and

‘gibberellin metabolic process’ (GO:0009685).

In the following sections, some Selenio-specific GO

terms most likely involved in bakanae resistance (hyper-

sensitive response, jasmonic acid biosynthetic process

and response to chitin) and two Dorella-specific GO

terms associated with bakanae disease (response to sali-

cylic acid and gibberellin metabolism) are described.

Hypersensitive response

The interaction of avirulence (Avr) genes in pathogens and

disease resistance (R) genes in plants can cause a localized

programmed cell death named hypersensitive response

(HR) [52]. The protein Avr9 of Cladosporium fulvum pro-

vokes various defence responses in tomato plants bearing

the Cf9 gene, and after Avr9 recognition the cells close to

the infection site die [53, 54]. The GO term ‘plant-type

hypersensitive response’ (GO:0009626), enriched only

in Selenio (at 3 wpg), includes defence genes encod-

ing Avr9/Cf-9 elicited protein, C2 domain containing

protein, Pto kinase interactor 1 and chitinase 6, many

of them related with HR (Additional file 12: Table S12).

On the contrary, all genes comprised in this GO term

were down-regulated in Dorella with the exception of pu-

tative chitin-binding allergen Bra r 2. Thus, activation of a

strong hypersensitive response could represent a major

differential mechanism conferring resistance to bakanae

disease in Selenio.

Jasmonic acid biosynthetic process

Jasmonic acid (JA), salicylic acid (SA), and ethylene (ET)

are phytohormones involved in defence processes. De-

fence against necrotrophic pathogens and leaf-chewing in-

sects is regulated by ET pathway and JA dependent

signalling, while biotrophic pathogens mainly activate

Fig. 6 GO enrichment analyses in Selenio and Dorella rice genotypes upon F. fujikuroi infection. Common and genotype-specific enriched GO

terms were obtained by goseq package using a FDR cutoff of 0.1. GO term enrichment p values are indicated on X axis. Red, blue and green

columns refer, respectively, to biological process (BP), molecular function (MF) and cell compartment (CC) GO domains
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SA-dependent signalling pathway [55, 56]. In fact, based

on recent studies, gibberellins (GAs) stimulate colonization

by necrotrophic fungi, such as F. fujikuroi, through sup-

pression of the JA signalling pathway [57].

Genes associated to the GO term ‘jasmonic acid

biosynthetic process’ (GO:0009695) were found up-

regulated in Selenio (3 wpg) and down-regulated in

Dorella (Additional file 13: Table S13). This GO included

12-oxophytodienoic acid reductase, 3-ketoacyl-CoA

thiolase, and allene oxide cyclase which participate

in the biosynthesis of JA [58–60]. Furthermore,

phospholipase D (Os10g0524400 and Os01g0172400)

and lipoxygenase-like (Os08g0508800, Os04g0447100,

Os08g0509100, and Os03g0700700) genes, necessary

for the initial steps of JA synthesis in Arabidopsis

thaliana [61], were all up-regulated among DEGs in

Selenio at 3 wpg. Thus, activation of JA signalling

pathway genes may also play a crucial role in the re-

sistance of Selenio to F. fujikuroi, while fungal infec-

tion and down-regulation of JA-biosynthesis related

genes probably induced the suppression of this de-

fence mechanism in Dorella and could be favoured

by high production of gibberellins during infection

and colonization processes.

Response to chitin

The GO term ‘response to chitin’ (GO:0010200) was

specifically enriched in Selenio; genes associated to this

group include various transcription factors, such as

heat-stress, GRAS, and ET-responsive genes which were

found up-regulated in Selenio, but not in Dorella.

Heat-stress transcription factors are reported to play a

role in fungal resistance in other plant species [62, 63].

Selenio up-regulated the heat-stress transcription factors

B-2b, B-2c, and A-2a, possibly as a result of a F. fujikuroi

chitin stimulus (Additional file 14: Table S14). Three

transcription factors similar to ET-responsive factors

(Os05g0572000, Os05g0420300, and Os03g0860100)

were up-regulated in Selenio, but not in Dorella. These

factors could indicate that ET-mediated signalling

pathway may also be involved in Selenio resistance to F.

fujikuroi. GRAS transcriptional regulators participate in

plant disease resistance and mechanical stress response

[64], and the GRAS transcriptional factor Os03g0723000

included in this GO term was found up-regulated in

Selenio.

The zinc-finger proteins are known to be involved in rice

resistance to pathogens, such as M. oryzae, and Xanthomo-

nas oryzae pv oryzae [65–67]. In this GO group, two zinc-

finger RING/FYVE/PHD-type genes (Os03g0240600 and

Os01g0755700) were both up-regulated in Selenio and

down-regulated in Dorella, and they may contribute

to resistance response of Selenio to F. fujiuroi (Additional

file 14: Table S14).

Response to salicylic acid stimulus

SA plays an important role in resistance and plant de-

fences against pathogen attacks. R2R3-MYB genes are

involved in signalling pathways of salicylic acid [68] and

in antagonistic activation of SA defence mechanisms

and repression of JA defence mechanisms in A. thaliana

[69]. In this study, the GO term ‘response to salicylic

acid stimulus’ (GO:0009751) was specifically enriched in

Dorella. Dorella activated at 3 wpg two P-type R2R3

MYB genes (Os08g0437300 and Os04g0594100), and

other putative MYB genes which were either down-reg-

ulated in Selenio or not found among DEGs (Add-

itional file 15: Table S15). This indicated that

salicylic signalling pathway could be employed in response

of Dorella to F. fujikuroi attack, but not in Selenio.

Gibberellin metabolic process

The GA role in stimulating stem growth in rice plants

was discovered for the first time during the studies of

bakanae disease [70]. The GAs were reported to be pro-

duced not only by the causal agent of bakanae disease

inducing the stem elongation, reduced root growth, and

inhibition of chlorophyll synthesis, but the plant itself is

able to synthesize GAs [71]. In our studies, the enzymes

involved in the GA synthesis belonging to the GO term

‘gibberellin metabolic process’ (GO:0009685) were up-

regulated in Dorella and down-regulated in Selenio at 3

wpg: gibberellin 2-beta-dioxygenase (Os05g0560900), gib-

berellin 20 oxidase 1 (Os03g0856700), and syn-copalyl di-

phosphate synthase (Os04g0178300) (Additional file 16:

Table S16). Moreover, putative cytochrome P450 dwarf3

gene (Os06g0110000) belonging to this GO term was up-

regulated in Dorella, and not included as DEG in Selenio.

It was reported that dwarf3 gene encoding a cytochrome

P450-type enzyme (or OsKAO gene) is involved in early

steps of gibberellin biosynthesis in rice [72]. Interestingly,

the dwarf3 gene is involved also in leaf longevity in rice

during the stress conditions, and its expression in Dorella

is possibly related with pronounced leaf senescence and

cell death in response to F. fujikuroi beside the gibberellin

metabolism [73].

The activation of gibberellin metabolic genes in the sus-

ceptible rice genotype, where typical bakanae symptoms

and active growth of pathogen were observed, was in ac-

cordance with GA3 biosynthesis measured through high

performance liquid chromatography (HPLC) analysis. As

shown in Fig. 7, Dorella inoculated by F. fujikuroi had

twelve times more GA3 compared to inoculated Selenio at

3 wpg. On the basis of these results, it is evident that the

gibberellin group of growth hormones plays important

role in response of rice to F. fujikuroi. By modulating the

production of gibberellins, rice plants are coordinating

their level of tolerance to bakanae disease possibly

through interaction of the GA-signalling molecules with
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components of the JA signalling pathway, as already re-

ported under other stress conditions in plants [74], and

confirmed in our work by enriched JA metabolism in

Selenio.

KEGG and MapMan maps

In order to compare and summarize the response of the

two genotypes to infection, the genes were mapped to

KEGG rice plant-pathogen interaction diagram (osa04626;

http://www.genome.ad.jp/kegg/) [75]. Fold change values

for the two contrasts Dorella mock vs Dorella inoculated

(3 wpg) and Selenio mock vs Selenio inoculated (3 wpg)

were integrated in the diagram by colour-coding, imple-

menting the pathview R package [76]. This allowed a

prompt comparative evaluation of expression responses

(Fig. 8). Boxes are placeholders for one or more genes

assigned to the same KEGG orthology (KO) group. When

more than one gene is mapped to the same group, expres-

sion fold-changes were summed up according to default

pathview settings.

Based on the plant-pathogen interaction map, when

compared to Dorella, Selenio exhibited higher up-

regulation of genes in pathways involved in hypersensi-

tive response, response to chitin and JA-dependent sig-

nalling confirming the results of the GO enrichment

analyses. As an example, following fungal Avr9 and plant

Cf9 interaction, Ca2+-dependent protein kinase gene

(CDPK, e.g. Os01g0808400) involved in hypersensitive

response and signal transduction was found up-

regulated in Selenio, and down-regulated in Dorella

(Fig. 8).

Chitin is a typical microbe-associated molecular pattern

(MAMP) molecule from fungal cell walls which elicits

plant immune responses. Two plasma membrane pro-

teins, OsCEBiP and OsCERK1 were found necessary to

regulate chitin as elicitor of signalling in rice [77, 78]. As

summarized in the KEGG map, CEBiP and CERK1 genes

were induced in Selenio, but not in Dorella inducing sub-

sequently up-regulation of RIN4 (e.g. Os03g0848600) and

HSP90 (e.g.Os06g0716700)-like genes (similar genes are

included in these KO groups and fold changes are

summed up in the boxes), downstream components of the

hypersensitive response (Fig. 8).

Furthermore, JASMONATE ZIM-DOMAIN-like (JAZ;

e.g. Os03g0180800) and MYC2 (Os10g0575000), two

genes involved in JA signalling, were found by KEGG

annotation induced exclusively in Selenio (Fig. 8) which

emphasizes the possible role of JA-dependent signalling

in Selenio resistance to F. fujikuroi.

Additionally, employing MapMan software [79], we pre-

sented a summary of the main expression changes puta-

tively involved in biotic stress (F. fujikuroi) in Selenio and

Dorella, as shown by Fig. 9. In contrast to Dorella, Selenio

up-regulated the majority of DEGs involved in the candi-

date resistance pathways already described above, includ-

ing jasmonic- and ethylene-mediated signalling.

Validation of RNA-Seq technology

To validate the RNA-Seq technique, seven DEGs were

selected based on their expression patterns at 3 wpg for

quantitative RT-PCR (qRT-PCR) by using the same RNA

extracts as for RNA-seq experiments (Fig. 10). The

Fig. 7 Production of gibberellin A3 by rice cultivars Selenio and Dorella at 3 weeks post germination. S- = non inoculated Selenio; S + = bakanae

inoculated Selenio; D- = non inoculated Dorella; D + = bakanae inoculated Dorella. Error bars show standard deviations for triplicate assays.

Columns with the same letter are not statistically different by Duncan’s Multiple Range Test (P < 0.05)
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results of the selected DEGs showed that the qRT-PCR

was consistent with the RNA-Seq results showing similar

expression pattern of up- and down-regulated genes by

using both, RNA-Seq and qRT-PCR, analyses.

Conclusions
This study presents the first transcriptome from a rice

infected by F. fujikuroi. We obtained the expression pro-

files of the resistant rice genotype Selenio and the sus-

ceptible genotype Dorella in response to bakanae disease

at two infection time points (1 and 3 wpg). More abun-

dant transcriptional changes occurred at 3 wpg in both

cultivars, suggesting the importance of this temporal

point of infection for studying the rice bakanae resist-

ance mechanisms.

The transcriptomic analysis allowed a remarkable

insight into novel genes and pathways involved in

defence of rice distinguishing two types of responses (re-

sistant and susceptible) to bakanae disease. The results

showed that general expression of glucanases, peroxi-

dases and PR genes in both, resistant and susceptible,

genotypes could represent the basic defence mechanism

of rice against F. fujikuroi. What was found strikingly

different between resistant and susceptible response is

the modulation of WRKY transcriptional factors and

MAPK cascades, which are involved in induction of dif-

ferent plant signalling pathways [46, 49]. Thus, 22

WRKY genes and 7 MAP kinases were up-regulated in

the resistant genotype. Moreover, we found some cyto-

chrome P450 genes involved in production of defence-

related metabolites highly expressed only in Selenio. The

cytochrome P450 class of enzymes will be further stud-

ied to assess their role in the production of secondary

metabolites, such as sakuranetin and momilactones

Fig. 8 KEGG rice plant-pathogen interaction diagram (osa04626). Coloured boxes are placeholders for one or more genes as assigned to the same

KEGG group. For each box, the left side refers to the contrast Dorella mock versus Dorella inoculated (3 wpg) while the right side refers to the

contrast Selenio mock versus Selenio inoculated (3 wpg). The colour (in log2 scale) represents the log2-based fold-change (ratio of expression

values, inoculated over mock) as indicated in colour key, from -5 (sharp green) to +5 (sharp red)
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Fig. 9 Mapman overview of the genes involved in biotic (F. fujikuroi) stress. DEGs of two rice genotypes (Selenio and Dorella) are binned to

MapMan functional categories and the values are represented as the log2-transformed values. Red indicates up-regulated genes, whereas blue

indicates down-regulated genes. ABA, abscisic acid; bZIP, basic region-leucine zipper; DOF, DNA-binding with one finger; ERF, ethylene response

factor; HSP, heat shock protein; JA, jasmonic acid; MAPK, mitogen-activated protein kinase; MYB, myeloblast; PR, pathogenesis-related; R, resistance;

SA, salicylic acid

Fig. 10 qRT-PCR validation of the relative expression data of genes obtained in RNA-seq analysis. Expression levels of selected transcripts are

shown in dark grey (RNA-seq) and light grey (qRT-PCR). Plain columns and dotted columns refer to the expression data in Selenio and Dorella,

respectively. EF1α gene was used for transcript normalization of the signal intensity which is shown on the y-axis. The X-axis shows comparisons

of the results of two analyses. Error bars show standard deviations for triplicate assays. Asterisks indicate that expression levels are significantly

different between RNA-seq and qRT-PCR (unpaired t test, P < 0.05)
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[14, 80], involved in resistance mechanisms. Tran-

scriptional and enzyme-related genes associated with

induction of jasmonic acid pathway, hypersensitive re-

sponse and response to chitin, as revealed by GO en-

richment and KEGG analyses, create a scaffold of

resistance in rice against F. fujikuroi. A recently pub-

lished study about the chemical responses of rice to

F. fujikuroi infection [80] confirms that the increase

of gibberellic acid produced by the fungus in the sus-

ceptible cultivar restricts jasmonic acid signaling. On

the contrary, the level of jasmonic acid is stable and

not impaired by pathogen inoculation in the resistant

cultivar. Moreover, the susceptible genotype specific-

ally activated chitinase genes and gibberellin-

metabolic genes which, together with salicylic acid

signalling and gibberellin metabolic pathway found in

Dorella, represent the key factors in rice susceptibility

towards bakanae disease.

The DEGs and GOs found in this study suggest that F.

fujikuroi may behave differently with respect to geno-

type; e.g. in Dorella it acts systemically as a necrotroph

destroying the plant cells, but in Selenio it is locally

present, though at lower cell concentration, without

damaging the plants and triggering hypersensitive re-

sponse. This provides important information for a better

understanding of molecular and cellular processes dur-

ing F. fujikuroi infection and bakanae resistant pathways

and offers a framework for development of bakanae re-

sistant rice germplasm.

Methods
Screening of rice cultivars against bakanae disease in

greenhouse

F. fujikuroi strain I1.3 isolated and characterized from

Italian bakanae-infected rice [21, 81] was cultured to-

gether in potato dextrose broth (PDB, Merck KGaA) for

10 days in darkness at 20 °C. The strain was filtered

through sterile cheese cloth to obtain a final spore con-

centration of 106 mL−1. Twelve rice commercial geno-

types were screened against bakanae disease: Leto,

Dorella, Volano, Thaibonnet, Vialone Nano, Augusto,

Eurosis, Carnaroli, Centauro, Gange, Selenio, and Baldo.

The susceptible rice genotype Galileo was also included

as a control. Seed lots of all rice cultivars were provided

by the Rice Research Unit of Consiglio per la Ricerca e

la Sperimentazione in Agricoltura. Rice seeds were

surface-disinfected in 1 % sodium hypochlorite for

2 min and rinsed in sterile distilled water. A total of 120

seeds were soaked in 100 mL spore suspension and

shaken for 30 min at room temperature, while control

seeds for each genotype were soaked in sterile distilled

water.

Seeds were sown in plastic pots with three biological

replicates (40 seeds per pot) per each control (mock)

and bakanae inoculated treatment. The plants were

maintained in greenhouse conditions (25 °C day:17 °C

night; watering 3 times per day). Disease symptoms were

evaluated at 3 wpg using a bakanae disease symptomatic

scale [22]: symptomless plants (0), plants with chlorotic,

narrow leaves and delayed growth (25), plants with thin

and elongated internodes (50), plants with crown necro-

sis (75), and dead plants (100). Germination rate was

also evaluated. The screening of the rice genotypes was

performed twice.

Quantification of F. fujikuroi in selected rice cultivars

Deletion of six nucleotide onto Elongation factor 1α se-

quence, observed by Amatulli et al. [81] on F. fujikuroi was

used for a TaqMan specific probe design (5′-[FAM]-

TTGTCACGTGTCAAACTAAACATTCGAC-[TAMRA]-

3′). Specific primers FjnsF (5′-ATGGGCGCGTTTTGCCC

TTT-3′) and FjnsR (5′-GGCGTACTTGAAGGAACCCT-

3′) were constructed using PerlPrimer software in order to

obtain a 117 bp-amplicon. Real-time PCR was performed

in a total volume of 25 μL by mixing 12.5 μL TaqMan

Universal PCR Master Mix (Applied Biosystems), 0.56 μL

each primer (10 μM), 0.5 μL TaqMan probe (5 μM), and

0.5 μL fungal DNA template. The reaction was performed

on Applied Biosystems Stepone Plus RealTime PCR with

the following conditions: initial denaturation at 95 °C

for 15 min followed by 40 cycles of denaturation (30 s at

95 °C), annealing and extension (60 s at 64 °C).

RNA extraction and Illumina GAIIx Sequencing

Total RNA was extracted from Selenio and Dorella at

two infection time points (1 and 3 wpg) with RNeasy

plant mini kit (Qiagen) following the manufacturer’s in-

structions. Three micrograms total RNA were used to

construct libraries by TruSeq RNA sample preparation

kit (FC-122-1001) according to the manufacturer’s in-

structions. Libraries were PCR-amplified in 15 cycles,

purified, and size-selected for ~300 bp on a 2 % low

range ultra-agarose gel (BIO-RAD). The Agilent 2100

bioanalyzer was used to check the quality of RNA and li-

braries. Single-end sequencing (51 bp) was conducted

on an Illumina Genome Analyser (GAIIx) running two

samples per lane.

Bioinformatics

Differentially expressed genes

For DEG identification, DESEq2 1.2.5 R package was run

with parametric fit and betaPrior parameter set to

TRUE. Independent filtering was enabled [19, 20]. A

False Discovery Rate (FDR) of 0.05 and a fold change of

2 were set as thresholds for DEG calling, as previously

described [14, 82]. The list of all DEGs is provided (Add-

itional file 3: Table S3) to allow any further DEG subset-

ting based on different FDR or fold change.

Matić et al. BMC Genomics  (2016) 17:608 Page 13 of 17



GO enrichment analyses

GO enrichment analyses were conducted with the goseq

bioconductor package version 1.14.0. Goseq was specif-

ically designed to contain length-derived bias which may

affect RNA-seq data [51]. As rice databases are not yet

covered by goseq built-in databases, transcript lengths

were retrieved with BiomaRt queries (Ensembl plants;

Nipponbare; Oryza_sativa.IRGSP-1.0.20) and median

length of transcripts for each rice locus were obtained

by parsing cDNA lengths with R custom scripts. A FDR

cutoff of 0.1 was used for GO enrichments. As only

GOSLIM terms are available in current ensemble plants

Oryza_sativa IRGSP releases, full GO terms for each

gene were retrieved by fastannotator queries using de-

fault parameters [83].

Other bioinformatic analyses

Unless otherwise stated, further graphical outputs were

generated with custom R and Python scripts. The Bio-

conductor package pathview version 1.2.3 [75] was used

to generate relevant KEGG pathway pictures incorporat-

ing color-coded expression values. Pathview parameters

were set as default and the limit parameter was set as:

limit = list (gene = 5, cpd = 1).

Production and analysis of gibberellin A3

Two hundred mg fresh rice material collected within

three biological replicates were transferred in centrifuge

tubes and 1 mL of extraction solution (CH3OH 80 %

acidified with CH3CHOOH 0.1 %) was added. Samples

were frozen with liquid nitrogen and homogenized with

TissueLyser (Qiagen), then they were shaken at 4 °C in

the dark overnight. At last, samples were centrifuged at

15,000 rpm and 4 °C for 2 min, and the supernatant was

analysed by HPLC-MS/MS using a 1260 Agilent Tech-

nologies system consisting of a binary pump and a vac-

uum degasser. Aliquots (10 μL) were injected on a Luna

Phenyl-Hexyl column (150 × 2 mm 3 μ, Phenomenex)

under a flow of 200 μL/min. Solvent A was H2O with

0.1 % HCOOH, solvent B was CH3CN. GA3 was eluted

in isocratic conditions 60:40 v/v for 10 min.

Using an electrospray (ESI) ion source operating in

negative ion mode, samples were introduced into a

triple-quadrupole mass spectrometer (Varian 310-MS

TQ Mass Spectrometer), according to Sicilano et al.

[80]. Two transitions were selected [345 > 239 (CE 14)

and 345 > 143 (CE 30)]; the first transition was used for

quantification and the second was the monitoring transi-

tion. The collision gas (Ar) pressure was set at 2 mbar

for all experiments.

qRT-PCR for expression of selected genes

The validation of the RNA-seq technique was performed

by quantitative RT-PCR through monitoring the expression

levels of seven selected transcripts (Additional file 17: Table

S17). Total RNA was DNase treated using TURBO DNase

(Ambion) according to the manufacturer’s protocol, and

then 500 ng total RNA was reverse-transcribed using the

High capacity cDNA reverse transcription kit (Applied Bio-

systems). PCR amplifications were carried out in an iCycler

(BIO-RAD) containing 1 μL cDNA, 10 μL SsoFast™ Eva-

Green® Supermix 2× (BIO-RAD), 0.25 μM each primer in a

total volume of 20 μL. The rice EF1α gene [24] was used as

a control for the constitutive expression. Primers for se-

lected transcripts (Additional file 17: Table S17) were

designed by Primer3 software (http://frodo.wi.mit.edu/

primer3/). The expression ratio was calculated using the

2−ΔΔCT method [84] showing the average of three tech-

nical replicates and three biological replicates.

Statistical analysis

Data from the experiments of quantification of F.

fujikuroi, production of gibberellin A3 and qRT-PCR were

submitted to analysis of variance (ANOVA) by using the

Statistical Package for Social Science (SPSS, IBM, Chicago,

IL, USA) version 17.0. The statistical significance was

judged at P < 0.05.

Additional files

Additional file 1: Table S1. Raw and mapped reads details. Samples

are referred to different Selenio (S) and Dorella (D) conditions: disease

status (bakanae or mock inoculated), biological replicates (R1, R2, and R3),

and growth stages (one week-W1 and three weeks-W3 post germination).

(DOCX 15 kb)

Additional file 2: Table S2. Pearson correlation coefficients of

expression levels in different Dorella (D) and Selenio (S) conditions

(bakanae or mock inoculated), biological replicates (R1, R2, and R3), and

growth stages; one week (W1) and three weeks (W3) post germination.

(DOCX 17 kb)

Additional file 3: Table S3. Expression values of all detected

transcribed genes and non-coding RNAs reported as DESeq-normalized

read counts and log2 fold changes. (XLSX 41091 kb)

Additional file 4: Table S4. Up-regulated and down-regulated

cytochrome P450 genes. (XLSX 22 kb)

Additional file 5: Table S5. Up-regulated and down-regulated PR

genes. (XLSX 20 kb)

Additional file 6: Table S6. Up-regulated and down-regulated

glycoside hydrolase genes. (XLSX 20 kb)

Additional file 7: Table S7. Up-regulated and down-regulated chitinase

genes. (XLSX 17 kb)

Additional file 8: Table S8. Up-regulated and down-regulated peroxidase

genes. (XLSX 21 kb)

Additional file 9: Table S9. Up-regulated and down-regulated germin-like

protein genes. (XLSX 17 kb)

Additional file 10: Table S10. Up-regulated and down-regulated MAP

kinase genes. (XLSX 15 kb)

Additional file 11: Table S11. Up-regulated and down-regulated WRKY

genes. (XLSX 22 kb)

Additional file 12: Table S12. List of the DEGs in the enriched GO

term ‘plant-type hypersensitive response’ (GO:0009626) in Selenio and

Dorella in 3 weeks post germination. (DOCX 15 kb)

Matić et al. BMC Genomics  (2016) 17:608 Page 14 of 17

http://frodo.wi.mit.edu/primer3/
http://frodo.wi.mit.edu/primer3/
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6


Additional file 13: Table S13. List of the DEGs in the enriched GO

term ‘jasmonic acid biosynthetic process (GO:0009695) in Selenio and

Dorella in 3 weeks post germination. (DOCX 14 kb)

Additional file 14: Table S14. List of the DEGs in the enriched GO

term ‘response to chitin’ (GO:0010200) in Selenio and Dorella in 3 weeks

post germination. (DOCX 16 kb)

Additional file 15: Table S15. List of the DEGs in the enriched GO

term ‘response to salicylic acid stimulus’ (GO:0009751) in Selenio and

Dorella in 3 weeks post germination. (DOCX 16 kb)

Additional file 16: Table S16. List of the DEGs in the enriched GO

term ‘gibberellin metabolic process’ (GO:0009685) in Selenio and Dorella

in 3 weeks post germination. (DOCX 15 kb)

Additional file 17: Table S17. List of primers used in quantitative RT-

PCR for validation of RNA-Seq analysis. (DOCX 15 kb)

Acknowledgments

This work was carried out with grants from the project RISINNOVA

“Integrated genetic and genomic approaches for new Italian rice breeding

strategies”, funded by AGER Foundation (grant no. 2010–2369). The authors

wish to thank Prof. Angelo Garibaldi for his accurate revision of the

manuscript.

Availability of data and materials

The data sets supporting the results of this article are included within the

article and its additional files.

Authors’ contributions

SM performed biological assays, RNA extraction, qRT-PCR, analyses of

bionformatic data, and wrote the manuscript. PB performed the bioinformatics

analysis, participated in results interpretation and critically revised the

manuscript. CB carried out the construction, purification and selection of the

libraries. LO performed the Illumina GAIIx Sequencing. GAC participated in

biological experiments and carried out the quantification of F. fujikuroi. IS

performed HPLC analysis. GV and MLG participated in study coordination and

project, and critically revised the manuscript. DS conceived the study, participated

in its design and coordination, and edited the manuscript. All authors read and

approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Author details
1AGROINNOVA – Centre of Competence for the Innovation in the

Agro-environmental Sector, University of Turin, Largo Paolo Braccini 2 (ex-Via

L. da Vinci 44), 10095 Grugliasco, TO, Italy. 2Department of Agricultural,

Forestry and Food Sciences (DISAFA), University of Turin, Largo Paolo

Braccini 2 (ex-Via L. da Vinci 44), 10095 Grugliasco, TO, Italy. 3Council for

agricultural research and economics (CREA), Genomics Research Centre, via S.

Protaso, 302 I −29017, Fiorenzuola d’Arda, PC, Italy. 4Council for agricultural

research and economics (CREA), Rice Research Unit, S.S.11 to Torino, km 2,5,

13100 Vercelli, Italy.

Received: 18 December 2015 Accepted: 8 July 2016

References

1. Carter LLA, Leslie LF, Webster RK. Population structure of Fusarium fujikuroi

from California rice and water grass. Phytopathology. 2008;9:992–8.

2. Desjardins AE, Plattner RD, Nelson PE. Production of fumonisin B1 and

moniliformin by Gibberella fujikuroi from rice from various geographic areas.

Appl Environ Microbiol. 1997;63:1838–42.

3. Hsieh HW, Smith SN, Snyder WC. Mating groups in Fusarium moniliforme.

Phytopathology. 1977;67:1041–3.

4. Webster RK, Gunnell PS. Compendium of Rice Diseases. St. Paul: APS Press; 1992.

5. Ma LJ, Geiser DM, Proctor RH, Rooney AP, O’Donnell K, Trail F, et al.

Fusarium pathogenomics. Annu Rev Microbiol. 2013;67:399–416.

6. Ou SH. Rice Diseases. Slough: CAB International; 1987.

7. Spadaro D, Amatulli MT, Gullino ML, Garibaldi A. Quantitative real-time PCR

for Fusarium fujikuroi and Fusarium proliferatum on rice. J Plant Pathol.

2012;94 Suppl 4:80.

8. Bagga PS, Kumar V. Resistance to bakanae or foot-rot disease in basmati

rice. Indian Phytopath. 2000;53:321–2.

9. Desjardins AE, Manhanadhar HK, Plattner RD, Manandhar GG, Poling SM,

Maragos CM. Fusarium species from Nepalese rice and production of

mycotoxins and gibberellic acid by selected species. Appl Environ Microbiol.

2000;66:1020–5.

10. Ghazanfar MU, Javed N, Wakil W, Iqbal M. Screening of some fine and

coarse rice varieties against bakanae disease. J Agric Res. 2013;51:41–9.

11. Jeong H, Lee S, Choi GJ, Lee T, Yun SH. Draft genome sequence of

Fusarium fujikuroi B14, the causal agent of the bakanae disease of rice.

Genome Announc. 2013;1:e00035–13.

12. Wiemann P, Sieber CM, von Bargen KW, Studt L, Niehaus EM, Espino JJ, et

al. Deciphering the cryptic genome: genome-wideanalyses of the rice

pathogen Fusarium fujikuroi reveal complex regulation of secondary

metabolism and novel metabolites. PLoS Pathog. 2013;9:e1003475.

13. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for

transcriptomics. Nat Rev Genet. 2009;10:57–63.

14. Bagnaresi P, Biselli C, Orrù L, Urso S, Crispino L, Abbruscato P, et al.

Comparative transcriptome profiling of the early response to Magnaporthe

oryzae in durable resistant vs susceptible rice (Oryza sativa L.) genotypes.

PLoS One. 2012;7:e51609.

15. Kawahara Y, Oono Y, Kanamori H, Matsumoto T, Itoh T, Minami E.

Simultaneous RNA-seq analysis of a mixed transcriptome of rice and blast

fungus interaction. PLoS One. 2012;7:e49423.

16. Zheng W, Ma L, Zhao J, Li Z, Sun F, Lu X. Comparative transcriptome

analysis of two rice varieties in response to rice stripe virus and small brown

planthoppers during early interaction. PLoS One. 2013;8:e82126.

17. Martin M. Cutadapt removes adapter sequences from high-throughput

sequencing reads. EMBnet J. 2011;17:10–2.

18. Anders S, Pyl PT, Huber W. HTSeq-a Python framework to work with high-

throughput sequencing data. Bioinformatics. 2015;31:166–9.

19. Anders S, Huber W. Differential expression analysis for sequence count data.

Genome Biol. 2010;11:R106.

20. Love MI, Huber W, Anders S. Moderated estimation of fold change and

dispersion for RNA-Seq data with DESeq2. Genome Biol. 2014;15:550.

21. Matić S, Spadaro D, Prelle A, Gullino ML, Garibaldi A. Light affects fumonisin

production in strains of Fusarium fujikuroi, Fusarium proliferatum, and Fusarium

verticillioides isolated from rice. Int J Food Microbiol. 2013;166:515–23.

22. Amatulli MT, Spadaro D, Gullino ML, Garibaldi A. Molecular identification of

Fusarium spp. associated with bakanae disease of rice in Italy and

assessment of their pathogenicity. Plant Pathol. 2010;59:839–44.

23. Mitsuhara I, Iwai T, Seo S, Yanagawa Y, Kawahigasi H, Hirose S, et al.

Characteristic expression of twelve rice PR1 family genes in response to

pathogen infection, wounding, and defense-related signal compounds

(121/180). Mol Genet Genomics. 2008;279:415–27.

24. Manosalva PM, Davidson RM, Liu B, Zhu X, Hulbert SH, Leung H, et al. A

germin-like protein gene family functions as a complex quantitative trait

locus conferring broad-spectrum disease resistance in rice. Plant Physiol.

2009;149:286–96.

25. Kishi-Kaboshi M, Okada K, Kurimoto L, Murakami S, Umezawa T, Shibuya N,

et al. A rice fungal MAMP-responsive MAPK cascade regulates metabolic

flow to antimicrobial metabolite synthesis. Plant J. 2010;63:599–612.

26. Sharma R, Cao P, Jung KH, Sharma MK, Ronald PC. Construction of a rice

glycoside hydrolase phylogenomic database and identification of targets for

biofuel research. Front Plant Sci. 2013;4:330.

27. Heitz T, Widemann E, Lugan R, Miesch L, Ullmann P, Désaubry L, et al.

Cytochromes P450 CYP94C1 and CYP94B3 catalyze two successive

oxidation steps of plant hormone Jasmonoyl-isoleucine for catabolic

turnover. J Biol Chem. 2012;287:6296–306.

28. Hamberger B, Bak S. Plant P450s as versatile drivers for evolution of species-

specific chemical diversity. Philos Trans R Soc Lond B Biol Sci. 2013;368:20120426.

29. Niderman T, Genetet I, Bruyère T, Gees R, Stintzi A, Legrand M, et al.

Pathogenesis-related PR-1 proteins are antifungal. Isolation and

characterization of three 14-kilodalton proteins of tomato and of a basic PR-1

of tobacco with inhibitory activity against Phytophthora infestans. Plant Physiol.

1995;108:17–27.

30. Hugot K, Rivière MP, Moreilhon C, Dayem MA, Cozzitorto J, Arbiol G, et al.

Coordinated regulation of genes for secretion in tobacco at late

Matić et al. BMC Genomics  (2016) 17:608 Page 15 of 17

dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6
dx.doi.org/10.1186/s12864-016-2925-6


developmental stages: association with resistance against oomycetes. Plant

Physiol. 2004;134:858–70.

31. Selitrennikoff CP. Antifungal proteins. Appl Environ Microbiol. 2001;67:2883–94.

32. Ryan CA. Protease inhibitors in plants: genes for improving defenses against

insects and pathogens. Annu Rev Phytopathol. 1990;28:425–49.

33. Desmond OJ, Edgar CI, Manners JM, Maclean DJ, Schenk PM, Kazan K.

Methyl jasmonate induced gene expression in wheat delays symptom

development by the crown rot pathogen Fusarium pseudograminearum.

Physiol Mol Plant P. 2006;67:171–9.

34. Leubner-Metzger G, Meins FJ. Functions and regulation of plant β-1,3-

glucanases (PR-2). In: Datta SK, Muthukrishnan S, editors. Pathogenesis-

Related Proteins in Plants. Boca Raton: CRC Press; 1999. p. 49–76.

35. Minic Z. Physiological roles of plant glycoside hydrolases. Planta. 2008;227:

723–40.

36. Neuhaus JM. Plant chitinases (PR3, PR4, PR8, PR11). In: Datta SK,

Muthukrishnan S, editors. Pathogenesis-Related Proteins in Plants. Boca

Raton: CRC Press; 1999. p. 77–105.

37. Sharma N, Sharma KP, Gaur RK, Gupta VK. Role of chitinase in plant defense.

Asian J Biochem. 2011;6:29–37.

38. Chittoor JM, Leach JE, White FF. Differential induction of a peroxidase gene

family during infection of rice by Xanthomonas oryzae pv. oryzae. Mol Plant

Microbe Interact. 1997;10:861–71.

39. Van Loon LC. Induced resistance in plants and the role of pathogenesis-

related proteins. Eur J Plant Pathol. 1997;103:753–65.

40. Passardi F, Cosio C, Penel C, Dunand C. Peroxidases have more functions

than a Swiss army knife. Plant Cell Rep. 2005;24:255–65.

41. Lane BG. Oxalate, germins, and higher-plant pathogens. IUBMB Life. 2002;53:

67–75.

42. Lou Y, Baldwin IT. Silencing of a germin-like gene in Nicotiana attenuata

improves performance of native herbivores. Plant Physiol. 2006;140:1126–36.

43. Godfrey D, Able AJ, Dry IB. Induction of a grapevine germin-like protein

(VvGLP3) gene is closely linked to the site of Erysiphe necator infection: a

possible role in defense? Mol Plant Microbe Interact. 2007;20:1112–25.

44. Guevara-Olvera L, Ruíz-Nito ML, Rangel-Cano RM, Torres-Pacheco I, Rivera-

Bustamante RF, Muñoz-Sánchez CI, et al. Expression of a germin-like protein

gene (CchGLP) from a geminivirus-resistant pepper (Capsicum chinense Jacq.)

enhances tolerance to geminivirus infection in transgenic tobacco. Physiol Mol

Plant Pathol. 2012;78:45–50.

45. Pedley KF, Martin GB. Role of mitogen-activated protein kinases in plant

immunity. Curr Opin Plant Biol. 2005;8:541–7.

46. Ahuja I, Kissen R, Bones AM. Phytoalexins in defense against pathogens.

Trends Plant Sci. 2012;17:73–90.

47. Nakagami H, Kiegerl S, Hirt H. OMTK1, a novel MAPKKK, channels oxidative

stress signaling through direct MAPK interaction. J Biol Chem. 2004;279:

26959–66.

48. Dong J, Chen C, Chen Z. Expression profiles of the Arabidopsis WRKY gene

superfamily during plant defense response. Plant Mol Biol. 2003;51:21–37.

49. Rushton PJ, Somssich IE, Ringler P, Shen QJ. WRKY transcription factors.

Trends Plant Sci. 2010;15:247–58.

50. Mi G, Di Y, Emerson S, Cumbie JS, Chang JH. Length bias correction in gene

ontology enrichment analysis using logistic regression. PLoS One. 2012;7:

e46128.

51. Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for

RNA-seq: accounting for selection bias. Genome Biol. 2010;11:R14.

52. Dangl JL, Jones JD. Plant pathogens and integrated defence responses to

infection. Nature. 2001;411:826–33.

53. Rivas S, Thomas CM. Molecular interactions between tomato and the leaf

mold pathogen Cladosporium fulvum. Annu Rev Phytopathol. 2005;43:395–436.

54. Xu QF, Cheng WS, Li SS, Li W, Zhang ZX, Xu YP, et al. Identification of genes

required for Cf-dependent hypersensitive cell death by combined

proteomic and RNA interfering analyses. J Exp Bot. 2012;63:2421–35.

55. Thomma BPHJ, Penninckx IA, Broekaert WF, Cammue BP. The complexity of

disease signaling in Arabidopsis. Curr Opin Immunol. 2001;13:63–8.

56. Gutjahr C, Paszkowski U. Weights in the balance: jasmonic acid and salicylic

acid signaling in root-biotroph interactions. Mol Plant Microbe Interact.

2009;22:763–72.

57. Sun TP. The molecular mechanism and evolution of the GA-GID1-DELLA

signaling module in plants. Curr Biol. 2001;21:R338–45.

58. Cruz Castillo M, Martínez C, Buchala A, Métraux JP, León J. Gene-specific

involvement of β-oxidation in wound-activated responses in Arabidopsis.

Plant Physiol. 2004;135:85–94.

59. Zhang J, Simmons C, Yalpani N, Crane V, Wilkinson H, Kolomiets M.

Genomic analysis of the 12-oxo-phytodienoic acid reductase gene family of

Zea mays. Plant Mol Biol. 2005;59:323–43.

60. Schaller A, Stintzi A. Enzymes in jasmonate biosynthesis - structure, function,

regulation. Phytochemistry. 2009;70:1532–8.

61. Wang C, Zien CA, Afitlhile M, Welti R, Hildebrand DF, Wang X. Involvement

of phospholipase D in wound-induced accumulation of jasmonic acid in

arabidopsis. Plant Cell. 2000;12:2237–46.

62. Kumar M, Busch W, Birke H, Kemmerling B, Nürnberger T, Schöffl F.

Heat shock factors HsfB1 and HsfB2b are involved in the regulation of

Pdf1.2 expression and pathogen resistance in Arabidopsis. Mol Plant.

2009;2:152–65.

63. Coram TE, Huang X, Zhan G, Settles ML, Chen X. Meta-analysis of transcripts

associated with race-specific resistance to stripe rust in wheat demonstrates

common induction of blue copper-binding protein, heat-stress transcription

factor, pathogen-induced WIR1A protein, and ent-kaurene synthase

transcripts. Funct Integr Genomics. 2010;10:383–92.

64. Mayrose M, Ekengren SK, Melech-Bonfil S, Martin GB, Sessa G. A novel link

between tomato GRAS genes, plant disease resistance and mechanical

stress response. Mol Plant Pathol. 2006;7:593–604.

65. Liu H, Zhang H, Yang Y, Li G, Yang Y, Wang X, et al. Functional analysis

reveals pleiotropic effects of rice RING-H2 finger protein gene OsBIRF1 on

regulation of growth and defense responses against abiotic and biotic

stresses. Plant Mol Biol. 2008;68:17–30.

66. Gupta SK, Rai AK, Kanwar SS, Sharma TR. Comparative analysis of zinc finger

proteins involved in plant disease resistance. PLoS One. 2012;7:e42578.

67. Deng H, Liu H, Li X, Xiao J, Wang S. A CCCH-type zinc finger nucleic acid-

binding protein quantitatively confers resistance against rice bacterial blight

disease. Plant Physiol. 2012;158:876–89.

68. Raffaele S, Rivas S, Roby D. An essential role for salicylic acid in AtMYB30-

mediated control of the hypersensitive cell death program in Arabidopsis.

FEBS Lett. 2006;580:3498–504.

69. Shim JS, Jung C, Lee S, Min K, Lee YW, Choi Y, et al. AtMYB44 regulates

WRKY70 expression and modulates antagonistic interaction between

salicylic acid and jasmonic acid signaling. Plant J. 2013;73:483–95.

70. Takahashi N, Phinney BO, MacMillan J. Gibberellins. New York: Springer; 1991.

71. Grennan AK. Gibberellin metabolism enzymes in rice. Plant Physiol. 2006;

141:524–6.

72. Sakamoto T, Miura K, Itoh H, Tatsumi T, Ueguchi-Tanaka M, Ishiyama K, et al.

An overview of gibberellin metabolism enzyme genes and their related

mutants in rice. Plant Physiol. 2004;134:1642–53.

73. Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M. The KEGG resource

for deciphering the genome. Nucleic Acids Res. 2004;32:D277–80.

74. Colebrook EH, Thomas SG, Phillips AL, Hedden P. The role of gibberellin

signalling in plant responses to abiotic stress. J Exp Biol. 2014;217:67–75.

75. Yan H, Saika H, Maekawa M, Takamure I, Tsutsumi N, Kyozuka J, et al. Rice

tillering dwarf mutant dwarf3 has increased leaf longevity during darkness-

induced senescence or hydrogen peroxide-induced cell death. Genes Genet

Syst. 2007;82:361–6.

76. Luo W, Brouwer C. Pathview: an R/Bioconductor package for pathway-based

data integration and visualization. Bioinformatics. 2013;29:1830–1.

77. Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C, Dohmae N,

Takio K, et al. Plant cells recognize chitin fragments for defense signaling

through a plasma membrane receptor. Proc Natl Acad Sci U S A. 2006;103:

11086–91.

78. Shimizu T, Nakano T, Takamizawa D, Desaki Y, Ishii-Minami N, Nishizawa Y,

et al. Two LysM receptor molecules, CEBiP and OsCERK1, cooperatively

regulate chitin elicitor signaling in rice. Plant J. 2010;64:204–14.

79. Thimm O, Blasing O, Gibon Y, Nagel A, Meyer S, Kruger P, et al. MAPMAN: a

user-driven tool to display genomics data sets onto diagrams of metabolic

pathways and other biological processes. Plant J. 2004;37:914–39.

80. Siciliano I, Amaral Carneiro A, Spadaro D, Garibaldi A, Gullino ML. Jasmonic

acid, abscisic acid and salicylic acid are involved in the phytoalexin

responses of rice to Fusarium fujikuroi, a high gibberellin producer

pathogen. J Agr Food Chem. 2015;63:8134–42.

81. Amatulli MT, Spadaro D, Gullino ML, Garibaldi A. Conventional and Real-

Time PCR for the identification of Fusarium fujikuroi and Fusarium

proliferatum from diseased rice tissues and seeds. Eur J Plant Pathol. 2012;

134:401–8.

82. Li W, Lan P. Re-analysis of RNA-seq transcriptome data reveals new aspects

of gene activity in Arabidopsis root hairs. Front Plant Sci. 2015;6:421.

Matić et al. BMC Genomics  (2016) 17:608 Page 16 of 17



83. Chen TW, Gan RC, Wu TH, Huang PJ, Lee CY, Chen YY, et al.

FastAnnotator- an efficient transcript annotation web tool. BMC Genomics.

2012;13 Suppl 7:S9.

84. Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2−ΔΔCT method. Methods.

2001;25:402–8.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Matić et al. BMC Genomics  (2016) 17:608 Page 17 of 17


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Evaluation of rice cultivars against bakanae disease
	Differentially expressed genes in bakanae-infected rice
	Cytochrome P450 monooxygenases
	PR genes
	Glycoside hydrolases
	Chitinases
	Peroxidases
	Germin-like proteins
	MAP kinases
	WRKY transcriptional factors
	Expression of defence-related genes in Selenio and Dorella in response to F. fujikuroi
	GO enrichment analyses
	Hypersensitive response
	Jasmonic acid biosynthetic process
	Response to chitin
	Response to salicylic acid stimulus
	Gibberellin metabolic process
	KEGG and MapMan maps
	Validation of RNA-Seq technology

	Conclusions
	Methods
	Screening of rice cultivars against bakanae disease in greenhouse
	Quantification of F. fujikuroi in selected rice cultivars
	RNA extraction and Illumina GAIIx Sequencing
	Bioinformatics
	Differentially expressed genes
	GO enrichment analyses
	Other bioinformatic analyses
	Production and analysis of gibberellin A3

	qRT-PCR for expression of selected genes
	Statistical analysis

	Additional files
	Acknowledgments
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Author details
	References

