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Abstract 34 

Although post infection changes in cell wall constituents are known to induce the 35 

immune response in plants against necrotrophs, little is known about the role of the 36 

cell wall in mediating resistance in Zingiber zerumbet (L.) Smith (Zingiberaceae) 37 

against the soil-borne necrotrophic oomycete Pythium myriotylum Drechsler, which 38 

causes soft-rot disease. Using RNA-Seq in combination with custom gene expression 39 

microarray we studied the temporal expression profile of 46 wall-associated genes in 40 

Z. zerumbet against P. myriotylum inoculation. Many genes that promote cell wall 41 

loosening were suppressed. Similarly, the genes involved in the biosynthesis and the 42 

signaling of phytohormones and the receptor-like kinases that mediate cell elongation 43 

were also suppressed. Several monolignol biosynthetic pathway genes were up-44 

regulated. Histochemistry of the collar region of the aerial stem revealed H2O2 45 

accumulation, increased lignification of the mesophyll cells surrounding vascular 46 

bundles in the leaf sheath and the significant increase in total lignin content. 47 

 Pathogen hyphae were restricted to peripheral leaf sheath and were not extended into 48 

the pith through which the principal portion of the connective tissues passes in the 49 

aerial stem. Results highlight a coordinated transcriptional reprogramming of cell 50 

wall-associated genes to bring about changes in cell wall composition to minimize the 51 

cell wall damage caused by pathogen factors and to render the cell wall less amenable 52 

to pathogen penetration. The study illustrates a key role for cell wall fortification in 53 

preventing pathogen colonization in the vascular tissues, thus ensuring the transport 54 

system remains unaffected by the pathogen invasion. 55 

 56 

Running head: Pythium resistance in Z. zerumbet 57 

 58 

Key words: Zingiber zerumbet, Pythium, soft-rot disease, transcriptome, microarray, 59 

lignification. 60 

 61 
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Introduction 67 

More than 300 species are reported in the soil-borne necrotrophic oomycete genus 68 

Pythium. Many of the Pythium spp. are economically important pathogens and cause 69 

root rot and damping off disease in several plant species [1,2]. Almost 15 species of 70 

Pythium are known to cause soft rot disease in spice crop ginger (Zingiber officinale 71 

Roscoe, Zingiberaceae) [1]. Soft rot disease is a major constraint to ginger production 72 

in all ginger producing countries in the world. In ginger, the Pythium infection 73 

radiates from the intersection (collar) between the aerial-stem and the rhizome. The 74 

pathogen colonizes and rots the rhizome within seven to ten days [1,3].  75 

            It is extremely difficult to control Pythium pathogens by cultural, chemical or 76 

biological measures. Natural resistance against this pathogen is rare in plants [2]. In 77 

the previous studies, we identified durable resistance against Pythium infection in 78 

certain accessions of Z. zerumbet (L.) Smith, a wild congener of cultivated ginger [3]. 79 

Relatively little is known about the molecular basis of host defense against Pythium 80 

infection in plants. Previous studies implicate a dominant role for jasmonic acid (JA) 81 

signaling in the induction of host immunity against Pythium [4,5]. De Vleesschauwer 82 

et al., [6] showed that P. graminicola hijacks the brassinosteroid (BR) signaling 83 

machinery in rice and exploits BRs as virulence factors to inflict disease. De novo 84 

transcriptome analyses produced high enrichment of transcripts associated with 85 

multiple defense pathways in a resistant genotype of Curcuma longa in response to P. 86 

aphanidermatum infection and, based on which, the authors concluded that C. longa 87 

adopts multiple strategies to defend P. aphanidermatum attack [7]. In our previous 88 

analyses, although transcriptional reprogramming has occurred for many genes in Z. 89 

zerumbet in response to Pythium, the involvement of any particular gene or pathway 90 

in host defense was not discernible from the expression profile [8, 9].  91 
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The plant cell wall is the primary barrier to be faced with by an invading 92 

pathogen. The signaling emanates from the interaction between the host cell wall, and 93 

a necrotrophic pathogen activates multiple signaling cascades in the host. Among 94 

them, the most important one is the extensive cell wall remodeling triggered by both 95 

host and pathogen enzymes [10]. The necrotrophs induce the production of pectin 96 

methylesterase (PME) enzyme in the host [11]. The PME activity demethylesterify 97 

the cell wall pectin homogalacturonan (HG). The demethylesterified HG is more 98 

readily cleaved by the cell wall degrading enzymes (CDEs) polygalacturonases (PGs) 99 

and pectate lyases (PLEs) secreted by the pathogen. The degradation of host cell wall 100 

by CDE initiates pathogen colonization process in the host tissues [11,12]. The HG 101 

demethylesterification also renders it more susceptible to host’s own PMEs and PLEs 102 

[13,14]. The suppression of the host PG or PLE enhances host resistance to pathogens 103 

[13,14]. The PME, PLE, and PG together with the xyloglucan 104 

endotransglucosylase/hydrolases (XTH) enzyme loosen the cell wall and positively 105 

regulate cell elongation in growing tissues [15, 16]. The pathogen easily breaches the 106 

loosed cell wall and successfully colonize the elongating tissues [15, 17]. Suppression 107 

of cell expansion contributes to pathogen resistance in PLE mutants [13]. Another 108 

important aspect of the HG degradation by pathogen CDEs is the production of the 109 

defense signaling molecule oligogalacturonides (OGs) [11, 12]. The OGs act as 110 

damage-associated molecular pattern in the host (DAMP), bind with the receptor 111 

wall-associated kinases (WAKs) and activate host immune systems [18]. The 112 

hormones brassinosteroids (BR), auxin and gibberellic acid (GA) that promote cell 113 

elongation have a key role in regulating host defense against necrotrophs [10, 15, 114 

19].    115 
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The lignification and the cell wall strengthening is another important strategy 116 

employed by the host to suppress necrotroph infection [20]. Monolignols are 117 

polymerized into lignin in the apoplast via the oxidative reaction by peroxidases in the 118 

presence of H2O2 [21]. Therefore, a marked increase in peroxidase activity and H2O2 119 

accumulation precede cell wall lignification during the resistance reactions of a host 120 

against necrotrophic pathogens [20, 22]. In Arabidopsis, the inactivation of the genes 121 

CELLULOSE SYNTHASES 4 /IRREGULAR XYLEM5 (CESA4/IRX5) and WALLS 122 

ARE THIN1 (WAT1) that are involved in cellulose deposition in the secondary cell 123 

wall confer resistance to necrotrophic pathogens [23, 24]. The disruption of cellulose 124 

biosynthesis triggers lignin biosynthesis and pathogen defense [25].  125 

The role of cell wall remodeling genes in mediating host response to Pythium 126 

has not been yet examined in plants.  RNA-seq coupled with gene expression 127 

microarray or real time quantitative PCR (RT-qPCR) analysis is a method of choice 128 

for studying gene expression kinetics in the non-model organism [26]. In this study, 129 

we examined the expression kinetics of cell wall-related genes, which constituted one 130 

of the most prominent and significantly enriched gene ontology terms in RNA-seq 131 

data obtained in Z. zerumbet in response to P. myriotylum. We also examined the 132 

histochemical changes in Z. zerumbet during P. myriotylum pathogenesis. 133 

 134 

Materials and Methods 135 

Plant materials, pathogen inoculation and tissue sampling 136 

The Z. zerumbet accession 2010-9, which is immune to soft-rot disease [3] was used 137 

for inoculation studies. Rhizomes harvested from mature plants were germinated in 138 

earthen pots in autoclaved red-earth: river-sand: leaf compost (1:1:1) and the plants 139 

were maintained in an insect-protected net-house under natural conditions at Rajiv 140 
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Gandhi Centre for Biotechnology. An aggressive Pythium myriotylum Drechsler 141 

isolate (RGCB N14), purified from rhizomes collected from soft-rot infected ginger 142 

plants sampled from farmer’s field in Kerala, was used for inoculation experiments. 143 

P. myriotylum is the prevalent species causing soft rot disease in ginger in India [27]. 144 

The pathogen was identified based on ITS-2 sequence identity as reported previously 145 

[28]. Virulence of this pathogen isolate was tested on the ginger variety Varada. The 146 

Varada plants were wilted completely within three weeks after inoculation and the 147 

speed and pattern of disease progression was identical to that yielded by Pythium 148 

aphanidermatum (RGCB117) in the previous study [8, 9]. The pathogen was 149 

maintained at room temperature (25°C) in potato dextrose agar (PDA) medium with 150 

periodic sub-culturing and virulence testing.  151 

The collar region of four months old plants with uniform growth habits was 152 

inoculated with four 10 mm diameter mycelial discs excised from the growing 153 

margins of a 48 h old P. myriotylum culture grown on PDA. The inoculated region 154 

was covered with wet cotton to provide sustained humidity. Plants mock inoculated 155 

with plain PDA discs were used as controls. Similar to the response to P. 156 

aphanidermatum (RGCB117) [3], the Z. zerumbet accession 2010-9 was immune to 157 

P. myriotylum (RGCBN4) also. For RNA isolations, one-inch long collar tissue was 158 

collected, flash chilled in liquid nitrogen and stored at -80°C until further use. 159 

  160 

De novo assembly and annotation 161 

We developed two RNA-seq libraries in Z. zerumbet: one from RNA samples isolated 162 

from untreated control and the other using RNA sample isolated from plants 24 hours 163 

post inoculation (hpi) with P. myriotylum (NCBI Sequence Read Archive accession 164 

numbers: control - SRA SRX959143; treated - SRX 959144). Total RNA was isolated 165 
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by the method of [29]. As our interest in deep sequencing was to generate a pool of 166 

differentially expressed transcripts to develop a gene expression microarray, we 167 

limited the sequencing to a single replicate for control and treated samples. 168 

Transcriptome libraries were constructed with an IlluminaTruSeq RNA library Prep 169 

kit (Illumina, San Diego, California, USA). The libraries were sequenced using an 170 

Illumina GAIIx platform employing paired-end module with 73/72 base read length. 171 

The sequencing was carried out at Genotypic Technology PVT. LTD, Bengaluru, 172 

India. Quality of the raw reads was tested using the software NGS QC Toolkit 173 

(Version 2.2.3). The reads containing adaptor sequences and unknown nucleotides 174 

were removed and reads with ≥ 70% bases with ≥ 20 Phred score were filtered as high 175 

quality reads. High quality reads obtained from control and treated samples were 176 

pooled and were subjected to de novo assembly using a de Bruijn graph method as 177 

implemented in Trinity assembler-Version 20140717 using default parameters. The 178 

quality of the Trinity assembled contigs was tested based on the number of reads 179 

aligned onto contigs (number of reads ≥ 10) and the FPKM (fragments per kilobase of 180 

exon per million fragments mapped) values (value ≥ 1) and the truly assembled 181 

contigs were filtered out. In the next step, distinct transcripts were derived by 182 

clustering truly assembled contigs at a 90% identity threshold using the software CD-183 

HIT-EST (Version 4.6.1) and filtered the longest contigs (transcript) from each 184 

assembled Trinity locus.  185 

The distinct transcripts were annotated by performing homology searches 186 

against NCBI, non-redundant (nr) Viridiplantae database using BLASTx tool 187 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with an E-value cut-off ≤ 10−5. Transcripts 188 

showing homology to pathogens (oomycetes or stramenopile) and to the organisms 189 

other than the ones listed in the Viridiplantae database were not included in further 190 
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analysis. The distinct and annotated plant-specific transcripts were designed as 191 

‘unitranscripts’. 192 

  193 

Digital gene expression and gene ontology enrichment 194 

High quality reads obtained in control and treated samples were aligned separately 195 

against each unitranscript using the software Bowtie (Version 2.2.4) and the number 196 

of reads mapped from the two libraries was extracted using the Samtools idxstats 197 

command. The fold difference between the number of reads that mapped onto each 198 

unitranscript from the transcriptome libraries generated from control and treated 199 

samples was estimated (digital gene expression, DGE) using the software package 200 

DESeq2. Unitranscripts with a fold change ≥ +2.0 and ≤ -2.0 between treated and 201 

control samples were considered significantly up-regulated and down-regulated 202 

respectively.  203 

Gene ontology (GO) enrichment analysis was performed on unitranscripts 204 

using the software AgriGO and identified significantly (p < 0.05) enriched gene 205 

ontologies in the dataset using Fischer’s exact test.  206 

  207 

Microarray and RT-qPCR validation of unitranscripts 208 

The custom gene expression microarray analysis was performed at the University of 209 

Delhi South Campus Microarray Centre (UDSCMAC), University of Delhi, India. 210 

Briefly, the probes were designed against de novo assembled transcripts using the 211 

program eArray (Agilent Technologies, Santa Clara, CA, USA; 212 

https://earray.chem.agilent.com/erray/). The designed oligonucleotide probes were 213 

printed onto 1 x 3 inch glass slides using the SurePrint Ink-jet technology (Agilent 214 

Technologies) in an 8 x 60k format. The RNA samples isolated from two biological 215 
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replicates each from Z. zerumbet at 0hpi (untreated control) and at 18hpi, 36hpi and 216 

48hpi were used for array hybridizations. The RNA isolated from tissues sampled 217 

from an independent plant constituted a biological replicate. The hybridization 218 

procedure was performed according to the Agilent Technologies’ ‘One-colour 219 

Microarray-based Gene expression analysis protocol’ (G4140-90040) using the Gene 220 

Expression Hybridization Kit (5188-5279). The hybridization was performed in a 221 

hybridization oven (G2505-80085, Agilent Technologies) and washed slides were 222 

scanned using a scanner (G2565CA, Agilent Technologies). The data analysis was 223 

performed by using the software Genespring GX12 (Agilent Technologies). The 224 

significance (p < 0.05) in the quantity of transcripts (fold change) from treated 225 

samples (18hpi, 36hpi, 48hpi) hybridized to a probe in relation to the untreated 226 

control (0hpi) were determined by Student’s t-test. Heat maps were constructed using 227 

the fold change values with the online program ClustVis. 228 

  229 

RT-qPCR primers were designed based on the transcriptome data developed in 230 

the present study. Primers were designed using the software Primer Express (Version 231 

3.0, Applied Biosystems, Foster City, CA, USA) and were custom synthesised with 232 

Sigma (Sigma Genosys, Bengaluru, India). RT-qPCR was performed on a CFX96 233 

real-time system (Bio-Rad, Hercules, CA, USA) using iQ™SYBR® Green Supermix 234 

(Bio-Rad). RNA samples isolated from Z. zerumbet at 0hpi (control) 12hpi, 24hpi, 235 

36hpi, 48hpi and 60hpi with Pythium were included in RT-qPCR. cDNA was 236 

synthesised from DNase I treated total RNA samples using BluePrint RT reagent kit 237 

(Takara Bio Inc. Japan) following the manufacturer’s instructions. Three independent 238 

biological replicates were used at each time points with two technical replicates for 239 

each biological replicate. Cq values from Bio-Rad CFX manager (Version 1.6, Bio-240 
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Rad) were exported to the software qbasePLUS (Biogazelle, Belgium) and fold 241 

change in transcript abundance was estimated for each gene in the treated sample in 242 

log2 scale in relation to control after normalizing with reference genes Actin1 and 243 

eEF1. Statistical significance of log2 transformed fold changes was tested by t-test (p 244 

< 0.05).  245 

 246 

Selection of gene set 247 

The genes that belong to the selected significantly enriched GO classes identified in 248 

the Z. zerumbet transcriptome library were retrieved from NCBI, non-redundant (nr) 249 

Viridiplantae database and developed local databases. The unitranscripts were blasted 250 

against the local database and filtered the homologues with an E-value cut off  ≤ 10−4 
251 

and 65% identity score. The filtered unitranscripts that showed significant differential 252 

expression in DGE analysis and in at least one of the time periods in microarray or 253 

RT-qPCR analyses, and whose orthologous have known defence-related functions in 254 

other plant species were included in the study. 255 

  256 

Histochemical methods  257 

To examine the aerial-stem anatomy, transverse hand sections (approx. 90 - 100 µm) 258 

of the collar region from the uninoculated control plants were stained with Safranin-O 259 

(in 50% EtOH). For histochemical staining and lignin quantification collar region of 260 

the aerial-stem were sampled from three individual plants each from uninoculated 261 

controls and at 12hpi, 24hpi and 48hpi with P. myriotylum. The pattern of pathogen 262 

ingress in host tissue was determined by the lactophenol-trypan blue staining of 263 

longitudinal hand sections. Phloroglucinol-HCl staining of the transverse hand 264 

sections was performed to visualize the lignin in host cell walls. The H2O2 265 
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accumulation in the host tissue following pathogen inoculation was examined by 3, 266 

3′-diaminobenzidine (DAB) staining of longitudinal hand sections. In all cases, the 267 

stained sections were viewed and photographed at 40 X magnification under bright- 268 

field illumination on a Nikon Eclipse Ni-E (Nikon, Tokyo, Japan) microscope. The 269 

total cell wall bound soluble lignin was quantified in the host tissue by using the 270 

acetyl bromide method [30]. 271 

 272 

Results 273 

RNA-seq analysis and the selection of gene set 274 

The NGS QC Toolkit treatment filtered 32.9 million and 31.8 million high quality 275 

reads from control and treated samples of Z. zerumbet, respectively. More than 90% 276 

of the reads obtained in the libraries were of high quality with an average of 98% of 277 

bases showing a Phred score > 20. The de novo assembly of raw reads and the 278 

downstream analyses of the synthesized transcripts as described in Materials and 279 

Methods produced 23620 annotated unitranscripts in Z. zerumbet. GO terms involved 280 

in cell wall-related functions including phenylpropanoid metabolism and cell wall 281 

organization were predominant among the significantly enriched biological process 282 

GO classes identified in the transcriptome database. Previously, the transcriptome 283 

profiling of post inoculated Z. zerumbet hardly produced any wall related genes in a 284 

limited pool of 20 differentially modulated genes yielded by mRNA differential 285 

display analysis [8]. Cell wall signalling and remodelling have a key role in 286 

orchestrating host defense against necrotrophic pathogens [10]. In this study, we 287 

focused on the functional bearing of the expression kinetics of cell wall-associated 288 

genes in the incompatible reactions of Z. zerumbet against P. myriotylum.  289 
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The genes involved in cell wall associated functions including biosynthesis 290 

and signalling of BR, GA and auxin were retrieved from NCBI, non-redundant (nr) 291 

Viridiplantae database and developed local databases. The unitranscripts sequences 292 

were blasted against the local database and the unitranscripts that are homologous to 293 

wall-associated genes from other plant species (orthologous genes) were filtered at an 294 

E-value cut off ≤ 10−4 and 65% identity score. The unitranscripts with significant 295 

DGE value were further sorted out from the filtered unitranscripts and examined the 296 

temporal expression profiles produced by these unitranscripts in microarray analysis. 297 

Finally, transcripts of a set of 46 wall-associated genes with known defense-related 298 

functions in other plant species and whose transcripts showed significant modulation 299 

in DGE analysis and in at least one of the time periods in microarray analysis in Z. 300 

zerumbet following P. myriotylum treatment were chosen (Table S1). Temporal 301 

expression pattern of a randomly selected set of four unitranscripts was validated by 302 

RT-qPCR (Table S1). The selected gene set consisted of genes involved in cell wall 303 

remodeling, monolignol biosynthesis and lipid polymerization and biosynthesis and 304 

signaling of phytohormones BR, GA and auxin. 305 

Cell wall remodeling  306 

The quantity of the transcripts of the PME, PG and PLE genes were significantly 307 

declined in Z. zerumbet following P. myriotylum inoculation (Fig. 1; Table S1). A 308 

gene encoding a BURP domain-containing protein 12 (BURP12) with a role in pectin 309 

cleavage and cell expansion [31] was strongly down-regulated. However, the gene 310 

QUARTET3 (QRT3) which encode a protein with polygalacturonase activity [32] was 311 

triggered in Z. zerumbet at 36 hpi. Similarly, PLASMA MEMBRANE H+ATPase (PM 312 

H+ATPase), which regulates the apoplastic pH [33] was strongly induced following 313 

pathogen inoculation. Transcripts of two members of the WAK gene family (WAK2-314 
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LIKE) were significantly accumulated in Z. zerumbet, especially at the early period of 315 

infection (Fig. 1; Table S1). 316 

Transcripts of three members of the XTH gene family, XTH8, XTH30 and 317 

XTH33 were reduced following pathogen inoculation in Z. zerumbet. Three receptor-318 

like kinase genes FERONIA (FER), ERECTA (ER) and HERCULES 1 (HERK1) that 319 

have a key role in cell expansion, were also down-regulated [34, 35] (Fig. 1; Table 320 

S1). 321 

            The plasma membrane-localized CESA4/IRX5 gene, which is required for 322 

cellulose deposition in the secondary cell wall [23] was strongly down-regulated in Z. 323 

zerumbet following P. myriotylum inoculation. Similarly, transcripts of WAT1, 324 

another gene involved in secondary cell wall deposition and cell-elongation [24] was 325 

also declined following pathogen inoculation in Z. zerumbet. The analysis identified 326 

the strong induction of INV3, a member of sucrose cleaving cell wall invertase gene 327 

family [36]. Two genes belonging to the membrane-localized sugar transport gene 328 

family Sugars Will Eventually be Exported Transporters (SWEET) [37] were 329 

negatively altered in Z. zerumbet following P. myriotylum inoculation (Fig. 1; Table 330 

S1).  331 

Monolignol biosynthesis and lignin polymerization 332 

PHENYLALANINE AMMONIA-LYASE (PAL), the core gene involved in the 333 

phenylpropanoid biosynthetic pathway [21] was induced in Z. zerumbet following 334 

pathogen inoculation (Fig. 2; Table S1). Transcripts of the genes involved in the 335 

monolignol biosynthetic pathway including 4-COUMARATE-CoA LIGASE 2 (4CL2), 336 

CINNAMOYL-CoA REDUCTASE (CCR), CAFFEIC ACID/5-HYDROXYFERULIC 337 

ACID O-METHYLTRANSFERASE 1 (COMT1) and CINNAMYL ALCOHOL 338 
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DEHYDROGENASE 2 (CAD2) [21] were strongly elevated in Z. zerumbet upon 339 

pathogen inoculation (Figs 1 & 2). TP7, a member of the peroxidase gene family was 340 

remained highly up-regulated in all the time periods examined in pathogen treated Z. 341 

zerumbet (Fig. 1; Table S1). 342 

An ortholog of COBRA LIKE 4 (COBL4) gene, which is expressed in vascular 343 

bundles in rice and positively regulate cell wall thickness and mechanical strength of 344 

cells, was strongly induced in pathogen-inoculated Z. zerumbet [38]. A member of the 345 

DIRIGENT gene family (DIR22), which modulate cell wall metabolism during stress 346 

adaptation and positively regulate cell-wall lignification upon pathogen infection [39] 347 

was also up-regulated in Z. zerumbet (Fig. 1; Table S1). 348 

 349 

Biosynthesis and signalling of BR, GA and auxin 350 

 HMG-CoA reductase (HMGR) is a rate-limiting enzyme in the biosynthesis of 351 

mevalonate, the precursor of steroids, including BR [40]. The cytochrome P450 352 

protein CYP90B1 encoded by DWARF 4 (DWF4), which catalyze the C22- 353 

hydroxylation of campesterol is another important enzyme in the BR biosynthetic 354 

pathway [41]. Both HMGR and DWF4 genes were down-regulated in Z. zerumbet in 355 

response to P. myriotylum (Fig. 3; Table S1). SHAGGY-RELATED PROTEIN 356 

KINASE ETA/BRASSINOSTEROID INSENSITIVE 2 (ASK7/BIN2), a negative 357 

regulator of BR signaling [42] and an AP2/ERF transcription factor RAV1, a negative 358 

regulator of growth, which is suppressed during BR signaling [43], were up-regulated 359 

(Fig. 3; Table S1). 360 

            The GIBBERELLIN 20 OXIDASE 1-D (GA20ox1D), a key gene involved in 361 

gibberellic acid (GA) biosynthesis [44] and two members of the GIBBERELLIN-3-362 

BETA-DEOXYGENASE gene family (GA3OX1, GA3OX2) that catalyze the 363 
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conversion of precursor GA3 into the bioactive form were down-regulated [45] (Fig. 364 

3; Table S1). Also, a decline in the quantity of the transcripts was recorded for two 365 

GA regulated genes GA-Stimulated transcripts in Arabidopsis 6 (GASA6) [46] and 366 

SQUAMOSA-PROMOTER-BINDING-PROTEIN-LIKE8 (SPL8) [47] in Z. zerumbet 367 

in response to P. myriotylum (Fig. 3; Table S1). 368 

            The expression of INDOLE-3-ACETALDEHYDE OXIDASE1 (AAO1), which 369 

is involved in auxin biosynthesis [48] was suppressed in pathogen-inoculated Z. 370 

zerumbet. The GH3-8 gene encoding an indole-3-acetic acid-amidosynthetase 371 

enzyme, which catalyzes the conjugation of auxin to amino acids and producing an 372 

inactive storage form of auxin [49], was strongly triggered (Fig. 3; Table S1). Two 373 

members of the AUXIN RESPONSE FACTOR transcription factors ARF19-LIKE and 374 

ARF6 that activate auxin-responsive genes and two members of the auxin-responsive 375 

gene family SMALL-AUXIN-UP RNA (SAUR 71, SAUR 32), that also regulate cell 376 

expansion positively [50], were down-regulated in Z. zerumbet following P. 377 

myriotylum inoculation (Fig. 3; Table S1). 378 

 379 

Penetration pattern of P. myriotylum in Z. zerumbet  380 

Safranin-O staining of the transverse sections from collar region revealed the anatomy 381 

of the aerial stem in Z. zerumbet (Fig. 4a). The aerial-stem is composed of a central 382 

pith, which is adhered around by whorl leaf sheaths. Each leaf sheath consisted of 383 

closely packed mesophyll cells delimited by a layer of well-formed adaxial and a 384 

loosely formed abaxial epidermis. Each leaf sheath has one row of vascular bundles, 385 

whereas numerous vascular bundles are scatteredly arranged in the parenchymatous 386 

pith. The pith is delimited by an endodermis-like ring of thickly stained sclerenchyma 387 

cells (Fig. 4a).    388 
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The lactophenol-trypan blue staining of longitudinal sections of collar region 389 

recognized an intracellular cell to cell penetration for P. myriotylum in Z. zerumbet 390 

tissues (Fig. 4b, c). The pathogen hyphae were detected at the peripheral leaf sheath 391 

whorl of the aerial-stem as early as 12 hpi (Fig. 4d). The hyphae were restricted at the 392 

peripheral leaf sheath whorl and never extended into the pith region (Fig. 4d). 393 

Cell wall fortification pattern in Z. zerumbet following P. myriotylum ingress  394 

Phloroglucinol-HCl staining of the transverse section of collar region recognized the 395 

lignification of the wall of mesophyll cells that surround vascular bundles in the leaf 396 

sheath whorls at 12hpi (Fig. 5a). Staining intensity of the walls of these cells 397 

increased progressively as the time elapsed after the pathogen inoculation. In addition, 398 

the staining intensity of the wall of the mesophyll cells that occurred in between two 399 

vascular bundles was also increased steadily (Fig. 5b). Finally, by 48hpi a ring of 400 

lignified cells surrounding the vascular bundles and in some cases a barrage of 401 

lignified mesophyll cells in between two vascular bundles were recognized in leaf 402 

sheath whorls (Fig. 5c).  403 

Correspondingly the total cell wall bound soluble lignin content of the collar 404 

region steadily increased significantly (p < 0.05) from 12hpi to 48hpi (Fig. 6). The 405 

DAB staining of the longitudinal section of the collar region detected an increase in 406 

the staining intensity from 12hpi to 48hpi, indicating an increase in the accumulation 407 

of H2O2 following P. myriotylum inoculation in Z. zerumbet (Fig. 7) 408 

 409 

Discussion 410 

Necrotrophs induce host PME and promote the demethylesterification of the cell wall 411 

pectins, especially HG [11]. The demethylesterified HGs are more susceptible to 412 
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CDEs PG and PEL secreted by the pathogens, and also to host own PG and PEL 413 

[11,12]. The suppression of the host PG or PEL induces resistance against pathogens 414 

[13, 14]. The significant down-regulation of the PME, PG, PEL and BURP12 in Z. 415 

zerumbet in response to P. myriotylum inoculation (Fig. 1; Table S1) may be a host 416 

mechanism to protect its cell wall from pathogen factors, which promote the cell wall 417 

loosening and the subsequent degradation [10–12, 14]. The up-regulation of the 418 

membrane-localized PM H+ATPase and the down-regulation of FER (Fig. 1; Table 419 

S1), which negatively regulate the PM H+ATPase [51] suggest the acidification of 420 

apoplast in Z. zerumbet in response to P. myriotylum to suppress pathogen 421 

colonization as reported in other plant species [33]. The PME is less active in acidic 422 

apoplast [51]. Pathogen needs an alkaline apoplast to promote infection and the 423 

pathogen effectors negatively regulate PM H+ATPase to alkalinize the extracellular 424 

region of the host [33]. In Arabidopsis that lack the FER activity, this alkalinization 425 

effect is low and so also is the rate of infection [52]. Together, the data indicate a 426 

coordinated reprogramming of transcriptional machinery in Z. zerumbet against P. 427 

myriotylum infection to minimize the cell wall damage by suppressing the expression 428 

of host genes, which encode the molecules that are known to be the target of pathogen 429 

factors. 430 

 The changes triggered by pathogen in the pectin composition of host cell wall 431 

results in the production of OGs [11, 12]. The OGs act as a DAMP [10] and the 432 

WAKs bind with OGs and activate host immunity [18]. In wild strawberry, an 433 

optimum pool of OGs produced by the degradation of partial demethylesterified HG 434 

is needed to elicit the resistance reactions against the necrotrophic pathogen Botrytis 435 

cinerea [12]. The up-regulation of the gene encoding the PG enzyme QRT3 [32] 436 

suggest changes in pectin composition in Z. zerumbet in response to P. myriotylum. 437 
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Changes in cell wall pectin trigger the WAK2 expression and it leads to the induction 438 

of stress related genes [18]. The significant up-regulation of WAK2-Like genes and 439 

QRT3 noted in the present study (Fig. 1; Table S1) indicate a possible involvement of 440 

OGs and WAK mediated signaling in the resistance response of Z. zerumbet to P. 441 

myriotylum. 442 

 The primary cell wall of a cell undergoes enzymatic loosening in order to 443 

increase its extensibility during the process of elongation [16]. The transcriptional 444 

data indicates the suppression of the cell wall loosening and elongation process in Z. 445 

zerumbet at multiple levels following P. myriotylum inoculation. The genes encoding 446 

the two key enzymes XTH and PME that involved in cell wall loosening [16] were 447 

down regulated in Z. zerumbet following P. myriotylum inoculation. In addition, the 448 

expression of FER, HERK1 and ER, the three membrane-localized receptor like 449 

kinases with a crucial role in cell expansion [34, 35] were suppressed in Z. zerumbet 450 

(Fig. 1; Table S1). Homozygous fer mutations are reported to impart resistance to 451 

powdery mildew infection in Arabidopsis [53]. Similarly, the biosynthesis and 452 

signaling of the phytohormones BR, GA and auxin that are involved in the regulation 453 

of cell elongation were also suppressed in Z. zerumbet following pathogen inoculation 454 

(Fig. 3; Table S1). Increase in the concentration of auxin and the activity of XTH 455 

together with cell wall loosening and cell elongation precede club root infection 456 

caused by Plasmodiophora brassicae in Chinese cabbage [15]. P. graminicola is 457 

known to hijacks the brassinosteroid (BR) signaling machinery in rice and exploits 458 

BRs as virulence factors to inflict disease [6]. Overall the data suggest that the 459 

suppression of cell wall loosening and cell elongation is an important component of 460 

host defense in Z. zerumbet against P. myriotylum infection. This is possibly to 461 
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preempt pathogen effort to penetrate host cells as the pathogens prefer to enter the cell 462 

through the loosened and elongating portion of the cell wall [15, 17].   463 

 Constitutive expression of cell wall invertase, which irreversibly catalyzes the 464 

cleavage of sucrose into fructose and glucose, enhances resistance to Magnaporthe 465 

oryzae in rice [36]. In Vitis vinifera, the effectors secreted by Botrytis cinerea trigger 466 

the sugar transporter SWEET gene to acquire sugar necessary for its growth [37]. In 467 

Arabidopsis, the SWEET gene knockout mutants are less susceptible to B. cinerea 468 

[37]. The strong induction of INV3 and the down-regulation of SWEET gene recorded 469 

in the present study (Fig. 1; Table S1) suggest the accumulation of sugar in Z. 470 

zerumbet following pathogen inoculation and prevention of pathogen access to this 471 

sugar pool. Taken together the data suggest a role for sugar signaling in mediating 472 

host resistance in Z. zerumbet as the accumulation of hexoses induces the constitute 473 

expression of defense-related genes, H2O2 accumulation and the thickening of cell 474 

wall at the site of infection [36]. 475 

The expression of CESA4/IRX5 and WAT1 that are involved in the deposition 476 

of cellulose in secondary cell wall was down-regulated in Z. zerumbet following P. 477 

myriotylum inoculation (Fig. 1; Table S1). The suppression of CESA4/IRX5 and 478 

WAT1 contributes resistance to necrotrophic pathogens in Arabidopsis [23, 24]. 479 

Suppression of genes involved in the deposition of cellulose in the secondary cell wall 480 

or the cell expansion is known to trigger host defense and the lignification cell walls 481 

[25]. In parallel with the previous reports [25, 54], the genes such as PAL, 4CL2, 482 

CCR, COMT1and CAD2 that are involved in the monolignol biosynthesis in the 483 

phenylpropanoid biosynthetic pathway were strongly up-regulated in Z. zerumbet 484 

following P. myriotylum inoculation (Figs 1 & 2; Table S1). In addition, two key 485 

genes COBL4 and DIR22, which positively regulate lignification and mechanical 486 
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strength of cells upon pathogen infection [38, 39], were also strongly up-regulated 487 

(Fig. 1; Table S1). The monolignols are synthesized in the cytoplasm and are 488 

transported to apoplast. In the apoplast the monolignols are polymerized to lignin in 489 

the presence of peroxidase enzymes and H2O2  [21]. Strong up-regulation of one of the 490 

peroxidase enzyme genes TP7 (Fig. 1; Table S1) and the accumulation of H2O2 491 

around vascular bundles in leaf sheaths (Fig. 7) shows the increased lignin deposition 492 

in the cells surrounding vascular bundles in leaf sheaths as the pathogen penetration 493 

progresses in Z. zerumbet.  494 

Corroborating the up-regulation of genes involved in monolignol biosynthesis 495 

and lignin polymerization, the phloroglucinol-HCl staining of the collar sections 496 

clearly showed the formation of a layer of lignified mesophyll cells surrounding 497 

vascular bundles and a patch of lignified cells in between vascular bundles in leaf 498 

sheaths (Fig. 5). Further, the total lignin content significantly increased in pathogen 499 

inoculated Z. zerumbet (Fig. 6). The lactophenol-trypan blue staining of collar 500 

sections showed that the hyphal growth is restricted at the leaf sheaths and is not 501 

extended into the pith (Fig. 4d). Thus, the histochemical data clearly showed the early 502 

and robust induction of lignin synthesis in Z. zerumbet following P. myriotylum 503 

infection and the formation of a barrier of lignified mesophyll cells to prevent the 504 

entry of pathogen into the vascular bundles in the leaf sheaths and into the pith region 505 

through which principal portion of the connective tissues passes in the aerial stem. 506 

The Pythium is a vascular wilt pathogen and vascular bundles of the host are the 507 

targets for its colonization. Wilting occurs only when pathogen enters the vascular 508 

tissues of the host [55]. The lignification and the cell wall strengthening constitute an 509 

important strategy employed by the host to suppress necrotrophic infection [20]. The 510 

study illustrates a key role for cell wall fortification in imparting resistance against P. 511 
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myriotylum in Z. zerumbet by preventing the colonization of the pathogen in the 512 

vascular tissues and ensuring the transport system of the plants remain unaffected by 513 

the pathogen invasion.  514 

To conclude, the study provides a strong evidence for a crucial role for cell 515 

wall signaling in mediating P. myriotylum resistance in Z. zerumbet. Results highlight 516 

the negative regulation of cell wall loosening and cell elongation processes in the post 517 

inoculated host to suppress the pathogen penetration. Alongside, the cell walls were 518 

reinforced by lignin deposition to doubly ensure the protection from pathogen 519 

infection.  520 
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Suppoting Information legend 778 

Supplementary Table 1. Genes that are signficantly differentially expressed   in Z. 779 

zerumebt following Pythium inoculation and used in the study together with their 780 

expression profile based on digital gene expression (DGE) computed from 781 

transcriptome analysis and gene expression microarray or RT-qPCR. Values in bold 782 

indicate significant (p < 0.05) modulatioin obtained for a probe in gene expression 783 

microarray analysis 784 

Figure Legends 785 

Figure 1. Heat map showing the relative fold change in the transcript levels of 27 786 

genes with cell wall related functions in Z. zerumbet at 18hpi, 36hpi and 48hpi with P. 787 

myriotylum. Fold changes were determined by the gene expression microarray 788 

analysis of RNA samples isolated from the untreated control plants and the treated 789 

plants at the respective time periods post inoculation with P. myriotylum. The probe 790 

sequences are given in Table S1. The gene abbreviations are as in the text and the 791 

Table S1. 792 

Figure 2. Histograms showing the relative fold change in the transcript levels of the 793 

genes PAL (a), CCR (b), COMT1 (c) and CAD2 (d) in Z. zerumbet at 12hpi, 24hpi, 794 

36hpi, 48hpi and 60hpi with P. myriotylum. Fold changes were determined by RT-795 

qPCR analysis of the RNA samples isolated from the untreated control plants and the 796 

treated plants at the respective time periods post inoculation with P. myriotylum. 797 

Asterisks indicate significant difference (p < 0.05) in relation to control (0hpi). The 798 

gene abbreviations are as in the text and Table S1. 799 

Figure 3. Heat map showing the relative fold change in the transcript levels of 15 800 

genes involved in the biosynthesis and signaling of BR, GA and auxin in Z. zerumbet 801 

at 18hpi, 36hpi and 48hpi with P. myriotylum. Fold changes were determined by the 802 
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gene expression microarray analysis of RNA samples isolated from the untreated 803 

control plants and the treated plants at the respective time periods post inoculation 804 

with P. myriotylum. The probe sequences are given in Table S1. The gene 805 

abbreviations are as in the text and the Table S1. 806 

Figure 4. The basic anatomy of Z. zerumbet aerial-stem and the penetration pattern of 807 

P. myriotylum in the host tissue. Safranin-O staining of transverse section of collar 808 

region revealed that the aerial-stem is composed of central pith and whorls of strongly 809 

adhered leaf sheaths (a). Lactophenol-trypan blue stained longitudinal section of the 810 

collar region of un-inoculated control plant (b). The lactophenol-trypan blue staining 811 

of longitudinal sections of collar region recognized that the P. myriotylum has an 812 

intra-cellular penetration pattern in Z. zerumbet (c) and the pathogen spread is limited 813 

to the peripheral leaf sheath whorls (d). ADE-adaxial epidermis; ABE-abaxial 814 

epidermis; PLS-peripheral leaf sheath; VB-vascular bundle; ELR-endodermis like 815 

ring; PT-pith; Pm-P. myriotylum hyphae.   816 

Figure 5. Phloroglucinol-HCl stained transverse section of the collar region showing 817 

the pattern of lignin deposition in Z. zerumbet following P. myriotylum inoculation.  818 

No lignin deposition was found in the mesophyll cells surrounding the vascular 819 

bundles in the leaf sheath in the untreated control plant (a). Lignin deposition in the 820 

mesophyll cells surrounding the vascular bundles in the leaf sheath increased 821 

following P. myriotylum inoculation (b: 12hpi) and in certain cases a bridge of 822 

lignified mesophyll cells were formed between vascular bundles (c: 48hpi). Arrow 823 

indicates lignified mesophyll cells. VB-vascular bundle 824 

Figure 6. The cell wall bound total lignin content of the collar region of the aerial-825 

stem of Z. zerumbet in untreated control plants (0 hrs) and at 12hpi, 24hpi, 36hpi and 826 

48hpi with P. myriotylum. 827 
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Figure 7. DAB-stained longitudinal section of collar region of the aerial-stem of Z. 828 

zerumbet in the untreated control plant (a) and in the treated plant at 24hpi with P. 829 

myriotylum (b). VB-vascular bundle. 830 
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• Transcriptional changes of cell-wall related genes and histopathology were examined in 
resistant Zingiber zerumbet against Pythium myriotylum infection 

• Many genes that promote cell wall loosening and cell elongation were suppressed.  
• Several monolignol biosynthetic pathway genes were up-regulated. 

• Histochemistry revealed H2O2 accumulation, increased lignification of the mesophyll 
cells in the leaf sheath and the significant increase in total lignin content. 

• Pathogen hyphae were restricted to peripheral leaf sheath and were not extended into the 
pith 

• The study illustrates a coordinated transcriptional reprogramming of cell wall-associated 
genes, and a key role for cell wall fortification in preventing pathogen colonization in the 
vascular tissues. 


