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ABSTRACT 

A plant’s early response to pathogen stress is a vital indicator of its disease resistance. 

In order to study the response mechanism of resistant and susceptible flax cultivars to 

Fusarium oxysporum f. sp. lini (Foln), we applied RNA-sequencing to analyze 

transcriptomes of flax with Foln 0.5, 2 and 8 hours post inoculation (hpi). We found a 

significant difference in the number of differential expression genes (DEGs) between 

resistant and susceptible flax clutivars. The number of DEGs in the Fusarium-resistant 

cultivar increased dramatically at 2 hpi, and a large number of DEGs participated in the 

Fusarium-susceptible cultivar response to Foln infection 0.5 hpi. GO enrichment analysis 

determined that the up-regulated DEGs of both flax cultivars were enriched such as 

oxidoreductase activity and oxidation-reduction process. At the same time, the genes 

involved in diterpenoid synthesis were up-regulated in resistant cultivar, while those 

involved in extracellular region, cell wall and organophosphate ester transport were down-

regulated in susceptible cultivar. KEGG enrichment analysis showed the genes encoded 

WRKY 22 and WRKY33 which involved in MAPK signaling pathway were up-regulated 

expressed in S-29 and down-regulated expressed in R-7, negatively regulated the disease 

resistance of flax; The genes encoded Hsp 90 family which in involved in plant pathogen 

interaction pathway were up-regulated in R-7 and down-regulated in S-29, which positively 

regulated the disease resistance of flax; The genes encoded MYC2 transcription factor and 
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TIFY proteins which involved in plant hormone signaling pathway were up-regulated in R-

7, and regulated the jasmonic acid metabolism of flax and the signal transduction of plant 

hormones. Meanwhile seven regulatory genes with the most correlation were screened out, 

Among Lus10025000.g and Lus10026447.g regulated other genes expressed both in plant 

hormone signal transduction pathway and MAPK signal pathway. In conclusion, these 

findings will facilitate further studies on the function of these candidate genes in flax of 

response to Fusarium stress, and the breeding of disease-resistant flax cultivar. 

Key words: flax; Fusarium oxysporum; differential expression genes; GO enrichment 

analysis; KEGG enrichment analysis  

1. Introduction 

Flax (Linum usitatissimum) is an important crop for the production of fiber, oil, and 

nutraceuticals. Among flax diseases caused by fungal pathogens, fusarium wilt, caused by 

Fusarium oxysporum f. sp. lini (Foln) has been an important factor in limiting yield of this 

plant[1]. Fusarium wilt, one of the most prevalent diseases in flax production, occurs at all 

stages of flax growth. The typical annual incidence rate of flax fusarium wilt is 10% ～ 30%, 

and the highest incidence rate is more than 50% [2]. The pathogen of this disease is soil-

borne pathogenic fungus Foln, which can be effectively controlled by breeding and growing 

resistant cultivars. Therefore, studying different resistance mechanism responses of resistant 

and susceptible flax cultivars to Foln infection can also facilitate the breeding of resistant 

cultivar.  

A host’s stress response to pathogens is a complex biological process that involves 

multiple defense strategies and metabolic pathways[3]. When attacked by pathogens, a host 

activates a large number of gene expression and metabolic pathways to cope with the biotic 

stress[4]. Plants respond to pathogen attack by modifying their defense gene expression and 

inducing the production of myriad proteins and metabolites[5]. During the constant 
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interaction between plants and pathogens, a compatible response leads to pathogen invasion 

and disease development, while an incompatible response ignites the plant’s immune system 

and prevents pathogen invasion. Due to developments in RNA-seq technology, 

transcriptome profiling has been determined to be an efficient measure when deciphering the 

plant-pathogen interaction mechanism based on different gene expressions[6]. 

Transcriptome analysis showed that 12 genes encoding secretory proteins were significantly 

expressed in rice after being inoculated with Magnaporthe oryzae for 36 h[7]. A large 

number of differentially expressed genes (DEGs) in melon were involved in the response to 

Acidovorax citrulli at 6 hours post inoculation (hpi) and 12 hpi, mainly in the plant-pathogen 

interaction pathway[8]. Liu et al.[9] screened out powdery mildew resistance-related genes, 

resistance pathways, and transcriptant factors using a transcriptome analysis of resistant and 

susceptible grape cultivars in the early stages of Plasmopara viticola biotic stress . 

Some scholars have actively studied the interaction between flax and pathogens. Lignin 

metabolism in flax cell suspensions was increased under the pressed of Fusarium 

oxysporum[10]. The chitinase gene of flax was up-regulated expressed after inoculation of 

Fusarium oxysporum [1]. Flax inoculated with Fusarium after 48 h, the gene that incoded 

formate dehydrogenase regulated the pectin content in the cell wall of flax was decreased, 

thus reduced the resistante flax to Fusarium[11], and content of lignin and pectinin the cell 

wall of flax were increased after invasion of Fusarium oxysporum which improved the 

resistance of flax[12]. Galindo-Gonzalez and Deyholos.[1]had for the first study of the flax-

fusarium interaction within the transcriptomic range for 2, 4, 8 and 18 days post inoculation 

(dpi). In resistante flax cultivar, a large number of genes turned out to be a signal receiver 

and transduction of pathogen signals, including a large transcriptional reprogramming, 

induction of hormone signaling, activation of pathogenesis-related genes, and changes in 

secondary metabolism. Studies had shown after stressed in Fusarium oxysporum, the content 
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of methyl salicylate of flax increased which related to the activation of phenylpropanin 

pathway[13]. Dmitriev et al.studied the DEGs of flax after 2 days of interaction with 

Fusarium oxysporum, and showed the number of the genes expressed more in resistant 

genotypes than in sensitive genotypes, which genes related to biological stimulation and 

stress response, defense response, antioxidant activity and cell wall tissue or biogenesis of 

flax[14] . These studies provided theoretical basis for the resistance mechanism of flax, but 

the transient stress response and gene expression of flax exposed to Fusarium had not been 

reported so far. Based on previous studies, this study analyzed the gene expression of flax in 

the transient response to Fusarium infestation, which could clarify the molecular response 

mechanism of flax resistant cultivars under pathogen stress, and further reveal the disease 

resistance mechanism of flax, providing a theoretical basis for breeding of resistance flax 

cultivar. 

2  Materials and Methods 

2.1  Plant materials 

In the present study, Linum usitatissimum ‘Jinya 7’ (R-7) and ‘Shanxi Huang 29’ (S-29), 

two cultivars of flax that are respectively resistant and sensitive to Fusarium oxysporum were 

used in the present study. Test materials were provided by the High Latitude Crops Institute, 

Shanxi Agricultural University, Shanxi Academy of Agricultural Sciences, Shanxi 

Agricultural University. Intact flax seeds were disinfected in 2% sodium hypochlorite by 

oscillation at 150 rpm for 10 min, and were washed thrice with sterile water. Seeds were 

germinated on filter paper soaked with distilled water for 5 days in the dark conditions. For 

continued hydroponic growth, the seedlings were transferred to falcon tubes with filter paper 

soaked with half strength sucrose-free Murashige and Skoog (MS) medium and grown in a 

growth chamber at 21/16 ℃ with 16/8 h light/dark photoperiod to four-leaf stage. 

2.2 Pathogen culture 
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Fusarium oxysporum f. sp. lini (Foln) isolate was provided by the Plant Pathology 

Laboratory of the College of Plant Protection, Shanxi Agricultural University. We propagated 

the Foln in Petri dishes with potato dextrose agar. To induce sporulation, we cultured the 

isolate in mung bean liquid medium using oscillation at 150 rpm for 7 days at 25 ℃[15]. The 

spores were collected by centrifugation at 10,000 rpm for 10 min at 4 ℃, and then washed 

thrice with sterile water. The density of collected spores was then adjusted to 1×106 

spores.ml-1 with half-strength MS medium. 

2.3 Pathogen inoculation and sampling 

Flax seedlings at the four-leaf stage were placed in the pathogen suspension(1×106 

spores.mL-1 ) and treated in sterile water as a blank control. Each treatment was prepared in 

triplicates, each one had 30 seedlings. Referring to the previous studies on the early infection 

process of Fusarium oxysporum on host plants, we collected samples of plant rhizome parts 

at 2 hpi and 8 hpi[16]. The samples were immediately processed to extract RNA or were 

frozen with liquid nitrogen and stored at -80 ℃ until extracion[17]. To decrease variability, 

RNA samples were pooled in groups of three, resulting in two pooled biological replicates 

per treatment and time point, which were used for RNA-Seq[1].  

2.4 Isolation of fungus from infected plants  

R-7 and S-29 inoculated with Foln were tested in the field, and the disease of the plants 

was observed after maturity, the infected samples were selected for fungal isolation[18]. In 

order to confirm that symptoms were a result of the fungal infection, the inoculated plants 

were sampled for fungal isolation from the flax roots. Collected root tip sections (3-5cm) 

were surface sterilized in 10% sodium hypochlorite for 30 s and then rinsed three times in 

sterile distilled water. Root sections were further cut into 3～5 mm sections and air-dried on 

Whatman paper. Four to six of these root sections were transferred to sterile Komada 

medium[19] and grown for 7 days at 25 ℃ under 16 h dark/8 h light cycles. Purified strains 
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were examined for growth, and colonies were subcultured in PDA for 14 additional days at 

25℃ under 16 h dark/8 h light cycles. 

2.5 Bioinformatics analysis 

The total RNAs were extracted using Trizol reagent and transcriptome sequencing was 

carried using the Illumina HiSeq-(TM) 2000 (Meiji Biopharmaceutical Technology Co., 

Ltd., Shanghai, China). We filtered the raw sequencing reads to eliminate the low-quality 

reads and adaptor sequences, leaving only the clean reads. Then, we blasted the clean reads 

against the whole flax genome (https://www.ncbi.nlm.nih.gov/nuccore/ NC_036356.1) to 

assemble the matched sequence data into transcripts using Cufflinks software. Cufflinks 

analyzed all the transcripts obtained during this transcriptome sequencing and their 

corresponding genes in order to confirm the DEGs. We used Transcripts Per Million (TPM) 

reads as the index when measuring gene expression levels and we set the parameters as P-

adjust < 0.05 &|log2FC|≧1. We performed Gene Ontology (GO) and Kyoto Encyclopedia 

of Genes and Genomes (KEGG) pathway enrichment via GO-seq (Rlease2.1.2) and KOBAS 

(v2.0) in order to characterize flax’s resistance mechanism. 

2.6 Validating transcript levels using qRT-PCR 

In order to validate the expression profile, we selected eight DEGs that were involved in 

different metabolic pathways for quantitative reverse transcription PCR (qRT-PCR)  

The flax actin gene (EU830342) was used as the reference gene for normalization. Gene-

specific primers were designed by Primer Premier 6.0 and synthesized by Sangon Biotech 

Co., Ltd. (Shanghai, China). 

We took the total RNA isolated from the flax root as a template. The first-strand cDNA 

was synthesized from 1.0 μg of total RNA using the PrimeScriptTM RT Master Mix Kit 

(Takara, Beijing, China). The qRT-PCR amplification was performed in a 20 μL volume 

mixture of 0.6 μL cDNA, 0.4 μL of each primer (10 μmol/L), 6.6 μL of nuclease free ddH2O, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 October 2021                   doi:10.20944/preprints202110.0228.v1

https://doi.org/10.20944/preprints202110.0228.v1


7 

 

 

and 10 μL of 2 × SYBR Premix ExTaq (Takara). We performed the qRT-PCR reaction in a 

Light Cycler 480 (Roche Diagnostics, Basel, Switzerland) with the following cycling 

program: 95℃ for 30 s, 40 cycles of 95 ℃ for 5 s, 60 ℃ for 30 s, and 60 ℃ for 1 min. The 

melt curves were analyzed to ensure the PCR reaction’s specificity. We included the non-

template control and non-RT control in each reaction. The expression levels of the selected 

genes in the inoculated flax were calculated in relation to their respective mean expression 

levels in the control. Each treatment was examined in three technical replicates. The relative 

fold change of each gene was calculated using the 2-△△Ct method[20] (Livak et al., 2001). 

3 Results 

3.1 Resistance characteristics and pathogen isolation of flax R-7 and S-29 

After inoculation of Foln at four-leaf-stage, the seeding were placed in the experimental 

environment and field environment for one month Respectively. As shown in Fig.1, that the 

incidence of R-7 was significantly lower than that of S-29, R-7 seedlings were grown by 

hydroponic culture in light incubator, inoculation of Foln at 38 days, that the growth state 

was basically the same as that of control.(Fig. 1-A, Fig. 1-B). At the same time, compared 

with the control group (Figure 1-C), S-29 seedlings showed no disease spots on the leaves, 

but the roots turned grayish brown, and the stem base rotted after 7 days of 

inoculation(Figure 1-D). After 15 days of further culture, the whole plant died (Fig. 1-E). R-

7 grown in a field environment grew well compared to the control almost no morbidity (Fig. 

1-F,G), while S-29 grew almost completely dead compared to the control (Fig. 1-H,I). 

Foln was detected in all samples after fungal isolation. As shown in Fig.2:The Fusarium 

isolate from the diseased plants. The colonies was white, light pink or pink and radiate. Some 

of them showed that pigment color producted only at the later stage of growth, the mycelium 

was woolly (Fig. 2-A). Micromorphology: There was no large conidia on PDA. Mungbean 

soup medium could promoted the production of macroconidium, which were sickle shaped 
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and 3-5-septate (Fig. 2-B). There were many microconidium, elliptic or sausage shaped (Fig. 

2-C), Chlamydospores terminal inserted on short lateral branches (Fig. 2-D), According to 

the results of morphological identification, and referring to the relevant literature based on 

Fusarium identification[21], The isolation of fungal was identified as F. oxysporum. 

3.2 Illumina sequencing and alignment with the reference genome 

Using Illumina HiSeq-(TM) 2000, the transcriptome of flax resistant and susceptible 

cultivars R-7 and S-29 inoculated with Foln were sequenced at 0 hpi, 0.5 hpi, 2 hpi and 8 

hpi by high-throughput sequencing platform. The original data and the data after quality 

control were statistically analyzed (Table 1). The raw reads were 42834168 - 66555862 and 

clean reads were 42118732 - 66033802. About 82.48% - 95.06% of the sequences were 

compared with known genes, and the percentage of Q30 base was more than 94%. The above 

data showed that the sequencing data was true and reliable, indicating that the accuracy was 

high, and the quality of sequencing data was enough for further bioinformatics analysis. 

3.3 Genes function annotation 

All the genes and transcripts assembled by transcriptome were compared with six 

databases (NR, Swiss-Prot, Pfam, EggNOG, GO and KEGG), and the functional information 

of genes and transcripts was obtained comprehensively. A total of 40641 transcripts (93.46%) 

and 40628 genes (93.46%) were successfully annotated (Fig. 3). Among them, NR and COG 

functional annotation accounted for 92.44% and 90.34% respectively, Pfam and Swiss 

functional annotation accounted for 76.6% and 74.87% respectively, and GO and KEGG 

functional annotation accounted for 51.36% and 40.23% respectively.  

3.4 DEGs in resistant and susceptible flax cultivars 

When compared with the control groups of the R-7 and S-29 collected at 0 hpi, we 

found significant differences in the number of up and down-regulated DEGs at 0.5 hpi, 2 hpi, 

and 8 hpi (Fig 4). Additionally, the number of DEGs gradually increased over time. At 0.5 
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hpi, 2 hpi and 8 hpi, R-7 had 193, 3108, and 3715 DEGs, including 155, 1545, and 1635 up-

regulated DEGs, and 38, 1536, and 2080 down-regulated DEGs, respectively. At 0.5 hpi, 2 

hpi, and 8 hpi, S-29 had 1139, 1819, and 3585 DEGs, including 955, 1138, and 2310 up-

regulated DEGs and 184, 681, and 1275 down-regulated DEGs, respectively. Generally, 

there were more up-regulated genes than down-regulated genes. These data showed that 

there were significant differences in the number of DEGs between resistant and susceptible 

flax cultivars at 0.5 hpi, 2 hpi, and 8 hpi, indicating that resistant and susceptible cultivars 

had different response models at different times of biotic stress. 

Fig. 4 showed the fluctuations in the total number of DEGs and the number of up-and 

down-regulated DEGs in resistant and susceptible flax cultivars at 0.5 hpi, 2 hpi, and 8 hpi. 

We observed a sharp increase in the number of DEGs in different cultivars: between 0.5 and 

2 hpi of R-7 and between 2 and 8 hpi for S-29. 

3.5 GO enrichment analysis of DEGs 

In order to compare the GO terms of DEGs in resistant and susceptible cultivars of flax 

at different times, we performed a GO term enrichment analysis (Fig.5). It showed that some 

of the same genes were induced or inhibited in both flax cultivars at different times of biotic 

stress. Genes involved in the oxidoreductase activity and oxidation-reduction process were 

up-regulated expressed in R-7 and S-29 at the same time. The genes of extracellular region 

and organic phosphate transport were down-regulated expressed in R-7 and S-29 at the same 

time. Results showed significant differences in gene expression regulation between resistant 

and susceptible flax cultivars, except for common gene expression, for example, the up-

regulated expressed genes in R-7 were enriched in terpenoid metabolicess and aldehydelyase 

actibity, while the up-regulated expressed genes in S-29 mainly include catalytic activity, 

regulation of cell death, lipid metalic process. Among the abundant down-regulated genes, 

R-7 mainly had galacturonidase activity, carbohydrate metabolism process and catalytic 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 October 2021                   doi:10.20944/preprints202110.0228.v1

https://doi.org/10.20944/preprints202110.0228.v1


10 

 

 

activity; S-29 mainly had stem vascular pattern formation and cotyledon vascular pattern 

formation, phloem pattern formation, cell wall organization or biogenesis and other related 

information. Among them, the more of cell wall related biological processes . 

3.6 KEGG enrichment analysis of DEGs 

In order to determine the biological functions of DEGs involved in the metabolic 

pathways of resistant and susceptible flax cultivars under pathogen stress, we performed a 

KEGG functional enrichment analysis on DEGs. In total, we found significant enrichment 

in nine KEGG pathways that were involved in both cultivars of flax, namely photosynthesis-

antenna proteins, zeatin biosynthesis, plant hormone signal transduction, mitogen-activated 

protein kinase (MAPK) signaling pathway, plant-pathogen interaction, estrogen signaling 

pathway, phenylpropanoid biosynthesis, starch and sucrose metabolism, and α-linolenic acid 

metabolism (Table 2). The DEGs expression of the three pathways was significantly different 

between R-7 and S-29, including MAPK signaling pathway, plant hormone signal 

transduction, plant pathogen interaction and phenylpropanoid biosynthesis. 

The genes involved in MAPK signaling pathway were mainly encoding 

serine/threonine protein kinase (IRAK4) family and encoding heat shock 70 kDa protein 

(HAPS1s). The differential expression level of Lus10026099.g in S-29 was five times more 

than that in R-7, which was up-regulated expressed at 0.5 hpi and 2 hpi in S-29 and down-

regulated expressed at 2 hpi and 8 hpi in R-7.  

In the plant hormone signal transduction pathway, only down-regulated expressed 

genes were enriched in S-29 at 0.5 hpi. In R-7, up-regulated expressed genes were enriched 

at 0.5 hpi, 2 hpi and 8 hpi, and amount of up-regulated expressed genes shown an increasing 

trend with the extension of inoculation time. It analyzed that Lus 10007560.g was the 

continuously up-regulated expressed gene in R-7, In this pathway, enriched genes were 

mainly ethylene response transcription factor 1 (ERF1), protein TIFY 10A, transcription 
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factor MYC, jasmonate ZIM-domain protein (JAZ), SAUL, EIN3-binding F-box protein 1 

(EBF1), histidine-containing phosphotransfer protein 1-like(AHP), abscisic acid receptor 

(PYL4), BTB/POZ domain and ankyrin repeat-containing protein NPR1 isoform X1(NPR1).  

In the plant-pathogen interaction pathway, the up-regulated expressed genes were 

enriched at 0.5hpi and 2hpi in S-29, and down-regulated expressed genes were enriched at 2 

and 8 hpi in R-7. In S-29 the up-regulated expressed genes were mainly involved in this 

pathway, and with the extension of inoculation time, the number of up-regulated expressed 

genes was decresed, while in R-7 the down-regulated expressed genes were mainly involved 

in this pathway.. The major genes involved in plant pathogen interaction include calcium-

binding protein (CML), respiratory burst oxidase homolog protein (RBOH), and mitogen-

activated protein kinase, kinase, kinase (MAPKKK) and calcium-dependent protein kinase 

(CDPK). 

Genes of both flax cultivars enriched at different times after inlcultaion were involved 

in phenylpropanol biosynthesis pathways. enriched genes were mainly encoding lignin anion 

peroxidase, cytochrome P450 84Al, transferase and peroxidase, In S-29 and R-7, there were 

more up-regulated expressed genes at 0.5 hpi and 2 hpi,while down-regulated expressed were 

detected at 8 hpi. 

3.7 Screening of regulatory genes 

The core regulatory genes were screened out through studying interactions of DEGs in 

enriched KEGGs, including MAPK signaling pathway, plant hormone signal transduction, 

and plant pathogen interaction. Three genes involved in plant-pathogen interaction pathway 

had the most correlation (Fig. 6-A), which were Lus10020644.g, Lus10029896.g and 

Lus10022776.g. Among them, both Lus10020644.g and Lus 10029896.g encoded 

respiratory burst oxygen homolog protein B, and GO functions were oxidation-reduction 
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process and peroxidase activity. Lus 10022776.g encoded RPM1-interacting protein 4-like, 

and GO function was cellular process. 

The genes involved in the plant hormone signal transduction pathway showed the 

highest correlation (Fig. 6-B), which were Lus 10002576.g, Lus 10026447.g and 

Lus10025000.g, respectively. Among them, Lus10002576.g encoded the protein TIFY 9-

like isoform X1. Both Lus10026447.g and Lus10025000.g  encoded protein phosphatase 

2C, and GO functions were hydrolase activity. It shown as Fig6-A, B. that Lus10026447.g 

and Lus10025000.g regulated the genes in MAPK signaling pathway and plant hormone 

signal transduction. 

The analysis of interaction network of MAPK signaling pathway showed that the 

Lus10025000.g and Lus10027091.g genes had the highest correlation (Fig. 6-C). In which, 

Lus10025000.g encoded protein phosphatase 2C, Lus10027091.g encoded mitogen 

activated protein kinase homolog MMK1,respectively, and the GO function of them were 

MAP kinase activity, ATP binding and MAPK cascade.  

3.8 DEG validation by qRT-PCR 

Using qRT-PCR, we found that the relative expression levels of eight DEGs at different 

post inoculation times were consistent with the findings from the RNA-seq results (Fig 7). 

As expected, these data confirmed the reliability of the RNA-seq transcriptome analysis. 

4 DISCUSSION 

RNA-sequencing based on second-generation Illumina high-throughput deep 

sequencing technology has became an important means for gene mining. Currently RNA-

seq technique had been widely applied in the study of the interactions between plants and 

pathogens, it comprehensively, rapidly, and accurately revealed the transcriptome activities 

of specific species under certain conditions[22] . Identification of key factors in responsed 

to flax-Foln interaction transcriptome responses will helps to identify and annotate important 
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genes in plant defense responses. In this study, transcriptome analysis was performed on the 

resistant and susceptible flax cultivars inoculated with Foln. 

4.1 Gene expression changes and GO analysis in response to Foln infection 

In this study, the number of DEGs in R-7 and S-29 increased significantly at 2 hpi and 

8 hpi, and they formed a kind of saltus at 0.5-2 hpi and 2-8 hpi, respectively. This may have 

been due to the fact that the early stress response of R-7 to Foln infection was more sensitive 

and active than that in S-29. However, S-29 had more DEGs than that in R-7 at 0.5 hpi. This 

may had been because the signal elements of S-29 signalled triggered hypersensitive reaction 

at 0.5 hpi, while R-7’s reactions were not triggered until 2 hpi. The number of DEGs in R-7 

was significantly more than that in S-29, which was similar to the previous studied on 

resistant and susceptible cultivars infected by Plasmodiophora brassicae[23]. Our findings 

indicated that resistant and susceptible flax cultivars had significant differences in their stress 

response regulation. 

GO enrichment analysis showed that the up-regulated genes in R-7 and S-29 were all 

enriched in oxidoreductase activity and redox processes and indicating that redox played an 

important role in the response of flax to Foln. Cao et al. found that under normal 

physiological conditions, plant cells had a dynamic balance of redox state, which played an 

important role in maintaining the normal physical and chemical properties of biological 

macromolecules, enzyme activity and normal metabolism of plants[24]. That gene Lus 

10016991.g encoded flax lignan dehydrogenase was up-regulated expressed and down-

regulated expressed in S-29 and R-7 at 2 hpi, respectively,which negatively regulated the 

flax resistance. 

The up-regulated expressed genes in R-7 also enriched terpenoid biological process. 

Terpenoids are a class of metabolites widely existing in plants. Some terpenoids are 

necessary for plant growth and development, such as gibberellin, abscisic acid and other 
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plant hormones, carotenoids and so on[25]. Terpenoids can rapidly accumulate in the 

infected parts of plants to prevent the growth and reproduction of pathogens, thus improving 

the resistance of plants[26]. These substances were mainly involved in plant hormone signal 

transduction and photosynthesis. At this time, the up-regulated genes in S-29 were enriched 

in lipid metabolic process and enzyme activities of some organic substances. These 

biological processes were involved in the metabolism of plant secondary metabolites, which 

played an important role in plant disease resistance. Phenylpropanoid, flavonoid and stilbene 

biosynthesis pathways were involved in the formation of secondary resistant metabolites, 

such as plant antitoxins, lignin and phenols[8]. 

The down-regulated expressed genes in R-7 and S-29 were enriched in extracellular 

region, cell wall and organophosphate ester transport. It found that the main genes involved 

in the biological process of extracellular region were peroxidase and plant pathogenesis-

related protein. Down-regulated expression of these genes reduced the resistance of plants. 

A total of seven genes encoded plant pathogenesis-related protein were found in this study. 

Among them, Lus10007102.g and Lus10020480.g were up-regulated in R-7 with the 

extension of inoculation time, while in S-29 was down-regulated. It was judged that the gene 

was a positive regulatory resistance gene. The gene with higher expression level was 

Lus10026729.g encoded pectin methylesterase, which was directly involved in the 

conversion of pentose and glucuronic acid. The GO function of Lus10026729.g was cell wall 

modification. Pectin methylesterase affected the formation of pectin. Pectin affected the 

expression of formate dehydrogenase gene after flax was infected with pathogen. The 

formate dehydrogenase gene was directly involved in the synthesis of cell wall glycan[11] . 

ABC transporter G family member 6-like was the main gene involved in the biological 

process of organophosphate ester transport. Transporters of G subfamily (ABCG) were 

considered to be an important part of the plant immune system. They participated in the 
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active transmembrane transport of various secondary metabolites and played an important 

role in plant microbial interaction[27]. This protein family was a kind of transmembrane 

transporters widely existed in prokaryotes and eukaryotes. Arabidopsis thaliana has about 

130 genes encoded the ABC transporter protein, which played a key role in plant hormone 

transport, lipid metabolism, detoxification of exogenous toxins, plant disease resistance and 

so on[28]. It found that the down-regulated genes of S-29 were enriched in cell wall and its 

related biological processes. Cell wall was the first effective barrier for plants to resisted 

foreign infection. When plants were infected by pathogens, the cell wall will be partially 

damaged, which induced cells to self-repair the cell wall, accelerated the deposition of non-

protein substances on the cell wall, and made the cell wall thickened and lignified[29], and 

down-regulated expression of related genes, indicating that the resistance of S-29 was 

decreased. 

4.2 Role of Transcription Factor WRKY in Plant Stress Resistance 

MAPK signaling pathway responds to the defense signaling pathway of plant MTI or 

PTI, and plants can sense MAPM and PAMP through intracellular MAPK cascade signaling 

in immune response, and stimulate the induction of WRKY transcription factors[30]. MAP 

kinase 4 (MPK4) existed in nuclear of Arabidopsis complexes with the transcription factor 

WRKY33. This complex depended on the MPK4 substrate MKS1. Pathogen-infected 

MAMP or PAMP complex activated the MEKK1-MKK1/2-MPK4 module, and the activated 

MPK4 phosphorylated MKS1, leading to nuclear disintegration of the MPK4-MKS1-

WRKY33 complex, released of MKS1 and AtWRKY33, and activated of PAD3 expression 

(enzymes required for the synthesis of antibacterial complex), which improved disease 

resistance in Arabidopsis[31]. In S-29, the expression gene encoded MEKK was enriched at 

0.5 and 2 hpi. Two transcription factors WRKY33 and two transcription factors WRKY22 

by MAPKs phosphorylation were up-regulated at 0.5hpi and 2 hpi, respectively. 
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Transcription factor WRKY was an important component of plant defense against 

pathogens[32]. It has been reported that WRKY8 in tobacco stimulates the production of 

isoprenoid plant antitoxin, and WRKY33 in Arabidopsis thaliana promotes the synthesis of 

antitoxin[33-35]. Transcription factor WRKY33 was highly expressed in R-7, but the down-

regulated expression trend was observed at 2 hpi and 8 hpi, indicating that R-7 successfully 

resisted the invasion of pathogenic bacteria immediately after the contact of Foln. Lei et al. 

found that the sensitivity of GhWRKY22 silenced plants to Verticillium dahliae was 

increased, and the expression levels of disease resistance marker genes (PR1, PR3, PR4, 

PR5, PAL and PDF1.2) were also significantly decreased[36]. Eights Transcription factor 

WRKY genes were involved in the regulation of Verticillum wilt resistance in cotton, and 

GhWRKY22 positively regulated the resistance of cotton[36]. In this study, it showed that 

WRKY22 was up-regulated at 2-8 hpi and positively regulated flax resistance in R-7. Zhou 

et al.analyzed the expression of four genes in Newhall navel orange and four seasons orange 

induced by ulcer bacteria, indicating that CSWRKY22 was involved in the susceptible 

response of the host[37] .In this study, S-29 showed a low expression level of WRKY22, but 

with the extension of Foln inoculation time, the expression tended to be up-regulated, 

indicating that Foln was involved in the susceptible response of the host, which was 

consistent with the results of Zhou's study. 

4.3 Role of transcription factors MYC and TIFY in plant disease resistance 

Jasmonic acid (JA), salicylic acid (SA) and ethylene (ET) were involved in plant 

defense. Among them, JA played a regulatory role in plant development and responsed to 

fungal infection. Plant resistance to necrotizing pathogens such as Fusarium oxysporum and 

Fusarium solani was activated by JA signaling[38].  

Transcription factor MYC played a core regulatory role in JA hormone stimulation and 

directly regulated downstream response genes. When plants were stimulated by jasmonic 
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acid, the expression of MYC was up-regulated and abscisic acid was also positively 

regulated. Currently, transcription factor MYC had been found to be involved in JA and ABA 

hormone signal transduction in Arabidopsis thaliana [39]. Three genes (Lus10000037.g, 

Lus10035365.g, Lus10035366.g) encoding transcription factor MYC continuously up-

regulated expressed in R-7, indicated that MYC was actived in hormone signal transduction. 

JA and SA were also related to pathogen resistance, both of which were response of plant 

responsed to external damage (machinery, herbivores, insects) and pathogen infection to 

induced the expression of resistance genes. The signal transduction pathway mediated by JA 

and SA was closely related to plant resistance[40]. Therefore, the effect of Foln infection on 

endogenous hormones of flax was maybe an important cause of flax fusarium wilt. 

In R-7, three genes that encoded transcription factor MYC and three genes encoded 

TIFY proteins, were up-regulated expressed after 0.5 hpi to increased flax resistance by 

regulated the synthesis of jasmonic acid. The TIFY family was a new family of plant-specific 

genes involved in the regulation of a cultivar of plant-specific biological processes, such as 

the development and response of plant hormones[41]. TIFY10/JAZ was a key regulatory 

factor of plant jasmonic acid signal transduction that was continuously up-regulated 

expressed during the induction of draconis sanguis[42]. After inoculation of Foln, both genes 

encoded TIFY10A and transcription factor MYC were significantly down-regulated 

expressed in the process of plant hormone signaling, and the synthesis of jasmonic acid was 

reduced, which reduced plant resistance in S-29.  

4.4 Role of heat shock protein (Hsp) family genes in plant resistance 

Many studies have reported that Hsp 90 is involved in the signaling pathway of plant 

disease resistance. Takahashi et al.suggested that Hsp 90 affects the transmission of disease 

resistance signals through disease resistance protein RPM1-like(RPMI) and disease 

resistance protein RPSZ pathways in Arabidopsis thaliana, and plays a part role in the plant 
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immune system initiated by resistant proteins[43]. The genes RARI and SGTI also played a 

role in many R-protein-initiated plant disease resistance pathways. SGTI and RAR had been 

shown to interact with Hsp 90 in tobacco and Arabidopsis thaliana [44]. Hsp 90 was involved 

in the stabilization of plant R protein and the recognition of plant pathogens under the 

combined action of both. Meng et al. found that the expression level of Hsp 90 was 

significantly increased after inoculation of resistant Populus tomentosa cultivar, while it was 

significantly decreased after inoculation of susceptible Populus beijingensis cultivar, it 

indicated that the expression of Hsp 90 could be correlated with the resistance level of poplar 

trees and the infection of ulcer bacteria[45]. In this study, the genes encoded Hsp 90 family 

were down-regulated expressed at 2 hpi in S-29, while, the genes were up-regulated 

expressed at 2 hpi in R-7. It indicated that Hsp 90 was involved in the  early stress response 

of flax to Foln early stimulation, and played a role in flax disease resistance response of flax. 

Hsp 90 was also involved in the MAPK signaling pathway. In the MAPK signaling pathway,  

Lus10026099.g and Lus10026100.g encoded Hsp 90 were up-regulated expressed in S-29 

and down-regulated in R-7, which negatively regulating the disease resistance of flax. 

Conclusions 

In this study, transcriptome analysis was carried out to compare the DEGs of resistant 

and susceptible flax cultivars which were sampled at 0, 0.5, 2,and 8 h after Foln inoculation 

was compared. It was found that a large number of up-regulated DEGs were found in 2hpi 

of flax resistant variety R-7 after Foln inoculation, while in susceptible variety S-29 at 

0.5hpi, which proving that flax responded to pathogen infection in 0.5h.  

GO functional analysis indicated redox reaction and cell wall function were abundantly 

enriched in resistant and susceptible varieties. In R-7, more up-regulated genes were 

involved in plant hormone signal transduction pathway, whereas ,in S-29, more up-regulated 

genes were involved in MAPK- signal transduction and plant pathogen interaction pathway. 

In addition, seven regulatory genes were screened, among which, Lus10025000.g and 

Lus10026447.g played a regulatory role in both MAPK signaling pathway and plant 

hormone signal transduction pathway. Lus10002576.g was a transcription factor TIFY 
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protein. Transcription factor WRKY 22 and WRKY33 were up-regulated expressed in S-29 

while down-regulated expressed in R-7, which negatively regulated the disease resistance of 

flax. The gene family Hsp 90 were significantly up-regulated expressed in R-7 while down-

regulated expressed in S-29, which positively regulated the disease resistance of flax. 

Transcription factor MYC2 and TIFY regulate jasmonic acid metabolism and plant hormone 

signal transduction in flax. 
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Fig. 1 Susceptible and resistant flax cultivars inoculated with Fusarium oxysporum f. sp. lini  

Note: A-E: flax growth under laboratory conditions. A, R-7: control; B, R-7: 7 dpi; C, S-29: control; D, 

S-29: 7 dpi; E, S-29: 15 dpi; F-I: flax growth under field environmen; F, R-7: blank control; G, R-7:60 

dpi; H, S-29 blank control; I, S-29: 60 dpi. 
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Fig. 2 Colony characteristics and microscopic characteristics of Fusarium oxysporum 

Note: A. Colony characteristics of Fusarium oxysporum; B. macroconidium of Fusarium oxysporum；

C. microconidium of Fusarium oxysporum; D. Septate hypha of Fusarium oxysporum 

 

 

Fig. 3 Functional annotation of differential expressed genes 
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Fig. 4 Number of DEGs of resistant/susceptible flax cultivars at different hours post inoculation with 

Foln  
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Fig. 5 GO enrichment items of resistant and susceptible flax cultivars at different hours post inoculation 

with Foln 

Note:A: GO enrichment of up-regulated expressedgenes in R-7; B: GO enrichment of up- regulated 

expressed genes in S-29; C: GO enrichment of down-regulated expressed genes in R-7; D: GO 

enrichment of down-regulated expressed genes in S-29 
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Fig. 6 Network analysis of DEGs of resistant and susceptible flax cultivars  

A represent the networks of DEGs involved in the plant-pathogen interaction pathway; B represent the 

networks of DEGs  involved in the Plant hormone signal transduction pathway; C  represent the 

networks of DEGs involved in the MAPK signaling pathway. 
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Fig. 7 Relative expression levels of eight genes in R-7 and S-29 at 0.5, 2 and 8 hpi 
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Table 1 Transcriptome sequencing quality control data statistics 

 
Note: (1) Name of Sample; (2) hpi: Hours post-inoculation;(3)replicate: two biological replicates;(4) Raw reads: the total number of items in the original sequencing 
data (reads, representing a sequencing read); (5) Clean reads: the total number of items in sequencing data after quality control; (6-7) Q20 (%) and Q30 (%) : the 
quality of sequencing data after quality control is evaluated. Q20 and Q30 refer to the percentage of the total bases whose sequencing quality is above 99% and 
99.9%, respectively. Generally, Q20 is above 85% and Q30 is above 80%. (8) Total mapped: number of Clean reads that can be mapped into the genome; (9) Multiple 
mapped: number of Clean reads with Multiple mapped locations in the reference sequence; (10) Unique mapped: Number of Clean reads with a Unique alignment 
position in the reference sequence. 

Sam ple 
Hours post-
inoculation 

replicate Raw reads Clean reads Q20(%) Q30(%) Total mapped Multiple mapped Uniquely mapped 

 

 
R-7 

0 hpi 1 57362108 56822938 98.38 94.93 52989085(93.25%) 2530215(4.45%) 50458870(88.80%) 

 2 59424216 58821344 98.44 95.1 50428599(85.73%) 2569755(4.37%) 47858844(81.36%) 

0.5 hpi 1 66555862 66033802 98.48 95.16 59839616(90.62%) 2803875(4.25%) 57035741(86.37%) 

 2 54903556 54377556 98.29 94.65 48525266(89.24%) 2293407(4.22%) 46231859(85.02%) 

2 hpi 1 48396594 47955404 98.51 95.26 42409175(88.43%) 1862599(3.88%) 40546576(84.55%) 

 2 58108892 57591400 98.49 95.21 50973593(88.51%) 2418307(4.20%) 48555286(84.31%) 

8 hpi 1 50104128 49682470 98.43 95.05 47856682(86.20%) 1899631(3.82%) 35957051(72.37%) 

 2 51243738 50770734 98.48 95.19 41876817(82.48%) 2072376(4.08%) 39804441(78.40%) 

 
 

S-29 
 

0hpi 1 55735652 55178318 98 94.05 52454533(95.06%) 2244248(4.07%) 50210285(91.0%) 

 2 45133666 44472260 97.89 93.88 40310795(90.64%) 1693433(3.81%) 38617362(86.83%) 

0.5hpi 1 50570484 50016818 97.75 93.46 46620371(93.21%) 1928439(3.86%) 44691932(89.35%) 

 2 49969096 49455868 97.9 93.83 45269380(91.53%) 1905177(3.85%) 43364203(87.68%) 

2hpi 1 53319016 52775700 97.92 93.88 48156673(91.25%) 2059006(3.9%) 46097667(87.35%) 

 2 46430890 45880006 97.74 93.45 41850660(91.22%) 1796294(3.92%) 40054366(87.3%) 

8hpi 1 44345518 43862270 98.1 94.29 40031904(91.27%) 1618540(3.69%) 38413364(87.58%) 

 2 42834168 42118732 97.79 93.59 38685098(91.85%) 1602369(3.8%) 37082729(88.04%) 

average 52363132 51613476 98.16 94.44 46767390（90.03%） 2081104（4.01%） 44061286（85.39%） 
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Table 2 KEGG enrichment function distribution of DEGs in flax S-29 and R-7 inoculated with Foln 

 

 

KEGG-Description 

R-7(DEGs numbers) S-29 (DEGs numbers) 

Up-regulated Down-regulated Up-regulated Down-regulated 

0.5hpi 2hpi 8hpi 0.5hpi 2hpi 8hpi 0.5hpi 2hpi 8hpi 0.5hpi 2hpi 8hpi 

Photosynthesis -antenna proteins - 5 14 - - - - -  - 10 12 

Zeatin biosynthesis - 5 - - - - - - - 2 3 5 

MAPK signaling pathway - - - - 60 47 29 21 - - - - 

Plant hormone signal transduction 6 36 38 - 25 - - - - 12 - - 

Plant-pathogen interaction - - - - 51 46 47 27 - - - - 

Estrogen signaling pathway - 25 - - - 12 5 9 14 - 6 - 

Phenylpropanoid biosynthesis 9 24 - - 20 28 17 25 - 6 17 48 

Starch and sucrose metabolism - 27 - - - 24 - 25 - - - 19 

alpha-Linolenic acid metabolism 2 12 - - - 12 9 11 13 - - 10 

Note: hpi:hours post-inoculation; up: up-regulated genes;down, down-regulated genes 
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