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Abstract 

Thaumatin-like proteins (TLPs) play potential roles in plant resistance to various diseases. Identifying TLPs is neces-
sary to determine their function and apply them to plant disease resistance. However, limited information is available 
about TLP-family genes in wheat, especially regarding their responses to Fusarium species, which cause Fusarium 
head blight in wheat. In this study, we conducted a comprehensive genome-wide survey of TLP genes in wheat and 
identified 129 TLP genes in the wheat genome, which were unevenly distributed on 21 wheat chromosomes, with 
5A containing the highest number. Phylogenetic analysis showed that these 129 wheat TLP genes together with 24 
Arabidopsis TLPs were classified into 7 groups based on the protein sequences. We systematically analyzed the genes 
in terms of their sequence characterization, chromosomal locations, exon–intron distribution, duplication (tandem 
and segmental) events and expression profiles in response to Fusarium infection. Furthermore, we analyzed differen-
tially expressed TLP genes based on publicly available RNA-seq data obtained from a resistant near isogenic wheat 
line at different time points after Fusarium graminearum inoculation. Then, the expression of 9 differentially expressed 
TLP genes was confirmed by real-time PCR, and these 9 genes were all upregulated in the resistant Sumai 3 variety, 
which was generally consistent with the RNA-seq data. Our results provide a basis for selecting candidate wheat TLP 
genes for further studies to determine the biological functions of the TLP genes in wheat.
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Introduction
Fusarium head blight (FHB), which is mainly caused by 
Fusarium graminearum and F. venaceum, is one of the 
most serious and harmful wheat diseases worldwide and 
directly causes severe losses of quality and production 
(Bai & Shaner 2004). In recent years, due to changes in 
the climate and wheat farming systems, the occurrence of 
wheat FHB in China has become increasingly serious and 
begun to spread northward from the middle and lower 
reaches of the Yangtze River (Zhang et al. 2018). Because 
sources of wheat FHB resistance are very scarce, scien-
tific researchers have tried many methods to improve 
the resistance to FHB (Bai & Shaner  2004; Fernando 
et al. 2021; Gorash et al. 2021; Steiner et al. 2017).

When plants are invaded by pathogens, they pro-
duce a series of defense responses, with resistance and 
defense genes being two major types of genes involved 
in disease resistance responses. Among them, patho-
genesis-related (PR genes) proteins are the products of 
defense responses and are closely related to the hyper-
sensitive reaction (HR) and systemic acquired resist-
ance (SAR) (Edreva 2005; Liu & Ekramoddoullah 2006). 
According to structural characteristics, genetic rela-
tionships and biological activities, PR proteins are 

mainly divided into 17 families termed PR-1 to PR-17 
(Van Loon et al. 2006). PR proteins are widely distrib-
uted in flowering plants and are an important part of 
plant defense systems (Liu & Ekramoddoullah  2006; 
Van Loon et  al.  2006). One family of PR proteins 
(named the PR-5 family) has high sequence identity 
with the intensely sweet-tasing protein thaumatin first 
isolated from the fruit of the West African monocoty-
ledon shrub Thaumatococcus daniellii (Benn.) Benth., 
and these proteins are therefore called thaumatin-like 
proteins (TLPs) (Cao et  al.  2016). Purified TLPs from 
several plant species have shown in  vitro anti-fungal 
activity, making them good research objects for dis-
ease resistance (Anžlovar & Dermastia 2003; Vigers 
et al. 1992). Most typical TLP proteins possess 16 con-
served cysteine residues that form 8 disulfide bonds, 
and the molecular masses of these proteins range 
between 20 and 26 kDa (Liu, Zamani, & Ekramod-
doullah 2010). In addition, researchers have also 
identified some small TLPs from monocots and coni-
fers, which are characterized by smaller molecular 
weights (approximately 17 kDa) and only 10 conserved 
cysteine residues that form five disulfide bonds (Fierens 
et al. 2008; Liu, Sturrock, & Ekramoddoullah 2010).

Graphical Abstract
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Several experimental studies have indicated that the 
overexpression of TLP genes leads to increased disease 
resistance in plants (Chen et  al.  1999; Datta et  al.  1999; 
Mahdavi et  al.  2012; Rout et  al.  2016; Subramanyam 
et  al.  2012; Van Loon et  al.  2006; Yan et  al.  2017), sug-
gesting that TLPs play crucial roles in plant resistance 
to pathogen stress. TLPs can inhibit hyphal growth 
and spore germination by a membrane-permeabilizing 
mechanism (Abad et  al.  1996) or by cell wall degrada-
tion (Osmond et al. 2001; Zareie et al. 2002). Some TLPs 
can function as β-1,3-glucanases, which mediate interac-
tions with fungal cell walls or function as xylanase inhibi-
tors (Fierens et al. 2007; Grenier et al. 2010). Some TLPs 
increase the permeability of fungal and oomycete plasma 
membranes (Kitajima & Sato 1999; Yun et al. 1998).

Considering the critical role of TLP proteins in host 
defenses during pathogen infection, investigations of the 
TLP gene family have been accomplished in several plant 
species, such as Cucumis melo (Liu et al. 2020), Gossyp-
ium barbadense (Zhang et al. 2021), Vitis vinifera L. (Yan 
et al. 2017), Brassica napus (Wang et al. 2020), Hordeum 
vulgare (Iqbal et al. 2020), etc. However, limited informa-
tion on TLP proteins in bread wheat, especially in rela-
tion to disease resistance, has been reported. Thus, in this 
study, we aimed to identify the TLP genes in wheat at the 
whole-genome scale and analyze candidate TLP genes 
closely related to Fusarium head blight disease resistance. 
This research will lay a foundation for improving wheat 
FHB disease resistance by means of TLP genes.

Materials and methods
Identification of TLP‑family genes in the wheat genome
Wheat genomic sequences were downloaded from 
the Triticum aestivum genome database (IWGSC Ref-
Seq v1.1). A hidden Markov model (HMM) profile of 
the TLP DNA-binding domain (PF00314) was down-
loaded from the Pfam database (http://​pfam.​xfam.​org/) 
(Finn et  al.  2016) and used to query wheat TLP genes 
in the wheat genome sequence using HMMER soft-
ware (version 3.0 from http://hmmer.janelia.org/). The 
obtained gene sequences were further confirmed by 
using SMART (http://​smart.​embl-​heide​lberg.​de/​smart/​
batch.​pl) (Letunic et  al.  2021) on the NCBI webserver. 
The molecular weights and theoretical isoelectric points 
(PIs) were calculated using the ExPASy Bioinformatics 
Resource Portal (http://​web.​expasy.​org/​compu​te_​pi/) 
(Gasteiger et al. 2005).

Chromosomal localization and gene duplication
TaTLP genes were mapped onto wheat chromosomes 
according to their physical positions using TBtools (Chen 
et  al.  2020). Duplicated genes were determined on the 
basis of multiple sequence alignments using ClustalW 

with the following criteria: shorter sequences covering 
> 75% of longer sequences after alignment and a similar-
ity of aligned regions > 75%.

Phylogenetic tree, gene structure and conserved motif 
analysis
A phylogenetic tree including TaTLP genes identified 
in wheat as well as Arabidopsis was constructed with 
MEGA7 software (Molecular Evolutionary Genetics 
Analysis) (Kumar et al. 2015) using the neighbor-joining 
method based on the full-length protein sequences with 
default parameters. Bootstrap analysis was performed 
using 1000 replicates. The gene exon/intron struc-
tures of the wheat TLP genes were graphically visual-
ized using the Gene Structure Display Server (GSDS) 
program (http://​gsds.​cbi.​pku.​edu.​ch) (Hu et  al.  2014). 
Conserved motifs in the TLP protein sequences were 
analyzed using the MEME program with the follow-
ing parameters: number of repetitions, any; maximum 
number of motifs, 10; minimum motif width, 6; and 
maximum motif width, 100.

Differential expression analysis
RNA-seq expression data from two near isogenic wheat 
lines, which differed by the presence of both (NIL38) 
or none (NIL51) of the FHB-resistance QTLs Fhb1 and 
Qfhs.ifa-5A, under disease pressure (3, 6, 12, 24, 36, 48 
hpi) as well as mock inoculation were subjected to anal-
ysis (Schweiger et al. 2013). Normalized expression val-
ues expressed as TPM (transcripts per kilobase of exon 
model per million mapped reads) from the gene expres-
sion profile dataset ERP013829 containing 298,774 
wheat genes and 72 samples were downloaded from the 
Wheat Expression Browser (www.​wheat-​expre​ssion.​
com) (Ramírez-González et  al.  2018). Differentially 
expressed genes (DEGs) between different compari-
son groups were detected using the R package ‘edgeR’. 
DEGs with a log fold change above 1 or below − 1 (false 
discovery rate < 0.01, P < 0.01) were used as the screen-
ing criteria. TBtools software was used to draw the 
heatmap.

Plant materials and FHB inoculation
The FHB-resistant wheat variety Sumai 3 was used in 
this study. Seeds of this variety were planted in the field 
during October 2017 at Jiangsu Academy of Agricul-
tural Sciences Experiment Station, Nanjing, China (108° 
E, 34°15′ N). F. graminearum spores were sporulated on 
mung bean liquid medium at 25 °C and suspended in 
sterile water at a concentration of 1.0 × 106 conidia ml− 1. 
Approximately 10 μL of F. graminearum suspension was 
injected into the central spikelets at early anthesis. Sterile 
water was injected as a control at the same time points. 

http://pfam.xfam.org/
http://hmmer.janelia.org/
http://smart.embl-heidelberg.de/smart/batch.pl
http://smart.embl-heidelberg.de/smart/batch.pl
http://web.expas
http://y.org/compute_pi
http://gsds.cbi.pku.edu.ch
http://www.wheat-expression.com
http://www.wheat-expression.com
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Samples were collected at 0, 24, and 48 hours post-inoc-
ulation (hpi), immediately flash-frozen with liquid nitro-
gen and stored in a − 80 °C freezer until use, with three 
biological replications conducted for each sample.

RNA extraction and quantitative real‑time PCR (qRT–PCR) 
analysis
Total RNA in the collected anthers was isolated using 
the RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, 
China) following the manufacturer’s instructions. The 
total RNA concentrations were measured with a Nan-
oDrop 2000 system (Thermo Fisher Scientific), and 
then the integrity was determined using an RNA Nano 
6000 Assay Kit with an Agilent Bioanalyzer 2100 system 
(Agilent Technologies, Santa Clara, CA, USA). cDNA 
synthesis was performed using SuperScript II reverse 
transcriptase and oligo (dT) 12–18 primers (Invitro-
gen) according to the manufacturer’s protocol. The 
resulting cDNA was diluted 10-fold, and 1 μL of diluted 
cDNA was used as a template for PCR amplification in 
a 30-μL reaction using Power SYBR Green PCR mas-
ter mix (Applied Biosystems). Gene-specific prim-
ers for each TaTLP gene were designed using Primer 
Premier 5.0 (Primer, Palo Alto, CA, USA). qRT–PCR 
analysis was conducted using the SYBR Premix Ex Taq 
Kit (TaKaRa) and the QuantStudio™ 7 Flex Real Time 
PCR System (Applied Biosystems) with a final vol-
ume of 20 μL per reaction. Each reaction mixture con-
sisted of 10.0 μL SYBR Premix Ex Taq II, 1.0 μL cDNA, 

0.8 μL each primer (10 μM), and 7.4 μL sterile H2O. 
The cycling parameters were 95 °C for 30 s, followed by 
40 cycles at 95 °C for 5 s and 60 °C for 30 s. Melt-curve 
analyses were performed using a program of holding 
at 95 °C for 15 s, followed by a constant increase from 
60 °C to 95 °C. Relative gene expression levels were cal-
culated by the comparative Ct method according to the 
fold change (2–ΔΔCt) (Schmittgen & Livak 2008), and the 
relative expression level of each gene is presented as the 
mean ± standard deviation.

Results
Analysis of TLP‑family genes in the wheat genome
A total of 129 TLP genes were identified in the wheat 
genome. The genes were named according to their 
physical positions on chromosomes. Detailed informa-
tion about the genes, including gene IDs, chromosomal 
positions, and lengths of coding sequences, is presented 
in Table S1. As shown in Table S1, the predicted pro-
tein lengths of the TLPs ranged from 101 (TaTLP43) to 
663 (TaTLP108) amino acids. The calculated MWs of 
the TLPs ranged from 10.6 kDa (TaTLP43) to 73.5 kDa 
(TaTLP12), and the calculated theoretical pIs of TLPs 
ranged from 4.23 (TaTLP56) to 12.13 (TaTLP78).

Chromosomal distribution and gene duplication of TaTLP 
genes
A total of 126 TLP genes (three identified TLPs had no 
known physical positions) were unevenly distributed 

Fig. 1  Phylogenetic relationships among TLP proteins from wheat and A. thaliana. Genes from wheat and Arabidopsis on branch ends are denoted 
by turquoise solid circles and red stars, respectively. Different arcs indicate different groups of TLP proteins. Differently colored gene names indicate 
different groups. Different subgroup classifications are marked on branch nodes
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on 21 chromosomes (Fig.  1). Chromosome 5A con-
tained the highest number (22 genes) of TLP genes. 
The chromosome with the second-highest number of 
TLP genes was 5B, which included 17 TLPs. Interest-
ingly, the fifth homologous group of chromosome D 
contained only 8 genes. Two chromosomes, 1D and 
6A, each contained only one TLP gene. The remaining 

chromosomes contained less than 10 TLP genes, with 
totals ranging from 2 to 9.

There were 255 duplication pairs of TLP genes, 
including 54 tandem duplication pairs and 201 seg-
mental duplication pairs, suggesting that segmental 
duplication events played a role in the expansion of 
TLP genes (Fig. 1, Table S2).

Fig. 2  Gene structures and conserved motif compositions of wheat TLP proteins. a Motifs numbered 1–10 are displayed in differently colored 
boxes. The lengths of proteins can be estimated using the scale at the bottom. b Exon/intron organizations of 129 TLP genes. Solid green boxes, 
solid yellow boxes and black lines indicate exons, untranslated regions and introns, respectively
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Phylogenetic analysis, gene structure, and motif 
composition of TaTLP genes
A phylogenetic tree was constructed from the protein 
sequences of 129 wheat TLP genes and 24 Arabidopsis TLP 
genes. According to Fig. 2, all 153 TLP genes were divided 
into seven groups. Group 1 and Group 3 contained 6 and 
13 genes, respectively, which were all from wheat. Group 
2 included only one member from Arabidopsis. Group 4 
contained 5 members—one from Arabidopsis and 4 from 
wheat. Group 5 contained 4 members, which were all from 
Arabidopsis. Group 6 and Group 7 contained the highest 
(62) number of genes among all groups but showed differ-
ence in the number of included Arabidopsis genes, with 16 
and 2 Arabidopsis genes in Group 6 and Group 7, respec-
tively. Group 6 and Group 7 could be further divided into 6 
(Subgroup 6–1 to Subgroup 6–6) and 3 (Subgroup 7–1 to 
Subgroup 7–3) subgroups, respectively.

Combining the gene structure with the phylogenetic 
tree, we found that the TaTLP exon–intron distribution 
was related to the TaTLP classification. The numbers of 
TaTLP exons were discontinuously distributed from 1 
through 4. The majority of TaTLP gene structures con-
tained 1–2 exons (Fig. 3).

Gene motif analysis also indicated that the gene motifs 
and distribution patterns were closely related to the 
gene groups and subgroups. As shown in Fig. 3, motif 5, 
motif 6 and motif 7 are fundamental in TaTLP domains, 
as most TaTLP genes contained these motifs. The num-
ber of TaTLP motifs ranged from 1 to 8. TaTLP mem-
bers of Group 3 contained motif 6 and motif 9, and three 
members (TaTLP40, TaTLP47 and TaTLP53) contained 
an additional motif 10. Most members (17 out of 23) of 
Subgroup 7–3 contained motif 2, motif 3 and motif 4, 
while others did not contain these three motifs. In gen-
eral, members of the same group had similar exon/intron 
structures and motifs (Fig. 2b).

Identification of differentially expressed TLP genes
DEG analysis identified 10,363 DEGs (8367 upregulated 
and 1996 downregulated) in the near-isogenic wheat line 
containing both FHB-resistance QTLs Fhb1 and Qfhs.
ifa-5A (NIL38) between the F. graminearum inocula-
tion and mock inoculation scenarios at different time 
points (Table S3). We further analyzed the induction of 
TLP genes at different times after inoculation, and the 
results identified 16 TLP DEGs in NIL38 between the F. 
graminearum inoculation and mock inoculation scenar-
ios at 36 hpi, followed by 48 hpi (9) and 24 hpi (7) (Fig. 4). 
Among the 16 differentially expressed genes in NIL38 
between the F. graminearum inoculation and mock inoc-
ulation scenarios, 12 were differentially expressed in at 
least two comparisons, and 4 genes (TaTLP12, TaTLP17, 

TaTLP43, and TaTLP79) were differentially expressed in 
only one comparison. Among the 12 repeated differen-
tially expressed genes, 4 (TaTLP42, TaTLP51, TaTLP58 
and TaTLP61) appeared in all three comparisons, and the 
remaining 8 genes appeared in two of the comparisons, 
including 3 genes (TaTLP114, TaTLP120, and TaTLP126) 
between 24 hpi and 36 hpi and 5 genes (TaTLP13, 
TaTLP33, TaTLP50, TaTLP80, and TaTLP118) between 
36 hpi and 48 hpi (Table S4) (Fig. 4).

Expression patterns of TLP members in response to F. 
graminearum infection
To verify whether these genes are involved in the wheat 
response to pathogen stress, according to the gene copy 
number and amplification specificity of the TLP DEGs, 9 
of the 16 TLP DEGs were further selected to validate the 
roles of TLP genes in the disease-resistant line Sumai 3 in 
response to F. graminearum inoculation by using qRT–
PCR analysis. The primer sequences used are shown in 
Table S5. The results showed that the expression of all 
9 TLP genes was upregulated after inoculation, with an 
intitial increase at 24 hpi and a high expression level at 48 
hpi (Fig. 5). The gene expression pattern results obtained 
by qRT–PCR were generally the same as the RNA-Seq 
results, suggesting the potential roles of these genes in 
resistance to F. graminearum infection.

Discussion
Wheat FHB is a very important disease. Although resist-
ance QTLs, including Fhb1, have played very important 
roles in wheat FHB resistance breeding, the currently 
achieved resistance level is still not satisfactory. Other 
resources for FHB resistance are also limited; therefore, 
more methods to improve FHB resistance are urgently 
needed. Plant thaumatin-like proteins are widely dis-
tributed in a variety of plants, animals and microorgan-
isms (Liu, Sturrock, & Ekramoddoullah  2010; Shatters 
et al. 2006). It has been proven that they mainly exert anti-
fungal activity and that their expression can be induced 
when plants are under stress. Studies have shown that 
TLPs can not only induce programmed cell death in fungi 
but also inhibit fungal infection, activate signal pathways 
in plant defense responses, and enhance the ability of 
plants to resist adversity (Liu & Ekramoddoullah 2010; 
Abad et al. 1996; Liu et al. 2012; Niu et al. 2011; Van Loon 
et al. 2006; Ward 1991). Due to their antifungal activities 
and crucial roles in plant defense responses against biotic 
and abiotic stresses, it is necessary to study TLPs.

In this study, based on the high abundance of TLP 
genes obtained from the transcriptome dataset of wheat 
inoculated with Fusarium, 129 wheat TLP sequences were 
obtained. Through homologous evolutionary tree analy-
sis with Arabidopsis TLP genes, the wheat TLP proteins 
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Fig. 3  Genomic distribution of 129 TLP genes on 21 wheat chromosomes. Duplicated genes, including tandemly and segmentally duplicated 
genes, are connected by green lines. The scale bar on the left is shown in megabases (Mb)
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and Arabidopsis TLP proteins were divided into seven 
cluster groups. The clustering results also showed that 
TLP proteins are strongly conserved. For example, four 
Arabidopsis TLP genes (AtTLP4, AtTLP14, AtTLP15, and 
AtTLP23) gathered to form Group 5. Group 6 contained 
the most Arabidopsis TLP genes, and 5 Arabidopsis genes 
(AtTLP3, AtTLP9, AtTLP11, AtTLP18, and AtTLP20) in 
Subgroup 6–1, 3 Arabidopsis genes (AtTLP16, AtTLP17, 
and AtTLP19) in Subgroup 6–2, and 6 Arabidopsis 
genes (AtTLP1, AtTLP2, AtTLP5, AtTLP6, AtTLP7, and 
AtTLP8) in Subgroup 6–4 were closely clustered.

According to previous studies of Arabidopsis TLPs, 
Arabidopsis TLP genes are closely related to disease 
resistance. For example, Hu & Reddy (1997) reported 
that AtTLP1 (AT1G18250) showed antifungal activity 
against several fungal pathogens and that its expression 
can be induced by pathogen infection and salicylic acid. 
It is known as a marker gene of systemic acquired resist-
ance induced by the salicylic acid-dependent pathway (Li 
& Fan 2000), which suggests that the 3 wheat TLP genes 
(TaTLP112, TaTLP117, and TaTLP123) closely clustered 
to this gene may also be related to SA-dependent plant 
disease resistance.

Three wheat TLP genes (TaTLP36, TaTLP49, and 
TaTLP56) were clustered with four Arabidopsis TLP 
genes, and among these four Arabidopsis genes, two 
were reported to be related to disease resistance. 
For example, AtTLP6 (AT1G75030) showed antifun-
gal activity against several fungal pathogens, sug-
gesting that AT1G75030 may be involved in plant 
defenses against fungal pathogens. The expression of 
PR5 (AT1G75040 and AtTLP7) was strongly induced 
with a 15-fold increase in the susceptible acces-
sion Col-0 during the infection time course, whereas 
it was not induced in the nonsusceptible accession 
(Lemarié et  al.  2015), which was in agreement with 
the RNA sequencing results obtained by Schweiger 
et  al. (2016). Zhu et  al. (2021) also reported that the 
expression of PR5 (AT1G75040) was also increased in 
overexpression lines following Botrytis cinerea infec-
tion. The AT4G11650 (AtTLP13) gene was clustered 
with 13 wheat genes, and previous analyses of the 
AT4G11650 gene showed that it was closely related 
to defense responses and was also a marker gene of 
pathways related to defense responses (Berrocal-
Lobo & Molina  2008; Guo & Stotz  2007; Mukherjee 

Fig. 4  Heatmap showing the expression of 16 TLPs in different organs (roots, stems and leaves) in wheat. The color scale on the right represents 
log2-transformed TPM expression values: blue indicates a low level of transcript abundance, and red indicates a high level of transcript abundance
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et  al.  2010), which provided important information 
about the functions of the 13 wheat genes. AT4G24180 
(AtTLP16) and the remaining two Arabidopsis genes 
AT4G36000 (AtTLP17) and AT4G38660 (AtTLP19) 
were clustered with 12 wheat TLP genes, also sug-
gesting that these 12 wheat genes are closely related 
to disease resistance, as AT4G24180 (AtTLP16) was 
reported to be induced by colonization with nonpatho-
genic fluorescent Pseudomonas spp. and to activate 
systemic resistance (Léon-Kloosterziel et al. 2005).

The above information only facilitates speculation that 
wheat TLP genes may be related to resistance based on 
the clustering relationships between wheat TLP genes 
and Arabidpsis TLP genes. In addition, a large number of 
studies have also shown that the overexpression of TLP 
genes can improve the antifungal ability of transgenic 
plants. For example, the overexpression of a rice TLP 
gene in banana plants enhanced the resistance to Fusar-
ium wilt caused by Fusarium oxysporum sp. cubensec 
(race 4) (Mahdavi et  al.  2012). Zamani et  al. (2012) 
reported that the overexpression of a TLP gene isolated 
from rye (Secale cereal L.) enhanced the resistance to 

canola (Brassica napus L.) stem rot caused by Sclerotinia 
sclerotiorum. Acharya et  al. (2013) reported that over-
expressing a TLP gene of Camellia sinensis (CsTLP) in 
potato plants enhanced the resistance to two important 
fungal pathogens, Macrophomina phaseolina (necro-
trophic) and Phytophthora infestans (hemibiotrophic).

Recent advances in high-throughput technologies, 
including whole-genome de novo sequencing and RNA-
seq in wheat (Appels et  al.  2018; Borrill et  al.  2016; 
Pearce et  al.  2015; Stark et  al.  2019), provide novel 
insights into the molecular identification and under-
standing of disease resistance genes. Using transcrip-
tome data to identify upregulated and downregulated 
genes related to disease resistance responses will provide 
important information for selecting candidate genes. In 
the present study, the FHB-related dataset ERP013829, 
which encompasses the RNA-seq data of 72 samples, 
was downloaded from the ENA database. Differential 
gene expression analysis was used to compare differ-
ent inoculation time points in resistant materials and 
susceptible materials with the control. In total, 32 TLP 
genes were detected, including 16 TLP genes that were 

Fig. 5  qRT–PCR was used to analyze the expression profiles of 9 selected TLP genes in response to F. graminearum infection at different time 
points. The data were normalized to the expression level of the tublin gene. The error bars represent the standard deviation (SD) of three biological 
replicates. Values of P < 0.05 were considered statistically significant
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differentially expressed between the F. graminearum 
inoculation and mock inoculation scenarios in the resist-
ant near isogenic wheat line (NIL38) containing both 
FHB-resistance QTLs, Fhb1 and Qfhs.ifa-5A, among 
which 15 were upregulated and only one was downreg-
ulated. The qRT–PCR results were also consistent with 
the RNA-seq data, but the roles of these genes in disease 
resistance will be the focus of follow-up work. The pre-
sent study provides useful and important information 
about wheat TLP genes to allow breeding programs to 
increase the resistance of wheat to Fusarium infections.

Conclusion
In the present study, 129 members of the TLP family 
in the wheat genome were identified. Sequence char-
acterization, chromosomal locations, exon–intron dis-
tribution, duplication (tandem and segmental) events 
and expression profiles in response to Fusarium infec-
tion were analyzed. Phylogenetic analysis showed that 
these 129 wheat TLP genes together with 24 Arabi-
dopsis TLPs were classified into 7 groups based on 
the protein sequences. The expression patters of the 
selected 9 TLP genes were confirmed by real-time PCR, 
and these 9 genes were all upregulated in the resistant 
Sumai 3 variety after Fusarium graminearum inocula-
tion, which was generally consistent with the RNA-seq 
data. Our results provide a basis for selecting candidate 
wheat TLP genes for further studies to determine the 
biological function for Fusarium head blight resistance.
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