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Abstract
Brassica species contains sulfur-containing secondary compounds including glucosinolates which might protect plants from 
pathogens. In the present investigation, the first leaves of Brassica rapa were grown in different situations such as sulfate-
sufficient and deprived conditions, and infected with two types of fungi namely, Alternaria brassicicola and Botrytis cinerea 
as the specialist Brassica pathogen and generalist pathogen, respectively. The glucosinolates level was locally increased 
mainly due to indolic glucosinolates when the plant was infected with both fungi. This increase was in line with the increase 
in the expression of the genes including CYP79B2, CYP79B3, and CYP83B1 which are responsible for the biosynthesis of 
indolic glucosinolates and their regulation (MYB34 and MYB51). However, the locally induced indolic glucosinolates in 
plants infected with A. brassicicola were substantially higher than those of the plants infected with B. cinerea. The expres-
sion of the genes responsible for the biosynthesis of indolic glucosinolates was increased by infection of plant with A. bras-
sicicola. The increase in the content of indolic glucosinolate occurred in the second leaf and roots, demonstrating a systemic 
response to fungal infection. Upon infection of plants with fungi, the content of both glucosinolates was reduced, while the 
expression of the most genes responsible for the biosynthesis of indolic glucosinolates was enhanced in plants infected with 
A. brassicicola. This may indicate that indolic glucosinolates are important in response to necrotrophic fungi in Brassica.

Keywords  Alternaria brassicicola · Botrytis cinerea · Brassica rapa · Glucosinolate metabolism · Necrotrophic fungi · 
Sulfur metabolism

Introduction

Fungi cause disease in many crops leading to significant 
economic losses (Jimenez-reyes et al. 2019). Based on the 
different lifestyles, plant pathogenic fungi can be divided 
into biotrophs and necrotrophs (Brader et al. 2001; Tierens 
et al. 2001; Glazebrook 2005; Pandaranayaka et al. 2019). 
Necrotrophic pathogenic fungi grow in the dead tissues of 
the host and they can be classified into host-specific and 
broad-host-range species (Horbach et al. 2011; Faris and 
Friesen 2020). Botrytis cinerea, a broad-host-range fungus, 
infects a lot of crop plants and leads to huge losses world-
wide (Wang et al. 2014). Alternaria brassicicola, a Brassica-
specific necrotrophic fungus, causes a foliar disease in many 
crucifer species (Meur et al. 2015).

Replacing fungicides with compounds that have low 
environmental risks has been of great interest in recent 
years. Sulfur-containing compounds such as cysteine, 
sulfur-rich proteins (defensin and thionins), glutathione, 
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phytoalexins, and glucosinolates are involved in the 
increase in resistance of plants against fungal patho-
gens (Bloem et al. 2005; Künstler et al. 2020; Nakai and 
Maruyama-Nakashita 2020; Zechmann 2020). Glucosi-
nolates classify into three classes including aliphatic 
group, derived from alanine, leucine, isoleucine, methio-
nine or valine, and the aromatic group, derived from 
tyrosine or phenylalanine, and the indolic group, derived 
from tryptophan (Seo and Kim 2017; Sikorska-Zimny and 
Beneduce 2021). Furthermore, the most abundant glu-
cosinolates in Brassica are methionine-derived aliphatic 
glucosinolates (Mithen et al. 2003; Kumar et al. 2019; 
Gohain et al. 2021).

The glucosinolates breakdown products e.g. isothio-
cyanate, thiocyanate, nitrile, epithionitrile, and oxazo-
lidinethione can occur only if tissue is damaged in the 
hydrolysis reaction with myrosinase (Bones and Rossiter 
1996; Chhajed et al. 2020). It seems that the breakdown 
products of plant glucosinolates partially control the 
infection of plants by necrotrophic fungi (Brader et al. 
2001; Tierens et al. 2001; Kliebenstein 2004). In addition, 
the purified glucosinolate breakdown products showed 
an inhibitory impact on the growth of necrotrophic fungi 
species (Troncoso et al. 2005; Troncoso-Rojas et al. 2005; 
Báez-Flores et al. 2011; Chen et al. 2020). In addition to 
the level of the plant tissues' glucosinolate, the composi-
tion of glucosinolate could be important in plant resist-
ance to fungal pathogens (Stotz et al. 2011).

An increase in indolic glucosinolates has been shown 
in plants upon biotic and abiotic stresses. The level of 
indolic glucosinolates is affected by different abiotic 
stresses such as temperature, salinity, heavy metals, and 
also fertilizer applications (Park et al. 2018; Aghajanza-
deh et al. 2018, 2020a, b; Ljubej et al. 2021). In addition, 
an increase in indolic glucosinolates and their breakdown 
products have been observed in plants exposed to biotic 
stress like fungal diseases such as Agerbirk et al. (2009) 
B. cinerea, Plectosphaerella cucumerina and Phytoph-
thora brassicae (Sanchez-Vallet et al. 2010; Schlaeppi 
et al. 2010; Buxdorf et al. 2013). It has been also indi-
cated that specialists' pathogens for Brassicaceae may 
have adapted to the presence of glucosinolates or evolved 
mechanisms to limit the toxicity of glucosinolate break-
down products (Bednarek et al. 2009; Buxdorf et al. 2013; 
Nambiar et al. 2021).

In the present study, the significance of glucosinolate 
in the Brassica rapa against necrotrophic fungal infec-
tion at different sulfate conditions (sulfate-sufficient and 
sulfate-deprived) was studied. In addition, the impact of 
fungal infection on the expression of the genes which 
are responsible for the biosynthesis of glucosinolates 

and their corresponding MYB transcription factors were 
investigated.

Materials and methods

Fungal growth

Two fungi entitled A. brassicicola strain CBS 125,088 and B. 
cinerea strains CBS 124.58 were prepared from the Fungal 
Biodiversity Centre (CBS) in the Netherlands. Fungal sus-
pensions (200 µl) were spilled to a specific medium in Petri 
dishes. A. brassicicola was grown on oatmeal agar. Oatmeal 
flour (30 g) and agar (20 g) were mixed with distilled water (1 
l). Then it was autoclaved at 121 °C for 20 min. Then, the cul-
ture medium was distributed into sterile Petri dishes (Bello and 
Epstein 2013; Su′udi et al. 2013). Hay medium agar was used 
to grow B. cinerea. Finely hashed hay was added to distilled 
water (50 g l−1) and boiled for 10 min and subsequently filtered 
through Whatman paper. Then agar was added (20 g l−1) and 
autoclaved for 20 min. Finally, the culture medium was distrib-
uted into sterile Petri dishes. Both strains were incubated for 
two weeks. The temperature during the day (14 h) and night 
(10 h) was 21 and 18 °C (± 1 °C), respectively (Kiran et al. 
2018). Before infection, the spores were prepared in sterile 
water and counted in a hemocytometer.

Plant growth condition

Seeds of B. rapa cv. Komatsuna were prepared from Van 
der Wal, Hoogeveen, The Netherlands. The seeds germi-
nated in the same situation as the fungi growth condition, 
see above). The seedlings (ten-day-old) were grown for 
5 days in a nutrient solution with 0.5 mM sulfate. Then 
the seedlings were transferred to a fresh nutrient solution 
without sulfate (−S) or 0.5 mM sulfate (+ S) in 30 l con-
tainers (30 plants in each container). One day after the 
plant got used to the hydroponic environment (at this stage 
the plants had two leaves), the first leaf was treated with 
two droplets of the conidial suspension and that of the 
control plant with distilled water. Two drops of conidial 
suspension were placed on the upper surface of the first 
leaf on the left and right side of the middle leaf vein to 
create a uniform and effective distribution of contamina-
tion in the leaf. Each 5 µl droplet contained 108 spore ml−1 
(Macioszek et al. 2018). Three days after infection, the 
plants were harvested and the first and second leaves and 
the roots were separated, weighed, and kept in a freezer 
at − 80 °C. Leaf area and lesion area size were measured 
using an Epson Desktop Scanner and the WinRhizo soft-
ware (Regents Instruments, Quebec, Canada).
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Glucosinolate content

The glucosinolate content and composition were meas-
ured by the liquid chromatography-electrospray ioniza-
tion-mass spectrometry (LC/ESI–MS) method (Giav-
alisco et al. 2011; Krueger et al. 2011; Tohge et al. 2016). 
The frozen grounds samples (100  mg) were extracted 
by methanol (300 μl) and chloroform (200 μl) solutions 
and centrifuged at 14,000 rpm for 10 min. The pellet was 
solved in methanol (10 μl of 80%) containing isovitexin 
(5 μg ml−1) on ice subsequently sonicated and followed 
by centrifugation for 15 min at 14,000 rpm at 4 °C (Tohge 
and Fernie 2010). 3 μl of the supernatant was injected for 
LC/ESI–MS analysis. Furthermore, the following UPLC 
gradient profile was used: after 1 min of isocratic run at 
99% A, a linear 12 min gradient was applied to 65% A. 
Immediately followed a 1.5 min gradient to 30% A, before 
a 1 min gradient to 1% A. Then, a 1.5 min isocratic period 
at 1% A followed, before switching back to 99% A to re-
equilibrate the column for 2.5 min, before the next sample 
could be injected. LC/ESI–MS was comprised of an ultra-
performance liquid chromatography (UPLC) system and a 
mass spectrometer system equipped with an electrospray 
ionization interface. Liquid chromatographic separation 
was carried out using HSS T3 C18 reversed-phase col-
umn (100 mm × 2.1 mm × 1.8 μm particles), buffer A (a 
mix of water and formic acid at a final concentration of 
0.1% formic acid v/v) and buffer B (a mix of acetonitrile 
and formic acid at a final concentration of 0.1% formic 
acid v/v) with flow rate 400 µl  min−1. The subsequent 
mass spectrometric analysis was performed in positive or 
negative ionization mode. The capillary temperature was 
250 °C; the spray voltage was 3 kV with a mass range of 
100–1500 m/z. The contents of the different glucosinolates 
were calculated with sinigrin as a standard (Aghajanzadeh 
2015).

RNA extraction

The total RNA of freeze-dried samples (leaves and root) was 
extracted using a hot (80 °C) phenol/ Tris–HCl extraction 
buffer. The extraction was continued using chloroform and 
isoamyl alcohol. Then, the total RNA of the samples was 
precipitated by Lithium Chloride (Verwoerd et al. 1989). 
To remove the genomic DNA contamination, DNAse treat-
ment (Promega, Cat # M6101, USA) was applied. The RNA 
quality was determined by Thermo NanoDrop 2000 and its 
integrity was detected by electrophoresis gel.

Real‑time quantitative PCR

The synthesis of DNA was done using 1 µg of RNA via a 
cDNA synthesis kit (Promega, USA, GoScript™ Reverse 

Transcriptase). The primers of the genes responsible for the 
biosynthesis of glucosinolates and their regulation (MYB 
transcriptional factors), were designed using CDS of A. 
thaliana genes to query homologous B. rapa sequences. The 
gene of B. rapa actin 2 was used as a reference gene. The 
genome sequence of B. rapa is available in the portal http://​
www.​brass​ica-​rapa.​org (Aghajanzadeh 2015). The full-
length sequences of these genes are shown by the accession 
number listed in Table 1 along with gene-specific primer 
sets (Table 1).

SYBR Green master mix kit (Thermo Scientific) was 
applied to perform RT-PCR on Applied BioSystems’ 7300 
real-time PCR system. The transcript level of the actin and 
target gene was measured using the comparative Ct method. 
Analysis of qPCR data was performed using three biologi-
cal replicates from separate plant tissue with two technical 
replicates (Aghajanzadeh 2015).

Statistical analysis

Data on lesion area, glucosinolate content, and relative 
expression represent the mean of four biological replicates 
(3 plants in each replicate), four biological replicates (18 
plants in each replicate) and three biological replicates with 
two technical replicates for each (± SD), respectively. To 
perform the statistical analyses, SPSS software 20 for Win-
dows 7 was used. Based on the results of the heterogeneity 
test, a one-way analysis of variance (ANOVA or Welch) was 
used. Tukey’s HSD all-pairwise comparisons at the level 
of p ≤ 0.01 as a post-hoc test was performed to compare 
the treatment means. In addition, GraphPad Prism Software 
(San Diego, CA, USA) was used for making graphs.

Results

lesion area size of sulfate‑sufficient 
and sulfate‑deprived plants infected with A. 
brassicicola and B. cinerea

The leaves of B. rapa developed visible lesion formation 
at the site of fungi spore application at the same time after 
inoculation of the plant with both fungi. However, the rate 
of lesion formation was faster by A. brassicicola than B. 
cinerea. The lesion formation appeared to develop after 48 h 
and spread more on the leaves of B. rapa within 72 h by 
both fungi. The infection of the first leaf by A. brassicicola 
resulted in a threefold greater lesion area of the leaves of 
B. rapa than that of B. cinerea (Fig. 1). In sulfate- deprived 
condition there was a higher lesion area size on the first 
leaf (locally induced) with both A. brassicicola (1.3-fold 
increase) and B. cinerea (1.9-fold increase) infections com-
pare to relevant sulfur sufficient plants (Fig. 1).

http://www.brassica-rapa.org
http://www.brassica-rapa.org
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Content and composition of glucosinolates in plants 
grown in sulfate‑sufficient and deprived conditions

The content of glucosinolate in the roots is higher than that 
of the first and second leaves (Fig. 2). The glucosinolate con-
tent of the first leaf was 50% lower than that of the second 
leaf (Fig. 2). In the first and the second leaves, gluconapin 
(3-butenyl glucosinolate; for all chemical names of the glu-
cosinolates see Table 2) and glucobrassicanapin were the 
major aliphatic glucosinolates and glucobrassicin was the 
major indolic glucosinolate (Fig. 2). The total aliphatic glu-
cosinolates pool in both the first and second leaves almost 
entirely made up of short-chain aliphatic glucosinolates 
(glucoerucin, gluconapin, and glucobrassicanapin). In the 
roots, the level of short-chain aliphatic glucosinolates was 
almost twofold higher than that of the long-chain glucosi-
nolates (glucoberteroin and glucolesquerellin; Fig. 2). Fur-
thermore, in roots glucoerucin and glucoberteroin were the 
most important aliphatic glucosinolates and 4-methoxyglu-
cobrassicin was the major indolic glucosinolate.

Sulfate deprivation strongly decreased the glucosinolate 
content of the roots and the first and the second leaves, with 
the second leaf being more affected than the first (Fig. 2). 
The levels of aliphatic glucosinolates were reduced more 
than those of indolic glucosinolates. A 4-day sulfate depriva-
tion resulted in decreases of aliphatic glucosinolates by 75, 

Table 1   The primers and accession number of full-length sequences of the genes responsible for the biosynthesis of glucosinolates and their 
regulation (MYB transcription factors)

F forward, R reverse

Gene Primer sequences (5′–3′) Accession number of full-length sequences

MAM1/MAM3 F- TCA​AAG​CMAAC​ACT​CCTG*
R-CCA​CTT​CTT​TCR​CCT​ATT​CC*

Bra029355, Bra018524, Bra029356,
Bra021947, Bra013009, and Bra013011

CYP79F1/ CYP79F1 F-CTC​CTG​GAC​CAC​CAG​GAT​**
R-CTC​GAG​CGA​TCT​CGT​CAG​**

AT1G16410 and Bra026058

CYP83A1 F-GGA​TGG​GCC​AAA​AAA​TAC​GG
R-TGC​GTC​TTG​AGA​AGC​TCT​TT

AT4G13770 and Bra032734

MYB28 F-GCA​TCT​AGT​TCC​GAC​AAR​CR
R-RGKGTT​GAA​ACC​GGA​GG

AT5G61420 and Bra029311

MYB29 F-GAC​TCA​AAC​CCG​AGT​AAC​C
R-GGA​GTT​AAA​GGA​ACC​ATA​GTT​TCT​

AT5G07690 and Bra005949

CYP79B2 F-GGC​TCC​ACA​GCA​TCA​TGA​A
R-GAG​CGT​CTT​GTT​GCT​TGA​GT

AT4G39950 and Bra011821

CYP79B3 F-ATG​CTT​ACG​GGA​TTG​GAT​CTA​AAC​
R-GGT​TTG​ATT​TCA​TCA​GCG​GTAA​

AT2G22330 and Bra030246

CYP83B1 F-CGA​ACC​AGT​CAT​CCC​AAT​TCTT​
R-CGG​CTG​TGT​CAC​GAG​AAA​

AT4G31500 and Bra034941

MYB34 F-GAT​CCA​ACC​ACT​CAC​AAA​CC
R-GCG​ATG​WTT​GTG​GAG​TTT​C

AT5G60890, Bra035954, Bra029350, 
Bra029349, and Bra013000

MYB51 F-CAA​GTG​TCA​CCG​TTG​ACT​C
R-GAG RCG​ACG​TAG​CGT​TA

AT1G18570, Bra016553 and Bra031035

Actin F-AGC​AGC​ATG​AAG​ATC​AAG​GT
R-GCT​GAG​GGA​TGC​AAG​GAT​AG

ATNM112764.3 and JN120480.1

Fig. 1   Lesion area size of the first leaf of B. rapa infected with A. 
brassicicola (+A) and B. cinerea (+B) at sulfate-sufficient (+S) and 
sulfate-deprived (−S) conditions. The sulfate-sufficient and sulfate-
deprived conditions are presented in dark and light gray bars, respec-
tively. Different letters indicate significant differences between treat-
ments (P ≤ 0.01).
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88, and 84%, in the first leaf, the second leaf, and the roots, 
respectively, while the indolic glucosinolate contents were 
reduced by 32, 64, and 61%, respectively (Fig. 2).

Content and composition of glucosinolates 
in fungal‑infected sulfate‑sufficient plants

The infection of sulfate-sufficient B. rapa with both fungi 
hardly affected the content of aliphatic glucosinolates in 
the first leaf (Fig. 2). In the second leaf, infection of plants 
with A. brassicicola and B. cinerea resulted in 33 and 
17% increases in total aliphatic glucosinolate, respectively 

(Fig. 2). The biomasses of the first leaf, second leaf, and 
roots were not affected by the infection (Table 3), which 
showed that the increase in the content of aliphatic glucosi-
nolate could not be attributed to growth dilution. An increase 
in the content of gluconapin, a short-chain aliphatic glucosi-
nolate, was responsible for the change in aliphatic glucosi-
nolate content of the second leaves (Fig. 2). In the first leaf 
and roots, however, the content of aliphatic glucosinolate 
was hardly changed after infection of the plants with either 
fungus (Fig. 2).

However, the level of indolic glucosinolates was sig-
nificantly increased in plant tissues upon infection of 

Fig. 2   The content and composition of aliphatic and indolic glu-
cosinolates in the different organs of sulfate-sufficient (+S) and 
sulfate-deprived (−S) B. rapa infected with A. brassicicola (+A) 

and B. cinerea (+B). Different letters indicate significant differences 
between treatments (P ≤ 0.01).
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sulfate-sufficient B. rapa with either fungus (Fig. 2). The 
infection of plants with A. brassicicola and B. cinerea 
resulted in 6.5 and 2-fold increases in the total indolic glu-
cosinolate content of the first leaf, respectively (Fig. 2). 
Likewise, infection of Brassica rapa with either A. brassici-
cola or B. cinerea led to a 1.7-fold increase of total indolic 
glucosinolate content of the second leaf (Fig. 2). However, 
infection of plants with either fungus only resulted in a slight 
increase in the indolic glucosinolate content of the roots 
(Fig. 2). The increase in the content of indolic glucosinolate 
was, for the greater part, due to increased levels of 4-meth-
oxy glucobrassicin and somewhat less to glucobrassicin in 
both leaves of the infected plants and to a lesser extent in 
the roots, which indicates a systemic response of the plant 
to fungal infection (Fig. 2).

Content and composition of glucosinolates 
in fungal‑infected sulfate‑deprived plants

When sulfate-deprived B. rapa was infected with A. brassici-
cola and B. cinereal, the content of aliphatic glucosinolate 
of the first leaves was reduced by 60 and 66%, respectively 
(Fig. 2). The composition of glucosinolates showed that the 
reduction of aliphatic glucosinolate content in the first was 
mostly due to a decrease in the content of gluconapin and 

glucobrassicanapin (Fig. 2). In the second leaf and roots, 
however, the aliphatic glucosinolate content was hardly 
reduced after infection of the sulfate-deprived plants with 
both fungi (Fig. 2).

Infection of sulfate-deprived plants with both fungi hardly 
affected the indolic glucosinolate content of the first leaf, 
second leaf, and roots (Fig. 2).

Expression of the genes involved in the biosynthesis 
of glucosinolate

The expression of the genes responsible for the biosynthesis 
of the core structure (CYP79F and CYP83A1) and side chain 
(MAM) of the aliphatic glucosinolates (Wittstock and Halk-
ier 2002), either in leaves or roots was significantly reduced 
in plants exposed to sulfate deprived condition (Fig. 3). The 
expression levels of these genes were hardly affected upon 
infection of plants with either A. brassicicola or B. cinerea 
in sulfate sufficient and/or deprived conditions. However, the 
transcript level of MAM was enhanced in the second leaves 
of the sulfate-sufficient plants infected with A. brassicicola 
(Fig. 3).

The genes expression of the enzymes involves in the bio-
synthesis of glucosinolates (indolic and aromatic) including 
CYP79B2, CYP79B3, and CYP83B1 (Wittstock and Halkier 
2002), in sulfate-deprived plants was also significant in the 
leaves and slightly in the roots reduced (Fig. 4). The expres-
sion of these genes in the first leaf of sulfate-sufficient plants 
was increased in plants infected with A. brassicicola and 
with a lower level with B. cinerea (Fig. 4). The expression 
of genes including CYP79B2, CYP79B3, and CYP83B1 in 
the first leaf of sulfate-sufficient plants infected with A. bras-
sicicola was increased 11.5-, 6.5- and 5.5-fold, respectively. 
While the expression of these genes was enhanced twofold in 
sulfate-sufficient plants infected with B. cinerea. In the sec-
ond leaf, the transcript level of CYP83B1 was significantly 
increased in sulfate-sufficient plants upon fungal infection 
while that of the genes such as CYP79B2 and CYP79B3 was 
hardly changed. (Fig. 4). The expression of these genes was 
hardly changed in the roots of sulfate-sufficient plants upon 
infection with B. cinerea (Fig. 4).

The transcript level of CYP79B2, CYP79B3 and 
CYP83B1 in the sulfate-deprived plants, was remarkably 
increased in the first leaf of A. brassicicola infected plants 

Table 2   Nomenclature of the individual glucosinolates (GSL) identi-
fied in B. rapa 

GSL type Trivial name Chemical name

Aliphatic
Glucoerucin 4-4-Methylthiobutyl GSL
Gluconapin 3-Butenyl GSL
Glucobrassicanapin 4-Pentenyl GSL
Glucoberteroin 5-Methylthiopentyl GSL
Glucolesquerellin 6-Methylthiohexyl GSL

Indolic
Glucobrassicin Indol-3-ylmethyl GSL
Neoglucobrassicin 1-Methoxy-indol-3-ylmethyl 

GSL
4-Hydroxy glucobrassicin 4-Hydroxy-indol-3-ylmethyl 

GSL
4-Methoxyglucobrassicin 4-Methoxy-indol-3-ylmethyl 

GSL

Table 3   Impact of A. brassicicola (+ A) and B. cinerea (+ B) infection on the biomass (g FW) of different plant organs of sulfate-sufficient (+ S) 
and sulfate-deprived B. rapa (−S)

Biomass (g FW) + S + S + A + S + B −S −S + A −S + B

First leaf 0.35 ± 0.01a 0.33 ± 0.02a 0.34 ± 0.03a 0.21 ± 0.01b 0.19 ± 0.02b 0.21 ± 0.01b
Second leaf 0.45 ± 0.02a 0.45 ± 0.012a 0.44 ± 0.02a 0.23 ± 0.02b 0.22 ± 0.03b 0.26 ± 0.02b
Root 0.27 ± 0.01a 0.26 ± 0.023a 0.26 ± 0.02a 0.22 ± 0.03a 0.24 ± 0.04a 0.25 ± 0.02a
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by 34-, 25- and 18-fold respectively but not in the second 
leaf and in roots. While transcript levels of these genes were 
hardly changed in the leaves and roots of infected plants with 
B. cinerea under sulfate-deprived conditions (Fig. 4).

Expression of MYB transcription factors 
involved in the regulation of the biosynthesis 
of glucosinolate

The expression of the genes including MYB28 and MYB29 
involved in the regulation of aliphatic glucosinolates biosyn-
thesis (Wittstock and Halkier 2002), were decreased by 50% 
and 80% in the first leaves, and 50% and 95% in the second 
leaves of sulfate deprived plants, respectively (Fig. 5). While 
in the roots, the gene expression of MYB28 was enhanced 
fourfold but that of the MYB29 was hardly changed in the 
sulfate-deprived plants (Fig. 5). The gene expression of 
MYB28 and MYB29 was hardly changed in the plant tissues 
upon infection with both fungi either in sulfate-sufficient or 
deprived plants (Fig. 5).

The gene expression of MYB34 and MYB51 involved 
in the regulation of indolic glucosinolates biosynthe-
sis (Wittstock and Halkier 2002), were hardly affected in 
all tissues of plants under the sulfate-deprived condition 
(Fig. 6). There were substantial increases in transcript levels 
of MYB34 and MYB51 by 3- and 14-fold in the first leaves 
of plant infected with A. brassicicola under sulfate suffi-
cient condition, respectively (Fig. 6). The transcript level of 
MYB34 was increased threefold in the first leaf of sulfate-
sufficient plants upon infection with B. cinerea while that of 
the MYB51 remained unaffected (Fig. 6). The transcript level 
of MYB34 was increased threefold in the second leaves of 
sulfate-sufficient plants upon infection with A. brassicicola 
or B. cinerea, whereas that of the MYB51 remained unaf-
fected (Fig. 6). The gene expression of MYB34 and MYB51 
was remained unaffected in the roots of plant infected with 
A. brassicicola or B. cinerea under sulfate-sufficient condi-
tion (Fig. 6). The transcript levels of MYB34 and MYB51 
were hardly affected upon infection of sulfate-deprived 
plants with A. brassicicola or B. cinereal. However, the 
gene expression of MYB51 was enhanced 25-fold in the first 
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Fig. 3   Transcript levels of MAM, CYP79F and CYP83A1 in the different organs of sulfate-sufficient (+S) and sulfate-deprived (−S) B. rapa 
infected with A. brassicicola (+A) and B. cinerea (+B). Different letters indicate significant differences between treatments (P ≤ 0.01).



	 Acta Physiologiae Plantarum (2023) 45:64

1 3

64  Page 8 of 13

leaves of plants infected with A. brassicicola under sulfate 
deprived condition (Fig. 6).

Discussion

In the current study, the significance of glucosinolates in 
response to fungal infection of B. rapa with the necrotrophic 
fungi B. cinerea, a broad-spectrum pathogen, and A. bras-
sicicola, a Brassica specialist pathogen, was studied. It is 
assumed that specialist pathogens are able to develop mecha-
nisms to overcome plant defense responses and one might 
expect that A. brassicicola would already have been adapted 
to the presence of high levels of glucosinolates (Aghajan-
zadeh 2015). Pathogens may have mechanisms for detoxifi-
cation of glucosinolates, involving conversion to less toxic 
derivatives (VanEtten et al. 1989; Pedras et al. 2002, 2009; 
Pedras and Yaya 2010; Pedras and Hossain 2011; Chen et al. 
2020; Sun et al. 2020). The current study displayed strong 
responsiveness of the indolic glucosinolates to infection 

with both specialist and generalist necrotrophic pathogens. 
This may suggest that indolic glucosinolates, in general, 
contribute to a greater extent to plant resistance to fungi 
than aliphatic glucosinolates. This is corroborated by previ-
ous studies that suggested that indolic glucosinolates fulfill 
a defensive function in B. napus cultivars in response to 
Alternaria brassicae (Doughty et al. 1991) and infection of 
different cultivars of B. napus with S. sclerotiorum resulted 
in increased contents of both indolic and aromatic glucosi-
nolates (Li et al. 1999). Furthermore, the Brassica specialist 
A. brassicicola was more effective in the infection of B. rapa 
than the non-specialist B. cinerea, indicating that infection 
by A. brassicicola was hardly hindered by the potentially 
toxic effects of glucosinolates breakdown products by either 
detoxifying or even metabolizing them (Buxdorf et al. 2013; 
Calmes et al. 2015; N’Guyen et al. 2021).

Furthermore, the observed induction of indolic glucosi-
nolates in the second leaf of B. rapa upon both necrotrophic 
fungi infections could be additional supportive evidence 
for the antifungal properties of glucosinolates and systemic 
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resistance as well. Infection of B. rapa with Leptospha-
eria maculans as well as S. sclerotiorum also resulted in a 
systemic accumulation of indolic glucosinolates (Li et al. 
1999; Abdel-Farid et al. 2010). In addition, 4-methoxy-
indol-3-ylmethyl was induced at a much higher level than 
the other indolic glucosinolates upon exposure to both 
necrotrophic fungi which might indicate especially high 

antifungal effects of breakdown products of 4-methoxy-
indol-3-ylmethyl (Bednarek et al. 2009; Clay et al. 2009). It 
has been observed in A. thaliana, that 4-Methoxyglucobras-
sicin is being degraded upon fungal attack to an intermediate 
compound (4-methoxylated indole dithiocarbamate), which 
is formed from the isothiocyanate and glutathione. This 
intermediate compound is presumed to be toxic to fungal 
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pathogens (Bednarek et al. 2009). The current study showed 
that the roots of B. rapa have a relatively high proportion 
of glucosinolates synthesis or accumulation and especially 
indolic glucosinolates. However, a very low increase of 
indolic glucosinolates in the roots of sulfur-sufficient B. 
rapa upon exposure to A. brassicicola may display lower 
importance of the roots in systemic resistance.

The indolic glucosinolates biosynthesis upon infection of 
B. rapa with both necrotrophic fungi was promoted by up-
regulation of the transcription factors MYB34 and MYB51 
regulating the pathway of their target genes involved in the 
biosynthesis of the indolic glucosinolates, of which we 
showed induction of CYP79B2, CYP79B3, and CYP83B1. 
Transcript levels of the genes including MAM, CYP79F, and 
CYP83A1 and their regulatory transcription factors includ-
ing MYB28 and MYB29 were hardly changed with both A. 
brassicicola and B. cinerea in the first leaf and roots which 
coincides with the fact, that also the level of aliphatic glu-
cosinolates was not altered. However, transcript levels of 
MAM, MYB28 and MYB29 in the second leaf, were increased 
upon exposure to both A. brassicicola and B. cinerea which 
was in concordance with the increase in the content of glu-
conapin. The latter observation might suggest a systemic 
response to the infections. The involvement of MYB28 and 
MYB29 has been observed in the systemic defense against 
the necrotrophic fungus Alternaria brassicae (Nongbri 
2013).

Sulfur deficiency led to a decrease in the transcript level 
of the genes responsible for the biosynthesis of glucosi-
nolates and their regulation which subsequently resulted in 
a decrease in the biosynthesis of both aliphatic and indolic 
glucosinolates in B. rapa leaves. However, the transcript 
level of MYB28 in the roots of sulfate-deprived B. rapa was 
significantly increased. The response of different MYB tran-
scription factors at sulfur deficiency can be due to the activa-
tion of different signaling components which act upstream 
of MYBs (Frerigmann and Gigolashvili 2014). It was also 
indicated in Arabidopsis plants that the low levels of glu-
cosinolates may act as a signal to promote their synthesis 
(Smolen and Bender 2002; Mugford et al. 2009). It was pro-
posed MYB transcription factors regulate each other and an 
increase in the transcription level of MYB28 may result in 
a decrease in the transcript level of MYB29 and MYB76 
(Sønderby et al. 2010; Li et al. 2013).

Sulfate-deprived B. rapa was more sensitive to infec-
tion with either A. brassicicola or B. cinerea compared 
to the sulfate-sufficient plant. The low content of glu-
cosinolate in sulfate-deprived B. rapa is in line with the 
reduction of the transcript level of the genes involved in 
the biosynthesis of glucosinolate renders the plant more 
susceptible to infection which has been shown also in 
mutant plant approaches where glucosinolates contents 
were reduced (Buxdorf et al. 2013; Piślewska-Bednarek 

et al. 2018; Chen et al. 2020). Glucosinolate reduction 
under sulfate deprivation might be a means to reroute 
sulfur to primary metabolism (Aarabi et al. 2016). Despite 
this, an overall substantial up-regulation was observed in 
genes including CYP79B2, CYP79B3, and CYP83B1 (the 
gene responsible for the biosynthesis of indolic glucosi-
nolates), as well as the MYB transcription factor, MYB51 
in the first leaves of plants infected with A. brassicicola. 
This may support the opinion that B. rapa hardly adapted 
to specialist fungal pathogens and indolic glucosinolates 
are possibly involved in plant defense against A. bras-
sicicola. The up-regulation of indolic glucosinolate bio-
synthetic genes and relative transcriptional factors have 
been observed during pathogen attacks (Iven et al. 2012; 
van de Mortel et al. 2012; Wei et al. 2016). It has been 
suggested that different MYB transcription factors have 
specific responses due to the activation of the upstream of 
the MYB transcription factor via various specific signal-
ing compounds (Frerigmann and Gigolashvili 2014). The 
glucosinolate is involved in plant defense that is accom-
panied by different signaling hormones such as jasmonic 
acid, salicylic acid and ethylene which are important in 
eliciting plant defense response upon pathogen attack 
(Brader et al. 2001; Dombrecht et al. 2007; Guo et al. 
2013; Augustine and Bisht 2015; Yi et  al. 2016). For 
example, MYB51 is the key major regulator of indolic 
glucosinolate biosynthesis upon salicylic acid and eth-
ylene signaling (Frerigmann and Gigolashvili 2014). 
Furthermore, indole-3-acetaldoxime as an intermediate 
exists in a branching point for the biosynthesis of indolic 
glucosinolate, as well as the pathways that lead to the 
biosynthesis of camalexin (Frerigmann et al. 2016). The 
up-regulation of MYB51 and genes involved in the bio-
synthesis of indolic glucosinolates may indicate the con-
tribution of camalexin in defense against fungi pathogens.

Sulfur metabolism is of great significance in plant 
resistance to fungal pathogens and several sulfur metabo-
lites are presumably involved in the protection of plants 
against a fungal attack including glutathione, phytoalex-
ins, defensins and thionins, phytoalexins, elemental sul-
fur, cysteine and glucosinolates including all types of ali-
phatic, indole and aromatic glucosinolates (Bloem et al. 
2005). In the current study, it was obvious that indolic 
glucosinolates were involved in the local response and 
both aliphatic and indolic glucosinolates in the systemic 
response of Brassica rapa upon infection to the fungi A. 
brassicicola and B. cinerea.
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