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ensure food and nutritional security in the face of a quickly 
growing world population, particularly in arid and barren 
area. In addition, foxtail millet is a self-pollinated diploid 
plant with a small genome (~ 490 Mb) and its genome has 
been sequenced (Peng and Zhang 2020). These characteris-
tics are promoting it as a new C4 model plant (Doust et al. 
2009). Recently a mini foxtail millet with an Arabidopsis-
like life cycle was constructed, which laid a foundation for 
the exploration of special developmental mechanism in C4 
plants (Yang et al. 2020). In recent years, foxtail millet with 
high nutritional value is favored by human beings because 
its grains contain higher content of amino acids and vita-
mins compared with other cereal crops (Hou et al. 2022).

The yield and quality of foxtail millet are seriously 
affected by the diseases caused by various pathogens. 
Downy mildew disease causing serious yield loss is prev-
alent in main production area of foxtail millet including 
China, India, Japan and Russia. The downy mildew is 
caused by Sclerospora graminicola, a kind of oomycete 
whose genome sequencing was completed (Kobayashi et 
al. 2017). Sclerospora graminicola causes downy mildew 

Introduction

Foxtail millet (Setaria italica (L.) P. Beauv.), a kind of cereal 
crops used for food and feed, is originated from China and 
has a long cultivation history (Zhang et al. 2012). Mean-
while, foxtail millet is a highly light-efficient C4 plant with 
strong environmental adaptability which is a suitable crop to 
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Abstract
To ward off pathogens, plants establish innate immunity system in which salicylic acid (SA) plays an important role. 
The downy mildew of foxtail millet (Setaria italica) is an oomycete disease caused by biotrophic pathogen Sclerospora 
graminicola, which seriously affects the yield and quality of foxtail millet. However, it is not clear how SA regulating 
the defense responses of foxtail millet. In this study, we found that spraying exogenous SA of low concentration (1 mM 
and 3 mM) had good effect on enhancing the resistance while high concentration (6 mM and 9 mM) did not significantly 
affect the defense of foxtail millet. Excess SA inhibited the growth and development of plants and we found spraying 
exogenous SA reduced the plant height, fresh weight and dry weight of foxtail millet. The low concentration of exog-
enous SA promoted the accumulation of Chlorophyll, soluble sugar and proline, promoted the activity of Phenylalanine 
Ammonia-Lyase and suppressed the accumulation of Malondialdehyde. After the treatment with 1 mM or 3 mM of SA, 
the expressions of genes related to disease resistance were increased at the early stage after treatment. The results indicated 
exogenous SA could enhance the resistance of foxtail millet against the pathogen and provided a basis for improving the 
control methods of downy mildew.
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2018). Therefore, SA and its related metabolites are also 
necessary in ETI especially in regulating HR and cell death.

As SA plays important roles in immunity system, exog-
enous application of SA can improve the plant resistance to 
biotic stresses. For example, SA can enhance tomato plant 
resistance by modulating the activity of resistance-related 
enzymes and inducing the expression of pathogenesis-
related genes to produce systemic acquired resistance (Li 
et al. 2019). Exogenous SA significantly induce resistance 
of soybean against Fusarium solani infection and wheat 
variety against aphids (Bawa et al. 2019; Feng et al. 2021). 
However, previous studies on the functions of SA in immu-
nity system of foxtail millet have been rarely reported. In 
the present study, we investigated whether exogenously 
spraying SA affected foxtail millet resistance to Sclerospora 
graminicola, and the effect of SA on plant development, the 
activation of resistance-related enzymes and the expression 
pattern of resistance-related genes. This study provides a 
theoretical basis for the prevention and treatment of foxtail 
millet downy mildew with SA as an inducing factor.

Materials and methods

Plant Material

Three foxtail millet varieties xiaomi, GBS and Jingu 21 were 
used in this study. Foxtail millet were sown in experimen-
tal plot located at 37 ° N, 112 ° E or in a phytotron (25℃, 
humidity is 50%, photoperiod of 16 h light/ 8 h darkness).

The downy mildew fungus: the oospores of downy mil-
dew fungus were collected from the white hair and hedge-
hog-like panicle of diseased plants in the experimental field 
of Shanxi Agricultural University (harvested in 2020 and 
stored at -20 °C).

Pathogen infection

Mix evenly according to the mass ratio of oospores : 
seeds = 1 : 5, and the seed was planted in the seedling tray.

SA Treatment

The SA concentration was set at 5 levels of 0, 1, 3, 6 and 
9 mmol/L, and two treatments of exogenous spraying and 
seed soaking were carried out respectively.

Exogenous spraying treatment: When the plants grew to 
the three-leaf stage, SA was sprayed with different concen-
trations to make the seedlings fully sprayed. Three biologi-
cal replicates were performed for each treatment.

The incidence of disease was calculated at elongation 
stage and mature period. Since SA treatment can rapidly 

disease in Poaceae plants including foxtail millet and pearl 
millet. After infected by Sclerospora graminicola, rapid and 
increased activation of mitogen-activated protein kinase 
(MAPK) of pearl millet was observed (Melvin et al. 2014). 
The data of transcriptome analysis showed pathways for 
phenylpropanoid metabolism, transcripts of genes encod-
ing R proteins, HR induced proteins and plant hormonal 
signaling transduction proteins were up-regulated in geno-
type resistant to Sclerospora graminicola (Kulkarni et al. 
2016). In foxtail millet, the secretion of virulence effectors 
from Sclerospora graminicola contribute to pathogenicity 
by suppressing plant defence responses (Kobayashi et al. 
2022). This pathogen may also affect signaling of phytohor-
mones, including inhibited the growth and development of 
the host by disturbing the gibberellin signal transduction (Li 
et al. 2020).

Phytohormone regulates not only plant development but 
also plant resistance to pathogens. For a long time, sali-
cylic acid (SA) has been used as medicine and was found 
as chemical messengers in regulating biological processes 
at low concentration. Thus, SA was introduced as the ‘sixth’ 
principal phytohormone (Raskin 1992). More and more 
studies demonstrate that SA is a key plant hormone required 
for establishing resistance to many pathogens (Ding and 
Ding 2020). In the long-term co-evolution process with 
pathogens, plants have gradually formed system for resist-
ing external microbial stimuli is called natural plant immune 
system, which is divided into two layers (Dangl et al. 2013). 
The first layer of defense system is called pathogen-asso-
ciated molecular pattern-triggered immunity (PTI). Recog-
nition of pathogen-associated molecular patterns (PAMPs) 
through pattern recognition receptors (PRRs) can rapidly 
trigger basic immunity which can effectively inhibit the 
growth of pathogenic bacteria and control the disease (Big-
eard et al. 2015). Plants begin to accumulate SA between 
3 and 6  h after treated with PAMPs. SA contributes to 
PTI against Pseudomonas syringae and that disruption of 
SA signaling affects expression of PAMP-regulated genes 
(Tsuda et al. 2008). Pathogens use their effectors to subvert 
PTI, to facilitate nutrient acquisition, and to contribute to 
dispersal. Plants have evolved R genes encode polymorphic 
superfamily of intracellular nucleotide-binding leucine-rich 
repeat (NLR) receptors, which function intracellularly and 
anchor the second tier of the plant immune system (effector-
triggered immunity, ETI). ETI is more stronger than PTI 
which involved pathogen-induced hypersensitive response 
(HR). In Arabidopsis thaliana, hrl1 mutants which accu-
mulates higher level of endogenous SA shows reduced 
HR associated ion leakage (Devadas and Raina 2002). 
Furthermore, SA-deficient mutants of Arabidopsis display 
enhanced immune-associated ion leakage (Radojičić et al. 
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PAL activity kit: AKAM012M BOXBIO (Beijing).
qRT-PCR verified differential gene expression 

inxiaomiseedlings.
The expression levels of PR1 (Seita.2G024600), 

PAL1 (Seita.7G168700), PAL2 (Seita.1G240200), SOD 
(Seita.9G123900), POD1 (Seita.3G052400) and POD2 
(Seita.5G462500) in seedlings were detected. With SiACTIN 
(Seita.5G464000) as the internal reference gene, the relative 
gene expression was calculated according to the method of 
2−ΔCT Gene/ACTIN, and each sample was repeated three 
times. The total RNA of plants was extracted by the text kit 
of Sangon Biotech CO., LTD. cDNA synthesis was used the 
text kit of TINGEN BIOTECH (BEIJING) CO., LTD. TB 
Green Premix Ex TaqTM (Tli RNaseH Plus) used the text 
kit of TaKaRa BIO. Primers (Supplemental Table 1) were 
synthesized by Sangon (Shanghai) Biotech CO., LTD.

Experimental design and data analysis

Each experiment was performed with at least three biologi-
cal replicates. Microsoft Excel 2019 was used to organize 
data, Origin 2021 and GraphPad Prism 8 were used for draw 
graphs, ANOVA (http://vassarstats.net/anova1u.html) was 
used to perform significant test (p < 0.05 was considered 
significant difference).

Results

Sclerospora graminicolainhibited the growth and dis-
rupted panicle development of foxtail millet.

Downy mildew occurs in the whole growth period of fox-
tail millet and the symptoms from the germination to head-
ing stage are different and special. Seeds of foxtail millet 
infected by Sclerospora graminicola may fail to germinate 
or the seedlings died before emergence. The abaxial surface 
of infected leaves displayed grey mildew which is called 
“grey back” (Fig. 1A). In addition, Sclerospora graminicola 
caused abnormal development of panicles of foxtail millet. 
Some disease plants did not produce spike at heading time 
and an etiolated leaf grew at the top plants instead. This 
kind of leaves was called “white tip” (Fig.  1B). With the 

induce plant defense responses, in this study, samples were 
taken at 0 h before SA spraying and at 3, 6, 9, 12, and 24 h 
after treatment to determine the contents of chlorophyll, 
MDA, PRO, soluble sugar and PAL activity in seedlings. 
And the relative expression of PR1, PAL1, PAL2, SOD, 
POD1 and POD2 genes. Samples can be stored at -80 °C 
for later use.

Disease Incidence Survey

Diseased plants included foxtail millet in different growth 
period shown “grey back”, “white tip”, “white hair” or 
“hedgehog-like panicle”.

The incidence of disease (%) = Number of diseased plants 
/ Total number of plants.

Determination of growth index

The disease-resistant variety GBS and the susceptible vari-
ety Jingu 21 were selected and cultured in Hoagland solu-
tion. The plant height, dry weight and fresh weight of foxtail 
millet were measured 5 days after SA treatment with differ-
ent concentrations. Plant height: from the base of the stem 
to the growing point (cm); fresh weight: weighing with an 
electronic balance (g); dry weight: the foxtail millet seed-
lings after weighing fresh weight, fixation at 110℃ for 
0.5 h, and then dried at 80℃ oven for 48 h until constant 
weight was measured with an electronic balance (g). Each 
indicator was measured with 10 biological replicates.

Determination of physiological and biochemical 
indexes inxiaomiseedling stage.

Chlorophyll and carotenoid were extracted from leaves 
with 80% acetone for 24 h. Then the absorption values of 
the extraction at 663, 646 and 470  nm wavelengths were 
measured. The method of calculations was described previ-
ously (Porra 2002). The contents of MDA, Proline, solu-
ble sugar and PAL activity were detected according to the 
instructions of kits. Article Numbers of these kit used in this 
study are following.

MDA content kit: AKFA013M BOXBIO (Beijing).
Proline content kit: AKAM003M BOXBIO (Beijing).
Soluble content kit: AKPL008M BOXBIO (Beijing).

Fig. 1  Disease symptoms of foxtail millet infected bySclerospora graminicola
 (A) “Grey back”: grey mildew on the abaxial surface of infected leaves; (B) “white tip”: etiolated leaf grew at the top plants; (C) “white hair”: 
senescent leaves and split longitudinally (D) hedgehog-like panicles
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(Supplemental Table 3). To compare the differences between 
the two varieties, we set the control group at 100% and ana-
lyzed the rate of growth change after SA treatments. The 
results showed that SA with low concentration (1 mM and 3 
mM) reduced the growth plant height, fresh weight and dry 
weight of of foxtail millet, and the change rate of suscep-
tible variety JG21 was higher than resistant variety GBS. 
SA with high concentration (6 mM and 9 mM) seriously 
suppressed the growth of foxtail millet, however, there was 
not significant different of the change rate between the two 
varieties (Fig. 3).

Effects of SA on chlorophyll content of foxtail millet

Chlorophyll is an important material in plant photosyn-
thesis, whose content is closely related to the photosyn-
thetic rate of plants. The content of chlorophyll is positively 
related to the net photosynthetic rate and it can also be used 
as one of the important index to reflect the growth status 
of foxtail millet seedlings. Data above indicated that the 
SA concentration was 1 mM to 3 mM to induce the disease 
resistance of foxtail millet and we wondered the effect of 
different concentrations of SA spraying on the chlorophyll 
content. We sampled at 6 time points before treating (0 h) 

senility of host plants, the“white tip” leaves turned brown 
and split longitudinally which looked like hair (“white 
hair”, Fig. 1 C). Some disease plants produced hedgehog-
like panicles which was the result of inflorescences was 
replaced by leaves (Fig. 1D).

Low concentration of exogenous SA enhanced the 
disease resistance of foxtail millet

SA can improve the resistance to pathogens of some 
plants, we hypothesized that application of exogenous SA 
may enhance the resistance of foxtail millet to downy mil-
dew. To prove this, we planted seeds of xiaomi (an Ara-
bidopsis-like mini foxtail millet) mixed with oospores of 
Sclerospora graminicola. Three-leaf stage seedlings were 
sprayed with different concentrations of SA were used to 
spray the leaves to explore the effect of different SA con-
centrations on the downy mildew of foxtail millet, and the 
incidence of disease was investigated after heading stage. 
The ratio of plants displayed disease phenotype including 
grey back, white tip, white hair and hedgehog-like panicles 
were counted. The result showed that with the increase of 
SA concentration, the incidence of foxtail millet after spray-
ing treatment showed a decreasing-increasing-decreasing 
trend (Fig. 2). The incidence of foxtail millet treated with 1 
mM to 3 mM SA spray was lower than the control (0 mM 
SA). The incidence of disease under 1 mM SA spray treat-
ment was significantly lower than other treatments, and the 
incidence rate decreased by 24.26% compared with 0 mM 
SA spray treatment. On the contrary, high concentration SA 
treatment did not reduce disease incidence, but made foxtail 
millet more susceptible to downy mildew.

Exogenous SA inhibits the growth and development 
of foxtail millet

Exogenous SA reduced the disease incidence, we tested 
whether SA affect the growth and development of Jingu 21 
(JG21) and GBS, two different varieties of foxtail millet. 
JG21, a cultivar with the largest planting area in China, is 
very susceptible to downy mildew. GBS was another variety 
with high resistance to downy mildew. Through incidence 
survey in our experimental field, we found the average inci-
dence in last 3 years of JG21 was 10 times higher than GBS 
(Supplemental Table 2).

In this study, the resistant variety GBS and susceptible 
variety JG21 were cultured in Hoagland Solution, and dif-
ferent concentrations of SA were sprayed at the three-leaf 
stage. It was found that SA treatment had inhibition on 
the growth of foxtail millet. With the increase of SA con-
centration, the overall trend of plant height, fresh weight 
and dry weight of both JG21 and GBS were downward 

Fig. 2  Disease incidence survey of foxtail millet treated by exog-
enous SA
 All plants displayed “grey back”, “white tip”, “white hair” or “hedge-
hog-like panicle” were counted as number of diseased plants. The inci-
dence of disease (%) = Number of diseased plants / Total number of 
plants. Different lower-case letters indicate statistically significant dif-
ferences (P < 0.05; ANOVA, 3 biological repeating groups and every 
group contains 50 plants)

 

38



Plant Growth Regulation (2023) 99:35–44

1 3

with the 0 mM treatment, while the relative content of PRO 
at the later stage of the treatment (9-24 h) was significantly 
lower than that in the 0 mM treatment; PRO relative content 
in the 1 mM SA treatment was significantly lower than that 
in the 0 mM treatment at different time points after spray-
ing; with the prolongation of the treatment time, the change 
trend of the PRO content under the three SA concentration 
treatments was basically the same (Fig. 5 C).

Phenylpropanoid metabolism is an important pathway 
for the metabolism of secondary metabolites in plants, and 
the changes in enzyme activity of this pathway are closely 
related to plant disease resistance. In this study, we found 
that the phenylalanine ammonia lyase (PAL) activity in 
foxtail millet showed an overall decreasing-increasing-
declining trend under 1 mM and 3 mM SA treatment, while 
the change of PAL activity under 0 mM SA treatment was 
opposite. With the increase of treatment time, PAL activity 
under 3 mM SA treatment was significantly lower than that 
under 0 mM SA treatment (Fig. 5D).

Exogenous SA modulated the expression level of 
resistance related genes in foxtail millet

To reveal the reason why SA improves disease resis-
tance, we also tested the expression level of some resistance 
related genes. POD1, POD2 and SOD encode peroxidase 
(POD) and superoxide dismutase (SOD) which are the key 
enzymes in the oxygen free radical scavenging system. The 
expression levels of SiPOD1 and SiPOD2 in foxtail millet 
seedlings treated with 1 mM to 3 mM SA tended to be con-
sistent with the prolongation of treatment time, showing an 
increase-decrease-increase. The expression levels of the two 
genes showed a turning point at 3 and 9 h after treatment. 
At 3–24 h after treatment, the expression of SiPOD1 treated 
with 1 mM-3 mM SA was significantly up-regulated; and 
the expression of SiPOD2 was also significantly up-regu-
lated after treatment with 1 mM SA, and the expression of 
this gene was the highest at 3 h after treatment, which was 
higher than that before treatment (0 h) increased by about 
35.6 times (Fig.  6 A-6B). The expression of SiSOD was 
significantly up-regulated at 3–12 h after treatment with 1 
mM-3 mM SA compared with the before treatment (0 h), 
especially at 9–12 h, the expression of SiSOD treated with 3 
mM SA was significantly increased compared with the other 
two concentrations; with the prolongation of treatment time, 
the expression trend of SiSOD gene was consistent, which 
showed that it first increased and then decreased (Fig. 6 C).

PR1 gene is a downstream gene involved in the process 
of plant acquired resistance, and is involved in the process 
of MAPK regulating plant homeostasis. Studies have shown 
that SA can affect the expression of PR1. In this study, SiPR1 
gene expression was detected by different concentrations 

and spraying after 3, 6, 9, 12, and 24  h, the chlorophyll 
content of leaves was measured and the relative content of 
chlorophyll was calculated (the ratio of chlorophyll content 
at 3, 6, 9, 12, 24 h and 0 h). The results indicated that with 
the application of 1 mM to 3 mM SA spraying, the chloro-
phyll content in foxtail millet leaves had the same trend, 
which showed a decrease-increase-decrease. At each time 
point after treatment, chlorophyll content in leaves at 3 mM 
SA was significantly higher than that at 1 mM SA (Fig. 4). 
The results showed that the appropriate concentration of SA 
could promote the accumulation of chlorophyll in seedlings, 
thereby affecting the growth of foxtail millet.

Exogenous SA affects the content of malondialdehyde, 
proline, soluble sugar and the activity of phenylpro-
panoid in foxtail millet.

In order to reveal the reason why SA improves disease 
resistance, we examined some substances related to plant 
resistance. Malondialdehyde (MDA) is the final product of 
cell membrane lipid peroxidation, which is toxic to cells, 
damages cell biofilms and can inhibit the activity of protec-
tive enzymes. Therefore, the degree of plant damage can be 
judged by MDA content. As shown in Fig. 5 A, the relative 
content of MDA in untreated plants showed an upward trend 
over time. The MDA content in foxtail millet treated with 
1 mM or 3 mM SA was increased compared with 0 mM 
when 3–9 h after treatment. But at 24 h after treatment, the 
MDA content of 1 mM-3 mM SA spray treatment was sig-
nificantly lower than that of 0 mM SA treatment.

Soluble sugar mainly participates in the respiration 
metabolism of organisms by providing energy for life activ-
ities. Soluble sugar can improve the osmotic regulation abil-
ity of plant cells and reduce the damage degree of plasma 
membrane under stresses. We found that the soluble sugar 
content of foxtail millet in 0 mM SA and 3 mM SA showed 
decreasing-increasing-decreasing trend with the processing 
time increases, while the change of soluble sugar content 
under 1mM SA was opposite. Under 3 mM SA treatment, 
the soluble sugar content increased significantly compared 
with 0mM treatment at 3 ~ 6 h and 12 ~ 24 h, and the maxi-
mum increased about 3 times (12 h). At 9 h after treatment, 
the soluble sugar content in foxtail millet treated with 3 
mM SA was the lowest, and significantly lower than 0 mM 
treatment. The soluble sugar content of 1mM SA treatment 
increased significantly at 6 h ~ 12 h compared with 0 mM 
treatment, and the maximum increased about 1.6 times 
(Fig. 5B).

Proline (PRO) contribute to the stability of normal 
metabolism of plants under stress by regulating osmotic 
balance, scavenging reactive oxygen species and reducing 
the toxic substances. At the early stage of SA spraying treat-
ment (3-6 h), the relative content of PRO was significantly 
increased when the SA concentration was 3 mM compared 
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SiPAL1 and SiPAL2 were significantly decreased at 3 h after 
treatment (Fig. 6E F).

Discussion

When infected by pathogens, plants can activate the defense 
system and improve the resistance to pathogens in which SA 
played a necessary role. In order to protect against patho-
gens effectively, plants activate systemic acquired resistance 
(SAR). SA acts as a mobile signal molecular for activating 
SAR because SA accumulates in both the primary infected 
and systemic uninfected tissue (Malamy et al. 1990). For 
this reason, exogenous SA is commonly used as the activa-
tor of plant resistance to biotic stresses (Feng et al. 2021). 
In particular, we showed that exogenous SA with appropri-
ate concentration (1 mM ~ 3 mM) significantly activated the 
resistance of foxtail millet to downy mildew. Some studies 
indicated that plant cells pretreated with SA reacted more 
rapidly and effectively to subsequent pathogen (Bernsdorff 
et al. 2016), and SA did not directly inhibit the growth of 
pathogens (Bawa et al. 2019). SA mainly acts as a kind of 
priming signals which enhances plant immunity system by 
promoting the expression of resistance related genes and the 
accumulation of resistance related substances (Vlot et al. 
2009). Phytohormones are a kind of substances that regu-
late plant life activities at low concentrations. SA accumula-
tion is associated with the onset of HR and required for the 
spontaneous cell death phenotype (Radojičić et al. 2018). 
Therefore, excess SA negatively regulates the growth and 
development of plant. In the present study, high concen-
tration of SA may inhibit the resistance to Sclerospora 
graminicola and strongly suppressed the plant height, fresh 
weight and dry weight of foxtail millet which may also dis-
rupt the activation of plant resistance responses. Our find-
ing was similar to previous studies (Deenamo et al. 2018). 
Hence, pretreating plants by SA with appropriate concentra-
tion effectively enhance plant resistance. However, exces-
sive SA may first inhibit the normal growth of plants which 
is not conducive to the activation of immune responses.

To survive better in the complicated and diversified 
environment, the biochemical basis of induced defense in 
plants is very active and dynamic with intense effect on the 
stress-causing agents (Kawano 2003). For example, MDA 
is the final product of membrane lipid peroxidation, which 
is toxic to cells and inhibits the activity of antioxidant 
enzymes, therefore MDA is not beneficial to the growth of 
plants. Biotic and abiotic stresses induce the accumulation 
of reactive oxygen species (ROS) which are signaling mol-
ecules of resistance pathways. But the excessive accumu-
lation of ROS lead to oxidative stress and the production 
of toxic substances like MDA. In some plants, exogenous 

SA leaf spraying. The results showed that the expression 
of SiPR1 gene in 1mM SA treated foxtail millet seedlings 
showed an increase-decrease-increase-decrease trend. 
However, after 3mM SA treatment, the change of gene 
expression was opposite, showing a decreasing-increasing-
decreasing trend. The gene expression level after 1 mM and 
3 mM SA treatment was significantly higher than that before 
treatment (0 h), but decreased after 24 h treatment (Fig. 6D).

SiPAL1 and SiPAL2 are key genes of PAL pathway which 
is necessary for plant resistance. Treating seedlings with 
1mM SA could significantly increase the expression lev-
els of SiPAL1 and SiPAL2 at the early stage (3-6 h). While 
it was opposite with 3 mM SA. the expression levels of 

Fig. 3  Exogenous SA inhibits the growth of foxtail millet
 Seedlings of JG21 and GBS were sprayed by exogenous SA, Plant 
height (A), fresh weight (B) and dry weight (C) were measured 5 days 
after treatment. Data were shown as mean ± SD. Asterisks indicate sta-
tistically significant differences (“*”: P < 0.05; “***”: P < 0.001 n = 10, 
ANOVA)
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soluble sugar, and improved the activity of PAL which were 
all beneficial to improve plant disease resistance.

Chloroplasts modulate plant defense responses as envi-
ronmental sensors which become the target of pathogens 
(Littlejohn et al. 2021). Chloroplast-derived reactive oxy-
gen species (cROS) induced by PTI and ETI lead to lipid 
peroxidation of cell membrane and HR (Dogra et al. 2019). 
Chlorophyll, the main pigment in chloroplast, is involved 
in photosynthesis, and its content can directly affect the 
intensity of photosynthesis. Pathogen infection can degrade 
chlorophyll in leaves, and exogenous SA treatment also 
has influence on chlorophyll content, high concentration 
SA treatment can inhibit chlorophyll accumulation. In this 
study, spraying 3 mM SA significantly enhanced the resis-
tance of foxtail millet and improved the content of chloro-
phyll. These results suggest that SA may protect chloroplasts 
during the infection of pathogens.

SA also promoted the expression level of defense related 
genes. SOD and POD encode the key enzymes of antioxidant 
systems to protect cells against oxidative damage (Nanda et 
al. 2010). PAL encodes phenylalanine ammonia lyase which 
catalyzes the biosynthesis of defense related metabolites. 
The accumulation of endogenous SA was correlated with 
the induction of PR1 gene expression. The expression of 
PR1 gene was highly induced in SA treatment that corre-
lated with increased resistance during infection of patho-
gen (Halder et al. 2019). The qPCR results indicated that 
the expression level of SiPOD1, SiPOD2, SiSOD, SiPAL1, 
SiPAL2, and disease resistance related genes (SiPR1) was 

SA application contributes to increase the activity of per-
oxidase (Kawano 2003). In this study, SA treatment reduced 
the accumulation of MDA to avoid cell damage. In addtion, 
PAL is considered a necessary enzyme in plant immunity 
because it catalyzes the biosynthesis of defense related 
metabolites such as phenolic compounds and lignin. Proline 
and soluble sugar are important to osmotic regulation and 
energy metabolism under stresses. Our results showed that 
exogenous SA promoted the accumulation of proline and 

Fig. 5  Exogenous SA affects 
the content of substances and 
the enzymes activity related to 
resistance in foxtail millet
 The content of malondialde-
hyde (A), soluble sugar (B), 
proline(C) and the activity of 
phenylpropanoid (D) of xiaomi 
seedlings were detected at dif-
ferent time point after sprayed 
by 1 mM and 3 mM SA. Data 
were shown as mean ± SD. Dif-
ferent lower-case letters indicate 
statistically significant differ-
ences (P < 0.05, n = 3, ANOVA)

 

Fig. 4  Exogenous SA affects the chlorophyll content of foxtail millet
 Chlorophyll contents of xiaomi seedlings were detected at different 
time point after sprayed by 1 mM and 3 mM SA. Data were shown as 
mean ± SD. Different lower-case letters indicate statistically significant 
differences (P < 0.05, n = 3, ANOVA)
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Taken together, exogenous SA upregulated the expression 
level of these defense related genes at different stage after 
treatment which helped plant activate the immune system.

Conclusions

In conclusion, SA can induce resistance of foxtail millet to 
downy mildew. After treatment with appropriate concentra-
tion (1 mM or 3 mM) of SA, the incidence of disease was 
significantly reduced compared with the control. High con-
centration of SA treatment could not reduce the incidence 
but significantly reduced the plant height, fresh weight and 
dry weight of foxtail millet. Appropriate concentration of 
SA promotes the activation of PAL and the accumulation 
osmotic regulation substances and chlorophyll content. 

regulated by the treatment of SA. Exogenous SA treatment 
can affect PR gene expression, and different concentrations 
of SA have different effects on it, indicated that the effective 
induction effect was related to the appropriate concentra-
tion of SA. This study found that the expression of SiSOD, 
SiPOD1 and SiPOD2 were up-regulated after exogenous 
SA induction, indicating that appropriate concentration of 
SA treatment can promote the expression of SOD and POD 
enzyme genes, thereby enhancing the disease resistance of 
foxtail millet. The change trend of SiPR1 gene was oppo-
site after 1 mM and 3 mM SA treatment, and the expression 
levels of both decreased in the later stage of treatment; The 
changes of SiPAL1 and SiPAL2 were consistent. Compared 
with the control, their expression level showed a trend of 
decreasing-increasing-decreasing. The gene expression lev-
els were significantly higher at 6-9 h than that of the control. 

Fig. 6  Exogenous SA modu-
lated the expression level of 
resistance related genes in 
foxtail millet
 Seedlings of xiaomi were 
treated with 1 mM and 3 mM 
exogenous SA. The transcrip-
tional accumulation of genes 
related to plant resistance were 
detected by quantitative real-
time PCR. SiACTIN was used 
as an internal control. Different 
lower-case letters indicate sta-
tistically significant differences 
(P < 0.05, n = 3, ANOVA)
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