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Abstract 
 

Anthocyanins are the most conspicuous class of flavonoids and could protect plants from biotic and abiotic stresses. 

Herbicides are widely used in crops and constitute a common stress to crops. To explore the accumulation of anthocyanins 

under metolachlor stress, the total phenolics, flavonoids and anthocyanins contents as well as the total antioxidative capacity in 

metolachlor-susceptible (ZD) and metolachlor-tolerant (ND) maize (Zea mays L.) cultivars were measured. The results 

showed that phenolics contents were not influenced by metolachlor stress in both maize cultivars, while anthocyanins were 

reduced in both maize cultivars. The flavonoids and the total antioxidant capacity were both increased in ZD under 

metolachlor stress. Analysis of anthocyanin biosynthesis genes indicated that the expression levels of PAL, CHS, DFR, ANS, 

BZ2 and F3’H had decreasing tendency under metolachlor stress. These genes were speculated to be the action sites of 

metolachlor in maize, especially F3’H. DFR, ANS and BZ2 were deduced to be responsible for higher accumulation of 

anthocyanins in ND compared to ZD, as higher expression levels of these genes were found in ND. This study provided a 

better understanding on the molecular mechanism of anthocyanins biosynthesis under metolachlor stress in maize. © 2020 

Friends Science Publishers 
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Introduction 

 

Abiotic stresses, such as high temperature, soil salinity, 

drought, ultraviolet (UV) radiation and heavy metals, cause 

significant loss of plant productivity (Farooq et al. 2015; Liu 

et al. 2015; Wang et al. 2016). Herbicides, which are 

essential in the modern agricultural production, are 

becoming a common and severe stress to crops if used 

improperly. Flavonoids are well known plant secondary 

products, which are capable to scavenge reactive oxygen 

species and free radicals (Choi et al. 2002; Chang et al. 

2013; Hideg and Strid 2017). As a result, these compounds 

serve essential roles in plant by their multiple roles in 

relieving abiotic stresses (Giovanni and Massimiliano 

2010). 

Anthocyanins are the most conspicuous class of 

flavonoids, which are induced in plants to respond to 

multiple abiotic stresses. The common stress of drought 

strongly increased the biosynthesis of anthocyanins in 

Arabidopsis thaliana (L.) (Kovinich et al. 2015). 

Overaccumulation of anthocyanin in A. thaliana under 

oxidative and drought stress showed high in vitro 

antioxidative activity, which relieved the accumulation of 

reactive oxygen species in vivo (Nakabayashi et al. 2014). 

The accumulation of anthocyanins was also reported to be 

related to salt tolerance by stopping the propagation of 

oxidative chain reactions (Wahid and Ghazanfar 2006; 

Hichem et al. 2009; Singh et al. 2014). Leão et al. (2013) 

reported that anthocyanins content was increased with 

increasing arsenic concentration, suggesting anthocyanins 

play a role in tolerance to poison arsenic. 

The molecular mechanism underlying flavonoids-

mediated abiotic stress tolerance has been extensively 

studied and anthocyanin biosynthesis pathway in plants is 

well understood now. Anthocyanins are derived from the 

flavonoid pathway. Most enzymes in this pathway have 

been characterized, including phenylalanineammonialyase 

(PAL), 4-coumarate-CoA ligase (4CL), chalcone synthase 

(CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase 

(F3H), flavonoid 3’-hydroxylase (F3’H), dihydroflavonol 4-

reductase (DFR), anthocyanidin synthase (ANS), UFGT, 

UDP-glucose flavonoid 3-O-glucosyltransferase (BZ1) and 

glutathione S-transferase (BZ2) (Holton and Cornish 1995) 

(Fig. 1). The relative transcription levels of genes as CHS, 

CHI, F3H, FNS, FLS, DFR and ANS in wheat (Triticum 

aestivum L.) were rapidly increased under drought stress 
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(Ma et al. 2014) and these anthocyanin biosynthesis genes 

in Ammopiptanthus mongolicus (Maxim. ex Kom.) are 

reported to increase by drought and cold stresses (Wu et al. 

2014). The expression of PAL and CHS were induced by 

UV-B radiation in chili pepper (Capsicum annuum L.) 

(Rodríguez-Calzada et al. 2019). 

Although herbicides are widely used in agriculture and 

become a common stress in crop development, studies that 

explore the mechanism of herbicides stress are still scarce. 

Molin et al. (1986) reported that the accumulation of 

anthocyanins was inhibited by chloroacetanilide herbicides 

in etiolated sorghum (Sorghum bicolor (L.) Moench). 

However, there was no information about the effect of 

chloroacetanilide herbicides on the transcription profiles of 

anthocyanin biosynthesis pathway genes. Here, for further 

exploring the possible molecular mechanism of anthocyanin 

biosynthesis pathway response to metolachlor stress in 

maize, the relative transcription levels of anthocyanin 

biosynthesis genes (PAL, 4CL, CHS, CHI, F3H, F3’H, 

DFR, ANS, BZ1 and BZ2) influenced by metolachlor stress 

were investigated. Besides, the total accumulation of 

phenolic，flavonoids and anthocyanins under metolachlor 

stress between two maize cultivars were compared. 

 

Materials and methods 
 

Plant materials and herbicide treatment 

 

Two widely planted maize cultivars in China, Nongda 86 

and Zhengdan 958 (abbreviated as ND and ZD, 

respectively), were selected to explore the influence on the 

total accumulation of anthocyanins under metolachlor stress 

and ND had 4-fold metolachlor tolerance than ZD (Li et al. 

2017a). The concentration of metolachlor (97% pure, 

provided by College of Science, China Agricultural 

University) used was 30 µmol L
-1

. At this concentration, 

slight inhibition was showed in maize seedlings. Greater 

concentration could cause visible symptom of growth 

inhibition (Li et al. 2017b). 

Seeds of ND and ZD cultivars were soaked 12 h 

before transferred to the artificial climate chamber (RXZ-

3808) to germinate. The germination condition was 28°C, 

75% RH and 16 h/8 h day/night cycle. Sand was sterilized at 

160°C for 3 h and then used as culture medium. Metolachlor 

solution (30 µmol L
-1

, 60 mL) was applied to the sterilized 

sand before seeds sown and set as six a pot with three 

biological replicates. Equal volume of solvent without 

metolachlor was applied for control samples. The pots were 

then kept in artificial climate chamber with the same 

conditions as germination. Leaves were harvested 60, 78 

and 96 h after metolachlor treatment for RNA isolation. For 

the measurement of total content of phenolics, flavonoids 

and anthocyanins, maize leaves were harvested after 96 h. 

 

Extraction 

 

The extraction method for total phenolics and total 

flavonoids was conducted according to Cai et al. (2004) and 

Bao et al. (2005) with minor modifications. Fresh leaves (1 

g) of each sample was ground into powder by liquid 

nitrogen and extracted with 20 mL ethanol (60%) in a 

shaker (200 r min
-1

) at room temperature for 2 h. The 

mixture was centrifuged at 8000 g for 10 min and the 

supernatant was collected for the determination of total 

accumulation of phenolic, flavonoid and radicals Folin-

Ciocalteu reagent and 2,2-dipheny-1-(2,4,6-trinitrophenyl) -

hydrazyl (DPPH
·
, purchased from J&K Scientific)

 
and 2,2'-

azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) cation 

(ABTS
·＋

) scavenging tests. 

The extraction method for anthocyanins was according 

to Ma et al. (2014). Leaf samples were ground into powder 

in liquid nitrogen. Each sample weighed 0.5 g was extracted 

with 1.5 mL solvent mixed by methanol, hydrochloride acid 

and water with volume ratio of 25:5:70 in a shaker at 32°C 

and 150 r min
-1

 for 4 h. The mixture was centrifuged at 

10,000× g for 20 min and the supernatant was obtained for 

anthocyanin content determination. Three biological 

samples were conducted for all the extractions above. 

 

Determination of total phenolic, flavonoids and 

anthocyanin content 

 

The total phenolic content of the samples was estimated by 

the Folin-Ciocalteu colorimetric method with minor 

modifications (Zheng and Wang 2001; Liu et al. 2002). 0.3 

mL extractions or standard gallic acid (Sigma-Aldrich) 

 
 

Fig. 1: Overview of the anthocyanin biosynthesis pathway in 

plants. Broken arrows indicate that the biosynthetic steps are 

omitted 
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solutions were oxidized by 2 mL Folin-Ciocalteu reagent 

and saturated sodium carbonate (1.6 mL, 10%) were used to 

neutralize the reaction. The mixture was incubated for 2 h at 

30°C. PerkinElmer Lambda 35 spectrophotometer 

(California, USA) was used to measure the absorbance at 

760 nm. Quantification was calculated based on the 

standard curve of gallic acid with the concentration of gallic 

acid at the range of 12.5, 25, 50, 100 and 200 µg mL
-1

. 

Colorimetric method with minor modification was 

chosen to determine the total content of flavonoid (Bao et 

al. 2005; Ma et al. 2014). Diluted or standard rutin (Sigma-

Aldrich) solutions at 0.5 mL were transferred into a tube 

containing 2 mL ddH2O and mixed with 0.15 mL of 5% 

NaNO2. The mixture was kept for 5 min followed by the 

addition of 0.15 mL of 10% AlCl3·6H2O solution. Another 

5 min later, the mixture was added with 1 mL of 1 mol L
-1

 

NaOH. The mixture was mixed well and incubated at room 

temperature for 15 min and then the absorbance was 

measured at 415 nm with PerkinElmer Lambda 35 

spectrophotometer. Total flavonoids content was calculated 

using the standard curve of rutin with the concentration of 

rutin at the range of 50, 100, 200, 400 and 800 µg mL
-1

. 

The content of anthocyanins was estimated by 

spectroscopic methodology according to Ma et al. (2014). 

The absorbance of the extractions was determined at 525 nm 

and 657 nm with PerkinElmer Lambda 35 

spectrophotometer and the content of anthocyanin was 

calculated according to the following equation: content of 

anthocyanin = (OD525-OD657×0.25)/fresh weight of leaves. 

 

Radical cation ABTS
·＋

scavenging activity 

 

The determination of total antioxidant capacity of the two 

maize cultivars was carried out using PerkinElmer Lambda 

35 spectrophotometer according to Total Antioxidant 

Capacity Assay Kit (Beyotime, Nanjing, China). Briefly, 10 

µL extractions or standard trolox solutions (0, 0.3, 0.6, 0.9, 

1.2 and 1.5 mmol L
-1

) was added to 20 µL peroxidase 

solution. Then it was mixed with 170 µL ABTS
·＋

 working 

solution and incubated at room temperature for 6 min. The 

absorbance was determined at 414 nm. Ethanol (60%) was 

used as blank solution for control sample (170 µL of 

ABTS
·＋ 

+ 20 µL peroxidase solution + 10 µL 60% ethanol). 

Quantification was calculated according to a standard curve 

of trolox. The activity of ABTS
·＋

 scavenging was expressed 

as trolox equivalent antioxidant capacity (TEAC). 
 

Radical DPPH
· 
scavenging activity 

 

DPPH
· 

method with minor modifications was used to 

estimate the free radical scavenging activity of the 

extractions (Brand-Williams et al. 1995). An aliquot of the 

extractions (0.1 mL) was added to 1.9 mL DPPH
·
 (300 

µmol L
-1

) and mixed well. The mixture was kept for 30 min 

at room temperature and then used to measure its 

absorbance at 515 nm with PerkinElmer Lambda 35 

spectrophotometer. Ethanol (60%) was used as blank 

solution, and DPPH
·
 solution (1.9 mL DPPH

· 
mixed with 

0.1 mL 60% ethanol) was used as control. The inhibition 

percent of DPPH
·
 absorbance was used to express the 

antioxidant activity and calculated according to the 

following equation = (Absorbance of control ‒ Absorbance 

of test)×100%/Absorbance of control. A high inhibition rate 

indicates a high radical scavenging activity. 
 

RNA isolation and Quantitative real-time PCR analysis 
 

Total RNA was extracted from the frozen leaves ground in 

liquid nitrogen with RNAprep pure Plant Kit (Tiangen, 

Beijing, China) according to the manufacturer’s protocols 

and then used to synthesize the first strand cDNA by the 

Fast Quant RT Kit (Tiangen, Beijing, China). Quantitative 

real-time PCR (qRT-PCR) was conducted using 

SuperRealPreMix Plus (Tiangen, Beijing, China). Mixtures 

were run in 20 µL system including 10 µL 2× 

SuperRealPreMix solution, 1 µL cDNA template, 0.6 µL of 

each forward and reverse primer, 0.4 µL 50×ROX 

Reference Dye and 7.4 µL redistilled H2O. Sequence for all 

the primer sets used is listed in Table 1. Multiple reference 

genes 18S rRNA, EF1α and GAPDH of maize were used to 

normalize the expression of each gene across all the 

samples. A melt curve was used to check the primer 

specificity. Three independent RNA samples were collected 

as biological replicates and the relative expression folds of 

each gene were obtained by 2
-△△CT

 method (Livak and 

Schmittgen 2001). 
 

Statistical analysis 
 

The final results were presented as mean ± SD and one-way 

analysis of variance (ANOVA), completed with Duncan’s 

post-hoc comparison tests, were employed to analyze the 

statistical differences by S.P.S.S. 16.0 (S.P.S.S., Chicago, 

USA). Values of P < 0.05 were considered significant. 
 

Results 
 

Accumulation of phenolics, flavonoids and anthocyanins 

in two maize cultivars in response to metolachlor stress 
 

Results indicated that phenolics, flavonoids and 

anthocyanins contents had no significant difference between 

control plants of the two maize cultivars (Fig. 2). The total 

content of anthocyanins was reduced and the total phenolics 

was not influenced by metolachlor treatment in both 

cultivars, whereas the total content of flavonoids in ZD was 

observed to have a slight increase (Fig. 2). ZD was more 

sensitive to be influenced by metolachlor stress than ND. 
 

The radical scavenging activity of maize leaves in 

response to metolachlor stress 
 

The DPPH
·
 system and the ABTS

·＋
cation method of 
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measuring free radical scavenging activity generated a 

similar result after metolachlor treatment. The free radical 

scavenging activity was comparable between control plants 

of the two maize cultivars, while a significant increase of 

the free radical scavenging activity in ZD was found under 

metolachlor stress (Fig. 3). 

 

Expression analysis of anthocyanin biosynthesis genes in 

maize leaves 

 

The relative transcription folds of genes PAL, 4CL, CHS, 

CHI, F3H, F3’H, DFR, ANS, BZ1 and BZ2 in anthocyanin 

biosynthesis pathway in maize leaves were analyzed by 

qRT-PCR (Fig. 4). When compared with control samples, 

the expression level of CHI and F3H were not changed by 

metolachlor. While the expression level of PAL, CHS, 

F3’H, DFR, BZ2 and ANS showed decreasing tendency 

after metolachlor treatment in both cultivars. The expression 

of PAL was significantly decreased after metolachlor 

treatment for 60 and 96 h in both cultivars, while only 

decreased in ZD at 78 h. CHS is the first gene encoding the 

early, un-branched segment of the flavonoid’s biosynthesis 

pathway. The expression of CHS was significantly 

decreased at 60 h after metolachlor treatment in both 

cultivars and only significantly decreased in ND at 96 h, 

while no significant change was observed after metolachlor 

treatment for 78 h in both cultivars. F3’H catalyze the 

formation of cyaniding-3-glucoside, which was one of the 

branch of anthocyanins biosynthesis. The expression of 

F3’H was significantly decreased under the stress of 

metolachlor in both cultivars at 60, 78 and 96 h. DFR and 

ANS are the last two genes responsible for the formation of 

pro-anthocyanidins. Their expression levels were 

significantly decreased in ND after metolachlor treatment 

for 60 and 96 h, while significant decrease was found in ZD 

at 78 h. Besides, the expression level of DFR was 

significantly decreased in ZD after 96 h metolachlor 

exposure. The expression of 4CL was only significantly 

increased in ZD after 96 h metolachlor exposure. The 

expression of BZ1 was significantly increased in ND and 

decreased in ZD after 96 h metolachlor exposure. BZ2 is the 

last gene of anthocyanins biosynthesis pathway exporting 

Table 1: Primers of reference genes and anthocyanins biosynthesis genes 

 
Genes Sequence (5’-3’, forward-reverse) 

EF1α TGGGCCTACTGGTCTTACTACTGA ACATACCCACGCTTCAGATCCT 
GAPDH CCATCACTGCCACACAGAAAAC AGGAACACGGAAGGACATACCAG 

18SrRNA GCTCTTTCTTGATTCTATGGGTGG GTTAGCAGGCTGAGGTCTCGTTC 

PAL CACATCGAGGAGAACGTCAAG GATCTCCTGGAGCAGGTCCTTC 
4CL TCACGCACCCGGAGATCAAG TCCTTGGCGACGAATTGCTTG 

CHS CGTCCGTGAACCGCCTGATG TCCGAGCACACCACCAGGAC 

CHI TTGAGAAGAGTGTGGGAAGTAG CCCTCGAAAGCTCAATCACAG 
F3H CGAGGACTGGGGCATCTTC CTTCTTCCCGCCGGACATG 

F3’H CGACACTAGGTTCAACGAGAC CTTCCTGAGCACGTCCGGATG 

DFR GCGCATCGTCTTCACTTCCTC GAAGTACATCCATCCGGTCATC 
ANS GCATCTCCTGGGTCGTCTTC GCTTTGTGCTGCTGTTTCTTC 

BZ1 CGACCAGGCAGCAAACAGGG GTGGACGAGGAGGTTGATGACG 

BZ2 GGGAGGTCAGCCCGTTCA GAGCCTGTCGCTTTTCTTGG 

 

 
 

Fig. 2: Relative content of phenolics, flavonoids and 

anthocyanins in maize leaves after 96 hours metolachlor 

treatment. Data are expressed as fold change relative to the 

control sample of ND. 0 denotes control; 30 represents plants 

treated with 30 µmol L-1 metolachlor; error bars are standard 

deviations (n=3). With each figure, columns with different letters 

are significantly different (P < 0.05) 

 
 

Fig. 3: The radical scavenging activity of maize leaves under 

metolachlor stress. 0 denotes control; 30 represents plants treated 

with 30 µmol L-1 metolachlor 96 h; error bars indicate standard 

deviations (n=3). Columns within each figure with different 

letters were significantly different (P < 0.05) 
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anthocyanins to vacuole. The expression level of BZ2 was 

significantly decreased at 60 and 96 h after metolachlor 

treatment in both ND and ZD. 

The relative expression level of DFR, ANS and BZ2 

showed higher expression level in ND than ZD with or 

without metolachlor treatment, whereas other genes (PAL, 

4CL, F3H, F3’H and BZ1) showed higher expression in ZD 

with or without metolachlor treatment. 

 
 

Fig. 4: Relative expression level of anthocyanin biosynthesis genes between two maize leaves under metolachlor stress. nck denotes control 

samples of ND; zck denotes control samples of ZD; n30 represents ND plants treated with 30 µmol L-1 of metolachlor; z30 represented ZD 

plants treated with 30 µmol L-1 of metolachlor; error bars indicate standard deviations (n=3). Columns within each treatment with different 

letters were significantly different (P < 0.05) 
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Discussion 

 

This study investigated the effect of metolachlor stress on 

maize anthocyanins accumulation and the related molecular 

mechanisms. The results showed that metolachlor reduced 

the total content of anthocyanins and inhibited the 

expression of most anthocyanins biosynthesis genes. 

Flavonoids accumulation could increase radical 

scavenging activity in vitro, which enhanced the ability of 

anti-oxidation (Nakabayashi et al. 2014). In this study, the 

metolachlor-susceptible cultivar ZD showed more 

accumulation of flavonoids than the metolachlor-tolerant 

cultivar ND after 96 h metolachlor treatment (Fig. 2). And 

our results of radical scavenging activity in both DPPH
· 
and 

ABTS
·＋

methods were in agreement with the total content of 

flavonoids between the two cultivars, which suggested that 

flavonoids play an important role in response to metolachlor 

stress (Fig. 3). The phenomenon that flavonoids 

accumulated more in ZD than ND was possibly due to the 

first line of defense against ROS in ZD was less effective 

under metolachlor stress and the oxidative stress stimulating 

accumulation of antioxidant in ZD was more severe. This 

had been observed in many other plants when response to 

different stresses (Giovanni et al. 2012). 

Multiple reports had suggested that the content of 

anthocyanins was highly increased under abiotic stresses 

(Paolacci et al. 2001; Gonzalez et al. 2008; Ma et al. 2014) 

and the expression of genes involved in anthocyanin 

biosynthesis pathway could be increased by abiotic stress 

(Castellarin et al. 2007; Vasquez-Robinet et al. 2008; Yuan 

et al. 2012; Liu et al. 2012; Kim et al. 2012). Comparing 

with other abiotic stress, herbicides stress of isoproturon and 

diuron significantly decreased the content of anthocyanins 

in wheat and maize, respectively (Kim et al. 2006; Alla and 

Hassan 2014). In etiolated sorghum seedlings, anthocyanins 

and lignin synthesis were inhibited by alachlor, as well as 

metolachlor. Since anthocyanins and lignin were derived 

from coumaric acid, it could be deduced that the inhibition 

site by alachlor might be before coumaric acid synthesis. 

However, when phenylalanine, coumaric acid and cinnamic 

acid were added, the synthesis of anthocyanins could not be 

recovered, which suggested that the inhibition of 

anthocyanins biosynthesis by alachlor might be multi-sites 

(Molin et al. 1986). In the current study, the total content of 

anthocyanins was decreased in both maize cultivars after 96 

h metolachlor exposure, Molin et al. (1986) also reported 

that chloroacetanilide herbicides could inhibit the 

biosynthesis of anthocyanins in etiolated sorghum. Among 

the tested genes in anthocyanin biosynthesis pathway, only 

PAL, CHS, DFR, ANS, BZ2 and F3’H showed decreasing 

tendency compared with control samples after 60, 78 and 96 

h, especially F3’H, which was significantly decreased in 

both cultivars after 60, 78 and 96 h metolachlor treatment. 

Thus, it was speculated that F3’H should be the main 

inhibition site of metolachlor in anthocyanins biosynthesis, 

while PAL, CHS, DFR, BZ2 and ANS might be the other 

target sites. Comparing the expression level of the tested 

genes between the two maize cultivars, only DFR, ANS and 

BZ2, catalyzing dihydrokaemferol into stable anthocyanins, 

showed higher expression level in ND than ZD after 96 h 

treatment. Therefore, these three genes might be responsible 

for the higher content of anthocyanins in ND than ZD. 

 

Conclusion 

 

This study showed that metolachlor stress increased the total 

flavonoids in ZD, while decreased the total content of 

anthocyanins in both cultivars after 96 h. F3’H were thought 

to be the main inhibition site by metolachlor in anthocyanins 

biosynthesis pathway, and PAL, CHS, DFR, BZ2 and ANS 

might be other target sites. DFR, ANS and BZ2 were 

responsible for the different total content of anthocyanins 

between ND and ZD cultivars. 
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