
crop science, vol. 58, september–october 2018  www.crops.org 1

ReseaRch

A wild sunflower (Helianthus annuus L.) population (PUR H. 
annuus) resistant to imidazolinones was collected in Kansas 

(Al-Khatib et al., 1998), and this resistance trait has been intro-
gressed into sunflower elite inbred lines by conventional breeding 
(Miller and Al-Khatib, 2002; Sala et al., 2012). The developed 
resistant cultivars, named ‘Imisun’ sunflowers, were first commer-
cialized as Clearfield sunflowers in 2003 and became a valuable 
tool for weed management in this species (Tan et al., 2005).

According to Bruniard and Miller (2001), the inheritance 
patterns of imidazolinone resistance in Imisun sunflower are 
determined by a digenic model that assumes expression of two 
resistance genes on both parents to achieve complete resistance 
in the hybrids Imr1 and Imr2. The major semidominant gene Imr1 
is an allelic variant of the ahasl1 locus that codes for the acetohy-
droxyacid synthase (AHAS) catalytic subunit, which is the target 
of imidazolinones (Kolkman et al., 2004). The identity of the 
modifier gene Imr2 remains unknown, but it could be related 
to metabolism of xenobiotics (Breccia et al., 2017). Therefore, 
resistance in Imisun sunflower appears as a combination of both 
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ABSTRACT
Imidazolinone resistance found in a wild 
sunflower (Helianthus annuus L.) population was 
successfully transferred to a cultivated inbred 
line developing ‘Imisun’ sunflowers. Genetic 
regulation of this trait has been reported to 
involve two genes: Imr1, an allelic variant of 
ahasl1 locus that codes for acetohydroxyacid 
synthase catalytic subunit, and the modifier 
Imr2, whose identity remains unknown, but 
it could be related to non-target-site resis-
tance such as xenobiotic metabolism. The aim 
of the present study was to characterize the 
gene expression of resistant and susceptible 
sunflower lines in response to imazethapyr 
herbicide by complementary DNA amplified 
fragment-length polymorphism (cDNA-AFLP). 
Three assays were performed to determine 
(i)  optimal herbicide treatment concentration, 
(ii)  duration of herbicide treatment, and (iii) in 
vitro acetohydroxyacid synthase activity to 
assess enzyme inhibition levels. An important 
number of genes related to metabolism of xeno-
biotics and stress was found: cytochrome P450 
monooxygenases, UDP-glucuronosyl/UDP-
glucosyltransferases, glycosyltransferases, 
and ATP-binding cassette transporters, among 
others. These results suggest that non-target-
site resistance mechanisms may contribute to 
herbicide resistance in Imisun sunflower and 
could be related to the modifier gene Imr2. Using 
cDNA-AFLP, we were able to detect candidate 
detoxification-related genes potentially involved 
in imidazolinone resistance in sunflower.
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target-site and non-target-site resistance (NTSR) mecha-
nisms (Sala et al., 2012).

Target-site mechanisms involve changes in the herbi-
cide binding site of the target enzyme or an increased 
expression or intrinsic activity of the target protein (Délye 
et al., 2015). In contrast, NTSR mechanisms consist of a 
reduction in herbicide penetration and translocation, an 
enhanced herbicide degradation (metabolic resistance), 
and/or a protection against the collateral damage of herbi-
cide action (Délye, 2012). Although there are cases of 
NTSR mechanisms under monogenic control (Mithila et 
al., 2012), most cases involve polygenic control (Busi et 
al., 2010; Petit et al., 2010) and include constitutive and 
inducible effectors. Furthermore, NTSR mechanisms 
comprise a resistance to multiple modes of action and arise 
from stress response pathways already present in the plant 
(Délye et al., 2013).

Non-target-site resistance biochemical bases first involve 
the oxidation of the herbicide molecule. Afterward, the 
activated xenobiotic is conjugated using thiols or sugars and 
actively transported into the vacuole or extracellular space, 
where it is finally degraded (Yuan et al., 2007). Currently, 
several gene families have been related to these metabolic 
resistance processes: cytochrome P450 monooxygenases 
(P450s), glutathione S-transferases (GSTs), glycosyltransfer-
ases, and ATP-binding cassette (ABC) transporters, among 
others (Manabe et al., 2007; Yuan et al., 2007; Délye, 2012). 
Few studies have described the participation of these gene 
families in metabolizing herbicides in the Helianthus genera, 
and they were particularly focused on P450s (Didierjean et 
al., 2002; Kaspar et al., 2011; Breccia et al., 2017) and GSTs 
(Balabanova et al., 2017).

According to the hypothesis that imidazolinone resis-
tance in Imisun sunflower involves NTSR mechanisms, the 
aim of this work was to characterize the transcriptome of 
resistant (Imisun HA 425) and susceptible (HA 89) sunflower 
lines in response to imazethapyr herbicide by the tran-
script profiling method of complementary DNA amplified 
fragment-length polymorphism (cDNA-AFLP). Optimal 
concentration and duration of imazethapyr treatment for 
transcriptome analysis were determined. Additionally, in 
vitro AHAS activity was evaluated to determine AHAS 
inhibition levels during herbicide treatment.

MATeRiAlS And MeThodS
Plant Materials and Growth Conditions
Two near-isogenic lines (NILs) of sunflower were used: HA 
425 (Imr1Imr1Imr2Imr2) and HA 89 (imr1imr1imr2imr2). The 
resistant line HA 425 is a BC2F6 maintainer line resulting from 
the cross HA 89*3 and PUR H. annuus (Miller and Al-Khatib, 
2002). HA 89 is a traditional inbred line developed and released 
by the USDA.

Cypsels were germinated in plastic pots (70 cm3) filled with 
perlite and watered by capillarity with 1.1 g L−1 of Murashige 
and Skoog’s salts (Murashige and Skoog, 1962) while incubated 

at 25 ± 2°C with a 16/8 h light/dark photoperiod (100 mmol 
m−2 s−1). The herbicide imazethapyr was used as AHAS inhibitor 
[active ingredient: 5-ethyl-2-(4-isopropyl-4-methyl-5-oxo-2-
imidazolin-2-yl)nicotinic acid)].

optimal Concentration of imazethapyr
The optimal concentration of imazethapyr for transcriptome 
analysis was determined using a whole-plant bioassay. At this 
concentration, also known as the discriminating dose, all 
susceptible plants die while herbicide-resistant plants exhibit 
100% survival with no visible damage after 8 d of treatment 
(Manabe et al., 2007; R4P Network, 2016).

Plants were obtained as described in the section above. The 
8-d-old plants were treated with 0, 0.7, 1, 1.8, 3.3 and 6.6 mM 
imazethapyr. After 7 d of treatment, plants were collected and 
dissected, and scanned digital images were acquired. Foliar area, 
foliar length, and leaf color were evaluated using the Tomato 
Analyzer 3.0 software (Rodríguez et al., 2010). Leaf color was 
estimated using the hue angle parameter, which corresponds to 
a chlorosis index quantified by the Tomato Analyzer Color Test 
(TACT) (Rodríguez et al., 2010). The effects of the treatments 
were evaluated by measuring foliar dry weight.

The experimental design was a completely randomized 
block design with three replicates of 10 plants each. Normality 
and homogeneity of variance assumptions were tested for each 
variable, and all data were subjected to ANOVA. Means were 
separated using Tukey’s analysis at the p = 0.05 significance level 
(Sokal and Rohlf, 1962). Statistical analyses were conducted 
using R software (R Development Core Team, 2010).

Time-Course Studies  
after imazethapyr Application
To determine the duration of herbicide treatment, time-course 
studies were performed. Foliar growth inhibition in presence 
of imazethapyr was evaluated to exclude the interference on 
the analysis of genes involved in cell division machinery. Eight-
day-old plants were treated with 1 mM imazethapyr for 0, 1, 2, 
3, and 4 d. Foliar area, foliar length, and leaf color were evalu-
ated and statistical analyses were performed as described in the 
section above.

in Vitro Acetohydroxyacid Synthase Activity
To determine AHAS inhibition levels, in vitro enzyme 
activity was evaluated by quantifying AHAS product aceto-
lactate. Eight-day-old plants were treated with 0 and 1 mM 
imazethapyr, and both leaves from each plant were collected 
after 12, 18, and 24 h of treatment. After being weighted, leaves 
were directly frozen in liquid N. One leaf was saved for cDNA-
AFLP, and the second one was sampled for AHAS activity 
assessment. The in vitro assay was conducted according to 
Breccia et al. (2013). Briefly, leaves were powdered in liquid N 
and suspended in buffer (5 mL g−1 fresh wt.) containing 50 mM 
N(2-hydroxyethyl)-piperazine-N9-(2-ethanesulfonic acid, pH 
7.5, 200 mM sodium pyruvate, 20 mM MgCl2, 2 mM thiamine 
pyrophosphate, and 20 mM flavin adenine dinucleotide. Insol-
uble polyvinylpolypyrrolidone (PVPP) was added at the ratio 
of tissue/insoluble PVPP of 6:1. The homogenate was centri-
fuged at 27,000g for 10 min at 4°C and immediately used for 
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1 min at an extension temperature of 72°C, and then 10 min 
at 72°C. Subsequently, the amplicons were used for selective 
amplification. The PCR conditions were as follows: 42 cycles 
including 12 touchdown cycles with a 0.7°C cycle−1 reduction 
of the initial annealing temperature (65°C), then the reaction 
was maintained at 55°C for 30 cycles. Table 1 shows the primer 
combinations used for the selective amplification. The amplicons 
were separated on a 5% (w/v) polyacrylamide gel electrophoresis 
at 1300 V for 1 h and 40 min, until bromophenol blue reached 
the bottom. The bands were visualized by silver staining.

isolation and Sequencing  
of Transcript-derived Fragments
Transcript-derived fragments corresponding to differentially 
expressed transcripts on polyacrylamide gel electrophoresis 
were cut out using a razor blade and were incubated in 0.5 M 
ammonium acetate and 1 mM EDTA for 4 h at 37°C with gentle 
agitation. The fragments were reamplified under the same PCR 
conditions as the selective amplification. The resulting PCR 
products were checked on 2% (m/v) agarose gels as described 
by Sambrook and Russell (2001). Those presenting the correct 
size and quality were sent to Macrogen for sequencing analysis 
(Macrogen, Seoul, Korea).

Sequence identity searches were performed using the Basic 
Local Alignment Search Tool (BLAST) algorithm by compar-
ison with the de novo sunflower transcriptome generated by 
Badouin et al. (2017), available at www.heliagene.org\HaT13l. 
To confirm the identities, sequences were also BLASTed 
against three databases at NCBI corresponding to plants (taxid: 
3193): nucleotide collection (nr/nt), ESTs, and nonredundant 
protein sequences (nr). The TDFs were classified according to 
the measures of the similarity of sequences (E values) generated 
in the BLAST search. The E values <1 ´ 10−10 were deemed to 
indicate significant identity. We performed BLAST alignments 
against the sunflower genome (https://www.heliagene.org/
HA412.v1.1.bronze.20141015/) to identify the corresponding 
chromosome location for each TDF.

Confirmation of cdnA-AFlP data by qRT-PCR
Three representative TDFs and one reference gene were evalu-
ated. The reference gene was chosen from cDNA-AFLP analysis 
as a result of its expression stability over all samples. Specific 
primer sequences for TDFs were designed with Primer3 0.4.0 
software (Rozen and Skaletsky, 2000). Primer sequences used to 
study the expression of selected TDFs are indicated in Table 2.

Reactions were performed on three biological replicates 
(one of the RNA samples was the same that was used in the 
cDNA-AFLP analysis) using three technical replicates.

Total RNA was isolated as described above. The RNA 
was first treated with DNase and then reversely transcribed 
into cDNA using an ImProm-II Reverse Transcription 
System (Promega).

Quantitative real-time PCR (qRT-PCR) was run on 
a Rotor-Gene Q with a high-resolution melting (Qiagen) 
thermal cycler. The reaction contained 1 ´ SYBR Green PCR 
Master Mix (Mezcla Real, Biodynamics), 10 mM of the forward 
and reverse gene-specific primers, and 2 mL cDNA (30 ng) 
for a final volume of 15 mL. No-template controls were also 

enzyme activity assays. Crude extract (140 mL) was incubated at 
37°C for 60 min, and afterward it was divided in two aliquots 
of 70 mL. In one of the aliquots, the reaction was stopped by 
adding 20 mL of 3 M H2SO4 and incubated at 60°C for 15 min 
to turn acetolactate into acetoin. Acetoin-forming enzymes 
in plant tissues could affect assay performance (Forlani et al., 
1999), thus the contribution of acetoin by non-AHAS enzymes 
was determined in the second aliquot using 2.5 M NaOH to 
end the reaction instead of H2SO4. Acetoin concentration was 
evaluated through a modified colorimetric assay (Westerfeld, 
1945), developing the color by adding 135 mL of 0.25% (w/v) 
creatine and 2.5% (w/v) 1-naphthol prepared in 2.5 M NaOH 
just before use. The samples were vortexed, incubated at 60°C 
for 15 min, allowed to cool, and centrifuged at 25°C for 10 min 
(11,000g). Absorbance was determined spectrophotometrically 
at 530 nm. The activity of AHAS was expressed as absorbance 
at 530 nm mg−1 fresh wt. as a percentage of the control and 
was calculated as the mean of three independent determina-
tions. Control and herbicide treatment means were compared 
using Student’s t test at the p = 0.05 significance level. Statis-
tical analyses were conducted using the “agricolae” and “car” 
packages in R software (R Development Core Team, 2010).

RnA extraction and Complementary  
dnA Synthesis
Total RNA was extracted from leaves collected at different 
times: 12, 18, and 24 h after imazethapyr treatment. The extrac-
tion was performed using a PureLink RNA Mini Kit (Life 
Technologies) according to the manufacturer’s instructions, 
followed by column DNase I treatment to minimize genomic 
DNA contamination. Integrity of the RNA was evaluated 
using both 1.5% agarose gel electrophoresis and spectropho-
tometric measurements of the 260/280-nm (A260/A280) and 
260/230-nm (A260/A230) absorption ratios. Biotinilated oligo 
dT25, Superscript II (Invitrogen) reverse transcriptase, and 
DNA polymerase I (Invitrogen) were used for double-stranded 
cDNA synthesis. Complementary DNA was purified using a 
Nucleospin Extract II kit (Macherey Nagel) according to the 
manufacturer’s protocols.

cdnA AFlP Analysis and Polyacrylamide  
Gel electrophoresis
Optimal restriction enzyme combination was chosen after an 
in silico analysis using the AFLPInSilico program (Rombauts 
et al., 2003). The number of transcript-derived fragments 
(TDFs) was quantified after simulating digestions of sunflower 
expressed sequence tags (ESTs, available at the National Center 
for Biotechnology Information (NCBI, http://www.ncbi.nlm.
nih.gov/BLAST).

We performed cDNA-AFLP and silver-staining protocols 
as described by Vuylsteke et al. (2007) and Xiao et al. (2009). 
Complementary DNA was digested by CviAII and MseI restric-
tion enzymes and then ligated to corresponding double-stranded 
adapters (Table 1). The preamplification reaction was performed 
using specific primers (Table 1) and DNA polymerase GoTaq 
(Promega). The polymerase chain reaction (PCR) was performed 
under the following conditions: 30 cycles of 30 s at a melting 
temperature of 94°C, 30 s at an annealing temperature of 55°C, 
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included. Each cycle consisted of denaturation for 15 s at 94°C, 
annealing for 60 s at 61 or 62°C (depending on the primer pair), 
and extension for 40 s at 72°C. Specificity of the amplification 
reactions was assessed by melting curve analyses, which were 
run at 95°C for 15 s and 60°C for 15 s, followed by an increase 
in temperature from 60 to 85°C (0.2°C s−1).

The relative expression of the target genes was assessed 
using comparative quantitation (E) and quantification cycle 
(Cq) values calculated by the software Rotor-Gene Q Series 
software 1.7 (Corbett Life Science, 2008). The normalized 
expression value (NE) for each gene was calculated based on 
E and Cq in comparison with the reference gene according 
to Simon’s formula: rg TDF

rg TDF

Cq CqNE E E=  (Simon, 2003), 
where the subscript rg indicates a E or Cq value of the reference 
gene, and the subscript TDF indicates a E or Cq value of the 
TDF. Data were tested for statistical significance by Student’s t 
test (p = 0.05) using the “agricolae” package in R software (R 
Development Core Team, 2010).

ReSulTS
optimal Concentration of imazethapyr
The optimal concentration of imazethapyr for this study 
was determined by a whole-plant bioassay and was eval-
uated on resistant (HA 425) and susceptible (HA 89) 
sunflower lines. Foliar area, foliar length, leaf color (hue 
angle parameter), and foliar dry weight were evaluated after 
7 d of imazethapyr treatment at concentrations of 0, 0.7, 1, 
1.8, 3.3, and 6.6 mM (Fig. 1). Line HA 425 was resistant to 
up to 3.3 mM imazethapyr, whereas in HA 89, phytotoxic 

symptoms began at 0.7 mM. According to these results, 
the optimal concentration of imazethapyr was found to 
be between 0.7 and 3.3 mM. In this way and consistent 
with previous studies from the present group, the optimal 
concentration of herbicide was chosen to be 1 mM.

Time-Course Studies after imazethapyr 
Application
To choose the duration of herbicide treatment, time-course 
studies were performed. Foliar area and foliar length were 
evaluated during 0, 1, 2, 3, and 4 d of 1 mM imazethapyr treat-
ment (Fig. 2). True leaves in resistant HA 425 plants started 
to expand 2 d after control treatment (0 mM imazethapyr) 
and 3 d after 1 mM imazethapyr treatment (Fig. 2). No differ-
ence was observed between control and imazethapyr-treated 
resistant plants throughout the duration of the treatment. 
On the other hand, no difference was observed between 
control and imazethapyr-treated susceptible HA 89 plants 
over the first day of treatment. True leaves in susceptible 
plants started to expand 1 d after control treatment, whereas 
imazethapyr-treated plants showed no foliar growth at all. 
Given these data, cDNA-AFLP analysis was performed 
from foliar tissue of 8-d-old resistant and susceptible plants, 
treated with 0 or 1 mM imazethapyr for 12, 18, and 24 h.

in Vitro Acetohydroxyacid Synthase Activity
Inhibition of AHAS activity during the duration of herbi-
cide treatment was evaluated in vitro on leaves from 

Table 1. Adapters and primers used in complementary DNA amplified fragment length polymorphism (cDNA-AFLP) analysis.

Restriction enzyme Name Oligonucleotide sequence (5¢ to 3¢)
CviAII CviAII_Forward adapter CTCGTAGACTGCGTACC

CviAII_Reverse adapter ATGGTACGCAGTCTAC

CviAII_preprimer CTCGTAGACTGCGTACCAT

CviAII_selprimerA GACTGCGTACCATGA

CviAII_selprimerC GACTGCGTACCATGC

CviAII_selprimerG GACTGCGTACCATGG

CviAII_selprimerT GACTGCGTACCATGT

MseI MseI_Forward adapter GACGATGAGTCCTGAG

MseI_Reverse adapter TACTCAGGACTCAT

MseI_preprimer GACGATGAGTCCTGAGTAA

MseI_selprimerA GATGAGTCCTGAGTAAA

MseI_selprimerC GATGAGTCCTGAGTAAC

MseI_selprimerG GATGAGTCCTGAGTAAG

MseI_selprimerT GATGAGTCCTGAGTAAT

Table 2. Primers used for quantitative real-time polymerase chain reaction.

Gene Name Oligonucleotide sequence (5¢ to 3¢)
ATP-binding cassette (ABC) transporter 75LeftP CGCCGTGATCTGACTTTAGC

75RightP CCGATGCCTCTAATCATTCGC
Glycosyltransferases 62LeftP CTCTCCAACGAACCTCCTCC

62RightP TATTTTGTTCCCCGCCCTCT
71A_1_20LeftP CCAATGCTGACTATGCCTGAG

71A_1_20RightP GAGGGAAACTTCGGAGGGAA
Reference gene 58LeftP GGTTGATAAGGAGACGATTGAGT

58RightP ACCATTAAGCTATCAGTACCTCC
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Fig. 1. Optimal concentration of imazethapyr for complementary DNA amplified fragment length polymorphism (cDNA-AFLP) analysis in 
the resistant (HA 425) and the susceptible (HA 89) sunflower lines. Six different concentrations of imazethapyr were evaluated during 7 d, 
and mean values were estimated for (a) foliar area (cm2), (b) foliar length (cm), (c) foliar dry weight (g), and (d) leaf color (hue angle). Same 
letters within a line indicate similar values according to Tukey’s test (p > 0.05). Vertical bars indicate SEs.

Fig. 2. Effect of imazethapyr on foliar area (cm2) for the (a) resistant (HA 425) and (b) susceptible (HA 89) lines and foliar length (cm) for the 
(c) resistant (HA 425) and (b) susceptible (HA 89) lines after 4 d of treatment. Vertical bars indicate SEs. Same letters within a line indicate 
similar values according to Tukey’s test (p > 0.05).
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6 www.crops.org crop science, vol. 58, september–october 2018

8-d-old plants after 12, 18, and 24 h of treatment with 
1 mM imazethapyr. Activity of AHAS, expressed as absor-
bance at 530 nm mg−1 fresh wt. as a percentage of the 
control, is shown in Fig. 3.

For the susceptible line, AHAS activity was signifi-
cantly reduced in imazethapyr-treated with respect to 
control (0 mM imazethapyr) plants for the three times 
evaluated. This suggests that imazethapyr molecules are 
bound to the substrate access channel in the enzyme target 
site of imidazolinone herbicides. On the other hand, 
AHAS activity was higher in the resistant line relative 
to the susceptible line for the three herbicide-treat-
ment times evaluated. In vitro activity was significantly 
reduced for the resistant line after 18 and 24 h of treat-
ment with 1 mM imazethapyr relative to control plants, 
whereas no differences were found after 12 h. This 
agrees with other studies where mutation corresponding 
to allele Imr1 confers a moderate resistance to imidazo-
linone herbicides (Kolkman et al., 2004). The enzyme 
inhibition is time dependent, involving an initial weak 
inhibition that becomes progressively stronger with time 
(Duggleby et al., 2008). These results support the contri-
bution of locus Imr2 in Imisun sunflower resistance.

cdnA-AFlP Analysis
Transcriptome characterization was conducted using 
cDNA-AFLP methodology. A total of 16 selective primer 
combinations were used for this analysis (Table 1). Each 
combination of primers produced, on average, patterns 
of ?10 fragments per sample, which ranged from 100 to 
800 bp. The expression profiles were highly reproducible 
among biological replicates. A section of a typical cDNA-
AFLP polyacrylamide gel profile is shown in Fig. 4.

Fig. 3. In vitro acetohydroxyacid synthase (AHAS) activity in resistant (HA 425) and susceptible (HA 89) sunflower lines under 1 mM 
imazethapyr treatment. Activity was expressed as percentage of the control (0 mM imazethapyr). Vertical bars indicate SEM. Asterisks 
indicate statistically significant differences from the control (Student’s t test, p < 0.05).

Fig. 4. Section of a complementary DNA amplified fragment 
length polymorphism (cDNA-AFLP) polyacrylamide gel obtained 
from selective amplification by using the combination of primers 
CviAII_selprimerA and MseI_selprimerC. Rows correspond to 12, 
18, and 24 h of control and 1 mM imazethapyr (IMI) treatment for 
the resistant (HA 425) and susceptible (HA 89) sunflower lines 
together with their technical replicates. M stands for molecular 
marker. Arrows indicate examples of some of the transcript-
derived fragments that were selected for isolation in the analysis.
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A total of 1800 TDFs were detected, of which 193 were 
isolated from gels and reamplified with PCR. These TDFs 
differed in either presence–absence or intensity along the 
different samples and therefore were considered to be differ-
entially expressed. The TDFs simultaneously expressed in 
several samples were also isolated. Fragment sizes were 
confirmed in agarose gels (data not shown). Forty-nine 
TDFs were successfully sequenced, presenting a size range 
of 132 to 533 bp with an average length of 327 bp.

After assignment of putative functions by BLAST simi-
larity search, the 49 TDFs were sorted into 18 functional 
categories. The largest set of genes corresponded to the 
functional groups involved in xenobiotic detoxification and 
drought-induced stress (36%). Four protein families were 
identified: ABC transporters (14%), glycosyltransferases 
(10%), cytochrome P450s (2%), and UDP-glucuronosyl/
UDP-glucosyltransferases (2%). A minor number of TDFs 
belonged to particular functions: kinase-related (14%), 
ribosomal proteins (8%), proteasome and lygases (4% each), 
N-acetyltransferase activity, aquaporines, Mid1-comple-
menting activity, photosynthesis-related, protein folding, 
trichome-related, auxine-related, and glyoxylases (2% 
each). Finally, 16% of the analyzed sequences were included 
in the unknown category (Fig. 5).

Among the 18 TDFs particularly related to xenobiotic 
metabolism and drought-induced stress (Table 3):

•	 Ten were detected in the resistant line HA 425, 
including four that were upregulated after 12 h of 
treatment and six that were upregulated after 24 h of 
treatment. On the other hand, four were found to be 
upregulated in 0 mM imazethapyr (control) treatment, 
three were upregulated in 1 mM imazethapyr treat-
ment, and three were detected in both treatments.

•	 Six were detected in the susceptible line HA 89, 
including four that were upregulated after 12 h 
of treatment, one after 18 h, and one after 24 h 
of treatment. Furthermore, two were found to be 
upregulated in 0 mM imazethapyr (control) treat-
ment, three were upregulated in 1 mM imazethapyr 
treatment, and one was detected in both treatments.

•	 Two were detected simultaneously in both lines 
after 24 h of 0 mM (control) and 1 mM imazethapyr 
treatment.

Sequences of the 18 TDFs related to xenobiotic metab-
olism and drought-induced stress in resistant (HA 425) and 
susceptible (HA 89) sunflower lines are shown in Supple-
mental Table S1.

Confirmation of cdnA-AFlP by qRT-PCR
The relative expression of three representative TDFs 
was analyzed by qRT-PCR: one ABC transporter 
(75_CviAII_C.ab1512) and two glycosyltransferases (62_
CviAII_C.ab1519 and 71A_1_20_CviAII_C.ab1513). 
They were identified by cDNA-AFLP as all being 
expressed in resistant sunflower line HA 425 after 12 h of 0 
and 1 mM imazethapyr treatment. Hence, they turned out 
to be interesting for further characterization. The refer-
ence gene was chosen because of its expression stability 
on cDNA-AFLP analysis, and it was classified as a ribo-
somal protein (58_CviAII_G.ab1232). Expression levels 
were evaluated on both resistant (HA 425) and suscep-
tible (HA 89) sunflower lines after 12 h of 0 and 1 mM 
imazethapyr treatment (Fig. 6).

The reference gene showed an ideal, uniform behavior 
between all samples during qRT-PCR analysis (Student’s 
t test, p > 0.05). The expression profiles were confirmed 

Fig. 5. Functional categories assigned to 49 transcript-derived fragments (TDFs) identified by complementary DNA amplified fragment 
length polymorphism (cDNA-AFLP) analysis. The transcripts were isolated and sequenced from leaves obtained from resistant (HA 425) 
and susceptible (HA 89) sunflower lines after 12, 18, and 24 h of 1 mM imazethapyr. Classes of TDFs were determined using the Basic 
Local Alignment Search Tool algorithm against the de novo sunflower transcriptome and confirmed blasting against nucleotide collection 
(nr/nt), expressed sequence tags, and nonredundant protein sequences present in the NCBI database (plant taxid: 3193). The numbers 
indicate the percentages of TDFs grouped into each functional category.
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by qRT-PCR for the three representative TDFs. None 
of them was found in the susceptible line HA 89 during 
cDNA-AFLP analysis, and their relative expression levels 
evaluated by qRT-PCR were negligible in this line.

diSCuSSion
Non-target-site resistance mechanisms generate a reduced 
number of total herbicide molecules that reach and bind to 
their target site, thereby preventing xenobiotic deleterious 
action (Petit et al., 2010). They can affect herbicide pene-
tration, translocation, and accumulation at the target site. 
Moreover, they can protect the plant against the damages 
of herbicide action due to an increased expression of genes 
involved in these metabolic processes (Délye, 2012).

Upregulated genes endowing NTSR may be expected 
in resistant plants compared with susceptible plants, 
either before or after herbicide application (constitutive 
upregulation), or only after herbicide application (herbi-
cide-induced upregulation) (Duhoux and Délye, 2013). In 
most cases, resistance appears to be constitutive and results 
from an increase in metabolism that can also be detected in 
the susceptible genotype (Werck-Reichhart et al., 2000). 
In resistant genotypes, herbicide-degrading enzymes are 
generally overproduced or modified, resulting in more 
efficient herbicide degradation as a result of an increase in 
specific activity (R4P Network, 2016). This was observed 
for Lolium spp. (Duhoux and Délye, 2013) and Echino-
chloa phyllopogon (Stapf ) Koso-Pol. (Iwakami et al., 2014), 
where P450s-mediated resistance was developed by the 
overexpression of several P450 genes. Efficient NTSR 
mechanisms initiate before herbicide damage is irrevers-
ible and continue long enough to allow resistant plants to 
recover and survive (Duhoux et al., 2015).

Complementary DNA amplified fragment length 
polymorphism is a powerful, robust, and reproducible 
transcript profiling tool extensively used in diverse species. 
Here, 49 TDFs identified by cDNA-AFLP analysis were 
isolated and sequenced from leaves obtained from resistant 
(HA 425) and susceptible (HA 89) sunflower lines after 12, 

18, and 24 h of 1 mM imazethapyr. In vitro AHAS activity 
evaluation confirmed that imazethapyr reaches its target 
site during the times analyzed here and is consistent with 
previous studies showing the moderate and time-depen-
dent resistance conferred by the allele Imr1 (Kolkman et 
al., 2004; Duggleby et al., 2008).

After functional category assignment, 18 sequences 
were found to be related to xenobiotic metabolism and 
stress. Among them, 10 sequences were found in the resis-
tant line, six were found in the susceptible line, and two 
were found in both lines. These results suggest that resis-
tance appears as a consequence of an increase in different 
metabolism routes that are present in both resistant (HA 
425) and susceptible (HA 89) lines. On the other hand, no 
particular trend was found in relation to the duration of 
herbicide treatment, and detoxification-related sequences 
were also detected in control samples. This supports the 
idea that multiple constitutive NTSR genes participate in 
imazethapyr resistance in Imisun sunflower.

Sequences related to xenobiotic metabolism were 
found in this study and corresponded to four families: 
ABC transporters, glycosyltransferases, P450s, and 
UDP-glucuronosyl/UDP-glucosyltransferases. Herbi-
cide degradation is a complex process involving the 
coordinated action of several detoxifying enzymes and 
regulatory genes like GSTs, glycosyltransferases, ABCs, 
and P450s, among others (Schäffner et al., 2002; Van Eerd 
et al., 2003; Manabe et al., 2007; Yuan et al., 2007). In 
Arabidopsis thaliana (L.) Heynh., ABC transporters have 
been shown to be implicated in detoxification of organic 
xenobiotics and herbicides (Schulz and Kolukisaoglu, 
2006). A structural gene for GST was successfully cloned 
in rice (Oryza sativa L.) and expressed in Escherichia coli, 
which participates in the conjugation of chloroacetanilide 
herbicides (Cho and Kong, 2005). It was demonstrated 
that metabolic resistance to diclofop and AHAS inhibitors 
in Lolium rigidum Gaudin was related to the overexpression 
of P450s, GSTs, and glycosyltransferases (Gaines et al., 
2014; Duhoux et al., 2015; Gardin et al., 2015), whereas 

Fig. 6. Relative expression of selected transcript-derived fragments in response to imazethapyr for 12 h in sunflower lines HA 425 and HA 
89. Mean values of the relative expression and SEs are shown. Asterisks represent statistically significant differences from the HA 425 
control sample analyzed by Student’s t test (p < 0.05).
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the same gene families in addition to ABCs were identi-
fied as responsible for resistance to fenoxaprop-P-ethyl in 
Beckmannia syzigachne (Steud.) Fernald (Pan et al., 2016). 
Particularly in sunflower species, a line with natural resis-
tance to multiple herbicides was found whose resistance 
was reverted by malathion, an inhibitor of P450s (Kaspar 
et al., 2011). Moreover, the increased susceptibility to 
imazapyr after P450 inhibitor treatments suggested that 
several P450 isozymes were related to herbicide resistance 
in Imisun cultivars (Breccia et al., 2017). In addition, an 
involvement of a detoxification system mediated by GSTs 
was detected in Imisun sunflower hybrids treated with the 
herbicide imazamox (Balabanova et al., 2017).

Eighteen candidate genes related to metabolic resis-
tance pathways were found in the present transcriptome 
analysis. Ten of them were particularly expressed in the 
resistant line, becoming potential detoxification genes 
involved in imazethapyr resistance in Imisun sunflower. 
The present study broadens available information 
about gene expression and imidazolinone resistance 
mechanisms in sunflower. Novel genetic information 
was found, becoming an important source for further 
molecular studies such as isolation and characterization 
of functional genes. Herbicides are extremely effective 
tools for weed management, but increasing resistance 
levels threaten food global production. Gene families 
potentially involved in herbicide response and NTSR in 
Imisun sunflower are an important source of variability 
available for crop breeding.

In conclusion, NTSR mechanisms may contribute 
to herbicide resistance in Imisun sunflower, and these 
mechanisms could be related to the modifier locus Imr2. 
This study allowed us to detect constitutively expressed 
detoxification genes potentially related to imidazolinone 
resistance in sunflower, encouraging further experimen-
tation to assess the participation of these gene families in 
herbicide resistance.
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