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ABSTRACT

Beckmannia syzigachne is a noxious weed for rice-wheat rotations in China. The B. syzigachne (AH-02)
population evolved metabolic resistance to fenoxaprop-P-ethyl and mesosulfuron-methyl. To investigate the
function of GT73C1 in this population, the GT73C1 gene was amplified by reverse transcription-polymerase chain
reaction, and the sequence was 100% consistent with the transcriptome data. Its phylogenetic tree was displayed
and annotated using FigTree v1.4.4. The plant overexpression vector of GT73C1 gene was constructed and used to
transform Brachypodium distachyon plants. Furthermore, the expression of GT73C1 was significantly induced
by fenoxaprop-P-ethyl and mesosulfuron-methyl, which was consistent with the findings from the whole
plant bioassay. These results indicate that GT73C1 is closely related to the metabolic resistance of B. distachyon.
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1 Introduction

Agricultural weeds are mostly annual or short-lived wild plant species, which thrive in agricultural
ecosystems, competing with other crops for nutrients, water, light and space, and some are even
intermediate hosts of pests [1]. American sloughgrass (Beckmannia syzigachne Steud.) is a diploid, self-
pollinated, hygrophilous annual weed from the family Poaceae. It is widely distributed in wheat rotated
with rice or rice rotated with oilseed rape on fields in the Yangtze Delta and the south-western region of
China [2].

Herbicide is a major tool for controlling weeds and protecting crop yields [3]. The herbicides including
the acetyl-CoA carboxylase (ACCase) and acetolactate synthetase (ALS) inhibitors are commonly used to
selectively control grass weeds in wheat. Among them, fenoxaprop-P-ethyl and mesosulfuron-methyl are
widely applied with herbicides for the control of grass weeds, such as B. syzigachne [4,5]. Due to their
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frequent usage, multiple B. syzigachne populations have been reported to evolve resistance to both
fenoxaprop-P-ethyl and mesosulfuron-methyl. This has resulted in a multiple resistance and a great
difficulty for controlling B. syzigachne [5,6].

Herbicide-resistant weeds can survive to herbicide treatments through a variety of mechanisms. The
general two are target-site resistance (TSR) and non-target-site resistance (NTSR) [7,8]. TSR is due to
changes in herbicide-binding sites or differences in the expression of target enzymes [9,10]. However,
NTSR is more complicated, and it is often caused by either elevated constitutive or herbicide-induced
expression of a set of genes encoding herbicide detoxification enzymes [7,8]. Furthermore, the
expressions of these enzymes differ among weed species and among different biotypes of the same weed
[11–14]. Therefore, searching and functional verification of genes encoding these enzymes have been
widely conducted during recent years [15–20]. A laccase gene isolated from B. syzigachne was found
related to the fenoxaprop-P-ethyl resistance, which was verified by genetic transformation of Oryza sativa
[21]. Considering the complexity of metabolic resistance, current research is far from sufficient for a clear
understanding of NTSR.

Brachypodium distachyon is the first species of Poaceae with a complete genome sequence, which has
become an important species for verifying the function of genes [22,23]. In an unpublished study, a number
of genes related to metabolic resistance to herbicides were identified from the second generation of
B. syzigachne (AH-02) through RNA-Seq. This second generation of B. syzigachne evolved resistance to
both fenoxaprop-P-ethyl and mesosulfuron-methyl, but it had no amino acid substitution in the target
enzymes [24]. This study focused on determining the function of GT73C1, because the
glycosyltransferase gene family encodes a class of enzymes that play key roles in the detoxification
process of exogenous and xenobiotic compounds, such as herbicides, in plants [25].

The aims of this work were: (1) to obtain the GT73C1 gene by reverse transcription-polymerase chain
reaction (RT-PCR); (2) to analyze the sequence information on the GT73C1 gene and its encoded protein;
(3) to construct a plant overexpression vector of GT73C1 for transformation into B. distachyon; and (4)
to functionally validate the role of the enzyme encoded by GT73C1 in NTSR for obtaining the positive
transgenic B. distachyon.

2 Materials and Methods

2.1 Plant Materials and Growth Conditions
Resistant and susceptible biotypes (RF3 and SF3) of B. syzigachne were used in this study. The seeds

were first stored at −20°C for 7 days to break dormancy, and then deposited in 9-cm diameter Petri dishes
containing two layers of qualitative-grade filter circles soaked with 5 mL distilled water [5,24]. The
dishes were placed in a growth chamber at 22/15°C (12 h light, 200 µmol m−2 s−1 photosynthetic photon
flux, and 75% relative humidity). After germination, the seeds were sown in 10-cm side plastic pots
containing loam soils. All plants were grown in the growth chamber at 22 (light)/15°C (darkness) (12 h
light, 12 h light, 200 µmol m−2 s−1 photosynthetic photon flux, and 75% relative humidity) unless
otherwise stated [24].

Brachypodium distachyon (ecotype Bd21), which was kindly provided by professor Hailong An from
the Shandong Agricultural University, was used to verify the function of the GT73C1 gene in this study.
Mature seeds of B. distachyon were placed on two layers of a damp filter paper. The dishes were kept in
4°C refrigerator for 7 days under dark conditions in dark at 4°C to break dormancy and subsequently
exposed to 22°C (16 h light/8 h darkness) for 5 days [22]. Germinated seedlings were transplanted to
10-cm wide and 8.5-cm high plastic pots. All plants were grown in the growth chamber at 22°C under
long-day (LD) conditions (18 h light/6 h darkness) unless otherwise stated [22].
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2.2 RNA Extraction and Synthesis of the First Strand of cDNA of GT73C1
The B. syzigachne (RF3 and SF3) were cultivated as described above, and at the three-four leaf stage, total

RNA (RF3 and SF3) was extracted with TranZol® Reagent (TRANSGEN BIOTECH, Beijing, China, ET101)
according to the manufacturer’s instructions. RNA degradation and contamination were monitored using 1%
agarose gels. Reverse transcription was performed with the TransScript® II One-Step gDNA Removal and
cDNA Synthesis SuperMix (TRANSGEN BIOTECH, AH311) using 5 μg total RNA as the template.

2.3 GT73C1 Gene Amplification
The sequences of the GT73C1 gene (RF3 and SF3) were obtained from previous B. syzigachne

transcriptome sequencing data (unpublished). The unigene was compared to the priority sequence of the
Nr protein libraries and Swissprot protein library to obtain the open reading frame (ORF) of GT73C1.
Then, the unigene was predicted by the ORF Finder in the National Center for Biotechnology
Information (NCBI, http://www.nc-bi.Nlm.nih.gov) database. Finally, the ORF of GT73C1 was obtained
and used in subsequent experiments (Supplementary Text 1).

The primers (Table 1) were designed based on the ORF of GT73C1 for gene amplification, using cDNA
as the template. PCR was performed in a final volume of 25 µL, including 1 µL of cDNA, 0.5 µL of each
primer (20 µM), 0.5 µL of Trans Start® FastPfu Fly DNA Polymerase, 5 µL of 5 × Trans Start® FastPfu Fly
Buffer, 2 µL of dNTP Mixture, and 15.5 µL of ddH2O. The reaction was subjected to a 5-min denaturation
at 94°C, followed by 32 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 45 s, and a final extension cycle at
72 °C for 10 min.

The PCR amplification products were confirmed and separated on a 2% agarose gel. The amplified
fragments were purified using the TIANgel Midi Purification Kit and directly cloned into the
pEASY-T1 vector (TransGen Biotech, China). The plasmids were extracted from a positive Escherichia
coli suspension with the EasyPure® Plasmid MiniPrep Kit (TRANSGEN BIOTECH, EM101) according
to the manufacturer’s instructions. They were then sequenced in forward and reverse directions by the
Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. (China). The sequencing data
were compared with the result from RNA-Seq using DNAMAN version 5.2.2 software (Lynnon Biosoft,
Quebec, Canada).

2.4 The Bioinformatic Analysis of GT73C1
Conservative regions identified by CDD were aligned between GT73C1 and other related

glycosyltransferase genes using MUSCLE v3.8.31 [26]. All ambiguously aligned regions were
subsequently removed using TrimAl v1.2rev59 [27]. The best-fit model of amino acid substitution in each
dataset was determined using ModelTest [28]. Phylogenetic trees were then inferred through the
maximum likelihood method implemented in RaxML with 1000 bootstrap replicates [29]. The

Table 1: Primers used for GT73C1 gene amplification

Gene Primer names Primer sequences (5′ to 3′) Restriction
enzymes sites

Product
length (bp)

GT73C1 GT73C1-F GGGTAC
CTCACAGCCGCCATGACCTTCGC

KpnI 1491

GT73C1-R CGACGCGT
CCATCTTTATCAGCCACCT

MluI

Note: The bold bases indicate the restriction enzyme locus.
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phylogenetic trees were displayed and annotated using FigTree v1.4.4. The pI and molecular weight of the
GT73C1 protein were predicted by expasy (http://web.expasy.org/com pute_pi/).

2.5 Functional Verification of GT73C1
2.5.1 Induction of Embryogenic Calluses

Immature seeds of B. distachyon were harvested approximately 6–8 weeks after potting when most of
the seeds were sufficiently large to contain immature embryos. The seeds were treated with 10% sodium
hypochlorite plus 0.05% Tween 20 for 5 min and then rinsed three times with sterile water. Immature
embryos were isolated from the surface-sterilized seeds, and placed on callus induction medium (CIM)
for 6 weeks to induce embryogenic calluses. The compact and nodular calluses were collected for
subculture on CIM to obtain more embryogenic calluses [22].

2.5.2 Construction of the Plant Overexpression Vector
The positive plasmids verified by sequencing were digested by KpnI and MluI, which was performed in

a final volume of 50 µL including 2 µg of positive plasmids, 1 µL of FlyCut™ KpnI, 1 µL of FlyCut™MluI
(20 µM), 5 µL of 10 × FlyCut™ Buffer, and up to 50 µL of ddH2O. Then, the target fragment was ligated to
the Agrobacterium binary vector pPZP211, which carries the maize (Zea mays) Ubi1 promoter, and it was
digested by KpnI and MluI as mentioned above [30,31]. The positive plant overexpression vector was
used for genetic transformation.

2.5.3 Genetic Transformation
The positive plant overexpression vectors were transformed into the chemically competent

Agrobacterium tumefaciens strain EHA105, and the positive bacterial suspension was used for
transformation. The collected calluses were immersed into the Agrobacterium cell suspension (0.6 <
OD600 < 1.0) for 6 min and gently shaken at intervals. The excess Agrobacterium suspension around the
calluses was first removed using sterile filter papers, and they were then placed on a freshly sterilized
filter paper for 2–3 days. The infected calluses were selected on MS solid medium, and selected with
80 mg/L of G418 at 28°C in complete darkness. After two rounds of selection (6–8 weeks), resistant
calluses generated on the surface of the original calluses were collected. Then, the resistant calluses were
transferred to the differential medium for plant regeneration under light for 3 weeks. The transgenic
plants of B. distachyon were transferred into soil for seed production, and the transgenic plants with
empty carrier were also obtained [22].

2.5.4 Detection of Transgenic Plants
RNA extraction and synthesis of cDNAwere conducted as described above. RT-PCR was performed as

described above to screen positive transgenic plants of B. distachyon. These plants (T0) were cultivated to
obtain their progenies (T1). The offspring (NT1 and WT1) of the non-transformed plants (NT0) and wild
plants (WT0) were also obtained.

2.5.5 Bioassay of the Positive Transgenic Plants
Germinated seeds (T1, NT1 andWT1) of B. distachyonwere transplanted to 10-cm wide and 8.5-cm high

plastic pots with five germinated seeds per pot. When reaching the 3–4 leaf stage, the T1 plants were
subjected to RT-PCR analysis to screen the positive transgenic plants and remove the negative ones. The
positive transgenic plants were then sprayed with fenoxaprop-P-ethyl at 62.1 g a.i. ha−1 and
mesosulfuron-methyl at 9 g a.i. ha−1 (i.e., field-recommended rates), using compressed air, moving nozzle
cabinet sprayer equipped with a Teejet 9503 EVS flat fan nozzle. The sprayer was calibrated to deliver
450 L ha−1 water at 0.28 MPa. The transgenic plants without herbicide damage at 21 days after treatment
were saved for further study.
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2.5.6 Expression Patterns of GT73C1
Quantitative RT-PCR (qRT-PCR) was conducted to assess the transcriptional level of GT73C1 in the

positive T1 plants of B. distachyon. The qRT-PCR was carried out based on the Bio-RAD CFX
ConnectTM (Hercules, CA, USA) using the Power SYBR® Green PCR Master Mix (ABI Life
Technologies) according to the manufacturer’s instructions. Ubiquitin (UBQ) was used as the internal
control gene to normalize the transcriptional levels of GT73C1. Each reaction was conducted with three
replicates for each cDNA sample, and two biological repeats were assayed, giving similar trends. The
reaction conditions were 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 60 s. Error bars
were calculated based on the values from the three replicates. The relative expression levels of the target
gene to the internal control were calculated using the 2–ΔΔCT method [32].

The T1 plants of B. distachyon were also subjected to RT-PCR, and those without the transgene were
removed. When the positive T1 plants reached the 3–4 leaf stage, they were sprayed with fenoxaprop-P-
ethyl at 62.1 g a.i. ha-1 and mesosulfuron-methyl at 9 g a.i. ha−1 (i.e., field-recommended rates) [25]. The
RNA extraction (0, 12, 24, and 36 h after the herbicide treatment) and cDNA synthesis were performed
as described above.

3 Results

3.1 Obtaining the GT73C1 Gene
The RNA results showed that it was not degraded and met the experimental requirements. Through

database comparison and using the ORF Finder tool, the ORF of the GT73C1 gene was obtained, which
was 1491 bp, encoding 496 amino acids. The agarose gel electrophoresis results of the PCR products
showed a single band at about 1500 bp, as predicted (Fig. 1). There were no amino acid differences
between RF3 and SF3 GT73C1, and the gene was as predicted by ORF of transcriptome sequencing
(Supplementary Fig. 1).

Figure 1: Electrophoresis of the GT73C1 gene amplified by RT-PCR
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3.2 Sequence Analysis of the GT73C1 Gene
The phylogenetic tree showed that GT73C1 was closely related to the other GT family proteins (Fig. 2).

The pI of the GT73C1 protein was 5.23 and the molecular weight was 54878.23 Daltons (Supplementary
Fig. 2).

3.3 Induction of Embryogenic Callus and Construction of Plant Overexpression Vector
Compact and globular calluses of B. distachyon of about 5 mm in diameter were collected for

Agrobacterium infection. The enzyme-digested products of positive plasmids and pPZP211 vector were
examined through agarose gel electrophoresis, confirming the completion of digestion (Fig. 3a). The
EHA105 suspension was also examined by agarose gel electrophoresis, and the positive bacterial
suspension was selected for transformation (Fig. 3b).

Figure 2: Phylogenetic analysis of the GT73C1 gene extracted from B. syzigachne
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3.4 Acquisition of Transgenic Plants
A total of 22 transgenic plants of B. distachyon were generated from 30 hygromycin-resistant calluses.

The RT-PCR result showed that 17 out of the 22 plants were positive forGT73C1. The 17 positive plants (T0)
were cultivated under the same conditions for obtaining progenies (T1). The offspring of the non-transformed
plants (NT0) and wild plants (WT0) were also obtained.

3.5 The Bioassay of Positive Transgenic Plants
The whole plant bioassay results showed no visible injury symptoms in T1 plants of B. distachyon.

However, the NT1 and WT1 plants appeared in general less robust and shorter than T1 plants, which was
independent of the fenoxaprop-P-ethyl or mesosulfuron-methyl treatment (Fig. 4).

Figure 3: Construction of plant overexpression vector. (A) The identification of restriction enzyme digestion
of plasmids and vectors; (B) The detection of positive bacterial suspension by PCR amplification

Figure 4: The bioassay of positive transgenic plants. (A) The bioassay of positive transgenic plants at 21 d
after fenoxaprop-P-ethyl field-recommended rate treatment; (B) The bioassay of positive transgenic plants at
21 d after mesosulfuron-methyl field-recommended rate treatment
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3.6 Expression Patterns of the GT73C1 Gene
The 22 positive T1 B. distachyon plants were used to analyze the expression patterns of GT73C1. The

results of qRT-PCR showed that fenoxaprop-P-ethyl and mesosulfuron-methyl could induce a high
expression of the GT73C1 gene. This indicated that GT73C1 mediates the metabolic resistance to
fenoxaprop-P-ethyl and mesosulfuron-methyl (Fig. 5).

4 Discussion

Multiple studies have reported NTSR to herbicides by metabolic detoxification, based on the results
from transcriptomics and proteomics. The miR397 gene from B. syzigachne (referred to as bsy-miR397)
was functionally characterized to determine its role in regulating fenoxaprop-P-ethyl resistance by
transgenic technology (Nicotiana tabacum L. and Oryza sativa L.) [21]. In the present study, a solely
NTSR-based population with no TSR involvement was selected for identifying herbicide metabolic
detoxification genes [24]. For further gene function verification, we utilized transgenic B. distachyon to
characterize the role of a metabolic gene. Brachypodium distachyon, a member of the Pooideae
subfamily, is a small grass with biological attributes (small genome, diploid accessions, small stature and
many tillers) suitable to be used as a model system.

Glycosylation, which is mediated by the UDP-glycosyltransferase, participates in plant resistance
against xenobiotic compounds (such as herbicides) [25]. Therefore, this study selected GT73C1 as the
target gene. The phylogenetic tree showed that GT73C1 is closely related to other GT family proteins,
which have evolved as part of the resistance mechanisms in many plants, such as in Triticum aestivum
[13]. Bioinformatics software and online tools can provide useful information for determining the
functions of unknown proteins. Sequence analysis of GT73C1 showed no amino acid differences between
RF3 and SF3. This result indicated that the high expression of GT73C1 might be one of the important
causes of resistance in B. syzigachne, rather than the mutations in metabolizing genes.

Transgene technology is effective in verifying the functions of unknown genes. The RT-PCR detection
of T1 plants of Brachypodium showed that 77% of the seedlings were positive, which indicated a potential
separation of the GT73C1 gene. The expression of GT73C1 in the transformed plants of Brachypodium was
induced by fenoxaprop-P-ethyl and mesosulfuron-methyl, indicating that this gene might be closely related
to the metabolic resistance towards fenoxaprop-P-ethyl and mesosulfuron-methyl. The whole plant bioassay
further supported this hypothesis.

5 Conclusion

We successfully isolated and amplified the metabolic resistance gene (GT73C1). The phylogenetic tree
showed that GT73C1 is closely related to other GT family proteins. The overexpression of GT73C1 in the

Figure 5: Transcriptional level of the GT73C1 gene in positive B. distachyon. (A) The fenoxaprop-P-ethyl
field-recommended rate treatment; (B) The mesosulfuron-methyl field-recommended rate treatment; Error
bars indicate standard deviations

768 Phyton, 2022, vol.91, no.4



positive B. distachyon plants indicated that GT73C1 is closely related to the metabolic poly-resistance
towards fenoxaprop-P-ethyl and mesosulfuron-methyl, which was further verified by the whole plant
bioassay.
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Supplementary Text 1

ATGACCTTCGCCGGCGGCGGCAATGGCCAGATCGGCTCCACGAGGGCGCACTTCGTGCTGG
TCCCAATGATGGCGCAGGGCCACACCATCCCCATGACGGACATGGCGCGCCTCCTGGCCGAG
CATGGCGCGCAGGTCAGCTTCATCACCACACCGGTGAACGCCTCCAGGTTGGCAGGCTT
CGCCGCCGATGTGGAGAGAGCGGGACTGGCGGTCCGGCTCGTGGAGCTCCGCTT
CCCGGCCGCCGAGTTCGGCCTACCGGACGGGTGCGAGAACCTCGACTTGATCCAGTCCAAGGGT
CTGTTCCTGAACTTCATGGAGGCCTGCGCCGCGCTGAGGGAGCCGTTAATGACGCACCTCCGT
GAGCAGCAGCTCTCGCCCCCAAGCTGCATCATTTCTGACATGATGCACTGGTGGACCGGTG
ACATTGCAAGGGAGCTCGGTATCCCGAGGCTCACCTTTATCGGCTTCTGTGGCTTCTCCTCCCTTG
CCAGGTACATCATCTCTCAGAACAACTTGCTGGAAAACGTCACAGATGAAAATGAGCTTG
TCAGGATTCCAGGGTTCCCTACACAACTAGAGTTGACGAAGGATAAATGTCCTGGAAG
CCTTTCCGTTCCAGGCATGGAGAAAATCCGTGAGAAGATGATTGAGGAGGAGCTGAGATGCGAT
GGTGAGGTCGTTAACACTTTCCAAGAGCTAGAGACATTGTACATTGAATCCCTTGAGCAAGTG
ACAAGGAAGAAGGTCTGGACGGTCGGGCCAATGTGCCTCTCCCACCGAGACAGCAACACAATG
TCCGCAAGAGGAAACAAGGCATCGATGGATGAGGCACAGTGCTTGCAGTGGCTTGATTCAATG
AAGCCAGGCTCAGTAATCTTTGTCAGCTTTGGCAGCCTCGCTGCCACTACACCTCAACAGCTTG
TTGAGCTGGGACTGGGACTTGAAGCCTCCAAGAAACCGTTTATTTGGGTGATCAAAGCAGGGG
CTAAGTTTCCAGAGGTCGAGGAATGGCTCGCAGATGGGTTCGAGGAGCGTGTCAAAGACAG
AGGCATGATCATAAGAGGCTGGGCGCCACAGGTAATGATCTTGTGGCACCAAGCCATTGGGGG
ATTTGTGACGCACTGTGGGTGGAACTCAACAATAGAGGGCATCTGTGCAGGTGTGCCCATG
ATCACATGGCCACACTTTGCGGAGCAATTTTTGAATGAGAAGCTGGTTGTCGATGTGCTG
AAAATTGGGTTGGAGGTTGGAGTGAAAGGAGTTACACAGTGGGGAAACGAACAACAAGAGG
TTATGGTTACAAGAGATGCTGTGGAGACAGCAGTGTACACCTTGATGGGTGAGGGGGAGGCTG
CAAAGGAGTTGAGAATGCGAGCAAAAGACTATGCCATTAAGGCAAGGAGGGCTTTCGACGAGG
AAGGTTCTTCATATAACAACGTAAAGCTATTAATTCAAGAAATGGGAAATAAGACGAATGCAGG
TGGCTGA
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Figure S2: The pI and molecular weight of GT73C1 protein

Figure S1: The alignment of amplified GT73C1 gene (from RF3 and SF3) and RNA-seq of B. syzigachne
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