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Abstract 5-Enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS) and glyphosate N-acetyltransferase
(GAT) can detoxify glyphosate by alleviating the
suppression of shikimate pathway. In this study, we
obtained transgenic tobacco plants overexpressing
AM79 aroA, GAT, and both of them, respectively, to
evaluate whether overexpression of both genes could
confer transgenic plants with higher glyphosate resis-
tance. The transgenic plants harboring GAT or AM79
aroA, respectively, showed good glyphosate resistance.
As expected, the hybrid plants containing both GAT and
AM?79 aroA exhibited improved glyphosate resistance
than the transgenic plants overexpressing only a single
gene. When grown on media with high concentration of
glyphosate, seedlings containing a single gene were
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severely inhibited, whereas plants expressing both
genes were affected less. When transgenic plants grown
in the greenhouse were sprayed with glyphosate, less
damage was observed for the plants containing both
genes. Metabolomics analysis showed that transgenic
plants containing two genes could maintain the
metabolism balance better than those containing one
gene after glyphosate treatment. Glyphosate treatment
did not lead to a huge increase of shikimate contents of
tobacco leaves in transgenic plants overexpressing two
genes, whereas significant increase of shikimate con-
tents in transgenic plants containing only a single gene
was observed. These results demonstrated that pyra-
miding both aroA and GAT in transgenic plants can
enhance glyphosate resistance, and this strategy can be
used for the development of transgenic glyphosate-
resistant crops.

Keywords Glyphosate N-acetyltransferase -
EPSPS - Transgenic plants - Glyphosate resistance -
Metabolism

G. Cao - Y. Ren - J. Wang
College of Agriculture and Biotechnology, China
Agricultural University, Beijing 100094, China

W. Lu

Biotechnology Research Institute, Chinese Academy of
Agricultural Sciences, Beijing 100081, China

@ Springer


http://dx.doi.org/10.1007/s11248-015-9874-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-015-9874-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11248-015-9874-8&amp;domain=pdf

754

Transgenic Res (2015) 24:753-763

Introduction

Glyphosate (N-phosphonomethyl glycine), an impor-
tant and potent herbicide, is widely used to control
weeds in agricultural fields. Glyphosate plays an
important role in weed control because of its efficacy
against all plant species, low mammalian toxicity,
minimal environmental impact and low cost in the
production and application process. Glyphosate in-
hibits the enzyme S5-enolpyruvylshikimate-3-phos-
phate synthase (EPSPS;EC2.5.1.19), which converts
phosphoenolpyruvate (PEP) and shikimate-3-phos-
phate (S3P) to 5-enolpyruvylshikimate-3-phosphate
(EPSP), shuts down the shikimate pathway and leads
to plant death (Herrmann and Weaver 1999).

Two major types of EPSPSs have been classified.
Type I EPSPSs have been identified mainly in plants
and bacteria, and type II EPSPSs have been identified
in some forms of bacteria. In E. coli, EPSPS is
encoded by aroA. Type I EPSPSs are naturally
sensitive to glyphosate, whereas type II EPSPSs are
resistant to glyphosate (Funke et al. 2006). Apart from
these, a novel EPSPS gene isolated from Pseu-
domonas putida 4G-1 was classified as a new type
I EPSPS (Sun et al. 2005). After the primary target of
glyphosate was identified as EPSPS in the 1980s,
EPSPS became the top choice for the development of
transgenic glyphosate-resistant crops. The transgenic
glyphosate-resistant crops overexpressing CP4
EPSPS gene, a member of type II EPSPS, have been
commercially used for many years.

The increased use of glyphosate over multiple years
has led to glyphosate resistance of some weed species
(Gaines et al. 2010). At present, researches on
glyphosate focused on the target of glyphosate or
other mechanisms involved in the resistance, which
were also defined as target-site or non-target-site
glyphosate resistance (Yu et al. 2009; Yuan et al.
2007). The mutation of EPSPS, especially the muta-
tion at Prol06, is a common resistance mechanism
which has been reported in several weedy species
(Baerson et al. 2002; Wakelin and Preston 2006).
Reduced glyphosate translocation is also a resistance
mechanism which can lead to a higher level of
resistance than EPSPS mutations (Preston and Wake-
lin 2008). It was also reported that Amaranthus
palmeri developed glyphosate resistance by gene
amplification to increase the EPSPS expression
(Gaines et al. 2010).
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In spite of resistance problems, it is still important
to obtain glyphosate-resistant EPSPS genes for the
development of transgenic glyphosate-resistant crops.
Numerous EPSPSs were identified or screened from
plants, bacteria or fungi. AM79 EPSPS is a type I
EPSPS which was isolated from a glyphosate resistant
bacteria strain through the metagenomic method. The
transgenic experiment and the analysis of EPSPS
enzyme Kkinetic parameters indicated that AM79
EPSPS could be a good candidate for the development
of herbicide-resistant crops (Cao et al. 2012).
Glyphosate N-acetyltransferase (GAT) can detoxify
the herbicide glyphosate by N-acetylation of glypho-
sate, alleviating the suppression of shikimate pathway.
The first reported GAT gene was isolated from
Bacillus licheniformis and optimized by 11 cycles of
DNA shuffling (Castle et al. 2004). The mutation
collected from the eleventh cycle presented an
extremely high glyphosate resistance when it was
integrated into E. coli, Arabidopsis, tobacco and maize
(Castle et al. 2004; Delaney et al. 2008). Structural
analysis and kinetic data suggest that high glyphosate
resistance is owing to the cooperative effects of some
additional substitutions relocated to the active site
(Siehl et al. 2007). The gene was widely used in
transgenic maize, soybean and other plants by Pioneer
Hi-bred, International (DuPont) company and could
be a novel gene for developing transgenic glyphosate-
resistant plants. A new GAT gene was identified from
glyphosate polluted soil using the conservative
primers refer to B. licheniformis, followed be opti-
mized by DNA shuffling (Jin et al. 2007). This gene
showed a high glyphosate resistance in recombinant
Escherichia coli, and possessed a lower identity with
the GAT acquired by Castle et al. (2004) and Jin et al.
(2007).

GAT and EPSPS participate in different glyphosate
resistance mechanisms. EPSPS blocks the suppression
of the shikimate pathway by producing more EPSPS
or slowing down the binding capacity of glyphosate,
whereas GAT detoxifies the glyphosate by N-acety-
lation. Either AM79 aroA or GAT has been shown to
confer transgenic plants with high glyphosate resis-
tance (Castle et al. 2004; Cao et al. 2012). Pyramiding
both genes might be able to make transgenic plants
more tolerant to glyphosate, that make it possible that
farmers could use higher concentration of glyphosate
to kill the tolerant weeds. Due to that GAT and EPSPS
has different function mechanisms, combining both
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genes could also delay the development of new
glyphosate-tolerant weeds. The effects of co-expres-
sion of glyphosate-resistant genes with different
resistance mechanisms on transgenic plants have not
previously been reported.

In this study, we transformed AM79 aroA and GAT
gene into tobacco plants and assessed the glyphosate
resistance of the transgenic plants containing two
genes or only one gene. Transgenic plants containing
two genes could acquire a higher glyphosate resistance
by maintaining the stability and balance of key
metabolic pathways.

Materials and methods
Plasmid construction

The GAT gene (Lin et al. 2006) was amplified using PCR
method with BamHI and Sacl restriction site added to
the upstream and downstream end of the gene. The
sequence of the forward primer was 5'-CTGGATC-
CATGATTGACGTGAAC-3/, with the restriction en-
zyme BamHI at the 5’ end, and the reverse primer was 5'-
CAGAGCTCTTATGCGATCCTCTTG-3', with Sacl at
the 5" end. Then the PCR product was ligated to pPGEM-
T Easy vector (Promega Company) for sequencing. The
plasmid p3301-121spAM79 (Cao et al. 2012) was used
as the donor vector. The AM79 aroA gene was replaced
by GAT fragment digested with BamHI and Sacl to
construct the vector p3301-121spGAT (renamed as
pSpGAT). For constructing non signal peptide GAT
plant transformation vector p3301-121GAT (renamed
as pGAT), we used the GAT gene to replace the G2
fragment in the plasmid p3301-121G2 with the added
BamH 1 and Sac 1 sites (Cao et al. 2012).

Plant transformation

Plant expression plasmids pSpGAT and pGAT were
transferred into competent cells of the Agrobacterium
tumefaciens strain EHA 105 through freeze—thaw treat-
ment. The transformed A. tumefaciens colonies were
selected on YEB-agar plates containing 100 pg/mL of
kanamycin and 50 pg/mL of rifampicin. The positive
colonies were identified by PCR amplification of the
GAT gene and used for the tobacco (Nicotiana tabacum
var. Samsum) transformation as previously described

(Horsch et al. 1985) using 10 mg/L phosphinothricin
(PPT) as the selected reagent. The transgenic plants
were confirmed by PCR amplification of the GAT gene
and transferred to the greenhouse for harvesting.

Production of hybrid plants

The transgenic lines with a single GAT copy and the
transgenic plants containing one copy of AM79 aroA
(Cao et al. 2012) were used for the cross-pollination
experiments. To prepare maternal acceptor plants, the
stamens were removed and the blooms were covered
to prevent cross contamination with undesired pollen.
At the flowering stage, we hand-pollinated the plants
with tweezers, and reciprocal crosses were carried out.
F, generation seeds were harvested and further
confirmed to have both genes by PCR method.

Glyphosate resistance analysis of transgenic
tobacco

To evaluate the glyphosate resistance of tobacco
seedlings in MS medium, heterozygous tobacco seeds
of the T; generation were germinated on MS medium
containing 10 mg/L PPT and grown for 7 days at
100 pmol m~2 s~! with a 16 h light/8 h dark period.
The living seedlings with similar size were transferred
onto MS medium in plates containing different amounts
of glyphosate and grown vertically. 2 weeks later, injury
was analyzed according to the percent of chlorotic
leaves. Besides this, we used the homozygous T,
generation seeds for glyphosate resistance identification
directly. Tobacco seeds were sterilized and germinated
on MS medium containing 2 mM glyphosate and grown
vertically for 14 days at 100 pmol m~>s~' witha 16 h
light/8 h dark period at 25 °C. Injury was observed
according to the percent of chlorotic leaves, and the fresh
weight and root length was measured.

To evaluate the glyphosate resistance of tobacco
plants grown in greenhouse, one-week-old seedlings
germinated on MS medium were transferred to soil
and grown in a greenhouse for about 1 month. Six-to-
eight leaf stage transgenic plants were sprayed with 4
times (9 L/ha Roundup®, for GC/MS analysis) or 8
times (18 L/ha Roundup®, for glyphosate resistance
evaluation) of the recommended field application
concentration of glyphosate. Injury was observed
and fresh weight was measured 2 weeks after
treatment.
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RNA isolation and RT-PCR

Total RNA was isolated from tobacco leaves using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
first-strand cDNA synthesis was performed with
M-MLV reverse transcriptase (Promega) using
oligo-dT primer. Specific primer for AM79, GAT and
internal actin gene were shown in Supplemental
Table 1. For RT-PCR, 1 pL tenfold diluted cDNA
were used for template and 22-30 amplification cycles
were selected for PCR project based on the amplifi-
cation efficiency of each primer. The amounts of the
PCR products were screened on 1 % agarose.

Metabolic profiling

Six-to-eight leaf stage transgenic tobacco harboring
GAT, AM79 aroA and dual genes were sprayed with
four times of the recommended field application
concentration of glyphosate. 5 days later, each leaf
sample was collected from three independent plants
and total six samples were prepared for each treat-
ment. The leaf tissue of each category were frozen in
liquid nitrogen and then stored in a low temperature
refrigerator of —80 °C for subsequent processing. The
leaves of transgenic plants which have not been treated
by glyphosate were also prepared as control samples.

For GC/MS analysis, each grated powder sample of
20 mg was transferred to a glass centrifuge tube
followed by 1 mL 100 % methanol. 10 pL phenylala-
nine (Sigma Aldrich) as internal standard was added to
each sample and the mixture was ultrasonicated at
ambient temperature (approximately 60 °C) for
15 min and then vortex-mixed. The samples were
subsequently centrifuged at 2200 rpm for 15 min and
0.4 mL of the supernatant was collected separately
from each sample into a test tube. Then 0.2 mL
precooled 100 % acetonitrile and 0.4 mL ultra-pure
water were added and vortex-mixed. Samples were
centrifuged at 2200 rpm for 15 min and 0.2 mL
selected supernatant was transferred to a screw vial
(2 mL) which could be used for derivatization and
evaporated to dryness under a stream of nitrogen gas.
30 pL 20 mg/mL methoxyamine pyridine hydrochlo-
ride solution was added to each tube and shaken to
mix, then maintained at a temperature 37 °C for
90 min. Then, we added 30 pL BSTFA with 1 %
TMCS to each vial, and left the mixture to be
incubated for 60 min at a temperature of 70 °C. After
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incubation preservation for 30 min on room tem-
perature, the samples were selected and prepared for
metabolic profiling based on GC/MS principle (Wu
et al. 2010).

Analysis was performed on an Agilent 7890A/
5975C  GC/MS  system equipped with a
30 m x 0.25 mm i.d. fused-silica capillary column
with 0.25-pm HP-5MS stationary phase (Agilent J&W
Scientific, Shanghai, China). The injection tem-
perature was set at 280 °C. High purity helium
(>99.999 %) was used as the carrier gas at a constant
flow rate of 1 mL/min. 1 pL aliquot of derivatized
sample was injected splitless into the injection port
and the column temperature was initially kept at 80 °C
for 2 min and then increased to 320 °C at a rate of
10 °C/min, where it was held for 6 min. The ion
source temperature was set at 230 °C and the MS
quadrupole temperature at 150 °C. Using the full scan
mode for mass spectrometric detection, the masses
were acquired from 50 to 550 m/z. Random sampling
for analyzing consecutive samples was selected to
avoid the impact of possible fluctuations of the
machine’s signal.

The chromatograms were collected and subjected
to noise reduction using MassHunter workstations.
After correction of the retention time and analysis of
the mass fragments, the data were converted to MZ
format, followed by converting to Computable Docu-
ment Format (CDF). The Automated Mass Spectral
Deconvolution and Identification System (AMDIS)
were used to make the data for deconvolution. Each
compound had a unique fragmentation pattern com-
posed of a number of split molecular ions. The mass
abundance and charge ratios could be compared with a
standard mass chromatogram in the National Institute
of Standards and Technology (NIST) mass spectra
library and a self-built library by Shanghai Sensichip
Infotech Co., Ltd. by the ChemStation Software. The
intensity information of each peak was expressed and
the comparison between different categories was
performed.

Statistical analysis

Comparisons of the values for significant differences
were performed using Student’s 7T test in Excel
(Microsoft 2010) at P < 0.05 or P < 0.01 level. All
the photographs were treated using Adobe Illustrator
CSS5 or Origin 8.0 software.
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Results

Overexpression of GAT conferred transgenic
tobacco plants with high glyphosate resistance

A GAT gene was cloned using metagenomic screening
method from a bacterium grown in glyphosate
contaminated soil (Jin et al. 2007). To investigate
whether this GAT gene is suitable for developing
glyphosate-resistant transgenic crops, the glyphosate
resistance conferred by GAT gene in transgenic
tobacco plants was assessed. Vector pSpGAT where
GAT gene was fused with the signal peptide sequence
of the pea rib-1,5-bisphospate carboxylase (rbcS)
small subunit and vector pGAT where GAT gene
was not fused with the signal peptide sequence were
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Fig. 1 Glyphosate resistance of transgenic tobacco plants in a
greenhouse. T, tobacco seeds were germinated on the MS
medium containing 10 mg/L PPT and grown for 7 days at
100 pumol s~'m™2 with a 16 h light/8 h dark period. The live
seedlings were transferred to soil in pots and grown for another
month. Six-to-eight leaf stage transgenic plants were sprayed
with 9 L/ha Roundup®. Two weeks after treatment, injury was
observed, and fresh weight was measured. AM79, transgenic
plants overexpressing AM79 aroA; GAT, transgenic plants

constructed, respectively (Supplemental Fig. 1). The
vectors were transformed into tobacco plants and
transgenic plants were identified using PCR method
(data not shown).

The glyphosate resistance of T; generation of
transgenic tobacco plants overexpressing GAT or
AM?79 aroA (Cao et al. 2012) gene were investigated.
One-month-old transgenic tobacco plants grown in the
greenhouse were sprayed with Roundup® at an equal
dose of four times of the recommended field applica-
tion concentration (approximately 9 L/ha). 2 weeks
after the treatment, all WT plants were killed, and the
transgenic plants transformed with pSpGAT were also
injured severely (Fig. la). On the contrary, the
transgenic plants containing only GAT gene showed
good glyphosate resistance similarly to the plants

overexpressing GAT; SP + GAT, transgenic plants overex-
pressing GAT which is fused with signal peptide; a photograph
of tobacco plants harboring AM79 aroA and SP + GAT
2 weeks after glyphosate treatment. b Photograph of tobacco
plants harboring AM79 aroA and GAT 2 weeks after glyphosate
treatment. ¢ Fresh weight of tobacco plants. Data are shown as
the average + SD of ten independent transgenic lines. Asterisk
indicates significant difference at P < 0.01 level

@ Springer



758

Transgenic Res (2015) 24:753-763

Fig. 2 Molecular
identification of transgenic
plants harboring GAT and
AM?79 aroA. a Multiplex-
PCR detection of the hybrid
tobacco plants, M, DL2000
plus DNA ladder; 1-8,
different hybrid lines; 9,
H,0; 10, WT; 11, plasmid
pGAT; 12, plasmid p3301-
121spAM79; b the B
transcriptional level of

AM79 aroA and GAT in

transgenic tobacco plants

overexpressing AM79 aroA (Fig. 1). Tobacco tissues
of aerial parts from ten plants were 5.00 g and 7.02 g
for WT plants and transgenic plants transformed with
vector pSpGAT, respectively. The fresh weight of
transgenic plants overexpressing GAT or AM79 aroA
was 23.08 and 22.80 g, respectively (Fig. 1c). Trans-
genic plants transformed with vector pGAT had
significantly higher fresh weight than plants trans-
formed with vector pSpGAT (Fig. 1c), indicating that
the location of GAT in the chloroplast decreased the
efficiency of GAT to detoxify glyphosate.

On the medium without glyphosate, transgenic
tobacco seedlings grew as well as the WT plants
(Supplemental Fig. 2). The transgenic plants harbor-
ing only GAT gene showed as good performance (a
heavier fresh weight and uninhibited root elongation)
as the AM79 aroA transformants which we previously
reported (Supplemental Fig. 2; Cao et al. 2012).

Transgenic tobacco plants harboring both GAT
gene and AM79 aroA showed higher glyphosate
resistance

GAT and AM79 EPSPS participate in different
glyphosate resistance mechanisms. We further inves-
tigate whether pyramiding of both genes could confer
plants with higher glyphosate resistance than those
containing one gene. GAT transgenic line GAT-15 was
determined to have a single transgene insertion in
chromosome. The T, generation of homozygous
transgenic tobacco plant lines GAT-15 and AM79-4
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which has one copy of AM79 aroA (Cao et al. 2012)
were selected for the crossing to obtain F; generation
seeds. Reciprocal cross was performed between AM79
aroA and GAT transformants, and the glyphosate
resistance was not different between the hybrid plants.
The F; generation plants were confirmed to harbor
both two genes using PCR method (Fig. 2a). We also
used RT-PCR method to confirm the transcriptional
level of transgenes, and the results showed that both
genes were expressed normally and not affected by
each other in the hybrid plants (Fig. 2b).The glypho-
sate resistance of the hybrid plants containing both
genes and the transgenic plants harboring only one
gene was compared. On the MS medium without
glyphosate,all the seedlings grew well and displayed a
similar root length and fresh weight (data not shown),
indicating that the seeds selected from WT, hybrids
and single gene transformants retained similar initial
seed quality. 2 mM glyphosate inhibited the growth of
WT plants which turned yellow completely (Fig. 3a).
Hybrid plants harboring two genes grew well under
the glyphosate stress and did not show any signs of
glyphosate injury. The root length was measured and
the results showed that hybrid plants containing both
genes had significantly longer root length than the
transgenic plants containing only one gene (Fig. 3b).
These results clearly showed that pyramiding of both
genes could enhance the glyphosate resistance of
transgenic plants.

The glyphosate resistance was also assessed using
plants grown in the greenhouse. Plants with six-to-
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Fig. 3 Glyphosate resistance of transgenic tobacco seedlings
grown on medium containing 2 mM glyphosate. T, homozy-
gous tobacco seeds were germinated on the MS medium
containing 2 mM glyphosate and grown vertically for 14 days at
100 pmol s~ 'm™? with a 16 h light/8 h dark period. Pho-
tographs were taken 2 weeks later, and the root length was
measured at the same time. a Photograph of WT plants and
transgenic tobacco harboring GAT, AM79 or both gene. b Root
length of the tobacco plants. Data are shown as the aver-
age £ SD of seven to ten independent transgenic lines. Asterisk
means significant difference at P < 0.01 level

eight leaves were sprayed with high concentration of
glyphosate at a dose of eight times of the recommend-
ed field application concentration (approximately 18
L/ha). 2 weeks after treatment, injury was observed
and fresh weight was measured (Fig. 4). As expected,
all the WT plants were killed by the herbicide and
possessed a minimum weight. The hybrid plants
harboring GAT and AM79 aroA gene displayed a
powerful capacity for coping with the impact of high
concentration glyphosate. The leaves of the hybrid
plants harboring dual genes had no visible damage,
whereas the leaves of the transgenic lines containing
GAT or AM79 aroA showed necrosis of leaf margin
(Fig. 4a). The fresh weight of ten plants of hybrid
plants, GAT plants and AM79 aroA plants was 64.41,
23.08 and 22.80 g, respectively, and the difference
between the hybrid plants harboring two genes and the

WT AMT79

AMT79xGAT GAT
80 -
70
60

50

40 A
30 A

%%
20 4
10 4
ol mmEm . .
WT

AM79 AM79xGAT GAT

Fresh weight(g/ten plants) &

Fig. 4 Glyphosate resistance of transgenic tobacco plants in a
greenhouse when sprayed with 18 L/ha Roundup®. T, homozy-
gous tobacco seeds and F; hybrids tobacco seeds were
germinated on the MS medium containing 10 mg/L PPT and
grown for 7 days at 100 pmol s~'m™>witha 16 hlight/8 h dark
period. The live seedlings were transferred to soil in pots and
grown for another month. Six-to-eight leaf stage transgenic
plants were sprayed with 18 L/ha Roundup®. Two weeks after
treatment, injury was observed, and fresh weight of ten plants
was measured. a Photograph of tobacco plants harboring AM79,
GAT, or both genes. b Fresh weight of tobacco plants. Data are
shown as the average + SD of ten independent transgenic lines.
Asterisk means significant difference at P < 0.01 level

one gene transformants was significant (Fig. 4b).
These results further confirmed that pyramiding of
both genes could enhance the glyphosate resistance of
transgenic plants.

Overexpression of both GAT and AM79 aroA
could maintain better metabolic balance
in glyphosate-treated hybrid plants

To investigate the mechanism of the higher glyphosate
resistance of hybrid plants, metabolomics analysis was
performed. Sixty metabolites were identified in the
tobacco plants (Supplemental Table 2). Most of these
compounds are secondary metabolites, and a portion
of the compounds are primary metabolites that play
important roles in specific metabolic pathways. In
transgenic tobacco plants overexpressing AM79 aroA,
24 metabolites were up-regulated and 2 metabolites
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were down-regulated by treatment with glyphosate,
respectively (Fig. 5a). Seven metabolites were up-
regulated and two metabolites were down-regulated in
transgenic plants overexpressing GAT (Fig. 5b). In
hybrid plants overexpressing both AM79 aroA and
GAT, only two metabolites were up-regulated and one
metabolite was down-regulated by glyphosate treat-
ment, respectively (Fig. 5c).

High accumulation of shikimate is an indicator of
the response of plants to glyphosate stress. Before the
application of glyphosate, there were no significant
differences in metabolites between the tobacco plants
(data not shown). Under glyphosate stress, transgenic
tobacco plants expressing AM79 aroA exhibited 2.19
fold increase of shikimate (Supplemental Table 2;
Supplemental Fig. 3) because of the enhancement of
catalysis reaction given by AM79 EPSPS. GAT could

>

confer transgenic tobacco with high glyphosate resis-
tance as similarly to AM79 EPSPS, but transgenic
tobacco harboring GAT showed a 101 fold increase of
shikimate (Supplemental Table 2; Supplemental
Fig. 3). Nevertheless, glyphosate treatment did not
cause an accumulation of shikimate in hybrid tobacco
plants, indicating that the shikimate pathway in hybrid
plants was not affected (Supplemental Table 2; Sup-
plemental Fig. 3). A three folds increase of acetic acid
was observed in transgenic plants overexpressing
AM?79 aroA or GAT, whereas there was not observable
change in hybrid plants expressing both genes (Sup-
plemental Table 2). Tetradecanoic acid accumulations
were also up-regulated in transgenic plants expressing
AM?79 aroA or GAT, and no change was observed in
hybrid plants containing both genes. Up-regulation of
glycoside was detected in all the tobacco plants treated
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Fig. 5 Metabolic changes in the leaves of transgenic tobacco
overexpressing AM79 aroA (a), GAT (b) or dual genes (c). Six-
to-eight leaf stage transgenic tobacco plants were sprayed with
four times of the recommended field application concentration

@ Springer

N AC d O B0
: | ; o o B,
I o™ @ W e G
R R \S ST P N
v oW o \\;OQ. L ‘\o\" Qe Qe
WA v ef Na
o

30

Hybrid
N | ybrid+glyphosate

20

Relative metabolite level

Pyroglutamic acid  Galactose Glycoside

of glyphosate. Five days later, leaf samples were collected for
metabolic profiling. Data were presented with average + SE of
six independent replicates. Experimental data was tested by
Students’ ¢ test analysis at P < 0.05 or P < 0.01 level
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with glyphosate, possibly because glycoside has
multiple functions in plants suffering abiotic stress.
Comprehensive analysis of metabolite change in
single gene transformants showed that some com-
pounds had opposite change patterns. Both nicotine
and p-Glycero-p-gulo-Heptose were up-regulated in
AM?79 aroA transformants, whereas they were down-
regulated in GAT transformants. In transgenic tobacco
plants overexpressing one or two genes, glyphosate
treatment led to the increased accumulation of pyrog-
lutamic acid.

Discussion

In this study, we investigated the function of a novel
N-acetyltransferase gene (GAT) which was isolated
from glyphosate polluted soil using metagenomics
method (Jin et al. 2007; Lin et al. 2006). It has been
reported that glyphosate treatment reduced the shoot
and root dry matter production and micronutrient
status in WT plants and glyphosate-resistant plant
(Bott et al. 2008; Ozturk et al. 2008). In greenhouse,
fresh weight of plants was used for glyphosate
resistance evaluation. Transgenic plants transformed
with vector pGAT had significantly higher fresh
weight than WT plants and transgenic plants trans-
formed with vector pSpGAT (Fig. 1), confirming that
GAT could detoxify glyphosate in transgenic plants
and indicating that the location of GAT in the
chloroplast decreased the efficiency of GAT to
detoxify glyphosate. However, we did not know
whether the GAT gene used in this study has similar
glyphosate-resistance efficiency as the reported GAT
gene by Castle et al. (2004).

Due to the fact that GAT and EPSPS detoxify
glyphosate with different mechanisms, transgenic
plants pyramiding both of them should have better
glyphosate resistance performance than those plants
containing only one gene. For glyphosate resistance
evaluation of transgenic plants which were grown on
MS medium, root length was selected as an indicator.
As expected, transgenic tobacco harboring both GAT
and AM79 aroA showed longer root length (Fig. 3)
and higher fresh weight than plants containing one
gene and WT plants (Fig. 4). The higher glyphosate
resistance of transgenic plants expressing both AM79
aroA and GAT, confirmed that the synergistic effect
could detoxify glyphosate more efficiently.

In this study, reciprocal crosses were carried out to
obtain hybrid plants containing both AM79 aroA and
GAT. The glyphosate resistance of AM79 x GAT and
GAT x AM79 hybrid plants were assayed, and no
significant differences appeared in the evaluation
index of survival rate, root length and fresh weight.
The hybrids born from reciprocal cross should possess
unanimous glyphosate resistance capacity and the
cytoplasm effect could be omitted. The transgenic
plant lines used for the reciprocal cross have only one
copy of the transgene, avoiding the gene dosage
imbalance caused by differences in the copy numbers
of AM79 aroA or GAT genes.

To further explain the better performance of
transgenic plants containing both genes, metabolic
analysis was performed. Our previous work had
showed higher accumulation of shikimate and other
metabolites in WT tobacco and maize plants than
transgenic plants expressing AM79 aroA or G2 aroA
(Cao et al. 2012; Liu et al. 2014). In this study, we
focused on the metabolite change among the trans-
genic plants expressing different genes. Transgenic
tobacco expressing AM79 aroA displayed a maximum
amount of metabolite changes. Our previous work
showed that transgenic plants expressing AM79 aroA
or other aroA genes displayed a higher shikimate level
5 days after glyphosate treatment before the shikimate
level returning to normal, possibly might due to the
maintenance of the overexpressed EPSPS proteins
(Cao et al. 2012). Under glyphosate treatment condi-
tions, there was a two-fold increase of shikimate
accumulation in transgenic plants expressing AM79
aroA (Supplemental Table 2; Supplemental Fig. 3),
indicating that the shikimate pathway was not severely
affected by glyphosate. However, around 100-fold
increase of shikimate was observed in glyphosate-
treated transgenic plants overexpressing GAT (Sup-
plemental Table 2; Supplemental Fig. 3). Glyphosate
could occupy the active sites of EPSPS and rapidly
inhibit the shikimate pathway, leading to the high
accumulation of shikimate, while the process that
GAT uses to detoxify glyphosate is a relatively slow
reaction because of the necessary step for searching
for the active site to acetylate glyphosate (Siehl et al.
2007). This might be the reason why there was high
shikimate accumulation in GAT transformants. Shiki-
mate accumulation was not affected by glyphosate
treatment in transgenic plants overexpressing AM79
aroA and GAT (Supplemental Fig. 3), confirming that
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EPSPS and GAT can function together to detoxify
glyphosate.

Plant metabolism regulation is an extremely im-
portant strategy to maintain normal growth and
development of plants (Prins et al. 2011; Tzin and
Galili 2010; Vivancos et al. 2011). Changes in
metabolites could be a positive signal for plants in
response to abiotic stress (Zhu 2003). A number of
other metabolites were found to be changed in
transgenic plants treated with glyphosate, and some
metabolites remain unchanged during the glyphosate’s
application (Fig. 5). Metabolite features associated
with glyphosate resistance could be used as biomark-
ers to facilitate genetic improvement of plants. A huge
number of non-target site glyphosate resistance genes
participated in the herbicide transportation through
Cytochrome P450 s, ABC transporters, and so on
(Vila-Aiub et al. 2012, 2013; Yuan et al. 2007).
Compared with a limited number of site-target
glyphosate resistance genes (EPSPS or GAT), there
are a mass of genes which may play specific roles in
non-target site glyphosate resistance (Ge et al. 2010;
Wakelin et al. 2004). It is valuable to identify the
pivotal pathway and excavate novel genes involved in
glyphosate adaptive regulation.

Numerous metabolites were found to be up-regulat-
ed by glyphosate treatment, whereas a small amount of
down-regulated metabolites were detected. Specially,
no consistent metabolite was discovered for down-
regulation in the different transgenic plants and hybrids.
Galactose was specially detected in hybrids which was
down-regulated by glyphosate treatment. In E. coli,
galactose-proton symport system mediated by galactose
permease can affect the shikimate pathway product (Yi
et al. 2003). As KEGG analysis shows that galactose
possesses multiple functions in many biological
metabolic pathways, we speculate that the moderate
down-regulation in transgenic tobacco plants may be an
adverse adaptation of glyphosate treatment. Previous
research showed that glyphosate could decrease the
regeneration capacity of maize callus by changing the
primary and secondary metabolism beyond the EPSPS
inhibition metabolism (Ulanov et al. 2009). In our
metabolomics analysis, numerous primary and sec-
ondary metabolites (amino acids and sugars) were
detected (Supplemental Table 2). Different and spe-
cially expressed metabolites in the hybrid and its
parents may play similar roles in the glyphosate stress
response and show different glyphosate resistance.

@ Springer

Taken together, we confirmed that overexpressing a
GAT gene could confer transgenic tobacco plants with
high glyphosate resistance, and co-expressing both
AM?79 aroA and GAT gene could confer the tobacco
plants higher glyphosate resistance than those ex-
pressing only one gene. The results here indicate that
integration of the two genes is a viable strategy for the
development of herbicide resistant crops.
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