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Abstract

Key message The glyphosate resistance in Escherichia

coli and Arabidopsis was due to D-amino acid oxidase

expression.

Abstract Transgenic glyphosate-resistant crops have a

high percentage in the total area devoted to transgenic

crops worldwide. D-amino acid oxidase (DAAO) can

metabolize glyphosate by oxidative cleavage of the car-

bon–nitrogen bond on the carboxyl side and yield amino-

methyl phosphonic acid and glyoxylate, which are less

toxic to plants than glyphosate. To date, reports on the use

of DAAO to enhance glyphosate resistance in plants are

lacking. In this paper, we report synthesis, and codon usage

optimization for plant expression, of the DAAO gene by

successive polymerase chain reaction from Bradyrhizo-

bium japonicum. To confirm the glyphosate resistance of

the DAAO gene, the recombinant plasmid pYPX251

(GenBank Accession No: AY178046) harboring the wild-

type DAAO gene was transformed into DH5a. The positive

transformants grew well both on solid and in liquid M9

medium containing 200 mM glyphosate. The optimized

DAAO gene was transformed into Arabidopsis and 9 days

after application of 10 mM glyphosate, the 4-week-old

wild-type plants all died; by contrast, transgenic plants

could grow normally. The proline content and peroxidase

activity showed that glyphosate could induce proline

accumulation and produce reactive oxygen species.

Keywords Codon optimization � Herbicide resistance �
Proline content � Glyphosate detoxification

Abbreviations

AMPA Aminomethyl phosphonic acid

DAAO D-amino acid oxidase

EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase

GAT Glyphosate acetyl-transferase

GO Glycine oxidase

GOX Glyphosate oxidoreductase

PCR Polymerase chain reaction

POD Peroxidase

p251 pYPX251

ROS Reactive oxygen species

Introduction

Glyphosate, the most widely used herbicide in the world,

inhibits 5-enolpyruvylshikimate-3-phosphate synthase

(EPSPS, EC 2.5.1.19). It shows broad-spectrum herbicide

activity against various weeds (Duke and Powles 2008; Dill

et al. 2008). In transgenic glyphosate-resistant crops, gly-

phosate can be applied to the crop (post-emergence) to

remove emerged weeds without crop damage. Transgenic

glyphosate-resistant crops have a high percentage in the
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total area devoted to transgenic crops worldwide (Duke

2014). Most of the grown transgenic glyphosate-resistant

crops presently obtain resistance by overexpressing EPSPS

isolated from Agrobacterium sp. CP4 or a variant of EPSPS

(T102I/P106S double mutant called TIPS) that is not

inhibited by glyphosate, as well as a mutated maize EPSPS.

The theoretical disadvantage of this approach is that gly-

phosate remains in plant and crop yields (Duke et al. 2003).

Glyphosate resistance can also be introduced into crops

through detoxification of the glyphosate molecule. Resis-

tance is obtained through glyphosate detoxification by

transgene-encoded enzymes, including glyphosate acetyl-

transferase (GAT) from Bacillus licheniformis (Castle et al.

2004; Siehl et al. 2007), glyphosate oxidoreductase (GOX)

from Ochrobactrum anthropi, and glycine oxidase (GO)

from Bacillus subtilis (Nicolia et al. 2014). GAT can

convert glyphosate into N-acetylglyphosate, which does

not inhibit EPSPS. GOX is able to convert glyphosate into

aminomethyl phosphonic acid (AMPA) and glyoxylate by

cutting the carbon–nitrogen bond on the carboxyl side. GO

can also convert glyphosate into AMPA and glyoxylate,

but through a different reaction mechanism.

D-amino acid oxidase (DAAO) is a well-known

flavoenzyme that catalyzes the oxygen-dependent oxida-

tive deamination of amino acid D-isomers with absolute

stereospecificity, which results in a-keto acids, ammonia,

and hydrogen peroxide (Pollegioni and Molla 2011).

DAAO can metabolize glyphosate by oxidative cleavage of

the carbon–nitrogen bond on the carboxyl side, and yield

AMPA and glyoxylate. DAAO shows modest sequence

similarity to GO; they belong to the same structural family

but share different substrate specificities with each other

(Pedotti et al. 2009).

As of this writing, no reports have focused on glypho-

sate-resistant transgenic plants by introducing DAAO

genes. In this study, the wild-type DAAO gene (GenBank

Accession No: BA000040.2) from Bradyrhizobium japon-

icum was transformed into glyphosate-susceptible Escher-

ichia coli to detect DAAO-imparted resistance. We also

synthesized the DAAO gene according to plant codon

preference and transgenic Arabidopsis plants expressing

the optimized gene, which were significantly more resistant

to glyphosate than untransformed plants. We performed

other biological and chemical measurements to assess the

function of the DAAO gene in transgenic Arabidopsis.

Materials and methods

Materials, vectors and chemicals

Escherichia coli strain DH5a, used as a host for heterolo-

gous expression of wild-type DAAO, and pYPX251 (p251)

vector (GenBank Accession No: AY178046), pCAM-

BIA1301 (GenBank Accession No: AE234297) vector, and

Agrobacterium tumefaciens GV3101, Arabidopsis thaliana

(ecotype Columbia L.) were all prepared and maintained in

our laboratory. Simple pMD-18 vector and Taq DNA

polymerase, T4 DNA ligase and other enzymes were pur-

chased from Takara. RNA isolation kit and Reverse

Transcription System kit were purchased from Axygen Co.

(China).

Chemical synthesis of DAAO gene

from Bradyrhizobium japonicum

According to the sequence (GenBank Accession No:

BA000040.2), the DAAO gene from Bradyrhizobium

japonicum, was optimized using codon usage bias and

synthesized by successive polymerase chain reaction

(PCR) method (Xiong et al. 2004; Murray et al. 1989).

When optimized the gene sequence, four aspects needed to

be considered. (1) all codons were suitable in Arabidopsis,

singling out rare codons; (2) replacing the bases in the GC

or AT dense distribution, without amino acid change; (3)

increasing the A/T content at or near the ribosome binding

site, decreasing the possibility of forming stem-loop

structure at mRNA 50; (4) calculating free energy of every

domain, to enable the free energy decreased from 50 to 30 as

possible. PCR was carried out as described in Tian et al.

(2011). The primers were in Table S1. The amplified

fragment was cloned into Simple pMD-18 and sequenced

(Xu et al. 2010).

In vitro glyphosate sensitivity assays

To determine whether the DAAO gene from B. japonicum

confers glyphosate resistance to E. coli, recombinant

pYPX251 (p251) vector (GenBank Accession No:

AY178046) with the wild-type DAAO gene was trans-

formed into DH5a. The recombinant p251-DAAO was

generated by inserting the DAAO gene into the BamHI-to-

SacI site. Empty p251 without the DAAO gene was

transformed into DH5a as a control. The vector p251

carried the moderately strong promoter for aac1 gene

encoding gentamicin 3-acetyltransferase and the T1T2

transcription terminator (Tian et al. 2011; Xiong et al.

2007).

The p251-DAAO and p251 (empty) plasmids were

transformed into competent E. coli, and applied to solid M9

minimal medium containing 0, 100, 150, and 200 mM

glyphosate and 100 mg L-1 Ampicillin. The positive

monoclone obtained on medium containing 200 mM gly-

phosate were grown with shaking at 37 �C in liquid M9

minimal medium for 16 h. To ensure that we had the same

amount of bacterial cells in the corresponding cultures
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prior to glyphosate exposure, we adjusted the amount of

overnight suspension culture of the two types of transfor-

mants, which were transferred into fresh M9 medium.

OD660 values of fresh M9 medium (20 mL) with the two

transformants containing different concentrations of gly-

phosate (0 and 200 mM) were 0.012. Cultures were incu-

bated as above, and OD660 values were determined every

2 h (Sun et al. 2005).

Plant expression vector construction and plant

transformation

Construction of the plant expression vector was performed

as described by Xu et al. (2010) with some modification.

We added a chloroplast transit sequence to the constructs to

ensure the DAAO gene expression in leaves and stems. The

DNA encoding the chloroplast transit peptide (TSP) of

Arabidopsis was amplified according to Klee et al. (1987).

The primers were: 50-GTCGACATGGCGCAAGTTAGCA

GAATC-30 and 50-GGATCCCTCCGCCGT GGAAACAC

AAGAC-30. The amplified fragment was digested with

BamHI and SalI, inserted into pGEM3Z, and sequenced.

Then the double CaMV35S promoter was inserted into

pGEM3Z at PstI-SalI site upstream of the TSP. Finally, the

aforesaid fused fragment and optimized DAAO gene were

all cloned into the plant binary expression vector pCAM-

BIA1301 upstream of the nopaline synthase terminator

(NOS-Ter) at PstI-BamHI and BamHI-SacI restriction

sites, respectively. The recombinant plasmid,

D35S:TSP:DAAO:Nos, was transformed into Agrobac-

terium tumefaciens GV3101 by electroporation (Xue et al.

2009), and subsequently transformed into Arabidopsis

(ecotype Columbia) by a floral dip method as Zhang et al.

described previously (2006) to obtain transgenic plants.

Transgenic plants were selected by plating the seeds on

solid MS medium containing 30 mg/L hygromycin. Plants

were carried for two more generations in order to obtain

homozygous transgenic plants.

RT-PCR detection of transgenic Arabidopsis

The homozygous transgenic plants were further confirmed

by RT-PCR analysis. The cDNA obtaining of the DAAO

gene and RT-PCR were performed as Zhu et al. described

previously (2012). The Arabidopsis actin gene, AtAc 2

(GenBank Accession No: NM12764), was used as the

internal standard with the primers: 50-GCACCCTGTTCTT

CTTACCGAG-30 and 50-AGTAAGGTCACGTCCAGCA

AGG-30. The DAAO gene fragment (300 bp) was ampli-

fied by specific primers: 50-CGCCATAGCGGAAGGC

TTGTC-30 and 50-CGGATTGCCGAGGATCATGTC-30.

Glyphosate resistance analysis of plants

For the growth of seedling experiments on MS plates, seeds

from wild type (WT) and transgenic T3 plants carrying the

DAAO gene (Do3, Do6, Do14) were surface-sterilized and

sowed on solid MS medium containing 0, 200, and 500 lM

glyphosate, and grown for 12 days.

For glyphosate spraying analysis, the surfaced-sterilized

seeds were sowed on solid MS medium and grown for

10 days, and then the seedlings were transferred in pots

containing a mixture of vermiculite, peat moss, and perlite

(18:6:1, v/v). All the seeds and seedlings were grown in a

controlled environmental chamber at 22 �C on a 16 h light/

8 h dark cycle. For the leaf spraying experiment, 4-week-

old transgenic plants were sprayed with 10 mM herbicide

glyphosate (isopropylamine salt of glyphosate as active

ingredient), doses of 2 mL per 100 cm-2 every 3 days.

Measurement of physiological indexes

To investigate the stress of glyphosate on WT and trans-

genic plants, two physiological indexes including peroxi-

dase (POD, EC 1.11.1.7) activity, and proline content were

measured. 4-week-old seedlings was sprayed with 10 mM

glyphosate 72 h later, fresh tissue of leaves (0.05 g) was

harvested and washed with double distilled water. The leaf

tissue was crushed using a chilled pestle and mortar kept in

an ice bath.

The crushed leaf tissue was homogenized in 200 mM,

pH 6.0 phosphate buffer. The homogenate was centrifuged

at 12,000 g for 20 min at 4 �C. The supernatant was stored

at 4 �C and used for assays within 4 h.

Peroxidase activity was measured using a modified

method from MacAdam et al. (1992). 1 U of POD means

an absorbance change of 0.01 U/min-1.

Proline was extracted with 3 % sulfosalicylic acid

aqueous solution and its content was determined using the

ninhydrin assay of Bates et al. (1973).

The total chlorophylls content was measured 1 day after

a second spraying with 10 mM glyphosate as Lichtenthaler

described previously (1987).

Results

Chemical synthesis of DAAO gene

from Bradyrhizobium japonicum

To make sure the gene expression in transgenic plants was

stable, the DAAO gene was chemically synthesized using

32 primers (Table S1) according to the original sequence
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and plant codon usage bias. The optimized sequence

derived for the wild-type DAAO gene from B. japonicum

is shown in Fig. S1, in which 269 nucleotides of the native

sequence were changed. The optimal sequence has 56.8 %

GC content and shared 78.75 % similarity to the wild-type

gene (Fig. S1). Amino acid sequence was translated using

DNAMAN. No differences between the two amino acid

sequences were observed (Fig. S1).

In vitro glyphosate sensitivity assays

Both empty p251 and p251-DAAO plasmids were trans-

formed into DH5a E. coli. The transformations were spread

on solid M9 medium plates with 0, 100, 150, and 200 mM

glyphosate, and grown for 16 h. The results are shown in

Fig. 1. The amount of DH5a cells transformed with empty

p251 plasmid was much higher than that of cells trans-

formed with p251-DAAO on control medium. This was an

issue with the size of the two plasmids. Size of p251 empty

plasmid was smaller than that of p251-DAAO, so the

transformation efficiency was higher. DH5a cells trans-

formed with empty p251 plasmid were fully inhibited on

M9 plates containing 100 mM glyphosate. However,

DH5a cells transformed with p251-DAAO plasmid were

much less inhibited and grew well on 200 mM glyphosate

plates.

The growth curves of E. coli DH5a harboring either

p251 or p251-DAAO, in liquid M9 medium containing 0

and 200 mM of glyphosate, are shown in Fig. 2. There is

no significant difference at 0 mM concentration once the

cell concentrations were standardized. After 24 h of incu-

bation, the growth of cells harboring empty p251 plasmid

was strongly inhibited ([95 %) by 200 mM glyphosate,

whereas the OD of cultures harboring p251-DAAO plas-

mid was approximately 37 % of the control values without

glyphosate.

Plant transformation and RT-polymerase chain

reaction (PCR) detection of transgenic Arabidopsis

Transgenic Arabidopsis was used to evaluate the potential

application of the DAAO gene from B. japonicum in

developing glyphosate-resistant crops. Expression cassettes

comprising a double CaMV35S promoter, Arabidopsis

chloroplast transit sequence, and DAAO coding region

were cloned into the T-DNA region of a binary vector

(Fig. 3a). Transgenic plants were obtained from plantlets

grown in medium containing 30 mg/mL hygromycin

(Fig. 3b). Fifteen independent lines of transgenic plants

were generated. Among them, three overexpression lines

(named Do3, Do6, and Do14) were chosen for further

experiments.

RT-PCR was performed to examine the transcript levels

of the DAAO gene. In the T2 generation, the transcript of

the target gene were successfully detected in the three

overexpression lines. Furthermore, the transcript was not

detected in the WT plants (Fig. 3c). No obvious effects on

growth and development were observed in DAAO trans-

genic plants under normal growth conditions (Fig. 4).

Glyphosate resistance analysis of plants

To analyze glyphosate resistance, Arabidopsis seeds were

sown on solid MS medium with 0, 200, and 500 lM gly-

phosate and then grown for 12 days. Both WT and trans-

genic plants grew identically on the control medium

without glyphosate. On the medium containing 200 lM

glyphosate for 12 days, WT plants developed only

chlorotic cotyledonary leaves and root growth was inhib-

ited and transgenic plants displayed minimal signs of

phytotoxic effects, showing normal development. The 500

lM glyphosate concentration further augment chlorosis

and more severely impaired the development of all WT

plants. Moreover, transgenic plants gradually developed to

later stages and produced longer roots and stronger green

leaves than WT plants. These results indicated that trans-

genic lines (Do3, Do6, and Do14) showed significantly

higher resistance than WT plants (Fig. 4).

Four-week-old seedlings were sprayed with 10 mM

glyphosate once every 3 days. To evaluate the response of

the WT plants and transgenic plants to glyphosate, the

proline content and POD activity were detected 3 days

after one spray. Proline and POD are involved in the

Fig. 1 Enhanced glyphosate resistances of E. coli on plates. Both

empty p251 and p251-DAAO plasmids were transformed into DH5a.

Transformants were spread on solid M9 medium plates with 0, 100,

150, and 200 mM glyphosate, and grown for 16 h. The same results

were obtained in three independent experiments and are represented

by the effects shown here
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response to a number of environmental stresses. The pro-

line content and POD activity were not significantly dif-

ferent in the WT and transgenic overexpression lines

before stress was induced. After glyphosate spraying, the

proline content and POD activity of transgenic lines both

increased. The increments of proline content for transgenic

lines were 2.0, 3.07 and 7.1 lM/g FW, respectively, which

were much lower than that of WT plants (25.3 lM/g FW)

(Fig. 5a). So as the POD activity. The increments of POD

activity for transgenic lines were 1739, 3226, 4164 U/g

FW, respectively, which were also much lower than that of

WT plants (6511 U/g FW) (Fig. 5b).

A previous study revealed that sublethal concentrations

of glyphosate cause chlorotic symptoms in the leaves of

transgenic tobacco expressing OsEPSPS gene (Zhou et al.

2006). Therefore, the total chlorophyll content was also

measured at 1 d after a second spray (leaves of control

plants showed slight yellowing). The chlorophyll contents

of transgenic lines were 0.71, 0.66, 0.67 mg/g FW,

respectively, which were higher than that of WT plants

(0.45 mg/g FW) (Fig. 5c).

At 3 days after the third spray, all leaves on WT plants

showed severe yellowing and wilting, whereas transgenic

plants grew well with normal morphology (Fig. 6). These

Fig. 2 Growth of E. coli

harboring p251-DAAO and

empty p251 in liquid M9

minimal medium supplemented

with glyphosate at 0–200 mM

concentrations. Values are

means of three

replications ±SD

Fig. 3 a The DAAO expression vector for Arabidopsis transforma-

tion. Nos-Ter nopaline synthase terminator sequence, SAR scaffold

attachment region, TSP chloroplast Arabidopsis transit peptide.

b Seeds from wild type (WT) and transgenic T3 plants carrying the

DAAO gene (Do3, Do6, Do14), on solid MS medium containing

30 mg/L hygromycin. c RT-PCR analysis of the expression of DAAO

(target gene) and actin genes in transgenic lines (Do3, Do6, Do14)

and wild type (WT). Each lane contained 5 lL of RT-PCR products

obtained using total RNA extracted from 4-week-old plants grown

under standard conditions. M markers (DL15000, Takara). Data

shown are representative of three independent experiments. Scale

bars 1 cm
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results indicated that DAAO transgenic plants were more

resistant to glyphosate exposure than WT plants.

Discussion

Two basic strategies have been successful in introducing

glyphosate resistance into plants, namely, expression of an

insensitive form of the target enzyme and detoxification of

the glyphosate molecule. The former strategy is used in

existing commercial glyphosate-resistant crops, employing

a microbial (Agrobacterium sp. CP4) or a mutated (TIPS)

form of EPSPS that is not inhibited by glyphosate. In

contrast to the existing commercial glyphosate-resistant

crops, resistance to the herbicide in transgenic plants using

the second strategy is achieved through degradation to non-

toxic or less toxic compounds. DAAO can metabolize

glyphosate via oxidative cleavage of the carbon–nitrogen

bonds on the carboxyl side, resulting in the formation of

AMPA and glyoxylate. These mechanisms have not been

shown to occur in higher plants to a significant degree

(Duke 2011).

Previous studies have reported increasing instances of

evolved glyphosate resistance in weed species following

wide planting of glyphosate-resistant crops, based mainly

on EPSPS being insensitive to the herbicide (Dill et al.

2008; Waltz 2010). In several cases, moderate resistance is

imparted by mutations of the target enzyme (Powles and

Preston 2006), but no documented case of a plant species

with native or evolved resistance to glyphosate by virtue of

a metabolic enzyme has been found (Pollegioni et al. 2011;

Trovato et al. 2008). Thus, new genes should be discovered

and utilized for the development of glyphosate-resistant

crops.

The main objective of our research was to identify a

DAAO gene with properties appropriate for the develop-

ment of transgenic glyphosate-resistant plants. The wild-

type DAAO gene was successfully transformed into DH 5a
to detect its resistance to glyphosate. Compared with the

control, we found that DH 5a with p251-DAAO plasmid

could tolerate glyphosate at concentrations of 200 mM on

M9 plates or liquid M9 medium. By contrast, the growth of

cultures harboring p251-aroAH. Orenii (generated by

inserting the EPSPS gene aroAH. Orenii into the BamHI-to-

Fig. 4 Enhanced glyphosate resistances of transgenic seedlings

(Do3, Do6, Do14) carrying the DAAO gene, on plates. Wild type

(WT) and transgenic plants germinated and grown vertically for

12 days on MS medium containing 0, 200, 500 lm glyphosate. Scale

bars 1 cm

Fig. 5 Changes in the content of proline, POD enzyme activities and

chlorophylls content in transgenic plants carrying the DAAO gene

(Do3, Do6, Do14) and wild type (WT) treated with 10 mM

glyphosate. Proline content and POD activity were measured 3 days

after first treatment. The total chlorophylls content was measured

1 day after a second spraying with 10 mM glyphosate. Values are

means of three replications ±SD
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SacI site in pYPX251) was completely inhibited at

120 mM glyphosate (Tian et al. 2011).

Our PCR results confirmed that the DAAO gene was

successfully inserted into the Arabidopsis genome and

expressed (Fig. 3b, c). DAAO expression could signifi-

cantly improve glyphosate resistance in plants. In our

study, the growth of WT plants was inhibited on medium

containing 200 and 500 lM glyphosate, whereas the

selected transgenic lines developed normally (Fig. 4). The

4-week-old WT plants all died within 9 days after appli-

cation of 10 mM glyphosate, whereas transgenic plants

showed no significant effects to the herbicide after being

sprayed with the same dose (Fig. 6).

Proline has been known to be involved in the response to

a number of environmental stresses, and it accumulates

upon osmotic stress in a large number of different organ-

isms. When stress is relieved, the proline concentration

rapidly drops (Trovato et al. 2008). In our study, following

glyphosate spraying, the proline content and POD activity

increased in both WT and transgenic plants. This finding

showed that glyphosate could induce proline accumulation

and produce ROS. The proline content and POD activity in

transgenic lines only slightly increased compared with

those in WT plants (Fig. 5). Plant cells don’t possess

endogenous DAAO activity (Pollegioni et al. 2007), so

proline content in transgenic lines could be affected not

only by a reduced stress due to glyphosate degradation but

also by the direct activity of DAAO on proline.This result

indicated that the effects of stress on WT plants were much

more serious than those on transgenic plants under the

same glyphosate concentration. The expression of DAAO

in plants could convert glyphosate into AMPA and gly-

oxylate, which are less toxic than glyphosate (Pedotti et al.

2009); however, the time course of glyphosate degradation

and the evaluation of residues were not carried out in our

study, therefore more biochemical experiments need to be

done in future. To date, no studies have reported the use of

DAAO to enhance glyphosate resistance in plants. How-

ever, researchers have paid much attention on GO, an

enzyme that belongs to the same structural family as

DAAO (Mortl 2004). GO catalyzes the oxidation of several

amines and D-amino acids (e.g., D-proline) using the same

reaction mechanism as DAAO (Molla et al. 2003).

GO and D-amino acid oxidase catalyze the oxidative

deamination of amino acids to yield the corresponding D-

amino acids and, after hydrolysis, a-keto acids, ammonia

(or primary amines), and hydrogen peroxide, but they

differ in substrate specificity. In addition to neutral D-

amino acids, GO catalyzes the oxidation of primary and

secondary amines (e.g., glycine and sarcosine) partially

sharing substrate specificity with monomeric sarcosine

oxidase (Job et al. 2002). Glyphosate is a poor substrate of

the flavoprotein GO. A number of GO variants with

improved activity on glyphosate were recognized after site

saturation mutagenesis on the positions of the active site

(Nicolia et al. 2014; Pollegioni et al. 2011; Pedotti et al.

2009; Zhan et al. 2013).

GOX was isolated by Monsanto Co. in 1995 from

Ochrobactrum anthropi, and it has actually been used in

combination with resistant EPSP synthase to generate

commercial varieties of glyphosate-resistant canola (Barry

and Kishore 1995). Though the activity of wild-type GOX

with glyphosate as substrate is quite low, the researchers

improved the activity significantly by inserting genetic

variability in the gene sequence (Pollegioni et al. 2011).

Both GOX and DAAO are able to convert AMPA and

glyoxylate by cutting the carbon–nitrogen bond on the

carboxyl side. But the result of nucleotide sequence

alignment showed there was no sequence identity between

the two. Up to now, only one GOX gene has been found

and used to achieve glyphosate-resistant plants, whereas

the DAAO gene is present in many organisms, and thus

Fig. 6 Wild type (WT) and

transgenic plants carrying the

DAAO gene (Do3, Do6, Do14)

were sprayed with 10 mM

glyphosate. Control Photograph

taken before the first spray

treatment. Glyphosate treatment

Photograph taken 3 days after

the third spray treatment. The

same results were obtained in

three independent experiments

and are represented by the

effects shown here
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potentially characterized by high variability (Pollegioni

and Molla 2011). We propose that we can obtain a DAAO

enzyme with high catalytic efficiency on the herbicide

glyphosate through molecular evolution and DNA

shuffling.

In conclusion, evolved DAAO may be a novel system

for the development of glyphosate-resistant transgenic

plants. It may represent an effective supplement or alter-

native to the transgene currently being used, which is based

on EPSP being insensitive to inhibition by glyphosate.
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