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Abstract Overexpression of a native gene can cause

expression of both introduced and native genes to be

silenced by posttranscriptional gene silencing (PTGS)

mechanisms. PTGS mechanisms rely on sequence

identity between the transgene and native genes; there-

fore, designing genes with mutations that do not cause

amino acid changes, known as synonymous mutations,

may avoid PTGS. For proof of concept, the sequence of

acetyl-coA carboxylase (ACCase) from creeping bent-

grass (Agrostis stolonifera L.) was altered with synony-

mous mutations. A native bentgrass ACCase was cloned

and used as a template for the modified gene. Wild-

type (WT) and modified genes were further modified

with a non-synonymous mutation, coding for an

isoleucine to leucine substitution at position 1781, known

to confer resistance to ACCase-inhibiting herbicides.

Five-hundred calli of creepingbentgrass ‘PennA-4’were

inoculatedwithAgrobacterium containing either theWT

or modified genes, with or without the herbicide-

resistance mutation. Six herbicide-resistant-transgenic

events containing the modified gene with the 1781

mutation were obtained. Transcription of the modified

ACCasewas confirmed in transgenic plants, showing that

gene-silencing mechanisms were avoided. Transgenic

plants were confirmed to be resistant to the ACCase-

inhibiting herbicide, sethoxydim, providing evidence

that the modified gene was functional. The result is a

novel herbicide-resistance trait and shows that overex-

pression of a native enzyme with a gene designed with

synonymous mutations is possible.

Keywords Acetyl coenzyme A carboxylase

(ACCase) � Aryloxyphenoxypropionate (APP) �
Cyclohexandione (CHD) � Herbicide-resistance �
Posttranscriptional gene silencing � Sethoxydim
resistant � Synonymous mutation � Synthetic gene
design

Introduction

Gene overexpression has potential to improve numer-

ous traits in crop species. Some examples include
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modification of cell wall composition for improved

biofuel production (Li et al. 2014), improved phytore-

mediation (Antosiewicz et al. 2014), improved nitro-

gen use efficiency (Thomsen et al. 2014), improved

tolerance to abiotic stresses (Cabello et al. 2014;

Delorge et al. 2014; Shi and Chan 2014) including salt

tolerance (Yamaguchi and Blumwald 2005; Shi et al.

2003), and anaerobic stress (Vartapetian et al. 2014).

Arguably, the most well-known attempt to overex-

press a gene was the introduction of an extra chalcone

synthase gene in petunia so as to darken the flower

color (Napoli et al. 1990). Instead of darker flowers,

however, the flowers or sectors of flowers were white,

due to a phenomenon that was later termed cosup-

pression (Metzlaff et al. 1997). Cosuppression is now

understood to be a form of sense-post-transcriptional

gene silencing (S-PTGS) (Jorgensen et al. 2006) and

has been a hurdle for reliable overexpression of native

genes.

Silencing results from processing of mRNA into

small interfering RNA (siRNA) approximately 21-25

nt in length (Hamilton and Baulcombe 1999; Zamore

et al. 2000) by enzymatic cleavage by the ribonucle-

ase, Dicer (Bernstein et al. 2001). Cleavage of primary

transcripts is guided by siRNAs bound to the dicer-like

protein Argonaut (Hammond et al. 2001). These

observations indicate that only *21 bp of contiguous

identity are required between native and introduced

genes for silencing mechanisms to degrade transcripts

from both. Thus, to obtain reliable expression of an

introduced gene, the sequence identity of the intro-

duced gene to any native gene must be low.

Transgenic expression of heterologous genes is

commonly used because the chosen transgene and

native gene sequence similarity is below the threshold

needed for S-PTGS. Nevertheless, the use of native

genes modified to have a desired mutation could have

advantages. Introducing heterologous genes may cir-

cumvent S-PTGSmechanisms; however, there may be

altered enzymatic function (Fang et al. 2010). Trans-

genic expression of viral suppressors of PTGS has

been used to bypass PTGS by down-regulating

silencing mechanisms; however, plants became sus-

ceptible to viral infection (Anandalakshmi et al. 1998)

and commonly show developmental abnormalities

(Chapman et al. 2004; Alvarez et al. 2008). Thus

alternative strategies must be used.

Since cosuppression depends on sequence similar-

ity between a transgene and native gene, modifying

transgenes with synonymous mutations that eliminate

sequence identity while preserving amino acid identity

has been attempted to bypass S-PTGS. Tomato

transformed with a tomato phytoene synthasemodified

with synonymous mutations did not show silencing

(Drake et al. 2001). Kumar et al. (2006) used a similar

method to rescue silenced phenotypes. The gene of

interest, salicylic acid-binding protein, was previously

silenced using a hairpin construct. The phenotype was

rescued by expressing the same protein with a gene

sequencemodifiedwith synonymousmutations. These

examples show that PTGSmechanisms can be avoided

by addition of synonymous mutations.

The use of the synonymous mutation gene design

can be especially useful for herbicide resistance.

Amino acid substitutions in native enzymes have been

found to confer resistance to herbicides that include

acetyl coenzyme A carboxylase (ACCase) inhibitors,

acetohydroxyacid synthase inhibitors, photosystem II

inhibitors, and an EPSPS inhibitor (Powles and Yu

2010). Although only one or two amino acid substi-

tutions are all that is needed to obtain resistance,

development of herbicide-resistant crops has largely

relied upon transformation with heterologous genes to

obtain the necessary mutations, as was the case for

glyphosate-tolerant crops (Barry et al. 1992). Based on

herbicide resistance seen in weed species, it may be

possible to transform plants with a native gene

modified with a known point mutation that confers

resistance.

In the present study, the purpose was to express a

modified version of a native gene that incorporates

mutations designed to confer herbicide resistance.

Accordingly, the use of synonymous codons to bypass

silencing as a strategy to overexpress a modified native

enzyme was tested using a synthetic ACCase in

creeping bentgrass to obtain plants resistant to

ACCase inhibitors, while avoiding gene silencing.

The ACCase family of herbicides is able to control

important grassy weeds, and can provide a versatile

management tool for weed control.

Materials and methods

Cloning bentgrass ACCase

The bentgrass ACCase sequence had to be known

prior to designing a synthetic gene to ensure that native
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and synthetic gene sequences do not have identical

stretches 21 bp or longer. In addition, the native amino

acid sequence was needed to make sure the synthetic

gene coded for the same sequence. The sequence for

bentgrass ACCase was unknown; therefore, it had to

be cloned before it could be used as a template for the

modified ACCase. Fifteen ACCase sequences from

eight species (Table 1) were aligned using Geneious�

(Biomatters Ltd. Auckland, NZ), and highly con-

served regions throughout the gene were used for

primer design. All primer sequences are in Table 2.

Primers were also designed from the untranslated

regions (UTRs) to obtain the 50 and 30 sequences that
include the start and stop codons. RNA was extracted

from bentgrass cultivar Penn A-4 using TRI Reagent�

(Ambion� Life Technologies, Grand Island, NY).

First strand cDNA synthesis was performed with RNA

to cDNA EcoDryTM Premix Oligo dT kit (Clonetech

Laboratories Inc. Mountain View, CA) according to

the manufacturer’s protocol. The 50 and 30 ends were
amplified with primer sets 50UTR1/BG750R and

BG10F/30UTR1 using Phusion� proofreading poly-

merase (New England Biolabs, Ipswich, MA). All

fragments were sequenced by Genewiz Inc. (South

Plainfield, NJ). Bentgrass-specific primers including

the start codon (BGSTARTF) and stop codon

(BGSTOPR) were designed from the sequenced

fragments. Full length ACCase cDNA sequences were

amplified using GoTaq� Long PCR Master Mix

(Promega, Madison, WI). The PCR conditions were

94 �C/2 min, followed by 30 cycles of 92 �C/30 s,

60 �C/30 s, 68 �C/7 min, followed by a 10 min

extension at 72 �C. The resulting cDNA sequence

was 6.88 kb in length and has been deposited in

GenBank (accession number KP126512).

ACCase gene design with synonymous codons

The cDNA sequence was translated into an amino acid

sequence using Geneious� software. The amino acid

sequence was then back-translated into a nucleotide

sequence using Gene Designer 2.0 (DNA 2.0, Menlo

Park, CA). Back translation of the amino acid

sequence requires knowledge of codon bias to ensure

rare codons were not used; however, bentgrass has too

few known coding sequences to determine bias.Wheat

(Triticum aestivum L.) was the closest relative to

creeping bentgrass (Edwards et al. 2011) with known

codon usage at the time, and was therefore used to

determine codon frequencies for back-translation. An

alignment was made between the cDNA sequence and

the modified sequence to find regions of identity of

21 bp or greater. Codons were swapped to reduce any

stretches of perfect identity over 21 bp, while ensuring

rare codons were not introduced. The resulting

modified gene included 1538 synonymous mutations,

and the longest stretch of 100 % identity, when

compared to the native cDNA sequence, was 14 bp.

The amino acid sequence of the modified protein was

aligned with the native ACCase to ensure 100 %

identity. The modified gene was synthesized without

any further modification by Genscript (Piscataway,

NJ) and deposited in GenBank (accession KP859588).

Vector construction

Four genes were used in this study: (1) wild-type (WT)

ACCase with no mutations (GenBank accession

KP126517), (2) wild-type ACCase with an A to C

mutation in the first position of the 1781 codon

(GenBank accession KP859587), (3) modified

ACCase with no mutations (4) modified ACCase with

an A to C mutation in the first position of the 1781

codon (GenBank accessionKP859589). Plasmid Cam-

bia 1305.2 (Cambia, Canberra, AU) was digested with

MauBI and SbfI to remove the 35S promoter,

GUSPlusTM reporter gene, and a portion of the NOS

Table 1 ACCase genes used to create the alignment for pri-

mer design

Accession number Species Length (bp)

AY312171 Zea mays 7324

ZMU19183 Zea mays 7464

NM001111903 Zea mays 7464

AY312172 Zea mays 7327

AF294805 Setaria italica 7630

AY219174 Setaria italica 7271

AY219175 Setaria italica 7446

HQ395758 Echinochloa crus-galli 7527

HQ395759 Echinochloa crus-galli 7527

AJ310767 Alopecurus myosuroides 7589

AF029895 Triticum aestivum 6993

AF359516 Lolium rigidum 3215

Os05g22940 Oryza sativa 7245

Os10g21910 Oryza sativa 6843

XM003581327 Brachypodium distachyon 7553
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terminator (T-NOS). Vectors were assembled with In-

Fusion� cloning (Clonetech Laboratories Inc. Moun-

tain View, CA) (Fig. S1). The ACCase genes were

under control of the switchgrass (Panicum virgatum

L.) PvUbi2 promoter (Mann et al. 2011) and the nos

terminator. The PvUbi2 promoter was shown to be a

strong monocot promoter and was chosen to replace

the 35S promoter (Mann et al. 2011). PvUbi2, T-NOS,

and the modified gene were amplified with In-Fusion

primers. The modified gene was amplified in three

fragments, 2667, 2650, and 1600 bp in length, by

primer sets SynACF1IF-F/SynACF1IF-R,

SynACF2IF-F/SynACF2IF-R, and SynACF3IF-F/

SynACF1IF-R, respectively. An additional set of

primers was designed to include the herbicide-resis-

tance (HR) SNP in the 1781 codon. AnA to Cmutation

was included in the first position of the 1781 codon,

causing an isoleucine to leucine substitution. The

amino acid substitution prevents the binding of

ACCase inhibitors while allowing normal enzymatic

function (Delye et al. 2005). TheHRSNPwas included

in the 15-bp overhang in the reverse primer for

fragment two (SynACF2LEUIF-R) and in the forward

primer for fragment three (SynACF3LEUIF-F).

Table 2 Primer list 50UTR1 TGTCCAAAGGGAGGACGATG

BG750R ACCAACCTTGTCACCTAGTGCGTT

BG10F TTGAGGTGGCTCAGCTATGTT

30UTR1 CATTGTGTTGGATGTGTTGGTATCAT

BGSTARTF TCATTTGAGGACCTTCTTGACTTCC

BGSTOPR TCATTTGAGGACCTTCTTGACTTCC

PV2-SBFI-IF-F CATGATTACGAATTCCTGCAGGAAGCCAACTAAACA

PVUBI2R CTGCAAAAGAGAACCAGACAACAG

SynACF1IF-F TCTCTTTTGCAGAGGCCTATG

SynACF1IF-R ATGCTCGTAGCCGGCCAG

SynACF2IF-F GGCTACGAGCATCCGGTCAAC

SynACF2IF-R CCATGGATGTTCTCCACCCCC

SynACF2LEUIF-R GAGCCATGGAGGTTCTCC

SynACF3IF-R AATGTTTGAACGAGGCCTTCA

SynACF3-IF-F GGAGAACATCCATGGCTCCGC

SynACF3LEUIF-F GAACCTCCATGGCTCCGC

NOS AMP F CGTTCAAACATTTGGCAATAAAGTTTC

NOS-MAUBI-IF-R ACATGACACCGCGCGCGATAATTTATCCTAGTTTG

BGSTART-IF-F TCTCTTTTGCAGGATATCATGGGTTCCACACACTTGCCC

BGSTOP-IF-R AATGTTTGAACGAGGCCTTCATTTGAGGACCTTCTTGAC

BG1781LEUF AGAACTTACATGGAAGTGCTGCTATTG

BG1781LEUR TTCCATGTAAGTTCTCCACACCTAGTC

SYNACF GAGGGGCTTCAGCTACATCTACCTGGGG

SYNACR TGAACAGTGGGAGGCCCT

VIRGF AGGTGAGCCGTTGAAACACG

VIRGR TCACCTGCCGTAAGTTTCACCT

BG2921F TTGAGCCTCTGATGAGCCTAC

BG3300R GTTCCTTGCAATGCTTGTGCG

BG4880F TGGGGCACTCCTATAATTCCTATG

BG6300R CTCCCTGGAGTGCTGCTTTCA

HYG370F GCGGCCGATCTTAGCCAGACG

HYG720R GCCAACCACGGCCTCCAGAAG
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Fragments were amplified using Phusion� proofread-

ing polymerase (New England Biolabs, Ipswich, MA).

Two WT bentgrass ACCase gene controls were

used to compare to the modified genes to ACCase

genes with synonymous mutations. The WT controls

included the unmodified bentgrass ACCase and the

bentgrass ACCase modified only with the HR muta-

tion at the 1781 aa position. The bentgrass gene

without the HR SNP was amplified using GoTaq�

Long PCR Master Mix and the primer set BGStartIF-

F/BGStopIF-R to add In-Fusion ends to facilitate

cloning into the vector. For the bentgrass ACCase

gene with the HR mutation, the gene was amplified in

two fragments overlapping by 15 bp to allow In-

Fusion cloning. The HR mutation was included in the

30 15 bp overhang of the 5-kb fragment one and the 50

15 bp overhang of the 1.88-kb fragment two. Primers

used to include the 1781 HR mutation were

BG1781LEUF and BG1781LEUR. The 5-kb fragment

was amplified with GoTaq� Long PCR Master Mix

and the 1.8-kb fragment was amplified with Phusion

proofreading polymerase. The molar ratio of plasmid

to insert for the cloning reaction was 2:1. Each

construct was assembled in a single In-Fusion reaction

that included all fragments for the construct, including

promoter and terminator. Leading and lagging strands

were sequenced for each plasmid to ensure all portions

were properly joined and that no unintentional SNPs

were included.

Plant material

Callus induction and transformation procedures fol-

lowed protocols as described by Luo et al. (2004) with

minor adjustments. Media were solidified with 2.5 g

L-1 GelzanTM (Caisson, North Logan, UT). Plates

were sealed with MicroporeTM tape (3 M, St. Paul,

MN). Agrobacterium LBA4404 containing each con-

structwasmaintained in a freeze stocks and streaked on

solid YM plates containing 50 mg L-1 kanamycin.

Cultures were grown for 3 days at 20 �C and re-

suspended in liquid callus induction medium with

100 lM acetosyringone. Five-hundred calli were

inoculated with each construct, including the control

plasmid pCAMBIA 1305.2. Selection of transgenic

events occurred in two stages. First, selection occurred

on callus induction medium supplemented with

200 mgL-1 hygromycin to select for transgenic events

and 150 mg L-1 timentin. Hygromycin-resistant

events were transferred to medium supplemented with

the ACCase-inhibiting herbicide, sethoxydim (Chem-

service Inc. West Chester, PA). Sethoxydim was

diluted with methanol to a concentration of

1 mg mL-1 and added to the medium following

autoclavation to a concentration of 10 lM.Differences

in the number of events selected for each constructwith

hygromycin and sethoxydim were determined using

Fisher’s Least Significant Difference (LSD) (SAS

Institute, Inc. 2008. SAS OnlineDoc� 9.2. Cary, NC).

Sethoxydim-resistant events were transferred to shoot

inductionmediumas described byLuo et al. (2004) and

placed in a growth chamber at 25 �C with a 1-h dark,

23-h light photoperiod, with a light intensity of

66–95 lmol photons m-2 s-1. Regenerating plants

were placed on rootingmedium consisting of solidified

MS basal medium (Murashige and Skoog 1962).

Molecular characterization of transgenic events

PCR was performed on all regenerated plantlets to

confirm the presence or absence of the transgene.

DNA was extracted using the CTAB method as

described by Lassner et al. (1989). The primer set

SynACF1IF-F/SynACF3IF-R was used to amplify the

complete modified ACCase transgene. PCR condi-

tions and reagents were the same as conditions

described earlier for amplification of the creeping

bentgrass ACCase. Four PCR reactions were used to

evaluate transcription in transgenic events. RNA was

extracted using TRI Reagent� and cDNA was pro-

duced using SuperSript� III reverse transcriptase (Life

Technologies Grand Island, NY). The primer set

SYNACF/SYNACR was used to check transcription

of the transgene and primers VirGF and VirGR were

used to test for contamination from residual Agrobac-

terium. The third primer set, BG2921F and BG3300R,

was used to amplify a fragment of the native ACCase

that spans an intron, serving as a DNA quality check

for gDNA samples and as a check for gDNA

contamination in cDNA samples. The primer set,

HYG370F/HYG720R, confirmed transcription of the

hygromycin phosphotransferase (hph) gene. In a

previous experiment, sethoxydim-resistant creeping

bentgrass obtained through in vitro selection pos-

sessed an A to C mutation in the first position of the

1781 codon, causing the isoleucine to leucine substi-

tution (Heckart et al. in press). To ensure the

transgenic events were not resistant due to a mutation

Transgenic Res

123



in the native gene, the region from the 1781 codon to

the 2096 codon was amplified and sequenced. Primers

used to amplify the sequence were BG4880F and

BG6300R. Leading and lagging strands were

sequenced for 10 plants from events one and two,

and five plants from events three and four.

Transgenic plant response to sethoxydim

Response of transgenic plants to sethoxydim was

tested using a single rate in vitro, and with a dose

response in soil. Prior to in vitro analysis of transgenic

events, a dose–response experiment was conducted to

determine the minimum sethoxydim concentration

needed to kill the Penn A-4 control. Rooting medium

was supplemented with 0, 0.5, 1, 2.5, 5, 7.5, or 10 lM
sethoxydim. Rooted Penn A-4 plants were placed on

medium in 100 9 20 mm Petri dishes (Bioexpress,

Kaysville, UT) in a 3 9 3 grid with five replications

per concentration. Plant health was evaluated after

3 weeks. Transgenic events were then evaluated

in vitro on medium containing 0.5 lM sethoxydim as

determined by the dose response. Each plate contained

a single transgenic event and a control Penn A-4 plant,

and was evaluated after 3 weeks. Ten plants from each

of the first four events were evaluated.

For whole-plant dose response, rooted plants were

transferred to Cone-TainersTM measuring 4 9 14 cm

(Stuewe and Sons Inc. Corvallis, Oregon) containing a

1:1 mix of Fafard� 3B (Sun Gro Horticulture,

Agawam, MS) mix and sand. Plants were transferred

to a greenhouse held at *30 �C and placed under

sodium lights with a 16-h photoperiod. Leaf blades

were maintained at a height of 4 cm. Dose–response

experiments followed general guidelines as described

by Heckart et al. (2010). Herbicide resistance was

evaluated with Sethoxydim G-PRO TM (BASF Corp.

FlorhamPark, NJ). Transgenic plantswere treatedwith

eight rates of sethoxydim, including: 0, 50, 100, 200,

400, 800, 1600 and 3200 g ai ha-1. Sethoxydim was

applied at a spray volume of 187 L ha-1 in a spray

chamber and allowed to dry. Treatments were arranged

in a randomized complete block design with five

replications. Plant injury was evaluated visually at 14,

21, and 28 days after treatment (dat). Evaluation of

plant injury was performed using a scale of 0–100,

where 0 equals no injury and 100 equals complete plant

death. In addition to visual rating, digital image

analysis was performed to obtain percent green cover

(PGC) in each Cone-Tainer. Photos of each Cone-

Tainer were taken with a GoPro� Hero3 Black edition

(GoPro, San Mateo, CA) fitted with a 10X magnifica-

tion lens. The lens and camera were attached to a PVC

pipe fitted with eight 5-mm super bright white LEDs

(model NTE30045, Radioshack, Ft. Worth, TX). If

necessary, plants were trimmed to *4 cm prior to

taking pictures. The camera apparatus was placed over

each Cone-Tainer and distance from the lens to the top

of the plant was *1 cm. Image capture settings were:

video resolution 720, wide field of view, 7 MP wide

photo resolution, Protune setting was on, 6500 k white

balance, GOPRO color, ISO limit 400, low sharpness,

and exposure set to zero. Images were analyzed using

SigmaScan� Pro (Systat Software, San Jose, CA).

Prior to image analysis, PGC was adjusted by remov-

ing the black background outside of the Cone-Tainer in

PowerPoint� 2010 v10 (Microsoft, Redmond, WA).

Hue was adjusted to 50–150 and brightness was 5–99.

SigmaScan� forced a PGC reading for pots where

plants were completely dead; therefore, these pots

were set to a PGC of zero.

Data for visual injury at 28 dat were fitted to a

Mitscherlich model (Grey et al. 2006), using nonlinear

regression, and the resulting equation was y = b0
(1 - 0.5e1

(-b(rate-vp)) = 101(1 - 0.5e(-0.0093(rate-1.3)).

PGC was modeled using nonlinear regression to an

exponential decay model, and the resulting equation

was b0(e1
(-bv)) = y = 63.15(e(-0.0095v)). Differences

among genotype means at each herbicide rate for PGC

and visual injury estimates were determined using a

Table 3 Hygromycin- and sethoxydim-resistant creeping

bentgrass events obtained

Construct Inoculated

Calli

Hygromycin

events�
Sethoxydim

events�

Bentgrass ACCase 500 45b 0b

Bentgrass ACCase

w/1781LEU

500 63a 0b

Modified ACCase 500 39b 0b

Modified ACCase

w/1781LEU

500 46ab 6a

pCAMBIA 1305.2 500 37b 0b

� Sethoxydim resistant events were selected from the

hygromycin-resistant events
� Means on the same column followed by the same letter are

not significantly different at 0.05 according to a Fischer’s

protected least significant difference
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Fig. 1 In vitro response of

transgenic events to

sethoxydim compared to the

Penn A-4 control.

Transgenic events 1–4 were

placed on MS basal medium

containing 0.5 lM
sethoxydim. The

untransformed Penn A-4

was placed on the same plate

for comparison. Plants were

evaluated after 3 weeks
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protected Fisher’s LSD (SAS Institute, Inc. 2008. SAS

OnlineDoc� 9.2. Cary, NC).

Results

In all, 500 calli were inoculated for each of the five

constructs, including the pCAMBIA 1305.2 control.

Hygromycin selection produced 37–60 resistant

events per construct (Table 3). Six sethoxydim-resis-

tant events were recovered from calli inoculated with

the ACCase modified with the 1781 substitution, but

none were obtained from any of the other constructs.

All events were PCR-positive for the complete

synthetic gene (Fig. S2a). All events showed expres-

sion of the ACCase transgene and hph (Fig. S2b and c,

respectively). The events were negative for Agrobac-

terium and genomic DNA contamination (Fig. S2d

and c, respectively). Alignments of genomic

sequences from transgenic events and the Penn A-4

control revealed that no unintended mutations were in

the region spanning the 1781–2096 codons.

The in vitro dose response experiment showed that

all doses were lethal to Penn A-4. Therefore, the

lowest dose of 0.5 lM sethoxydim was used to test

transgenic events. Due to availability of tissue, the first

four events were selected for further analysis. All four

transgenic events tested showed high levels of

sethoxydim resistance compared to the Penn A-4

controls (Fig. 1). Penn A-4 plants were completely

killed, but all transgenic events survived and showed

vigorous growth at 0.5 lM sethoxydim.

Transgenic events fit a linear model for both visual

injury (Fig. 2) and PGC (Fig. 3). At 14 dat, transgenic

plants for all four events showed minimal injury at all

rates (Table 4). The control, Penn A-4, showed injury

above 40 % at 200 g ai ha-1, which is approximately

the 1X labeled rate for the naturally ACCase-resistant

centipedegrass (Ermochloa ophiuroides Munro.)

(Anonymous 2011). Penn A-4 was killed at a 4X rate.

By 21 dat, PGC was reduced to five percent at a 2X

rate for Penn A-4. PGC for transgenic events was

reduced by 16–28 % at a 15X rate. At 28 dat, Penn A-4

injury was severe at a 0.5X rate, and PGC was reduced

to 18 %. Transgenic events 2–4 survived to 15X with

just*50 % injury and with PGC reduced by 50 %. By

28 dat, transgenic plants with injury showed some

recovery. For example, percent injury for event four

was reduced from 21 to 16 % (Figs. 4, 5).

Discussion

It was not possible to recover events that expressed an

extra copy of the native gene, with or without an amino

acid substitution. In contrast, the use of a synthetic gene

strategy incorporating a desired mutation was

Fig. 2 Percent Injury of plants from Penn A-4 and transgenic

event four in response to foliar applied sethoxydim 28 days after

treatment. Five replicate plants were visually assessed for injury

for each genotype at each rate. Data for Penn A-4 were fitted to a

Misterlich model and data for event four were fitted to a linear

model

Fig. 3 Percent green cover of plants from Penn A-4 and

transgenic event four in response to foliar applied sethoxydim

28 days after treatment. Photos of five replicate pots for each

genotype at each rate were analyzed SigmaScan Pro 5.0 for

percent green cover. Data for ‘Penn A-4’ were fitted to a

negative exponential decay model and data for event four were

fitted to a linear model
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successful at achieving the goal, namely, the expres-

sion of a native enzyme differing from the native

version by just one amino acid, while avoiding gene

silencing.

The bentgrass sequence was highly conserved, as is

the case with other grass species (Kawabe and

Miyashita 2003; Zhang et al. 2001, 2012). The

synthetic gene was designed to exclude rare codons

during back-translation. Removal of such codons is

important, as these can cause ribosomal stalling,

resulting in an altered folding pattern that may change

the enzyme’s activity (Carlini and Stephan 2003; Tsai

et al. 2008; Saunders and Deane 2010).

Thirteen percent of the hygromycin-resistant events

from calli inoculated with the modified ACCase with

the 1781 LEU mutation were also sethoxydim-resis-

tant. In vitro selection of HR paspalum (Heckart et al.

2010) and bentgrass (Heckart et al. in press) can

produce resistant events due to spontaneous muta-

tions, though at a much lower rate. Using hygromycin

for the initial selection phase helped ensure that

sethoxydim resistant plants were due to presence of

Table 4 Percent injury and percent green cover of transgenic events and control Penn-A4 in response to various concentrations of

sethoxydim

g ai ha-1 Genotype Genotype

Penn A4 Event 1 Event 2 Event 3 Event 4 Penn A4 Event 1 Event 2 Event 3 Event 4

Percent injury 14 dat� Percent green cover 14 dat

0 0b� 4ab 1b 0b 0b 58b 62ab 67a 64a 66a

50 6b 5b 4b 2b 1b 40b 59a 64a 66a 62a

100 27b 8bc 6c 5c 4c 30b 53a 56a 53a 60a

200 41a 12b 9b 5b 4b 25c 47b 50b 49b 59a

400 69a 15bc 10c 6c 6c 5b 43a 46a 50a 52a

800 100a 14b 9b 9b 9b 0c 41b 42ab 44ab 57ab

1600 100a 13b 9b 6b 5b 0c 42ab 46a 51a 47a

3200 100a 22b 12c 10c 8c 0c 34b 50a 48a 45a

Percent injury 21 dat Percent green cover 21 dat

0 10a 14a 5a 5a 8a 59ab 64ab 66a 68a 71a

50 31b 14bc 7c 6c 6c 39b 62a 59a 66a 63a

100 68a 22b 20b 10b 9b 18b 56a 59a 63a 63a

200 84a 15b 19bc 33d 17bc 17d 60a 48c 48bc 59ab

400 100a 39b 34b 40b 21b 0c 44a 47a 43a 52a

800 100a 52b 45b 55ab 41b 0c 32b 32b 32b 46a

1600 100a 49b 57b 47b 46b 0c 31ab 36a 39a 34a

3200 100a 94a 54b 49b 52b 0c 10b 35a 33a 33a

Percent injury 28dat Percent green cover 28dat

0 3b 15a 1b 1b 3b 62b 60b 71ab 79a 68ab

50 26a 10b 2b 2b 1b 46c 57b 66ab 73a 73a

100 72a 20b 2b 14b 5b 17c 53b 67a 71a 68a

200 89a 17bc 14bc 26b 8c 13b 60a 61a 59a 64a

400 100a 28b 24b 25b 16b 0b 50a 53a 55a 62a

800 100a 34c 43bc 56b 27c 0c 45b 43b 41b 61a

1600 100a 48b 54b 59b 57b 0b 40a 38a 39a 39a

3200 100a 97a 66b 65b 63b 0c 3c 35a 23b 34ab

� Days after treatment
� Means on the same row (herbicide rate) followed by the same letter are not significantly different at 0.05 according to a Fischer’s

protected least significant difference
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the synthetic gene, rather than to a mutation for

resistance.

The use of sequential selection on hygromycin and

sethoxydim also made it possible to monitor the

transformation efficiency and ensure that the lack of

transgenics with some of the constructs was not due to

problems with transformation. Although transforma-

tion efficiency was similar for all four constructs as

evidenced by the recovery of hygromycin-resistant

calli (Table 3), no sethoxydim-resistant events were

recovered from calli inoculated with the native

bentgrass ACCase transgene or the synthetic ACCase

without the 1781 mutation. If gene silencing occurred

with cells containing the bentgrass ACCase

transgenes, down-regulation of the native gene would

be lethal and could explain why no events were

recovered for these constructs.

The use of the synthetic gene was more efficient

than recovering spontaneous mutations via in vitro

selection for resistance. For paspalum, 20,250 calli

went through the selection process, and two regener-

able events appeared during the third round of

selection resulting in an efficiency of selection of

0.0098 % (Heckart et al. 2010). In vitro selection for

sethoxydim resistance in creeping bentgrass produced

four resistant calli out of the 13,725 calli that were

originally placed on selection medium, yielding an

efficiency of 0.029 % (Heckart et al. in press). In

contrast, sethoxydim-resistant creeping bentgrass was

obtained through overexpression of a modified

ACCase at 121 and 41 times higher frequency than

with in vitro selection of seashore paspalum and

creeping bentgrass, respectively. As previously

reported in paspalum, it is estimated that the chance

of obtaining a spontaneous A to T mutation at the first

position of the 1781 codon is one in 1.3 billion

(Heckart et al. 2010).

The effectiveness of the synthetic gene strategy also

is evidenced by the level of resistance in the resulting

plants. Sethoxydim E-Pro� is labeled for use on

centipedegrass and fine fescue (Festuca ovina L.),

because these grasses are naturally resistant. Rates for

seedling and well-established stands of centipedegrass

are 210 and 315 g ai ha-1, respectively (Anonymous

Fig. 4 Recovery of percent green cover (PGC) and injury for

event four following foliar application of sethoxydim. Five

replicate plates were analyzed at 14, 21, and 28 dat. Plants were

treated with 400 ga ai ha-1

Fig. 5 Response of

transgenic events to varying

rates of sethoxydim

compared parental type

Penn A-4 28 days after

treatment. Transgenic

events have the ACCase

transgene modified with

synonymous mutations and

the 1781 isoleucine to

leucine herbicide-resistance

mutation. The X axis

represents transgenic events

1–4 and Penn A-4 control.

The Y axis represents

concentration of sethoxydim

applied
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2011). The creeping bentgrass used in this study was

regenerated in vitro then grown in soil for 2 weeks

prior to dose response experiments and closely resem-

bled seedling plants. Injury was only 16 % at 28 dat

for event four and reduction of PGC was only 6 % at

approximately a 2X rate recommended for seedling

centipedegrass.

As explained previously, the use of antibiotic

resistance for selection was to measure the number

of events that had useful levels of resistance as a

percent of all transformants. With proof of concept in

place, herbicide resistance itself could be used for

selection. Furthermore, if pathogen-derived DNA

elements are avoided in the construct and the events

are engineered biolistically, the resulting plants would

be exempt from USDA regulations as they currently

stand.

In summary, the present study demonstrates that a

synthetic ACCase gene with synonymous mutations

was able to bypass PTGS, while maintaining amino

acid identity. Furthermore, the introduction of a SNP

known to cause resistance to ACCase inhibitors made

it possible to use the synthetic gene to recover

sethoxydim-tolerant bentgrass. Apart from herbicide

resistance, overexpression of native enzymes has

many possible applications and this study shows that

this method of gene design is possible.
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