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Systematic research involving four chimeric gene constructions designed to express the same anti-
picloram single-chain variable fragment (scFv) antibody is described. Agrobacterium-mediated
transformation produced at least 25 transgenic tobacco plants with each of these, and the number of
T-DNA loci in each plant was determined using kanamycin-resistance segregation assays. The relative
amounts of active and total scFv in each plant were evaluated using quantitative enzyme-linked
immunosorbent assay and immunoblot technologies, respectively. No significant differences in scFv
activity were found among the four groups of single-locus plants, although the 35S/M construct was
found to produce significantly more total anti-picloram scFv than the other three constructs. A dose—
response bioassay involving T; seedlings from several of the highest expressers of active scFv
demonstrated resistance to a constant exposure of picloram at 5 x 10~8 M. Other approaches for
increasing antibody-based herbicide resistance are discussed, as further improvements are needed
before practical application of this technology.
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INTRODUCTION fragments (scFvs) have been made that are resistant to picloram
|and chlorpropham, respectively, (6). These resistances were
achieved by expressing specific antiherbicide scFvs, and in both
cases resistance correlated with scFv expression levels. There
are limitations to these models, as the levels of resistance
obtained against the two specific herbicides are low: in both
cases herbicide tolerance increased onhB8Zold above that

of wild-type plants. Almquist et al.5) found the highest dose
Fhat transgenic tobacco plants expressing anti-picloram-specific
scFv could resist was equivalent only to 0.5 g of active
ingredient (ai)/ha, which is much lower than the-3® g of
ai/ha field dose of picloram typically applied to cereal crops

Herbicide resistance in plants can be acquired by three general
mechanisms: metabolic detoxification of the herbicide, modi-
fication of the site of action where the herbicide molecule acts,
and prevention of the herbicide from reaching its site of action.
The International Survey of Herbicide Resistant Weeds reports
295 cases of weeds resistant to herbicides, including 106 dicot
and 71 monocot species (1). Resistance to herbicides can als
be conferred to plants via conventional breeding, for example,
imazethapyr-resistant crop®)( or by transgenic technique3)(
for example, glyphosate-resistant canola, corn, cotton, and

soybean. In most cases, alteration of the target site has beenz) “gimijary Eto et al. §) reported that the highest dose of
the mechanism used to confer herbicide resistance to crops. chlorpropham resisted by transgeAiabidopsisvas a constant

Immunomodulation, that is, the expression of an antibody in exposure equivalent to 0.2 g/ha, which is several orders of
an organism to affect its phenotype by altering the function of magnitude less than its field dose.

the target molecule in vivo4), has also been used to create
herbicide resistance in plants. Transgenic tobacco/Awadbi-
dopsisplants that express herbicide-specific single-chain variable

A priori remedies for increasing immunomodulation-based
resistance involve increasing the level of antibody expression,
improving antibody targeting to intracellular locations where
the herbicide is active, and/or increasing the antibody affinity
~ *Author to whom correspondence should be addressed (e-mail for the specific herbicide. Eto et al6) targeted an anti-
jchall@uoguelph.ca). chlorpropham scFv to four intracellular locations and found that
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opposed to the ER being the optimal intracellular location for Taple 1. Comparison of Original () and Modified (M) Anti-Picloram

effecting herbicide resistance. scFv Coding Sequences

Increases in the quantities of transgene products in plants have ' .
been achieved with stronger promotet®{12) and through _ Oantr _ Manti-
the use of genetic control elements such as translational parameter picloram scFv __picloram scFv
enhancers (1314) and matrix attachment region%5). Sup- zbﬂucleotide identity to O scFv 100 73
pression of post-transcriptional gene silencing mechanisms can % 6+C content 49 41

Iso improve transgene product accumulation, either by coex- rare (<10%:) tobacco codon usage 21 2
also Improv sgene p lon, € y medium (10~20%) tobacco codon usage 155 122
pression with a viral suppressor of gene silencifg)(or by abundant (>20%s) tobacco codon usage 113 153
transgene expression in gene silencing mutats. (In other potential splice sites (24) 12 4
cases, transgenes that are particularly difficult to express in Plant polyadenylation sites (31) 0 0

consecutive identical codons 8 6

plants have required coding sequence modification to reflect pyx predicted secondary structure 21797 21034
the codon usage of the intended host species for improved (kcalimol; 26)

transgene expression (117). CXG potential methylation sites 71 27
In this study, we attempted to improve the resistance of CpG potential methylation sites 15 15
transgenic tobacco plants to picloram by increasing the expres-
sion of anti-picloram scFv in planta. Four chimeric gene
constructions were produced with one of two promoters, either

the IEUP: LS)hor a dofljble'enhancedr.caMV 355 promﬁ@)(. inal ON). Volumes of 1uL of each oligonucleotide from stock concentra-
combined with one of two sckv coding sequences, the origina tions (25uM) were pooled in a final volume of 30L in 1x ligase

O; 5_), which was of murine origin20, 21), or a mOd'f'ed_(M) ~ buffer (MBI Fermentas, Burlington, ON, Canada). The reaction tube
version. Both the O and M sequences encoded identical was placed in a water bath, which was heated t6®@or 5 min and
polypeptides, but the M sequence was synthesized to mimiccooled (6 h) to room temperature inside a Styrofoam box. Two
tobacco codon usage and eliminate the potential for problemsmicroliters of ligase (5 Weiss units/uL; MBI Fermentas) was added
in transcription, transcript stability, and translation. Four groups and incubated at 12C for 16 h. PCR was performed to amplify the M

of transgenic plants were produced with these constructs, andcoding sequence using outer oligonucleotides as primers (PICPCR1
these were analyzed for relative total and active anti-picloram and PIC-12A; Supporting Information Table 1) and 2150f ligation
scFv, as well as for number of T-DNA loci. Offspring of four ~Product as template in a 28 reaction that contained a final
primary transgenic plants that were among the highest eXpresserconcentratlon of 2.5 mM MgG|0.25 mM of each deoxyribonucleoside

; . . ?riphosphate, and 1.25 units of Platind®fx DNA polymerase (Invit-
of active scFv were subjected to a picloram desgsponse rogen Life Technologies, Carlsbad, CA). The reaction conditions were

bioassay, and one line showed resistance to a constant dose of min at 94°C and 30 cycles of denaturation at@@for 30 s, annealing
5 x 10 M picloram, which was an~3-fold improvement  at 60°C for 30 s, and extension at 7€ for 30 s, followed by a final
compared with the resistance reported by Almquist et5l. ( extension of 7 min at 72C. An additional 10 min extension period at
Increased scFv expression may lead to eventual developmen®2°C using 5 units offagpolymerase (MBI Fermentas) was performed
of this mechanism as a practical model for creating antibody- before subcloning the 900 base-pair PCR product into pCR2.1 vector
based herbicide resistance through immunomodulation. (Invitrogen) and sequencing at Laboratory Services Division, University
of Guelph. Repairs were made by cloning correct sequences from two
different clones into the same plasmid. To do this, Xl restriction
enzyme sites, located at the multicloning site of the vector plasmid
Anti-Picloram scFv Antibody Coding Sequence Modification.The and at 682 bp of the coding sequence, were taken advantage of for
anti-picloram scFv coding sequence assembled by Almquist €b)al. (  combining the correct sequences between two complementary clones.
was virtually modified prior to synthesis (see below). The first goal of The final sequence of the corrected plasmid was verified by DNA
the modification was to make the coding sequence more similar to that sequencing.
of tobacco Nicotiana tabacumthan to mouseNjus musculusDNA, Binary Vector Assembly. Four chimeric gene constructs were
from which the sequence was originally obtain26)( Codon optimiza- assembled using one of two promoters, the tobacco cryptic constitutive
tion of the 885 bp sequence was performed utilizing the Protein Back promoter 3 (tCUP318) or a double-enhancer version of the CaMV
Translation progran2@) andN. tabacuntoding sequence preferences. 35S promoter (taken from pFF19G9), and one of two anti-picloram
Codons with a frequency lower than 10 per thousand in the tobacco scFv coding sequences, O, which was of murine origin, or M. One of
genome (23) were replaced in the scFv coding sequence by morethese, a binary plasmid utilizing the tCUP3 promoter to drive
preferred tobacco codons. Furthermore, potential intervening sequenceranscription of the O sequence (i.e., tCUP3/0), has been published as
splice-site acceptor and donor motifs were identified,(25) and pBIN/tCUP3/PICscFv (5). A second binary plasmid (i.e., tCUP3/M)
subsequently removed by replacement with nucleotides that resultedwas produced by replacing the O coding sequence from tCUP3/O with
in codons encoding the same amino acids. Inverted repeat sequencethe M sequence after both DNAs had been treated ®itbRI and
were analyzed using the Genebee RNA Secondary Structure softwareSacl. A third binary plasmid (pCAMterX/2X35S/PICscFV, unpub-
package (2627); nucleotides were changed to reduce the free energy lished), containing the O sequence between the double-enhancer version
(kilocalories per mole) of potential secondary structure while maintain- of the CaMV 35S promoter and thesterminator, was provided by
ing the polypeptide sequence. Repeated elements were analyzed (28[Kirk Brown (Agriculture and Agri-Food Canada, London, ON, Canada)
and replaced when present. Potential methylation sites (i.e., CXG andand is hereafter referred to as 35S/O. A fourth binary plasmid (i.e.,
CpG; 29) were replaced where possible and always without changing 35S/M) was also produced by replacement but after introduction of an
the encoded amino acid sequence. Plant polyadenylation sites (i.e.,EcoRlI site at the '3end of the sense strand of the M coding sequence
AATAAA, AATGAA, AAATGGAAA, and AATGGAAATG; 30,31 by PCR mutagenesis using the ECOPIC-A and PICPCRL1 primers
and ATTTA RNA instability elements32) were analyzed, but none  (Supporting Information Table 1). The newly amplified M sequence
were found in the O or M sequence. Finally, restriction enzyme sites was cloned between the 35S promoter andrtbeterminator of the
required for subcloning were ensured as unique within the M sequence.35S/O construct after treatment of both DNAs wiEkoRI. For both
Synthesis of the Modified Anti-Picloram scFv Coding Sequence. replacements, that is to produce the tCUP3/M and 35S/M constructs,
Polymerase Chain Reaction-mediated gene synthesis was performedhe tCUP3/O and 35S/O vector fragments were treated with shrimp
(33). The virtual M coding and anti-coding sequences were divided alkaline phosphatase (MBI Fermentas) prior to ligation with the
among 24 overlapping and complementary oligonucleotides, each notrespective M fragments and subsequent introduction Esicherichia

longer than 80 bases (see Supporting Information Table 1), which were
synthesized, 'Sphosphorylated, and purified (Sigma Genosys, Oakuville,

MATERIALS AND METHODS
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Figure 1. Schematic diagram of the anti-picloram scFv antibody gene transfer-DNAs (T-DNAs): RB, right border of T-DNA; a, neomycin phosphotransferase
gene (nptil); b, tobacco cryptic constitutive promoter (tCUP3) or double-enhancer caulifiower mosaic virus (CaMV) 35S promoter; ¢, Arabidopsis basic
chitinase signal sequence; d, heavy-chain variable fragment domain; e, polypeptide linker; f, light-chain variable fragment domain; g, c-MYC tag; h,
hexahistidine tag; i, endoplasmic reticulum (ER) retrieval signal; j, stop codons; k, nopaline synthase (nos) terminator; I, EcoRI recognition site; m, Sacl
recognition site; LB, left border of T-DNA.

coli strain DH50(34). Both constructs containing the M sequence were bleach), washed, and placed on MS medium (Sigma) containing 50
sequenced at Laboratory Services Division, University of Guelph, to mg/L of kanamycin. The number of plants resistant (R) and sensitive

confirm the desired sequences. (S) to kanamycin were counted after 4 weeks. Mendelian segregation
Agrobacterium-Mediated Plant Transformation. Binary plant was evaluated with chi-square analysg’s 86, 37), and probabilities

expression vectors containing each of the four constructs were >5% were considered to be adequate for accepting the null hypothesis

introduced intoAgrobacterium tumefascie#g542 by electroporation, tested in each case (Supporting Information Tables 2—5).

and respective T-DNAs were transferred ihtotabacunB1v9 (5, 35). Picloram Dose—Response Bioassay3, seeds from four self-

For each of the four constructs, at least 25 primary transgenic plants pollinated T plants, which were among the best expressers of active
were produced. Enzyme-linked immunosorbent assay (ELISA) and anq total scFv (i.e., tCUP3/M/#09, 35S/0/#43, 35S/M/#02, and 35S/
guantitative immunoblots were performed on extracts from each plant M/#30), were distributed on MS agar plates (as above) containing the
to characterize levels of total and active scFv produced by the plants, 5 \xinic herbicide picloram (Sigma) at concentrations of 107, 5 x
respectively (see below). _ 108, 2.5% 108, 1 x 10,5 x 10 2.5x 1079 and 1x 10° M
Preparation of Leaf Protein Extracts. Protein extracts were  anq grown for 4 weeks. Two controls were utilized: seeds from wild-
prepared by grinding, for 5 min, 250 mg of fresh leaf tissue from each type variety 81V9 (WT) and from aglplant produced by Almquist et

transgenic plant in 1 mL of cold (%C) extractionobuffer (50 mM Na al. (5;i.e., PIC42). Plants were visually inspected, and auxinic herbicide
HPQ,, 500 mM NaCl, 50 mM ascorbate, 0.05% Tween 20; pH 5.8) symptoms such as epinasty and obvious growth reduction were

using a vibration mill type MM300 (Retsch GmbH & Co., Haan, Snonitored in comparison with the controls
Germany) and three steel beads (Qiagen, Mississauga, ON, Canada L . o
Y) (Qiag isslssaug Statistical Analyses.Analysis of variance (ANOVA) at the 95%

per sample. Samples were centrifuged for 30 min &,4and the level of fid ; d to determi hether th
supernatant containing the total soluble protein (TSP) fraction was evel of connidence was periormed o ceterminé whether the means
among the four groups ofglplants were different in terms of relative

transferred to a new tube. Tubes containing the samples were kept on | . D 's tosk : q h
ice. The relative TSP concentration of each sample was determineg©tal or active scFv. Duncan’s te §) was performed to separate the

utilizing the Bio-Rad (Hercules, CA) protein assay reagent according Means: AI] analyses were done utilizing the SAS V.8 statistical program

to the supplier's instructions. Three samples per plant were made, and(SAS Institute Inc., Cary, NC).

normalization of TSP concentrations among all samples was performed

by diluting the more concentrated samples to the lowest relative TSP ResyLTS

concentration with extraction buffer. These normalized samples were

directly used in the ELISA and quantitative immunoblot experiments Anti-Picloram scFv Antibody Coding Sequence Modifica-

(see below). _ tion. The 885 bp anti-picloram scFv coding sequence published
Enzyme-Linked I.mmunosorbent Assgy.Measuremengs of actlve. previously (5 was modified for expression N. tabacunplants

plant-produced anti-picloram scFv antibody were carried out using in silico (GenBank accession AY71043Bjigure 1 shows a

indirect ELISA following the protocol described by Almquist et al. N S
(5). Briefly, microtiter plates were coated with picloram conjugated to schematic diagram of the T-DNAs containing the scFv genes,

ovalbumin (pic-OVA), blocked, and incubated with 100, 50, 25, 12.5, Which encode an amino-terminal signal sequence, followed by
6.25, 3.13, or 1.5L of normalized plant protein extracts containing  the anti-picloram heavy and light chains connected by the
the expressed scFv. Three independent, normalized protein sample§SGGGG} linker, the c-MYC, and hexahistidine tags, a KDEL
per plant were analyzed. AsTransgenic plant (PIC21), produced by endoplasmic reticulum retrieval signal, and two stop codons.
Almquist et al. §), was maintained in a greenhouse, and its was extract Codon optimization and removal of instability elements were
was used as an internal control in all ELISA plates to normalize performed to make this coding sequence more similar to tobacco
absorbance readings over all plates by transformation of the internal pa (see Material and Methodsable 1 summarizes the

control readings to an absorbance of 0.1 for the 3:/L3aliquots; differences between the O and M coding sequences. Twenty-
experimental sample absorbances were transformed accordingly. The

average active scFv produced by each plant was calculated by averagingzeven percent of the nucleotldesiwere changed from the original
the three sample repeats. equence assembled by Almquist et al. (5). The G+C content

Quantitative Immunoblot Analysis. Normalized leaf extracts ~ Was reduced from 49 to 41%, closer to the 43%\otabacum
produced above were used to compare the total amount of scFv(23). Codons with fewer than 10 per thousand frequencies in
produced by each plant. Fifty microliter aliquots of the three protein- tobacco were reduced from 27 to 20 in the M coding sequence,
normalized extracts per plant were pooled, and immunoblotting was whereas codons with 220 per thousand were reduced from
performed as described in Almquist et &).(Immunopositive bands 155 to 122. Abundant codons in tobacco, with frequenei28
were scanned and intensities were measured using Kodak (Rochesterper thousand, were increased from 113 to 153 in the M coding
?IPYIé;JI?)V\?VI::gnIC?é%: dsocl::lwaeféhE%ue?l :/oOh;Toev;/S f;r:i;?itsecr;alo‘\:g;trglll sequence. Overall, 188 of 295 codons were changed to make

the M sequence. Potential RNA splice sitéd) were reduced

immunoblots, as described for the ELISA plates (above). L .
Kanamycin Resistance Segregation AssayEhe number of T-DNA from 12 to 4. Consecutive identical codons were reduced from

loci in each primary transgenic tobacca)Plant was determined using ~ 8 t0 6. The predicted secondary structure of the mRNA was
kanamycin resistance segregation assays. Approximately 2668cts reduced from-179.7 to—103.4 kcal/mol 26). Potential CXG
obtained from each self-pollinated flant were surface-sterilized (10%  methylation sites were reduced from 71 to 27, and the number
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o] SMCAATTCAAAATGGCTAAGACHAATCTINT TINC TCTTIRCTCATC T TMRONC THC T8 A
M G AATTCARAATGGCTAAGACHAATCTETTECTCTT®CTCATC TT@E®C T®C TECT®TCA
1 M A K T N L F L F L I F 8 L L L S
0 61 T cTCCEeC e A IGTCC GCTGANTTGGT A C
M 61 CHC GQ| T] T] TCCMNGCTCANT TGE TR
18 L $ § A Q V Q L Q ¢ 8§ G A E L V R P G 8
0 121 TCrENINACINEITCC I, IO TCCRTATCCINT T®ACHN ASTCCATCARGTC
M 121 AGCEIKErVALYMNAGT ITATGCT TIACSGCINT AINTGCATGARINTG
38 §$ V K I $ ¢ K A S G Y A F SR Y WMN W
ORI RS C: Tlelr 7. ¢l 2 [€n G CCTC G C A EC GIN C TING AR TGGAT TGO C AlA TR TAWCC TGGAGATGCHN
R Tk~ AIAC AR CCCCTCCINCAIMGCRC TOC A TCCAT TGCINC AIA T TABCCTCCAGATGGE
58 V X Q R P G Q G L E W I @ Q I Y P G D G
oS~ TAATARMTACAATGGARAAGTT®AREGGHARAGTEA ACHY Alein A AiNele T Ol
YRl 1\ TALTARNTACAATGGAAAGTTINAR A Th T] AT@AGT
7 D N N Y N ¢ K F K 6 K vV T L T A D K S 8
0 301 INECH CIVNSEUREION G CICAGCAGC T NCTC O T AT T®TCT
M 301 WETINeCEls TN e&\r Tjsn TCATC TGN TS TA AT C| AT TMTGT|
9¢ § T A Y M Q L § § L T S E D S A V Y F C
0 361 EerINENGNCIVACEE TINEIACTCET AGTTICGCTATGGASTARTCGGGRCALGGALCHE
M 361 EETEEINMITIYAT TC. AT T®CCTATGCAINT A TCGCCCICARGEAACT
118 A R F Y ¢ S §S R Y Y F A M D Y W G Q G T
0 421 TCAERCNINGICTCCTCCEENEaNee CElET BCGCGAGGTGGETCS T C
M 421 AGTEINTNGNGICACTACTEeNeONele T TeleTeleXeleuvele e Tele T C
138 § Vv T VvV 8§ 8 ¢ ¢ ¢ ¢ 8§ ¢ & G & 8 G G ¢ ¢G
SNV R- e TC 18N T TC TEATCACOCAATCINCCIAC CIMESTINT, GTCT] G C
UGN Ne TG AR T TG TINA TCACINCAATCRC CING CLEXE T TN TAGCAT s
158 $s D I VvV M T Q § P A S L A V S L G Q R A
0 541 SCINEATCNEH ®AGTGARAGH e TTATCCA R WX T TINA TGCASTCC
M 541 EeTENYAAGTHRETI: AGTGAAAGE e TTATGGAA NG OATGCAWTG
17¢ T I § ¢ R A § E 8§ V D S Y ¢ N S F M H W
NN T2 eCreC e A NCCIGECAECCACCOAAACTCOTEATTA TECHGCATCEAACY
SN NR T 23k C 2 JAC A A 7€ C CRRGGEINC AINC CINC CIAR AR C T CITEA TAT A TINGING CAT A A CIRTEG A
198 Y ¢ Q K P G Q P P XK L L I Y R A § N L E
0 661 TC A T8 Ch R TCTAGEACKGAGTTCACCCT@ACOATHR
M 661 A A T TC ITCTAGIAC®GAGTTCACCCTIRACMATY
218 $ G I P A R F S G S G S R T EF T L T I
OB S\ TCCTGTGGAGCCIGATCATGTIGCAACST ABTASTGINC AGCARAGINAAIGAGGATCC
USRI C 1 TCCTCTCGGAGCOGATCATGTECCAACINTABT AT G@CAGCAAAGOANSGAGGATCCIA
238 H P V E A DDV A T Y Y ¢ Q Q 8 N E D P
0 781 REINSGINNC] SN ClenACOTECAATCARRSCIRNCEWE CGANCARAAACTEATS
M 781 [KEEINGTigT, T] WA AGITINGAEA TCAAANGESCINIECGARCAARALCTIATHY
258 W T F 6 ¢ ¢ T K L E I K R R S E Q K L I
0 841 GCGAAGA‘GATCTCATCACCATCACCATCACAAGGATGANCTTAAT‘ GAGCTC
UGV UM G CGAAGAEGATCT®AAICATCACCATCACCATCACAAGGATGANC TI®TAATENGAGCTC
278 § E E D L N H H H H H H K D E L * *
Figure 2. Comparison of original (O; top line) and modified (M; middle line) anti-picloram scFv antibody coding sequences and the scFv polypeptide
sequence (bottom line). Numbers at the beginning of each line indicate respective nucleotide or amino acid numbers. Identical nucleotides are boxed in
black. Amino acids: 1-21, Arabidopsis basic chitinase signal sequence; 22—141, heavy-chain variable fragment; 142—158, polypeptide linker; 159-271,
light-chain variable fragment; 272-283, c-MYC tag; 284—289, hexahistidine tag; 290—294, ER retrieval signal; 295 and 296, stop codons. Note that the
nucleotide sequences begin with EcoRI restriction sites and end with Sacl restriction sites. The GenBank accession number for the M sequence is
AY710431.

of CpG sites remained the same in both the O and M sequences, Transgenic Plant Production and Determination of T-
that is, 15. Plant polyadenylation sites (31) and instability DNA Locus Number. One hundred and eight transgemc
elements (ATTTA;32) were not found in either sequence. An tabacumplants, variety 81V9, were produced: 28 contained
alignment of both DNA sequences, plus the polypeptide the tCUP3/O construct; 28, tCUP3/M; 27, 35S/0O; and 25, 35S/
sequence that they encode, is showRigure 2, where identical M. All T o plants were analyzed for number of T-DNA loci by
nucleotides are boxed in black. kanamycin resistance segregation analysis.
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S WT PIC21 3 4 5 6 7 8 9

§

115 kDa
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Figure 3. Representative immunoblot probed with anti c-MYC antibody to detect anti-picloram scFv bands. Samples are indicated along the top. Migration
of molecular weight protein standards is indicated along the left side. The migration and size of the immunopositive scFv protein bands are indicated on
the right side. S, Bench Mark (Invitrogen) prestained protein ladder; WT, wild-type tobacco negative control; PIC21, internal positive control; 3—9, seven
independent Ty samples from this study.

Approximately 200 T seeds from self-pollinatedgTplants 35
were tested for kanamycin resistance or sensitivity by distribut-
ing them on MS agar plates containing kanamycin (50 mg/L). 3
Resistant (green) and sensitive (white) plants were counted after
4 weeks, and the segregation ratio for eaglsdedling set was
compared with three different null hypotheses corresponding
to one, two, and three T-DNA loci (3:1, 15:1, and 63:1)
according to Mendelian segregation of a dominant trait. Chi-
square %% 36, 37) statistics were calculated, using the 0.05
probability value as the cutoff for acceptance of a null hypothesis
(Supporting Information Tables-25). In the tCUP3/O group
there were 17 plants with one T-DNA locus, 7 with two, and 2
with three; 1 did not have progeny resistant to kanamycin, and
another died before seeds were collected. In the tCUP3/M group,
there were 10 plants with one T-DNA locus, 14 with two, and
3 with three; 1 died before seeds were collected. In the 35S/0  ©
group, there were 18 plants with one T-DNA locus, 4 with two, 1cups /o (CUPS/M - 38870 BS /M
and 1 with three; 2 had kanamycin resistant progeny with Figure 4. Average total anq active antl-plcloram scFv,is'tandard errors,
frequencies that did not fit a Mendelian segregation model; 2 for four groups of transgenic plants_ relative to a common internal control
died before seeds were collected. In the 35S/M group, there (PIC21). Values for total and active scFv of the PIC21 control were
were 15 plants with one T-DNA locus, 5 with two, and 2 with arbitrarily set to 1. Relative total or active scFv is shown on the left. The
three: 3 died before seeds were collected. four groups of plants are indicated on the bottom, with the promoter
Quantification of Total and Active Anti-Picloram scFv. indicated before the slash and the coding sequence after the slash. Only
All transgenic T plants were analyzed for expression of total ansgenic plants possessing single T-DNA loci, as determined by
and active anti-picloram scFv utilizing quantitative immunob- §egr§gat|on of kanamycm resistance in the T; generation, were |ncIudgd
lotting and ELISA technologies, respectively (Supporting N this analysis. T_he _mset box shows the key fqr t_otal anq active protein.
Information Tables 25). Figure 3 shows a representative Letters a and b indicate groups that are statlstl_cally different for total
immunoblot, where the total scFv produced by sevgplants scFy py ancan‘s test at the 95%' level of confidence; there were no
was compared to that of the PIC21 control plafigure 4 statistical differences for scFv activity among the four groups.
presents the average total scFv, with standard errors, for only ) ]
those plants determined to possess single T-DNA loci for each this comparison, ELISA absorbances were adjusted to that of
of the four T-DNA expression constructs. In this comparison, the PIC21 internal control, which was set at 1.00 as above. The

the intensity of the immunopositive band of the PIC21 internal average relative scFv activities for plants possessing the tCUP3/
control (PIC21), which was present on all immunoblots, was O tCUP3/M, 35S/0, and 35S/M constructs were 1478.36,
set at 1.00, whereas the band intensity for eagiplint was 144+ 0.67, 2.2&t 0.36, and 2.65- 0.48, respectively. There
adjusted accordingly. The average relative total scFv amongWere no significant differences among these means using
single T-DNA locus plants possessing the tCUP3/O, tCUP3/ Duncan’s test (38) at the 95% confidence level.
M, 35S/0O, and 35S/M constructs was 0:80.08, 0.85+ 0.14, Picloram Dose—Response BioassayhA picloram dose-
1.20+ 0.12, and 1.6Gt 0.17, respectively. Duncan’s test (38) response bioassay was used to determine the resistance levels
at the 95% confidence level showed that the 35S/M construct among T seedlings from four g plants that were among the
produced significantly more total scFv than the other three best expressers of active scFv (i.e., tCUP3/M/#09, 35S/M/#02,
T-DNA constructs in single-locusglplants. 35S/M/#3, and 35S/0/#43; Supporting Information TablesR
Figure 4 also presents the average active scFv, with standard Seedlings were grown on MS agar media containing picloram
errors, for single T-DNA locus plants for the four groups. In at seven different concentrations (i.e., 4 1077, 5 x

DOtotal scFv
B scFv activity

v

= D
wn r o

Relative total or active scF'
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35S/M/#02

Figure 5. Picloram dose-response hioassay: representative photographs of wild-type (WT; left column) and T; seedlings of primary transgenic plant
35S/M/#02 (right column) treated with 2.5 x 1078 M (top row), 5 x 10~8 M (middle row), and 1 x 10=7 M (bottom row) picloram on agar media (see
Materials and Methods).

108 25x 108 1 x 108 5 x 1079 25x 109 and 1x Three variables that affect scFv transgene expression levels
107° M). It was found that T progeny of T plant 35S/M/#02 are the number of T-DNA loci, the number of T-DNA insertions,
had the highest level of resistance to piclordiigure 5 shows and the position of an insertion within the host plant’s genome.
this group of seedlings to be resistant to doses up to andTo reduce these effects, at least 25plants per each of the
including 5x 10-8 M when compared with the wild-type control ~ four T-DNA constructs were produced and subsequently
(i.e., 81v9). T progeny of T plants 35S/M/#30 and 35S/O/ analyzed for numbers of T-DNA loci. Only thosg flants that

#43 were resistant to 2.5 108 M picloram (not shown). T possessed single T-DNA loci were used in our analysis of
progeny of T plant tCUP3/M#09 were not resistant to picloram T-DNA construct performance={gure 4; also see Supporting
(not shown) due to transgene silencird®) and, like the wild- Information Tables 25), where it was assumed that each of

type control seedlingsF{gure 5), showed typical auxinic  the four groups possessed similar average numbers of transgene
herbicide symptoms, such as epinasty, hypertrophy, and obviousnsertions. It was also assumed that at least 10 plants per group
growth reduction of true leaves at concentrations x 10° would provide sufficient data to overcome variable expression
M. These findings confirm the in vitro biochemical assays, within a group due to position effects resulting from the random
where the § plant 35S/M/#02 was among the best dlants integration of T-DNAs within host genomes. We felt that these
expressing active anti-picloram scFv (Supporting Information assumptions would lead to minimal variation within each group
Tables 2—5). as only one tobacco host (81v9) and @gxgrobacteriumstrain
(At542) was used for all transformations, which were performed
during the same period of time.

There were no significant differences in average anti-picloram

The goal of this project was to increase the amount of scFv activity among the four groups of transgenic plants,
recombinant anti-picloram scFv produced by transgenic tobaccoalthough a trend ifrigure 4 suggests that the double-enhancer
plants in order to improve our previous model for conferring version of the CaMV 35S promoter may have produced more
herbicide resistance to plants by immunomodulation (5). This active scFv than the tCUP3 promoter did. Indeed, transgenic
goal was achieved by utilizing two different promoters and plants possessing the 35S promoter consistently produced higher
coding sequences in four combinations to produce plants thatamounts of active scFv. For example, the tCUP3/O, tCUP3/M,
all directed synthesis of the same anti-picloram scFv. Offspring 35S/O, and 35S/M groups contained 10, 2, 14, and 11 plants,
from the best expressers of scFv among these were subjectedespectively, with single T-DNA loci that expressed anti-
to a picloram resistance doseesponse bioassay to test for levels picloram scFv with activities>3 times that of the internal
of resistance to picloram. control (PIC21).

DISCUSSION
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In contrast with the results for overall activity, statistical and immunomodulation-mediated resistances to these could
analyses determined a significant difference for the total anti- allow for the production of plants for use in bioremediation
picloram scFv produced by single T-DNA locus plants, as plants programs, as novel herbicide-resistant crops and as biological
with the 35S/M T-DNA construct produced the most total scFv. reagents for use in the study of herbicide physiology in planta.
Figure 4 shows that single-locus 35S/M plants produced an Although the development of plants as crops with resistance
average of 1.6 times the total scFv of the internal control against herbicides would be desirable, further increases in the
(P1C21), which was significantly better than the other three resistance levels imparted by the expression of herbicide-specific
groups at the 0.05 level of confidence. The bars-igure 4 recombinant antibodies are required before immunomodulation
indicating the total scFv for each group also support the trend can be employed as a practical resistance mechanism. Current
that the 35S promoter may have outperformed the tCUP3 research in our laboratory is underway to derive homozygous
promoter, as both 35S groups produced more total scFv. lines from several of the transgenic plants presented in this work,

To understand more completely how to improve transgene which will be used to investigate the mechanism of immuno-
expression levels, more synthetic constructs should be studiednodulation-based herbicide resistance.
to determine whether coding sequence modification has a
significant and consistent effect on active scFv expression levels. ACKNOWLEDGMENT
Accumulation and stability of scFv transcripts, as well as
amounts of total and active scFv protein, should also be studied;We thank Yonging Niu for instruction on how to perform
however, because the goal of this project was aimed at Agrobacterium-mediated tobacco transformation, Kirk Brown
increasing active scFv expression, RNA levels were not studied. of Agriculture and Agri-Food Canada (London, ON, Canada)
A better experimental design would incorporate more sequencefor providing pCAMterX/2X35S/PICscFV, Tsafrir Weinberg for
modifications, with each one intended to affect only one of help with the statistical analyses, and Angela Hollis at the
transcription, translation, or RNA stability, thereby allowing for  University of Guelph Laboratory Services Division for DNA
simpler analyses of the effects coding sequence modification sequencing.
may have on these components of transgene expression.
Parameters such as the order ¢f &hd | sequences within a
scFv (40), and other linkers, should also be investigated. for the synthesis of modified anti-picloram scFv coding

The offspring of four T plants that were among those that sequencg,.prim.ers utilized for its amplication anq cloningz ar!d
expressed the highest active anti-picloram scFv, that is, tCUP3/SCFV activities in transgenic tobacco plants. This material is
M/#09, 35S/0/#43. 35S/M/#02, and 35S/M/#30, were tested in available free of charge via the Internet at http://pubs.acs.org.
a picloram doseresponse bioassay. The seedlings among three
of these sets of I plants were resistant to picloram at a LITERATURE CITED
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