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An Empirically Derived Model of
Field-Scale Gene Flow in Winter Wheat

Todd A. Gaines, Patrick F. Byrne * Philip Westra, Scott J. Nissen,
W. Brien Henry, Dale L. Shaner, and Phillip L. Chapman

ABSTRACT
The potential introduction of wheat (Triticum
aestivum L) cultivars with transgenic traits has
generated increased interest in pollen-medi-
ated gene flow (PMGF). The objectives of this
study were to estimate wheat PMGF between
commercial fields across multiple years and
locations, and to compare estimates from large
fields to those from smaller experimental plots.
The study was conducted in a total of 56 com-
mercial field locations in eastemn Colorado in
2003, 2004, and 2005. We measured PMGF
by tracking the movement of an imidazolinone
herbicide resistance gene from resistant to sus-
ceptible cultivars, sampled at distances of 0.23
to 61 m. At least one sample from all 56 fields
and from all 18 evaluated cultivars had detect-
able PMGF. The highest observed PMGF was
5.3% at 0.23 m. The farthest distance at which
PMGF was detected was 61 m and the highest
PMGF at that distance was 0.25%. Higher levels
and greater distances of PMGF were detected
in commercial fields than in experimental plots.
Based on estimates from a generalized linear
mixed model with a random location effect, the
distance required to ensure 95% confidence that
95% of locations have PMGF less than 0.9% is

411 m for cultivars heading earlier than the pol- -

len source and 0.7 m for cultivars heading later

than the pollen source. These confidence lim- k

its should represent the highest levels of PMGF
expected to occur in winter wheat in the west-

biotechnology regulation. *

‘central Great Plains and will be useful for wheat
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GENE fLow, defined as movement between populations that
results in genetic exchange (Hedrick, 2005), can occur n
plants through pollen dispersal. Gene flow in wheat has histori-
cally been a concern only for seed production, as wheat is consid-
ered a self-pollinating species with generally less than one to two
percent outcrossing (Poehlman and Sleper, 1995). More recently,
wheat cultivars and experimental lines with novel non-transgenic
traits such as herbicide resistance (Newhouse et al, 1992) or trans-
genic traits such as herbicide and pathogen resistance (Zhou et
al.. 2003: Schlaich et al., 2006) have generated increased interest
in gene flow between wheat fields. Understanding gene fow via
pollen movement will be critical to ensure coexistence of trans-
genic and non-transgenic crops (Messean et al., 2006). Although
no transgenic wheat cultivars have been commercialized to date,
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biotechnology regulatory agencies require robust esti-
mates of cross-pollination frequency between wheat fields
to determine isolation distances for field cvaluation of
experimental transgenic hnes.

Wheat seed production guidelines address gene How
between ficlds. [n Colorado, isolation distances of 3 m
are required for certified seed production {Anonymous,
2003). Several authors have suggested that to ensure
adequate purity in wheat seed production. « larger 1sola-
tion distance is needed, such as 30 m (Matus-Cadiz eval,
2004) or 45 m (Hanson et al., 2005). Gene How in wheat
has been detected at distances as great as 2.75 km, though
at the very low level of 0.01% (Matus-Cadiz et al., 20073,

Pollen movement 1s the tirst step required for gene
fow to occur. Synchrony in flowering between frelds 1s
necessary, because viable pollen must successtully enter
florets, germinate on sugmas, and fernilize ovules (Waines
and Hegde, 2003). Anthesis in wheat can last up to t0 d
{De Vries, 1973) and sagmas can be receptive for a period
of four to 13 days (IDe Vries, 1971). Cross-pollination 1n
wheat can be affected by both genetic and environmental
factors. Cultivars are known to vary in receptivity to gene
flow under controlled conditions (Gritfin, 1987; Hucl,
1996: Huel and Matus-Cadiz, 2001 Lawric et al.. 2006
Martin, 1990). The optimal temperature for pollen pro-
duction is 21°C (Porter and Gawith, 1999), but freczing
or near-freezing temperatares at the boot, heading, and
anthesis stages can kill anthers, resulting n male steril-
1y (Shroyer et al., 1995) that leaves the surviving stigmas
more receptive to foreign pollen. High temperatures or
drought can increase cross-pollination frequency (Briggs
et al., 1999; Waines and Hegde, 2003) by increasig glhime
opening, which is associated with higher outcrossing (e
Vries, 1971; Hucl, 1996; Waines and Hegde, 2003).

Pollen source stze is known to influence outeross-
ing in recipient wheat (De Vries, 1974}, Several studies
in wheat iave used single row pollen sources to measure
gene flow via pollen over close distance (Grithn, 1987
Hucl, 1996; Martin. 1990), Other studies have used pollen
source blocks ranging m size from 5 m” (Hucl and Marus-
Cadiz, 2001 to 30 m* (Matus-Cadiz et al.. 2004) to 1640
m? (Hanson et al., 2005). Matus-Cadiz et al, (2004) sug-
gested that further research at the commercial field scale
was necessary, because small pollen sources may underes-
timate gene fHow m wheat.

Realistic measurements of gene flow require adequare
samphng over space and thne 1o reveal the range of vartation
that may occur (Rieger et al.. 2002). The release 1n 2001
of 2 non-transgenic herbicide-resistant winter wheart culti-
var in Colorado presented a unique opportunity €0 moni-
tor gene ow at the commercial ficld seale. Thys culovar,
Above (Haley et al., 2003). has single-genc mdazolinone
herbicide resistance due to a mutant allele at the acetolac-
tate synthase (ALS) locus on the I genome {Anderson ot

Al 2004). Above and several subsequently released cultivars
were developed through induced mutagenesis followed by
conventional plant breeding (Newhouse ¢t al, 1992 Tan
ot al, 2005), Above was tirst planted by commercial gram
producers in fall of 2002 and the first summier during which
PMGE could have occurred on a large scale was 2003, In
this system, gene flow s 1dentified by the presence of het-
erozygous mudazolinonie-resistant (IR} plants in the prog-
eny of imidazolinone-susceptible (1S) plants.

Ensuring coexistence of (ransgenic and non-trans-
genic wheat, including appropriate biotechnology regula-
tions for trausgenic wheat field erials and appropriate seed
producnion standards, will require knowledge of commer-
a1al field-scale gene flow variation. A comparison between
gene flow in commercial fields and in experiments with
small pollen sources would also aid 1 evaluating previous
wheat gene flow studies. This study utilized the novel IR
trait to (i) estimate gene flow in wheat between conmer-
cial tields across years and locations and (i) compare gence
Aow estimates from commercial field sampling to those
obtained from small expernmental plots.

MATERIALS AND METHODS
Commercial Fields

Sample Collection

Field sites were located in castern Colorado where TR winter
wheat cultivars Above or Bond CL (Haley et al., 2006} were
grown bordering 1S winter wheat during 2003, 2004, and
2005, Commercial field sites were cither a single 1S cultivar
planted adjacent to an IR cultivar or cultivar strip trials, where
multiple IS cultivars were planted in strips parallel to IR wheat.
Dates of heading, when approximately 50% of heads were vis-
ible above the flag leaf, were recorded for both pollen source
and recipient cultivars. Heading typically occurs two to three
davs before anthesis.

Commercial field samples were collected by hand harvest-
ing single rows of the 15 cultivar along a transect perpendicular
t the field border at distances from .23 to 61 m trom the IR
border. Each sample was a compaosite of at least 20 subsanples of
A1 wheat heads 1 a 1o length of row, spaced at feast 3 oy apare,
in a single row at cach distance from the 1R pollen source. For
the strip trials, a single culuvar was represented by one to three
composite samples at different distances from the TR cultivar.,
Samples were grouped by distnee and threshed individually
with a stationary thresher, starting with samples from the tar-
thest distances and proceeding to the closest distances to mini-
nrize potential contantmation between samples,

A total of 435 samples were collected from 56 locations in
castern Colorado (Table 1). The samples mcluded 18 commer-
cial wheat cultivars. representing six velative heading classes
(RHC) for castern Colorado (Table 2). Relauve heading
classes range from 1 to 8. with | being carliest and adjacent
classes differing by approximately 1.5 d (S Haley, personal
commumication. 2006, At all focations 1S wheat was sampled
next to Above, with the exception of one location where 1S
wheat was sanipled next to Bond CL. Above 1s classified as an
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Table 1. Number of commercial wheat field sample locations
and total plants screened.

Year Locations Samples Plants screened
x 107
2003 17 123 1.06
2004 17 167 1.41
2005 22 165 1.54
Totat 56 455 4.01

Table 2. Wheat cultivars sampled in commercial fields.

Relative heading - Nurmber of Number of
class? Cultivar locations samples
1 Prame Red 11 72
1 TAaM 107 1 7
2 Jagger g 57
3 Halt 2 7
5 Akron i 45
5 Alliance &) 16
&5 Ankor 21 50
5 Avalanche 16 20
5 Enhancer 8 18
5 Hatcher 2 14
5 Jagalene 13 41
] Yuma 2 9
5 Yumnar 2 4
6 ke i =}
5] Miltenirium 1 1
8 Platte 1 5
5] Trego 19 52
8 Prowers 99 3 20

‘Relative rating tor eastern Colorado on a scale of 1109 with 1 neing earfiest (S
Haley. personal communication, 20061

RHC 3 cultivar, and Bond CL s considered to be in RHC
5 All locacions bad some degree of heading date overlap
between IS and [R cultivars sufficient to provide flowering
synchrony. Sampling sites included 25 culavar strip erials (177
samples) and 36 large commercial felds (278 sanplesy. Some
locations included both commiercial field trausects and culti-
var strip trigs. Commercial field locations ranged 1 size from
32 to 130 ha for pollen source and recipient tields, and border
lengeh varted from 200 ro 800 m. Cultivar trial pollen source
and recipient plots ranged from 6- to 24-m wide with a 2060-
to 400-m long border.

Field Screening Method

To detect cross-pollination, samples were screened for herbi-
cide resistance using a field-based method. Ficld plots consisted
of 17-m long plots with six rows (2003) or four rows (2004 and
2005y, The design had tour rephcates and 13,000 rotal seeds
planted per sample (2003) or three replicates and 11,250 toral
seeds planted per sample (2004 and 2005). Seed numbers were
estimated based on 200-kerpel mass for cach sample. Known
homozygous TR plants (Above) were mcluded as checks m sep-
arate plots. Plots were planted in Ocrober and wreated in April
at the three to five feaf sage with tmazamos G nndazoh-

none herbicide) at 44 g ha™, 0.25% (v/v) non-1o81c surfactant
(Activator 90, Loveland Industries nc., Greeley, COYand 2.5%
{v/v) urea anunomium nitrate applied i spray volume of 187
L ha™ at 206 kPu. A second imazanmox application of 35 g ha™!
was applicd 1 carly May o cnsure adequate ditferentiation
amonyg homozygous resistant, homozygous susceptible, and
heterozvious phenotypes. In this system, most plants derived
from IS cultivar seeds are expected to be killed by the herbicide
trearment, and only plants derived from cross-pollinated seeds
are expected to survive,

The number of surviving plants was determined 1 lare
May. A heterozvgous phenotype, indicative of gene flow, was
identitied by mild foliar chlorosis. stunung, increased uller-
ing, and twisted spikes. This phenotype was consitent with
greenhouse observations of unidazolinonc-treated heterozy-
gous plants (Pozniak and Hucl, 2004). We estimated the total
pusber of emerged plane in cach plot by counting subsamples.
The sabsample plant population was used to esumate the aver-
age number of plants per meter of row, and that number was
multiplied by the number of meters of row it 3 plot to estumate

the total number of emerged plants.

Survivor Verification

Reesistance to ALS-inhibiting herbicides in plants can occur vid
spontaneous mutation {Saari et al.. 1994). To verify that plants
wored as heterozygous carried one copy of the ALS mutant
allele from Above and one copy of the wild-type ALS allele
from the susceptible parent, we conducted polymerase cham
reaction (PCRY) analysis on a subsample of plants. Proprictary
PCR-based protocols and primers specific to the 1) genome
ALS mutant allele from Above and the wild-type 1) genome
ALS allele were provided by the BASF Corp. (Research Tri-
angle Park, NU). Reactions were performed on a PTC-100
thermal cycler (Bio-Rad Laboratories. Hercules, CA). Amplifi-
cation products were separated on 2% agarose gels, staiped with
ethidium brontide, and visualized under ultraviolet light.

Data Analysis

Percent PMGE was calculated as (number of verified survi-
vors/total number of plants) X 100, Aualysis of variance for
PMGE was performed m SAS Proc GLM (SAS. 2004) on veri-
fied PMGE results from samples taken within 6 m of the pollen
source. Means separation was conducted using Fisher's Least

Significant Difference (LSD) at &0 = 0.05.

Experimental Plots

In a separate experunent, a Nelder wheel design (Nelder, 1962) was
ased o nmeasure gene ow from smaller pollen sources. Plots were
planted in fall 2003 and 2004 and sampled the tollowing summer.
Alternating «rips of the IS cultvars Prairic Red and Halo were
planted around a central 10-by-1tim Mock of Above, Dhates of 50%
heading for the three cultvars were recorded. Wind speed and
direction data were obtained from a permanent USDA weather
sation 400 m from the site. Samples were collected by hand har-
vesting all wheat heads withm a 1 it area at 1,307, 11,15, 23,
31, and 39 m from the edge of the potlen source along eigght tran-
sects w north, northeast, ¢ast, suuthc:\st, south. southwest, west,
and northwest directons. In 2004, two additional trunsects were
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sampled on a north by northwest and 1 wust by northwest orenta-
on. Farther distances were sampled where the size of the recipient
wheat plot permitted, up to 70 m from the pollen source. These
samples were processed separately from commercial tield sanples

and evaluated usniy a greenhouse sereeniny method.

Greenhouse Screening Method
Samples from the 2004 Nelder wheel were sereened by plant-
ing 12 rows of 15 seeds eachin rectangualar fas with commer-
cial potung media (Sunshine Mix #3, SunGro Horuculture,
Bellevue, WA). Each sample was planted m two flaws in cach
of two replications. Flats were placed o g greenbouse under
aatural light supplemented with 400 W sodiun halide lamps
to provide a 14 h davlength and watered as required. Plants
were sprayed at the two- to three-leat stage with imazanmox
at 35 g hat, 0.25% (v/v) non-tonic surfactant, and 1.0% (v/v)
area ammoninm pitrate in 4 research track sprayer (DreVres
Manufacturing Corp.. Hollandale, MNj calibrated o apply
187 L ha'' at 206 kPa. Two days after weatment, plants were
clipped ro approximately 1 am above the newest emerging leaf
Plancs that re-grew and displayed an injured phenotype were
identified as heterozygous survivors. The number of survivors
divided by the number of emerged plants i cach samiple was
used to caleulate PMGE

Samples from the 2005 Nelder wheel experinient were
sereened with a more efficient method of soaking seeds 1o 1ma-
zamox. described by Games et al. Q0071 A toliar application
of imazamox as described for the 2004 samples was apphied 10
to 14 d after entergence to eliminate any susceptible plants that
escaped imazamox treatment during seed soaking. The number
of survivors divided by the expected number of cinerged plants
in each sample was used to caleulate PMGE. The methods used
in 2004 and 2005 were compared by correlating PMGF esu-
mates from a set of commiercial field sanples tahen in 2003,

Empirical Model

As a starting equation tor this empirical nodeling approach, we
used the following “General Wheat Model” (GWM) proposed
by Gustafson et al. (2005):

PMGE = 1072 i
The GWM can be rewritten as

y = ax 107t 12]
where Yis PMGE a, b, and ¢ are model parameters deseribing
the height, steepness, and curvature of the hne, respectively,
sad v is the distance in m between pollen source and recipient
plants. Gustafson et al. 2005} fixed aat 1B at 0.2, and cat 0.5
based on graphing data sets from published studies and adjust-
ing model parameters o abtain a line that exceeded 93% of
svailable dats and had conservative (ngh-end) predicnons of
gene How arall distances. Becavse heading date 1o the recaving
field relative to the pollen source likely influences receprivity to
gene flow (Waines and Hegde, 2003), an additional term ws

1dded to the model
[ f
y = ax1o7b T2 3}

where d is a model parameter. 2 s RHC and {15 the exponent
i 2 power transtormation of <. Based on prelinunary titnng,

both ¢ and f were fixed. By fixing these exponential values,
the model becomes a linear combination of paraneters, thereby
substantially reducing the complexity of calculating standard
errors for the value of interest (PMGFL A generalized linear
mired model (GEMM) was ostimated using the maximum
fikelihood method in SAS Proc Nimixed (SAS, 2004). The
GLMM was it separately o commercial ficld and expernmental
plot data Model fit was judged using the Aikake information
criterion {(A1C) (Burnlam and Anderson, 2002y,

Equation [3] was modified for additional analysts m Proc
Nlmixed. For a given location. H, (oumber of heterozygous plants)
is binomtially distributed with 1 trials and a probabibity given by

M“rbx‘ +det I [4]
where [ s a random, normal location effect with mean zero and
standard deviation . Three lines were computed based on the
miodel parameter estimates. The firstline s a model of the median
response, which represents a typical location where 1 = 0.

H = ix 1078 +dx 151

The second line represents an estunate of the response fora
tocation at the upper u5th percentile of locatons, 10Y, where

{7 log, () — by +d=’+ 10450 (6]
and where 1.645 is the upper 95th percentile of a standard nor-
mal distribution.

The third line represents an upper Y3% confidence limit on
10 and requires a standard error of { caleulated using estab-
lished methods for variances of linear combinations of param-
oter estimates. An interpretation of this line is that we have 95%
confidence that 95% of locations in 4 given RHC have gene
Aow less than this bound at a given distance.

RESULTS
Commercial Fields
Resistance to an imidazolinone herbicide proved to be a
reliable and easily implemented trait for estimating gene
flow. To verify our phenotypic scoring, a total of 92 sus-
pected heterozygous plants were sampled for PCR analysis
over the three years of the study and all were confirmed as
having both mutant and wild-type alleles at the D genome
ALS locus. In 2004 and 2005, we tested two single plants
that were considered ambiguous as to whether they were
homozygous or heterozygous for imidazolinone resistance.
Both plants were scored homozygous mutant by PCR and
were not included i the PMGF calculations.

The highest observed gene flow 1 a sumple was 5.3%
m Jagger’ at 0.23 m, while no gene flow was detectable in
125 (27%) of the samples at distances ranging from 0.3 to
61 m from the pollen source. Gene flow was detected 1 at
least one sample from every location and from each of 18
cultivars tested. Across all three years, 33% of samples were
taken within 6 m of the pollen source and 67% of total
observed gene How occurred within that distance; 77%
of samples were taken within 30 m and 92% of observed
gene flow occurred within that distance. The farthest

CROP SCIENCE, VOL. 47, NOVEMBER--DECEMBER 2007

WWW.CROPS.ORG

2311




Table 3. Pollen-mediated gene flow in wheat samples collected at dis-

: wnt (P < (.01, data not shown). Cultivars with
tances < 6 m from the pollen source, by cultivar and year. et | data not shown) rvars

mean PMGFE > 1% in at least one year werce Jagger,

Year Prairic Red, and TAM 107 (Table 3). all of which
2uus 2004 2005 are carly heading cultivars (RHC T or 2, Table 23
Cultivar  Mean NsuaTntﬁ;:f Mean N:a':‘nlﬁ;:' Mean N:;‘nb‘:;:f Ankor (RHC 3) also had relatively high cross-pol-
Y T o lination rates in two of the three years.
AKTon 0.04 ot 8 012 be 7 G104k 2
) o N Experimental Plots

:!:‘sizrce g:;z ; g::, :m z 07 B 5 A total of 191 samples was analyzed from the
Y oanche 545 B 5 Akron Nelder wheel sites in 2004 and 2005 (Table
g Ermincer 012 b 5 4). The Pearson correlation coeflicient between
§ Halt GoR . results ot the L’(}(M~ and 2005 screenmg methods
B e o a o1t a common set of connmercial field samples from
g, ke 013 b 4 2003 was 0.90 (n = 28, P < 0.0001), indicating that
= goione e Bt . the two 111@(110({5-g31vc comparable rcsdults. In 2()(})4
. 2 B e , - an average of 675 plants was screened per sample.
g !i:z?t?:‘ e ) ot ane ¥ ?);ii ? Nincty-one of the 98 samples had no detectable
‘(_ Prairie fed 43 & 5 0.46 ab g O56E o gene flow. In 2005 an average of 3700 plants was
g Prowers 99 002 B screened per sample. Seventy-six of the 93 samples
- . I 5 had no detectable gene flow. Maximum gence flow
5 Trego 0.09 b 4 048 abo . Ao observations were greater in 2004 than in 2005,
T . 605 b A while mean and maximum gene low observations
N 009 b 5 0.07 b6 > were higher for Prairie Red than tor Hale (Table
Mean 0.46 0.07 b.3d 4). The farthest PMGF wa{s obscrvchin 2005 1 3
(S0 (0 = 0.05) 132 g 0.61 Prairic Red sample (0.02%) at 31 m trom the pol-

len source {Table 4). A subsample of 13 putative
heterozygous [R plants trom 2004 and 2005 was
veritied heterozygous by PCR.

‘Means with the same ietter within & colunin are not sigrificantly different at o -~ 0.05.

distance at which gene flow was detected was 61 m, our

Empirical Model

Model Parameters
The Nlmixed procedure was used to fit values of cin Eq.

furthest sampling point, and the maximum outcrossing at
that distance was 0.25% in a Prairic Red sample.

Analysis of variance for gene flow in samples taken
15]. The value of 0.33 was determined to provide the best
fit based on AlC. We fixed ¢ at 0.5, that s, a square root

rransformation of distance, because

within 6 m of the pollen source indicated that cultivar.
year, and a cultivar-by-year interaction were all signiti-
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Table 4. Pollen-mediated gene flow (PMGF) results from Nelder wheel experimental
plots (EP) and commercial fields (CF) for cultivars Hait, Prairie Red, and TAM 107.

Samples PMGF

Cultivar t?:)i Year Analyzed p\:';"g’: 2‘:;3:(‘;3 Mean’ Maximum! m:;’:gg xg‘?:g
Prairis Red EP 2004 42 6 1-42 0.04 0.74 11015 011 (9
2005 50 13 163 0.01 0.09 31002y 00400

CF 2003 10 7 0.15-37 026 115 37 (0.0 1142

2004 26 24 (.3-46 024 1.06 46 (0107 0.55 )

2005 36 36 0.3-61 0.33 .08 61(0.25) 063(7)

TAM 107%  CF 2005 7 7 0.3~61 0.85 371 61(0.10) 215
Hatlt EP 2004 56 1 155 (3.003 (BRI 15{0.15) 000 (10
2005 43 4 170 0.004 (1.06 7002 0.01 00

CF 2004 1 0 14 5.0
2005 6 1 3-61 [4X8)] 0.03 3003 003

“Barcent PMGF, detined as (number of resistant survivors/iotal plants screened; « 100
St distance in m at which PMGF was observed, with percent PRMGE from the sample In parentheses

“Percant PMGE 0 sampias collscted 110 31m from the polien sourcea, with the Bumies of samples my parentheses.

ranie Red was denved wia backerssing with TAM 1137 A% & recurfent parent and s expedting 1o be GE%, genet-

Lalty suniar to TAM 167,

it was very close to our fitted value
and is supported by the literature
(Gustafson ct al., 2005). For relative
maturity. the response of the param-
cter d fit for cach value of z (RHC)
was not linear, contrary to our ini-
tial expectations. Instead. fitted val-
ues of d appeared to be much higher
for low values of = (RHC 1 and 2)
and sinmlar for values of = from 3 to
8. Testing vanous exponential trans-
formations of = using Proc Nimixed
to fit values of fin Eq. [3] indicated
that f = =1.4 provided the best tit
based on ALC. According to USDA
weather station data, no single pre-
vailing wind direction accurred
during morning hours of the head-
ing and anthesis periods from 20103,

2312 WWW.CROPS.ORG

CROP SCIENCE, VOL. 47, NOVEMBER—DECEMBER 2007




g
g
g
2
:
<
§
3
w
:
-
&
g
Q
2
B
:

§
g
§
g
B
&

2004, and 2005, A direction parameter was therefore not
mncluded in the GLMM because differences mitally asso-
crated with direction were determined to be more likely
due to random location variation than i consistent trend
with wind direction across Jocations.

Prediction Estimates
The final equation for the GEMM was:

6.\‘(’)‘5 14 41 (7

H=ax10
Parameter estimates were produced m Proc Nlmixed
and used to construct estimates of the lines for 4 median
location (Eq. [5]). a location at the upper 95th percentile
(Eq. [6]), and an upper 95% contidence limit for the upper
95th percentile of locations for cach relative heading class »
(Fig. 1A-1F). Model predictions were converred from prob-
abilities to percentages for graphmg purposes. Data from
commercial tields and cultivar strip trials were included in
the GLMM. Parameters and standard errors in parentheses
estimated from the GLMM were ¢ = ~6.75 (0.02), b= 041
(0.00), d = 254 (.11, and 0 = 1.14 (0.12), all significane
with P < 0.0001. Median location estimates (Eq. |5]) and
upper 95% contidence limits on the upper 95th percentile
of locations by RHC (2) are shown in Fig. 2A and 2B

Commerecial Field and

Experimental Plot Comparison

Higher levels of PMGF were detected for Prairie Red in
commercal ficlds than experimental plots (Table 4). We
detected PMGF ar farther distances and in a higher pro-
portion of commerdial field samples as well. Resules for
Halt were similar between commercial fields and experi-
mental plots, although the number of Halt samples from
commercial fields was small compared to Praivie Red
(Table 4). Samples collected from | to 3 m from the polien
source also showed much higher PMGF in commercial
fields than in experimental plots for Prairie Red (Table 4).
Fitting the GLMM to commercial field data resulted in
substantially higher predictions of PMGF. Based on com-
mercial tield daca, the distance required to ensure 93%,
contidence that 93% of locations would have PMGE less
than 0.9% was 41.1 m for RHC 1. 6.4 m for RHC 2, and
0.7 m tor RHC 5. 1f 4 11.5% threshold was selected, then
the distances were 61.6 m for RHC |, 157 m for RHC
2, and 3.2 m for RHC 5. Model predictions based on
expennmental plot data were substantially different, ax the
distance required to ensure 95% confidence thar 95% of
locations would have PMGF less than 0.1% was 4.4 m for
RHC I and 0.3 m for RHC 3.

The tirst widespread commercial release of TR, whoat mto
the agroccosystem provided a unque opportunity to esti-
mate gene flow in wheacat the commercial tield scale. The

advantage of using a released cultivar for estimating gene
fHow was the ability to sample multiple cultivars wr differ-
ent focations across three years, at a scale and under condi-
tons typical of commercial production. Results from our
connnercial ticld study are based on larger pollen sources
and Jonger pollen source—recipient borders than typically
reported i gene flow studies. Herbicide-resistant progeny
were detected i cach cultivar evaluated, mdicating that
all these cultivars are receptive to some level of PMGE,

At three of 56 locations (3%), all samples exceeded the
estmated 95% confidence limit tor the upper 95th pereen-
tile of Jocations, which is acceptable within the prediction
It These included one location each of Jagger (Fig. 18),
‘Ankor’ (Fig. 1), and ‘Platee’ {(Fig. 1E). In addition, one
sample of Ankor out of 10 total samples at one culavar serip
trial location in 2003 exceeded the prediction limic (Fig,
11)). Weacher stations near the three locations that exceeded
model predictions recorded near-freezing or freezing tem-
peratures at some point during boot and heading stages
(Colorado Agriculrural Meteorological Network, available
at http://ccc.atnmsvcolostatc‘.cdu/’*coagmct; accessed 15
June 2006: verified 12 Sept. 2007). This may have been
cold enough to cause low levels of male sterlity in the
recipient ticlds by killing developing anthers (Shrover et al.,
1995), thus increasing the rate of outcrossing.

The RHC parameter explains significant variation
n these data, indicating that cultivars that headed earlier
than the pollen source (RHC 1 and 2) had higher levels
of gene flow (Fig. 2A and 2B). The 95% confidence limit
estimated for RHC 1 1s high in part due to the influence
of gene flow observations at greater distances (Fig. 1A).
Whether cthe higher PMGF estimates in classes 1 and 2
are due to timing of heading relative to the pollen source
or are confounded with other genetic artributes of Prairie
Red and TAM 107 (both RHC 1) and Jagger (RHC 2)
i ditheult to determine because these cultivars are the
only ones sampled in their respective classes. Based on the
observatuon that Prairie Red and Jagger had wider flo-
ret opening at anthesis (Gaines, 20006), genetic variation
n floret opening and stigma recepuivity to foreign pollen
may account for part of the cultivar variation.

Less variation i PMGFE was observed in experi-
mental plots thau in commercial ficlds. Gene flow was
not detected as far from the pollen source, lower average
PMGFE was tound, and a lugher percentage of samples had
no detectable gene flow. This was probably due to the
small area of the pollen source. The association of earlier
relative heading with higher gene flow was consistent with
the commercial field resules. Prairie Red is carlier head-
ing than Hale and had higher mean and maximum gene
How! however, this relationship would have been difficulr
t infer based solely on experimental plot data because
only two cultivars were included in the design.
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points from each respective class (A-F).

Modeling wheat PMGE with a GLMM ullows for
WO HHPOrTANT IMProvements over the GWM proposed
by Gustafson et al. (2005). First, 1t allows the inclusion
of a random location etfect which combines such sice-
specific variables as wind speed and direction, tempera-
ture. humidity, and topography. Second. 1 GLMM allows
PMGE to be niodeled explicitly as a muluple of a binomial

random variable, for which values of zero are alowed.

Distance (m)

Figure 1. Generalized linear mixed model estirnates for pollen-mediated gene fiow (PMGF) by relative heading class (z) graphed with data

This approach allows the binomial variance to be mod-
cled separately from the location vartance. Advantages of
Proc Nimixed over other considered alternatives include
the ability to explicitly estimate ¢ (the fransformation used
for distance). to compare models wing AIC to evaluate
fir, and to provide an approxmmate covariance matrnix of
all model parameters including o (the standard deviation

of the random location effect). Because many locations
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higher under early heading date classes
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Figure 2. Generalized linear mixed model estimates for polien-mediated gene flow

2“‘,"12 Martin. ]99“;_ Matus-Cadiz et al., (PMGF) by relative heading class (z) with all data points. A, median location estimates.
2004). Four of the five data sets used to B, 95% confidence limits above the upper 95th percentile of locations. PMGF is on

develop the GWM measured gene flow in  a logarithmic scale.

spring wheat cultivars, as opposed to win-

ter wheat cultivars in our study. Winter wheat in Colorado
is vulnerable to environmental stresses such as freezing tem-
peratures during floral development and drought stress, two
factors known to increase outcrossing. The pollen source m
this study, Above, tends to head earlier than niost varieties.
Recipient cultivars that were carher heading than Above
tended to have higher gene flow. while Jater ones had less.
This result is consistent with the report of Matus-Cadiz ¢t
al. (2004) that noted overall gene fow was higher it the
pollen source headed later than the recipient plot. This
trend may indicate that bordering fields are more recep-
tive to gene How if envirommental conditions cause some
niale seerility in recipient planes. If under these conditions
a recipient cultivar is earlier than the neighbormg pollen
source, pollen will be available for male sterile florets when
the source cultivar sheds pollen.

In summary, we have shown that significant gene
flow occurs in wheat at the commercial field-scale, with
higher levels and greater distances of PMGF than in smaller
experimental plots. Factors assoctated with elevated genc
flow included a pollen source that sheds pollen somewhat
Jater than the receiving ficlds and weather conditions rthat
may have caused some level of male steribity the recipi-
ent plants. Flowering traits specific to certain cultivars inay
also result in higher levels of PMGE. A GLMM wus used
to fit 2 median estimate of PMGF based on relative head-
ing date and an upper estimate (o account for unpredictable
environmental variables, such as wind speed and direction.
Based on variation due to these and other factors, our con-
fidence limits should represent the highest levels of gene
fow expected to occur m wheat i the west-central Great

Plains. Our results will be usetul to biotechnology regula-

tory agencies, seed production orgamizations, wheat grow-
ers, and others secking to minimize gene flow in wheat.
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