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Inheritance of dinitroaniline resistance was investigated in F2 and F3 populations
of crosses between a resistant green foxtail and three foxtail millet cultivars (Se-
taria viridis and Setaria italica, respectively). Resistance was assessed on the basis
of inhibition of root growth of seedlings in trifluralin solution. Results indicated
that resistance was recessive but did not give a monogenic segregation ratio in F2.
Distortion of segregation or two linked loci (r = .23) might account for only 15%
resistant plants in F2 progeny. Quantitative analysis showed that part of the re-
sponse to trifluralin is under the control of further minor genes.

Breeding and engineering crops for im-
proved herbicide resistance is a recent
concern (Mazur and Falco 1989). Genes
for resistance are highly desired in cases
where no selective herbicide is available
to control weeds. That is the case for the
foxtail millet, Setaria italica (L.) Beauv., a
small grain cereal of major importance for
human consumption in India and China. A
triazine herbicide resistant germplasm of
millet has already been released after in-
terspecific hybridization with a resistant
green foxtail, Setaria viridis (L.) Beauv., the
putative ancestor of the crop (Darmency
and Pernes 1985). Recently, several popu-
lations of green foxtail in Canada evolved
resistance to another class of herbicides,
the dinitroanilines, a group of chemicals
that inhibits cell division (Morrison et al.
1989). The resistant plants were seven
times more resistant than susceptible
ones (Beckie and Morrison 1993). The
mechanism of resistance to dinitroanilines
is still not known in green foxtail, but does
not appear to be due to altered tubulins
(Smeda and Vaughn 1994). Because all mil-
let cultivars tested to date are susceptible
to this chemical group (Wang T, unpub-
lished results), we decided to transfer re-
sistance from the wild germplasm to the
crop.

Various inheritance patterns have been
found for dinitroaniline resistance in dif-
ferent species. Resistance was due to a
dominant gene in Cucurbita moshata (Ad-
eniji and Coyne 1981). Semidominance at
one or more loci was found when altered
a- and p-tubulins were involved in the
mechanism of resistance, as in Eleusine in-

dica (Smeda and Vaughn 1994) and Chlam-
ydomonas reinhardtii (Bolduc et al. 1988;
James et al. 1993). In green foxtail, resis-
tance was inherited as a single recessive
nuclear gene (Jasieniuk et al. 1994). We re-
port here on the mode of inheritance of
dinitroaniline resistance after an interspe-
cific cross between a resistant green fox-
tail population and a susceptible millet
cultivar.

Materials and Methods

Seed of dinitroaniline resistant green fox-
tail was collected in a wheat field near Oak
River (Manitoba, Canada). Two plants
were grown in the greenhouse and polli-
nated with the cv. Amende-4 (Heilo-
ngjiang, China) after emasculation by the
technique described in Darmency and Per-
nes (1985). To obtain the reciprocal cross,
a dominant male sterile Shda-1 germ-
plasm, obtained at the Hebei Institute of
Millet Crops (Shijiazhuang, China), was
pollinated with resistant green foxtail. Hy-
brids were confirmed by electrophoresis
of leaf esterase isozymes at the seedling
stage and seed characteristics were con-
firmed at maturity as described for other
crosses between cultivated and wild Setar-
ia (Darmency and Pernes 1987).

Populations of F2 seeds derived from
selfing F, plants were analyzed using a Pe-
tri dish bioassay adapted from Beckie et
al. (1990). The assay consisted of placing
F2 seeds in 11 cm glass petri dishes lined
with small glass tubes supporting two lay-
ers of Whatman #3 filter paper (50 seeds
each). Petri dishes were filled with 50 ml
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Table 1. Germination rate, chi-square test of homogeneity, and mean root length (±95% confidence
limits) of parents and F2 and F, generations in water and 0.1 ppm trifluralin

Parents

Amende-4 (A4)
Shda-1 (SI)
Oak River (OR)
F2 (OR X A4)
F2 (SI X OR)

No. of
seed

200
200
500

2,500
1,050

Germinated (%)

Water

82
98
14
80
61

Triflu-
ralin

87
98
14
82
53

X2

0.6'
O.(K
0 *
0.9=
4.0

Root length (mm)

Water

29.2 ± 2.0
26.7 ± 1.2
19.6 ± 2.5
25.5 ± 2.5
22.5 ± 2.2

Triflu-
ralin-S°

5.5 ± 0.2
4.9 ± 0 . 1

6.7 ± 0.2
5.0 ± 0.5

Triflu-
ralin-R'

19.8 ± 2.3
25.8 ± 2.4
20.3 ± 2.0

" Seedlings classified as suscept ible .

' Seedlings classified as resistant .

' Nonsignificant at a > 0.05.

of water or a solution of 0.1 ppm triflura-
lin, a dinitroaniline herbicide (0.21 (jil/1
Treflan EC, Dow Elanco), then sealed with
parafilm and incubated in the dark at 25°C.
Three days after sowing, the root length
of each seedling was measured. For seeds
of the green foxtail, the date of germina-
tion was recorded for each seed so root
length could be measured a constant num-
ber of days after germination because ger-
mination was not synchronous. Seedlings
were classified as susceptible or resistant
as explained in the Results section. Sub-
samples of seedlings were then trans-
ferred to a petri dish filled with water.
Those that survived were planted in Jiffy
7 pellets, grown in the greenhouse, and
bagged at flowering to produce self-polli-
nated F3 seed families.

A sample of 150 seeds of one F2 popu-
lation was directly sown and grown in the
greenhouse to produce selfed F3 progeny.
All resultant F3 families were analyzed for
trifluralin resistance or susceptibility us-
ing the petri dish bioassay. Fifty seeds
were placed in each petri dish. An addi-
tional 450 seeds were assayed for those
families with at least one resistant seed-
ling. Susceptible and resistant seedlings
were scored. Regression of the percentage
of resistant seedlings as a function of
mean root length was calculated over
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Figure 1. Distribution ol seedling root lengths of an
F2 generation of a resistant green foxtail x millet cul-
tivar cross in 0.1 ppm trifluralin solution.

these 150 F3 families. For 20 F3 families that
were 100% resistant, 250 seeds were ger-
minated in water and the root length mea-
sured. An analysis of variance (ANOVA) of
root length was carried out for these 20
families germinating on water and triflu-
ralin.

A resistant F3 plant, obtained from an F2

parent having growth and seed character-
istics close to those of a cultivated plant
and 100% resistant, was crossed with the
cv. Jigu-11 (Hebei, China). Seed of Jigu-11,
selfs of the F3 plant, and F2 progeny of this
cross were assayed in the petri dish bio-
assay with trifluralin concentrations rang-
ing from 0.01 to 1 ppm (200 seeds of each
type at every dosage, 750 for the F2 at 0.05,
0.1, and 0.2 ppm).

Results
Germination of cv. Amende-4 and Shda-1 F2

and F3 seeds were synchronous, as indi-
cated by root elongation after the first day.
The percentage of germination varied
from 98% for cv. Sdha-1 to 61% for one hy-
brid progeny and 14% for green foxtail
(Table 1). With the exception of one hy-
brid progeny, the percentage of seed that
germinated in trifluralin solution was not
significantly different from the percentage
that germinated in water (Table 1).

Root growth of millet seedlings was sig-
nificantly lower on trifluralin solution than

on water. In contrast, root length of resis-
tant green foxtail seedlings did not differ
significantly between trifluralin and water
(Table 1). The distribution of root length
of the F2 generation in trifluralin solution
showed a bimodal pattern with two non-
overlapping parts (Figure 1). Therefore,
susceptible and resistant seedlings could
be identified as having roots smaller and
larger than 10 mm, respectively. In addi-
tion, roots of susceptible seedlings exhib-
ited a brown and thick tip, much like a
bludgeon, and showed no more growth
even after 7-10 days (data not shown).

The segregation observed in four inde-
pendent F2 populations did not fit 3:1 and
13:3 inheritance ratios. The four popula-
tions showed homogeneous results (x2 =
0.3, n.s. at a < 0.05) so that data were
pooled and the average percentage of re-
sistant seedlings was 15.0%. (Table 2).
This percentage did not changed even in
petri dishes that have been observed after
7 days. Only 2% over the 639 susceptible
F2 seedlings transferred into petri dishes
filled with water survived, while all the re-
sistant ones survived. None of the rescued
susceptible F2 produced resistant progeny.
In contrast, all but one resistant F2 pro-
duced 100% resistant progeny (Table 3).
Unselected F2 plants directly grown in the
greenhouse showed three types of segre-
gation: (1) 39% had no resistant descen-
dants; (2) 45.5% segregated susceptible
and resistant phenotypes (the percentage
of resistant descendants within an F3 fam-
ily ranged from 5-31%); 15.5% showed
100% resistant descendants (Table 2). Re-
gression of the percentage of resistant de-
scendants as a function of mean root
length for each segregating F3 family was
not significant at a < 0.05 (Fisher's Ftest:
F= 0.21).

The mean root length of 20 F3 families
that were 100% resistant was scored on
water and trifluralin. It was very variable
among families, from 13.2-27.9 mm on tri-
fluralin. The family ranking was different

Table 2. Observed F, segregation in four hybrid progeny analyzed to infer inheritance of resistance to
trifluralin in foxtail millet and chi-square test of expected ratios under the hypothesis of one recessive
gene (3:1) and two linked recessive genes with recombination (r = .23)

Hybrids
No. of F2

seedlings Susceptible Resistant 3:1 13:3 ^.23

Resistant

OR x A4-2
ORXA4-4
OR X A4-7
SI X OR-1

597
443
441
552

507
378
372
472

90
65
69
80

31.1°
25.5°
20.3°
32.5°

5.3"
4.8"
2.8'
6.6'

0 *
0.3'
l.fr
0.3'

15.1
14.7
15.6
14.5 -

"Significant at a < 0.001.

* Significant at a < 0.05.

' Nonsignificant at a > 0.05.
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