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Abstract. A partial diallel design was used to investigate the inheritance of tolerance to 
terbacil herbicide in cultivated strawberry, Fragaria ×ananassa Duch. Two tolerant culti-
vars, ‘Honeoye’ and ‘Earliglow’, two moderately tolerant cultivars, ‘Lester’ and ‘Allstar’, 
and two susceptible cultivars, ‘Red Chief’ and ‘Guardian’ were used as parents to create 
populations that segregated for tolerance to the herbicide. Tolerance rankings of the popu-
lations closely coincided with expected rankings based on the published tolerance levels of 
parental cultivars. ‘Honeoye’ and ‘Earliglow’ derived populations had the highest average 
tolerance ratings, while ‘Guardian’ derived populations had the lowest tolerance ratings. 
Heritability was estimated at h2 = 0.50, indicating that signifi cant progress in increasing the 
tolerance of new cultivars to terbacil can be achieved through traditional recurrent selection 
procedures. General and specifi c combining abilities suggest that the tolerant cultivars in 
this study may be fi xed in their tolerance and that increased mean tolerance will be most 
apparent in progenies combining tolerant and susceptible cultivars. As such, a broader pool 
of germplasm may be needed to develop cultivars that are more tolerant than those in this 
study. Chemical names: terbacil (3-tert-butyl-5-chloro-6-methyluracil)

Weed control in matted row strawberry pro-
duction continues to be the most pressing pest 
control problem in this system. Newly planted 
strawberries in the matted row system are most 
susceptible to weed competition during the 
period following planting. Yield losses of up to 
65% have been documented when early season 
weed competition was not controlled (Pritts and 
Kelley, 2001). Weed control during this period 
is especially critical for the long-term viability 
of new plantings and is diffi cult because few 
herbicides with a limited residual activity are 
available for establishment year weed control 
(Pritts and Kelley, 2001). 

Terbacil (3-tert-butyl-5-chloro-6-methylu-
racil) is an effective herbicide that is labeled 
for control of many annual and some peren-
nial weeds during the establishment season of 
matted row strawberry plantings. It has good 
residual activity, low soil mobility and a cau-
tion registration label (EPA Reg. No. 352-317) 
(Beste et al., 1983). Terbacil is applied in fi eld 
conditions as a wettable powder over the top 
of the planting. If leaves are present, irrigation 
can be applied to remove the herbicide from 
the leaf surface to avoid leaf damage (Polter 
et al., 2004a, 2004b). 

Terbacil is a photosynthesis inhibitor and, as 
such, is more toxic to seedlings due to their lack 
of carbohydrate reserves (Ashton and Crafts, 
1973), thus providing effective early season 
weed control. However, tolerance to terbacil 
is highly variable among strawberry cultivars 
(Ahrens, 1982; Lindstrom and Swartz, 1987; 
Masiunas and Weller, 1986; Weller, 1984). 
Lindstrom and Swartz (1987) observed a 

threefold difference in tolerance to terbacil after 
renovation among 22 strawberry genotypes. On 
a scale of 0 to 9 (9 being no injury),‘Earliglow’ 
and ‘Honeoye’ rated as the most tolerant at 
6.8 and 6.0, respectively after renovation (no 
leaves) and among the most tolerant at 5.0 for 
both without renovation. Redchief’ and ‘Guard-
ian’ were rated the most susceptible, especially 
when leaves were present during application 
(2.4 and 1.8, respectively). Most cultivars were 
more sensitive when the herbicide was applied 
on unrenovated plants (with leaves attached). 
Polter et al. (2004, 2005) showed that overhead 
irrigation to rinse the herbicide from the leaf 
surface greatly reduced strawberry plant injury 
in greenhouse and fi eld studies. Masiunas and 
Weller (1986) found that tolerance was related 
to vigor of the transplants but that early season 
weed control could be successful using low 
rates of terbacil without serious plant injury 
if the plants were still dormant when it was 
applied. 

The resistance to terbacil in strawberry has 
been attributed in part to the restricted trans-
location to the site of action in the mesophyll 
chloroplasts (Genez and Monaco, 1983b). 
Further, tolerance may be attributed somewhat 
to metabolism of the herbicide but no difference 
in rates of metabolism were found between a 
susceptible and tolerant cultivars (Genez and 
Monaco, 1983a). Indications are that anatomi-
cal features in the roots and/or vascular system 
and reduced translocation may account for the 
variability in tolerance (Genez and Monaco, 
1983a, 1983b).

The range of tolerance to terbacil observed 
in strawberry cultivars indicates a large level of 
available genetic diversity that could be utilized 
for improving tolerance through breeding. 
However, genetic studies to investigate the 
heritability of tolerance or possible genetic 
control of this trait are lacking. Additionally, 

an assay for seedling populations for effi cient 
selection for tolerance in breeding populations 
is needed. 

The objective of this study was to evaluate 
populations of strawberry seedlings for toler-
ance to terbacil using a partial diallel design 
with six parental strawberry cultivars using 
a greenhouse seedling screening procedure. 
Heritability was calculated based on additive 
and non-additive variances determined through 
specifi c (SCA) and general combining ability 
(GCA) analyses. 

Materials and Methods

A partial diallel design was used for 
calculation of combining abilities and a 
heritability estimate of tolerance to terbacil 
herbicide following the method of Griffi ng 
(1956a, 1956b) where F

1
s and parental self 

pollinations are included but not reciprocal 
crosses. The six parental cultivars included two 
tolerant cultivars, ‘Earliglow and ‘Honeoye’, 
two intermediate in tolerance, ‘Allstar’ and 
‘Lester’, and two susceptible cultivars, ‘Red 
Chief’ and ‘Guardian’ as ranked by Lindstrom 
and Swartz (1987). 

Hybridizations were made in the green-
house to develop a total of 21 populations 
(15 F

1
s and six parental self-pollinations). 

Unopened fl owers were emasculated by hand 
and pollinated 1 to 2 d later when the stigmas 
were receptive. Anthers were collected from 
the same fl owers, allowed to dry overnight 
and stored in glass bottles in a refrigerator 
at 4 °C with the dehisced pollen for use in 
pollinations.

Mature fruit were collected and the seed 
extracted and air-dried. Seeds were scarifi ed 
in concentrated sulfuric acid for 5 min, rinsed 
under tap water for 5 min, and stratifi ed in 
moist vermiculite at 4 °C for 8 weeks. After 
stratifi cation, seeds were sown in a soilless 
medium containing 1.2 peat : 1 vermiculite 
supplemented with 10N–5P–10K fertilizer 
and placed in a greenhouse under supple-
mental light to provide a 14-h photoperiod. 
Temperatures were maintained at 29 and 21 
°C day and night, respectively. Excess seed 
from each population was planted to ensure 
suffi cient numbers of seedlings were avail-
able for testing at a similar stage of growth. 
Seedlings were picked at the two single-leafl et 
stage and planted in two replicates of 32 plants 
in 5.1 × 5.1 × 10.2 cm cell packs for each of 
the 21 seedling populations. Space restrictions 
in the greenhouse necessitated a completely 
randomized design for the experiment. 

Preliminary testing on strawberry seedlings 
with levels of terbacil ranging from 0.125 to 
1.0 mg/seedling cell showed 0.25 mg/plant 
was an effective concentration for inducing 
symptoms and identifying tolerant genotypes 
(unpublished data). After the seedlings reached 
four to fi ve true leaves, they were treated 
with 0.25 mg terbacil wettable powder using 
a solution of 1 g·L–1 (80% active ingredient), 
applied on the soil surface near the base of the 
crown in each cell with a pipettor. Symptoms 
appeared within 2 weeks, including interveinal 
chlorosis, leaf curling and browning, reduced 
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vigor, and plant death in some cases. After 4 
weeks, the plants were evaluated for symptoms 
of herbicide damage on a scale of 1 to 10 (1 = 
dead; 3 = severe leaf necrosis but with living 
crown; 5 = moderate symptoms with some 
leaf edge browning and mild chlorosis; 7 = 
healthy but displaying mild chlorosis but no 
browning; 10 = healthy with no symptoms). 
An analysis of variance was used to test for 
treatment signifi cance. The data was further 
analyzed using the method of Griffi ng (1956a, 
1956b) to calculate narrow sense heritability, 
general and specifi c combining abilities, and 
estimated additive and dominance plus inter-
action effects. 

Results

All populations showed substantial symp-
toms of herbicide toxicity including chlorosis, 
leaf browning and plant death. Rankings of the 
cultivars, based on the ratings of the populations 
for which each was a parent, closely resembled 
previously published rankings (Lindstrom and 
Swartz, 1987) (Table 1). Populations with 
‘Honeoye’ or ‘Earliglow’ as a parent had the 
highest mean tolerance ratings. Populations 
with ‘Guardian’ as a parent showed the most 
herbicide susceptibility while populations with 
‘Allstar’, ‘Lester’ or ‘Red Chief’ as parents 
showed an intermediate response to the her-
bicide treatment (Table 1).

A heritability of h2 = 0.50 was calculated for 
tolerance based on the symptom ratings. The 
variance components for GCA and SCA were 
similar (Table 2) but with higher GCA variance, 
thus indicating a greater role for additive gene 
action. The SCA variance component was also 
signifi cant indicating a large dominance plus 
interaction gene effect. GCA was positive for 
‘Honeoye’, ‘Earliglow’ and ‘Allstar’ (Table 
3) and negative for ‘Red Chief’, ‘Lester’ and 
‘Guardian’ (Table 3). SCA was most strongly 
positive for the population of ‘Guardian’ × 
‘Earliglow’ and most strongly negative for 
‘Allstar’ × ‘Guardian’ (Table 4). There were 
seven positive and eight negative SCAs among 
the 15 F

1
 populations with an average value of 

0.33 and –0.80, respectively (Table 4).

Discussion

Numerous researchers have documented 
variability in tolerance to terbacil herbicide 
among strawberry cultivars (Ahrens, 1982; 
Lindstrom and Swartz, 1987; Masiunas and 
Weller, 1986; Weller, 1984), thus the observed 
segregation for tolerance within these straw-
berry populations was expected. Numerous 
physiological factors have been implicated 
in tolerance including restricted transloca-
tion (Genez and Monaco, 1983b), metabolic 
detoxifi cation (Genez and Monaco, 1983a) 
and differences in plant vigor (Masiunas and 
Weller, 1986). Multiple genes likely infl uence 
these components of tolerance and account 
for the quantitative segregation expressed in 
progeny populations.

Previous studies on tolerance to terbacil in 
strawberry have been completed on mature, 
clonally propagated crowns rather than seed-
ling populations (Polter et al., 2004, 2005; Lind-
strom and Swartz, 1987; Masiunas and Weller, 
1986; Genez and Monaco, 1983a, 1983b). As a 
photosynthetic inhibitor, terbacil is expected to 
be more active in seedlings and rapidly growing 
plants (Ashton and Crafts, 1973). Thus seed-
ling tests may not accurately measure future 
fi eld results. However, ranking of parents in 
this study based on the performance of their 
offspring closely coincided with their fi eld 
rankings from Lindstrom and Swartz (1987) 
suggesting that seedling performance may be 
a good indicator of fi eld performance. 

Lindstrom and Swartz (1987) found that 
most cultivars were moderately tolerant with 
the notable exception of ‘Guardian’, which 
is very susceptible to terbacil. ‘Earliglow’ 
and ‘Honeoye’ were the most tolerant in their 
study, especially following renovation. This 
agrees with the assessment of Masiunas and 
Weller (1986), who suggested that vigorous 

cultivars are more tolerant. Observations in 
demonstration plots at Cornell University’s 
New York State Agricultural Experiment 
Station in Geneva, N.Y., have shown that 
‘Earliglow’ and ‘Honeoye’ are vigorous and 
renovate well, which may account for some 
of their tolerance level. 

Genez and Monaco (1983b) found that 
tolerance in strawberry was attributed, in part, 
to restricted translocation within the plant 
and that metabolism of terbacil did not differ 
between tolerant and susceptible strawberry 
cultivars (Genez and Monaco, 1983a). Thus 
less vigorous varieties may still possess and 
transmit alleles for improved tolerance due 
to reduced transport. When combined with a 
vigorous, tolerant cultivar the progeny could 
show marked improvement. The relatively 
high heritability that was calculated, h2 = 0.50, 
may refl ect these combinations. However, a 
relatively high level of dominance plus interac-
tion effect is also indicated by the nearly equal 
GCA and SCA variance components (Table 
2). Thus some cultivars may be nearly fi xed 
for tolerance alleles and improvement would 
not be expected in their combined progenies. 

This fi xed genetic state would be indicated 
by low or negative SCA values when combined 
with other tolerant cultivars. The SCA for the 
‘Honeoye’ × Earliglow’ (tolerant × tolerant) 
population supports this, being basically neu-
tral at SCA = 0.02, as does the negative SCA 
values for most of the ‘Allstar’ populations 
(Table 4). The low and negative SCA values 
observed in ten of the progenies suggests that 
combining the tolerant cultivars in this study 
will yield little improvement in their progeny. 
The generally positive SCA values when the 
tolerant cultivars ‘Earliglow’ and ‘Honeoye’ 
were combined with less tolerant cultivars 
suggests that with susceptible cultivars, means 
higher than the mid parent value can be realized 
in progeny populations. 

Additionally, the relatively small germ-
plasm pool represented here may not include 
the full range of tolerance available in straw-
berry. Progeny from the moderately tolerant 
cultivars have variable SCA values, both 
positive and negative. A similar background 
in genes for tolerance or susceptibility may 
explain this variability. ‘Allstar’ is closely 
related to ‘Guardian’ and ‘Red Chief’, being a 
half-sibling to both (Galletta, 1997). Addition-

Table 4. Specifi c combining ability (SCA) for tolerance to terbacil for 15 strawberry progeny. Means from 
the parental self pollinations are presented in parentheses in each column.

Female   Male parent
parent Allstar Red Chief Guardian Lester Honeoye Earliglow
Allstar (6.68) 0.22 –1.47 –0.29 –0.59 –1.04
Red Chief  (5.50) –1.06 –1.46 0.62 –0.08
Guardian   (4.53) 0.34 –0.37 0.67
Lester    (5.33) 0.42 0.00
Honeoye     (5.67) 0.02
Earliglow      (5.53)

Table 3. General combining ability (GCA) 
for tolerance to terbacil for six strawberry 
cultivars.

Cultivar GCA
Honeoye 0.43
Earliglow 0.23
Allstar 0.11 
Lester –0.02
Red Chief –0.12
Guardian –0.63

Table 2. Mean square, F ratio and P value for general (GCA) and specifi c (SCA) combining ability for 
tolerance to terbacil in strawberry progenies.

Source df Mean square F ratio P value
GCA 5 1.07 4.84 <0.01
SCA 15 0.84 3.83 <0.01
Error 21 0.22

Table 1. Mean progeny scores for damage from the 
herbicide terbacil on strawberry populations 
treated with 0.25 mg per plant in a greenhouse 
screen. A rating scale of 1 to 10 was used with 1 
= dead; 3 = severe leaf necrosis but with living 
crown; 5=moderate symptoms with some leaf 
edge browning and mild chlorosis; 7 = healthy 
but displaying mild chlorosis but no browning; 
10 = healthy with no symptoms.

 Mean
 damage Reported
Cultivar ratingz tolerancey

Honeoye 5.3 a High
Earliglow 5.1 a High
Lester 4.8 b Moderate
Allstar 4.7 b Moderate
Red Chief 4.6 b Low/moderate
Guardian 4.1 c Low
LSD

0.05 
  0.28

zValues followed by the same letter are not sig-
nifi cantly different at P ≤ 0.05 according to least 
signifi cant difference (LSD) test.
yLindstrom and Swartz, 1987.
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ally, ‘Guardian’ and ‘Red Chief’ are siblings 
(Galletta, 1997). Improvement (positive SCA) 
would be seen in populations where tolerance 
genes compliment each other in an additive 
fashion but not in inbred populations. When 
the genetic background is similar and hetero-
zygous for tolerance loci, segregation would 
be expected but a lower population mean 
(negative SCA) could be expected because 
no additional alleles for tolerance would be 
added to the mix. Thus tolerance levels greater 
than the most tolerant cultivars in this study 
may only be possible by utilizing a broader 
germplasm pool with alleles for tolerance not 
represented here.

It is also possible that variable sensitivity 
to the herbicide in the chloroplasts (i.e., a 
maternal effect) is responsible for some of the 
tolerance differences observed in strawberry 
cultivars. Boydston and Al Khatib (1992) 
found resistance to terbacil and the related 
compound bromacil (5-bromo-3-sec-butyl-
6-methyluracil) to be at the chloroplast level 
in Powel amaranth (Amaranthus powellii S. 
Wats.). Radosevich et al. (1979) found a similar 
resistance mechanism in common groundsel 
(Senecio vulgaris L.). However, no differences 
in chloroplast affi nity to terbacil were found 
in alfalfa (Medicago sativa L.) (Anderson et 
al., 1995) or to the related compound lenacil 
(3-cyclohexyl-1,5,6,7-tetrahydrocyclopenta-
pyrimidine-2,4(3H)-dione) in sugar beet (Beta 
vulgaris L.) (Dominguez et al., 1992). 

Variable chloroplast affi nity can not be 
ruled out in this study because the most toler-
ant cultivars, ‘Honeoye’ and ‘Earliglow’, were 
not used as female parents except in self-pol-
linations and in the cross between each other 
(Table 4). However, the most positive SCA 
values in this study were found when these 
two cultivars were used as male parents with 
the most susceptible parents (Table 4). This 
indicates that a maternal effect, if present, is 
relatively minor and that a dominance effect of 

nuclear genes is important in conferring toler-
ance. These genes may be involved in transport 
mechanisms and/or vascular system anatomy 
or contribute to increased vigor. 

In conclusion, the positive GCA for ‘Ear-
liglow’, ‘Honeoye’ and ‘Allstar’ indicates that 
improvement can be made through breeding, 
especially in susceptible germplasm. Combin-
ing susceptible cultivars with tolerant cultivars 
will substantially increase the mean tolerance 
of new populations. Hybridizations between 
susceptible and/or low vigor cultivars with tol-
erant cultivars, which may be fi xed for tolerance 
alleles or combine alleles conferring increased 
vigor with moderate tolerance, could yield 
progeny with tolerance levels signifi cantly 
better than the mid parent. However, increasing 
the level of tolerance to a point higher than the 
most tolerant cultivars in this study will most 
likely require a broader germplasm pool from 
which to locate favorable alleles at additional 
genetic loci contributing to tolerance. 
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