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over a range of temperatures
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Growth of triazine-resistant and -susceptible biotypes of Solanum nigrum was studied over a range of temperatures to test
whether resistant biotypes show reduced performance under high temperatures. Each biotype was represented by parental lines
and reciprocal F, crosses. Resistant biotypes were inferior in growth relative to susceptible biotypes. Temperature had no dif-
ferential effect on the relative performance of resistant and susceptible biotypes. Our results with Solanum nigrum do not sup-
port the hypothesis that the infrequent occurrence of the resistant biotypes in southern regions is explained by their decreased
growth at high temperatures.
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La croissance de biotypes de Solanum nigrum résistants et sensibles a la triazine fut étudiée a plusieurs températures afin de
vérifier si les biotypes résistants ont une performance réduite a hautes températures. Chaque biotype était représenté par des
lignées parentales et des croisements F, réciproques. La croissance des biotypes résistants était inférieure a celle des biotypes
sensibles. La température n’a pas eu d’effet sur la performance relative des biotypes résistants et sensibles. Les résultats
obtenus avec Solanum nigrum n’appuient pas 1’hypotheése selon laquelle la présence rare des biotypes résistants dans les
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régions du sud s’expliquerait par leur diminution de croissance aux températures €levées.

Introduction

Resistance to the s-triazines is now known for over 40 weed
species representing 26 genera in 7 families (H. M. LeBaron,
personal communication). Most of these species are annuals
with high fecundities, short generation times, and often with
cosmopolitan distributions. Although the s-triazines are effec-
tive against a broad spectrum of weeds and have been used
over a wide latitudinal range, it is noteworthy that many of the
resistant biotypes first appeared in the cooler regions of the
temperate zone (H. M. LeBaron, personal communication). In
the United States, it is notable that there have been no reports
of resistant biotypes from the southeastern states or the mid-
western corn belt (LeBaron and Gressel 1982). The rarity of
resistant biotypes in more southern climates may reflect either
the effect of prevailing agricultural practices in those regions
or physiological effects of the resistance genes such that resis-
tant plants are less able to survive at high temperatures. Sup-
port for the latter hypothesis comes from a number of
observations. Donnelly and Hume (1983) showed that when a
commercial Brassica napus cultivar with s-triazine resistance
derived from a resistant biotype of Brassica campestris was
compared with the same cultivar without resistance, the s-tria-
zine-resistant cultivar showed a 21% decrease in dry-matter
production at 25:20°C (light:dark) but no difference at
15:10°C.

Gasquez et al. (1981) found that resistant biotypes of Poly-
gonum lapathifolium showed 51 % reduction in total dry-matter
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yield when compared with normal biotypes in a growth
chamber at 27°C but only a 22 % reduction at 20°C. A similar
trend (55 vs. 4% reduction) was seen in dry-matter yields of
plants grown in a warm versus cool greenhouse. Gasquez et al.
(1981) also demonstrated enhanced low-temperature germina-
tion in resistant biotypes of Polygonum lapathifolium and
Amaranthus retroflexus but not in those of Solanum nigrum or
Chenopodium album. Pillai and St. John (1981) reported that
chloroplast membrane lipids from triazine-resistant biotypes of
three weeds were richer in unsaturated fatty acids than were
lipids from susceptible biotypes. The presence of such unsatur-
ated fatty acids has also been implicated in enhanced resistance
to low-temperature stress. Gressel (1985) drew attention to
similar changes in the lipid composition of chloroplast mem-
branes of triazine-resistant and chilling-resistant plants.

The present study was designed to investigate the tempera-
ture response of s-triazine-resistant and -susceptible biotypes
on a uniform genetic background. Previous studies had com-
pared either biotypes from different localities (Gasquez et al.
1981) or biotypes only partially homogenized by backcrossing
(Donnelly and Hume 1983). We used resistant and susceptible
biotypes of Solanum nigrum represented by parental types and
F.s derived from reciprocal crosses. Because atrazine resis-
tance is encoded by a chloroplast gene and therefore cytoplas-
mically inherited, F, reciprocal crosses differ in their
susceptibility but have a common nuclear background. We
assessed the relative growth of resistant and susceptible bio-
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types under a range of temperatures in growth chambers and
tested the hypothesis that resistant-biotype performance is
diminished at high temperatures.

Materials and methods

Solanum nigrum biotypes resistant to s-triazine were first reported
from France and West Germany in 1976 (H. M. LeBaron, personal
communication). Seed material of atrazine-resistant and -susceptible
biotypes of Solanum nigrum was obtained from G. Gasquez, Dijon,
France, and F, progency were generated by reciprocal crosses. Cyto-
plasmic type was verified by fluorescence excitation and decay mea-
surements taken on atrazine-treated leaf disk samples of five
individuals of each of the four genotypes, using a fluorometer (Plant
Productivity Meter, Richard Brancker Research Ltd., Canada)
(Ducrest and Gasquez 1978). Verification of the hybrid status of the
F, plant material was provided by observations of intermediate
characters (stem pubescence and mature leaf size) in the F, individ-
uals. Two related experiments were conducted.

Experiment 1

To assess the effects of a wide range of temperatures on growth,
replicate individuals of each of four biotypes, represented by resistant
and susceptible parents and their reciprocal F, progeny, were grown
at each of three temperature regimes: 12:6, 19:13, and 26:20°C
(light:dark). Plants were grown in controlled-environment chambers
in the Duke University Phytotron for 4 weeks. Plants were grown in a
completely randomized design and were rotated twice weekly over the
course of the experiment. Plants were maintained under a 16-h photo-
period (400 umol m™2 s™* PAR), rooted ina 1:1:1 mix of vermiculite —
Turface —gravel, and watered with half-strength Hoagland’s solution
in the morning and with distilled water in the afternoon. Plants were
started in flats in the greenhouse, transplanted as seedlings to pots,
and placed in the appropriate growth chambers. Plants that died dur-
ing the first 2 days of the experiment because of transplant shock were
replaced with plants that had been maintained under the same experi-
mental conditions. Plants were harvested after 30 days and the follow-
ing measurements were obtained per individual: survival; leaf area;
and biomass of leaves, stem, and reproductive parts. Biomass mea-
surements were taken on material that was oven-dried at 40°C for
10 days. Reproductive biomass was taken as a single, composite mea-
surement per biotype. The biomass data for the 12:6°C (light:dark)
treatment was also taken as a single measurement per biotype. In both
cases this was made necessary by the small amount of material being
weighed.

Experiment 2

To investigate the effect of large temperature changes on growth
rate, 10 individuals of each of the four biotypes from the 12:6 and
the 26:20°C regimes of experiment 1 were transferred to 35:29
and 12:6°C, respectively, and grown for an additional 30 days.
The growth performance of each individual was assessed as in
experiment 1.

Results

The resistant biotypes of Solanum nigrum were inferior
in growth performance relative to the susceptible biotypes
(Table 1). The results were consistent across all temperature
regimes, with no significant biotype X temperature interaction
(Table 2) even though the temperature regimes produced about
a 10-fold difference in total aboveground biomass (Table 1).
Similar trends were obtained for leaf area (Table 1), although
biotype differences were not significant (Table 2). Reciprocal
F, crosses resembled the female parent in growth response,
indicating that differences among the parents due to nuclear
effects were small and that cytoplasmic type was primarily
responsible for the decreased growth performance of resistant
biotypes. After the large temperature reversals imposed in

experiment 2, resistant biotypes again yielded less than suscep-
tible biotypes (Table 3), although the difference was not signi-
ficant (Table 4). There was no differential effect of a switch to
high or to low temperature, as shown by the absence of a signi-
ficant biotype X temperature interaction (Table 4). In terms of
total dry weight, the resistant parent tended to outperform the
resistant F,s, while the reverse was true for susceptible types,
but the differences were not significant (Table 1). A similar
trend has been observed in rapeseed (D. J. Hume, personal
communication).

Only the resistant biotypes experienced any mortality and
then only during the first 12 days of the first experiment. Mor-
tality was almost equally divided between the parental (four
deaths) and F, (five deaths) resistant biotypes, with most
deaths occurring at the intermediate temperature. This suggests
the resistant biotypes may be also less hardy at the seedling
stage.

Discussion

The present study comparing resistant and susceptible bio-
types of Solanum nigrum under noncompetitive conditions
found the susceptible biotypes to be superior in both total bio-
mass and reproductive output. Thus the present study supports
the idea of a “‘cost’’ of resistance, with the resistant biotypes
being somewhat less fit, or photosynthetically less efficient,
than the susceptible in a herbicide-free environment (Burke
et al. 1982; Ort et al. 1983; Paterson and Arntzen 1982; Kyle
et al. 1983; Warwick and Marriage 1982; Warwick 1980; Holt
and Radosevich 1983; Holt 1983; Holliday and Putwain
1980). In many earlier studies resistant and susceptible
biotypes were sampled from widely separated populations and
sometimes even from different latitudes. One may expect that
nuclear genes would vary with geographical origin and could
account for the observed differences. Weaver and Warwick
(1982) and Warwick and Marriage (1982) have shown a large
effect of geographical origin on total biomass and flowering
time of Chenopodium and Amaranthus. To be valid, compari-
sons between resistant and susceptible biotypes must minimize
differences in nuclear background not necessarily correlated
with cytoplasmic type. This can be achieved by reciprocal
crosses as in the present study or by a backcrossing program in
the manner of Kihara (1982). The results of the present study,
therefore, confirm a cytoplasmic effect that is independent of
any nuclear differences.

The observation that a large number of the triazine-resistant
biotypes were first reported from the more northern latitudes
led to our speculation that this might be due in part to a
decreased fitness of the resistant biotypes, relative to the sus-
ceptible, when grown under high temperatures (Donnelly and
Hume 1983; Gasquez et al. 1981). The present study, how-
ever, found no such pattern in Solanum nigrum. Thus, the geo-
graphic pattern suggested by the first reports of resistant
biotypes, combined with our results, indicates that other fac-
tors, such as the persistence of triazine in the soil and regional
agronomic practices, are likely to be important where the resis-
tant weeds first appeared. Triazine is degraded more rapidly in
warm climates (LeBaron and Gressel 1982), while crop rota-
tion and (or) herbicide rotation reduce selective pressures
favoring herbicide resistance. Donnelly and Hume (1983) used
a backcrossing scheme to homogenize the nuclear background
of resistant and susceptible strains. However, it is not clear
how many backcross generations were involved and the degree
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TaBLE 1. Growth of s-triazine-resistant and -susceptible biotypes after 30 days

Biomass (mg)

Temp.
regime, °C Total Reproductive
(light:dark) Biotype Stem  Leaf (stem + leaf) parts Leaf area (cm?)
12:6 Susceptible parent — — 0.27 (—) 0 5.47 (0.81)
Susceptible F, — — 024 (—) 0 6.48 (1.47)
Resistant F, - — 0.17 (—) 0 6.09 (0.89)
Resistant parent — —  0.19 (—) 0 4.36 (0.90)
19:13 Susceptible parent  0.20 0.75 0.95 (0.04) a 0 177.10 (4.17) ab
Susceptible F, 0.20 0.85 1.05(0.03)a 0.02 192.90 (5.84)a
Resistant F, 0.11 0.44 0.55(0.07) b 0 164.30 (10.36) b
Resistant parent 0.12  0.55 0.67 (0.06) b 0 187.20 (8.83) ab
26:20 Susceptible parent  0.80 1.01 1.85 (0.09) ab 0.09 344.40 (20.28) a
Susceptible F, 0.79 1.15 1.94 (0.06) a 0.08 370.70 (19.41) a
Resistant F, 0.73 0.95 1.64 (0.08) bc 0.07 389.40 (22.75) a
Resistant parent 0.63 0.87 1.49(0.07) ¢ 0.02 362.10 (21.80) a

Norte: Standard errors are given in parentheses. Values followed by the same letter are not significantly different at P < 0.05, using

Duncan’s multiple-range test within each temperature treatment.

TABLE 2. Analyses of variance on biomass and leaf-area measurement from
experiment 1

Probability
df SS MS F (>F)

Biomass
Biotype 3 2.684 0.895 19.1 0.001
Temperature 1 17.177 17.177 367.5 0.001
Biotype X temperature 3 0.208 0.069 1.5 0.227
Error 72 3.365 0.047

Leaf area :
Biotype 3 4 869.6 1 623.2 0.6 0.631
Temperature 1 693 960.0 693 960.1 247.1 0.001
Biotype X temperature 3 10 353.7 3451.2 1.2 0.306
Error 72 202 237.4 2 808.9

NoTE: Data were untransformed. Log transformation did not improve normality and gave essentially similar

results.

TaBLE 3. Growth of s-triazine-resistant and -susceptible biotypes after 60 days

Biomass (mg)

Temp.

regime, °C Total Reproductive
(light:dark) Biotype Stem Leaf (stem + leaf) parts Leaf area (cm?)
26:20to 12:6  Susceptible parent  2.69  3.11 5.80 (0.37) 1.12 640.92 (26.13)
Susceptible F, 295 3.84 6.79(0.51) 0.85 696.07 (22.93)
Resistant F, 262 3.10 5.72 (0.20) 0.57 656.83 (26.52)
Resistant parent 2.84 323  6.07 (0.32) 0.19 710.27 (27.29)
12.6 to35:29  Susceptible parent 2.33 2.52 4.85 (0.29) 0.05 1287.16 (55.16)
Susceptible F, 234 2.63 4.97(0.33) 0.07 1331.13 (53.92)
Resistant F, 2.15 240 4.55(0.28) 0.05 1281.94 (65.14)
Resistant parent 2.06 2.59 4.65(0.20) 0.03 1218.78 (44.89)

NoTE: Standard errors are given in parentheses. No differences in total weight or leaf area are significant, using Duncan’s multiple range

test within each temperature treatment.

to which the nuclear backgrounds were similar. Temperature-
related effects need to be assessed in a number of other
s-triazine-resistant species before any general conclusions can
be drawn.

In this regard it is prudent to consider that comparisons of
plant performance are often made under a limited range of

environments. Life-history differences such as delayed germi-
nation, late flowering, and a slower rate of development,
which have been attributed to resistant biotypes (Mapplebeck
et al. 1982), may not always be disadvantageous under field
conditions. There is also the possibility that relative biotype
fitness may change under different environmental conditions
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TABLE 4. Analyses of variance on biomass and leaf area measurements from experiment 2

Probability
df SS MS F (>F)

Biomass
Biotype 3 3.088 1.029 0.9 0.463
Temperature 1 31.250 31.250 26.3 0.001
Biotype X temperature 3 0.847 0.282 0.2 0.870
Error 12 85.545 1.188
Total 79 120.730

Leaf area
Biotype 3 34554 11451.8 0.6 0.649
Temperature 1 7290 033.7 7290 033.7 351.9 0.001
Biotype X temperature 3 61 577.7 20 525.9 1.0 0.402
Error 72 1 491 404.5 20 714.0
Total 79 8 877 371.3

Note: Data were untransformed. Log-transformed data did not improve normality and gave essentially similar

results.

and with different nuclear backgrounds. Relative biotype
growth performance under low temperatures may differ for
Solanum nigrum and Brassica napus in part because of life-
history characteristics intrinsic to each. Brassica napus is a
spring-planted annual, which flowers in early summer.
Solanum nigrum is an annual that begins germination later,
after the soil is warm, and upon reaching reproductive maturity
in a month or so, flowers until frost. Thus Solanum nigrum, a
plant of tropical origin, may be less adversely affected by high
temperatures than Brassica napus, a plant whose relatives are
well known for their low-temperature hardiness. Clearly, addi-
tional studies are needed on a wide range of species of con-
trasting growth form and geographic origin to test if the lack of
temperature effects found with Solanum nigrum are typical of
other species with s-triazine-resistant biotypes.
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