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Root growth and ligni¿cation of glyphosate susceptible and resistant 
soybean at low temperatures

Crescimento e ligni¿cação de raízes de soja convencional e resistente 
ao glifosato, em baixa temperatura

Patricia da Costa Zonetti1*; Leticia Sayuri Suzuki D’Oliveira2; Edicléia Aparecida 
Bonini3; Maria de Lourdes Lúcio Ferrarese4; Osvaldo Ferrarese-Filho4

Abstract

Low temperature stress affects plant growth, including primary and secondary metabolism. Glyphosate-
resistant soybean contains a modi¿ed DNA, which encodes a different type of secondary metabolism 
enzyme related to lignin synthesis compared to conventional glyphosate-susceptible cultivars. Thus, this 
soybean cultivar might respond differently to low temperatures, compared to glyphosate-susceptible 
cultivars. This work aimed to investigate how decreasing temperatures inÀuence the growth and lignin 
content of the glyphosate-resistant soybean compared to its susceptible parental cultivars. Three-day-old 
seedlings were cultivated in nutrient solution at 10, 15, 20, and 25°C (±2°C), using a 12-h photoperiod. 
After 96 h, taproot growth, fresh and dry biomass, and lignin levels were determined. The results 
indicate that lower temperatures decreased seedling and root growth in both types of cultivars; however, 
glyphosate-resistant soybean exhibited greater root length, biomass, and lignin content compared to the 
glyphosate-susceptible parental cultivar.
Key words: Transgenic soybean, stress, phenylpropanoids

Resumo

O estresse causado pela baixa temperatura, dentre outras implicações, afeta o crescimento do vegetal 
assim como o seu metabolismo secundário. Pelo fato da soja RR apresentar variante enzimática de 
uma das principais vias do metabolismo secundário, ligada à síntese de lignina, pode apresentar 
comportamento diferenciado, sob baixa temperatura, se comparada com sua linhagem parental. O 
objetivo deste trabalho foi investigar possíveis diferenças no crescimento e nos conteúdos de lignina 
nas raízes de soja cultivar transgênica resistente ao glifosato e cultivar parental em resposta a redução 
de temperatura. Após três dias de germinação das sementes, as plântulas foram mantidas em solução 
nutritiva, a 10, 15, 20 e 25°C (±2°C), com fotoperíodo de 12 horas. Após 96 horas, foi avaliado o 
comprimento relativo da raiz primária, biomassa fresca e seca das raízes e os teores de lignina. Os 
resultados mostram que a baixa temperatura promoveu redução no crescimento das plântulas e raízes. 
Dentre as cultivares em estudo, a soja transgênica apresentou maior comprimento relativo, biomassas 
e teores de lignina.
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Introduction

Various environmental factors (such as water, 
light, and temperature) inÀuence plant growth, 
development, and production. Under cultivation 
conditions, exposure of plants to these external 
environmental factors often causes stress, which 
may have negative inÀuences on plants. Thus, 
changes to the environment may affect plant 
growth, and consequently crop productivity. Stress 
caused by low temperatures is a major issue for 
crops adapted to tropical and subtropical conditions 
(JANAS et al., 2002), including soybean (Glycine 
max (L.) Merrill), resulting in such crops being 
highly sensitive to this type of environmental stress. 
For instance, normal plant growth is negatively 
affected at cooling temperatures, which are de¿ned 
as low temperatures that are not suf¿cient for ice 
formation. Hence, cultivation at low temperatures 
may reduce the strength and growth of plants, 
even when other factors or damage are absent 
(RODRIGUES et al., 2001). Janas et al. (2000) 
observed a signi¿cant decrease in the root growth 
of soybean grown at 10°C, with root elongation 
apparently declining after 1 d of exposure to this 
stress condition.

Exposure to low temperatures may cause 
physiological and biochemical changes that allow 
plants to adapt to stress conditions. For instance, 
plant secondary metabolism may change, with 
phenylalanine ammonia liase (PAL), which is 
the ¿rst enzyme in the phenylpropanoid pathway, 
converting phenylalanine to trans-cinnamic acid 
(SOLECKA, 1997; EMILIANI et al., 2009; 
VOGT, 2010). This pathway is the main route for 
the synthesis of phenolic compounds, including 
monolignols, which are the precursors of lignin. An 
increase in the activity of these enzymes facilitates 
the accumulation of several phenylpropanoids, as 
a consequence of many biotic and abiotics factors 
(DIXON; PAIVA, 1995).

Lignin is a highly branched phenolic polymer 
that is composed of phenylpropanoid alcohols 

(BOUDET, 2000). Lignin corresponds to 15–30% 
of cell wall dry biomass, and is the second most 
abundant polymer in nature, after cellulose. Aside 
from regulating the hardness of vascular plant 
conductive tissues, lignin serves as a barrier against 
excessive water loss (BUCHANAM; GRUISSEM; 
JONES, 2000). This polymer is essential for joining 
cells, expanding and hardening tissues that function 
as a physical barrier against microorganism attack, 
and in facilitating the mechanical support of 
plant organs (POLLE; OTTER; SEIFERT, 1994; 
BOUDET et al., 2003). 

Harrison et al. (1996) reported that glyphosate-
resistant (RR) transgenic soybean contains an 
inserted gene that encodes a different form of EPSP 
synthase (CP4-EPSP synthase). In addition to PAL,
this enzyme contributes to the biosynthetic pathway 
responsible for the majority of secondary metabolite, 
aromatic amino acid, and lignin synthesis. One of 
the key enzymes for lignin synthesis is modi¿ed in 
glyphosate-resistant transgenic soybean, with the 
secondary metabolism of plants being potentially 
altered by low temperatures; hence, transgenic plant 
processes (i.e., lignin biosynthesis) might respond 
differently to low temperature stress compared to 
the parental cultivars. Thus, this study aimed to 
investigate possible differences in the root growth 
and lignin content of glyphosate-resistant transgenic 
soybean and its conventional parental cultivars in 
response to decreasing temperature.

Material and Methods

Seeds of the soybean (Glycine max (L.) Merrill) 
cultivars OC 14 (glyphosate susceptible) and CD 
213RR (glyphosate resistant) were supplied by 
COODETEC (Cascavel, Brazil). This organization 
previously con¿rmed the presence of the CP4 
EPSPS gene in CD 213RR using polymerase chain 
reaction (PCR). All experiments were conducted in 
a BOD chamber (Tecnal TE 400, Brazil) at the Plant 
Biochemistry Laboratory in the State University of 
Maringá, Paraná, Brazil. Low temperature stress 
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evaluation was performed using 3-d-old seedlings, 
dark-germinated at 25°C, and acclimation at 10, 
15, or 20°C for 96 h, using 25°C as a standard 
temperature. The seeds were surface-sterilized with 
2% sodium hypochlorite for 3 min, then thoroughly 
rinsed with deionized water, dark-germinated 
(at 25°C) on 3 sheets of moistened ¿lter paper 
rolls, and ¿nally conditioned in Àasks containing 
approximately 10 mm distilled water. The ¿lter 
paper rolls were transferred to the dark chamber, 
which was set at 25°C and 80% relative humidity.

The experimental systems consisted of twenty-
¿ve 3-d-old seedlings of approximately 10 cm 
in height, which were supported on an adjustable 
acrylic plate, and transferred to a glass container 
(10 x 16 cm) ¿lled with 200 ml of half-strength 
Hoagland’s solution (SANTOS et al., 2004). 
This nutrient solution was buffered with 17 mM 
potassium buffer, adjusted to pH 6.0, and monitored 
over time. Containers were maintained in a growth 
chamber at temperatures of 10, 15, 20, or 25°C (80% 
relative humidity, 12/12 h light/dark photoperiod, 
irradiance of 280 μmol m-2 s-1). 

The relative length of taproots was calculated 
by comparing the difference in root length at 
the beginning of experiments and after 96 h of 
incubation for each tested temperature. Immediately 
after incubation, the roots were carefully blotted 
with absorbent paper, and the fresh weight was 
determined. Dry root weight was estimated after 
oven-drying at 80°C, until a constant weight 
was obtained. The lignin content of roots was 
determined using the thioglycolic method (CHEN; 
SOMMER; MCCLURE, 2000; FERRARESE; 
ZOTTIS; FERRARESE-FILHO, 2002). The purest 
grade reagents available were used. 

The experimental design was completely 
randomized in a factorial 2 x 4 (2 cultivars x 
4 temperatures of incubation) with 4 samples. 
Variance and regression analysis were performed 
using the SAS package. 

Results and Discussion

The results obtained in this study demonstrated 
that higher temperatures cause the taproot length of 
both transgenic and conventional cultivar seedlings 
(CD 213RR and OC 14) to increase. Each 5°C 
rise in temperature enhanced taproot growth by 
3.52 cm and 3.25 cm for cultivar CD 213RR and 
cultivar OC 14, respectively (Figure 1). In parallel, 
each 5°C rise in temperature enhanced RR cultivar 
fresh and dry biomass by 0.059 g and 0.0232 g, 
respectively. For the conventional cultivar, these 
values were 0.0647 g and 0.02718 g, respectively 
(Figure 2; 3).

There are different ways to measure plant 
growth, which may be inÀuenced by both intrinsic 
and extrinsic environment factors. Low temperature 
is an extrinsic factor that has been reported to 
cause serious problems to several crops adapted to 
tropical and subtropical conditions. In such crops, 
low temperatures cause changes to cell structure, 
including the cell wall and plasmatic membrane 
(MATSUURA; OBATA, 1993), in addition to 
decelerated development and increased Àavonoid 
content (LOZOVAYA et al., 2005). Acclimation 
of seedlings to 10°C causes a decline in the 
incorporation of polysaccharides into root cell walls. 
Such changes could cause irreversible damage 
to plants, including a reduction in cell elongation 
(ZABOTIN et al., 1998). On the basis of the results 
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Figure 1. Seedling taproot relative length (cm) of CD 213RR (■) and OC 14 (♦) after 96 h of incubation in nutrient 
solution at 4 different temperatures under a 12-h photoperiod. 

Source: Elaboration of the authors.

Figure 2. Seedling roots fresh biomass (g) of CD 213RR (■) and OC 14 (♦) after 96 h of incubation in nutrient solution 
at 4 different temperatures under a 12-h photoperiod

Source: Elaboration of the authors.
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Figure 3. Seedling roots dry biomass (g) of CD 213RR (■) and OC 14 (♦) after 96 h of incubation in nutrient solution 
at 4 different temperatures under a 12-h photoperiod. 

Source: Elaboration of the authors.

Obtained by Janas et al. (2000), low temperature 
may reduce plant relative growth without the 
manifestation of other stress symptoms. After 
96 h, these authors recorded a 50% reduction in 
the root growth of soybean seedlings maintained 
in the dark and acclimated to 10°C compared to 
seedlings grown at 25°C. In addition, Posmyk et al. 
(2005) observed a progressive reduction in soybean 
seedlings root growth and hypocotyl growth when 
exposed to a temperature of 1°C. The current study 
also recorded a severe reduction in the taproot length 
of seedlings acclimated to 10°C, compared to 25°C. 
Reductions of 92.29% and 92.41% in taproot length 
were recorded for cultivar OC 14 and CD 213RR, 
respectively (Figure 1).

Following the evaluation of root growth, the 
ligni¿cation process was investigated at 4 different 
temperatures (10, 15, 20, and 25ºC). The results 
indicated signi¿cant differences in root lignin 
content. Figure 4 shows that roots grown at 10ºC 
contained the lowest lignin levels, with each 5°C 
increase in temperature enhancing lignin levels 
by 2.35 mg LTGA g-1 and 1.87 mg LTGA g-1 in 
cultivar CD 213RR and OC 14, respectively. As 
suggested by Janas et al. (2000), one response of 

plants to stress is the accumulation of phenolic 
compounds. Several studies have investigated how 
this accumulation might affect the phenylpropanoid 
pathway; however, the mechanism remains unclear. 
Janas et al. (2000, 2002) reported that soybean roots 
incubated at 10°C for 24 h exhibited enhanced 
levels of soluble phenolics in the cytosol. The 
authors observed increased levels of total phenolics, 
but reduced levels of cell wall-linked phenolic 
compounds. Furthermore, Glinska et al. (2009) 
reported that low temperature treatments enhanced 
granule-shaped phenolics levels in vacuoles. It 
has been agreed that reduced levels of cell wall-
linked phenolic compounds might modify cell wall 
extensibility in association with decreasing lignin 
synthesis velocity (POLLE; OTTER; SEIFERT, 
1994; DIXON; PAIVA, 1995; SANTOS et al., 
2004). As a consequence, the mechanic properties 
of the cell wall might change, which could break 
ionic and covalent linkages among the different 
constituents, which are primarily polysaccharides. 
On the basis of this theory, Zabotin et al. (1998) 
suggested that root growth reduction in wheat at low 
temperatures is associated with severe modi¿cations 
in polysaccharides. Thus, polysaccharides might 
remain soluble if they do not form complexes with 
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phenolic acids, which is an important process in 
plant development, and might explain the increased 
levels reported by Janas et al. (2000).

Despite phenolic acid levels not being 
determined in this work, a signi¿cant reduction in 
root ligni¿cation was observed in seedlings grown 
at low temperatures. A reduction in cell wall-linked 
phenolic acids in conventional soybean subjected to 

low temperatures was reported by Janas et al. (2000, 
2002). Since phenolic acids (ferulic, p-cumaric, 
and coffeic) are associated to lignin synthesis 
(BUCHANAM; GRUISSEM; JONES, 2000), the 
development of research to quantify their levels 
might provide important information related to 
the reduced ligni¿cation observed under the low-
temperature conditions described here.

Figure 4. Lignin content (mg LTGA/g root) of CD 213RR (■) and OC 14 (♦) after 96 h of incubation in nutrient 
solution at 4 different temperatures under a 12-h photoperiod.

Source: Elaboration of the authors

Conclusions

Temperature elevation increased the root 
growth in seedlings of conventional (OC 14) and 
transgenic (CD 213RR) soybean cultivars, in 
addition to increasing ligni¿cation. However, the 
transgenic cultivar exhibited higher root growth and 
lignin content, which may enhance its tolerance to 
stressful low temperature conditions, compared to 
its conventional parental cultivar.
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