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Abstract
Late spring frost is the most hazardous abiotic stress affecting the survival of sugar beet seedlings. Therefore, it is very 
important to identify frost-tolerant cultivars during the early seedling development stage. In the study, the physiological and 
morphological responses of ten sugar beet cultivars (Ernestina, Isabella, Orthega, Serenada, Kuno, Taurus, Tuna, Mohican, 
Rodeo, and Smılodon) to frost stress at different growth stages (V1.1, V2.1, and V3.1) were evaluated. Seedlings were 
exposed to − 3 °C for 2 h at all stages. Percent damage (%), leaf chlorophyll content (SPAD), leaf surface temperature (°C), 
electrolyte leakage (%), leaf relative water content (%), and turgidity loss (%) were examined. The results showed that higher 
damage percentages were observed in earlier growth stages of sugar beet, with recorded values of 29.7% in V1.1, 15.4% in 
V2.1, and 3.6% in V3.1. A great genotypic variation was observed among the cultivars; electrolyte leakage increased from 
15.6% in control to 52.6% in frost stress, and higher electrolyte leakage was obtained from frost-stressed plants. The relative 
water content of leaves increased only at stage V2.1, although frost decreased turgor loss. Sugar beet showed sensitivity to 
frost in earlier seedling growth stages, but their tolerance levels increased in later growth stages. The study revealed that 
electrolyte leakage is a reliable indicator for identifying sugar beet cultivars that exhibit tolerance to frost stress during early 
development.
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Introduction

Türkiye is one of the largest sugar beet producers in Europe 
and the world, with an annual production of over 20 mil-
lion tons of beets and 2.5 million tons of sugar (Anonymous 
2023). Sugar beet is a unique crop for sugar production in 
this country due to the continental climate, which causes 
frequent low soil and weather temperatures in the spring and 
fall. The low temperatures mainly limit vegetation periods 
for sugar beet since it requires a 180-day frost-free growing 
season to be productive (Nezami et al. 2013; Koçak et al. 
2019).

Frost temperatures below 0 °C are a lethal stress to young 
sugar beet plants and can easily damage or kill them (Doğru 

2019). It frequently occurs during early sowing (late March 
and early April) because farmers prefer earlier sowing to get 
a high yield and sugar content by escaping drought stress 
and the Cercospora outbreak despite a risk of frost damage. 
On the other hand, Reyes and McGrath (2003) reported that 
sugar beet plantlets were severely damaged at temperatures 
below 0 °C and survival gradually decreased at − 2, − 4, 
and − 8 °C, as noted by Jalilian et al. (2009) and Moliterni 
et al. (2015). Nezami et al. (2011) determined that 50% of 
sugar beet cultivars died at − 11.5 °C and 50% of cv and 
Afshari at − 9.1 °C. However, sugar beet plants’ tolerance or 
sensitivity depends on their growth stages. Stevanato (2005) 
found that total lethality at the cotyledon stage was higher at 
around − 2 °C, while complete destruction of the plants at 
the three- to four-leaf stage was at − 10 °C. Also, Kirchhoff 
et al. (2012) discovered genetic variability for cold sensitiv-
ity in Beta germplasm. In this study, it was aimed to iden-
tify frost-tolerant sugar beet cultivars using physiological 
parameters, and a valuable indicator should be determined 
at different stages.
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Material and Methods

This study was conducted at the Seed Science and Technol-
ogy Laboratory of Eskişehir Osmangazi University in 2022. 
Ten sugar beet cultivars (Ernestina, Isabella, Orthega, Ser-
enada, Kuno, Taurus, Tuna, Mohican, Rodeo, and Smılodon) 
were used to create different genetic diversities in the study 
(Table 1). Experimental research on cultivars, including the 
collection of plant material, complies with relevant institu-
tional, national, and international guidelines and legislation.

Seedling Growth Conditions

Pre-germinated seeds of each sugar beet cultivar at 23 °C 
for 3 days were transferred into vials with a 6-cm diameter 
and a 7-cm depth filled with a mixture of peat: perlite: ver-
miculite (3:1:1 volume). The seedlings were grown naturally 
in the open field conditions and watered daily. As soon as 
the plants reached V1.1 (cotyledon), V2.1 (two-leaf), and 
V3.1 (four-leaf) stages (Holen and Dexter (1996), they were 
separated into two sets, with 15 seedlings for each cultivar. 
The first set was used as the control, and the second was 
the frost treatment. When the seedlings from each culti-
var reached the respective growth stage, they were put in a 
growth chamber at 23 °C with 14 h of light and 17 °C with 
10 h of darkness at 65% humidity for 2 days. Afterward, the 
seedlings were acclimatized at 15 °C day/5 °C night for an 
additional two days.

Frost Stress Conditions

The frost stress was performed at − 3 °C for 2 h in the dark. 
Temperature and duration combinations were determined 
by preliminary tests conducted at − 1, − 3, − 5, and − 7 °C 
for 1, 2, 4, and 6  h. The control group was grown at 
23 °C/17 °C day/night conditions until the experiment was 
completed. Physiological parameters were investigated in 
seedlings kept at 10 and 20 °C at 12-h intervals at the end of 
the frost application.

Measurement of Physiological Characteristics 
and Damage

The damage percentage was calculated by dividing the num-
ber of plants that died following frost damage by the total 
number of plants 2 days later from frost stress (Nayyar et al. 
2005). The leaf chlorophyll content was measured using a 
Konica Minolta SPAD-502 m at the second leaf from the 
top of the plants. Leaf surface temperature data were con-
tinuously logged under each lighting source with infrared 
transducers (Trotec Model BP21).

Electrolyte leakage was analyzed using young leaf disks 
from five plants from each treatment. Leaf samples were 
washed with deionized water to remove any ions present 
on the surface of the leaves. Five leaf disks with a 10-mm 
diameter were excised, weighed, and placed into glass tubes 
containing 20 mL of deionized water. Following a 24-h 

Table 1   Description of sugar 
beet cultivars

Cultivars Type Tolerance Resistance Producer

Ernestina NZ – Rhizomania
Powdery mildew

Kws Saat Se & Co. KGaA

Isabella NZ Rhizoctonia Rhizomania
Powdery mildew
Cercospora leaf spot

Kws Saat Se & Co. KGaA

Orthega NZ Cercospora leaf spot
Powdery mildew

Rhizomania Kws Saat Se & Co. KGaA

Serenada NZ Cercospora leaf spot
Powdery mildew

Rhizomania Kws Saat Se & Co. KGaA

Kuno Z Powdery mildew
Cercospora leaf spot
Fusarium

Rhizomania Sesvanderhave

Taurus NZ Powdery mildew
Cercospora leaf spot
Fusarium

Rhizomania Sesvanderhave

Tuna NZ Powdery mildew
Cercospora leaf spot
Fusarium

Rhizomania Sesvanderhave

Mohican N Powdery mildew
Cercospora leaf spot

Rhizomania Beta Ziraat ve Ticaret A.Ş

Rodeo NZ Powdery mildew
Cercospora leaf spot

Rhizomania Beta Ziraat ve Ticaret A.Ş

Smılodon N Mildew Rhizomania Beta Ziraat ve Ticaret A.Ş
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incubation period of 25 °C, the solution’s electrical con-
ductivity was read by the EC meter (Lt). Subsequently, the 
samples were subjected to autoclaving at a temperature of 
121 °C for a duration of 20 min. Following equilibration 
at a temperature of 25 °C, the electrical conductivity (Lo) 
was once again measured (Yadav et al. 2012). The formula 
developed by Ghoulam et al. (2002) was used to compute the 
electrolyte leakage. The percentage of electrolyte leakage is 
calculated using the equation (Eq. 1):

Leaf relative water content (RWC) was assessed on fully 
enlarged leaves from five plants per replicate. To determine 
RWC, five leaves were pulled from each replication and 
immediately weighed for fresh weight (FW). They were 
submerged in distilled water within a falcon tube for a dura-
tion of 24 h to regain turgor, and then, their turgor weight 
(TW) was detected. The samples were subjected to drying 
process at a temperature of 70 °C for 48 h to determine the 
dry weight (DW). The leaf RWC was calculated using the 
formula described by Ghoulam et al. (2002).

The turgid loss (TL) was measured following using the 
method (Turner 1986).

Statistical Analysis

The data were analyzed using the MSTAT-C computer pro-
gram (Michigan State University v.2.10) in a completely ran-
domized design with four replicates using a two-factor facto-
rial. Data given in percentages were subjected to an arcsine 
transformation before statistical analysis. The means were 
compared using Duncan’s multiple range test at the p < 0.05.

Results

Significant differences among sugar beet cultivars were 
determined for damage percentage at all developmental 
stages. At the V1.1 stage, Orthega had the highest damage 
percentage of 56.8%, followed by Isabella (48.1%), Ernestina 
(35.3%), Smılodon (33.2%), and Serenada (30.9%) (Table 2). 
Other cultivars’ damage percentages were less than 30%, 
with Tuna (13.7%) and Taurus (14.8%) having the lowest 
percentages. At the V2.1 stage, Taurus (74.6%) and Mohi-
can (42.9%) were seriously affected by frost stress, whereas 
Ernestina, Isabella, Serenada, Kuno, and Smılodon were 
unaffected. At V3.1, only two cultivars, Smılodon (25.6%) 

(1)Electrolyte leakage (%) = (Lt∕Lo) × 100

(2)RWC (%) =
[

(FW − DW)∕(TW − DW)
]

× 100

(3)TL (%) =
[

(TW − FW)∕TW)] × 100

and Taurus (11.1%), were slightly harmed. In general, sugar 
beet plantlets gained tolerance against frost when the growth 
stage progressed, with mean damage percentages decreasing 
from 29.7% at V1.1 to 3.6% at V3.1.

The leaf chlorophyll content of sugar beet cultivars was 
significantly changed following frost treatment, and their 
responses were varied with growth stages. Chlorophyll con-
tent could not be measured at the V1.1 stage, because they 
did not have true leaves. However, in V2.1, leaf chlorophyll 
content ranged from 21.3 to 38.5 SPAD in plants subjected 
to frost stress and 28.6–38.9 SPAD in the control. The chlo-
rophyll content of the cultivars showed a significant vari-
ation, while there was no statistical difference among the 
cultivars Orthega, Serenada, and Smılodon. After frost treat-
ment, the highest leaf chlorophyll content was detected in 
Orthega, without significant differences with Ernestina and 
Serenada. At the V3.1 stage, Ernestina, Isabella, Orthega, 
Serenada, and Kuno had the highest chlorophyll content 
before and after frost damage. Differences in chlorophyll 
content between control and frost-stressed plants showed 
that the earlier stage of growth of sugar beet cultivars was 
much more sensitive to frost stress (Table 3).

At V2.1 stage, frost-stressed Mohican, Taurus, Tuna, 
Rodeo, and Smılodon plants had lower leaf temperatures 
than control plants, with these cultivars having the lowest 
values (Table 4). The lowest leaf temperatures were recorded 
in Taurus, Tuna, and Mohican, both in control and frost 
stress conditions. The mean leaf temperature decreased fol-
lowing frost stress but did not alter at the V3.1 stage. Frost is 
likely to have a less severe effect if the development stage is 
delayed. Rodeo and Smılodon (26.9 °C) in the control group 
had the greatest leaf surface temperatures at V3.1 stage, 
whereas Smılodon (20.5 °C) in the frost-stressed plants had 

Table 2   Damage percentage (%) 
of sugar beet cultivars at V1.1, 
V2.1, and V3.1 stages exposed 
to frost stress

*Means followed by the same 
letter(s) are not significant at 
p < 0.05. Values show the dam-
age percentages, but variance 
analysis was performed using 
arcsine transformed values

Cultivar V1.1 V2.1 V3.1

Ernestina 35.3bc 0.0e 0.0c*
Isabella 48.1ab 0.0e 0.0c

Orthega 56.8a 14.3c 0.0c

Serenada 30.9c 0.0e 0.0c

Kuno 19.7cd 0.0e 0.0c

Taurus 14.8d 74.6a 11.1b

Tuna 13.7d 15.1c 0.0c

Mohican 25.2 cd 42.9b 0.0c

Rodeo 19.6 cd 7.2d 0.0c

Smılodon 33.2bc 0.0e 25.0a

Mean 29.7 15.4 3.6
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the lowest leaf surface temperatures. At the V3.1 growth 
stage, Mohican and Tuna had the lowest mean leaf surface 
temperature, just as they did at the V2.1 growth stage. In 
addition, all cultivars in the control group had leaf surface 
temperatures exceeding 22 °C at both development stages 
(Table 4).

The electrolyte leakage increased from 15.6% in con-
trol to 52.6% in frost stress at the stage of V2.1 (Table 5). 
There were no significant differences between sugar beet 
cultivars in the control, while electrolyte leakage of frost-
treated plants ranged from 14.1 to 95.4%. Frost stress had a 
significant impact on sugar beet cultivars Taurus, Tuna, and 
Mohican, which had electrolyte leakage higher than 90%. 
Isabella, Orthega, and Ernestina had the lowest electrolyte 
leakage, indicating that they were less influenced by frost 

stress than the other cultivars. However, at the later devel-
opment stage V3.1, the leaves of Ernestina (71.2%) leaked 
much more electrolyte than the others, followed by Kuno 
(13.0%), Serenada (12.6%), Taurus (12.6%), and Orthega 
(11.8%).

The mean RWC of the cultivars enhanced from 69.4% in 
control plants to 84.3% in frost-stressed plants at the V2.1 
stage. Rodeo, Smılodon, and Serenada had the least relative 
water content in control. The RWC of frost-treated plants 
ranged between 77.4 and 95.9% (Table 6). The highest 
relative water contents in frost-stressed plants are observed 
in Kuno (95.9%), followed by Mohican (91.7%) and Tau-
rus (91.4%). Variation between control and frost-stressed 
plants was positive, and relative water content was higher 
in stressed plants (Fig. 1). At the V3.1 stage, sugar beet 

Table 3   Changes in leaf chlorophyll content (SPAD) of sugar beet 
cultivars at V2.1 and V3.1 stages exposed to frost stress

*Means followed by the same letter(s) are not significant at p < 0.05

Cultivar V2.1 V3.1

Control Frost Control Frost

Ernestina 31.8cde 38.2ab 35.3ab 33.8abc*
Isabella 30.7c−f 32.3cde 32.9a−d 35.3ab

Orthega 35.1abc 38.5ab 34.5abc 36.6a

Serenada 34.7abc 37.1ab 31.9a−d 35.3ab

Kuno 29.9def 23.0hı 32.1a−d 35.2ab

Taurus 30.9c−f 24.6ghı 28.8def 33.8abc

Tuna 28.6efg 26.8fgh 29.8c−f 27.0ef

Mohican 32.5cde 21.3ı 31.1b−e 32.0a−d

Rodeo 38.9a 28.9efg 32.5a−d 26.6ef

Smılodon 34.9abc 34.2bcd 32.7a−d 25.2f

Mean 32.8 30.5 32.1 32.1

Table 4   Changes in leaf surface temperature (°C) of sugar beet culti-
vars at V2.1 and V3.1 exposed to frost stress

*Means followed by the same letter(s) are not significant at p < 0.05

Cultivar V2.1 V3.1

Control Frost Control Frost

Ernestina 22.4ef 22.5ef 22.2 fg 23.7bcd*
Isabella 22.8de 22.6ef 22.9c−g 23.7bcd

Orthega 22.0fg 21.7 g 23.0c−f 24.5b

Serenada 22.9cde 20.9 h 22.4efg 24.3b

Kuno 23.5bcd 20.6 h 22.7d−g 23.9bc

Taurus 23.7b 18.7kl 23.5b−e 23.1c−f

Tuna 23.5bc 19.2jk 22.3 fg 23.1c−f

Mohican 23.7b 18.4 l 22.8d−g 22.2 fg

Rodeo 24.9a 19.6ıj 26.9a 21.9 g

Smılodon 22.9cde 19.9ı 26.9a 20.5 h

Mean 23.2 20.4 23.6 23.1

Table 5   Changes in electrolyte leakage (%) of sugar beet cultivars at 
V2.1 and V3.1 stages exposed to frost stress

*Means followed by the same letter(s) are not significant at p < 0.05

Cultivar V2.1 V3.1

Control Frost Control Frost

Ernestina 14.8ef 19.1ef 11.8e 71.2a*
Isabella 15.1ef 14.1ef 12.2e 57.5b

Orthega 13.4f 15.4ef 11.6e 11.8e

Serenada 13.9ef 58.6c 11.6e 12.6e

Kuno 15.4ef 87.2b 12.1e 13.0e

Taurus 16.7ef 95.4a 13.6e 12.6e

Tuna 18.6ef 93.3ab 13.3e 65.8ab

Mohican 14.4ef 93.3ab 12.5e 25.3 cd

Rodeo 16.5ef 22.1de 21.2de 33.6c

Smılodon 17.1ef 28.0d 16.7de 20.5de

Mean 15.6 52.6 13.6 32.4

Table 6   Changes in leaf relative water content (%) of sugar beet culti-
vars at V2.1 and V3.1 stages exposed to frost stress

*Means followed by the same letter(s) are not significant at p < 0.05

Cultivar V2.1 V3.1

Control Frost Control Frost

Ernestina 70.5fgh 77.4c−f* 85.2 90.0
Isabella 73.0defg 81.2bc 83.6 86.8
Orthega 67.2ghı 80.9bc 83.2 85.8
Serenada 66.8ghı 79.5b−e 79.2 81.4
Kuno 71.5fgh 95.9a 83.3 88.7
Taurus 73.3d−g 91.4a 85.2 84.1
Tuna 72.7efg 79.9bcd 83.9 89.8
Mohican 72.4 fg 91.7a 83.1 85.4
Rodeo 64.7hı 84.9b 90.2 86.4
Smılodon 61.6ı 79.9bcd 90.0 83.2
Mean 69.4 84.3 84.7 86.2
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Fig. 1   Differences (%) in leaf chlorophyll content, leaf surface temperature, electrolyte leakage, leaf relative water content, and turgor loss at 
V2.1 and V3.1 stages between control and frost damage
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cultivars did not show any significant differences in terms 
of control or frost stress.

Frost stress caused a reduction in the loss of turgidity in 
sugar beet cultivars at the V2.1, and it declined from 28.6 to 
16.0% (Table 7). The largest decline was observed in Kuno 
(from 26.9 to 5.5%), with a variation value of − 21.3 (Fig. 1). 
At the V3.1 stage, turgid loss was measured to be lower than 
at V2.1. Rodeo and Smılodon had the least turgor loss in 
control and were easily distinguished from the other sugar 
beet cultivars.

The correlation coefficients between damage percentage 
and the investigated characteristics at V2.1 and V3.1 stages 
are presented in Table 8 and 9, respectively. All the corre-
lations in the frost-stressed were found to be significant at 
V2.1 stage. Correlation coefficients showed that a negative 

correlation was recorded between DP and CHL with ST, and 
a positive correlation was recorded between DP and EL with 
RWC. Only a significant correlation was observed between 
DP and ST for all physiological traits in the control group. 
Furthermore, CHL was negatively significant correlated 
with RWC in both groups. DP was negatively significant 
correlated with CHL and ST and positively significant cor-
related with EL in frost-stressed at V3.1 stage. In the control 
group, DP was positively significant correlated with RWC, 
EL, and ST. At both V2.1 and V3.1 stages, the correlation 
of DP with EL showed similar results.

Discussion

Frost damage is one of the most dangerous abiotic stress 
factors in sugar beet cultivation in Türkiye. In this study, ten 
sugar beet cultivars commonly preferred by farmers in the 
Central Anatolia region and registered by different producers 
were tested for frost tolerance at the V1.1, V2.1, and V3.1 
stages. The results showed that frost tolerance changed with 
the growth stages of the plants. The most sensitive stage of 
sugar beet to frost stress was the V1.1 stage, where about 
30% of plants were damaged, with genotypic differences. In 
general, later growth stages resulted in increased tolerance. 
However, there were significant differences among sugar 
beet cultivars. Tuna and Taurus were the least damaged 
cultivars by frost at the V1.1 stage, while Orthega was the 
most tolerant cultivar at the V2.1 stage. At the V3.1 stage, 
no frost damage was observed in all sugar beet cultivars 
except for Smılodon and Taurus. In the previous research, 
Nezami et al. (2011) determined that the critical low tem-
perature for the survival of sugar beet was below − 8 °C, 
while Jalilian et al. (2009) reported that temperatures of − 2 

Table 7   Changes in turgor loss (%) of sugar beet cultivars at V2.1 
and V3.1 stages exposed to frost stress

*Means followed by the same letter(s) are not significant at p < 0.05

Cultivar V2.1 V3.1

Control Frost Control Frost

Ernestina 27.5c 24.6d 12.8a−e 12.0b−d*
Isabella 25.2cd 17.4g 14.3abc 15.3ab

Orthega 30.7b 20.6ef 14.8abc 12.7a−e

Serenada 31.1b 21.1e 18.6a 16.8ab

Kuno 26.9 cd 5.5j 14.8abc 17.6ab

Taurus 24.8d 8.4ı 13.1a−e 14.1a−d

Tuna 25.4 cd 15.2 h 14.2a−d 8.9cde

Mohican 25.6cd 7.6ıj 15.2ab 18.1ab

Rodeo 32.8b 18.5 fg 8.0e 16.3ab

Smılodon 36.1a 21.6e 8.2de 15.5ab

Mean 28.6 16.0 13.4 14.7

Table 8   Correlation coefficients between damage percentage and the physiological traits at V2.1 stage (DP: Damage percentage, CHL: Leaf 
chlorophyll content, LT: Leaf temperature, EL: Electrolyte leakage, RWC: Leaf relative water content)

Frost

DP 1.000

-0.758** 1.000

-0.841** 0.698** 1.000

0.744** -0.709** -0.692** 1.000

0.560** -0.741** -0.497** 0.522** 1.000

+1

0

-1

CHL

LT

EL

RWC

DP CHL ST EL RWC

Control

RWC 0.275ns -0.779** 0.013ns 0.010ns 1.000

0.257ns -0.088ns 0.336ns 1.000

0.610** 0.189ns 1.000

-0.217ns 1.000

1.000

EL

LT

CHL

DP

**Significant at 1%. ns: non-significant
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and − 4 °C damaged sugar beet seedlings. Recently, Molit-
erni et al. (2015) indicated that sugar beet seedlings were 
severely damaged at temperatures below 0 °C. In our study, 
several combinations of temperature and duration were first 
tested, and then, the combination of − 3 °C and 2 h was suit-
able for separating genotypic variation in sugar beet. Earlier 
stages of the growth of sugar beet and prolonged exposure to 
frost temperatures of − 5 °C caused significant reductions in 
vitality. Similar results were observed in potato by Angmo 
et al. (2023) who determined > 30% foliage damage after 
frost, but they informed that potato plants had the ability to 
resume vegetative growth after the endurance of frost. In 
this study, physiological characteristics were not measured 
at the V1.1 stage because the sugar beet plants had only two 
cotyledonary leaves. In sugar beet plants at stages V2.1 and 
V.3.1 subjected to frost temperature, the chlorophyll con-
tent increased in Kuno, Taurus, Tuna, and Mohican culti-
vars, suggesting that these cultivars were more susceptible 
to freezing temperatures. Similarly, Allinne et al. (2009) 
reported that cold temperatures during the early develop-
mental stages of sunflower plants adversely affected chlo-
rophyll content; Wijewardana et al. (2016) stated that the 
total chlorophyll content (a + b) of corn hybrids was lower 
in plants grown at low temperatures than in plants grown 
at moderately low or optimum temperatures. Jalilian et al. 
(2009) indicated that leaf chlorophyll fluorescence of sugar 
beet cultivars diminished with decreasing temperature, and 
sugar beet cultivars at the two-leaf stage were more sensi-
tive than the four-leaf stage. Nezami et al. (2011) found that 
significant decreases in SPAD values of sugar beet cultivars 
at 4–5 leaf stages at temperatures lower than − 2 °C. On the 
other hand, leaf surface temperature increased in sugar beet 
cultivars subjected to frost stress at the V2.1 stage, it is not 
a clear clue for evaluating frost tolerance among sugar beet 

cultivars. This result is confirmed by the findings of Perry 
(1986) who reported that the surface temperature of plants 
in radiative night frost conditions might be lower than the 
air temperature by 1.6–2.7 °C. Contrarily, the lowest electro-
lyte leakage was measured in Tuna cultivar at both seedling 
stages, and higher electrolyte leakage was observed at the 
V2.1 stage. This finding is confirmed by Dix et al. (1994) 
who reported that the cold temperature tolerance of sugar 
beet cultivars could be evaluated by electrolyte leakage. 
Nezami et al. (2013) found a negative correlation between 
electrolyte leakage and survival percentage in sugar beet. 
Increases in leaf electrolyte leakage occurred with increasing 
freezing temperature and duration applied to sunflowers in 
the early stage by Hejnak et al. (2014) and Hnilickova et al. 
(2017). Besides, Angmo et al. (2023) found a significant 
increase in cell membrane injury in potato genotypes due to 
freezing. At the V2.1 stage, leaf relative water content of all 
cultivars under freezing temperature enhanced compared to 
the control group. Especially in Kuno, Mohican, and Taurus 
cultivars, leaf relative water content was above 90% and loss 
of turgidity was below 10%. The results show that these 
cultivars were more affected by freezing temperatures than 
other cultivars. Our results were supported by the findings 
of Srivastava et al. (1988), who determined that a significant 
reduction in leaf relative water content was an indicator of 
plant loss of turgidity. Dhanda and Sethi (2002) informed 
that leaf relative water content was the balance between tran-
spiration and water supplied to the leaf, the more water the 
plant can take, the more it can save itself from stress. Hejnak 
et al. (2014) found that osmotic potential decreased after 
cold application to sunflower in the early vegetative stage, 
while no significant changes in with cold application to sun-
flower in the 6–8 leaf stage were recorded by Hnilickova 
et al. (2017). Also, Wijewardana et al. (2016) stated that 11 

Table 9   Correlation coefficients between damage percentage and the physiological traits at V3.1 stage (DP: Damage percentage, CHL: Leaf 
chlorophyll content, LT: Leaf surface temperature, EL: Electrolyte leakage, RWC: Leaf relative water content)

Frost

DP 1.000

-0.672** 1.000

-0.458* 0.772** 1.000

0.514** -0.229ns 0.013ns 1.000

0.184ns -0.137ns -0.083ns 0.321ns 1.000

+1

0

-1

CHL

LT

EL

RWC

DP CHL ST EL RWC

Control

RWC 0.657** -0.011ns 0.792** 0.695** 1.000

0.552** 0.043ns 0.815** 1.000

0.531** 0.040ns 1.000

0.132ns 1.000

1.000

EL

LT

CHL

DP

*, **Significant at 5 and 1%, respectively. ns: non-significant
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hybrids had more relative damage than the average value 
of 6%, revealing that such hybrids can preserve membrane 
stability during cold stress to maintain normal physiological 
metabolism.

Conclusion

In the Central Anatolia region, farmers have to delay sugar 
beet sowing until the 1st week of May to avoid late spring 
frost damage. Therefore, it is very important to select frost-
tolerant sugar beet cultivars to permit farmers to early plant-
ing. Our results revealed that sugar beet gained tolerance 
against frost when the growing stages progressed. Also, 
there are significant variations among sugar beet cultivars 
for frost resistance. Among the investigated cultivars, Tuna, 
Taurus, and Rodeo were more tolerant to frost at V1.1, while 
Isabella, Ernestina, and Orthega at V2.1 than the other cul-
tivars because the tolerant ones had the minimum damage 
rate and electrolyte leakage. Electrolyte leakage should be 
considered as a useful criterion for selecting frost-tolerant 
plants along with leaf temperature, chlorophyll content, and 
RWC in sugar beet.
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