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Abstract

Water deficit is one of the most important abiotic stresses constraining crop production in
rapeseed. Understanding the mechanisms of adaptation to this stress is essential for the devel-
opment and production of drought-tolerant genotypes. For this reason, this research study
aims to investigate the importance of genetic diversity in identifying genotypes with a high
degree of drought tolerance through assessing effectiveness of inter simple sequence repeat
(ISSR) markers on 14 genotypes of rapeseed in a factorial design. Morphological and physio-
logical characteristics were studied after the early stages of growth; in order to evaluate the
genetic diversity among genotypes, 18 different ISSR markers were used. A total of 106
clear and scalable loci were amplified, of which 60 bands (56.6%) were polymorphic. The
highest polymorphism information content belonged to marker number 9 with the amount
of 0.365 (85.7%). Gene variation ranged from 0.081 to 0.365 and the rapeseed genotypes
were divided into three groups by cluster analysis (unweighted pair group method with arith-
metic mean method). The analysis of molecular variance showed that 70% of the total vari-
ation was observed within populations and 30% of this variation occurred among populations.
In addition, t-test was used for comparing oil content percentage among different genotypes
in control and stress levels. Adriana had the highest amount of seed oil with 36.47%, whereas
Karaj 2 had the lowest amount with 27.28 and Cooper had the highest decrease in oil content
percentage under stress conditions. Overall, the genotypes Likord, Hyola 401 and Sarigol 32
were identified as the most drought-tolerant.

Introduction

Globally, rapeseed (Brassica napus L.), also known as canola, is an economically important oil-
seed crop and one of the most important multipurpose edible crops (Zhu et al., 2016). It is the
third largest source of vegetable oil in the world after soybean and perennial oil palm (FAO,
2021). As a relatively new oilseed plant with more than 40% seed oil, rapeseed is considered
as one of the most important plants, producing about 13% of the world’s edible oil. Rapeseed
oil contains less than 2% of erucic acid and its meal has less than 30 μg of glucosinolate
(Thiyam-Holländer et al., 2012). Due to its suitable agricultural characteristics, including high
water consumption efficiency and relative tolerance to drought stress, rapeseed can be used as
an alternative crop for grain-based crop rotations, especially in areas with arid and semi-arid cli-
mates (Hegewald et al., 2018). Iran is among the hot and dry countries of the world, receiving a
third of the global precipitation rate (240mm per year), and drought is considered as one of the
most important factors limiting production (Sabzevar et al., 2021). Oil is the most important
quality characteristic of oilseeds and the amount of oil in oilseeds is influenced by environmental
conditions including drought. Therefore, understanding the effects of drought on morpho-
physiological traits and identification of drought-tolerant genotypes is necessary.

Assessing genetic diversity which is a valuable component of plant breeding based on mor-
phological characteristics is widely used, but these characteristics are affected by environmental
factors and plant growth stages (Govindaraj et al., 2015). To overcome this issue, molecular
markers can provide effective and precise means of selection and provide detailed information
about genetic variation. This information is essential for future breeding programmes aiming
to better protect and use genetic resources (Shaygan et al., 2021). DNA-based markers are the
most widely used and have broad applications for genotyping to improve plant selection.
Among these, inter simple sequence repeat (ISSR) markers are widely used in genetic diversity
research due to their ease of use, high reproducibility and polymorphism. The main advantage
of ISSRs is that no sequence data for primer construction are needed. And for the analytical
procedures like polymerase chain reaction (PCR), only low quantities of template DNA are
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required. Furthermore, ISSRs are randomly distributed through-
out the genome (Godwin et al., 1997). Assessing the effect of
drought stress on 10 rapeseed genotypes using ISSR markers
and morphological traits, Nemati stated that these markers
revealed high genetic diversity for the studied rapeseed genotypes
that can be used for breeding programmes (Nemati et al., 2012).
Moreover, there are several reports in which DNA-based markers
were used. For example, in the study by Tian the genetic diversity
of 127 genotypes of B. napus, Brassica rapa and Brassica juncea
species was investigated by using genome-specific SSR primers.
The results showed that 36.86% of the variance was due to a sig-
nificant difference between species populations, suggesting a high
genetic variation among B. napus, B. rapa and B. juncea genomes
(Tian et al., 2017). Safari and Mehrabi (2015) also studied the
genetic diversity among 45 rapeseed genotypes by 15 ISSR
markers.

This preliminary investigation aimed to identify rapeseed gen-
otypes with resistance to drought and tolerance to low tempera-
tures, suitable for cultivation in the mountainous and arid
regions of northern Iran. The study investigates the genetic rela-
tionships and differentiation of 14 new genotypes, preselected
from a larger screen of rapeseed utilizing molecular markers
(ISSR), in addition to screening and analysing the degree of vari-
ation in morpho-physiological features and oil content between
different rapeseed genotypes in response to drought stress. This
is the first time that an investigation has specifically focused on
drought effects in rapeseed for cultivation in northern Iran.

Materials and methods

Study location and plant materials

The present study was conducted in the greenhouse of
Mohaghegh Ardabili University under controlled conditions
including a 14 h photoperiodism (14 h of light and 10 h of dark-
ness) at a temperature of 18–25°C using a factorial completely
randomized design with three replications per treatment (online
Supplementary Table S1). Each replicate was considered as a
pot (14 litres) with six canola seedlings. A total of 14 winter rape-
seed genotypes (obtained from Gene Bank of Iran) (Table 1), were
evaluated for water-stress tolerance. Different levels of irrigation
were evaluated, including complete irrigation (field capacity) as
control and irrigation after 60 and 85% depletion of available
soil moisture as two levels of stress, respectively. The moisture
content was measured using a Moisture Probe Meter
(MPW-160-B [12-bit resolution], Sydney, Australia). The device
was calibrated before use. Leaf samples were collected on the
10th day after imposition of the stress in three levels and stored
in a freezer at −70°C. FAO Irrigation and Drainage Paper No.
56 was used to determine stress levels (Allen et al., 1998). The
experiment was performed twice and the results obtained from
either experiment were the same. All the data related to measured
traits are shown in the Supplementary files.

Morpho-physiological evaluation

Ten days after applying the stress, leaf samples were collected
from all the pots at three levels and stored in a refrigerator at
−70°C. The following morphological traits were measured: days
to flowering and plant height during flowering and grain yield.
Two genotypes (Okapi 0 and Okapi 31) did not reach the

flowering stage. Therefore, morphological traits were measured
in 12 genotypes.

Photochemical activity of photosystem II characterized by Fv/
Fm and Fv/F0 values were measured by a chlorophyll fluorometer
(Opti-Sciences OS-30p+ Fluorometer, Hudson, NH, USA;
Tsimilli-Michael and Strasser 2008). Soil plant analysis develop-
ment (SPAD) values were monitored by a SPAD-502 meter
(Konica Minolta Inc., Osaka, Japan).

The following physiological parameters were measured as well:
photosynthetic pigments by the method of Lichtenthaler (1987),
relative water content (RWC) of leaves by the method of Ritchie
et al. (1990), anthocyanins by the method of Wagner (1979),
total carbohydrates by the method of Irigoyen et al. (1992), proline
using the method of Bates et al. (1973) and the total protein from
the youngest leaves using the Bradford (1976) method.

Before the analysis of variance, a data normality test was per-
formed using Kolmogorov and Smirnov methods for all traits.
Statistical analysis was performed using SPSS 19 and SAS software
and the mean comparison was calculated with the Duncan test at
5% probability level.

Oil extraction

B. napus seed samples were collected and stored in paper envel-
opes in a refrigerator. The seeds were powdered using a mill
and then used for oil extraction. Oil content samples were
extracted according to the method of Azadmard-Damirchi et al.
(2011). And to determine the oil percentage, the weight of the
oil obtained from 100 g of rapeseed samples by the Soxhlet
method (Uquiche et al., 2008) was used.

Molecular evaluation

DNA was extracted from young leaves using the cetyltrimethy-
lammonium bromide (CTAB) method with slight changes
(Saghai-Maroof et al., 1984). The quality and concentration of
the DNA were confirmed by electrophoresis on 1% agarose gel
and spectrophotometry. Twenty-three primers (Metabion,

Table 1. Name, origin and growth types of oilseed rape genotypes

Number Genotype Origin Type of genotype

1 Karaj 1 Iran Pure line

2 Karaj 2 Iran Pure line

3 Tassillo Germany Hybrid cultivar

4 Zarfam Iran Cultivar

5 Talaye Germany Cultivar

6 Cooper Germany Hybrid cultivar

7 Adriana Germany Hybrid cultivar

8 Karun Germany Hybrid cultivar

9 Sarigol 32 Germany Cultivar

10 Likord Germany Cultivar

11 Hyola 401 Australia Hybrid cultivar

12 SLMO 46 Germany Cultivar

13 Okapi 0 France Cultivar

14 Okapi 31 France Cultivar
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Seoul, Korea) (Table 2) were selected for ISSR analysis. Eighteen
primers marked with an asterisk (*) created the polymorphic
bands. PCR amplification was carried out on the Techne PCR
instrument and the reaction programme comprised an initial 5
min at 94°C; 40 cycles of 60 s at 94°C, 60 s annealing at the appro-
priate temperature for each primer and a 60 s extension at 72°C;
finishing with a final extension of 5 min at 72°C and storage at
4°C. Agarose gel electrophoresis (1.5%) and subsequent staining
with ethidium bromide were used for the identification of PCR
products. Each DNA fragment was scored as a discrete variable,
using 1 to indicate the presence and 0 for the absence of bands
in each sample, and the analysis of molecular data was performed
using NTSYSpc2, Popgen 1.32 and GenAlex 6.3 software.

To determine the efficiency of ISSR markers and to estimate
the genetic divergence of the selected rapeseed genotypes, the per-
formance of the markers was analysed using five parameters: PIC:
polymorphism information contents, MRP: mean resolving
power, RP: resolving power, MI: marker index and EMR: effective
multiplex ratio.

The PIC value for each locus (band) was measured as follows:

PICi = 1−
∑

j

f 2ij

where fij is the frequency of the jth pattern of the ith band as pres-
ence (1) or absence (0), in case of dominant markers. After this,
the PIC of every ISSR marker was measured as:

PIC = 1
n

∑n

i=1

PICi

where n is the total number of polymorphic bands for that marker
(Chesnokov and Artemyeva, 2015).

MRP is a parameter which is used to characterize the capacity
of the marker integration to analyse the differences among a num-
ber of genotypes. For the calculation of RP, information of a band
(BI) is measured as:

BIi = 1− (2× |0.5− p|)

where BIi is the informative of the amplicon and p is the percent-
age of the 14 species having ith amplicon. The RP of each primer
was measured as:

RP =
∑n

i=1

BIi

MRP = 1
n
RP

where n is the number of polymorphic loci.
The EMR is defined as the number of polymorphic loci multi-

plied by the proportion of polymorphic loci:

EMR = np(np/n)

where np and n are the number of polymorphic loci and the total
number of loci, respectively.

The marker index (MI) is the product of the information
polymorphism value and the effective multiplex ratio:

MI = PIC× EMR

Results

Analysis of morphological traits

The results of variance analysis (online Supplementary Table S2)
showed that the effects of drought stress, genotype and their inter-
action were significant in all the studied traits at 1% probability
level. Hayola 401 had the least days to flowering in all control
and stress levels, while Talaye and SLMO 46 had the highest
plant height and grain yield under stress conditions, respectively.
General heritability of traits varied from 0.8146% for days to flow-
ering to 81.09% for grain yield. The effectiveness of phenotypic
selection is affected by the genotype × stress (E) interaction
(Sallam et al., 2019).

Table 2. Sequence and annealing temperature of ISSR primers

Number Primer sequence Temperature (°C) Number Primer sequence Temperature (°C)

1 GAG AGA GAG AGA GAG 42 13* AGA GAG AGA GAG AGA GT 43

2* ACA CAC ACA CAC ACA CCA 45 14* CTC TCT CTC TCT CTC TA 42

3* AGA GAG AGA GAG AGA GAA 45 15 CAC ACA CAC ACA CAC AT 43

4* AGA GAG AGA GAG AGA GCC 45 16* TCT CTC TCT CTC TCT CC 42

5* AGA GAG AGA GAG AGA GC 42 17* ACA CAC ACA CAC ACA CT 43

6* AGA GAG AGA GAG AGA GG 42 18* AGA GAG AGA GAG AGA GCT 43

7* GAG AGA GAG AGA GAG AA 42 19* AGA GAG AGA GAG AGA GCC 43

8* AGA GAG AGA GAG AGA CT 42 20* GAG AGA GAG AGA GAG ACC 43

9* AGA GAG AGA GAG AGA CTA 43 21* CAC ACA CAC ACA CAC AAC 44

10 GAG AGA GAG AGA GAG ATT 43 22 CTC CTC CTC CTC CTC CTC 46

11* TGT GTG TGT GTG TGT GGG 46 23* GGA GAG GAG AGG AGA 42

12 TCC TCC TCC TCC TCC 42

Plant Genetic Resources: Characterization and Utilization 183

https://doi.org/10.1017/S1479262124000145 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262124000145


Analysis of physiological traits

The variance analysis (online Supplementary Table S3) showed
that the effect of water stress affected all the traits significantly
at 1% probability level except for chlorophyll b. The studied gen-
otypes showed significant differences in chlorophyll content,
RWC, chlorophyll a, total chlorophyll, carotenoid, carbohydrate
and proline. The interaction effect of genotype × stress was also
significantly different in chlorophyll content, maximum fluores-
cence, relative content of water, chlorophyll b, total chlorophyll,
carotenoid and carbohydrate. General heritability also varied
from 0.185 in the fluorescence trait up to 65.52 in the chlorophyll
content trait. The results related to mean comparison of the mor-
phological and physiological traits showed that all traits except for
plant height, seed yield, maximum fluorescence, RWC and
chlorophyll b increased under stress conditions. Cluster analysis
was performed by the Ward method using Euclidean distance,
based on the arithmetic averages of morphological and physio-
logical traits. The dendrograms obtained from cluster analysis
divided the genotypes into two groups at the control and the
second level of stress. Also, at the first stress level, the genotypes
were divided into three groups (Fig. 1). At the control level, the
first group had higher levels of fluorescence compared to the
other group. And the second had high levels of chlorophyll,

photosynthetic pigments and proline. The genotypes with a
high genetic distance are suitable for hybridization and access
to high heterozygous hybrids.

Discriminant analysis (online Supplementary Table S4) showed
that genotypes in the three drawn dendrograms were correctly
groupedbasedon the studied traits (control level, stress levels 1 and 2).

ISSR molecular analysis

In this study, in order to detect and evaluate the diversity between
rapeseed genotypes, ISSR molecular primers were used. After
screening 23 primers, 18 primers produced clear patterns of mul-
tiple bands. A total of 106 clear and scalable loci were amplified,
of which 60 bands (56.6%) were polymorphic (Table 3). An
example of ISSR primer banding pattern (no. 17) is presented
in online Supplementary Fig. S3. The polymorphism metrics
(EMR, MRP, PIC, RP and MI) of the 16 ISSR primers are sum-
marized in Table 3. Primer no. 9 revealed the highest PIC
(0.365) and MI (1.881). The EMR ranged from 5.14 for primer
no. 9 to 0.2 for primer no. 4 (mean: 2.09). Three primers (17, 9
and 5) with high RP values (4.46, 3.92 and 3.78) were introduced
as the most efficient markers. Shannon’s information index was
0.325 in our study. The primer no. 9 revealed pronounced

Figure 1. Grouping of canola genotypes based on the measured traits under control, first and second stress levels using the Ward method.
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discrimination of 85.7% polymorphism. On the other hand, pri-
mer no. 4 recorded the lowest polymorphism of 20%. Moreover,
the observed and effective numbers of alleles were 1.56 and
1.38, respectively (Table 4). Considering sub-populations as
groups, the average genetic variation (Hs) was 0.1344 and the
total genetic variation (Ht) was 0.1982. The average degree of
gene differentiation (Gst) among rapeseed genotypes was 0.3218
in all locations. This result suggests that a larger share of the
total variation is related to the diversity within the genotypes.
The genetic distance between the genotypes based on the genetic
distance of Nei (Nei, 1987) ranged from 0.109 between Karun and
Adriana up to 0.400 between Sarigol 32 and Tassillo.

Three different genetic distance coefficients (Dice, simplematch-
ing and Jacard) and three different clustering methods (unweighted
pair group method with arithmetic mean [UPGMA], single
linkage and complete linkage) were used in this analysis. Based on
the highest cophenetic correlation coefficient, Jacard’s genetic dis-
tance coefficient and UPGMA method were selected. Based on
the results of the Mantel test, the cophenetic correlation coefficient
(r = 0.81) was obtained, which indicates a high correlation between
similarity matrices and final cluster diagrams. In this analysis, 14
rapeseed genotypes were divided into three groups (Fig. 2).

Moreover, principal coordinate analysis indicated that the first
three principal coordinates explained 64.67% of the molecular
variations among the genotypes (online Supplementary Table S5).

Oil content

By applying stress, oil content decreased in all genotypes. There
was no noticeable difference between the two levels of water stress

(moderate and severe). Therefore, the t-test was used for compari-
son. There was a significant difference (0.01) between the amount
of oil in the two levels of control and water stress (online
Supplementary Table S6). Among the genotypes, Adriana with
36.47% had the highest amount and Karaj 2 with 27.82% had
the lowest oil content in the control level. Among the genotypes,
Karaj 1, Karaj 2, Sarigol 32 and Hayola 401 had the lowest
decrease in oil content, which is a sign of better stability under
stress conditions. Cooper, on the other hand, had the highest
decrease in oil content.

Results of canonical correlation analysis

Canonical correlation analysis was used to find out the potential
relationship between the measured traits and genetic parameters
in the studied population. Canonical correlations of physiological
traits and molecular markers and the proportion of variability
explained by each pair of canonical variates were calculated at
the control level and two stress levels separately.

At the control level and the first level of stress (online
Supplementary Table S7), the first canonical correlations (0.977
and 0.9629, respectively) between the first canonical variates
(V1U1) were significant (P < 0.01). But, at the second level of
stress, both the first (0.9662) and second (0.9446) canonical cor-
relations between the first two canonical variates (V1U1 and
V2U2) were found significant, so these functions were used to
interpret the results of canonical correlation analysis at different
treatment levels (online Supplementary Table S8). According to
Tabachnick and Fidell (2001), correlations between the canonical
variates and main variables that are greater than 0.300 are

Table 4. Genetic diversity parameters based on ISSR markers

Primer number Primer sequence 5′–3′
Observed number

of alleles
Effective number

of alleles
Nei’s gene

diversity (He)
Shannon’s information

index (I )

ISSR 2 ACA CAC ACA CAC ACA CCA 1.33 1.28 0.153 0.217

ISSR 3 AGA GAG AGA GAG AGA GAA 1.6 1.25 0.170 0.270

ISSR 4 AGA GAG AGA GAG AGA GCC 1.20 1.13 0.018 0.119

ISSR 5 AGA GAG AGA GAG AGA GC 1.83 1.48 0.290 0.437

ISSR 6 AGA GAG AGA GAG AGA GG 1.25 1.24 0.122 0.170

ISSR 7 GAG AGA GAG AGA GAG AA 1.60 1.45 0.246 0.357

ISSR 8 AGA GAG AGA GAG AGA CT 1.25 1.25 0.125 0.137

ISSR 9 AGA GAG AGA GAG AGA CTA 1.85 1.66 0.365 0.526

ISSR 11 TGT GTG TGT GTG TGT GGG 1.66 1.36 0.226 0.345

ISSR 13 AGA GAG AGA GAG AGA GT 1.75 1.52 0.301 0.442

ISSR 14 CTC TCT CTC TCT CTC TA 1.66 1.47 0.263 0.386

ISSR 16 TCT CTC TCT CTC TCT CC 1.33 1.22 0.124 0.183

ISSR 17 ACA CAC ACA CAC ACA CT 1.70 1.48 0.281 0.413

ISSR 18 AGA GAG AGA GAG AGA GCT 1.57 1.41 0.233 0.339

ISSR 19 AGA GAG AGA GAG AGA GCC 1.62 1.52 0.283 0.403

ISSR 20 GAG AGA GAG AGA GAG ACC 1.50 1.38 0.215 0.310

ISSR 21 CAC ACA CAC ACA CAC AAC 1.33 1.11 0.086 0.143

ISSR 23 GGA GAG GAG AGG AGA 1.50 1.25 0.165 0.253

(Mean) 1.56 1.38 0.221 0.325
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interpreted regardless of their positive or negative sign (±). At the
control level, it was found that the first canonical variate of
physiological traits (V1) positively correlated with chlorophyll
content (SPAD), chlorophyll a, chlorophyll b, total chlorophyll,
proline and anthocyanin, whereas high-negative correlations
were observed between that of physiological traits (V1) and max-
imum fluorescence, carotenoid and the percentage of protein
(online Supplementary Table S8). The first canonical variate of
molecular markers (U1) had high-positive correlations with loci
m3l7, m5l15, m5l19, m6l23, m8l31, m11l42, m17l65, m17l66,
m17l67, m17l69, m17l72, m18l76, m18l78, m19l87, m20l91,
m21l99, m23l104 and m23l106. High-negative correlations were
obtained between that of molecular markers (U1) and loci
m9l38, m11l43, m13l49, m13l50, m13l51 and m20l94. The degree
to which the canonical variates of physiological traits can justify
the variation in their primary variables is equal to sum of the
squared powers of the canonical structures divided by the number
of variables within that group (online Supplementary Table S8).
However, the redundancy index is defined as a percentage of vari-
ance captured by canonical variates of the opposite group (online
Supplementary Table S8). Each value presented in online
Supplementary Table S9 represents the variability of each variable
in one group (the variable in physiological traits) which is
explained by the first canonical variate of another group (by the

first canonical variate of molecular traits). All data points repre-
senting relevant variables on the X and Y axes and lying within
a circle (the blue circle) with a radius of 0.3 were ignored (online
Supplementary Fig. S5–S7). It means that correlations between
the original variables and their canonical variates are less than
0.30. At the first stress level (60% depletion of available soil mois-
ture), the results indicated that the physiological traits including
chlorophyll content (SPAD), chlorophyll a, chlorophyll b, total
chlorophyll, proline and carotenoid had high-positive correlations
with their first canonical variate (V1), whereas negative correla-
tions were observed between quantum yield potential, initial
fluorescence, maximum fluorescence, total carbohydrates, the
percentage of protein and their first canonical variate (V1). The
first canonical variate of molecular markers (U1) presented high-
positive correlations with loci m4l10, m5l15, m8l31, m9l39,
m11l40, m11l41, m11l45, m17l65, m17l66, m17l69, m17l72,
m18l76, m18l78, m23l104 and m23l106 (online Supplementary
Table S8). At the second stress level (85% depletion of available
soil moisture), it was observed that the first canonical variate of
molecular markers (U1) had high-positive correlations with loci
m4l10, m5l15, m5l17, m8l31, m9l35, m11l40, m11l41, m17l67,
m18l76 and m18l78. On the other hand, there were significant
negative correlations between loci m7l27, m9l34, m9l38,
m19l84, m19l85, m19l86, m19l87, m19l89, m20l94, m20l96,

Figure 2. Grouping of canola genotypes based on ISSR data using Jacard similarity coefficient and UPGMA method.

Plant Genetic Resources: Characterization and Utilization 187

https://doi.org/10.1017/S1479262124000145 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262124000145


m20l97 and the first canonical variate of molecular markers (U1).
Also, high correlations were observed between the first canonical
variate of physiological traits (V1) and chlorophyll content
(SPAD), initial fluorescence (F0), maximum fluorescence (Fm),
RWC, total carbohydrates and the percentage of protein.
However, RWC and total carbohydrate traits had negative corre-
lations with the first function of physiological traits (V1). The
results demonstrate that the percentage of protein has signifi-
cantly increased at the second stress level compared to the
other treatment levels.

Discussion

In the present study, three measured morphological traits were
reduced under stress conditions. Decreased plant height and
grain yield under stress conditions indicate photosynthetic dys-
function due to dehydration, reduced production and distribution
of photosynthetic materials. These results are consistent with
reports by other researchers (Sinaki et al., 2007; Nasri et al.,
2008; Faraji et al., 2009).

In comparison to the control, flowering time in Tassillo, Likord
and Talaye genotypes was hindered by drought stress levels. The
flowering time of rapeseed is influenced by a number of genetic
factors, including vernalization (Shah et al., 2018) and photo-
period genes (Raman et al., 2019). Studies have also shown that
drought stress can alter the expression level of miRNAs like
miR156s, which regulate the expression of flowering time genes
in rapeseed. It was found that miR156 genes were differentially
expressed under drought stress, possibly in response to altered
sugar levels under photosynthetic limitations (Schiessl et al., 2020).

A significant increase of total carbohydrate content was also
observed for all genotypes under drought stress that is consistent
with findings reported by Schiessl et al. (2020). Karaj 1, Karaj 2,
Zarfam, Adriana and Karun had early flowering time phenotypes
in response to drought stress, which is regarded as a drought
escape strategy to alleviate adverse effects of drought stress on
crop productivity (Song et al., 2013; Khanna-Chopra and Singh,
2015). Therefore, these genotypes can be suitable for areas that
experience late season drought (Song et al., 2013; Khanna-
Chopra and Singh, 2015). Several factors can influence the early
flowering time in rapeseed during drought stress including
genes such as FLC (Cockram et al., 2007) and VRN-1 (Diallo
et al., 2012), plant hormones like salicylic acid, brassinosteroids,
indoleacetic acid and cytokinin (Diezel et al., 2011; Wasternack
et al., 2013) and epigenetic factors (Zhang et al., 2011; Pu et al.,
2013). No significant difference in days to flowering was observed
in the Hyola 401, Sarigol 32 and Cooper suggesting that the flow-
ering time was not influenced by drought stress.

Among the measured physiological traits, the highest RWC
was obtained in the control and was significantly higher from
the stress levels. It is likely that abscisic acid is involved in signal-
ling from the root under drought stress conditions and causes the
pores to close and results in a decrease in photosynthesis (Ritchie
et al., 1990). The amount of chlorophyll a and total chlorophyll
increased with stress. The application of stress was associated
with a decrease in the initial fluorescence and maximum fluores-
cence, which indicates the decay of the reaction centres of the
photosystem ІІ under drought stress conditions.

Carotenoid increased with stress so that the highest amount
was observed at the second level of stress. Carotenoids can protect
the light-harnessing system of the photosynthetic apparatus from
the radical oxygen molecules and indirectly reduce the production

of oxygen species. Carotenoids also consume nicotinamide aden-
ine dinucleotide phosphate hydrogen and protect chlorophyll
against photo-oxidation through a mechanism called the xantho-
phyll cycle (Koyro, 2006). Total carbohydrates, anthocyanins,
proline and protein levels increased under drought stress condi-
tions, which are consistent with previous studies (Khan et al.,
2007; Ebrahimi et al., 2010; Nasibi et al., 2011; Karimi and
Vafaeezadeh, 2012; Schiessl et al., 2020).

All the traits except for anthocyanin, F0, Fm, Fv/Fm had high
heritability. For this reason, the response to selection using
marker-assisted selection (MAS) for these traits could be highly
effective, as a higher heritability suggests that the traits are more
likely to be passed on to the next generation. MAS has several
advantages over conventional phenotypic selection, including
the ability to select plants based on their genotype which can con-
siderably shorten the time for new crop varieties to be brought to
the market (Collard and Mackill, 2008; Hasan et al., 2021). In the
context of stress conditions, such as drought, MAS has been used
to identify and validate quantitative trait loci (QTLs) associated
with yield traits (Hashem et al., 2023).

Techniques to identify the level of genetic diversity in rapeseed
are very important (Havlickova et al., 2014) and ISSR markers are
one of the most widely used techniques for this purpose. ISSR pri-
mers studied in the investigation were mostly dinucleotide repeats
with either one or two nucleotide residues anchored at the 3′ ter-
minus. Primer no. 17 with repeats (AC)8 amplified the most fre-
quent number of bands, whereas the second most frequent one
belonged to primer nos. 11, 19 and 20 with repeats (TG)8,
(AG)8 and (GA)8, respectively. These results are consistent with
those previously reported in the literature (Shi et al., 2013),
where dinucleotides with repeats AT, AG and AC accounted for
23.5% of repeat sequences founded in B. napus genome.
According to online Supplementary Table S9 and Table 3, primer
nos. 5, 9, 17, 18 and 19 were determined to be informative, as the
first canonical variate of physiological traits (V1) explained the
majority of the variation in banding pattern amplified by the pri-
mers. Numerous studies have indicated that microsatellites are
commonly found in genic regions, including cDNA clones
(Piquemal et al., 2005), expressed sequence tags (Batley et al.,
2007), unique transcript sequences (Wang et al., 2012),
BAC-end sequences (Ling et al., 2007) and genome survey
sequences (Cheng et al., 2009). Given that ISSR markers consist
of microsatellite core sequences with a few selective nucleotides
serving as anchors in the adjacent regions (Amiteye, 2021), these
markers have the capability to amplify partial sequences of micro-
satellites found in coding or untranslated regions and potentially
have associations with specific traits (Parida et al., 2010).

Overall, the results from this study identified rapeseed geno-
types suitable for cultivation in northern Iran and provided new
insight into the heritability of traits.

Conclusion

The present study showed that Likord, Sarigol 32 and Hayola 401
provide better performance stability under drought stress condi-
tions and would be suitable for incorporating into breeding pro-
grammes. The utility of ISSR–PCR marker primer nos. 5, 9, 17, 18
and 19 for discriminating genotypes was demonstrated. The mar-
kers identified in this study could be useful for QTL mapping to
identify the chromosomal regions for drought tolerance to breed
rapeseed genotypes suitable for the dry and mountainous regions
in northern Iran.
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Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1479262124000145.
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