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ABSTRACT. The use of pesticides to protect plants against harmful
organisms, such as pathogenic microorganisms, is one of the most
effective ways to improve agricultural production. However, the
continuous use of pesticides might present a risk to human health,
animals, and the environment. In this study, two cucumber (Cucumis
sativus) varieties containing different levels of pesticide residues,
D9320 and DO0351, were selected to establish an F, population. A
genetic model and genetic linkage map were constructed. The results
showed that the heredity of pesticide residues was dominated by an
additive effect and was significantly influenced by non-additive factors
in cucumber. QCpl was detected as a quantitative trait locus (QTL)
that might be involved in regulating the levels of pesticide residue in
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cucumber. Moreover, the cucumber genetic map was compared with the
LG6 map, and the results indicated that this QTL was closely related to
the level of pesticide residue in cucumber.

Key words: Cucumis sativus L.; Pesticide residue; Genetic analysis;
Simple sequence repeats; Quantitative trait locus

INTRODUCTION

Large amounts of pesticides are used worldwide to achieve high crop yields,
especially for the cultivation of greenhouse vegetables, which in turn results in high levels
of pesticide residue in food (Ngowi et al., 2007; Yang and Cao, 2012; Akoto et al., 2015).
Owing to an increased awareness of food safety, reducing the levels of pesticide residues
in green crops has become an important research focus. For example, recent studies have
aimed to determine the mechanism of biological degradation of organic pollutants, and to
develop effective measures that decrease the levels of pesticide residue (Wang et al., 2010;
Megharaj et al., 2011; Abraham et al., 2013; Chishti et al., 2013). Cucumber (Cucumis sativus
L.) is the most common vegetable and fruit crop grown in greenhouses (Liang et al., 2012).
Its production during long-term planting is drastically reduced by downy mildew, a highly
destructive leaf disease affecting the cucumber plant. In order to reduce damage to cucumber
leaves during agricultural production, propamocarb has been widely applied to protect against
downy mildew at the cotyledon stage, and this is the main reason that pesticide residues occur
in cucumber (Ojiambo et al., 2010; Liang et al., 2012).

In order to obtain cucumber varieties that are resistant to downy mildew, cucumber
species with low/high propamocarb residues were selected by Liu et al. (2010). Genes
encoding resistant proteins participating in the propamocarb stress response were identified
from cucumber variety D0351, which has low levels of propamocarb residue (Wu et al.,
2013a,b). Overexpression of the CsABC19 gene enhanced the growth ability and resistance of
Arabidopsis thaliana subjected to propamocarb stress (Meng et al., 2016). Studies of pesticide
residues in vegetables have been limited to the detection of microscopic residues, and few
studies have investigated the correlation between heredity of cucumber variety and pesticide
residues. In this study, a genetic analysis was conducted to develop molecular markers
associated with low pesticide residue in cucumber varieties. These results will provide valuable
information for the study of molecular mechanisms underlying the control of pesticide residue
in cucumber and provide a valuable reference for marker-assisted selection for the genetic
improvement of cucumber with low pesticide residues.

MATERIAL AND METHODS
Plant materials and propamocarb treatment

Seeds of five cucumber varieties were provided by the Cucumber Breeding Group
of Horticulture College of Northeast Agricultural University and cucumbers were grown
in the facilities of the Horticulture Center of Northeast Agricultural University. Seeds were
germinated on moist filter paper in the dark at 28°C for 30 h. At the two-leaf stage, the seedlings
were transplanted into a growth room with a 25°-30°C (day)/15°-18°C (night) temperature,
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60-75% relative humidity, and natural light conditions. The fruits set at the third node of each
plant were used in subsequent investigations.

Fruits of five cucumber varieties (inbred lines), D9320, Beijin, D0313, D0328-8, and
DO0351, were used to measure the levels of propamocarb residue. Among them, D9320 and
Beijin contained high levels of pesticide residue, and D0313, D0328-8, and D0351 showed low
levels of pesticide residue. Propamocarb hydrochloride (400 ppm x 66.6%; Karp, Shandong
Sino-Agri United Biotechnology Co., Ltd. Shandong, China) was sprayed on cucumbers 34
days after transplantation, three times per week. Samples (500 g) were collected from each
replicate and stored at -80°C. Ten cross combinations from five parent varieties were generated
to obtain 15 combinations in 2009 (Table 1). Seeds of P, P, F , and F, generations were
obtained from the parental lines D9320 x D0351, and the F, and F, generations. A random
complete block design was used with three replicates. Field management corresponded to that
used for usual cucumber cultivation, where parents and each combination were bred under the
same conditions and their growth was carefully recorded for 7 days.

Table 1. Combining ability variance of pesticide residues in cucumber.

Source of variance Degrees of freedom Sum of squares Mean squares F value P value
GCA 4 3618.314 904.579 335.029%* 0.0001
SCA 9 1169.652 129.961 48.133%* 0.0001
Error 36 97.185 2.70

**Significant differences by the LDS-test (P < 0.0001).
Hybridized combinations and quantitative trait locus (QTL) mapping

Different hybridized combinations were prepared based on a complete diallel cross
design 11 1/2p (p+1) (Griffing, 1955). Because D9320-2 x D0351 exhibited the largest difference
in pesticide residue among cucumber combinations, these two varieties were used as parents
to establish an F, population, including 356 strains. A genetic analysis of pesticide residue
was performed on parent plants (D9320-2 and D0351), and on the F, and F, generations of
cucumbers using QGA Station 1.0 software. According to the analysis results, 356 individuals
of F, population were screened as the optimal combination to identified and construct genetic
map. Levels of propamocarb residue in the parents and F, progenies were measured by gas
chromatography (GC) as previously described (Manikrao and Mohapatra, 2015). Genetic
linkage maps were developed using the JoinMap 4.0 mapping software. Simple sequence
repeat (SSR) markers were identified and used to construct a genetic linkage map. QTLs
in plants containing pesticide residues were identified using the composite interval mapping
method of Windows using QTL Cartographer V2.0 software.

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Total DNA was extracted from the leaves of cucumber plants using the modified cetyl-
trimethyl-ammonium bromide method (Wang et al., 2006). A total of 112 pairs of amplification
primers were selected, of which 45 pairs amplified well. Using the bulked segregation analysis
method, a DNA mixing pool model was developed (Michelmore et al., 1991) and six pairs of
differential primers were selected from 26 pairs of SSR primers. The primers were used for
amplification in F, populations (200 strains) to construct genetic linkage maps of cucumber.
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Three independent biological replicates of each sample and three technical replicates of each
biological replicate were analyzed in the Bio-Rad DNA Engine PCR System (ALD1244,
Mexico). The SSR reaction system (20 pL) consisted of ddH,O (11.3 uL), 10X buffer (2 uL),
2.5 mM Mg* (2.0 uL), 2.5 mM dNTPs (2.0 puL), 20 ng/uL template DNA (2 uL), Tag DNA
(0.2 pL), and 10 pmol/uL upstream and downstream primers (0.25 pL). PCR amplification
was performed under the following conditions: 5 min at 94°C, followed by 35 cycles of 30 s
at 94°C, 1 min at 49°C (dependent on primers), and 10 min at 72°C, with a final extension of
10 min at 72°C, after which the reaction mixture was held at 12°C.

Five cucumber varieties, D9320-2, Beijin, D0313, D0328-6, and D0351, were
designated as 1, 2, 3, 4 and 5, respectively. Statistical analyses, genetic correlation analysis,
and combination ability analysis of data were performed using SAS 9.2. Moreover, additive-
dominance genetic models were analyzed using the QGA Station 1.0 software. To determine
the linkage groups and chromosomes corresponding to pesticide genes, a comparative analysis
was performed using the Maplnspect software (http://mapinspect.software.informer.com).

Detection of pesticide residues

Samples of cucumber (25 g) were added to 80 mL acetone/water (7:1 v/v), and then
homogenized at high speed for 5 min. The residue was washed twice with acetone/water.
The filtrate was mixed and concentrated to 40 mL at a temperature lower than 45°C. The
extract was transferred to a 250-mL separation funnel containing 50 mL ether and 5 g sodium
chloride. The mixture was shaken and separated into an aqueous phase and an upper organic
phase. The separation process was repeated twice. The ether layers were combined and added
to the organic phase before dehydration in the chromatographic column. The extract was
concentrated to near dryness with a rotary evaporator at 65°C and then dissolved in 1 mL
methanol, which was used for detection by GC.

A stock solution of propamocarb (0.1 mg/mL) was prepared by dissolving 10 mg
propamocarb in 100 mL methanol. This was then diluted 1:10 to produce an intermediate
solution of 10 pg/mL, which was used to generate six propamocarb standard solutions (5.0,
1.0, 0.5, 0.1, 0.02, and 0.01 pg/mL). Gas chromatograms of the six propamocarb standard
solutions were generated under the chromatographic conditions described by the methods of
Manikrao and Mohapatra (2015). Propamocarb standard curves and correlation coefficients
were obtained by plotting the peak areas against the sample concentrations. Chromatographic
column: ShimadzuRtx-1 capillary column (30 m x 0.25 mm x 0.25 pm); detector: FID; carrier
gas (N,): 30 mL/min; air: 400 mL/min; hydrogen: 40 mL/min; temperature programming:
70°C for 3 min, raised to 230°C at a velocity of 30°C/min, 230°C for 10 min; inlet temperature:
260°C; detector temperature: 290°C. According to the retention time of the pesticide standards,
the concentrations of propamocarb residue were quantified using the external standard method.

RESULTS
Pesticide residue analysis and combination ability analysis in cucumber fruits
To detect pesticide residues in cucumber fruits, propamocarb standards were analyzed

by GC. A peak at 10.8 min was observed in the 0.5 pg/mL propamocarb sample, indicating
that the test results were accurate (Figure 1A). The standard curve revealed a good linear
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relationship. The linear equation obtained was Y = 1534.7 + 15333.9X with a correlation
coefficient of 0.994 and a concentration range of 0.01-5 pg/mL. The results suggest that the GC
method could be used to qualitatively and quantitatively analyze propamocarb concentration.
In addition, levels of pesticide residues in different cucumber varieties showed significant
differences based on GC analysis. Fresh D9320-2 and Beijin fruits contained higher levels of
residues than the other cucumber varieties, while D0351 and pickled cucumbers showed lower
levels of pesticide residue than did the others (Figure 1B).
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Figure 1. Gas chromatogram of the 0.5 pg/mL propamocarb standard. Gas chromatogram of the D9320 sample.

To determine the genetic attributes of pesticide residues, a combination ability
analysis was performed. We found that the general combination ability (GCA) of parents
differed significantly. Furthermore, the specific combination ability (SCA) of different
combinations differed significantly (Table 1). The combinations D9320-2 x D0313 and
DO0313 x D0351 had statistical significance compared with the other eight combinations
(Table 2). The combination ability of each inbred line was evaluated (Table 3). Interestingly,
D9320-2 and Beijin had the maximum GCA but the minimum SCA among inbred lines,
thus revealing that their individual characteristics were stable. The inbred line D0328-6
showed a low GCA level and low variation, which indicated that this inbred line was
unlikely to produce good F1 combinations. The cross combination D9320-2 x D0313
exhibited the highest GCA and SCA of all inbred lines. Based on these results, D9320-2
x D0313 was selected to establish the F, population. Normality testing revealed that the
F, population was normally distributed (kurtosis = 0.1317 < 1, deviation = 0.09814 < 1,
Shapiro-Wilk = 0.3748 > 0.05) (Figure 2). However, pesticide residues showed continuous
variations rather than proportional relationships. Therefore, pesticide residue might be
considered as a quantitative trait that is controlled by multiple genes.
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Table 2. Analysis of special combining ability (SCA) effect.

Cross Effect of SCA Difference effect of SCA
1 x 2(CK) -6.11 -
1x3 18.55 24.66*
1x4 -3.37 2.74
1x5 11.45 17.56
2x3 1.12 7.23
2x4 -4.77 1.34
2x5 11.71 17.82
3x4 -6.23 -0.12
3x5 17.26 23.37*
4x5 -21.13 -15.02

*Significant differences by the LSD-test (P < 0.005).

Table 3. Synthesis assessment of combining ability on an inbred cucumber line.

Inbred line Effect of GCA Mean square of SCA
1 9.24 139.70
2 13.28 180.21
3 -4.94 431.63
4 -5.06 113.91
5 11.01 203.37

25 —

20 7

Percent

Figure 2. Simulated high-resolution normal distribution of the F2 population.

Establishing a genetic model and genetic linkage map in C. sativus L.

An additive-dominant genetic model showed that although the dominant effect of
pesticide residues was relatively low in cucumber, the additive effect was highly significant
(Table 4), which shows there is high heritability of pesticide residues in cucumber. The
interaction between the additive effect and the environment was not significant; however,
no interaction was observed between the dominant effect and the environment. In addition,
the standard error was estimated to be 21.738, indicating that the existence of environmental
factors influenced the levels of pesticide residues in cucumber. Overall, the heredity of
pesticide residues was dominated by an additive effect in cucumber, which is not significantly
influenced by the environment. The heritability of pesticide residue in cucumber was calculated
using the formula described by Achouch (2002). The broad-sense heritability exceeded 50%,
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which was greater than the narrow-sense heritability (Table 5). The marked difference between
the broad- and narrow-sense heritability suggested that the levels of pesticide residues were
significantly influenced by non-additive factors in cucumber. To identify agronomic traits
possibly associated with pesticide residues, some important morphological indexes related to
pesticide residue heredity in cucumber were measured, such as the length and circumference
of cucumber, leaf area, and thorn density. A significant positive correlation was identified
between leaf area and levels of pesticide residue (r = 0.9217; P < 0.0001), but no correlation
was observed in cucumber.

Table 4. Genetic variance of pesticide residues in cucumber.

Variance component Estimated value (%) Standard error
Va/Ve 46.459%* 2.316
Vo/Vp 30.27** 2.011
Vae/Ve 9.451** 1.574
VE/Vp 21.738** 2.691
** Significant differences by the LSD-test (P < 0.0001).

Table 5. Heritability of pesticide residue levels in cucumber.
Rate of variance component Estimated value Standard error
ho(N) 36.210% 0.024
h2(B) 51.336% 0.036
h2(NE) 9.250% 0.020
h2(BE) 14.291% 0.037

Two varieties, D9320 and D0351, were used to screen 116 pairs of SSR primers, 112
of which generated amplification products. Of these, 45 pairs of primers amplified well in the
two parents. For each trait, eight plants were further screened using gene pools. Six polymorphic
markers, CSWTA04, CSWCTO05B, CSWCT25, CSWTA06, CSWCT14, and CSWTGO03, were
identified (Figure 3). The linkage groups were identified based on the molecular marker linkage
maps, which contained four SSR loci (CSWCT14, CSWCT25, CSWTGO03, and CSWCTO05B)
and the genetic distances of two markers were 22.5, 7.9, and 12.5 cM, respectively. The total
length of the linkage group was 42.9 cM, and the average distance between markers was 14.3
c¢M. QTL analyses were conducted to analyze the levels of pesticide residue in cucumber. QCpl,
detected in our study as a pesticide residue-related QTL, is located between CSWCT14 and
CSWCTO5B (genetic distance of 6.3 ¢cM from CSWCT25; LOD score of 3.4, and interpretable
phenotypic variation rate of 13.63%; Figure 4 and Table 6).

Table 6. Quantitative trait locus (QTL) analysis of pesticide residues in cucumber.

Traits Pesticide residues
QTL 0Cpl
Position (cM) 26.7

Marker interval CSWCT25-CSWTG03
LOD value 34

2 (%) 13.63
Additive effect 26.64
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Figure 3. CSWTGO3 primer amplification. P1: D0351; P2: D9320; lanes 1-45 = some plants in the F2 population.
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Figure 4. Distribution of pesticide-residue tolerance in a molecular linkage group.

Comparative analyses of QTLs related to pesticide residue

To map QTLs on the corresponding chromosomes, the genetic map of cucumber
was compared with the LG6 map. The four SSR markers from the linkage group were
located on the gene related to pesticide residue (Figure 5). QCpl was located on the
sixth chromosome in the LG6 map. Therefore, we concluded that this linkage group
corresponded to the sixth chromosome in cucumber. In addition, QCpl was an effect-
increasing locus (Table 6), which revealed that the QTL effect-increasing gene was
derived from D9320 with high pesticide residue. Therefore, we can infer that this QTL is
closely related to the level of pesticide residue in cucumber.
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0.00 CSWCT14 XBC592-S 0.00
XSSR02021 7.30
XSSR11343 12.80
XSSR01012 17.70
XSSR15238 17.90
XSSR02309 20.60
=0 CSWCT2S XSSR00193 24.90
XSSR00019 26.90
XSSR02355 27.30
30.40 CSWTG03 i 27.70
— XSSR03940 31.90
2, XSSR16451 35.50
S XSSR17624 36.70
XSSR13884 40.40
XSSR13884 40.50
42.90 CSWCT058Z XSSR06500 40.50
XSSR15067 40.50
XSSR17023 45.20
XSSR16889 46.00
XSSR10335 46.30
XBCS523-S 46.90
X11B-S 49.00
XSSR18534 50.80
XSSR00300 58.50
XCSWCT16 60.40
XSSR00126 63.60
XSSR01698 70.10
XSSR11985 71.20
XSSR00015 71.80
XSSR00584 75.50
XSSR14934 76.80
XCSWCTT14 77.70
XCSWCTT14 80.70
de 80.70
XSSR13251 82.10
XJ5-S 86.30
XSSR06632 87.70
XSSR06653 88.20
XSSR01101 88.50
XCSWCT25 89.50
XL18-SNP-H19 92.30
XL18-SNP-H19 93.00
XCSWCT25B 93.00
XCSWCT28 93.00
XCSWCT28 95.60

Figure 5. Marker-order comparison on chromosome 6 of cucumber constructed from the Gy7 x H-19 map and this
study map. Right: study map. Left: LG6 of Gy7 x H-19 map.

DISCUSSION

Studies on pesticide residues in plants have mainly focused on pesticide metabolism
and resistance. For example, several studies have concentrated on the regulatory effects of
cytochrome P450, glutathione, and the ABC transporter protein on pesticide metabolism in
plants (Shiota et al., 1996; Brazier-Hicks et al., 2008; Meng et al., 2016). The GC technique
has been widely used to analyze pesticide residues of relatively small molecular weight, high
volatility, and heat-stability (Gonzalez-Rodriguez et al., 2008; Swarnam and Velmurugan,
2013). In our study, GC was used to analyze the levels of propamocarb residue in cucumber
fruits. There is limited information on the molecular mechanisms controlling pesticide residue
in terms of the genetics and breeding of cucumber.

The first high-density cucumber genetic linkage map was constructed using data from
the cucumber genome (Ren et al., 2009), and many molecular markers (such as /I, de, D, ss,
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u, v-1, bi, Ccu, and Tu) were found to be closely linked to genes governing important agronomic
traits in cucumber (Yuan et al., 2008; Huang et al., 2009; Weng, 2010; Zhang et al., 2010a,b; Li
etal., 2011). Complete genome genetic linkage maps containing more than 3.6 million loci have
been developed by deep re-sequencing of 115 cucumber varieties (Qi et al., 2013). In addition, 12
QTLs have been identified by analyzing the length and diameter of cucumber fruits at different
developmental stages using different QTL models (Weng et al., 2015). In the present study, 116
pairs of cucumber SSR primers were used to construct linkage groups that had a low density and
a large distance between markers. It is possible that the fewer number of primers used to establish
genetic linkage groups. Therefore, high primer density was required for SSR markers linked to
target traits in the future researches. Moreover, a QTL, CSWCT14 (16.2)-QCp1-CSWCTO05B,
was found at a distance of 6.3 cM from the nearest marker with a contribution rate of 13.63% and
an additive effect of 26.64, which was related to pesticide residues in cucumber.

QTLs with positive additive effects revealed that alleles carried by field-collected
parents could improve the value of characteristics (Miao et al., 2012). In the present study, the
detected QTL associated with pesticide residue was an effect-increasing locus with a positive
additive effect. The results indicated that genes carried by the D9320 parent, which had a high
residue content, plays a role in increasing the level of pesticide residue. The detection of QTLs
is limited by population size, threshold, marker number, and heritability of target traits (Takagi
etal., 2013). Taking recombinant inbred populations, and F, and F, , segregation populations for
mapping, QTLs with a contribution of 15% can be considered as major (LOD > 2.0); but others
with a contribution of 5%, was considered as a micro-effect QTL (Miao, et al., 2011; Zhang, et
al., 2011). The F, population was used in this study and a QTL related to pesticide residue (LOD
> 2.5) with a contribution of 13.63% was detected, indicating that the locus can control the
level of pesticide residue in cucumber. However, because QCp/ is located far from two adjacent
markers it is unsuitable for cloning. Therefore, in future studies it will be necessary to screen
SSR primers when applied to identify QTLs associated with pesticide residue in cucumber fruits.
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