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Abstract: The article presents the results of biochemical and QTL (Quantitative Trait Loci) analysis of
dry matter content, nutrient and biologically active compounds: sugars, ascorbic acid, chlorophylls a
and b, anthocyanins and carotenoids in populations of doubled haploid lines of leaf, root crops, and
oilseeds of the Brassica rapa L. species grown in optimal light culture conditions, but with different
photoperiod durations. The purpose of this study was to evaluate the effect of the photoperiod on
the transition to bolting and the accumulation of biologically active substances, as well as how the
localization and identification of chromosomal loci determined the content of certain phytochemicals.
The influence of the length of daylight hours on the content of components of the biochemical
composition was assessed. It was shown that growing under conditions of a 16 h photoperiod
increased the content of dry matter, sugars, vitamin C, and anthocyanins. On the contrary, the content
of photosynthetic pigments was higher under the conditions of a 12 h photoperiod. Valuable lines
that can be sources of biologically active compounds were revealed. Based on the results of the
obtained data, 102 QTLs were mapped, which determine the manifestation of the studied biochemical
quality traits in the B. rapa doubled haploid lines under conditions of short and long daylight hours.
Molecular markers genetically linked to the selected QTLs were determined. It was revealed that the
identified loci controlling all the studied biochemical traits were mainly in the fifth, sixth, seventh,
and ninth linkage groups, which correlated with the data obtained in the field and greenhouse.
Most of the identified loci controlled several studied traits simultaneously. The identified QTLs and
identified molecular markers are of interest for further study of the genetic control of the economically
valuable traits determined by them and for the implementation of marker-assisted selection in B.
rapa. The data obtained can be used in genetic and breeding work, including for the obtaining of
new genotypes, lines and cultivars with a valuable biochemical composition, adapted for cultivation
under specific photoperiodic conditions.

Keywords: B. rapa doubled haploid lines; biochemical composition; photoperiod; quantitative trait
loci; controlled conditions

1. Introduction

The multifaceted family Brassicaceae Burnet. includes a large number of economically
valuable agricultural crops that are widespread throughout the world: varieties of B. oleracea
L. (white cabbage, broccoli, cauliflower and others), crops of B. rapa L. (turnip, Chinese
cabbage and pakchoi, oilseed rape), vegetable and oilseed varieties of Indian mustard
(B. juncea Czern.), oilseed and leaf rape and swede (B. napus L.), spicy crops (horseradish
Armoracea rusticana G. Gaertn., wasabi Eutrema japonicum Miq.), black mustard (B. nigra L.)
and others [1–3]. Over the past decades, there has been an increasing consumer demand
for foods rich in nutrients and biologically active substances that have a beneficial effect
on human health. Plants of the Brassicaceae family are sources of vital natural biologically
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active substances—enzymes, pigments, vitamins, as well as specific secondary metabolites,
which exhibit anticarcinogenic, cardioprotective, antioxidant and anti-inflammatory effects,
and stimulate the immune system [4–6].

An important representative of the Brassica L. genus, the Brassica rapa L. species,
is distinguished by a high botanical and agrobiological diversity, including a source of
valuable nutrients and secondary metabolites, which makes it a unique model object for
genetic and molecular studies of various economically valuable traits [1,7–9]. It should
be noted that understanding the mechanisms of genetic control of economically valuable
traits is necessary to increase the efficiency and accuracy of traditional breeding [10,11]. At
the same time, one of the priority tasks of modern breeding is selection for the required
content of biologically active compounds [12].

Most of the significant breeding traits refer to quantitative traits, the manifestation
of which is largely influenced by environmental factors. To study quantitative traits in
plants, including brassica plants, it is promising to use mapping populations of double
haploids (DH)—a set of genetically fixed informative recombinant lines, all loci of which
are in a homozygous state [13]. Currently, information on the genetic determinants that
are responsible for the manifestation of economically valuable biochemical traits of quality
and their inheritance in B. rapa is not sufficiently studied [14]. However, molecular genetic
mapping represents a powerful method to use for this aim, being able to determine the
relative positions of DNA markers on linkage groups [15]. The method of molecular genetic
mapping allows to determine the relative positions of DNA markers on linkage groups.
Mapping of chromosomal loci is carried out through the identification for relationships of
molecular markers with traits and describes parallel genotypic and phenotypic variability
in mapping populations. Methodologically, identification and mapping are carried out
using QTL mapping using specially created two-parent segregating populations [16,17].

There are published data on previous studies devoted to the analysis of the main
biochemical traits of quality in B. rapa. Artemyeva et al. [5] presented the results of
QTL analysis of five biochemical quality traits (total protein, ascorbic acid, β-carotene,
chlorophylls a and b) using two mapping populations of Brassica rapa double haploid
lines. For each studied trait, QTLs, the effects of the identified QTLs, the proportion of
phenotypic variability determined by each QTL, and molecular markers genetically linked
to the identified QTLs were established. Jan et al. [18] revealed a significant variation in
the total seed protein content among different Brassica rapa ecotypes, which is important
for improvement and efficient use of crops. Ullah et al. [19] investigated genetic variation,
heritability and correlation between various biochemical traits in Brassica rapa advanced
lines and revealed significant differences were observed for glucosinolate, oil content,
protein content, oleic acid, linolenic acid, etc.

Despite the apparent importance of crops of this species for humans, only limited
information has been obtained to date on the genetic nature and inheritance of econom-
ically valuable traits of quality in B. rapa. In one study, QTL mapping of glucosinolate
accumulation traits, which has an important protective function in plants and determines
the nutritional quality of B. rapa, was carried out [20]. In another publication, the QTL
search for phytate and phosphate content in seeds and leaves of B. rapa was performed [21].
QTL analysis of metabolites in seedlings made it possible to find the location of QTLs
associated with the content of organic acids, amino acids, sugars, glucosinolates, and
aromatic compounds [22]. In addition, studies of the genotype–environment interaction
of morphological and physiological characteristics were carried out under conditions of
normal moisture and drought [23].

The populations of the B. rapa doubled haploid lines DH 30 and DH 38 used in our
investigation were previously studied in the field and greenhouse conditions in order to
map the chromosome loci responsible for the manifestation of the main morphological
and biochemical traits of quality. In total, 140 QTLs were mapped. Molecular markers
genetically linked to identified QTLs have been identified [1,2,4,5]. At the same time, no
one study was carried out to map the loci of quantitative traits of B. rapa under controlled
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conditions of light culture. The study of the mechanisms of manifestation of quantitative
traits under controlled conditions allows one to reveal the reaction of the genotype to
the action of certain environmental factors by modeling specific parameters (temperature,
lighting, humidity, etc.) while maintaining the remaining factors in the optimum zone
and assessing their influence on the implementation of the studied traits. Investigations
of quantitative traits are especially relevant, the degree of manifestation of which signif-
icantly depends on the genotype–environment interaction [24,25]. It is known that the
photoperiod is one of the most important environmental factors that significantly affect the
course of physiological processes in the plant and its transition to the generative stage of
development [26,27].

The present paper aim is at identifying the chromosomal loci and the molecular
markers which are linked to the content of dry matter and biologically active compounds
in B. rapa. To reach this goal, B. rapa mapping populations were grown at long and short
light days in regulated conditions of light culture.

2. Materials and Methods
2.1. Mapping Populations of Brassica rapa L. Doubled Haploid Lines

We used the lines of two mapping populations of Brassica rapa L. doubled haploids
from the collection of the Federal Research Center All-Russian Institute of Plant Genetic
Resources named after N.I. Vavilov (VIR). The mapping populations of DH lines were
created in the Plant Breeding laboratory of the University of Wageningen (Netherlands) on
the basis of significantly different genotypically and phenotypically accessions, belonging
to different botanical subspecies [1,28].

• Population DH 30—obtained by crossing Japanese root turnip (Kairyou Hakata) and
oilseed yellow sarson (YS-143).

• Population DH 38—is a result of hybridization of pakchoi (Nai Bai Cai) and oilseed
yellow sarson (YS-143).

For this study, 68 lines (23 lines DH 30, and 45 lines DH 38), adapted to the conditions
of light culture (artificial light and low-volume growing technologies described below),
were selected.

2.2. Growing Plants under Controlled Conditions

The relation to the photoperiod is one of the key physiological features of plants.
To determine the dependence of the components of the biochemical composition from
the photoperiod, the B. rapa mapping populations were grown in the biopolygon of the
Agrophysical Research Institute (AFI) under light culture conditions (Figure 1) with mod-
eling of a short and long photoperiod—under 12 h and 16 h illumination, as described
earlier [29]. Seeds, previously germinated on filter paper [30], were planted in seedling
pots 10 × 9 × 9 cm filled with Agrofit substrate [31] based on high-moor peat (“Pindstrup”
LLC, Moscow region, Russia) with the addition of Cambrian clay and chalk; substrate
pH 6.0–6.2.

Three replicates and five plants per replicate for each line were used. The plants were
grown in the original vegetation light installation. High-pressure sodium lamps (DNaZ-400,
“Reflax” LLC, Moscow, Russia) were used as a light source. The plant illumination was
15–20 KLX. The plants were watered daily in the morning: 2 times a week (at the beginning
and end of the week) with Knop’s solution, on other days with water. The temperature
was maintained at 21 ± 3 ◦C.
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Figure 1. Plants of DH lines Brassica rapa L. grown under light culture conditions: (A) seedlings; (B) flowering.

2.3. Biochemical Analyses

Biochemical analyses were carried out in the laboratory of biochemistry of soil–plant
systems of the Agrophysical Research Institute. For biochemical analysis, plant material
(mature leaves from nine plants) was taken at the stage of the start of bolting. The as-
sessment of the content of the main biochemical substances was carried out according to
generally accepted methods.

The dry matter content was determined by the thermostat-weight method by weighing
the averaged sample before and after drying in a thermostat at a temperature of 105 ◦C for 6
h; mono- and disaccharides—according to the Bertrand method [32]; ascorbic acid (vitamin
C)—by direct extraction from plants with 1% hydrochloric acid followed by titration
with potassium iodate solution (State Standard of Russian Federation 24556-89) [33]. The
method for determining the total content of anthocyanins in plant tissue is based on the
spectrophotometric determination of the anthocyanin extract in 1% hydrochloric acid
solution at a wavelength of 510 nm, in terms of cyanidin-3,5-diglycoside—453 nm [34,35].

Spectrophotometric quantitative determination of chlorophylls a, b and carotenoids
was carried out by extraction in acetone and measuring the optical density of the obtained
extracts at wavelengths of 662, 644, and 440.5 nm, respectively [36].

The above-described spectrophotometric studies were carried out using a spectropho-
tometer PE-3000UV (“Promekolab” LLC, St. Petersburg, Russia).

All data are presented in terms of raw material.

2.4. Statistical Processing of the Obtained Results and QTL Analysis

Statistical assessment of the obtained data was carried out by calculating the main
descriptive characteristics: minimum, maximum, mean, standard deviation (SD), coefficient
of variation (CV). The Tukey HSD (honestly significant difference) post hoc test was used
to identify the differences between the means for each characteristic. A p-value <0.05 (error
probability 5%) was considered an acceptable limit of statistical significance. Data analysis
was performed using the software Microsoft Office Excel 2019 and Statistica v. 13.3 (StatSoft
Inc., Tulsa, OK, USA).

QTL analysis, establishing the presence (candidates) of QTLs and their location in
linkage groups (mapping interval 5 cM), LOD values (p = 0.05) and the degree of variation
of traits (% Expl.), which are explained by the QTL data, for each trait and population, was
performed using the MAPQTL 6.0 [37]. The significance of each LOD was established by
a permutation test (1000 repetitions) [38]. The correlation coefficient “trait-marker” was
calculated for the 95% significance level as a statistically significant linkage of the marker
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locus with the QTL, which determines the studied trait, based on the empirically obtained
variances for each pair of trait-marker [39].

The graphic representation of molecular genetic maps was made on the basis of the
obtained data on the mapping of identified QTLs using the MapChart 2.2 software [40].

3. Results and Discussion

The value of brassica crops for their use in functional nutrition is determined by
the content of basic nutrients, as well as the presence and amount of biologically active
compounds. It is known that species and varietal characteristics, weather conditions,
place of cultivation, and phenological phase affect the concentration of phytochemical
components [41]. Despite the clearly pronounced importance of B. rapa crops as sources of
biologically active substances necessary for healthy human nutrition, to date, only limited
information has been obtained on the genetic nature and inheritance of economically
valuable traits of quality in this species [42,43].

This work presents the results of biochemical and QTL analysis of the content of some
nutrients and biologically active substances using two mapping populations of B. rapa
grown in light culture at short (12 h) and long (16 h) daylight hours.

3.1. The Timing of Start of Bolting

Many morphological and biochemical characteristics depend on the age of the plant to
the beginning of the visible transition to bolting. A 12 h photoperiod (short daylight hours)
is optimal for growing vegetative mass in long-day plants, and 16 daylight hours accelerate
the transition to bolting [44]. The parental forms of mapping populations differ with respect
to the photoperiod: the oilseed sarson is highly sensitive to the length of daylight hours,
the length of the vegetative period in pakchoi depends on the photoperiod to a moderate
extent, and the root turnip is relatively neutral [1]. When assessing the effect of day length,
a significant splitting was revealed in terms of the relation to photoperiod in B. rapa DH
lines (Figure 2, Tables 1 and 2). For DH 30 lines, the timing of the beginning of bolting
varied from 31 to 63 days when grown on a 12 h daylight schedule (mean = 46.30 ± 7.63,
CV = 16.48) and from 26 to 54 days (mean = 38.52 ± 8.51, CV = 22.08) when grown in 16 h
of daylight. For DH 38 lines, an acceleration of the beginning of bolting with an increase in
the length of daylight was also revealed: the variation of the trait when grown at a 12 h
photoperiod was 31-55 days (mean = 45.44 ± 6.48, CV = 14.27), and at 16 h from 26 to
49 days (mean = 33.78 ± 5.27, CV = 15.59).

Similar data on the acceleration of the transition to bolting with increasing day length
were obtained by Rachman et al. when studying the effect of the photoperiod on a spring
B. napus mapping population carrying the genome content of B. oleracea [45]. For each pop-
ulation, late bolting (DH 30-28, DH 30-206, DH 38-13, DH 38-87), early bolting (DH 30-44,
DH 38-80, DH 38-97), as well as highly sensitive to the length of daylight hours (DH 30-38,
DH 30-164, DH 38-25) genotypes were identified. The data obtained can be used in the
breeding of B. rapa crops to create lines, genotypes and cultivars with predicted growing
periods, adapted to ecological and geographical conditions, differing in the length of
daylight hours.
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Table 1. The timing of the start of bolting and the content of nutrients and biologically active substances in the lines of the mapping population DH 30.

Biopoligon of AFI 12 h Photoperiod Biopoligon of AFI 16 h Photoperiod VIR, Greenhouse * VIR, Field *

Trait Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, %

Days to start
of bolting 46.30 ± 7.63 a 31.00–63.00 16.48 38.52 ± 8.51 ab 26.00–54.00 22.08 61.80 ± 7.99 abc 50.20–85.00 12.93 29.42 ± 4.16 abc 15.00–37.00 14.13

Dry matter (%) 11.20 ± 3.18 7.42–17.96 28.39 12.41 ± 4.22 5.61–23.97 34.00 9.72 ± 4.15 5.84–19.32 46.67 10.44 ± 1.26 7.69–12.28 12.02

Total sugar
content

(mg/100 g)
1.30 ± 0.69 a 0.11–2.63 54.08 1.88 ± 0.77 b 0.74–3.53 40.96 0.65 ± 0.57 abc 0.22–2.37 88.63 1.62 ± 0.65 c 0.00–2.41 40.12

Monosaccharides
(mg/100 g) 0.82 ± 0.47 0.11–2.12 57.32 1.13 ± 0.62 0.20–2.33 54.87 n.d. n.d. n.d. n.d. n.d. n.d.

Disaccharides
(mg/100 g) 0.48 ± 0.47 0.00–1.38 97.92 0.74 ± 0.49 0.00–1.69 66.22 n.d. n.d. n.d. n.d. n.d. n.d.

Ascorbic acid
(mg/100 g) 63.98 ± 23.92 a 28.16–113.52 37.39 101.36 ± 52.76 ab 33.88–209.44 52.06 16.90 ± 2.24 abc 12.32–20.00 13.23 56.89 ± 13.30 bc 37.05–78.85 23.38

Chlorophyll a
(mg/100 g) 85.71 ± 25.17 a 55.17–147.16 29.37 58.66 ± 5.6 ab 39.06–83.35 20.04 80.76 ± 22.65 b 35.84–117.87 28.04 64.51 ± 11.33 a 47.46–87.73 17.57

Chlorophyll b
(mg/100 g) 25.04 ± 8.57 a 10.73–45.91 34.22 16.29 ± 2.98 ab 11.69–23.64 18.28 41.38 ± 12.80 abc 20.02–61.99 30.93 27.72 ± 5.50 bc 20.16–39.42 19.84

Carotenoids
(mg/100 g) 30.32 ± 8.35 a 16.59–50.36 27.52 21.02 ± 4.24 a 12.88–28.77 20.17 23.60 ± 5.96 a 14.04–31.42 25.27 18.91 ± 2.36 a 16.42–23.56 12.46

Anthocyanins
(mg/100 g) 1.60 ± 0.95 0.49–3.62 59.50 1.67 ± 1.43 0.58–6.34 85.33 n.d. n.d. n.d. n.d. n.d. n.d.

Note: values with different superscript a–c in the column were significantly different (p < 0.05). n.d.—not detected. * By Artemyeva et al., 2012 [1].
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Table 2. The timing of the start of bolting and the content of nutrients and biologically active substances in the lines of the mapping population DH 38.

Biopoligon of AFI 12 h Photoperiod Biopoligon of AFI 16 h Photoperiod VIR, Greenhouse * VIR, Field *

Trait Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, % Mean ± SD Xmin–Xmax CV, %

Days to start
of bolting 45.44 ± 6.48 a 31.00–55.00 14.27 33.78 ± 5.27 ab 26.00–49.00 15.59 60.50 ± 5.69 abc 47.00–73.00 9.40 30.62 ± 3.92 abc 25.00–40.00 12.81

Dry matter (%) 9.47 ± 2.16 a 6.26–15.77 22.84 10.25 ± 3.00 b 7.10–22.51 29.24 7.66 ± 1.88 bc 4.84–11.20 24.48 11.75 ± 2.93 ac 6.76–19.04 24.96

Total sugar
content

(mg/100 g)
0.82 ± 0.56 a 0.06–2.76 67.68 1.29 ± 0.57 b 0.29–2.15 48.40 0.55 ± 0.47 bc 0.18–2.68 86.62 1.32 ± 0.81 ac 0.00–3.03 63.00

Monosaccharides
(mg/100 g) 0.59 ± 0.30 a 0.06–1.11 51.09 0.87 ± 0.46 a 0.10–1.67 56.81 n.d. n.d. n.d. n.d. n.d. n.d.

Disaccharides
(mg/100 g) 0.23 ± 0.40 0.00–1.83 169.88 0.42 ± 0.47 0.00–1.79 112.69 n.d. n.d. n.d. n.d. n.d. n.d.

Ascorbic acid
(mg/100 g) 43.22 ± 19.92 a 15.40–97.02 46.09 55.40 ± 27.13 b 14.08–102.08 48.97 16.15 ± 3.24 abc 8.00–20.00 20.08 55.37 ± 23.76 c 20.90–138.70 42.91

Chlorophyll a
(mg/100 g) 73.19 ± 20.95 a 37.09–112.08 28.63 56.39 ± 14.42 ab 31.01–105.65 25.57 83.47 ± 31.75 b 41.54–150.44 38.03 73.42 ± 17.37 b 50.99–140.21 23.57

Chlorophyll b
(mg/100 g) 22.25 ± 6.38 a 10.08–34.91 28.70 16.09 ± 4.42 b 7.86–32.49 27.50 44.18 ± 18.54 abc 23.41–86.77 41.97 32.63 ± 9.57 abc 15.24–54.49 29.32

Carotenoids
(mg/100 g) 27.37 ± 7.31 a 13.22–39.97 26.72 19.94 ± 4.84 a 13.14–35.76 24.27 22.33 ± 5.51 a 13.28–31.90 24.70 17.99 ± 3.92 a 9.73–26.61 21.78

Anthocyanins
(mg/100 g) 1.58 ± 0.65 0.58–3.07 41.34 1.71 ± 1.00 0.49–4.32 58.23 n.d. n.d. n.d. n.d. n.d. n.d.

Note: values with different superscript a–c in the column were significantly different (p < 0.05). n.d.—not detected. * By Artemyeva et al., 2012 [1].
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3.2. Analysis of the Content of Some Phytochemicals

A biochemical analysis of the content of dry matter, carbohydrates, ascorbic acid, plant
pigments chlorophylls a and b, carotenoids, and anthocyanins in plants of two populations
of B. rapa DH lines (Tables 1 and 2), grown under controlled light culture conditions, was
carried out. The influence of the duration of daylight hours on the content of biochemical
substances in B. rapa crops was assessed.

Dry matter is an important indicator characterizing the nutritional value of vegetable
crops. The dry matter content affects the biomass yield and the nutritional value of plant
products [46]. In our study, the total range of variability of dry matter content in plants was
rather high (Tables 1 and 2). The dry matter content in the lines of the DH 30 population
varied from 5.61% to 23.97%, depending on the growing conditions, and in the lines of
the DH 38 population, from 4.84% to 19.04%. Under the conditions of a 16 h photoperiod
(light culture, field), a slight increase in the average dry matter content (by 7–54%) was
revealed in comparison with the 12 h photoperiod (light culture, greenhouse, respectively).
The B. rapa lines with a high dry matter content independent of photoperiodic conditions
were identified—DH 30-18 (up to 17.61%), DH 30-192 (up to 23.92%), 38-75 (up to 22.53%),
which can be used in breeding programs as genotypes with high nutritional value.

Carbohydrates (mono- and disaccharides, starch, fiber, pectin, etc.) are a significant
component of dry matter. Up to 80% of dry matter can be represented by mono- and
disaccharides, and therefore this indicator is important for a comparative phytobiochemical
assessment [47]. The high variability of this biochemical trait, confirmed in our study, is
associated with both genetic characteristics and growing conditions (Tables 1 and 2). The
total sugar content in the DH 30 population varied from 0.00 to 3.53 mg/100 g, in the
DH 38 population from 0.00 to 3.03 mg/100 g; monosaccharides—0.11–2.33 mg/100 g
(DH 30) and 0.06–1.67 mg/100 g (DH 38); disaccharides—0.00–1.69 mg/100 g (DH 30) and
0.00–1.83 mg/100 g (DH 38).

For both studied populations, a significant increase in sugar content was found when
grown on a 16 h daylight hours schedule (for total sugars—by 45–149%, monosaccharides—
38–47%, disaccharides—52–82%), which is probably due to a longer light phase of pho-
tosynthesis. The studied populations in general contain a high amount of sugars, most
of which are represented by monosaccharides (monosaccharides in plants, on average,
contain twice as much as disaccharides, in some plants carbohydrates are represented
only by simple sugars—monosaccharides). Lines with a high carbohydrate content were
identified: DH 30-35 (total sugar content—up to 3.53 mg/100 g); DH 30-65 (total sugar
content—up to 3.00 mg/100 g); DH 38-159 (total sugar content—up to 2.76 mg/100 g).

Ascorbic acid (vitamin C) is a unique multifunctional compound. Possessing the
ability to reversibly oxidize and recover, it takes part in the most important energy processes
of the plant cell, photosynthesis and respiration, and is a recognized antioxidant. Its
participation in the processes of growth, flowering, and vegetative and reproductive
differentiation, in water exchange, regulation of enzymatic activity, and stimulation of
metabolic reactions associated with the exchange of nucleic acids and protein synthesis,
in the defense reactions of plants, has been shown. The antiviral and antitumor effects of
ascorbic acid and its derivatives have been proven [48,49]. The investigated accessions
showed a high variability in the content of vitamin C (12.32–209.44 mg/100 g for DH 30,
8.00–138.70 mg/100 g for DH 38); a significantly higher (by 28–243%) content of ascorbic
acid was noted when grown on a 16 h photoperiod (Tables 1 and 2). Similarly, Kim and
Lee [50], in their study of the effect of varying light quality and photoperiod on lettuce
grown in a closed-type plant production system, also observed maximum vitamin C
content under 16 h of light versus 12 and 20 h of light.

It was found that under light culture conditions the content of ascorbic acid in the
studied lines was higher than when grown in a greenhouse and in the field (Tables 1 and 2),
which is probably due to more optimal light–temperature conditions and the regime of
mineral nutrition.
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Lines with a consistently high content of ascorbic acid have been identified: DH 30-65 (up
to 209.44 mg/100 g), DH 30-134 (up to 139.04 mg/100 g), DH 38-87 (up to 102.08 mg/100 g).
Selected genotypes can be used as a source of this important antioxidant.

Anthocyanins are water-soluble plant pigments, phytochemicals belonging to the
flavonoid family, and secondary plant metabolites. Accumulating in both vegetative and
generative organs of plants, they cause red, pink, purple and blue coloration. It is also
known that anthocyanins perform structural, protective, and signaling functions in plants,
determine resistance to abiotic and biotic stresses, and participate in respiration and photo-
synthesis [51,52]. The study of the mechanisms of accumulation of anthocyanins in plant
tissues makes it possible to determine the methods of plant adaptation to unfavorable envi-
ronmental conditions and to understand the physiological and biochemical mechanisms
of their resistance. In addition, due to their high antioxidant activity, anthocyanins have
antitumor and cardioprotective functions, which makes it possible to use foods rich in
them in functional nutrition [53]. Evaluation of DH 30 and DH 38 lines showed an increase
in the content of anthocyanins with an increase in the length of daylight hours (Tables 1
and 2). In lines from the DH 30 population, the anthocyanin content varied from 0.49 to
6.34 mg/100 g, and in lines from the DH 38 population, from 0.58 to 4.32 mg/100 g.

Under the conditions of the 16 h photoperiod, the content of anthocyanins on average
in the DH 30 population was higher by 8%, and in the DH 38 population by 4%, compared
to the 12 h photoperiod. An increase in the biosynthesis of anthocyanins under condi-
tions of longer daylight hours may be the result of a protective reaction of plant cells to
photooxidative stress.

In general, significant variability in the content of anthocyanins between lines within
each population was revealed. In addition, as a result of the study, homozygous lines
of doubled haploids were isolated, which differed in low (DH 30-18—0.49 mg/100 g,
DH 30-127—0.40 mg/100 g, DH 38-103—0.70 mg/100 g) and high (DH 30-28—2.96 mg/100 g,
DH 38-134—4.32 mg/100 g, DH 38-172—3.07 mg/100 g) content of anthocyanins regardless
of growing conditions, which can probably be explained by their genotypic characteristics.

Chlorophylls and carotenoids are the main photosynthetic pigments that provide
absorption of light quanta and photosensitization in plants. Studies carried out to date
have shown the stability of the qualitative composition of pigments in higher plants [54].
Each of these forms of pigments has a specific role and place in the photosynthetic system
of plants. Since pigments are integrated into chloroplast membranes and are associated
with proteins, their quantitative content and ratio in the leaf can reflect the adaptation
features of the photosynthetic apparatus as a whole and provide its functional diagnostics.
Quantitative changes in the pigment apparatus of plant leaves can occur in response to
changes in environmental conditions. It is known that light is the main factor regulating
the pigment content [55]. Changes in ambient temperature and humidity can also cause
shifts in the pigment composition of plant leaves [56].

An increase in the content of photosynthetic pigments (chlorophyll a, b and carotenoids)
was revealed for both studied populations on a short 12 h daylight compared to a long 16 h
day (Tables 1 and 2). For plants of the DH 30 population, the content of chlorophyll a varied
from 35.84 to 147.16 mg/100 g, chlorophyll b from 10.73 to 61.99 mg/100 g, and carotenoids
from 12.88 to 50.36 mg/100 g; for the DH 38 population—31.05-150.44 mg/100 g,
7.86–86.77 mg/100 g and 9.73–39.97 mg/100 g, respectively. The increase in the content of
photosynthetic pigments under the conditions of a 12 h photoperiod was: for chlorophyll a
25–46% and 14–30% for the lines DH 30 and DH 38, respectively, for chlorophyll b 49–54%
and 35–38%, and for carotenoids 25–44% and 24–37%, respectively. A higher content of
photosynthetic pigments at a short daylight hour indirectly indicates a higher activity of
the photosynthetic system (plants need to most effectively use a limited period of daylight
hours for photosynthesis). Similarly, Park et al. [57] showed that maximum chlorophyll
fluorescence (index correlating with chlorophyll content) was observed when growing of
leaf lettuce at a 12 h photoperiod, compared to a 16 and 18 h photoperiod in a closed-type
plant production system.
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The results obtained in our study confirm the importance of representatives of the
species B. rapa as a source of valuable nutrients and biologically active substances [58,59],
which indicates the prospects for further study of the influence of external factors on the
biochemical composition of species crops for genetic and breeding investigations, especially
under controlled conditions. Therefore, Raiola et al. presented a detailed overview of bioac-
tive compounds in Brassicaceae vegetables, including ascorbic acid, phenolics, carotenoids,
etc., and mechanisms of their action [60]. Authors also presented some ideas of biofortifica-
tion to optimize the content of valuable phytochemicals in Brassicaceae and emphasize the
importance of further studying of the factors that control the accumulation of biologically
active substances. The high nutritional value of cole crops, as well as the high variability of
the content of bioactive compounds, are also discussed in the research published by Tomas
et al. [61].

The revealed high degree of variability is in a good correlation with previously pub-
lished data, which shows a high degree of variation in biochemical characters in the studied
B. rapa DH lines when grown in field and greenhouse conditions on the territory of the
Pushkin Branch of VIR (St. Petersburg, Russia) [1,2,4,5]. At the same time, the data obtained
under the conditions of a short 12 h photoperiod under light culture conditions correlate
with the data obtained when growing plants in greenhouse in spring, and with a 16 h long
photoperiod—with the results under field conditions in the northwest of Russia (Tables 1
and 2).This is due to the timing of growing: in the greenhouse, the plants were grown in
March–April, when the daylight hours in St. Petersburg are 12–13 h, the field experiment
took place in June–July, when the daylight hours are more than 18 h.

Thus, the differences in the content of the studied biochemical compounds, revealed
in the field and greenhouse conditions, are largely explained by the influence of the length
of daylight hours.

Based on the obtained biochemical data, a QTL analysis of the biochemical traits of
both mapping populations was carried out (Figures 3 and 4, Tables 3 and 4).



Horticulturae 2021, 7, 583 12 of 22

Horticulturae 2021, 7, x FOR PEER REVIEW 12 of 21 
 

 

 

Figure 3. Mapping of QTLs determining expression of biochemical traits of in Brassica rapa L. (DH 30): 12 h—AFI experiment, light culture 12 h; 16 h—AFI experiment, light culture 16 

h; gh—VIR experiment, greenhouse; f—VIR experiment, field. Trait designations: AA—ascorbic acid, Car—carotenoids, chla—chlorophyll a, chlb—chlorophyll b, DM—dry matter, 

mS—monosaccharides, dS—disaccharides. 

Figure 3. Mapping of QTLs determining expression of biochemical traits of in Brassica rapa L. (DH 30): 12 h—AFI experiment, light culture 12 h; 16 h—AFI experiment, light culture
16 h; gh—VIR experiment, greenhouse; f—VIR experiment, field. Trait designations: AA—ascorbic acid, Car—carotenoids, chla—chlorophyll a, chlb—chlorophyll b, DM—dry matter,
mS—monosaccharides, dS—disaccharides.



Horticulturae 2021, 7, 583 13 of 22

Horticulturae 2021, 7, x FOR PEER REVIEW 1 of 2 

 

 

 

 

Figure 4. Mapping of QTLs determining expression of biochemical traits of in Brassica rapa L. (DH 38): 12h – AFI experiment, light culture 12 hours, 16h – AFI experiment, light 

culture 16 hours; gh – VIR experiment, greenhouse, f – VIR experiment, field. Traits designations: AA – ascorbic acid, Car – carotenoids, chla – chlorophyll a, chlb – chlorophyll b, DM 

– dry matter, mS – monosaccharides, dS – disaccharides. 

Figure 4. Mapping of QTLs determining expression of biochemical traits of in Brassica rapa L. (DH 38): 12 h—AFI experiment, light culture 12 h; 16 h—AFI experiment, light culture
16 h; gh—VIR experiment, greenhouse; f—VIR experiment, field. Trait designations: AA—ascorbic acid, Car—carotenoids, chla—chlorophyll a, chlb—chlorophyll b, DM—dry matter,
mS—monosaccharides, dS—disaccharides.



Horticulturae 2021, 7, 583 14 of 22

Table 3. QTL mapping of loci that determine the content of biologically active substances and nutrients in the mapping
population DH 30.

Trait Group Position LOD % Expl.
AFI VIR *

12 h 16 h Greenhouse Field

Ascorbic acid

R 01 16.20 2.35 45.1 X

R 03 56.44 1.18 28.7 X

R 03 56.5 1.70 23.0 X

R 03 91.62 1.34 32.0 X

R 04 37.89 1.46 20.0 X

R 04 38.91 2.02 44.1 X

R 05 35.74 2.20 46.9 X

R 05 62.18 1.98 26.2 X

R 05 70.09 1.27 27.7 X

R 05 72.09 0.96 24.2 X

R 07 14.68 0.99 24.9 X

R 07 17.45 1.64 37.6 X

R 07 27.34 1.73 35.8 X

R 07 64.41 1.70 38.7 X

R 08 48.18 2.13 45.8 X

R 09 49.59 0.88 12.6 X

Anthocyanins
R 05 31.54 1.57 33.1 X

R 05 75.77 1.83 34.4 X

Carotenoids

R 02 10.26 2.92 52.6 X

R 03 31.63 2.68 33.7 X

R 03 73.54 1.17 28.7 X

R 03 73.55 0.39 5.9 X

R 03 102.83 1.07 23.9 X

R 03 111.89 1.40 27.6 X

R 04 3.00 2.23 40.1 X

R 04 16.74 1.11 27.4 X

R 04 22.27 0.82 11.8 X

R 05 20.70 0.96 24.2 X

R 05 20.70 0.83 11.9 X

R 06 4.37 1.86 24.9 X

R 06 31.31 1.03 21.1 X

R07 74.49 2.82 51.4 X

R 07 79.92 0.94 23.6 X

R 07 82.92 1.52 32.1 X

R 07 105.19 2.12 45.7 X

R 09 31.86 1.21 29.4 X

R 10 25.46 1.07 24.0 X

R 10 28.24 1.07 24.0 X
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Table 3. Cont.

Trait Group Position LOD % Expl.
AFI VIR *

12 h 16 h Greenhouse Field

Chlorophyll a

R 02 8.26 2.44 46.5 X

R 03 32.63 2.34 30.2 X

R 03 95.20 1.77 36.4 X

R 03 111.89 1.39 27.3 X

R 03 116.01 1.23 29.9 X

R 04 3.00 2.47 43.4 X

R 04 45.87 1.10 24.4 X

R 04 53.99 1.42 27.8 X

R 05 20.70 0.74 10.7 X

R 05 40.19 1.57 36.4 X

R 06 3.08 1.09 24.4 X

R 06 4.36 1.69 22.8 X

R 07 26.60 0.78 11.2 X

R 07 74.49 2.00 40.0 X

Chlorophyll b

R 01 35.22 3.17 55.6 X

R 03 32.63 2.65 33.4 X

R 03 53.66 1.64 34.2 X

R 03 69.15 1.29 31.1 X

R 03 60.10 0.84 12.1 X

R 04 3.00 2.77 47.2 X

R 04 16.74 1.10 27.2 X

R 05 20.70 0.56 8.3 X

R 05 39.25 0.71 10.3 X

R 05 41.19 1.25 30.2 X

R 05 80.57 1.50 35.1 X

R 06 4.36 2.10 27.5 X

R 07 26.60 1.15 16.2 X

R 07 42.40 0.62 16.3 X

R 09 46.16 1.55 36.0 X

Dry matter
R 02 28.24 1.90 38.5 X

R 06 39.32 1.98 39.7 X

Monosaccharides
R 03 29.12 1.42 29.1 X

R 03 80.87 1.60 38.8 X

Disaccharides

R 01 40.02 3.01 51.8 X

R 03 48.68 2.26 42.2 X

R 07 26.60 2.81 49.4 X

R 10 17.44 2.79 57.5 X

* By Artemyeva et al., 2012 [1].
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Table 4. QTL mapping of loci that determine the content of biologically active substances and nutrients in the mapping
population DH 38.

Trait Group Position LOD % Expl.
AFI VIR *

12 h 16 h Greenhouse Field

Ascorbic acid

R 02
42.75 0.62 8.6 X

55.56 1.81 32.7 X

R 05

24.52 3.10 35.9 X

34.64 2.07 36.5 X

43.07 2.28 28.0 X

43.50 0.93 11.6 X

R 06

25.18 2.59 31.1 X

86.52 1.53 28.5 X

93.29 1.53 19.8 X

R 07
50.20 1.76 32.0 X

57.74 0.55 7.7 X

R 08 12.49 1.51 18.1 X

R 09

0.00 2.69 32.1 X

69.54 1.14 14.0 X

74.03 1.66 21.2 X

Anthocyanins

R 05 56.99 1.54 19.9 X

R 09
34.66 2.64 39.7 X

45.59 1.21 16.0 X

Carotenoids

R 02 44.68 1.04 13.9 X

R 02 44.68 0.74 10.1 X

R04 47.16 0.88 12.0 X

R05 10.66 0.59 8.1 X

R06
62.48 1.29 17.0 X

96.59 1.91 30.6 X

R 08 62.52 1.41 23.6 X

R09 13.6 2.18 26.9 X

R 10 25.56 2.28 27.9 X

Chlorophyll a

R 04
47.16 0.80 10.9 X

52.69 0.72 9.0 X

R 05
38.28 1.05 12.9 X

40.74 1.39 23.4 X

43.07 1.05 14.0 X

R 06

52.78 0.84 10.5 X

57.27 1.26 16.6 X

62.48 1.44 18.7 X

83.67 1.22 14.8 X

96.59 1.94 31.1 X
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Table 4. Cont.

Trait Group Position LOD % Expl.
AFI VIR *

12 h 16 h Greenhouse Field

R 08
62.51 0.80 10.0 X

62.52 1.24 21.2 X

R 09

2.00 1.01 13.5 X

6.92 1.34 16.2 X

13.60 1.94 24.3 X

15.58 1.83 21.4 X

28.74 2.01 23.2 X

35.65 1.31 17.2 X

67.28 1.00 17.4 X

R 10
17.43 0.98 12.1 X

25.56 2.45 29.7 X

Chlorophyll b

R 05

10.665 0.65 8.9 X

43.07 1.10 14.6 X

46.39 0.82 11.1 X

50.83 4.46 44.4 X

R 06

76.37 1.37 17.9 X

83.67 1.2 14.6 X

96.59 1.56 25.9 X

R 09
15.58 1.53 18.2 X

13.60 2.77 32.9 X

R 10

25.56 2.09 25.9 X

27.95 2.13 26.4 X

59.23 1.24 15.0 X

Dry matter R 05

23.50 2.03 25.4 X

43.07 1.47 19.1 X

55.58 1.72 28.1 X

Monosaccharide
R 05 22.81 1.27 18.3 X

R 08 17.37 2.39 45.7 X

Disaccharides
R 02 89.36 1.23 17.7 X

R 07 35.17 1.76 36.3 X

* By Artemyeva et al. 2012 [1].

3.3. Quantitative Trait Loci Mapping (QTL Analysis)

The result of the QTL analysis was the identification of loci mapped under various
growing conditions and controlling the content of dry matter, sugars, ascorbic acid, an-
thocyanins, chlorophylls a and b, carotenoids in populations of homozygous DH lines of
B. rapa grown under light culture conditions with 12 h and 16 h photoperiod (Tables 3
and 4). It should be noted that there is a large total number of QTLs for the control of the
studied biochemical traits (a total of 102 QTLs were identified for both populations—54 for
DH 30 and 48 for DH 30) and simultaneous control of several traits by one locus (22 of the
identified QTLs).
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The result of the QTL analysis was the identification of loci mapped under various
growing conditions and controlling the content of dry matter, sugars, ascorbic acid, antho-
cyanins, chlorophylls a and b, and carotenoids in populations of homozygous DH lines
of B. rapa grown under light culture conditions with 12 h and 16 h photoperiod (Tables 3
and 4). It should be noted that there is a large total number of QTLs for the control of the
studied biochemical traits (a total of 102 QTLs were identified for both populations—54 for
DH 30 and 48 for DH 30) and simultaneous control of several traits by one locus (22 of the
identified QTLs).

In the DH 30 population, loci at the beginning and middle of R01 were identified
that control the content of ascorbic acid, chlorophyll b, and disaccharides, and in R02, dry
matter, chlorophyll a. The third linkage group (R03) contained loci that control the content
of ascorbic acid, chlorophylls a and b, carotenoids, and mono- and disaccharides. The
loci mapped at the beginning of R04 determined the content of ascorbic acid, carotenoids,
chlorophyll a, chlorophyll b, and the loci in the middle of R04, ascorbic acid, carotenoids,
and chlorophyll a. At the beginning and middle of the fifth linkage group (R05), there
were loci that control the manifestation of many of the studied biochemical characteristics:
the content of ascorbic acid, anthocyanins, carotenoids, and chlorophylls a and b. The loci
at the beginning of R06 determined the content of chlorophyll a and chlorophyll b, and
in the middle, carotenoids. In the middle of the seventh (R07) and ninth (R09) linkage
groups, there were loci that generally determine the content of ascorbic acid, chlorophyll b,
and carotenoids, and in the middle of R07, loci were mapped that determine the content
of chlorophyll a and disaccharides. The locus mapped to the eighth clutch group (R08)
controlled the ascorbic acid content. In addition, the locus at the beginning of R10 controlled
the content of carotenoids.

In the DH 38 population, the loci identified on the second linkage group (R02) con-
trolled the content of ascorbic acid, carotenoids and disaccharides, and in the middle of
R04, carotenoids. In the fifth linkage group (R05), loci were mapped that determine many
biochemical parameters in the studied lines of B. rapa: the content of dry matter, ascorbic
acid, carotenoids, chlorophylls a and b, anthocyanins, dry matter, and monosaccharides. In
the sixth linkage group (R06), loci were also identified that determine the content of ascor-
bic acid, carotenoids, and chlorophylls a and b. In the middle of R07, the locus controlling
the content of ascorbic acid was mapped. The loci mapped in the eighth linkage group
determined the content of ascorbic acid, carotenoids, and chlorophyll a. In the ninth linkage
group (R09), loci were identified that control the content of ascorbic acid, anthocyanins,
carotenoids, and chlorophyll a and b. Loci at the beginning of R10 controlled the content of
carotenoids and chlorophyll a; in the middle of R10, the locus determining the content of
chlorophyll b was mapped.

Noteworthy is the relatively low LOD score for some of the identified QTLs. According
to the literature, an LOD score below 3 is often referred to as a low confidence level due
to the repetitiveness of QTL testing [62]. We have shown that at high LOD values, 1/A is
close to the type I error and, conversely, at low LOD values, the error is stably less than
1/A, which indicates that the LOD estimate is quite conservative. In this case, the critical
value 3 will correspond to the maximum value of the type I error (at p < 0.001), and if a
very high particular (individual) type I error is selected, for example 5%, then a high level
of cohesion will be reliably found randomly. At the same time, both major and minor QTLs
are often localized in the same positions in different experiments and even in different
years of experiments; therefore, an LOD score below 3 can also be taken into account [38].
It is also likely that the low LOD score for some of the identified QTLs is due to statistical
reasons (limited sample size), since only lines adapted to light culture conditions were
included in the estimate.

The identified loci controlling all the studied biochemical traits were predominantly
in the fifth, sixth, seventh, and ninth linkage groups, which is consistent with the results of
studies on mapping biochemical traits loci in B. rapa, which were carried out in the field
and in a greenhouse [1,2,4,5].
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4. Conclusions

Thus, for the first time, we identified QTLs that determine the content of nutrient
and biologically active substances of B. rapa when grown under light culture conditions
with simulation of a contrast photoperiod, and also identified molecular markers that are
genetically linked to them, which in the future allows for molecular genetic screening of
accessions from the collection and breeding material of the species B. rapa according to
these economically valuable biochemical characters.

The influence of daylight hours on the content of some phytochemical compounds (dry
matter content, total content of sugars, mono- and disaccharides, ascorbic acid, chlorophylls
a and b, carotenoids, anthocyanins) in 68 lines of two mapping populations of B. rapa was
evaluated. The high variability of the biochemical composition in the lines of the studied
populations of brassica crops was confirmed. A significant effect of different photoperiod
durations on the manifestation of the studied signs was revealed. Lines with a high content
of the studied compounds were identified, regardless of the growing conditions. Based on
the data obtained, QTL analysis revealed 102 QTLs that control the content of nutrients
and biologically active components in the studied populations of B. rapa, which are located
mainly in the fifth, sixth, seventh and ninth linkage groups. Some of the identified loci
controlled several biochemical traits simultaneously. In general, the results obtained can be
of practical importance for increasing the breeding efficiency of B. rapa and can be used to
create new genotypes, lines and cultivars of crops with increased biochemical value, high
content of biologically active substances and adapted to specific photoperiodic conditions
of the growing region, as well as to growing in light culture.
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