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Abstract

Qamgur is a widely consumed vegetable and is also used in traditional medicine because
of its extensive health benefits. White and yellow are the two main varieties. However,
the mechanisms underlying quality development in these varieties, particularly in yellow
Qamgur, remain unclear. This study compared nutritional and functional components
throughout development. Total phenols and total isothiocyanates showed similar trends
and levels in both varieties, whereas total free amino acids showed related but distinct
patterns. Yellow Qamgur accumulated significantly higher levels of carotenoids. The in-
tegrated use of widely targeted and targeted metabolomics revealed stage-specific metab-
olites. White Qamgur showed stronger enrichment in secondary metabolite pathways,
such as anthocyanin, flavonoid, steroid, terpenoid, and phenylpropanoid biosynthesis. In
contrast, yellow Qamgur showed stronger enrichment in primary metabolic pathways,
including amino acid biosynthesis. In addition, carotenoid biosynthesis may be the pri-
mary pathway responsible for the yellow coloration. Carotenoid profiling revealed that
lycopene (28.94 mg/kg) was the predominant carotenoid in yellow Qamgur, followed by
violaxanthin, y-carotene, phytoene, B-cryptoxanthin laurate, and p-carotene.

Keywords: yellow Qamgur; white Qamgur; growth stage; metabolomics; free amino acids;
carotenoids

1. Introduction

Qamgur (Brassica rapa L.), also known as turnip, has a history of edible use for more
than 1000 years and is widely cultivated around the world, especially in Xinjiang Uygur
Autonomous Region. By 2023, the total output of Qamgur in Xinjiang had reached more
than 80,000 tons, with the main producing areas being Keping County, Bohu County, and
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other regions [1]. Qamgur contains a variety of bioactive components, such as glucosin-
olates, isothiocyanates, phenols, flavonoids, organic acids, and volatile substances [2].
Pharmacological studies have further demonstrated that Qamgur exhibits multiple bio-
logical activities, including anti-inflammatory [3], anti-tumor [4], antimicrobial [5], anti-
aging [6], antidiabetic, antioxidant, and antihypoxic activities [7]. With the continued de-
velopment of the primary industry in Xinjiang, the planting area of Qamgur has increased
steadily [8,9].

Qamgur can be classified into white-, purple-, and yellow-skinned varieties based on
the skin color of their fleshy roots. Among these types, white Qamgur is the most com-
mon. The quality characteristics of Qamgur vary among varieties [5,6]. Existing studies
have mainly compared the quality characteristics of Qamgur with different skin colors,
from different production areas, or from different plant parts. For example, compared
with Qamgur of other colors, yellow Qamgur had the highest contents of crude fiber,
crude polysaccharides, total sugars, reducing sugars, vitamin C, soluble solids, and sapo-
nins. These results indicate distinct quality characteristics of yellow Qamgur [8]. A study
by Zhuang et al. [8] revealed that the distinct colors of green and purple Qamgur are
mainly associated with differences in anthocyanin content. It was reported that purple
Qamgur contained 20 times more anthocyanins than white Qamgur and this difference
was associated with strong downregulation of a flavonol synthase gene, significant up-
regulation of dihydroflavonol 4-reductase (DFR) and anthocyanin synthase, and an in-
crease in UDP-glucose [8]. However, the formation mechanism of the yellow trait in yel-
low Qamgur remains unclear. In addition, few studies have reported the contents of func-
tional components in Qamgur with different skin colors. The metabolic basis of differences
in nutritional components during growth also remains unclear. A previous study found
that isothiocyanates were the predominant volatile components during maturation [10].
In addition, Jones et al. [11] analyzed Qamgur at three different maturity stages and found
that four volatile components, namely phenylacetonitrile, phenylpropionitrile, 1H-indole-
3-acetonitrile, and phenethyl isothiocyanate, increased significantly as maturity increased.
However, the overall changes in the metabolic profiles during the growth of white and
yellow Qamgur remain unclear.

Therefore, this study focused on white and yellow Qamgur from Xinjiang, employing
both widely targeted metabolomics and targeted metabolomics techniques to investigate
changes and differences in quality-related constituents during the growth of differently
colored Qamgur. Small-molecule metabolites associated with quality differences between
yellow and white Qamgur were identified. These metabolites provide a foundation for
functional gene studies and the varietal improvement of yellow Qamgur. Furthermore,
the dynamic changes in these metabolites during growth were characterized, revealing
stage-specific and color-dependent features. These findings provide a foundation for ra-
tional harvest-stage selection and the targeted use of Qamgur.

2. Materials and Methods
2.1. Plant Material

White and yellow Qamgur samples grown in Bohu County, located in central Xin-
jiang Uygur Autonomous Region, China, were used in this study. To investigate the qual-
ity changes in white and yellow Qamgur during development, samples were collected at
three distinct growth stages for each variety. The early-, middle-, and late-stage samples—
designated as BH-W-E and BH-Y-E (white and yellow Qamgur, early stage), BH-W-M and
BH-Y-M (middle stage), and BH-W-L and BH-Y-L (late stage) —were harvested on 12 Sep-
tember, 12 October, and 11 November 2024, respectively. Each sample group included
three independently prepared biological replicates. Each biological replicate consisted of
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a pooled sample prepared from at least 10 individual Qamgur roots collected from differ-
ent sampling areas. After harvest, the plant materials were immediately placed in portable
cooler boxes and transported to the laboratory. All Qamgur samples were rinsed with
Milli-Q water. After freezing in liquid nitrogen, the samples were lyophilized at -70 °C.
Subsequently, the lyophilized samples were ground using a mixer mill with zirconia
beads at 30 Hz for 1.5 min and stored at -80 °C until analysis.

2.2. Reagents

Acetonitrile and methanol (HPLC grade) were purchased from Merck KGaA (Darm-
stadt, Germany). Deionized water was prepared using a Milli-Q water purification system
(Millipore, Molsheim, France). Formic acid was obtained from Rhawn (Shanghai, China).
Gallic acid was purchased from Alta Scientific Co., Ltd. (Tianjin, China). Sodium car-
bonate, Folin—Ciocalteu phenol reagent, disodium hydrogen phosphate, potassium dihy-
drogen phosphate, stannous chloride, absolute ethanol, ammonia water, dichloro-
methane, citric acid, disodium hydrogen phosphate, sodium hydroxide, crude myrosi-
nase, and ninhydrin monohydrate were acquired from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All chemical standards used in this work were purchased from
Shanghai J&K Scientific Co., Ltd. (Shanghai, China), USP (Rockville, MD, USA), Alta
Scientific Co., Ltd. (Tianjin, China), Nacalai Tesque, Inc. (Tokyo, Japan), and Beijing
Siyuan Yongtuo Technology Co., Ltd. (Beijing, China). Additional standards for the self-
built metabolomics database were sourced from BioBioPha Co., Ltd. (Kunming, China)
and Sigma-Aldrich (St. Louis, MO, USA).

2.3. Determination of Total Phenols, Total Free Amino Acids, Total Isothiocyanates, and Total
Carotenoids

Total polyphenols were determined according to GB/T 8313-2018 [12] using the
Folin—Ciocalteu method at 765 nm. Gallic acid was used as the standard, and the
concentration was calculated from the calibration curve. The total free amino acids were
analyzed in accordance with GB/T 8314-2013 [13]. The method is based on the reaction of
a-amino acids with ninhydrin under heating at pH 8.0 to form a purple complex. Total
free amino acids were measured with a spectrophotometer at 570 nm. Glutamic acid was
used as the standard, and the concentration was calculated from the calibration curve. The
content of isothiocyanates was determined by the thiourea colorimetric method in
accordance with NY/T 1596-2008 [14]. The method involved the following process.
Glucosinolates were hydrolyzed by myrosinase in a pH 7.0 buffer solution to form
isothiocyanates. The isothiocyanates then reacted with 80% ammonia-ethanol to form
thiourea. The absorbance values were measured at 235, 245, and 255 nm, and the content
of isothiocyanates was expressed as milligrams on a dry-weight basis. For the
determination of total carotenoids, an acetone-ethanol mixture (1:1, v/v) was used for
extraction. Specifically, 0.5 g of the sample was added to 10 mL of the extractant. The
mixture was kept in the dark at room temperature for 24 h and was shaken once every
hour until the material turned white. After centrifugation at 8000 rpm and 25 °C for 5 min,
the absorbance was measured at 470, 646, and 663 nm [15]. All contents were expressed
on a dry-weight basis.

2.4. Determination of Multiple Free Amino Acids by Ultra-High Performance Liquid
Chromatography Tandem Mass Spectrometry (UPLC-MS/MS)

Samples were prepared according to the method reported by Wu et al. [16]. Prior to
UPLC-MS/MS analysis, 200 mg of lyophilized Qamgur powder was added to 20 mL of
0.1% formic acid solution. After vortexing for 2 min, the mixture was sonicated at room
temperature for 10 min. The mixture was centrifuged at 8000 rpm for 5 min. The
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supernatant was then filtered through a 0.22 pm membrane, and the filtrate was stored at
4 °C until analysis. Equal volumes (10 uL) of each sample were pooled to prepare quality
control (QC) samples. The QC samples were used to monitor the stability of the analytical
method and the quality of the data.

Samples stored at —20 °C were analyzed using a 1290 Infinity II liquid chromatograph
coupled to a G6465B Ultivo triple-quadrupole mass spectrometer. An XBridge C18 col-
umn (150 mm x 4.6 mm, 3.5 um; Waters, Corporation, Milford, MA, USA) was used for
chromatographic separation. The column temperature was set at 20 °C. The mobile phase
consisted of 0.1% formic acid in water (Phase A) and 0.1% formic acid in acetonitrile
(Phase B), with a flow rate of 0.4 mL/min. The gradient elution program was as follows:
0-7 min, 98% A (2% B); 7-12 min, 70% A (30% B); 12-14 min, 2% A (98% B); 14-15 min, 2%
A (98% B); 15-15.1 min, 98% A (2% B); 15.1-17 min, 98% A (2% B). The injection volume
was 5 uL. An electrospray ionization (ESI) source was operated in positive-ion mode, and
data were acquired in multiple reaction monitoring (MRM) mode. The mass spectrometry
parameters were as follows: ion source temperature (Gas Temperature), 300 °C; gas flow
rate (Gas Flow), 7 L/min; nebulizer pressure (Nebulizer), 15 psi; sheath gas temperature
(Sheath Gas Temperature), 250 °C; and sheath gas flow rate (Sheath Gas Flow), 11 L/min.

2.5. Widely Targeted Metabolomic Analysis of Qamgur by Ultra-High Performance Liquid Chro-
matography-Tandem Mass Spectrometry (UPLC-MS/MS)

Using an electronic balance (MS105DM), 30 mg of sample powder was weighed and
added to 1500 uL of a 70% methanol aqueous internal-standard extraction solution pre-
cooled at —20 °C. (The internal-standard extraction solution was prepared as follows. A 1
mg portion of the standard was dissolved in 1 mL of 70% methanol to prepare a stock
solution at 1000 pg/mL. The stock solution was then diluted with 70% methanol to prepare
an internal-standard solution at 250 pg/mL.) The mixture was vortexed every 30 min for
30 s, and this procedure was repeated six times. The mixture was centrifuged at 12,000
rpm for 3 min, and the resulting supernatant was filtered through a membrane filter. Be-
fore UPLC-MS/MS analysis, equal volumes (10 uL) of each sample were pooled to prepare
QC samples for monitoring analytical stability and data quality. Pooled QC samples were
injected before and during the analytical sequence to monitor the stability of metabolite
extraction and instrumental detection. The overlap of total ion chromatograms (TICs)
from QC samples was used to evaluate analytical repeatability.

A UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2, Shimadzu Corpora-
tion, Kyoto, Japan; MS, Applied Biosystems 4500 Q TRAP, AB Sciex, Framingham, MA,
USA) was used in this study. Chromatographic separation was performed using an Ag-
ilent SB-C18 column (1.8 pm, 2.1 mm x 100 mm). The flow rate was set to 0.35 mL/min.
The mobile phase consisted of water containing 0.1% formic acid (Phase A) and acetoni-
trile containing 0.1% formic acid (Phase B), with the following gradient elution program:
0-9 min, 95% A (5% B); 9-10 min, 5% A (95% B); 10.00-14 min, 95% A (5% B). The column
oven was maintained at 40 °C, and the injection volume was 2 uL. Peak detection was
carried out using a triple quadrupole-linear ion trap mass spectrometer (Q TRAP) (AB
4500 Q TRAP UPLC/MS/MS System, AB Sciex, Framingham, MA, USA), equipped with
an ESI turbo ion-spray interface, operating in positive and negative ion modes. The mass
spectrometry conditions were as follows: electrospray ionization (ESI) source tempera-
ture, 500 °C; ion spray voltage (IS), 5500 V in positive-ion mode and -4500 V in negative-
ion mode; ion source gas I (GSI), gas II (GSII), and curtain gas (CUR), 50, 60, and 25 psi,
respectively; and collision-activated dissociation, high. QQQ scans were performed in
multiple reaction monitoring (MRM) mode, with the collision gas (nitrogen) set to me-
dium. The declustering potential (DP) and collision energy (CE) were optimized for each
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MRM ion pair. A specific set of MRM ion pairs was monitored in each retention-time pe-
riod according to the metabolites eluting within that period.

Metabolites in the widely targeted dataset were annotated using the MetWare data-
base (MetWare Biotechnology Co., Ltd., Wuhan, China) and MRM-based detection infor-
mation. Annotation was based on precursor/product ion information, MS/MS fragments,
retention time, isotope information, and database records. The mass tolerances for MS and
MS/MS matching were 20 ppm, and the retention-time tolerance was 0.2 min. According
to the provider-defined annotation confidence criteria, level 1 annotations required
MS/MS and retention-time matching scores > 0.7; level 2 annotations required 0.5 < match-
ing score < 0.7; and level 3 annotations were based on consistency of Q1, Q3, RT, DP, and
CE with database records (Figure S6). These levels indicate annotation confidence rather
than definitive structural confirmation; confirmation with authentic standards represents
the highest level of identification.

2.6. Widely Targeted Analysis of Carotenoids in Qamgur by Ultra-High Performance Liquid
Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS)

Samples were prepared according to the method described by Wu Peng et al. [16].
Samples were removed from low-temperature storage (unless otherwise specified, plant
samples were freeze-dried by default, whereas animal samples were analyzed as fresh
samples) and ground into powder using a ball mill (30 Hz, 1 min). A 50 mg portion of the
ground sample was weighed and extracted with 0.5 mL of n-hexane/acetone/ethanol
mixed solution (1:1:1, v/v/v) containing 0.01% BHT (g/mL). After vortexing at room tem-
perature for 20 min, the mixture was centrifuged at 12,000 rpm for 5 min at 4 °C. The
supernatant was collected, and the extraction was repeated once. After centrifugation, the
supernatants from the two extractions were combined. The resulting extract was concen-
trated and then redissolved in 150 uL of dichloromethane. The solution was filtered
through a 0.22 pm membrane and stored in a brown sample vial for LC-MS/MS analysis.

Chromatographic and mass spectrometric analyses were performed using ultra-per-
formance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) according
to previously reported methods [17,18]. Chromatographic separation was carried out us-
ing a YMC C30 column (3 um, 100 mm x 2.0 mm i.d.). The flow rate was set to 0.8 mL/min.
The mobile phase consisted of methanol/acetonitrile (1:3, v/v) with the addition of 0.01%
BHT and 0.1% formic acid (Phase A), and methyl tert-butyl ether with the addition of
0.01% BHT (Phase B). The gradient elution program was as follows: 0-3 min, 100% A (0%
B); 3-5 min, 30% A (70% B); 5-9 min, 5% A (95% B); 9-10 min, 100% A (0% B); 10-11 min,
100% A (0% B). The column oven was maintained at 28 °C, and the injection volume was
2 uL. Peak detection was performed using a triple quadrupole-linear ion trap mass spec-
trometer (Q TRAP) (AB 4500 Q TRAP UPLC/MS/MS System, equipped with an ESI turbo
ion-spray interface, operating in positive and negative ion modes). The atmospheric pres-
sure chemical ionization (APCI) source temperature was set at 350 °C, and the curtain gas
(CUR) pressure was set at 25 psi. In the Q-Trap 6500+, each ion pair was monitored using
the optimized declustering potential (DP) and collision energy (CE). The targeted carote-
noid assay was performed as an absolute quantification method. Authentic standards
were used to establish analyte-specific calibration equations, and carotenoid concentra-
tions in the Qamgur samples were calculated according to these calibration equations (Ta-
ble S3).

2.7. Data Processing, Statistical Analysis, and Metabolic Pathway Analysis

The signal intensities of metabolites acquired by UPLC-MS/MS were unit variance-
scaled before multivariate statistical analysis. Unsupervised principal component analysis
(PCA) was performed using the prcomp function in R software (version 4.1.2; www.r-
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project.org). The hierarchical cluster analysis (HCA) and orthogonal partial least-squares
discriminant analysis (OPLS-DA) were performed using the heatmap package in R and
the OPLSR.Anal function in MetaboAnalystR, respectively. The data were log-trans-
formed (log10) and mean-centered before OPLS-DA, and 200 permutation tests were per-
formed to evaluate model overfitting. For pairwise comparisons, differential metabolites
were defined using FDR < 0.05 and Ilog2 fold changel > 1, while VIP values from OPLS-
DA were retained as multivariate reference information. OPLS-DA model reliability was
evaluated using seven-fold cross-validation and 200 permutation tests, and the corre-
sponding R2X (cum), R?Y (cum), ? (cum), and permutation-test results are summarized
in Table S2. Biomarkers were annotated using the KEGG Compound database for metab-
olomic pathway analysis (http://www .kegg.jp/kegg/compound/, accessed on 4 June 2025),
and the annotated metabolites were then mapped to the KEGG Pathway database
(http://www kegg jp/kegg/pathway.html/, accessed on 4 June 2025). Pie charts, bar charts,
and line graphs were generated using Origin 2019b. Heatmaps were constructed using
MultiExperiment Viewer (MEV) software (version 4.9.0).

3. Results and Discussion
3.1. Analysis of Conventional Physicochemical and Nutritional Indicators of Qamgur

First, the contents of total phenols, isothiocyanates, total free amino acids, and carot-
enoids were analyzed in the six Qamgur groups.

The total phenol content of both white Qamgur and yellow Qamgur first decreased
and then increased during the growth process. As shown in Figure 1A, the total phenol
content in the six Qamgur groups ranged from 0.24% to 0.38%. Overall, the total phenol
content in yellow Qamgur at the mature stage was slightly higher than that in white Qam-
gur.

In addition, the isothiocyanate content of both white Qamgur and yellow Qamgur
showed a similar decreasing trend during the growth process, and the isothiocyanate con-
tent of white Qamgur was slightly higher than that of yellow Qamgur at the same growth
stage (Figure 1B). The overall decrease in isothiocyanate content across the six Qamgur
groups was small, and the values ranged from 3.28 to 3.45 mg/g. Isothiocyanates are char-
acteristic metabolites of Brassicaceae vegetables and are formed through the hydrolysis of
glucosinolates [19-22]. They have also been associated with the characteristic bitterness of
Qamgur [10,20]. Glucosinolates, also known as mustard oil glucosides, are characteristic
sulfur-containing metabolites in Brassica plants. They can be hydrolyzed to isothiocya-
nates and other products. In this study, the total isothiocyanate content changed only
slightly during Qamgur development. However, the widely targeted metabolomics da-
taset contained 83 glucosinolate annotations. Among them, 43 showed higher mean abun-
dance in BH-Y-L than in BH-W-L, 35 showed lower mean abundance, and 5 showed sim-
ilar levels. Representative high-signal annotations with higher mean signals in BH-Y-L
included progoitrin, glucoconringiin, and 2-hydroxybutyl glucosinolate, whereas those
with higher mean signals in BH-W-L included 6-(methylthio)amyl glucosinolate, 3-me-
thyl-3-butenyl glucosinolate, and N-pentane glucosinolate. These results show that glu-
cosinolate-related metabolites varied at the compound level, even though the total isothi-
ocyanate content changed only slightly.

In contrast, the total free amino acid contents in the two Qamgur types showed op-
posite trends (Figure 1C). White Qamgur showed a continuous decrease, whereas yellow
Qamgur showed an increase. The total free amino acid contents in white Qamgur at the
early and middle growth stages were as high as 10.65% and 9.18%, respectively, which
were 3.9 times and 1.56 times higher than those in yellow Qamgur at the early and middle
growth stages, respectively. At the late growth stage, however, the total free amino acid
content reached 6.92% in yellow Qamgur, which was higher than the value of 5.39% in
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white Qamgur. The biological basis of these different trends in total free amino acid con-
tent requires further study.

Moreover, Figure 1D shows the changes in carotenoid content in white and yellow
Qamgur during growth. The carotenoid content in white Qamgur remained below 18.25
ug/g and did not change significantly during growth. In contrast, yellow Qamgur had
significantly higher carotenoid contents than white Qamgur at all growth stages. The con-
tent first decreased and then increased, reaching its highest level of 206.06 nug/g at the late
growth stage. Carotenoids are a group of C40 lipid-soluble terpenoids. More than 600 ca-
rotenoid pigments are produced by plants, and about 46 types are produced by microor-
ganisms. These compounds give Qamgur bright orange and yellow colors [23]. Therefore,
the difference in carotenoid content between yellow and white Qamgur may contribute
to their color difference. Carotenoids are important dietary compounds, and approxi-
mately 40 carotenoids have been reported in human blood [23]. However, the specific ma-
terial basis and pathways underlying the significant difference in carotenoid content be-
tween yellow Qamgur and white Qamgur require further research.
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Figure 1. Total phenol content (A), isothiocyanate content (B), total free amino acid content (C), and
carotenoid content (D) in Qamgur samples. Data are presented as mean *+ standard deviation (1 =
3). Different lowercase letters above the bars indicate significant differences among samples (p <

0.05). Yellow bars indicate yellow Qamgur samples, and white bars indicate white Qamgur samples.

3.2. Analysis of Small Molecule Metabolite Types in Qamgur

A total of 2497 metabolites were annotated across all Qamgur samples. The compo-
sition was characterized as follows: amino acids and their derivatives constituted the larg-
est proportion (17.99%), followed by alkaloids (11.40%), lipids (11.27%), and flavonoids
(8.48%). Terpenoids accounted for 7.97%, phenolic acids for 6.98%, and lignans and cou-
marins for 4.97%. Organic acids represented 4.71%, while nucleotides and their deriva-
tives, along with glucosinolates, accounted for 3.98% and 3.34%, respectively. Carbohy-
drates and carotenoids comprised smaller proportions, at 3.60% and 3.08%, respectively.
The remaining metabolites were categorized as others (12.21%). The MRM list, peak areas,
and other information for the 2497 compounds are provided in Table S1. It has been re-
ported that Qamgur is rich in various types of amino acids, with an average content ex-
ceeding 1%, mainly including aliphatic amino acids (such as methionine, alanine, valine,
leucine, and isoleucine), aromatic amino acids (such as tyrosine and phenylalanine), and
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indole amino acids (such as tryptophan) [24]. Free fatty acids and lysophosphatidylcho-
line are the main components of lipids in Qamgur, accounting for approximately 45% and
30% of the total lipids, respectively. Previous studies found that the fatty acids in Qamgur
mainly include oleic acid, linoleic acid, erucic acid, eicosenoic acid, palmitic acid, and stea-
ric acid. Unsaturated fatty acids account for 92.4% of the total fatty acids, with oleic acid,
linoleic acid, and erucic acid as the main components; saturated fatty acids account for
7.6%, mainly palmitic acid [24]. Carotenoids in Qamgur are mainly composed of lutein
and carotene, and the composition ratios of these two components differ between yellow
and white Qamgur. Specifically, lutein and carotene accounted for 17% and 83% of carot-
enoids in yellow Qamgur, and 20% and 80% in white Qamgur, respectively. The flavonoid
composition is relatively complex. Flavonols represent the largest group and account for
47% and 46% of the total flavonoids in yellow Qamgur and white Qamgur, respectively.
Organic acids in Qamgur accounted for 4.71% of the total metabolites, mainly including
malic acid, cis-aconitic acid, citric acid, ketoglutaric acid, shikimic acid, and fumaric acid
[25]. Aires et al. [26] reported that the contents of bioactive compounds in Qamgur roots
vary significantly across different seasons; their contents may be affected by environmen-
tal factors such as temperature and light, thereby exhibiting different biological activities
in different seasons.

In addition, this study found that various compounds exhibited differences between
the BH-W-L and BH-Y-L Qamgur samples, as shown in Figure 2. Among these com-
pounds, flavonoids and carotenoids showed the largest differences between the BH-W-L
and BH-Y-L Qamgur samples. A total of 24 carotenoid species were detected in the BH-
Y-L samples, which was higher than the 15 carotenoid species detected in the BH-W-L
samples. The carotenoids in the BH-Y-L samples were composed of 83.33% lutein and
16.67% carotene, while those in the BH-W-L samples were composed of 80% lutein and
20% carotene. In terms of flavonoids, 163 flavonoid species were detected in the BH-Y-L
samples, which was lower than the 184 flavonoid species detected in the BH-W-L samples.
The flavonoid composition was more complex. Flavones and other flavonoids showed
relatively large differences between mature yellow and white Qamgur. They accounted
for 20.86% and 6.13% of the total flavonoids in mature yellow Qamgur and 23.37% and
4.89% in mature white Qamgur, respectively. Flavonoids, phenolic acids, and carotenoids
are widely studied classes of plant metabolites [27-29]. As an abundance-based supple-
ment to Figure 2, representative phenolic-related and carotenoid classes were compared
between BH-W-L and BH-Y-L. Flavonoids and phenolic acids were selected because both
are major phenolic-related secondary-metabolite classes in the widely targeted metabo-
lomics dataset and are relevant to the compositional differences discussed in this study.
Carotenoid classes were included because carotenoid accumulation was a key feature dis-
tinguishing mature yellow Qamgur from mature white Qamgur. Based on summed LC-
MS/MS peak areas, flavonoids and phenolic acids differed significantly between the two
groups (Figure S5A). Targeted carotenoid analysis showed higher carotene and xantho-
phyll contents in BH-Y-L than in BH-W-L (Figure S5B).

https://doi.org/10.3390/foods15152656



Foods 2026, 15, 2656

9 of 21

=

Metabolite-class inventory

400 = 2 T Yellow

3 White
— + + + + + +
& & ¢ & 3
& &S \‘9\0@ &"‘&& 0
N W P &
g 00\)0 v «
b Carotenoids v € Flavonoids v

300
200

100

0 1 | 1
& & & :
& y“b & w
S e &

Number of compounds

& S
&
N
» RS &

&
o

250 100

»
3

2
3

S
3

Number of compounds

9
8

Number of compounds

ol 1T

=
0 2

Carotenes Lutein

Ch

=

Other

Figure 2. Distribution of annotated metabolite classes in yellow and white Qamgur. (a) Number of
annotated compounds in the main metabolite classes; (b) number of annotated carotenoid com-
pounds, including carotenes and lutein; (¢) number of annotated flavonoid subclasses. Yellow bars

indicate yellow Qamgur, and white bars indicate white Qamgur.

3.3. Analysis of Quality-Related Metabolic Changes During Qamgur Growth Based on Widely
Targeted Metabolomics

Unsupervised PCA was employed to evaluate the overall metabolite differences
among various groups. As shown in Figure 3A, the QC samples were tightly clustered,
indicating high data repeatability during the data collection process. The overlapping
TICs of the QC samples in positive- and negative-ion modes further supported the stabil-
ity of the analytical system (Figure S3). The yellow and white Qamgur samples from the
three growth stages occupied distinct regions in the space defined by the first principal
component (PC1), the second principal component (PC2) and the third principal compo-
nent (PC3), which indicated clear differences in the overall small-molecule metabolite pro-
files among the two Qamgur types and three growth stages. The contribution rates of each
principal component to sample variation were 32.84% (PC1), 15.92% (PC2), and 20.09%
(PC3), respectively. The PCA plot showed that the difference in metabolites between yel-
low and white Qamgur was relatively small at the early growth stage, but the difference
increased at the middle and late growth stages. The difference in small-molecule metabo-
lites between the two varieties was the largest at the middle growth stage. In addition, the
yellow Qamgur samples from the early, middle, and late growth stages were relatively
far apart from each other in the PCA space, while the white Qamgur samples were rela-
tively close. This pattern indicated that the metabolite profile of yellow Qamgur changed
more than that of white Qamgur across the early, middle, and late growth stages. The
HCA heatmap (Figure 3B) showed that BH-W-E and BH-W-M were clustered into one
group, and BH-Y-E and BH-Y-M were clustered into another group. Subsequently, these
four samples were further clustered into one major group, whereas BH-W-L and BH-Y-L
were separated from this major group. This result suggested that substantial changes oc-
curred in small-molecule metabolites of both yellow and white Qamgur at the mature
stage. In conclusion, both Qamgur type and growth stage affected the overall metabolite
profiles.

To further understand the variation in small-molecule metabolites during Qamgur
growth, the differential metabolites were categorized into 12 groups. Figure 4 shows the

https://doi.org/10.3390/foods15152656



Foods 2026, 15, 2656

10 of 21

number of differential metabolites and their percentage within each compound class. The
same coordinate scale was used to facilitate visual comparison. Overall, more compounds
changed at the late growth stage than at the early growth stage. As shown in Figure 4A-
D, for white Qamgur from the early to middle growth stages, compounds with relatively
large variations included nucleotides and their derivatives, lipids, flavonoids, and terpe-
noids. More than 40% of compounds in these four categories underwent significant
changes, and most of them were upregulated. The variation trend of flavonoids in yellow
Qamgur from the early to middle growth stages was consistent with that in white Qam-
gur. The difference was that most nucleotides and their derivatives, as well as lipids in
yellow Qamgur, were downregulated. At the late growth stage, a relatively large number
of compounds changed. Among primary metabolites, most categories (except saccha-
rides) underwent significant changes, including amino acids and their derivatives, lipids,
nucleotides, and organic acids, with most of these compounds being downregulated. In
addition, more than 60% of glucosinolates and terpenoids also changed: most glucosin-
olates in yellow Qamgur were upregulated, whereas the numbers of upregulated and
downregulated glucosinolates in white Qamgur were similar. More than 50% of the ter-
penoids were downregulated in both varieties, and more downregulated terpenoids were
detected in white Qamgur than in yellow Qamgur. Furthermore, more than 37% of flavo-
noids, phenolic acids, and coumarins also underwent significant changes, and the number
of upregulated flavonoids and phenolic acids in white Qamgur was higher than that in
yellow Qamgur. These variations may reflect precursor-product relationships among met-
abolic pathways. For example, precursor substances of terpenoids, such as isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), can undergo a series of
reactions that ultimately produce carotenoids, and this process is generally irreversible
[23].
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Figure 3. PCA (A) and HCA (B) analysis of six Qamgur samples.

Because the amino acid contents of white and yellow Qamgur showed opposite
trends during growth, 21 free amino acids were quantified in both Qamgur types at dif-
ferent growth stages, as shown in Figure 5. The figure shows that the distribution patterns
of free amino acids in the mature samples of white and yellow Qamgur were relatively
consistent. Among these free amino acids, glutamine (GIn) and proline (Pro) had the high-
est contents, reaching 10,418.01 and 10,936.45 mg/kg in white Qamgur and 12,200.97 and
10,776.74 mg/kg in yellow Qamgur, respectively, followed by lysine (Lys), glutamic acid
(Glu) and aspartic acid (Asp). Notably, most amino acids exhibited opposite change
trends in white Qamgur and yellow Qamgur. For example, cysteine (Cys), Gln, Glu, Lys,
phenylalanine (Phe), tryptophan (Trp), tyrosine (Tyr), and valine (Val) showed a decreas-
ing trend in white Qamgur, while they showed an increasing trend in yellow Qamgur.
Among the amino acids in white Qamgur, only Asp and Pro showed a significant increas-
ing trend; in contrast, in yellow Qamgur, only Asp, glycine (Gly), alanine (Ala), y-amino-
butyric acid (GABA), and serine (Ser) showed a significant decreasing trend at the late
growth stage, and these trends differed from those observed in white Qamgur.
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Figure 4. The quantities of up- and downregulated metabolites and their proportions of amino acids
and derivatives, nucleotides and derivatives, saccharides, organic acids, lipids, glucosinolates, fla-
vonoids, phenolic acids, lignans and coumarins, alkaloids, terpenoids, and others between BH-W-
M and BH-W-E (A), BH-W-L and BH-W-M (B), BH-Y-M and BH-Y-E (C), BH-Y-L and BH-Y-M (D),
BH-Y-L and BH-W-L (E). Note: The bar chart represents the number of upregulated (red) or down-
regulated (blue) compounds, while the line chart indicates the percentage of changed compounds
relative to the total number of compounds in each class. Differential metabolites were defined using
FDR <0.05 and Ilog2 fold changel >1.

Selected individual amino acids further illustrated the different accumulation pat-
terns between white and yellow Qamgur. L-Phenylalanine decreased during white Qam-
gur development but increased during yellow Qamgur maturation. As an aromatic amino
acid, phenylalanine is an important precursor of phenylpropanoid-derived metabolites.
L-Glutamate also differed markedly between the two mature-stage groups and is a central
amino acid involved in amino-group transfer and the formation of other amino acids.
Tryptophan, another aromatic amino acid, showed higher abundance at the mature stage
in yellow Qamgur and is related to indole-derived metabolites in plants. These results
indicate that amino-acid-related composition differed between mature white and yellow
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Qamgur. However, this difference should be interpreted as a compositional feature rather
than direct evidence for a regulatory relationship between amino-acid metabolism and
carotenoid accumulation.
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Figure 5. HCA analysis of 21 kinds of free amino acids in six Qamgur samples and histogram of
mature content of yellow and white Qamgur. Note: The bar chart represents the average content of

yellow and white Qamgur respectively in the late growth stage.

Metabolic pathway enrichment analysis was performed using the differential metab-
olites of white and yellow Qamgur during growth, and the results are shown in Figure
S1. At the early growth stage, the common pathways enriched in both white Qamgur and
yellow Qamgur included alpha-linolenic acid metabolism, purine metabolism, flavone
and flavonol biosynthesis, biosynthesis of sinapic acid derivatives, plant hormone signal
transduction, and caffeine metabolism. This may indicate that the two varieties share
some key basic metabolic processes and physiological regulation mechanisms in the early
growth stage to support their initial growth and development. In addition, several amino
acid-related metabolic pathways were also enriched in yellow Qamgur, including tyrosine
metabolism, tryptophan metabolism, lysine degradation, glutathione metabolism, and
phenylalanine metabolism. In contrast, pathways related to secondary-metabolite biosyn-
thesis were more strongly enriched in white Qamgur, including anthocyanin biosynthesis,
flavonoid biosynthesis, steroid biosynthesis, and terpenoid backbone biosynthesis. These
results suggest that secondary metabolism may be more prominent in white Qamgur at
the early growth stage, whereas primary metabolism may be more prominent in yellow
Qamgur. Since carotenoids were not included in the above analysis, the relationship be-
tween amino acid metabolism and carotenoid biosynthesis could not be directly estab-
lished from these results.

At the late growth stage, the common metabolic pathways enriched in both white
Qamgur and yellow Qamgur included nucleotide metabolism, alpha-linolenic acid me-
tabolism, linoleic acid metabolism, phosphonate and phosphinate metabolism, purine me-
tabolism, pyrimidine metabolism, biosynthesis of cinnamic acid derivatives, anthocyanin
biosynthesis, biosynthesis of other p-coumaric acid derivatives, and caffeine metabolism.
These enriched pathways may be mainly associated with the physiological demands and
metabolite accumulation of Qamgur at the late growth stage. On the one hand, the late
growth stage is a critical period for Qamgur’s nutrient storage and reproductive organ
differentiation. Nucleotide metabolism and purine/pyrimidine metabolism may be re-
quired to efficiently synthesize nucleic acids and energy-related compounds, thereby
providing raw materials and energy for these physiological processes. On the other hand,
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the continuous enrichment of lipid metabolism pathways such as alpha-linolenic acid me-
tabolism and linoleic acid metabolism may require phospholipid synthesis to maintain
the structural stability of cell membranes in the storage tissue of Qamgur tubers. Addi-
tionally, phosphonate and phosphinate metabolism may participate in the efficient utili-
zation and storage of phosphorus, supporting the accumulation of carbohydrates (e.g.,
starch and polysaccharides) in tubers. Together, these pathways reflect changes in pri-
mary metabolism [30]. Beyond the shared metabolic pathways, yellow Qamgur showed
stronger enrichment of carbon- and nitrogen-related pathways, including carbon metab-
olism, tryptophan metabolism, glutathione metabolism, and phenylalanine, tyrosine and
tryptophan biosynthesis. This enrichment may be associated with the continuous increase
in its amino acid content at the late growth stage. In contrast, pathways related to the
biosynthesis of secondary metabolites were more strongly enriched in white Qamgur, in-
cluding flavonoid biosynthesis, steroid biosynthesis, and phenylpropanoid biosynthesis.

The opposite trends of free amino acids in white and yellow Qamgur may be associ-
ated with carotenoid metabolism during growth. Although carotenoid and amino acid
biosynthesis do not directly share the same precursor metabolites, both are energy-de-
manding processes that require ATP and NADPH. Therefore, their contrasting accumu-
lation patterns may partly reflect competition for shared energy and reducing-power re-
sources, which suggests a possible indirect association [31,32]. Nitrogen signals may also
indirectly influence carotenoid synthesis by regulating resource allocation between plant
growth and secondary metabolism [33]. However, this proposed association remains hy-
pothetical and requires further validation through metabolic-flux, enzyme-activity, and
gene-expression analyses.

3.4. Analysis of the Potential Quality Formation Mechanism of Yellow Qamgur Based on Widely
Targeted Metabolomics and Targeted Metabolomics Technologies

To investigate the potential quality formation mechanism of yellow Qamgur, we
compared the mature-stage samples BH-Y-L and BH-W-L. The differential metabolites
were categorized into 13 groups, with the number and percentage of total compounds
displayed for each group. The same coordinate scale was used in Figure 4E to facilitate
visual comparison. Compared with BH-W-L, BH-Y-L showed significant differences in
metabolites, including saccharides, organic acids, lipids, carotenoids, flavonoids, and phe-
nolic acids. Specifically, saccharides, organic acids, lipids, and carotenoids showed an up-
regulated trend, while flavonoids and phenolic acids displayed a significant downregu-
lated trend. This pattern may indicate that mature yellow Qamgur accumulates more sac-
charides, organic acids, lipids, and carotenoids than mature white Qamgur, whereas it
accumulates fewer flavonoids and phenolic acids. These metabolite differences may con-
tribute to the distinct nutritional composition of yellow Qamgur.

Carotenoids are natural pigments and important dietary components [34]. Vegeta-
bles are major dietary sources of carotenoids and display diverse colors that are associated
with different carotenoid profiles. Lycopene accumulation in turnip roots has previously
been reported; in two turnip varieties, lycopene accounted for approximately half of the
carotenoid fraction [35]. In the present study, the carotenoid compositions of mature white
and yellow Qamgur from Bohu County were comparatively quantified. The overlapping
total ion chromatograms (TICs) of the QC samples also supported the reliability of the
data (Figure S54). Figure 6 shows the detection results of carotenoids in BH-Y-L and BH-
W-L. Among the 27 detected carotenoids, there were 6 carotenes and 21 xanthophylls.
Three carotenoids, namely echinenone, lutein, and (35)-adonirubin, were detected in both
white and yellow Qamgur, and their contents did not differ significantly between the two
types. Another six carotenoids, including [3-carotene, neoxanthin, violaxanthin, violaxan-
thin-myristate-acetate, violaxanthin laurate, and antheraxanthin, were detected in both
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white and yellow Qamgur, but their contents in yellow Qamgur were higher than those
in white Qamgur. In contrast, four carotenoids, namely canthaxanthin, isoflavone, a-car-
otene, and e-carotene, were only detected in white Qamgur. In contrast, thirteen carote-
noids, including phytoene, y-carotene, lycopene, zeaxanthin, lutein myristate, violaxan-
thin dilaurate, violaxanthin-myristate-laurate, violaxanthin dimyristate, 3-cryptoxanthin
laurate, B-cryptoxanthin myristate, lutein caprate, violaxanthin-myristate-palmitate, and
8’-B-apo-carotenal, were only detected in yellow Qamgur. In yellow Qamgur, the total
detected content of carotenoids was 39.99 mg/kg. Among these carotenoids, lycopene had
the highest content, reaching 28.94 mg/kg, followed by violaxanthin (3.64 mg/kg), y-caro-
tene (1.29 mg/kg), phytoene (1.10 mg/kg), B-cryptoxanthin laurate (0.98 mg/kg), and -
carotene (0.88 mg/kg). The contents of the remaining carotenoids were all lower than 0.57
mg/kg. Lee et al. [36] reported an all-trans-lycopene content of 14.1 + 0.8 mg/kg DW in the
orange-colored inner leaves of Brassica rapa, which was lower than the 28.94 mg/kg DW
detected in mature yellow Qamgur. In their material, prolycopene (38.8 + 0.9 mg/kg DW)
was more abundant than all-trans-lycopene, whereas lycopene was the predominant ca-
rotenoid in mature yellow Qamgur and accounted for approximately 72.4% of the total
carotenoids. These results indicate distinct carotenoid accumulation profiles among B.
rapa germplasms and plant organs. However, direct numerical comparisons should be
interpreted cautiously because the studies differed in plant organ, genotype, and analyti-
cal conditions. In white Qamgur, the total detected content of carotenoids was only 1.84
mg/kg. Generally, dark red fruits have a relatively high lycopene content, orange fruits
have a relatively high 3-carotene content, while light yellow fruits have a low [3-carotene
content and almost completely lack lycopene [37]. Previous studies have reported that
lutein is the main carotenoid in yellow carrots, which also contain a small amount of (3-
carotene [38]. In this study, the color of yellow Qamgur was light orange-yellow, but ly-
copene was the component with the highest content, and this color may result from the
combined effects of lycopene and small amounts of other carotenoids. Studies have shown
that dark red fruits have high lycopene content; for example, the lycopene content of ma-
ture processed tomato varieties generally exceeds 500 mg/kg. Under such high concentra-
tions, lycopene molecules may form dense pigment structures that produce a dark red
color. However, the lycopene content of yellow Qamgur (28.94 mg/kg) was only 1/17 of
that of dark red tomatoes. At low concentrations, lycopene molecules may be relatively
scattered in plastids and may not form the dense pigment structures that occur at high
concentrations, which may resultin a light orange appearance [39]. In addition, 3-carotene
and violaxanthin may have further modified the final color tone. In orange tomatoes, 3-
carotene works in synergy with a small amount of lycopene, presenting a typical orange-
yellow color; yellow carrots form a yellow phenotype through the light yellow tone of
lutein and the orange-yellow tone of a small amount of (3-carotene [40]. It is worth noting
that among the 9 carotenoids detected in both types of Qamgur, only the content of (35)-
adonirubin in white Qamgur was slightly higher than that in yellow Qamgur, but the
difference was not significant, and it was only 1.03 times that of yellow Qamgur. The con-
tents of the remaining 8 carotenoids in yellow Qamgur were all higher than those in white
Qamgur, among which 3-carotene showed the most significant difference, with its content
in yellow Qamgur being 6.56 times that in white Qamgur. Notably, 3-carotene was also
the only carotene among these nine carotenoids. Overall, the carotenoid content of yellow
Qamgur was higher than that of white Qamgur. Xu et al. [41] suggested that carotenoids
act as pigments that contribute to the bright orange and yellow colors of Qamgur. There-
fore, differences in carotenoid composition may contribute to the color difference between
mature white and yellow Qamgur. From a nutritional perspective, lycopene is a dietary
carotenoid with strong antioxidant properties and has been widely studied for its poten-
tial benefits in reducing oxidative stress and the risks of chronic diseases [42].
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Figure 6. Comparison of carotenoid content between white and yellow Qamgur at maturity and
information of various compounds. Notes: yellow-marked regions represent carotenoids while non-

marked areas indicate luteins.

To further investigate the potential quality formation mechanism of yellow Qamgur,
we combined the widely targeted metabolomics and carotenoid data and performed path-
way enrichment analysis of the differential metabolites. The results are shown in Figure
52. The enriched pathways mainly included carotenoid biosynthesis, anthocyanin biosyn-
thesis, biosynthesis of caffeic acid derivatives, flavone and flavonol biosynthesis, biosyn-
thesis of other p-coumaric acid derivatives, monoterpenoid biosynthesis, and glucosin-
olate biosynthesis, among others.

The proposed metabolic pathway for the quality formation mechanism of yellow
Qamgur is shown in Figure 7. Phytoene and lycopene, key intermediates in carotenoid
synthesis, were not detected in BH-W-L, but accumulated specifically in BH-Y-L. The ac-
cumulation of phytoene may have relied on the up-regulated activity of phytoene syn-
thase, which is the rate-limiting enzyme in carotenoid synthesis; higher expression of this
enzyme could promote metabolic flux through the pathway [43]. Lycopene cyclization is
a key step in carotenoid metabolism and generates carotenoids with different cyclic end
groups. Lycopene p-cyclase (3-LCY) and lycopene e-cyclase (e-LCY) form {3-rings and e-
rings, respectively [43]. As the central hub of the pathway, the accumulation of lycopene
may indicate that the upstream carotenoid pathway remained active in BH-Y-L, although
phytoene synthase activity was not measured. In terms of branch selection, BH-Y-L may
have favored the (-branch: y-carotene, the product of monocyclization by lycopene (-
cyclase, was not detected in BH-W-L but specifically accumulated in BH-Y-L, which may
indicate that lycopene (-cyclase was active; its downstream product $-carotene was sig-
nificantly higher in BH-Y-L than in BH-W-L. 3-carotene is the main form of provitamin A,
and its high accumulation may have contributed to the nutritional quality of BH-Y-L [43].
Zeaxanthin, the further metabolite of [3-carotene, was not detected in BH-W-L but specif-
ically accumulated in BH-Y-L. This phenomenon may have resulted from the up-regu-
lated activity of B-carotene hydroxylase. As a key photoprotective pigment of photosys-
tem II, the accumulation of zeaxanthin may contribute to the resistance of BH-Y-L to
strong-light oxidation [40]. In contrast, the e-branch may have been less active in BH-Y-L,
which may indicate lower lycopene e-cyclase activity. This pattern may be an important
factor associated with the yellow phenotype and nutritional composition of BH-Y-L.
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Figure 7. Integrated metabolite fold-change map comparing mature yellow Qamgur (BH-Y-L) with
mature white Qamgur (BH-W-L) within selected metabolic pathways. Red and green numbers in-
dicate higher and lower metabolite abundance in BH-Y-L relative to BH-W-L, respectively. Gray
boxes indicate metabolites not detected, and black boxes indicate no significant difference. Values
are based on 1 = 3 biological replicates. Solid arrows indicate pathway connections shown directly
in the map, whereas dashed arrows indicate simplified pathway links or connections involving in-

termediate steps not displayed.

Glucosinolates are the characteristic defense-related metabolites of Qamgur. For both
branched-chain amino acid-derived and aromatic amino acid-derived glucosinolates, the
amino acid substrates in yellow Qamgur were all up-regulated. However, in yellow Qam-
gur, the downstream metabolites of isoleucine and phenylalanine, as well as the final glu-
cosinolate products, were significantly down-regulated, including 1-methylpropyl glu-
cosinolate, 2-phenylethyl glucosinolate, etc. These substances exhibit certain defensive
and repellent effects against some pests and some pathogens [44]. Their downregulation
may indicate that BH-Y-L preferentially allocated isoleucine to protein synthesis to main-
tain growth rather than to glucosinolate synthesis. This allocation could prevent excessive
amino acid consumption that might affect basic physiological functions [44]. In contrast,
in the pathways using tryptophan and methionine as substrates, glucosinolates were sig-
nificantly up-regulated, including indolylmethyl glucosinolate, 4-Smethylthiobutyl glu-
cosinolate, etc. This may indicate that the activity of methylthio malonyl-CoA mutase was
significantly up-regulated. These compounds may reduce the damage of nematodes to
Qamgur roots and may inhibit the growth and reproduction of fungi, and these effects
may help enhance resistance to fungal diseases and protect normal plant growth [45].

Figure 7 shows that most compounds in the anthocyanin biosynthesis metabolic
pathway were down-regulated in yellow Qamgur. From the perspective of carbon metab-
olism, anthocyanin synthesis requires precursors such as phosphoenolpyruvate (PEP) and
erythrose-4-phosphate (E4P). These precursors generate phenylalanine through the shiki-
mate pathway, which then enters the anthocyanin synthesis pathway. However, in yellow
Qamgur, a larger proportion of PEP may enter the terpenoid skeleton pathway for carot-
enoid synthesis, resulting in a reduction in carbon flux in the shikimate pathway. This
insufficient supply of precursors for anthocyanin synthesis may have led to the down-
regulation of most compounds in the anthocyanin synthesis pathway [46]. Only Petunidin
3-glucoside was up-regulated. This result might be associated with higher expression of
the uridine diphosphate glucose-flavonoid 3-O-glucosyltransferase (UFGT) gene, which
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is involved in Petunidin 3-glucoside formation in yellow Qamgur. Higher UFGT expres-
sion may have increased enzyme production and thereby promoted Petunidin 3-gluco-
side synthesis [47].

Similarly, most compounds in the flavone and flavonol biosynthesis metabolic path-
way also showed a down-regulated trend. This pattern may have a metabolic basis similar
to that proposed for anthocyanin synthesis. However, in yellow Qamgur, a larger propor-
tion of PEP might enter the terpenoid skeleton pathway for carotenoid synthesis, which
could reduce the supply of precursors for flavone and flavonol synthesis and result in the
down-regulation of most compounds in this pathway. Only quercetin 3-O-rhamnoside 7-
O-glucoside was significantly upregulated in this pathway. This change may be related to
higher expression of genes encoding enzymes responsible for quercetin modification and
glycosylation in yellow Qamgur. Such changes may have promoted the glycosylation of
quercetin to form quercetin 3-O-rhamnoside 7-O-glucoside [48].

In the caffeic acid derivative biosynthesis pathway, the downregulated trend was
particularly clear, and all detected compounds were downregulated. This might be re-
lated to the priority given to meeting the metabolic requirements of pathways such as
carotenoid and glucosinolate synthesis, and it may have reflected the coordinated regula-
tion of multiple pathways. From the perspective of carbon flux distribution, PEP from
central carbon metabolism may have preferentially entered through the “PEP—py-
ruvate—acetyl-CoA” route into the terpenoid skeleton pathway for carotenoid synthesis.
Upstream intermediates of the citric acid cycle may have preferentially supported the gen-
eration of amino acid precursors (e.g., methionine and tryptophan) required for glucosin-
olate synthesis. This allocation may have led to an insufficient supply of precursors for
the shikimate pathway, which is involved in the synthesis of caffeic acid derivatives. Phe-
nylalanine, the direct precursor of caffeic acid derivatives, may have been preferentially
used for the synthesis of the aromatic branch of glucosinolates, and part of it may have
been diverted to protein synthesis to meet growth requirements. These two factors may
have further restricted the generation of downstream products in the caffeic acid deriva-
tive biosynthesis pathway.

Although each biological replicate was pooled from at least 10 individual roots, only
three independent biological replicates were analyzed per group. This sample size may
limit the assessment of population-level biological variability and the generalizability of
the observed metabolic patterns. Future studies with more independent biological repli-
cates are needed to validate these findings.

4. Conclusions

In summary, this study comprehensively investigated the quality differences be-
tween yellow Qamgur and white Qamgur across different growth stages in Bohu County,
Xinjiang, and analyzed the potential mechanisms underlying changes in their nutritional
quality. The results showed that both types of Qamgur exhibited similar trends in total
phenolic and total isothiocyanate contents during growth, whereas their total free amino
acids displayed opposing trends. Notably, yellow Qamgur had substantially higher carot-
enoid levels, while white Qamgur contained higher levels of flavonoids. Furthermore, sec-
ondary metabolic pathways may have been more prominent in white Qamgur, whereas
primary metabolism may have been more prominent in yellow Qamgur. Among these
findings, carotenoid biosynthesis may be a key factor contributing to the yellow appear-
ance of Qamgur, and lycopene accumulation may be a major contributing factor.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods15152656/s1, Table S1. The MRMs list, peak areas, and
other information of 2497 metabolites detected in Qamgur; Table S2. OPLS-DA model validation
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parameters for metabolomic comparisons; Table S3. Analytical information and absolute concentra-
tions of 27 carotenoids in mature white and yellow Qamgur; Figure S1. Metabolic pathway enrich-
ment analysis of BH-W-M vs. BH-W-E (A), BH-W-L vs. BH-W-M (B), BH-Y-M vs. BH-Y-E (C), and
BH-Y-L vs. BH-Y-M (D). Pathway enrichment was evaluated using p-values and adjusted p-values;
Figure S2. Metabolic pathway enrichment analysis of BH-Y-L vs BH-W-L based on the widely tar-
geted metabolomics dataset (A) and targeted carotenoid analysis (B). Pathway enrichment was eval-
uated using p-values and adjusted p-values; Figure S3. TIC overlap diagram at negative (A) and
positive (B) modes of QC samples of widely targeted metabolomic analysis; Figure S4. TIC overlap
diagram modes of QC samples of carotenoid analysis; Figure S5. Abundance-based comparison of
representative metabolite classes between mature white and yellow Qamgur. (A) Relative abun-
dance of flavonoids and phenolic acids based on summed LC-MS/MS peak areas. Values were
log10-transformed for visualization; Figure S6. Flowchart for Metabolite Annotation Confidence

Analysis.

Author Contributions: Methodology, P.W., P.L. and ].Z.; Software, P.L.; Validation, PW., T.Z,, M.P,,
X.Y., ].B, R.G. and C.G.; Formal analysis, P.W., ].X. and J.A.; Investigation, P.W. and ].A.; Resources,
W.L.,, HH. and Y.W.; Data curation, P.W., T.Z.,, M.P,, ].X,, W.L., X.Y., ].B.,, R.G., H.H. and C.G.; Writ-
ing—original draft, P.W.; Writing—review & editing, P.W.; Visualization, P.L.; Supervision, P.L.,
J.Z. and Y.W.; Project administration, P.L., J.Z. and Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Project of Fund for Stable Support to Agricultural Sci-
Tech Renovation (xjnkywdzc-2024002-14-kt1), Key Research and Development Program of Xinjiang
Uygur Autonomous Region (2022B02037-1), Xinjiang Academy of Agricultural Sciences Project for
Cultivating the Innovative Capabilities of Young Key Scientific and Technological Personnel (xjnkq-
2023022); and the Overseas Visiting Scholar Program of Shandong Academy of Agricultural Sci-

ences.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the

article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Gao, J; Li, N,; Xuan, Z,; Yang, W. Genetic diversity among “Qamgur” varieties in China revealed by SSR markers. Euphytica
2017, 213, 204.

2. Cao, Q. Wang, G.; Peng, Y. A Critical Review on Phytochemical Profile and Biological Effects of Turnip (Brassica rapa L.). Front.
Nutr. 2021, 8, 721733.

3. Zhu, H; Wang, C,; Cheng, Y.; Guo, Y.; Qian, H.; Liu, Y. Brassica rapa L. (Tibetan turnip) prevents sleep-deprivation induced
cognitive deficits via the inhibition of neuroinflammation and mitochondrial depolarization. Food Funct. 2022, 13, 10610-10622.

4. Johnson, LT. Cruciferous Vegetables and Risk of Cancers of the Gastrointestinal Tract. Mol. Nutr. Food Res. 2018, 62, €1701000.

5. Liu, L, Liu, C; Hua, H.; Zhao, W.; Zhu, H.; Cheng, Y.; Guo, Y.; Qian, H. Effect of polysaccharides from Tibetan turnip (Brassica
rapa L.) on the gut microbiome afterin vitrofermentation andin vivometabolism. Food Funct. 2022, 13, 3063-3076.

6. Hua, H,; Zhu, H,; Liu, C.; Zhang, W.; Li, J.; Hu, B.; Guo, Y.; Cheng, Y.; Pi, F.; Xie, Y.; et al. Bioactive compound from the Tibetan
turnip (Brassica rapa L.) elicited anti-hypoxia effects in OGD/R-injured HT22 cells by activating the PI3K/AKT pathway. Food
Funct. 2021, 12, 2901-2913.

7. Li, Y,;Han,],; Chen, Y.; Chen, C.; Chun, B.; Zhang, Y. p-Coumaric acid as a prophylactic measure against normobaric hypoxia
induced pulmonary edema in mice. Life Sci. 2018, 211, 215-223.

8.  Zhuang, H,; Lou, Q.; Liu, H.; Han, H.; Wang, Q.; Tang, Z.; Ma, Y.; Wang, H. Differential Regulation of Anthocyanins in Green

and Purple Turnips Revealed by Combined De Novo Transcriptome and Metabolome Analysis. Int. J. Mol. Sci. 2019, 20, 4387.

https://doi.org/10.3390/foods15152656



Foods 2026, 15, 2656 20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Xue, Y.; Chen, J.; Han, H,; Liu, C.; Gao, Q.; Li, J.; Li, D.; Tanokura, M.; Liu, C. Multivariate analyses of the physicochemical
properties of turnip (Brassica rapa L.) chips dried using different methods. Dry. Technol. 2019, 38, 411-419.

Taveira, M.; Fernandes, F.; Guedes de Pinho, P.; Andrade, P.B.; Pereira, J.A.; Valentao, P. Evolution of Brassica rapa var. rapa L.
volatile composition by HS-SPME and GC/IT-MS. Microchem. ]. 2009, 93, 140-146.

Jones, G.; Sanders, O.G.; Grimm, C. Aromatic compounds in three varieties of turnip greens harvested at three maturity levels.
J. Food Qual. 2007, 30, 218-227.

GB/T 8313-2018; Determination of Total Polyphenols and Catechins in Tea. National Standards of China: Beijing, China, 2018.
GB/T 8314-2013; Tea-Determination of Free Amino Acids Content. National Standards of China: Beijing, China, 2013.

NY/T 1596-2008; Determination of Isothiocyanates in Rapeseed Meal-Thiourea Colormetry Method. Agricultural Industry
Standard of China: Beijing, China, 2008.

Wimalasiri, D.; Brklja¢a, R.; Piva, T.J.; Urban, S.; Huynh, T. Comparative analysis of carotenoid content in Momordica
cochinchinensis (Cucurbitaceae) collected from Australia, Thailand and Vietnam. J. Food Sci. Technol. 2017, 54, 2814-2824.

Wu, P; Liu, P; Wang, Y.; Gao, R; Jiang, Y.; Bi, ].; Wang, Z. Changing Pattern of Characteristic Components in Black Garlic
during Processing Analyzed by Ultra-high Performance Liquid Chromatography-Triple Quadrupole Tandem Mass Spectrom-
etry. Food Sci. 2024, 45, 82-90.

Inbaraj, B.S.; Lu, H.; Hung, C.F.; Wu, W.B.; Lin, C.L.; Chen, B.H. Determination of carotenoids and their esters in fruits of Lycium
barbarum Linnaeus by HPLC-DAD-APCI-MS. |. Pharm. Biomed. Anal. 2008, 47, 812-818.

Rodrigues, D.B.; Mariutti, L.R.; Mercadante, A.Z. Two-step cleanup procedure for the identification of carotenoid esters by
liquid chromatography-atmospheric pressure chemical ionization-tandem mass spectrometry. J. Chromatogr. A 2016, 1457, 116—
124.

Sen, S.; De, B.; Devanna, N.; Chakraborty, R. Total phenolic, total flavonoid content, and antioxidant capacity of the leaves of
Meyna spinosa Roxb., an Indian medicinal plant. Chin. ]. Nat. Med. 2013, 11, 149-157.

Paul, S.; Geng, C.-A.; Yang, T.-H.; Yang, Y.-P.; Chen, ].-J. Phytochemical and Health-Beneficial Progress of Turnip (Brassica rapa).
J. Food Sci. Food Sci 2019, 84, 19-30.

Robin; Arora, R.; Arora, S.; Vig, A.P. Development of validated high-temperature reverse-phase UHPLC-PDA analytical
method for simultaneous analysis of five natural isothiocyanates in cruciferous vegetables. Food Chem. 2018, 239, 1085-1089.
Lee, ].G.; Bonnema, G.; Zhang, N.; Kwak, ].H.; de Vos, R.C.H.; Beekwilder, J. Evaluation of glucosinolate variation in a collection
of turnip (Brassica rapa) germplasm by the analysis of intact and desulfo glucosinolates. J. Agric. Food Chem. 2013, 61, 3984-3993.
Bohn, T.; de Lera, A.R.; Landrier, ].F.; Riihl, R. Carotenoid Metabolites, Their Tissue and Blood Concentrations in Humans and
Further Bioactivity via Retinoid Receptor-Mediated Signalling. Nutr. Res. Rev. 2023, 36, 498-511.

Deng, W.W.; Ogita, S.; Ashihara, H. Distribution and biosynthesis of theanine in Theaceae plants. Plant Physiol. Biochem. 2010,
48, 70-72.

Sousa, C.; Taveira, M.; Valentao, P.; Fernandes, F.; Pereira, J.A.; Estevinho, L.; Bento, A.; Ferreres, F.; Seabra, R.M.; Andrade,
P.B. Inflorescences of Brassicacea species as source of bioactive compounds: A comparative study. Food Chem. 2008, 110, 953
961.

Aires, A,; Dias, C.; Bennett, R.N.; Rosa, E.A.S,; Saavedra, M.]. Analysis of the 2-Phenylethyl isothiocyanate present in Brassica
leaves and their potential application as antimicrobial agent against bacteria strains isolated from Human and Pig gastrointes-
tinal tracts. Int. Conf. Antimicrob. Res. 2011, 75-79. https://doi.org/10.1142/9789814354868_0014.

Romani, A.; Vignolini, P.; Isolani, L.; Ieri, F.; Heimler, D. HPLC-DAD/MS characterization of flavonoids and hydroxycinnamic
derivatives in turnip tops (Brassica rapa L. Subsp. sylvestris L.). ]. Agric. Food Chem. 2006, 54, 1342-1346.

Akram, M. Flavonoids and phenolic acids: Role and biochemical activity in plants and human. J. Med. Plants Res. 2011, 5, 6697—
6703.

Leung, H.H.; Galano, J.-M.; Crauste, C.; Durand, T.; Lee, ].C.-Y. Combination of lutein and zeaxanthin, and DHA regulated
polyunsaturated fatty acid oxidation in H2O2-stressed retinal cells. Neurochem. Res. 2020, 45, 1007-1019.

Kafer, C.; Zhou, L.; Santoso, D.; Guirgis, A.; Weers, B.; Park, S.; Thornburg, R. Regulation of pyrimidine metabolism in plants.
Front. Biosci. 2004, 9, 1611-1625.

Wang, B.; Wang, Y.-H.; Deng, Y.-].; Yao, Q.-H.; Xiong, A.-S. Effect of betanin synthesis on photosynthesis and tyrosine metabo-
lism in transgenic carrot. BMC Plant Biol. 2023, 23, 402.

Pinto, A.S.; Maia, C.; Sousa, S.A.; Tavares, T.; Pires, ].C.M. Amino Acid and Carotenoid Profiles of Chlorella vulgaris During
Two-Stage Cultivation at Different Salinities. Bioengineering 2025, 12, 284.

https://doi.org/10.3390/foods15152656



Foods 2026, 15, 2656 21 of 21

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.
48.

Liu, H.; Yuan, M,; Liu, H.; Wang, L.; Zhao, X. Analysis of Metabolites and Metabolic Pathways of Three Chinese Jujube Cultivar.
Metabolites 2023, 13, 714.

Nisar, N.; Li, L.; Lu, S.; Khin, N.C.; Pogson, B.]J. Carotenoid metabolism in plants. Mol. Plant 2015, 8, 68-82.

Lepage, M. Identification and composition of turnip root lipids. Lipids 1967, 2, 244-250.

Lee, S.; Lee, S.-C.; Byun, D.H,; Lee, D.Y; Park, ].Y.; Lee, J.H.; Lee, H.O.; Sung, S.H.; Yang, T.-]. Association of molecular markers
derived from the BrCRTISO1 gene with prolycopene-enriched orange-colored leaves in Brassica rapa. Theor. Appl. Genetics. 2014,
127,179-191.

Yuan, H.; Zhang, J.; Nageswaran, D.; Li, L. Carotenoid metabolism and regulation in horticultural crops. Hortic. Res. 2015, 2,
15036.

Rodriguez-Concepcion, M.; Stange, C. Biosynthesis of carotenoids in carrot: An underground story comes to light. Arch. Bio-
chem. Biophys. 2013, 539, 110-116.

Sun, T.; Yuan, H.; Cao, H.; Yazdani, M.; Tadmor, Y.; Li, L. Carotenoid Metabolism in Plants: The Role of Plastids. Mol. Plant
2018, 11, 58-74.

Fraser, P.D.; Bramley, P.M. The biosynthesis and nutritional uses of carotenoids. Prog. Lipid Res. 2004, 43, 228-265.

Xu, Y,; You, C; Xu, C.; Zhang, C,; Hu, X;; Li, X.; Ma, H.; Gong, J.; Sun, X. Red and blue light promote tomato fruit coloration
through modulation of hormone homeostasis and pigment accumulation. Postharvest Biol. Technol. 2024, 207, 112588.

Story, E.N.; Kopec, R.E.; Schwartz, S.J.; Harris, G.K. An update on the health effects of tomato lycopene. Annu. Rev. Food Sci.
Technol. 2010, 1, 189-210.

Hong, J.; Park, S.-H.; Kim, S.; Kim, 5.-W.; Hahn, ].-S. Efficient production of lycopene in Saccharomyces cerevisiae by enzyme
engineering and increasing membrane flexibility and NAPDH production. Appl. Microbiol. Biotechnol. 2019, 103, 211-223.
Botella-Pavia, P.; Besumbes, O.; Phillips, M.A.; Carretero-Paulet, L.; Boronat, A.; Rodriguez-Concepcién, M. Regulation of ca-
rotenoid biosynthesis in plants: Evidence for a key role of hydroxymethylbutenyl diphosphate reductase in controlling the
supply of plastidial isoprenoid precursors. Plant ]. 2004, 40, 188-199.

Jin, X,; Baysal, C.; Drapal, M.; Sheng, Y.; Huang, X.; He, W.; Shi, L.; Capell, T.; Fraser, P.D.; Christou, P.; et al. The Coordinated
Upregulated Expression of Genes Involved in MEP, Chlorophyll, Carotenoid and Tocopherol Pathways, Mirrored the Corre-
sponding Metabolite Contents in Rice Leaves during De-Etiolation. Plants 2021, 10, 1456.

Petroni, K.; Tonelli, C. Recent advances on the regulation of anthocyanin synthesis in reproductive organs. Plant Sci. 2011, 181,
219-229.

Zhao, ].; Dixon, R.A. The “ins” and ‘outs’ of flavonoid transport. Trends Plant Sci. 2010, 15, 72-80.

van Oort, B.; Alberts, M.; de Bianchi, S.; Dall'Osto, L.; Bassi, R.; Trinkunas, G.; Croce, R.; van Amerongen, H. Revisiting the Role
of Xanthophylls in Nonphotochemical Quenching. J. Phys. Chem. Lett. 2018, 9, 346-352.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15152656



