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Abstract
Background Anthocyanins are the main pigments in leaves, �owers and fruits, performing diverse
biological functions in plants and exhibiting bene�ts for human health. The purple-leaved accession of B.
carinata was used to study the biosynthetic mechanism of anthocyanins in this study. To elucidate the
mechanisms of anthocyanin accumulation in the purple-leaved line, we employed a proteomic approach
based on an isobaric tags for relative and absolute quanti�cation (iTRAQ)-based technique to investigate
the protein expression pro�le of the purple-leaved line of B. carinata in comparison with that of the green-
leaved line.

Results In total, 4,631 proteins were identi�ed, of which 285 exhibited signi�cant changes in abundance
between BC-G01 and BC-P01. Of the 285 DEPs, 175 are upregulated and 110 are downregulated in the
leaves of the purple-leaved line compared with the leaves of the green-leaved line. Bioinformatics
analysis indicated that anthocyanin biosynthesis was the most signi�cantly elevated metabolic process,
containing three DEPs corresponding to two genes UGT75C1 and UGT79B1 . UGT75C1 and UGT79B1 ,
encoding anthocyanin 3-O-glucoside: 2’’-O-xylosyltransferase and anthocyanin 5-O-glucosyltransferase,
respectively, play an important role in the biosynthesis of anthocyanins.

Conclusions The exact functions of these proteins remain to be examined. Nevertheless, our study paves
the way for understanding the genetic regulatory mechanisms of anthocyanin biosynthesis and
accumulation in B. carinata .

Background
Brassica carinata (BBCC, 2n = 34) is an important vegetable and oilseed crop in northeast Africa and is
thought to have originated in the Ethiopian plateau [1–3]. Together with another two amphidiploid
Brassica species, namely, B. napus (AACC, 2n = 38) and B. juncea (AABB, 2n = 36), in the U-triangle, B.
carinata is an amphidiploid of recent origin [2, 4, 5]. Cytogenetic and molecular evidence suggests that B.
carinata has evolved as a natural cross between B. oleracea (CC, 2n = 18) and B. nigra (BB, 2n = 16),
followed by subsequent chromosome doubling [5–8]. The lengthy processes of speciation and
domestication have resulted in diverse eco-types with the whole range of morphological and agronomic
differences [8–10]. Given the many desirable characteristics of B. carinata, such as resistance to pests,
tolerance to diseases and drought, and applicability as a bio‐industrial oil crop [11, 12], we made great
efforts to study and utilize the species, such as by transferring the yellow-seeded trait to B. napus from B.
carinata [13], evaluating the genetic diversity of 110 accessions of B. carinata with emphasis on the
interspeci�c crossability with B. rapa [10], synthesizing the Brassica trigenomic allohexaploid via B.
carinata×B. rapa [14], generating the new-type B. napus by incorporating components of the C genome of
B. carinata into traditional B. napus [15, 16], assessing the genetic introgression from B. carinata into
new-type B. napus breeding lines [17], construction of one double-haploid mapping population of B.
carinata and QTL mapping of petal and anther tip color, seed coat color, �ower development and quality
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traits [2, 18, 19]. As continued research, we attempted to exploit the proteomic pro�les and identify the key
genes associated with anthocyanin biosynthesis in purple-leaved B. carinata in this study.

Anthocyanins are the main pigments in leaves, �owers and fruits and are responsible for the red-to-blue
colors of plant organs [20, 21]. Approximately 17 anthocyanidins are found in nature, but only 6 are
widely distributed: cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin [21, 22]. The
individual anthocyanidin content varies among species with respect to the following features: (i) the
number and positions of hydroxyl (OH) groups, (ii) the degree of methylation of these OH groups, (iii) the
nature, number, and location of sugars attached to the molecule, and (iv) the nature and number of
aliphatic or aromatic acids attached to the sugar [21, 23]. In addition, the colorful appearance of different
organs depends on the pH value of the anthocyanin solution, because of the ionic nature of the molecular
structure of anthocyanins [24, 25]. In the present study, the leaves of B. carinata appear purple;
anthocyanins have a purple hue in neutral pH, but the color changes to blue with increasing pH [25].
Natural mutants with purple organs have been found and reported in many species, such as in asparagus
[26], crackers and bars of wheat [27], rice [28], eggplant [29], corn [30], carrot, potatoes [31], basil [32], tea
[33], and pepper [34] and in the Brassica U-triangle species B. oleracea [35], B. napus [36], B. rapa [37], and
B. juncea [38], in addition to B. nigra and B. carinata. The purple color resulting from the presence of
anthocyanins in different species can be used as a natural food colorant, and these compounds have
health-associated nutraceutical properties.

iTRAQ is a novel, MS-based approach for the relative quanti�cation of proteins, relying on the
derivatization of primary amino groups in intact proteins using an isobaric tag for relative and absolute
quantitation [39]. This method has been widely used in the identi�cation of key proteins related to target
traits in recent years. In the present study, the high-throughput iTRAQ methodology was used to
investigate protein and qualitative changes between the two double-haploid lines of B. carinata with
purple and green leaves. To the best of our knowledge, this is the �rst report of proteomic research related
to purple leaves in B. carinata. This study provides novel insights into the proteomic pro�le of B. carinata
and for identi�cation of the key protein involved in anthocyanin biosynthesis in this species.

Methods

Plant materials
Two B. carinata double-haploid (DH) lines, namely, BC-P01 and BC-G02, were used in this study. BC-P01
and BC-G02, originally named CGN03981 and CGN03976, respectively, were obtained from the Centre for
Genetic Resources, Wageningen, the Netherlands (CGN, http://www.cgn.wur.nl/NL/) [10]. In October 2017,
BC-P01 and BC-G02 were planted at the farm of Guizhou University, Guiyang, China. In December 2018,
three randomly selected plants for each of BC-P01 and BC-G02 were chosen for picking of leaf samples.
The �fth mature leaf from the ground for each plant was sampled and transferred into a –80℃ freezer
for storage.

http://www.cgn.wur.nl/NL/
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Determination of total anthocyanin content
The total anthocyanin content was estimated by the simpli�ed method and pH differential method,
respectively. For the pH differential method, six freeze-dried leaf samples (0.5 g) were ground to a powder
and then extracted twice with 25 ml of methanol:water:acetic acid (V:V:V = 85:15:0.5) at 50 ℃ for 2 h.
The extract solution was collected and �ltered through a 0.22 µm �lter to measure the absorbance
according to Wang et al. [40] and Zhao et al. [38]. Determination of the absorbance of the extracts was
performed with a SPECORD 200 PLUS UV spectrophotometer (Analytik Jena AG, Jena, CA). In our
experiment, the optimum temperature was 50℃, and the equilibration times for pH 1.0 and pH 4.5 were
80 min and 100 min, respectively. The total absorbance (A) was calculated as follows: A = (A510 - A700)
pH 1.0 - (A510 - A700) pH 4.5. Then, the total anthocyanin content (TAC) was estimated as C (mg·g–1) =
(A×V×n×M)/(ε×m) [A: the absorbance difference between pH 1.0 and pH 4.5; V: total volume of extract
(mL); n: dilution factor; M: relative molecular mass of cyanidin–3-glucoside (449.4); ε: extinction
coe�cient of cyanidin–3-glucoside (26900); m: sample mass (g)] according to Wang et al. [40] and
Cheng et al. [41]. For the simpli�ed method, most steps were performed according to Wang et al. [42] and
Yu et al. [43] with minor modi�cations. Determination of the absorbance of the extracts was performed
on a SPECORD 200 PLUS UV spectrophotometer (Analytik Jena AG, Jena, CA). The anthocyanin content
is expressed in g·10 ml 0.1 mol/L hydrochloric acid.

Protein extraction for iTRAQ analysis
Total proteins from the sixth samples were extracted according to the following procedure. Approximately
1.0 g of the ground-up leaf powder of each sample was combined with 4 ml of 10% m/v trichloroacetic
acid (TCA) in acetone, and the samples were incubated at −20°C for 2 h. The samples were then
centrifuged at 20,000 ×g for 30 min at 4°C. The supernatant was discarded without disturbing the pellets.
To reduce acidity, the pellets were washed with acetone and incubated at −20°C for 30 min and
centrifuged at 20,000 ×g for 30 min at 4°C. The washing step with acetone was repeated several times
until the pellets were white. The dried pellets were lysed with 1 ml of protein extraction reagent [8 M urea,
30 mM HEPES, 1 mM PMSF, 2 mM EDTA and 10 mM DTT]. The pellets were then dissolved by
ultrasonication (pulse on 2 s, pulse off 3 s, power 180 w) for �ve minutes. After dissolution, the solution
was centrifuged at 20,000 ×g for 30 min at 4°C to remove insoluble impurities. Proteins were reduced with
10 mM DTT at 56°C for 1 h and alkylated immediately with 55 mM iodoacetamide (IAM) in the dark at
room temperature for 1 h. The treated proteins were precipitated in acetone at −20°C for 3 h. After
centrifugation at 20,000 ×g for 30 min at 4°C, the pellets were resuspended and ultrasonicated in
prechilled 50% TEAB buffer with 0.1% SDS and dissolved by ultrasonication. The proteins were regained
after centrifugation at 20000 ×g for 30 min, and the protein concentration was determined by the
Bradford assay (Bio-Rad) using BSA as a standard.

In-solution digestion and iTRAQ labeling
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For each sample, 100 μg of protein in TEAB buffer was incubated with 3.3 μg of trypsin (1 μg/μl)
(Promega, Madison, WI, USA) at 37°C for 24 h in a sealed tube. The tryptic peptides were lyophilized and
dissolved in 50% TEAB buffer. Samples were labeled using the iTRAQ Reagents 8-plex Kit according to
the manufacturer’s instructions (AB Sciex Inc., MA, USA). A total of 100 μg of protein in TEAB buffer was
incubated with 3.3 μg of trypsin (1 μg/μl) (Promega, Madison, WI, USA) at 37°C for 24 h in a sealed tube.
The tryptic peptides were lyophilized and dissolved in 50% TEAB buffer. Samples were labeled using the
iTRAQ Reagents 8-plex Kit according to the manufacturer’s instructions (AB Sciex Inc., MA, USA).

HPLC (strong cation exchange)
The labeled samples were then alkali�ed and fractionated using a strong cation exchange HPLC system
(Agilent 1100, USA) connected to an SCX column (Luna 5u column, 4.6 mm×250 mm, 5 μm, 100 Å;
Phenomenex, Torrance, CA). The retained peptides were eluted using Buffer A (10 mM KH2PO4 in an
aqueous solution of 25% acetonitrile and acidi�ed to a pH of 3.0 with H3PO4) and Buffer B, where Buffer
B was composed of Buffer A with 2 M KCl. The fractions were collected in 1.5-ml microfuge tubes with a
�ow rate of 1 ml/min. The following chromatographic gradient was applied: 0~25 min 100% Buffer A;
0~10 min 5% Buffer B; 10~40 min 5–30% Buffer B; 40~45 min 30–60% Buffer B, 45–55 min 60–80%
Buffer B; 55–65 min decreasing to 5% Buffer B. Fraction collection was started 26 min after the injection
with a sample collected every 1 min to obtain a total of 38 fractions. Eluted fractions were dried in a
vacuum concentrator, and each fraction was dissolved in 0.1% formic acid solution prior to reversed-
phase nano-LC-tandem mass spectrometry (LC-MS/MS).

LC-MS/MS analysis
The peptides were dissolved with 50 μl of mobile phase A (H2O, 0.1% formic acid) and loaded onto an
Acclaim PePmap C18 reversed-phase column (75 μm×2 cm, 3 μm, 100 Å, Thermo Scienti�c) and
separated with a reversed-phase C18 column (75 μm×10 cm, 5 μm, 300 Å, Agela Technologies) mounted
on a Dionex Ultimate 3000 nano-LC system. Peptides were eluted using the following gradient: 0~6 min
5% Buffer B; 6~6.5 min 10% Buffer B; 6.5~45 min 10–24% Buffer B; 45~51 min 24–40% Buffer B, 51–54
min 40–80% Buffer B; 54–59 min 80% Buffer B; 59–59.9 min decreasing to 5% Buffer B; 59.9–65 min 5%
Buffer B. The elution was performed at a �ow rate of 300 nl min–1, and the instrument was coupled with
a Q Exactive mass spectrometer (Thermo Fisher Scienti�c, MA, USA). The eluates directly entered the Q-
Exactive MS instrument (Thermo Fisher Scienti�c, Waltham, MA, USA), and the experiment was
performed in positive-ion mode and in a data-dependent manner with full MS scan from 350–2000 m/z,
full scan resolution at 70,000, MS/MS scan resolution at 17,500. MS/MS scan with minimum signal
threshold 1E+5, and isolation width at 2 Da. To evaluate the performance of this mass spectrometry
experiment with the iTRAQ-labeled samples, two MS/MS acquisition modes and higher-energy collisional
dissociation (HCD) were employed. To optimize the MS/MS acquisition e�ciency of HCD, normalized
collision energy (NCE) was systemically examined from 20% and determined to be optimal at 28% NCE.
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Protein identi�cation and quanti�cation
Peptide identi�cation and quanti�cation was carried out on PD Proteome Discoverer software, version
1.3 (Thermo), and with the integrated false discovery rate (FDR) analysis function. The data were
searched against a protein sequence database downloaded from the BUSCO
https://busco.ezlab.org/database. The MS/MS spectra obtained were searched using the following user-
de�ned search parameters: sample type: iTRAQ 8-plex (peptide labeled); cysteine alkylation; digestion:
trypsin; instrument: Q-Exactive; species: Brassica carinata; search effort: thorough. For the FDR analysis,
the MS/MS spectra were searched against a decoy database to estimate the false discovery rate (FDR)
for peptide identi�cation. The decoy database consisted of reversed protein sequences from the Candida
albicans database. The resulting data set was auto-bias-corrected to remove any variations caused by
unequal mixing during the combination of different labeled samples. Different modi�cation states of the
same peptide sequences are considered distinct by the software.

Results

Phenotypic characterization of BC-P01 and BC-G02
The total anthocyanin content (TAC) of the two double-haploid (DH) lines BC-P01 (purple leaves) and BC-
G02 (green leaves) of B. carinata were determined by the pH-based color difference method and
simpli�ed method (Fig. 1). The leaves of the BC-P01 line were purple from emergence to senescence. The
TAC of BC-P01 was 22.7 g·10 mL 0.1 mol/L hydrochloric acid, which was signi�cantly higher than that
that of BC-G02 (0.97 g·10 mL 0.1 mol/L hydrochloric acid), as determined by the simpli�ed method (p =
0.000) (Fig. 1). In addition, the TAC of BC-P01 22.7 was 3.70 mg·g–1, which was signi�cantly higher than
that of BC-G02 (0.05 mg·g–1), as determined by the simpli�ed method (p = 0.000) (Fig. 1).

Protein identi�cation and quanti�cation
In this study, a total of 35,296 matched spectra were identi�ed from mature leaves of B. carinata with
different colors using the iTRAQ technique (Supplementary Fig. 1A). After eliminating low-scoring spectra,
the reset spectra were matched to 1,7307 peptides; a total of 4,631 proteins were identi�ed from
Ethiopian mustard, and 3,442 proteins were quanti�able (Supplementary Fig. 1A). In addition, the relative
molecular mass of all the identi�ed proteins was more than 10 kDa (Supplementary Fig. 1B). Most of the
identi�ed peptides were unique peptides (Supplementary Fig. 1C). The number of amino acids in the
peptide sequences was mainly between 7 and 35 (Supplementary Fig. 1D). The sequence coverage of
most of the proteins in Ethiopian mustard leaves was higher than 5% (Supplementary Fig. 1E). These
results indicated that the proteomics analysis is reliable. In addition, we detected 1,837 transcription
factors (TFs), including 160 bHLH-type proteins, 136 MYB-related proteins, 125 FAR1-type proteins, 119
B3-type proteins, and 118 NAC-type proteins (Supplementary Fig. 1F).

https://busco.ezlab.org/
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Through comparisons between purple leaves and green leaves of Ethiopian mustard, a total of 285
differentially expressed proteins (DEPs) were identi�ed from three biological replications with p
value<0.05 (Supplementary Table 1). Of the 285 DEPs, 175 are upregulated and 110 are downregulated in
the leaves of BC-P01 compared with the leaves of BC-G02. These DEPs between BC-P01 and BC-G01
were revealed by a hierarchical clustering analysis (Supplementary Fig. 2 and Supplementary Table 2).

Functional classi�cation analysis
Gene Ontology (GO) functional annotation analysis was used to further clarify the functional
distributions of the 285 DEPs. The results covered a wide range of biological processes, cellular
components and molecular functions, which could be classi�ed into 17, 12, and 11 categories,
respectively (Fig. 2 and Supplementary Table 3). Some DEPs were assigned to more than one
subcategory. In the “biological process” category, the �rst three classi�cations included “cellular process”
(121 upregulated DEPs (67.98%) and 62 downregulated DEPs (55.86%), “metabolic process” (106
upregulated DEPs (59.55%) and 61 downregulated DEPs (54.95%) and “response to stimulus” (74
upregulated DEPs (41.57%) and 41 downregulated DEPs (36.94%) (Fig. 2 and Supplementary Table 3). In
the “cellular component” category, the �rst three classi�cations included “cell part” (151 upregulated
DEPs (84.83%) and 83 downregulated DEPs (74.77%), “organelle” (107 upregulated DEPs (60.11%) and
63 downregulated DEPs (56.76%) and “organelle part” (63 upregulated DEPs (35.39%) and 43
downregulated DEPs (38.74%) (Fig. 2 and Supplementary Table 2). In the “molecular function” category,
the �rst three classi�cations included “catalytic activity” (103 upregulated DEPs (57.87%) and 68
downregulated DEPs (61.26%), “binding” (107 upregulated DEPs (60.11%) and 53 downregulated DEPs
(47.75%), and “molecular function regulator” (8 upregulated DEPs (4.49%) and 5 downregulated DEPs
(4.5%) (Fig. 2 and Supplementary Table 3). These results provided primary proteomic information for
DEPs between lines BC-P01 and BC-G02 of B. carinata. We also found that the expression of DEPs in BC-
P01 with purple leaves was signi�cantly higher than the number of DEPs in BC-G02 with green leaves.

In addition, COG annotation of the DEPs was also performed (Fig. 3 and Supplementary Table 4). All
these DEPs were divided into 25 categories, and some DEPs were assigned to more than one
subcategory. The �rst three classi�cations were “Translation, ribosomal structure and biogenesis” (259
DEPs), “General function prediction only” (223), “Posttranslational modi�cation, protein turnover,
chaperones” (196), “Amino acid transport and metabolism” (165), “Carbohydrate transport and
metabolism” (159) and “Energy production and conversion” (158). Overall, the expression levels of DEPs
in different categories in BC-P01 with purple leaves was signi�cantly higher than that in BC-G02 with
green leaves.

The main biochemical metabolism and metabolic pathways associated with the DEPs were also
described via KEGG pathway database analysis. The results showed that all the annotated proteins were
mapped onto 84 KEGG pathways (Supplementary Table 5). The pathways were mainly related to carbon
metabolism (including 7 upregulated proteins and 10 downregulated proteins), biosynthesis of amino
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acids (8 upregulated and 2 downregulated proteins), 2-oxocarboxylic acid metabolism (8 upregulated and
0 downregulated proteins), phenylpropanoid biosynthesis (8 upregulated and 0 downregulated proteins),
pyruvate metabolism (1 upregulated and 6 downregulated proteins), glutathione metabolism (6
upregulated and 1 downregulated proteins), plant-pathogen interaction (6 upregulated and 1
downregulated proteins), protein processing in endoplasmic reticulum (7 upregulated and 0
downregulated proteins), and so on. Bioinformatics analysis indicated that �ve metabolic processes,
namely, anthocyanin biosynthesis (map00942), carbon metabolism (map01200), 2-oxocarboxylic acid
metabolism(map01210), ascorbate and aldarate metabolism (map00053) and tryptophan metabolism
(map00380), were the most signi�cantly elevated metabolic processes. Overall, KEGG pathways were
identi�ed for 147 upregulated DEPs and 104 downregulated DEPs.

The anthocyanin biosynthesis pathway
The anthocyanin content was synthesized by one complex metabolic pathway. In this study, three
upregulated proteins were identi�ed to be involved in one signi�cant metabolic pathway (map00942, Fig.
4 and Table 1). The fold change values for the proteins TRINITY_DN5961_c0_g2,
TRINITY_DN5961_c0_g1 and TRINITY_DN8427_c0_g1 were 2.13, 2.07 and 2.32, respectively. These
proteins correspond to two anthocyanin 5-O-glucosyltransferases and an anthocyanin 2”-O-
xylosyltransferase, and the genes that encode these proteins are UGT75C1 and UGT79B1, respectively.

Discussion
The synthesized plant TACs, including mainly cyanidin, delphinidin, petunidin, peonidin, and pelargonidin,
can determine plant organ color at speci�c pH values, which is why the Ethiopian mustard leaves in this
study were purple in color. Three upregulated proteins corresponding to the two genes UGT75C1 and
UGT79B1 were identi�ed by iTRAQ. The protein expression levels in BC-P01 with purple leaves was more
than two times that in BC-G02 with green leaves. These two genes should be the key genes associated
with the color difference between lines BC-P01 and BC-G02 of B. carinata. UGT75C1 and UGT79B1 are
involved in the complex metabolic pathways of TAC metabolic synthesis. UGT79B1 (At5g54060),
encoding anthocyanin 3-O-glucoside: 2”-O-xylosyltransferase, together with At3AT1 and At3AT2
(At1g03490 and At1g03495), is responsible for the glycosylation and acylation of cyanidin 3-O-glucoside
(Cy3G) to produce cyanidin 3-O-[2”-O-(xylosyl)–6”-O-(p-coumaroyl) glucoside] [44–46]. Then, the cyanidin
3-O-[2”-O-(xylosyl)–6”-O-(p-coumaroyl) glucoside] can be glucosylated by UGT75C1 (At4g14090),
encoding anthocyanin 5-O-glucosyltransferase, to produce cyanidin 3-O-[2”-O-(xylosyl)–6”-O-(p-
coumaroyl) glucoside] 5-O-glucoside [46, 47]. These studies indicate that UGT75C1 and UGT79B1 play an
important role in TAC synthesis. By utilization of high-throughput RNA sequencing, the expression of
UGT75C1 and UGT79B1 was found to be positively correlated with TAC biosynthesis [47, 48]. In addition,
the expression of UGT75C1 and UGT79B1 was found to be signi�cantly high in purple buds and leaves of
tea [49] and in light purple petals compared with white petals [50], respectively. These results are
consistent with this study because the protein expression level of UGT75C1 and UGT79B1 was
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upregulated in BC-P01 compared with BC-G02. To date, almost no studies related to UGT75C1 and
UGT79B1 expression at the protein level have been reported. The proteins identi�ed in this study by
iTRAQ can provide useful information for studying the metabolic pathway of TAC synthesis in B. carinata
and other species in Brassiceae.

The TAC metabolic pathway can be regulated by primary metabolism, including sucrose, starch, and
hexose sugars. Sucrose is generally the major end product of photosynthetic carbon metabolism, and in
most plants, it is the predominant form of carbon transported to the heterotrophic tissues [51, 52]. The
signi�cant metabolic pathway of the carbon metabolism pathway may be the important reason for the
color difference between BC-P01 and BC-G02 in this study. Sucrose could provide precursors and sugar
moieties for TAC synthesis. In addition, sucrose can speci�cally induce the TAC biosynthetic pathway for
signaling, and these signal transduction pathways may lead to the activation or inactivation of gene
expression [20, 53–55]. The degradation of starch can contribute to anthocyanin accumulation in the
tuberous root of purple sweet potato [56]. The TAC metabolic pathway can be affected by some other
hormones, such as methyl jasmonate [55], GA [57], abscisic acid [58, 59], BPA [60], ethylene [61], and
hematin [62]. TAC synthesis can also be regulated by fertilizers [63], such as nitrogen [64, 65] and
phosphate [66]. Light [67–70], short-day signals [71] and low temperature [72] can also affect the TAC
biosynthesis pathway. Therefore, all of the pathways involved in the synthesis, degradation and
absorption of these factors can regulate TAC biosynthesis in this study.

The genetic transcription of genes in the TAC biosynthetic pathway can be regulated by a combination of
transcription factors (TFs). The regulatory effects of TFs on TAC biosynthesis have been reported in
many studies. The TFs include MYB, bHLH, and WDR. In Arabidopsis thaliana, the PAP1-GL3-TTG1
complex can regulate the TFs of MYB and bHLH [73]. In addition, the reduction of MYB expression can
reduce the expression levels of DFR, LDOX, GST12, F3’H and UGT75C1 in the TAC pathway [74]. UGT75C1
is also upregulated by PAP1, encoding an MYB transcription factor [47]. As a whole, the TF complex (TT2,
TT8, and TTG1) and SmMYB1, an R2R3 MYB transcription factor, can regulate all anthocyanin pathway
genes [73, 75]. In this study, we identi�ed thousands of TFs, including TFs for TAC synthesis, which might
be involved in the regulation of genes in the TAC metabolic pathway.

Conclusions
In this study, an iTRAQ-based proteomic study was carried out to investigate the protein expression pro�le
of the purple-leaved line of B. carinata in comparison with that of the green-leaved line. Identi�ed DEPs by
bioinformatics analysis were mainly associated with “translation, ribosomal structure and biogenesis”,
“general function prediction only”, “posttranslational modi�cation, protein turnover, chaperones”, “amino
acid transport and metabolism”, “carbohydrate transport and metabolism” and “energy production and
conversion”. For anthocyanin biosynthesis, three DEPs, corresponding to two genes UGT75C1 and
UGT79B1, might play an important role. Our results provide insights into whole-proteomic pro�les and
regulatory genes that may be responsible for anthocyanin biosynthesis in B. carinata, and suggest that
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future efforts will be directed towards understanding how these candidate genes regulate the
anthocyanin biosynthesis pathways in this species.
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genes and genomes; TFs: transcription factors
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Table 1
Table 1 Relative differences in the expression levels of the proteins involved in the anthocyanin biosynthesis
pathway between purple-leaved and green-leaved Ethiopian mustard.
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Serial
number

Protein ID Description Gene
name

Fold change BC-P01
versus BC-G02

P-
value

1 TRINITY_DN5961_c0_g2 anthocyanin 5-O-
glucosyltransferase

UGT75C1 2.13 0.000
2 TRINITY_DN5961_c0_g1 UGT75C1 2.07 0.001

3 TRINITY_DN8427_c0_g1 anthocyanin 2’’-O-
xylosyltransferase

UGT79B1 2.32 0.007

Figures

Figure 1

The total anthocyanin content determined by the simpli�ed method (A, g·10 mL 0.1 mol/L hydrochloric
acid) and pH differential method (B, mg·g-1) in Ethiopian mustard (B. carinata) lines with purple and
green leaves.
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Figure 2

Gene Ontology (GO) functional annotation analysis of the DEPs, covering a wide range of biological
processes, cellular components and molecular functions.
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Figure 3

COG annotation of the DEPs, which are divided into 25 categories.
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Figure 4

The anthocyanin metabolic pathway, including three upregulated proteins identi�ed in this study.
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