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Plant carotenoids have a key role in preventing various diseases in human because of

their antioxidant and provitamin A properties. Chickpea is a good source of carotenoid

among legumes and its diverse germplasm and genome accessibility makes it a good

model for carotenogenesis studies. The structure, location, and copy numbers of genes

involved in carotenoid biosynthesis were retrieved from the chickpea genome. The

majority of the single nucleotide polymorphism (SNPs) within these genes across five

diverse chickpea cultivars was synonymous mutation. We examined the expression

of the carotenogenesis genes and their association with carotenoid concentration

at different seed development stages of five chickpea cultivars. Total carotenoid

concentration ranged from 22 µg g−1 in yellow cotyledon kabuli to 44 µg g−1 in

green cotyledon desi at 32 days post anthesis (DPA). The majority of carotenoids in

chickpea seeds consists of lutein and zeaxanthin. The expression of the selected 19

genes involved in carotenoid biosynthesis pathway showed common pattern across five

cultivars with higher expression at 8 and/or 16 DPA then dropped considerably at 24 and

32 DPA. Almost all genes were up-regulated in CDC Jade cultivar. Correlation analysis

between gene expression and carotenoid concentration showed that the genes involved

in the primary step of carotenoid biosynthesis pathway including carotenoid desaturase

and isomerase positively correlated with various carotenoid components in chickpea

seeds. A negative correlation was found between hydroxylation activity and provitamin A

concentration in the seeds. The highest provitamin A concentration including β-carotene

and β-cryptoxanthin were found in green cotyledon chickpea cultivars.

Keywords: chickpea, single nucleotide polymorphism (SNP), carotenoids, gene expression

INTRODUCTION

Chickpea (Cicer arietinum L.) is one of the most important legume crops in the semi-arid tropics.
Its worldwide production ranks second after common bean (FAOSTAT, 2012). It is considered
as one of the most important food legumes in the developing countries because of its nutritional
value and its capacity for symbiotic nitrogen fixation that can provide the entire crop demand for
nitrogen (Jukanti et al., 2012).
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Two chickpea types, kabuli and desi, are commonly grown.
Selection for traits like flower color and zero tannins in
seed resulted in the evolving kabuli from desi chickpea in
the Mediterranean basin (van der Maesen, 1972; Moreno and
Cubero, 1978; Jana and Singh, 1993). Chickpea has a relatively
small (740Mb) diploid (2n= 2x= 16) genome (Arumuganathan
and Earle, 1991) and the genome sequence of both kabuli
(Varshney et al., 2013) and desi (Jain et al., 2013) types are
available that makes chickpea a good case for legume genetic and
genomic research.

Chickpea is a good source of vitamins including riboflavin,
niacin, thiamin, and β-carotene as the precursor of vitamin A
(Cabrera et al., 2003; Abbo et al., 2005). Vitamin A deficiency
leads to xerophthalmia that causes blindness among children
(World Health Organization, 2009). Vitamin A deficiency
also increases the chance of getting malaria and diarrheal
disease (ACC/SCN, 2000). Carotenoids are categorized as a
group of lipophilic yellow, orange, and red pigments primarily
produced by photosynthetic organisms and also by certain
fungi and bacteria (Khoo et al., 2011). They play a key
role in photosynthesis and prevent photooxidation damage in
plants (Howitt and Pogson, 2006). There are two major classes
of carotenoids: (i) oxygenated (or xanthophyll) that includes
lutein, violaxanthin, and neoxanthin and (ii) non-oxygenated (or
carotenes) that include β-carotene and lycopene (DellaPenna and
Pogson, 2006).

Plant carotenoids are C40 tetraterpenoids with conserved
biosynthetic pathway that can be found in all photosynthetic
tissues (DellaPenna and Pogson, 2006; Grotewold, 2006). The
plastid-localized 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway is responsible for producing a large number of carbon
flux used for carotenoids biosynthesis (Giuliano, 2014). In the
first step of MEP pathway, 1-deoxy-D-xylulose 5-phosphate
(DXP) is derived from pyruvate and glyceraldehydes-3-
phosphate under the control of 1-deoxy-D-xylulose-5-phophate
synthase (DXS). The conversion of DXP to MEP is performed
by 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR;
Julliard and Douce, 1991; Julliard, 1992). In the following steps,
production of isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) is mediated by1-hydroxy-2-methyl-
2-(E)-butenyl 4-diphosphate reductase (HDR; Lichtenthaler,
1999). Then, threemolecules of IPP and onemolecule of DMAPP
are condensed into geranyl-geranyl diphosphate (GGPP) by
GGPP synthase (Kleing, 1989). Two molecules GGPPs are
converted to phytoene under the control of phytoene synthase
(PSY ; Rodríguez-Concepción, 2010). Subsequently, phytoene
is converted into lycopene through four desaturation and two
isomerization reactions (Bartley et al., 1991; Albrecht et al., 1995;
Chen et al., 2010; Yu et al., 2011).

Lycopene cyclization is facilitated by two enzymes including
lycopene β-cyclase (LCYB) and lycopene ε-cyclase (LCYE)
that finally produce β-carotene and α-carotene from lycopene
(Pogson et al., 1996; Owens et al., 2014). The two molecules,
β-carotene and α-carotene, are then converted into zeaxanthin
(β, β-carotene 3,3′-diol) and lutein (β, α-carotene 3,3′-diol),

Abbreviations: DPA, Days post anthesis.

respectively, by β-carotene hydroxylase (Britton, 1990). The
conversion of zeaxanthin to violaxanthin is mediated by the
enzyme zeaxanthin epoxidase (ZEP; Misra et al., 2006; Chen et al.,
2014).

Carotenoids are also precursors for apocarotenoids such
as plant hormone abscisic acid, which is essential for plant
growth and development (Kermode, 2005; Umehara et al., 2008).
Apocarotenoid formation is mediated by carotenoid cleavage
dioxygenases (CCD; Auldridge et al., 2006). Violaxanthin de-
epoxidase works as part of the xanthophyll (or violaxanthin)
cycle and has a key role in the de-epoxidation of xanthophyll
pigments such as violaxanthin (V) and antheraxanthin (A) into
zeaxanthin (Z) (Misra et al., 2006; Chen et al., 2014). In the last
step, violaxanthin is converted into allenic carotenoid neoxanthin
by neoxanthin synthase (NSY ; Welsch et al., 2008). The detail
pathway of carotenoid biosynthesis can be seen in the report
by Yan et al. (2010) and da Silva Messias et al. (2014). Each
class of these enzymes seems to be responsible for the carotenoid
metabolism at different and specific subcellular sites under both
normal and stress conditions (Rubio et al., 2008).

Specific gene family members that are responsible for
carotenoid content and composition during endosperm
development have been well characterized in maize (Li et al.,
2008; Vallabhaneni and Wurtzel, 2009; Vallabhaneni et al.,
2009). Various approaches including metabolic and genetic
engineering (Welsch et al., 2010; Kumar et al., 2012; Mintz-
Oron et al., 2012; Nogueira et al., 2013; Ariizumi et al., 2014),
advanced genomics and bioinformatics (Wurtzel et al., 2012),
genomic-assisted selection (Campbell et al., 2014; Owens et al.,
2014) and transcriptome analysis (Caroca et al., 2013; Frusciante
et al., 2014) have been applied for studying carotenogenesis
and improvement of carotenoid content in different crops. To
develop chickpea cultivars with higher carotenoid concentration,
information on the genetic basis of carotenogenesis in chickpea
is substantial. The availability of genome assembly of chickpea
(Jain et al., 2013; Varshney et al., 2013) provides a good source of
information to identify the potential candidate genes involved in
carotenogenesis.

The objectives of this research were first to identify candidate
genes for carotenogenesis in chickpea through genome-wide
analysis, and secondly to examine their expression pattern and
their correlation with carotenoid concentration at different seed
developmental stages across five diverse chickpea cultivars.

MATERIALS AND METHODS

Candidate Gene Analysis
The sequences of genes involved in the carotenoid pathway were
collected from Medicago truncatula and Arabidopsis thaliana
genomes in the GeneBank database such as National Center for
Biotechnology Information (NCBI BLAST R© online database).
The sequences were blasted against CDC Frontier genome
assembly (Varshney et al., 2013) in order to retrieve the gene
sequences from chickpea. The structure of the genes and proteins
in the carotenoid and isoprenoid pathways were analyzed
in chickpea, M. truncatula and A. thaliana. To evaluate the
similarity of the genes that have more than two copy numbers,
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protein sequence alignment was done using Bio Edit sequence
alignment editor software (Hall, 1999).

Re-sequencing and SNP Calling
Whole genome resequencing was done on four chickpea cultivars
CDC Verano, CDC 441-34, CDC Jade, and CDC Cory. The
Paired-end (PE) genomic DNA libraries were constructed from 1
µg of gDNA using Illumina TruSeq DNA PCR-Free HT Library
Preparation Kits (Illumina, Inc) and sequenced on Illumina
HiSeq 2500 using 2× 125 chemistry.

The raw data were subjected to filtration and correction steps
using Trimmomatic v0.35 (Bolger et al., 2014). The high-quality
reads obtained were then aligned to CDC Frontier reference
genome sequence using BWAv0.7.12 (Li, 2013), and finally,
variant calling was performed using GATK v3.5 HaplotypeCaller
pipeline (McKenna et al., 2010).

We selected 32 genes from both carotenoid and isoprenoid
pathways for SNP analysis. The genome assembly of CDC
Frontier was considered as the reference and the sequences from
the other four cultivars were compared to the CDC Frontier
genome annotation. The 2 kb upstream and downstream of each
gene sequence were chosen to cover the intergenic region for
SNP discovery. Using SnpEff software, the SNPs among the five
chickpea cultivars were identified and extracted (Cingolani et al.,
2012).

Seed Sample Collection
Five chickpea cultivars with different cotyledon colors including
CDC Frontier (yellow cotyledon kabuli), CDC Verano (green
cotyledon kabuli), CDC 441-34 (yellow cotyledon kabuli), CDC
Jade (green cotyledon desi), and CDC Cory (yellow cotyledon
desi) were grown in 15 L pots filled with Sunshine mix #4 media
(SunGrow, Seba Beach, Alberta, Canada) in the green house. The
NPK fertilizer (20-20-20) was added to each pot (three g L−1) for
three times after plants reached the height of 20 cm.

The flowers were tagged at the day of anthesis (before the
flowers open completely) and three to four developing seeds
(pods) were harvested at each growth stage at 8, 16, 24, and
32 days post-anthesis (DPA). Three biological replicates were
planted for each cultivar and seed growth stage. Harvested pods
were immediately floated in liquid nitrogen and were kept in
−80◦C until RNA extraction.

Gene Expression Analysis
Different primer pairs were designed using Primer3 online
program (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) for q-
PCR analysis and their accuracy was checked by the Primer-
BLAST program (Table S4).

Total RNA was isolated from chickpea seeds of four
developmental stages using hexadecyltrimethylammonium
bromide (CTAB) according to the procedure described by
Kannan et al. (2014). Extracted RNA samples were treated with
DNase I (Life Technology, Invitrogen, USA) to remove any
DNA contamination. The synthesis of first cDNA strand was
performed using Sensi FASTTM cDNA Synthesis Kit (BIOLINE,
USA). The real-time PCR assay was conducted using C1000
TouchTM Thermal Cycler (BIO-RAD, USA) using the Sensi

FASTTMSYBR NO-ROX Kit (BIOLINE, USA). The relative
expression was calculated using 2(−11Ct) method (Livak and
Schmittgen, 2001). In order to find the most appropriate
internal control, six housekeeping genes including actin 1 (Act1),
elongation factor 1-alpha (Ef1α), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), initiation factor 4a (IF4a), heat shock
protein 90 (HSP90), and 18S ribosomal RNA (18SrRNA) (Table
S4) were selected and examined for their expression (Garg
et al., 2010). The 8 DPA stage of CDC Frontier was used as the
reference sample and two technical replicates were used for each
biological replication to minimize sampling errors. We applied
UPMG method to develop a dendrogram based on K-means
clustering with Cluster v3.0 program (Eisen et al., 1998). The
gene expression patterns are presented as a heat map using
Treeview v1.60 (Page, 1996). The gene expression levels are also
presented as bar graphs (Figure S2).

Carotenoid Measurement
The seed carotenoid was measured across three developmental
stages including 16, 24, and 32 DPA of five chickpea cultivars
using high-performance liquid chromatography (HPLC). We
used 100mg of fine powder from whole chickpea seeds for
carotenoid extraction. The samples were premixed with 400 µl
of (1:1 of methanol and DCM [dichloromethane]) and then
were centrifuged for 15 min at 11,000 rpm. The supernatant was
transferred to a new tube and 400 µl of 100% acetonitrile was
added and centrifuged for 5 min at 11,000 rpm. All solution was
mixed with 0.1% BHT (butylated hydroxytoluene) to minimize
carotenoid oxidation.

Chromatography was conducted using the Agilent 1200 LC
system with Chemstation software (Agilent Technologies, Santa
Clara, CA, USA). Separation was done on Prodigy 5 µm
(250 × 4.60 mm) column with the mobile phase 58:20:22
acetonitrile/dichloromethane/methanol flowing at 0.8 ml/min.
One hundred microliter volume from each sample was injected
in each run for 45 min. Detection of various components was
done using a photodiode array detector monitoring at a 450 nm
wavelength.

Five standards including lutein and violaxanthin
(ChromaDex, Irvine, CA, USA), zeaxanthin, β-carotene and
β-cryptoxanthin (95% purity; Sigma-Aldrich Canada, Oakville,
ON) were used to make linear standard curves as described by
Ashokkumar et al. (2014). The regression coefficients for the
calibration were obtained as follow: violaxanthin (y = 11.6x
− 16.95, R2 = 0.992), lutein (y = 10.5x + 27.88, R2 = 0.999),
zeaxanthin (y = 8.1x + 5.81, R2 = 0.995), β-cryptoxanthin (y
= 40.02x + 56.2, R2 = 0.999) and β-carotene (y = 15x + 47.63,
R2 = 0.999). The y denoted peak area and the x represented
concentration (µg mL−1).

UV-visible spectra analysis and comparison of retention
time with the authentic standard was used for carotenoid
determination (Ashokkumar et al., 2014). The retention time was
3.8, 4.5, 5.6, 9.3, and 22.3min for violaxanthin, lutein, zeaxanthin,
β-cryptoxanthin and β-carotene, respectively. We used three
biological replicates with two injections as technical repeats to
improve the analysis by the HPLC. Results were converted into
µg g−1 as carotenoid concentration.
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Statistical Analysis
Pearson correlation analysis was done between transcript levels
and carotenoid concentrations in chickpea seeds at different
developmental stages. All the statistical analyses were done using
SAS software (Version 9.1, SAS Institute Inc., Cary, NC, USA).

RESULTS

Carotenoid Biosynthesis Genes in
Chickpea, Arabidopsis, and Medicago
The total number of genes for both isoprenoid and carotenoid
pathways were 32 in chickpea and 26 in Arabidopsis. We found
more copy numbers of some genes from both pathways in
chickpea compared to Arabidopsis which can be explained by
the differences in the genome size of these two species. Chickpea
genome size of 740 Mbp (Varshney et al., 2013) is over five
times larger than Arabidopsis (135 Mbp; Arabidopsis Genome
Initiative, 2000).

The properties of carotenoid and isoprenoid genes in M.
truncatula were similar to chickpea as both species share
common legume family. Except for three genes, PSY, BCH,
and ZEP, we found similar copy numbers for the rest of the
carotenoid and isoprenoid genes inM. truncatula and in chickpea
(Table S1). The estimated genome size of M. truncatula is 465
Mbp that is bigger than that of Arabidopsis (Bennett and Leitch,
2011).

In chickpea, the genes CCD1 and GGPPS2 represent the
largest and smallest size with 15 Kbp and 1.8 Kbp in size,
respectively. Four genes including GGPPS1, GGPPS2, LCYB, and
NSY had only one exon, whereas ZEP1 and ZEP2 had the highest
number of exons (16 exons). In Arabidopsis, the largest and
smallest genes were PDS with 6.6 Kbp and GGPPS2 with 1.7
Kbp, respectively. Two genes GGPPS1 and GGPPS2 had only
one exon, while ZEP1 was detected to have the highest number
of exons (16 exons) in Arabidopsis (Table S1).

Domain analysis showed that the largest number of genes
in the pathways have the Rossmann-fold NAD(P)H/NAD(P)(+)
binding (NADB) domain in their structure. The main domain
in PSY genes is Isoprenoid Biosynthesis Enzymes-Class 1 that is
similar to GGPPS genes from isoprenoid pathway as observed in
Arabidopsis andMedicago (data not shown). The properties of all
the domains are listed in Supplemental information (Table S2).

Two genes including DXS and PSY each with four copy
numbers were chosen for sequence similarity analysis in
chickpea. Sequence alignment and similarity matrix indicated
that DXS1 and DXS2 had the highest similarity (0.842) and DXS4
had the lowest level of similarity with other DXS genes. In case
of PSY genes, PSY2, and PSY3 were highly similar (0.816) and
PSY1 and PSY4 had the lowest similarity (0.484) within this group
(Figure S1, Table S3).

Sequence Analysis and SNP Identification
Sequence analysis was done on the 32 candidate genes
(Figure 1) that play an important role in carotenoid biosynthesis.
In total 476 SNPs were found in the upstream, exon,
intron and downstream sequences of the genes across the
five chickpea cultivars. A total of 17 SNPs (Table 1) was

found in the coding region of 1-deoxy-D-xylulose-5-phosphate
synthase (DXS1 and DXS2), lycopene β-cyclase (LBC), β-carotene
hydroxylase (BCH1), zeta carotene isomerase (ZISO2), 1-deoxy-
D-xylulose 5-phosphate reductoisomerase (DXR2), and geranyl-
geranyl diphosphate synthase (GGPPS2). Only two missense
mutations, which code for different amino acid, were found in
ZISO2, while the rest of the SNPs were synonymous mutation.
Consequently, the amino acid Serine (S) changed to Proline (P)
at position 15 and Phenylalanine (F) to Leucine (L) at position
147 in CDC Verano compared to the reference genome CDC
Frontier.

Carotenoid Concentration
The highest concentration of lutein was observed in CDC Jade
at 16 DPA. The lutein concentration dropped significantly at 24
and 32 DPA. The lowest concentration of lutein was observed in
CDC Frontier. The concentration of zeaxanthin was highest in
CDC Cory followed by CDC Jade. The zeaxanthin concentration
was lowest and similar in three cultivars CDC Frontier, CDC
441-34 and CDC Verano (Table 2). The highest concentration
of β-carotene was observed in CDC Cory and CDC Jade at 16
DPA, but at the later stage, we observed the highest concentration
in CDC Jade and CDC Verano. CDC Jade and CDC 441-34
showed the highest and lowest concentration of β-cryptoxanthin,
respectively, in almost all stages. In addition, the highest and
lowest concentration of violaxanthin was observed in CDC Jade
and CDC Frontier, respectively. Total carotenoid was highest
in CDC Jade and lowest in CDC Frontier. In general, the
concentration of different types of carotenoid decreased from
16 to 32 DPA in all cultivars. Overall in the five cultivars, the
concentration of lutein was the highest followed by zeaxanthin,
β-carotene, β-cryptoxanthin and violaxanthin (Table 2).

Gene Expression
One of the most important factors for the real-time PCR data
analysis is finding a good internal control because all the results
would be normalized based on the cycle threshold (CT) of the
house-keeping gene. Among all the house-keeping genes tested
in this study, the 18SrRNA showed constant expression within
and among the cultivars at different developmental stages (data
not shown); therefore, it was used as the internal control for the
expression analysis.

The expression of four genes ZISO1, ZISO2, ZDS, and VDE
were grouped in cluster I and the rest of carotenoid genes were
included in cluster II (Figure 2). The expression level of phytoene
synthase 1 was higher at early stage (8 DPA) than in the later
stages of all cultivars. The highest and the lowest transcript
levels of phytoene synthase 1 were found in CDC Jade and CDC
Frontier, respectively. The same pattern was also observed for
phytoene synthase 2 and 3. In contrast, phytoene synthase 4
had the lowest expression level in CDC Jade. The expression of
phytoene desaturase was dominant at 8 DPA and its expression
level was almost similar in all cultivars. Significant expression
of carotene 15-cis-ζ -carotene isomerase 1 and 2 and ζ -carotene
desaturase was obtained in CDC Jade and CDC 441-34 cultivars
at 8 DPA (Figure 2 and Figure S2).
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FIGURE 1 | Physical map (Mbp) of chickpea carotenogenesis genes including DXS1 and DXS2, 1-deoxy-D-xylulose-5-phosphate synthase; DXR1 and

DXR2, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; HDR, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; GGPPS1 and GGPPS2,

geranyl-geranyl diphosphate synthase; PSY1, PSY2, PSY3, and PSY4, phytoene synthase; PDS, Phytoene desaturase synthase; ZISO1 and ZISO2,

15-cis-zeta-carotene isomerase; ZDS, ζ -carotene desaturase; CRTISO1 and CRTISO2, prolycopene isomerase; LBC, lycopene β-cyclase; LCYε,

lycopene ε-cyclase; BCH1 and BCH2, β-carotene hydroxylase; CYP97A, cytochrome P450-type β-hydroxylase; CYP97B, cytochrome P450-type 97B;

CYP97C, cytochrome P450-type monooxygenase; ZEP1 and ZEP2, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; CCD1, crotenoid

9,10(9′,10′)-cleavage dioxygenase 1; and NSY, neoxanthin synthase with their name, accession numbers, and chromosomal location (Ca) that were

analyzed in this study. The genes in this figure were retrieved from the chickpea genome assemblies of both kabuli (Varshney et al., 2013) and desi (Jain et al., 2013)

types.

The next two enzymes in the pathway, carotene isomerase
(CRTISO) 1 and 2, were expressed predominantly in the kabuli
type. Lycopene β-cyclase, lycopene ε-cyclase, and carotenoid
dioxygenase were highly expressed at 8 DPA in all cultivars. On
average the lowest expression of β-carotene hydroxylase 1 and 2
was observed in CDC Jade and CDC Verano cultivars at 8 DPA.
Expression of violaxanthin de-epoxidase was higher in CDC Jade
at 8 DPA than that of other cultivars and the lowest expression
was observed in CDC Frontier. Expression pattern of the two

zeaxanthin epoxidase was similar with higher expression at 8
DPA, except for CDC Verano in which its expression increased
at 16 DPA. The highest expression of neoxanthin synthase was
observed in CDC 441-34 at 16 DPA (Figure 2 and Figure S2).

Correlation Analysis
Correlation analysis revealed positive correlations between
the expression of the genes in the primary steps of the
carotenogenesis including zeta-carotene desaturase, zeta
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TABLE 1 | The list of 17 SNPs found in the coding region of DXS1 and DXS2, 1-deoxy-D-xylulose-5-phosphate synthase; LBC, lycopene β-cyclase; BCH1,

β-carotene hydroxylase; ZISO2, zeta carotene isomerase; DXR2, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; and GGPPS2, geranyl-geranyl

diphosphate synthase with their chromosomal location, physical position (bp) and the differences between the reference (CDC Frontier) and the

alternative across four other cultivars.

Gene Chromosome Position (bp) Reference Alternative CDC 441-34 CDC Jade CDC Cory CDC Verano

DXS2 Ca1 4631533 G A 1/1 1/1 1/1 1/1

LBC Ca3 28752373 A G 1/1 1/1 1/1 1/1

BCH1 Ca4 12093051 T C 0/0 1/1 0/1 0/1

ZISO2 Ca6 10805615 C T 0/0 0/0 0/0 0/1

ZISO2 Ca6 10805725 T G 0/0 0/0 0/0 0/1

ZISO2 Ca6 10805905 C A 0/0 0/0 0/0 0/1

ZISO2 Ca6 10805923 C T 0/0 0/0 0/0 0/1

DXS1 Ca7 5529110 A G 0/0 1/1 1/1 0/1

DXS1 Ca7 5529191 A G 0/0 1/1 1/1 0/0

DXR2 Ca7 30117254 T C 1/1 1/1 0/0 1/1

DXR2 Ca7 30117353 A G 1/1 1/1 0/1 1/1

DXR2 Ca7 30117362 A G 1/1 1/1 0/1 1/1

DXR2 Ca7 30117491 C T 1/1 1/1 0/1 1/1

DXR2 Ca7 30117821 T C 1/1 1/1 0/1 1/1

DXR2 Ca7 30136051 A G 1/1 1/1 0/0 1/1

DXR2 Ca7 30136328 G A 1/1 1/1 0/1 1/1

GGPPS2 Ca8 4790033 C T 0/0 0/1 0/0 0/1

TABLE 2 | Concentration (µg g−1) of different seed carotenoids including Lutein, Zeaxanthin, β-carotene, β-cryptoxanthin, Violaxanthin and total

carotenoid ± Se in five chickpea cultivars (CDC Frontier, CDC 441-34, CDC Verano, CDC Cory, and CDC Jade) at 16, 24, and 32 days post anthesis (DPA).

Cultivars DPA Lutein Zeaxanthin β-Carotene β-Cryptoxanthin Violaxanthin Total

CDC Frontier 16 26.5 ± 1.01 18.25 ± 0.19 2.15 ± 0.16 2.15 ± 0.01 1.32 ± 0.01 50.37

CDC Frontier 24 15.4 ± 0.08 10.1 ± 0.07 1.73 ± 0.19 0.94 ± 0.03 0.66 ± 0.03 28.85

CDC Frontier 32 11.71 ± 0.14 8.74 ± 0.19 1.68 ± 0.14 0.79 ± 0.15 0.68 ± 0.15 23.64

CDC 441-34 16 27.43 ± 1.82 20.33 ± 0.68 1.92 ± 0.3 1.18 ± 0.18 1.8 ± 0.18 52.69

CDC 441-34 24 17.86 ± 0.35 14.44 ± 0.19 1.86 ± 0.15 0.98 ± 0.0 1.48 ± 0.01 36.63

CDC 441-34 32 10.64 ± 0.81 8.1 ± 0.33 1.74 ± 0.08 0.94 ± 0.01 0.68 ± 0.01 22.12

CDC Verano 16 37.43 ± 1.09 29.51 ± 0.16 2.25 ± 0.08 2.3 ± 0.15 2.1 ± 0.15 73.59

CDC Verano 24 19.01 ± 0.45 19.82 ± 0.06 1.78 ± 0.14 1.0 ± 0.02 1.1 ± 0.02 42.37

CDC Verano 32 17.98 ± 0.44 9.05 ± 0.09 1.9 ± 0.02 0.82 ± 0.13 1.05 ± 0.13 30.83

CDC Cory 16 37.36 ± 0.36 31.84 ± 0.6 2.37 ± 0.07 2.55 ± 0.12 2.04 ± 0.12 76.18

CDC Cory 24 22.36 ± 0.14 22.16 ± 0.19 1.89 ± 0.0 1.43 ± 0.0 0.99 ± 0.01 48.84

CDC Cory 32 17.72 ± 0.18 18.51 ± 0.05 1.76 ± 0.14 0.86 ± 0.07 0.67 ± 0.07 39.54

CDC Jade 16 45.93 ± 0.64 26.12 ± 0.86 2.61 ± 0.06 2.88 ± 0.13 2.51 ± 0.13 80.07

CDC Jade 24 31.82 ± 0.14 17.89 ± 0.38 2.43 ± 0.02 2.54 ± 0.39 1.76 ± 0.39 56.44

CDC Jade 32 24.09 ± 0.34 14.76 ± 0.11 2.13 ± 0.01 1.74 ± 0.04 1.28 ± 0.04 44.03

carotene isomerase, poly lycopene isomerase, and carotenoid
concentration. A negative correlation was obtained between
hydroxylation and cleavage activities and provitamin A
concentration (Table 3).

DISCUSSION

The current study revealed that the majority of the SNPs
within the genes involved in carotenoid biosynthesis resulted
from synonymous substitutions. Similar patterns of variation

were also found in genes of carotenoid biosynthesis in tomato,
citrus, pepper, and carrot (Livingstone and Anderson, 2009). The
highly conserved carotenoid biosynthesis genes across different
species reflect that these genes are required for a wide range
of end products essential for the plants. Any changes on
these enzymes could have major deleterious effect on plant
fitness. Traditionally, researchers mainly focused on the non-
synonymous mutations that can result in the changing of the
amino acids and consequently protein function (Sauna and
Kimchi-Sarfaty, 2011). However, recent studies indicated that
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FIGURE 2 | Heat map of the expression pattern of the carotenogenesis genes in chickpea seeds at four developmental stages 8, 16, 24, and 32 days

post anthesis (DPA) of five cultivars CDC Frontier, CDC 441-34, CDC Verano, CDC Cory, and CDC Jade. The list of the genes includes PSY1, Phytoene

synthase 1; PSY2, Phytoene synthase 2; PSY3, Phytoene synthase 3; PSY4, Phytoene synthase 4; PDS, Phytoene desaturase synthase, ZISO1, 15-cis-zeta-carotene

isomerase 1; ZISO2, 15-cis-zeta-carotene isomerase 1; ZDS, ζ -carotene desaturase, CRTISO1, carotene isomerase; CRTISO2, carotene isomerase 2; LCYB,

lycopene β-cyclase; LCYE, lycopene ε-cyclase; BCH1, β-carotene hydroxylase 1; BCH2, β-carotene hydroxylase 2; ZEP1, zeaxanthin epoxidase 1; ZEP2, zeaxanthin

epoxidase2; CCD1, crotenoid 9,10(9’,10’)-cleavage dioxygenase 1; VDE, violaxanthin de-epoxidase; and NSY, neoxanthin synthase. Up-regulation and

down-regulation are indicated in red and green colors, respectively. No detected expression is indicated with gray color.

the synonymous mutations may have an effect on mRNA
splicing (Pagani et al., 2005), mRNA stability (Kimchi-Sarfaty
et al., 2007), the efficiency of protein translation, and protein
folding (Sauna andKimchi-Sarfaty, 2011). Protein expression can
also be influenced by synonymous SNPs as they are involved
in regulating microRNA-mediated genes (Wang et al., 2015).
Therefore, the synonymous SNPs identified in the diverse
chickpea cultivars in this study may have potential functional
significance in carotenoid biosynthesis. Further study might be
needed to examine the detail of this mechanism.

The two non-synonymous SNPs in ZISO2 in CDC Verano are
good examples of mutations that changed the amino acids as a
result. The enzyme ZISO2 is involved in isomerization activities
in the carotenoid pathway. Its expression significantly correlated
with various carotenoid concentrations. The green cotyledon
kabuli, CDC Verano, has the highest carotenoid concentration
among all the kabuli type which could be due to the mutations in
ZISO2 in this cultivar.

Variation of exon numbers among different copies of the
carotenoid genes is interesting in this study. For example, among
the different copies of the CRTISO gene the exon numbers varied
from 5 to 13, while in PSY the exons varied from five to nine
(Table S1). Exon-intron architecture is one of the mysterious
issues in gene evolution (Zhu et al., 2009). It seems that the length
and CG content of first exon and intron have an association
with functional element in higher organism (Kalari et al., 2006).
Kreimer and Pe’er (2013) also discussed that exon variant can
affect gene expression. It is possible that the changes in gene
expression between different copy numbers of a carotenoid gene
like PSY in chickpea might be affected by the variation in exon
number and size.

The 32 candidate genes involved in isoprenoid and carotenoid
pathways were distributed across all 8 chromosomes of chickpea.
Different copy numbers for some candidate genes exist in the
chickpea genome (Figure 1). The PSY gene has been considered
as a key regulator of the carotenoid pathway (Li et al., 2007,
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2008). In domesticated maize, the PSY1 locus has been the target
of selective sweep and it was reported that 6.6–27.2% variations
of the seed carotenoid concentration are associated with the
activity of this enzyme (Palaisa et al., 2004; Chander et al., 2008;
Bai et al., 2009). Pozniak et al. (2007) showed that PSY1 is co-
segregated with the 7B QTL in durum wheat (Triticum turgidum
L. var durum) and confirmed the correlation of the gene with
phenotypic variation for endosperm color. Cereals commonly
have three homologs of PSY in their genome. Study on PSY
family in maize showed that the expression of each member
can be different among various tissues. Usually, the expression
of PSY1 is higher in leaves and yellow endosperm, but PSY2
expression is significant in almost all tissues (Gallagher et al.,
2004). The third family member, PSY3 is normally expressed in
embryo and root especially under stress condition (Li et al., 2007).
In chickpea, we found four members of PSY family, which may
have a positive effect on carotenoid concentration across different
cotyledon colors.

Significant and positive correlation between isomerization
activities and carotenoid concentration (Table 3) in chickpea
indicated the key role of these enzymes in providing common
precursor lycopene for carotenoid types. We also found
that desaturation reaction had a positive correlation (tend
to be significant) with carotenoid concentration (data not
shown). In addition, the transcript levels of isoprenoid
genes including 1-deoxy-D-xylulose-5-phosphate synthase
(DXS3), 1-deoxy-D-xylulose 5-phosphate reductoisomerase
(DXR), 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
reductase (HDR), geranylgeranyl diphosphate synthase (GGPS1)
(Julliard and Douce, 1991; Julliard, 1992; Lichtenthaler, 1999),
can significantly affect carotenoid concentration in plant
(Vallabhaneni and Wurtzel, 2009), as carotenoid biosynthesis is
a derivative of isoprenoid pathway (Cuttriss et al., 2011). The
deficiency of ζ -carotene desaturase (ZDS) gene in sunflower
(Helianthus Annuus L.) resulted in the accumulation of ζ -
carotene and the absence of β-carotene, lutein and violaxanthin
in cotyledon (Conti et al., 2004). In many cases, genetic
transformation or overexpression of phytoene synthase and
desaturase to crop plants has resulted in higher provitamin
A and total carotenoid concentration (Ye et al., 2000; Paine
et al., 2005; Diretto et al., 2007; Naqvi et al., 2009; Kim et al.,
2012). This study showed that CDC Jade cultivar with highest
carotenoid concentration also had the highest expression level
of ZDS.

The β-carotene hydroxylation converts provitamin A
compounds into xanthophylls that have no provitamin A
properties (Quinlan et al., 2012), so the challenge for breeders
to develop cultivars with higher provitamin A concentration is
limiting the β-carotene hydroxylation (da Silva Messias et al.,
2014). Diretto et al. (2006) showed that silencing of β-carotene
hydroxylase results in a higher β-carotene concentration in
potato. In this study, we observed lower hydroxylation activities
in CDC Verano and CDC Jade cultivars with high carotenoid
concentration.

Cleavage activity is involved in apocarotenoid production that
consequently reduces the carotenoid concentration (Auldridge
et al., 2006). Also, the carotenoid cleavage dioxygenase has been

TABLE 3 | Pearson correlation analysis between transcript levels of the

genes involved in carotenoid biosynthesis pathway and their products in

chickpea seed at different days post anthesis (DPA).

Gene Carotenoid type Stage Correlation coefficient

Zeta carotene isomerase 2 Lutein 32 DPA 0.90*

Zeta carotene isomerase 2 Zeaxanthin 32 DPA 0.86*

Zeta carotene isomerase 2 β-Carotene 32 DPA 0.94**

Zeta carotene isomerase 2 β-Cryptoxanthin 32 DPA 0.93**

Zeta carotene isomerase 2 Total Carotenoid 32 DPA 0.90*

Neoxanthin synthase Total 8 DPA 0.87*

P < 0.05 and P < 0.01 were considered for significant (*) and highly significant (**),

respectively.

considered as a negative regulator for β-carotene concentration
in Arabidopsis and its expression had a direct effect on the
degradation and turnover of carotenoids in seeds duringmaturity
period (Rodríguez-Ávila et al., 2011; Gonzalez-Jorge et al.,
2013). For example, functional analysis of carotenoid cleavage
dioxygenase mutant in Arabidopsis (AtCCD1), showed higher
carotenoid concentration inmature seeds of mutant cultivar than
the wild type (Auldridge et al., 2006). The important effect of
ZEP1 region on carotenoid concentration in 281 maize lines with
various kernel colors has been discussed by Owens et al. (2014).
It seems that the ratio between carotenoid production and its
conversion into apocarotenoid, plays a key role in carotenoid
concentration in chickpea. In CDC Frontier and CDC 441-
34 cultivars this ratio is lower than CDC Cory and CDC Jade
cultivars with higher carotenoid concentration.

Based on our results the carotenoid levels decreased from
earlier stage to later stage in chickpea seeds. The ABA
concentration increases during seed development and it is
positively correlated with embryo maturation (Wang et al.,
1998). The legume seeds, which are mostly embryo, have a
significant concentration of ABA (Goldberg et al., 1994). ABA
is not the only cleavage product of carotenoids and there are
more products like strigolactone (Booker et al., 2004). This
process can explain the reduction of carotenoid during seed
development. In addition, non-enzymatic activities including
oxidative stress and lipid peroxidation involved in carotenoid
degradation during seed desiccation (Sattler et al., 2004, 2006;
Mène-Saffrané et al., 2010). However, our knowledge regarding
regulatory mechanism involved in carotenoid concentration and
composition may not be complete as potential other mechanisms
may occur (Shumskaya and Wurtzel, 2013; De Moura et al.,
2013).

The two stay-green cultivars, CDC Jade and CDC Verano had
the highest concentration of β-carotene among the Desi and the
Kabuli types, respectively. Also, total carotenoid concentration is
higher in pea and chickpea cultivars with green cotyledon color
compared to cultivars with yellow cotyledons (Ashokkumar et al.,
2014), and the same results were obtained as the case of lutein in
pea (Holasovál et al., 2009).

Mutation on the stay-green gene (SGR) that involves in
degradation of chlorophyll resulted in delayed senescence
and consequently green cotyledon chickpea seed. In thylakoid
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membranes, carotenoids are in a complex of chlorophyll
and protein of Photosystem I and II. For example, the PSI
contains high β-carotene concentration and PSII is rich in
lutein. In addition, the high correlation was found between
lutein and chlorophyll concentration in green pea (Holasovál
et al., 2009). Importantly the increased levels of carotenoid
products normally associated with both the chloroplastic and
the cytosolic pathways, including mevalonate, sterols, and
squalene, as well as triacyl- glycerides (Kumar et al., 2012).
For instance, PSY has a coexpression with genes involve
in the synthesis of plastoquinone, NAD(P)H dehydrogenase,
tiorredoxin, plastocianin, and ferredoxin (Meier et al., 2011). It
seems that carotenoids in the complex of green tissues stay more
stable than tissues with chlorophyll degradation. It is discussed
by Ashokkumar et al. (2014) that higher lycopene cyclase activity
is the main reason for higher total carotenoid in green cotyledon
pea; however the cyclase activity in two green cotyledon chickpea
was not higher than the other cultivars in this study. We believed
that lower cleavage and hydroxylation activities have a significant
effect on carotenoid concentration in green chickpea.

The total carotenoid concentration in chickpea dry seeds
(9.08 µg g−1; Abbo et al., 2005) is higher than that genetically-
engineered “golden rice” endosperm (1.6 µg g−1; Ye et al.,
2000), or red colored wheat (1.8–5.8 µg g−1; Kruger and Reed,
1988; United States Department of Agriculture, 2010). However,
in Golden Rice2 the carotenoid concentration increased up to
23-fold (37 µg g−1 dry weight) compared to the original one
(Paine et al., 2005). Carotenoid concentration is a trait with
high heritability that mostly influenced by genetic (cultivar), and
the effect of environment is not substantial for all carotenoid
types (Abbo et al., 2010; Owens et al., 2014). Lutein is the
main carotenoid type in chickpea (Abbo et al., 2005, 2010) and
wheat (Ramachandran et al., 2010). Desi chickpea usually has
higher lutein concentration than the Kabuli type likely due to
higher grain weight in Kabuli type (Ashokkumar et al., 2015). It
seems that the chromosomal linkage and pleiotropy can address
the association between higher lutein concentration and low
seed weight (Abbo et al., 2005). The carotenoid concentration
obtained in our work was consistent with results from earlier
studies for Kabuli and Desi chickpeas (Ashokkumar et al., 2014,
2015).

It was reported that carotenogenesis genes are active in
photosynthetic organs under various light qualities and the levels

of both chlorophyll and carotenoids will increase dramatically
in de-etiolation period (Romer and Fraser, 2005; Toledo-Ortiz
et al., 2010). In addition, the total concentration of xanthophylls
in different plant species increases dramatically in a strong
light condition that results in decreasing the ratio between
“lutein (L) and the xanthophylls-cycle components, zeaxanthin,
antheraxanthin, and violaxanthin (Z+A+V)” (Hirschberg,
2001). In order to control the light effect on carotenoid types, we
grew all plants in the green house under controlled condition.

In conclusion, the carotenoid concentration in chickpea
is under the control of various genes that are associated with
the structure and function of the genes in the carotenoid
pathway. New technology in genome sequencing has
helped us to understand the details regarding the structure,
polymorphism, copy number, and location of the genes involved
in carotenoid biosynthesis in chickpea seeds. Along with
genome sequence data, the variability of the expression pattern
and carotenoid concentration in five cultivars revealed a logical
relationship between genotypes and phenotypes in this study.We
demonstrated that synonymous mutations may have functional
effects on the expression pattern of the different genes involved
in the carotenoid biosynthesis pathway.
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lutein content in peas (Pisum sativum l.) in relation to the variety, season and
chlorophyll content. Czech. J. Food. Sci. 27, 188–191.

Howitt, C. A., and Pogson, B. J. (2006). Carotenoid accumulation and function
in seeds in and non-green tissues. Plant Cell. Environ. 29, 435–445.
doi: 10.1111/j.1365-3040.2005.01492.x

Jain, M., Misra, G., Patel, R. K., Priya, P., Jhanwar, S., Khan, A. W., et al. (2013). A
draft genome sequence of the pulse crop chickpea (Cicer arietinum L.). Plant J.
74: 715–729. doi: 10.1111/tpj.12173

Jana, S., and Singh, K. B. (1993). Evidence of geographical divergence in
kabuli chickpea from germplasm evaluation data. Crop. Sci. 33, 626–632.
doi: 10.2135/cropsci1993.0011183X003300030040x

Jukanti, A. K., Gaur, P. M., Gowda, C. L., and Chibbar, R. N. (2012). Nutritional
quality and health benefits of chickpea (Cicer arietinum L.): a review. Br. J. Nutr.
108, 11–26. doi: 10.1017/s0007114512000797

Julliard, J. H. (1992). Biosynthesis of the pyridoxal ring (vitamin B6) in higher
plant chloroplasts and its relationship with the biosynthesis of the thiazole ring
(vitamin B1). CR. Acad. Sci. Ser. III 314, 285–290.

Julliard, J. H., and Douce, R. (1991). Biosynthesis of the thiazole moiety of thiamin
(vitamin B1) in higher plant chloroplasts. Proc. Natl. Acad. Sci. U.S.A. 88,
2042–2045. doi: 10.1073/pnas.88.6.2042

Frontiers in Plant Science | www.frontiersin.org 10 December 2016 | Volume 7 | Article 1867

https://doi.org/10.1016/j.jfca.2015.04.014
https://doi.org/10.2135/cropsci2013.12.0827
https://doi.org/10.1111/j.1365-313X.2006.02666.x
https://doi.org/10.1111/j.1365-313X.2009.03899.x
https://doi.org/10.1093/aob/mcq258
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.cub.2004.06.061
https://doi.org/10.1016/S0048-9697(02)00611-3
https://doi.org/10.1007/s00122-014-2349-0
https://doi.org/10.1111/tpj.12031
https://doi.org/10.1007/s00122-007-0661-7
https://doi.org/10.1104/pp.110.153916
https://doi.org/10.1074/jbc.M114.555151
https://doi.org/10.4161/fly.19695
https://doi.org/10.1093/pcp/pch052
https://doi.org/10.3390/nu6020546
https://doi.org/10.1146/annurev.arplant.56.032604.144301
https://doi.org/10.1080/10408398.2012.724477
https://doi.org/10.1371/journal.pone.0000350
https://doi.org/10.1186/1471-2229-6-13
http://faostat3.fao.org/home/E
https://doi.org/10.1073/pnas.1404629111
https://doi.org/10.1104/pp.104.039818
https://doi.org/10.1016/j.bbrc.2010.04.079
https://doi.org/10.1016/j.pbi.2014.05.006
https://doi.org/10.1126/science.266.5185.605
https://doi.org/10.1105/tpc.113.119677
https://doi.org/10.1146/annurev.arplant.57.032905.105248
https://doi.org/10.1016/S1369-5266(00)00163-1
https://doi.org/10.1111/j.1365-3040.2005.01492.x
https://doi.org/10.1111/tpj.12173
https://doi.org/10.2135/cropsci1993.0011183X003300030040x
https://doi.org/10.1017/s0007114512000797
https://doi.org/10.1073/pnas.88.6.2042
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Rezaei et al. Analysis of Carotenogenesis in Chickpea

Kalari, K. R., Casavant, M., Bair, T. B., Keen, H. L., Comeron, J. M., Casavant, T.
L., et al. (2006). First exons and introns – a survey of GC content and gene
structure in the human genome. In Silico Biol. 6, 237–242.

Kannan, U., Ganeshan, S., and Chibbar, R. (2014). Hexadecyltrimethylammonium
bromide (CTAB)-based protocol to isolate high-quality RNA in adequate
quantities for gene expression analyses in developing seeds of lentils
(Lens culinaris Medik.). Gene Express. Genet. Genomics 7, 7–16.
doi: 10.4137/gegg.s15368

Kermode, A. R. (2005). Role of abscisic acid in seed dormancy. J. Plant Growth
Regul. 24, 319–344. doi: 10.1007/s00344-005-0110-2

Khoo, H. E., Prasad, K. N., Kong, K. W., Jiang, Y., and Ismail, A. (2011).
Carotenoids and their isomers: color pigments in fruits and vegetables.
Molecules 16, 1710–1738. doi: 10.3390/molecules16021710

Kim, M. J., Kim, J. K., Kim, H. J., Pak, J. H., Lee, J. H., Kim, D. H.,
et al. (2012). Genetic modification of the soybean to enhance the β-
carotene content through seed-specific expression. PLoS ONE 7:e48287.
doi: 10.1371/journal.pone.0048287

Kimchi-Sarfaty, C., Oh, J. M., Kim, I.W., Sauna, Z. E., Calcagno, A.M., Ambudkar,
S. V., et al. (2007). A “silent” polymorphism in the MDR1 gene changes
substrate specificity. Science 315, 525–528. doi: 10.1126/science.1135308

Kleing, H. (1989). The role of plastids in isopprenoid biosynthesis.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 39–59.
doi: 10.1146/annurev.pp.40.060189.000351

Kreimer, A., and Pe’er, I. (2013). Variants in exons and in transcription
factors affect gene expression in trans. Genome Biol. 14, 1–13.
doi: 10.1186/gb-2013-14-7-r71

Kruger, J. E., and Reed, G. (1988). “Enzymes and color” in Wheat: Chemistry and

Technology, 3rd Edn., ed Y. Pomeranz (St. Paul, MN: AACC International),
441–500.

Kumar, S., Hahn, F. M., Baidoo, E., Kahlon, T. S., Wood, D. F., McMahan, C.
M., et al. (2012). Remodeling the isoprenoid pathway in tobacco by expressing
the cytoplasmic mevalonate pathway in chloroplasts. Metab. Eng. 14, 19–28.
doi: 10.1016/j.ymben.2011.11.005

Li, F., Vallabhaneni, R., and Wurtzel, E. T. (2007). PSY3, a new member of
the phytoene synthase gene family conserved in the Poaceae and regulator
of abiotic stress-induced root carotenogenesis. Plant Physiol. 146, 1333–1345.
doi: 10.1104/pp.107.111120

Li, F., Vallabhaneni, R., Yu, J., Rocheford, T., and Wurtzel, E. T. (2008). The
maize phytoene synthase gene family: overlapping roles for carotenogenesis
an endosperm, photomorphogenesis, and termal stress tolerance. Plant Physiol.
147, 1334–1346. doi: 10.1104/pp.108.122119

Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. arXiv:1303.3997v1 [q-bio.GN].

Lichtenthaler, H. K. (1999). The 1-deoxy-D-xylulose-5-phosphate pathway of
isoprenoid biosynthesis in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50,
47–65. doi: 10.1146/annurev.arplant.50.1.47

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2−11Ct method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Livingstone, K., and Anderson, S. (2009). Patterns of variation in the evolution
of carotenoid biosynthetic pathway enzymes of higher plants. J. Hered. 100,
754–761. doi: 10.1093/jhered/esp026

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky,
A., et al. (2010). The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303.
doi: 10.1101/gr.107524.110

Meier, S., Tzfadia, O., Vallabhaneni, R., Gehring, C., and Wurtzel, E. T. (2011).
A transcriptional analysis of carotenoid, chlorophyll and plastidial isoprenoid
biosynthesis genes during development and osmotic stress responses in
Arabidopsis thaliana. BMC Syst. Biol. 5, 1–19. doi: 10.1186/1752-0509-5-77

Mène-Saffrané, L., Jones, A. D., and DellaPenna, D. (2010). Plastochromanol-8
and tocopherols are essential lipid-soluble antioxidants during seed desiccation
and quiescence in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 107, 17815–17820.
doi: 10.1073/pnas.1006971107

Mintz-Oron, S., Meir, S., Malitsky, S., Ruppin, E., Aharoni, A., and Shlomi, T.
(2012). Reconstruction of Arabidopsis metabolic network models accounting
for subcellular compartmentalization and tissue-specificity. Proc. Natl. Acad.
Sci. U.S.A. 109, 339–344. doi: 10.1073/pnas.1100358109

Misra, A. N., Latowski, D., and Strzalka, K. (2006). The xanthophyll cycle activity
in kidney bean and cabbage leaves under salinity stress. J. Plant Physiol. 53,
102–109. doi: 10.1134/s1021443706010134

Moreno, M. T., and Cubero, J. I. (1978). Variation in Cicer arietinum. Euphytica

27, 465–485. doi: 10.1007/BF00043173
Naqvi, S., Zhua, C., Farre, G., Ramessar, K., Bassiea, L., and Breitenbachb, J.

(2009). Transgenic multivitamin corn through biofortification of endosperm
with three vitamins representing three distinct metabolic pathways. Proc. Natl.
Acad. Sci. U.S.A. 106, 7762–7767. doi: 10.1073/pnas.0901412106

Nogueira, M., Mora, L., Enfissi, E. M., Bramley, P. M., and Fraser, P. D. (2013).
Subchromoplast sequestration of carotenoids affects regulatory mechanisms in
tomato lines expressing different carotenoid gene combinations. Plant Cell 25,
4560–4579. doi: 10.1105/tpc.113.116210

Owens, B. F., Lipka, A. E., Magallanes-Lundback, M., Tiede, T., Diepenbrock,
C. H., Kandianis, C. B., et al. (2014). A foundation for provitamin
A biofortification of maize: genome-wide association and genomic
prediction models of carotenoid levels. Genetics 198, 1699–1716.
doi: 10.1534/genetics.114.169979

Pagani, F., Raponi, M., and Baralle, F. E. (2005). Synonymous mutations in CFTR
exon 12 affect splicing and are not neutral in evolution. Proc. Natl. Acad. Sci.
U.S.A. 102, 6368–6372. doi: 10.1073/pnas.0502288102

Page, R. D. (1996). TreeView: an application to display phylogenetictrees on
personal computers. Comput. Appl. Biosci. 12, 357–358.

Paine, J. A., Shipton, C. A., Chaggar, S., Howells, R. M., Kennedy, M. J., Vernon, G.,
et al. (2005). Improving the nutritional value of Golden Rice through increased
pro-vitamin A content. Nat. Biotechnol. 23: 482–487. doi: 10.1038/nbt1082

Palaisa, K., Morgante, M., Tingey, S., and Rafalski, A. (2004). Long-range patterns
of diversity and linkage disequilibrium surrounding the maize Y1 gene are
indicative of an asymmetric selective sweep. Proc. Natl. Acad. Sci. U.S.A. 101,
9885. doi: 10.1073/pnas.0307839101

Pogson, B., McDonald, K. A., Truong, M., Britton, G., and DellaPenna, D.
(1996). Arabidopsis carotenoid mutants demonstrate that lutein is not
essential for photosynthesis in higher plants. Plant Cell 8, 1627–1739.
doi: 10.1105/tpc.8.9.1627

Pozniak, C. J., Knox, R. E., Clarke, F. R., and Clarke, J. M. (2007).
Identification of QTL and association of a phytoene synthase gene with
endosperm colour in durum wheat. Theor. Appl. Genet. 114, 525–537.
doi: 10.1007/s00122-006-0453-5

Quinlan, R. F., Shumskaya, M., Bradbury, L. M., Beltrán, J., Ma, C., Kennelly, E. J.,
et al. (2012). Synergistic interactions between carotene ring hydroxylases drive
lutein formation in plant carotenoid biosynthesis. Plant Physiol. 160, 204–214.
doi: 10.1104/pp.112.198556

Ramachandran, A., Pozniak, C. J., Clarke, J. M., and Singh, A. K. (2010).
Carotenoid accumulation during grain development in durum wheat. J. Cereal
Sci. 52, 30–38. doi: 10.1016/j.jcs.2010.02.014

Rodríguez-Ávila, N. L., Narváez-Zapata, J. A., Ramírez-Benítez, J. E., Aguilar-
Espinosa, M. L., and Rivera-Madrid, R.M. (2011). Identification and expression
pattern of a new carotenoid cleavage dioxygenase gene member from Bixa

orellana. J. Exp. Bot. 62, 5385–5395. doi: 10.1093/jxb/err201
Rodríguez-Concepción, M. (2010). Supply of precursors for carotenoid

biosynthesis in plants. Arch. Biochem. Biophys. 504, 118–122.
doi: 10.1016/j.abb.2010.06.016

Römer, S., and Fraser, P. D. (2005). Recent advances in carotenoid
biosynthesis, regulation and manipulation. Planta 221, 305–308.
doi: 10.1007/s00425-005-1533-5

Rubio, A., Rambla, J. L., Santaella, M., Gómez, M. D., Orzaez, D., Granell, A.,
et al. (2008). Cytosolic and plastoglobule-targeted carotenoid dioxygenases
from Crocus sativus are both involved in beta-ionone release. J. Biol. Chem.

283, 24816–24825. doi: 10.1074/jbc.M804000200
Sattler, S. E., Gilliland, L. U., Magallanes-Lundback, M., Pollard, M., and

DellaPenna, D. (2004). Vitamin E is essential for seed longevity and for
preventing lipid peroxidation during germination. Plant Cell 16, 1419–1432.
doi: 10.1105/tpc.021360

Sattler, S. E., Mène-Saffrané, L., Farmer, E. E., Krischke, M., Mueller,
M. J., and DellaPenna, D. (2006). Nonenzymatic lipid peroxidation
reprograms gene expression and activates defense markers in Arabidopsis
tocopherol-deficient mutants. Plant Cell 18, 3706–3720. doi: 10.1105/tpc.106.
044065

Frontiers in Plant Science | www.frontiersin.org 11 December 2016 | Volume 7 | Article 1867

https://doi.org/10.4137/gegg.s15368
https://doi.org/10.1007/s00344-005-0110-2
https://doi.org/10.3390/molecules16021710
https://doi.org/10.1371/journal.pone.0048287
https://doi.org/10.1126/science.1135308
https://doi.org/10.1146/annurev.pp.40.060189.000351
https://doi.org/10.1186/gb-2013-14-7-r71
https://doi.org/10.1016/j.ymben.2011.11.005
https://doi.org/10.1104/pp.107.111120
https://doi.org/10.1104/pp.108.122119
https://doi.org/10.1146/annurev.arplant.50.1.47
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/jhered/esp026
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1186/1752-0509-5-77
https://doi.org/10.1073/pnas.1006971107
https://doi.org/10.1073/pnas.1100358109
https://doi.org/10.1134/s1021443706010134
https://doi.org/10.1007/BF00043173
https://doi.org/10.1073/pnas.0901412106
https://doi.org/10.1105/tpc.113.116210
https://doi.org/10.1534/genetics.114.169979
https://doi.org/10.1073/pnas.0502288102
https://doi.org/10.1038/nbt1082
https://doi.org/10.1073/pnas.0307839101
https://doi.org/10.1105/tpc.8.9.1627
https://doi.org/10.1007/s00122-006-0453-5
https://doi.org/10.1104/pp.112.198556
https://doi.org/10.1016/j.jcs.2010.02.014
https://doi.org/10.1093/jxb/err201
https://doi.org/10.1016/j.abb.2010.06.016
https://doi.org/10.1007/s00425-005-1533-5
https://doi.org/10.1074/jbc.M804000200
https://doi.org/10.1105/tpc.021360
https://doi.org/10.1105/tpc.106.044065
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Rezaei et al. Analysis of Carotenogenesis in Chickpea

Sauna, Z. E., and Kimchi-Sarfaty, C. (2011). Understanding the contribution
of synonymous mutations to human disease. Nat. Rev. Genet. 12, 683–691.
doi: 10.1038/nrg3051

Shumskaya, M., and Wurtzel, E. T. (2013). The carotenoid biosynthetic
pathway: thinking in all dimensions. Plant Sci. 208, 58–63.
doi: 10.1016/j.plantsci.2013.03.012

Toledo-Ortiz, G., Huq, E., and Rodríguez-Concepción, M. (2010). Direct
regulation of phytoene synthase gene expression and carotenoid biosynthesis
by phytochrome-interacting factors. Proc. Natl. Acad. Sci. U.S.A. 107,
11626–11163. doi: 10.1073/pnas.0914428107

Umehara, M., Hanada, A., Yoshida, S., Akiyama, K., Arite, T., Takeda-Kamiya, N.,
et al. (2008). Inhibition of shoot branching by new terpenoid plant hormones.
Nature 455, 195–200. doi: 10.1038/nature07272

United States Department of Agriculture (2010). USDA National Nutrient

Database for Standard Reference, Release 22 (2009). Available online at:
http://www.nal.usda.gov/fnic/foodcomp/search/ (Accessed July 1, 2010; July
12, 2010; August 2, 2010).

Vallabhaneni, R., Gallagher, C. E., Licciardello, N., Cuttriss, A. J., Quinlan, R. F.,
and Wurtzel, E. F. (2009). Metabolic sorting of a germplasm collection reveals
the Hydroxylase3 locus as a new targrt for maize provitamin A biofortification.
Plant Physiol. 151, 1635–1645. doi: 10.1104/pp.109.145177

Vallabhaneni, R., and Wurtzel, E. T. (2009). Timing and biosynthetic potential
for carotenoid accumulation in genetically diverse germplasm of maize. Plant
Physiol. 150, 562–572. doi: 10.1104/pp.109.137042

van der Maesen, L. J. G. S. (1972). “Cicer L., a monograph of the
genus, with special reference to the chickpea (Cicer arietinum L.), its
ecology and cultivation,” in Mededelingen Landbouwhogeschool (Wageningen:
Communications Agricultural University), 72–10.

Varshney, R. K., Song, C., Saxena, R. K., Azam, S., Yu, S., Sharpe, A. G., et al. (2013).
Draft genome sequence of chickpea (Cicer arietinum) provides a resource for
trait improvement. Nat. Biotechnol. 31, 240–246. doi: 10.1038/nbt.2491

Wang, H., Qi, Q., Schorr, P., Cutler, A. J., Crosby, W. L., and Fowke, L. C. (1998).
ICK1, a cyclin-dependent protein kinase inhibitor from Arabidopsis thaliana

interacts with both Cdc2a and CycD3, and its expression is induced by abscisic
acid. Plant J. 15, 501–510. doi: 10.1046/j.1365-313X.1998.00231.x

Wang, Y., Qiu, C., and Cui, Q. (2015). A large-scale analysis of the relationship
of synonymous snps changing microRNA regulation with functionality and
disease. Int. J. Mol. Sci. 16, 23545–23555. doi: 10.3390/ijms161023545

Welsch, R., Arango, J., Bär, C., Salazar, B., Al-Babili, S., Beltrán, J., et al. (2010).
Provitamin A accumulation in cassava (Manihot esculenta) roots driven by a
single nucleotide polymorphism in a phytoene synthase gene. Plant Cell 22,
3348–3356. doi: 10.1105/tpc.110.077560
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