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Abstract

Main conclusion We identified 119 typical CaMYB encoding genes and reveal the major components of the proan-
thocyanidin regulatory network. CaPARs emerged as promising targets for genetic engineering toward improved
agronomic traits in C. arietinum.

Abstract Chickpea (Cicer arietinum) is among the eight oldest crops and has two main types, i.e., desi and kabuli, whose
most obvious difference is the color of their seeds. We show that this color difference is due to differences in proanthocyanidin
content of seed coats. Using a targeted approach, we performed in silico analysis, metabolite profiling, molecular, genetic,
and biochemical studies to decipher the transcriptional regulatory network involved in proanthocyanidin biosynthesis in
the seed coat of C. arietinum. Based on the annotated C. arietinum reference genome sequence, we identified 119 typical
CaMYB encoding genes, grouped in 32 distinct clades. Two CaR2R3-MYB transcription factors, named CaPAR1 and
CaPAR?2, clustering with known proanthocyanidin regulators (PARs) were identified and further analyzed. The expression
of CaPAR genes correlated well with the expression of the key structural proanthocyanidin biosynthesis genes CaANR and
CaL AR and with proanthocyanidin levels. Protein—protein interaction studies suggest the in vivo interaction of CaPAR1 and
CaPAR?2 with the bHLH-type transcription factor CaTT8. Co-transfection analyses using Arabidopsis thaliana protoplasts
showed that the CaPAR proteins form a MBW complex with CaTT8 and CaTTGl1, able to activate the promoters of CaANR
and CaLAR in planta. Finally, transgenic expression of CaPARs in the proanthocyanidin-deficient A. thaliana mutant #£2-1
leads to complementation of the transparent testa phenotype. Taken together, our results reveal main components of the
proanthocyanidin regulatory network in C. arietinum and suggest that CaPARs are relevant targets of genetic engineering
toward improved agronomic traits.
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Abbreviations

ANR Anthocyanidin reductase

BBS BHLH-binding sequences

BiFC Bimolecular fluorescence complementation
DMACA 4-Dimethylaminocinnamaldehyde
LAR Leucoanthocyanidin reductase
MBS MYB-binding sequences

PA Proanthocyanidin

PAR Proanthocyanidin regulator

TF Transcription factors
Introduction

v-Myeloblastosis viral oncogene (v-MYB) homolog pro-
teins, called MYB protein family, are one of the largest and
well-studied family of transcription factors (TFs). MYB
proteins are present in all eukaryotes. Like other TF pro-
teins, they are composed of modules: the N-terminal region
carries the conserved DNA-binding MYB domain, whereas
the C-terminal part is very diverse and important for the
regulatory TF activity. The MYB domain contains one to
three imperfect repeats, named R1, R2, and R3. Each repeat
is around 50-53 amino acids and forms a helix-turn-helix
structure (summarized in Ogata et al. 1996). Based on the
number of adjacent repeats in the MYB domain, MYB
proteins are classified into three categories (1) R1-MYB
with one repeat, (2) R2R3-MYB with two repeats, and (3)
R1R2R3-MYB having three repeats (Jin and Martin 1999).
The majority of plant MYB TFs belongs to the RZR3-MYB
class thought having evolved from an RIR2R3-MYB gene
ancestor by the loss of the sequences encoding the R1 repeat
and subsequent expansion of the gene family (Kranz et al.
2000). R2R3-MYB proteins are characterized by the pres-
ence of the N-terminal domain specific for DNA-binding
motif with conserved signature bHLH-interacting motif
([DE]Lx(2)[RK]x(3)Lx(6)Lx(3)R) (Zimmermann et al.
2004) and the C-terminal domain consists of distinct sub-
groups (Ss) known to regulate different biological functions,
where the members of S5, constituting a S5-motif, have a
role in proanthocyanidin (PA) formation (Stracke et al.
2001; Schwinn et al. 2016). Based on conserved amino acid
sequence motifs present in most C-terminal domains, R2R3-
MYBs are classified into so called 28 subgroups, which have
been introduced from A. thaliana work (Stracke et al. 2001;
Dubos et al. 2010) and have been extended by works on
Lotus (Shelton et al. 2012). These R2ZR3-MYB TFs are con-
sidered to be plant-specific, because they were only found
in plants and are associated with the regulation of plant-
specific processes including specialized metabolism, biotic
and abiotic stress responses, defense, phytohormone sign-
aling, root genesis, plant growth and development (Dubos
et al. 2010).
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Some R2R3-MYB proteins are known as key regulatory
proteins involved in the biosynthesis of flavonoids, a group
of specialized plant metabolites, which are synthesized
through the phenylpropanoid pathway. Flavonoids serve
multiple physiological functions in plants, such as attraction
of pollinators, facilitation of seed dispersal, and protection
against adverse environmental conditions (Winkel-Shirley
2001). Besides, flavonoids act as beneficial micronutrients
in human and animal diet and are associated with health-
promoting properties, such as anti-cancerous, immunosup-
pressive, anti-inflammatory, protection against cardiovascu-
lar disease (Bondonno et al. 2019; Carmona-Gutierrez et al.
2019). Flavonoids are divided according to their chemical
aglycon structure into various classes, including phlobap-
henes, flavanones, flavones, flavonols, isoflavones, antho-
cyanin and PA (Winkel-Shirley 2001).

Regulation of the flavonoid biosynthesis pathway is well
understood in A. thaliana. However, research on flavonoids
in crops is gaining momentum during the last years (Pang
et al. 2013; Rajput et al. 2022). Structural genes encoding
enzymes of the flavonoid biosynthesis pathway are primar-
ily regulated at the transcriptional level through regulatory
proteins belonging to diverse TF families like MYB, basic
helix—loop-helix (bHLH), WD40 and WRKY (Quattrocchio
et al. 2006).

R2R3-MYB proteins play a key role in the regulation of
the different branches of flavonoid biosynthesis. One sub-
group of R2R3-MYBs acts independently of known cofac-
tors, regulating one of the evolutionary old branches of the
flavonoid biosynthesis pathway: the flavonol biosynthesis
branch (Stracke et al. 2007; Naik et al. 2021). Other R2R3-
MYB subgroup members form complexes with bHLH and
WD40 TFs (called MBW complexes), regulating later fla-
vonoid biosynthesis branches leading to the formation of
anthocyanins and proanthocyanidins (PAs, also named con-
densed tannins) (Zimmermann et al. 2004).

The regulation of PA synthesis has been well character-
ized by the analysis of transparent testa (tt) mutants that fail
to accumulate PAs in the seed coat, making the seed coat
transparent and revealing the yellow color of the underly-
ing cotyledons (Nesi et al. 2001). In A. thaliana, a ternary
complex of AAIMYB123/TT2, AtbHLH42/TT8 and AtTTG1
was found to be the major regulator of PA metabolism in
seeds (Nesi et al. 2001; Baudry et al. 2004). Hereby, the
R2R3-MYB protein AtTT2 confers target gene specificity
to the MBW complex, being the key determinant for PA
accumulation (Baudry et al. 2004). Similar TT2-like spe-
cific R2ZR3-MYB regulators have been characterized in
grapevine [VVMYBPA1, VVMYBPA2, VvMYB5a, and
VvVMYBPAR (Deluc et al. 2006, 2008; Bogs et al. 2007,
Terrier et al. 2009; Koyama et al. 2014)], apple [MdMYB9,
MdMYBI11, and MdAMYB12 (Gesell et al. 2014; An et al.
2015; Wang et al. 2017)] and peach [PpMYBPA1 and
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PpMYB7 (Ravaglia et al. 2013; Zhou et al. 2015)]. Most of
them exhibit tissue- or organ-specific expression and respon-
siveness to different stresses, but all are capable of activating
the anthocyanidin reductase (ANR) gene promoter as part of
a specific MBW complex (Appelhagen et al. 2014).

C. arietinum, a grain legume, is an economically signifi-
cant crop upholding the second position globally among
pulses in terms of production and importance for food secu-
rity in Eastern Africa and South Asia (Khandal et al. 2020).
There it is the most preferred crop since it contains high pro-
tein, calcium, iron, phosphorus, and other minerals. Because
of these properties, C. arietinum has become a significant
diet for vegetarians all over the world. The chickpea genome
has been sequenced and more than 28,000 genes have been
identified (Varshney et al. 2013). The color of the seed coat
is an important agronomic characteristic in chickpea and
varies between cultivars, germplasms, landraces, and acces-
sions (Bajaj et al. 2015). C. arietinum is categorized into
two distinct types: desi and kabuli, differing in size, color
and surface of seeds, flower color and morphology. Seeds
of desi type are darker in color, whereas kabuli seeds have
a lighter seed coat color. Penmetsa et al. (2016) identified
a bHLH-type TF whose allelic variants are associated with
seed coat and flower pigmentation in desi and kabuli types
of C. arietinum. However, no functional characterization of
transcriptional PA biosynthesis regulators has apparently
been reported for C. arietinum.

In the present study, we have identified R2ZR3-MYBs in
C. arietinum and analyzed their plant part-specific gene
expression. The expression of two CaMYB genes which
putatively encode PA regulators (CaPARs), showed con-
sistent correlation with the PA content in seeds of the color
contrasting types of C. arietinum. The role of CaPAR genes
in PA biosynthesis was characterized by ectopic expression
in PA-deficient ##2 mutants of Arabidopsis. Further, by Yeast
two-hybrid and BiFC assays, we showed how previously
characterized CaTT8 (Penmetsa et al. 2016) interacted with
identified CaPAR proteins. Co-transfection experiments
were also performed to study the regulatory role of CaPARs
and CaTTS8 on the promoters of late biosynthetic genes of
chickpea. Therefore, the present data shed further light on
the molecular mechanisms underlying the transcriptional
regulation of the PA biosynthesis in C. arietinum.

Materials and methods

Plant material

Mature seeds of seed coat color contrasting C. arietinum
types, desi (ICC 4958, BGD256) and kabuli (ICCV2, ICC

6253) were collected from the fields of National Institute of
Plant Genome Research (NIPGR), New Delhi, India. The

A. thaliana Ler wild type and transparent testa 2—1 (tt2-1,
NASC stock NW83, Ler background, X-ray) mutant plants
as well as the corresponding transgenic CaPAR overex-
pressing A. thaliana lines were grown with a photoperiod
of 16 h light and 8 h dark at 22°C in a plant growth chamber
(AR-41L3; Percival, Perry, IA, USA). Nicotiana benthami-
ana plants were grown in a plant growth chamber with 8 h
light/16 h dark photoperiod at 22 °C. The A. thaliana sus-
pension cell culture At7 (Trezzini et al. 1993) was derived
from hypocotyl of the reference accession Columbia (Col)
and handled as described in Stracke et al. (2016).

Identification and chromosomal distribution
of CaMYB genes

The availability of an advanced draft genome sequence
assembly (version 2.0) of desi (ICC 4958)-type chickpea
(Parween et al. 2015) enabled the genome-wide identifica-
tion of RZR3-MYB genes in C. arietinum. A set of previously
known R2R3-MYB protein sequences from various plant
species were considered as the query in BLASTp searches
(Altschul et al. 1990) with a 107'? e-value cutoff against the
annotated protein sequences of C. arietinum retrieved from
NCBI (GCF_000331145.1; Annotation Release 101). All
identified CaMYB proteins were manually inspected for the
presence of an integral RZR3-MYB domain. The sequences
with redundancy or incomplete open reading frames were
excluded from the data set. A customized Python script was
deployed to summarize the genomic position and structural
gene details including the exon and intron number of the
CaMYB genes (https://github.com/bpucker/CaMYBs). The
CaR2R3-MYB nomenclature was assigned to the order of
annotated genes on the C. arietinum pseudochromosomes.
The figural mapping of CaMYB genes on the various pseu-
dochromosomes was done using MaplInspect (https://mapin
spect.software.informer.com/). To predict gene duplication
events, genes with >80% similarity and distanced by >5 Mb
were considered as the result of segmental duplications,
however, genes localized within the 5 Mb region were con-
sidered as the result of tandem duplications (He et al. 2016).

Multiple sequence alignment and phylogenetic
study

The sequences of the R2R3-MYB domains were extracted
from the full-length CaMYB protein sequences. Align-
ment of each R2 and R3 domain was constructed through
MAFFT v7 (Katoh and Standley 2013) and represented
by weblogo (Crooks et al. 2004). A phylogenetic analy-
sis was carried out by aligning the R2R3-MYB domain
sequences from C. arietinum, A. thaliana and selected
plant landmark MYB sequences (Stracke et al. 2014) using
ClustalW at default parameters (Thompson et al. 1994).

@ Springer


https://github.com/bpucker/CaMYBs
https://mapinspect.software.informer.com/
https://mapinspect.software.informer.com/

67 Page4of24

Planta (2022) 256: 67

The randomized axelerated maximum likelihood (RAxML)
method was used for the construction of phylogeny at 100
bootstrap value and a cladogram figure was visualized with
iTOLv6.4 (https://itol.embl.de/). The multiple sequence
alignment of CaPARs with the functionally characterized
R2R3-MYB-type PA regulator proteins including AtTT2
(NM122946) from A. thaliana, MtPAR (HQ337434) from
M. truncatula, LjTT2a (BAG12893.1) from Lotus japoni-
cus, DkMYB2 (AB503699), and DkMYB4 (AB503701)
from Diospyros kaki, AaMYB3 (MH349476) from Anthu-
rium andraeanum, TaMYB14 (AFJ53054.1) from Trifolium
arvense, MtMYB 14 (Medtr4g125520.1) from Medicago
truncatula, VVMYBPA1 ( CAJ90831.1) and VVMYBPA2
(ACK56131.1) from Vitis vinifera was carried out using
CLUSTALW with default parameters.

In silico gene expression analysis

C. arietinum RNA-Seq data sets for 10-day-old seedlings,
10-day-old seedling roots, 10-day-old seedling shoots, shoot
apical meristem, developmental stages of seeds, germinat-
ing seedling, developmental stages of flower, reproduc-
tive plant, root, vegetative plant and young leaves (Bio-
Projects: PRINA182724, PRINA79731, PRINA316844,
PRINA316845, SAMNO00794551)(Garg et al. 2011; Niraj
et al. 2016; Rajkumar et al. 2020) were retrieved from the
Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.
gov/sra). STAR v2.5.1b (Dobin et al. 2013) was applied
to align the reads to the C. arietinum genome sequence
in the 2-pass mode. Reads were considered mapped if the
alignment similarity exceeds 95% and cover 90% of the
read length as previously described (Haak et al. 2018).
FeatureCounts v1.5.0-p3 (Liao et al. 2014) was deployed
with default settings for the quantification of gene expres-
sion. Resulting count tables were processed and combined
by previously developed Python scripts (Haak et al. 2018).
Heatmap construction was performed with HCE (Hierarchi-
cal Clustering Explorer 3.5) and the hierarchical clustering
of genes was executed by Euclidean distance method (Seo
et al. 2006).

Gene expression analysis (RT-qPCR)

RNA was isolated from seed samples using GSure® Plant
RNA Isolation Kit (GCC Biotech, Kolkata, West Bengal,
India) and subsequently treated with RNase-free DNase |
(Thermo Fisher Scientific, Waltham, MA, USA). Total RNA
was subjected to reverse transcription to generate first-strand
cDNA using oligo (dT) primers. RT-pPCR analysis of a
set of selected genes was carried out using 2 X PCR Mas-
ter mix (Applied Biosystems, Waltham, MA, USA). The
PCR mix contained 1 pL of diluted cDNA (corresponding
to 10 ng total RNA), 5 pL. of 2X SYBR Green PCR Master
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Mix (Applied Biosystems), and 10 nM of each gene-specific
primer in a final volume of 10 pL. Expression of different
genes involved in proanthocyanindin biosynthesis was stud-
ied through 7500 Fast Real time PCR System (Applied Bio-
systems). All RT-qPCRs were performed under the follow-
ing conditions: 20 s at 95 °C, 3 s at 95 °C, and 40 cycles of
30 s at 60 °C in 96-well optical reaction plates (Applied Bio-
systems). The integrity of amplicons was verified by melting
curve analysis (60 to 95 °C) after 40 cycles. Transcript abun-
dance were normalized to the constitutively expressed chick-
pea elongation factor 1-a (EF-1a) (GenBank: AJ004960.1)
and Ca ftubulin (CapTub) (LOC101495306) coding genes
and relative gene expression levels were calculated using
the cycle threshold (Ct) 2722€T method (Livak and Schmitt-
gen 2001). Mean values were derived from two independent
biological replicates, each having three technical replicates.
Primers used in this work are given in Table S1.

Cloning of transcriptional regulator cDNAs

First strand cDNA of C. arietinum desi accession (BGD
256) seed coat was used as template for PCR amplification
of full-length CaPARI, CaPAR2, CaPAR-like, CaMYB16,
CaMYB30, CaTT8 (XP_027189966.1) and CaTTG1 (Ca
_XP004502764.1) coding sequence (CDS, without the stop
codon), using a set of Gateway™ attB-site-containing oli-
gonucleotides (Table S1), designed on the basis of sequence
information from the C. arietinum genome database. The
resulting amplicons were recombined into the Gateway™
cloning vector pPDONR™Zzeo (Invitrogen) and transformed
in E. coli TOP10 cells. Integrity of resulting Entry clones
was proven by Sanger sequencing by the sequencing core
facility of NIPGR (New Delhi, India).

Sub-cellular localization of CaPAR

For the analysis of subcellular localization of
CaPAR1,CaPAR2 and CaPAR-like CaMV35S-driven
C-terminal YFP fusion constructs were generated by Gate-
way™ LR-recombination into the binary vector pGWB441
(Nakagawa et al. 2007). Resulting plasmids were trans-
formed into Agrobacterium tumefaciens GV3101::pMP90
(Koncz and Schell 1986). Agrobacteria harboring CaPAR-
YFP constructs and Agrobacteria harboring a plasmid with
a NLS-RFP nuclear marker fusion-protein construct (Kumar
et al. 2018) were re-suspended in freshly made infiltra-
tion medium (10 mM MgCl,, 10 mM MES/KOH, pH 5.7,
150 pM acetosyringone) and co-infiltrated with a syringe
onto the abaxial surface of N. benthamiana leaf and kept
at 22 °C for 48 h. YFP and RFP fluorescence was observed
using a Leica TCS SP5 (Leica Microsystems, Wetzlar, Ger-
many) laser-scanning confocal microscope at 514—527 nm
and 558-583 nm, respectively.
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Quantification of soluble and insoluble PA

Seed coat and embryo/endosperm were dissected from
mature seeds of the color contrasting C. arietinum types
desi and kabuli. Extraction and quantification of soluble
and insoluble PAs was performed according to Pang et al.
(2007). For soluble PA quantification, catechin was used to
prepare a calibration curve (200, 400, 600, 800 and 1000 pg/
mL) and content were determined as catechin equivalent.
Samples, blanks, and standards were read within 15 min on
a FLUOstar® Omega Microplate Reader (BMG, Ortenberg,
Germany) equipped with a 640-nm emission filter. Dried
seed coat and embryo/endosperm were used for quantifica-
tion of insoluble PAs. Plant material was treated with 1 mL
butanol-HCl reagent (5:95, v/v) containing 0.7 g FeCl,/L,
homogenized and sonicated at room temperature for 1 h with
30 kHz frequency. Sonicated extract was filtered with PVDF
filters (Merck Millipore) and transferred to cuvettes for
determination of absorption at 550 nm. Afterward, samples
were boiled for 1 h and after cooling to room temperature,
the Ass, was determined again. Absorbance differences were
converted into PA equivalents using a standard curve (50,
100, 150, 200, and 250 pg/mL) of procyanidin B1 (Merck,
Darmstadt, Germany).

Ultra-high-performance liquid chromatography
(UHPLC) analysis

Separation for qualitative and quantitative analysis of mono-
meric and oligomeric PAs was performed on the 1290 Infin-
ity II series HPLC system (Agilent Technologies, Santa
Clara, CA, USA) equipped with 1290 Infinity II series pump,
auto-sampler, column compartment, and thermostat using a
Zorbax Eclipse Plus C;5 column (2.1 X 100 mm, 1.8 pm)
maintained at 30 °C. The mobile phase consisted of an aque-
ous solution of 0.1% LC-MS-grade formic acid (solution A)
and 0.1% formic acid in LC-MS-grade acetonitrile (solu-
tion B). The gradient for solution B was programmed as
follows: 0 to 2 min, 5%; 2 to 10 min, 5%—15%; 10 to 32 min,
15%-30%; 32 to 40 min, 30%—80%; 40 to 42 min, 80%-90%;
and 42 to 47 min, 90%— 0%. Other chromatographic param-
eters included a constant flow of 270uL/min (injection vol-
ume, 3 pL), and run time of 47 min including equilibration.
Before analysis, all samples were filtered through 0.22 pm
PVDF syringe filter (Merck). The filtrate was collected in a
clear-glass HPLC vial (Agilent Technologies).

LCMS analysis

Analysis of the PAs was performed using an UPLC system
(Exion LC Sciex, Framingham, MA, USA) coupled to a
triple quadrupole system (QTRAP6500 + ; ABSciex) using
an electrospray ionization. The voltage was set at 5500 V

for positive ionization. The values of gas 1 and gas 2 (70
psi), curtain gas (40 psi), collision-assisted dissociation
(medium), and temperature of the source (650 °C) were
used. The mass spectrometer was used in multiple reaction
monitoring mode (MRM) for qualitative and quantitative
analysis. Analytical standards were purchased from Merck.
Identification and quantitative analysis were carried out
using Analyst software (version 1.5.2).

Yeast two-hybrid assay

For yeast two-hybrid (Y2H) assays, the CDSs of CaPARs
and CaTT8 were recombined from Entry clones into the
destination prey vector pPGADT7g (Clontech Laboratories
Inc., San Jose, CA, USA) and the bait vector pPGBKT7g
(Clontech Laboratories Inc.), respectively. The resulting
plasmids were co-transformed into the Saccharomyces cer-
evisiae strain Y2HGold (Clontech Laboratories Inc.) and
cultured at 30 °C on medium lacking Trp and Leu. For inter-
action analysis, the bait and prey-containing yeast colonies
were patched in medium lacking Trp, Leu, His and adenine
(QDO) with 40 mg/mL X-gal, 20 ng/mL aureobasidin (AbA)
and 5 mM 3-amino-1,2,4-triazole (3-AT). p53/large T anti-
gen interaction (Pipas and Levine 2001) was used as positive
control and empty pGADT7g /pGBKT7g vectors as negative
control.

Bimolecular fluorescence complementation (BiFC)
assay

For bimolecular fluorescence complementation (BiFC)
assays, CaPAR CDSs were recombined from Entry clones
into the vector 35S-pSITE-nYFP-C1 and CaTT8 into the
35S- vector pSITE-cYFP (Martin et al. 2009). The result-
ing plasmids were transformed individually into Agrobacte-
rium tumefaciens strain GV3101::pMP90 (Koncz and Schell
1986). Agrobacteria, harboring the nYFP- and cYFP fusion
proteins to be tested, were re-suspended in freshly prepared
infiltration medium (10 mM MgCl,, 10 mM MES/KOH, pH
5.7 and 150 pM acetosyringone) and co-infiltrated into NV.
benthamiana leaves. Empty vectors (nYFP-cYFP) were used
as negative control. After incubation for 48 h at 22 °C, YFP
fluorescence was detected using a Leica TCS SP5 (Leica
Microsystems, Wetzlar, Germany) laser-scanning confo-
cal microscope at 514 nm excitation and 527 nm emission
wavelength.

Complementation analysis in A. thaliana
Entry clones of CaPAR were recombined into the T-DNA
binary destination vector pMDC-32 (Curtis and Grossniklaus

2003) by LR-reaction, putting CaPAR CDSs under the con-
trol of a 2x 35S CaMV promoter. Resulting plasmids were
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transformed into A. tumefaciens strain GV3101::pM90RK
(Koncz and Schell 1986) by electroporation and T-DNA was
transformed via Agrobacterium-mediated transfer into the
PA-deficient A. thaliana tt2-1 regulatory mutant by floral
dip method (Clough and Bent 1998). Selection of T1 trans-
genic plants was conducted on MS solid medium containing
15 mg/L hygromycin. Resistant seedlings were transferred
into soil and grown in plant growth chamber to seed produc-
tion. T2 seeds were analyzed for PA accumulation.

4-dimethylaminocinnamaldehyde (DMACA) staining
of seeds and PA content determination

DMACA staining was performed to confirm the presence of
PAs in A. thaliana seeds according to a previously described
protocol (Wang et al. 2017). PA content was measured using
DMACA reagent and catechin as standard using a spectro-
fluorometer (Varian).

Structural analysis of the CaANR and CaLAR
promoter

A 1328 bp fragment upstream of the transcriptional start of
the CaANR gene (proCaANR-1328, Ca _XP004502764.1)
and CaLAR gene (proCaLAR-1289, Ca_XP004496202.1)
was analyzed for the presence of putative MYB and bHLH
candidate-binding sites. Several regulatory-binding sites
were identified using the search in plant cis-acting regula-
tory DNA elements in PLACE database (http://www.dna.
affrc.go.jp/PLACE/signalscan.html) (Higo et al. 1999) as
well as the motif previously identified (Wang et al. 1997,
Hartmann et al. 2005).

Co-transfection analysis in A. thaliana At7
protoplasts

A promoter fragment of 1328 bp CaANR (anthocyani-
din reductase) and 1289 bp CaLAR genes were amplified
(Table S1) and cloned in the pDISCO vector (Stracke et al.
2010) giving a proCaANR-1328-uidA(GUS) and proCa-
LAR-1289-uidA(GUS) constructs used as reporters in the
co-transfection assay. To generate 35S-driven TF effector
constructs, the CaPARs, CaMYB16 and CaMYB30, CaTT8
and CaTTG1 CDS were recombined from Entry clones into
the vector pBTdest (Baudry et al. 2004).

The cultivation of At7 cells, co-transfection of effector
and reporter into protoplasts and determination of activation
capacity was performed as described in Stracke et al. (2016).
In short, a total of 25 ug premixed plasmid DNA containing
10 pg of reporter construct, 1 ug of each effector construct,
5 pg of LUC plasmid (transfection control and standardiza-
tion) and a non-reacting filling plasmid were transfected into
At7 protoplasts. Transfected protoplasts were incubated for
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20 h at 26 °C in the dark followed by harvesting the proto-
plast for LUC, GUS and Bradford assay. Specific GUS activ-
ity is given in pmol 4-methylumbelliferone (4-MU) mg~!
of protein min~". Standardized GUS activity was calculated
by multiplication of the specific GUS activity value with a
correction factor derived from the ratio of the specific LUC
activity in the given sample to the mean specific LUC activ-
ity (describing the transformation efficiency) of a set of six
experiments.

Co-expression analysis

Co-expression analysis of C. arietinum genes was performed
using publically available RNA-Seq data of different tis-
sues and developmental stages. A dedicated Python script
(https://github.com/bpucker/CaMYBs) was applied for the
calculation of the correlation in gene expression between
different gene pairs using the Spearman correlation function
of the scipy package (https://www.scipy.org/). Genes having
expression value < 10 FPKM (Fragments Per Kilobase Mil-
lion) were filtered out. The downstream analysis was carried
out with genes showing r> 0.7 and P-value <0.05. Expres-
sion of all genes in the selected data set was successively
compared with the expression of CaPARI, CaPAR2, CaTT8
and CaTTG]I. Results were ranked by decreasing correlation
coefficient (File S1). Functional annotation was assigned
to co-expressed genes using the A. thaliana (Araportl1)
annotation based on reciprocal best BLAST hits or best
BLAST hits, respectively, as previously described (Pucker
2016; Haak et al. 2018). The genes with co-expression val-
ues > 0.85 and other co-expressed genes with known func-
tions were considered for the construction of an interaction
network using Gephi 0.9.1 software (Bastian et al. 2009).

Results

Genome-wide identification of CaMYB genes,
genomic organization and duplications

Initially, we identified 150 putative R2R3-MYB protein-
coding genes based on amino acid sequence similarity to
previously characterized MYB proteins. From these, we
excluded 31 MYB genes having incomplete open read-
ing frame. Finally, we identified a total set of 119 typical
CaMYB genes of which 108 CaMYB genes (91%) could
be assigned to chromosomes (Fig. S1), while eleven
CaMYB genes could not, due to their position on unas-
signed contigs. Therefore, 108 CaMYB genes were desig-
nated as CaMYBI to CaMYB108 ordered by their position
on the pseudochromosomes (Table 1). The designation of
the remaining genes CaMYB109 to CaMYB119 was done
in alphanumerical order of the gene identifier from the


http://www.dna.affrc.go.jp/PLACE/signalscan.html
http://www.dna.affrc.go.jp/PLACE/signalscan.html
https://github.com/bpucker/CaMYBs
https://www.scipy.org/
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chickpea genome sequence annotation. CaMYB genes
were found on all eight chromosomes (Fig. S1). The num-
ber of coding exons ranged from one to 24, where three
exons were most frequent and occurred in 77 CaMYB
(65%) genes. Three CaMYB genes have a single coding
exon, 14 CaMYB genes have two, four have four, two have
six, five have seven and three have eight coding exons.
Moreover, single CaMYB genes have ten (CaMYB35), 14
(CaMYB104),22 (CaMYB55), and 24 (CaMYB67) coding
exons (Table 1). Additionally, two gene duplications were
found on chromosome 5, including one segmental duplica-
tion (CaMYB60, CaMYB70) and one tandem duplication
(CaMYB64, CaMYB65) (Fig. S1).

R2R3-MYB domain and phylogenetic analysis

To investigate the R2ZR3-MYB domain sequence features,
and the frequencies of the most prevalent amino acids at
each position within the two repeats of the C. arietinum
R2R3-MYB domain, sequence logos were produced (Fig.
S2). The R2R3-MYB domain covered about 106 amino
acid residues and consist of highly conserved and regu-
larly spaced tryptophan (W) residues at position 7, 28,
and 48 of the R2 repeat, and 61, 80, and 99 of the R3
repeat. However, the W, in the R3 repeat showed major
substitutions with phenylalanine (F) and few substitutions
with isoleucine (I), leucine (L), or tyrosine (Y) residues.
Also, a few substitutions of Wgyq with F in the R3 repeat
were identified. Apart from conserved W residues, vari-
ous other residues including glutamate (E,;), aspartate
(D), cysteine (C,,), arginine (R,;), E¢s, and Ry, were
also entirely conserved in the CaMYB proteins.

To gain insight into the putative functions of CaMYBs,
their phylogenetic relationship was analyzed in the context
of functionally known R2R3-MYBs from A. thaliana and
several landmark R2R3-MYBs. The topology of the result-
ing rooted cladogram showed clustering of the analyzed
MYBs into 32 functionally distinct clades (Fig. 1), where
clade 2 (C2) seems to be somehow chickpea-specific, i.e.,
only containing CaMYBs in this analysis. The maximum
number of CaMYB proteins was found in C17, while
only one CaMYB protein belongs to C26, C28, and C29.
Moreover, C12, C21, and C31 were specific to Arabidopsis
in this cladogram, i.e., only containing AtMYB proteins.
Further, these clades were assigned to the 28 sub-groups
of which S1-25 corresponds to subgroups reported in A.
thaliana and S26-28 in Lotus japonicas (Fig. 1). The puta-
tive functions of different CaMYBs were inferred on the
basis of homology to AtMYBs and the other landmark
MYBs (Table 1).

Expression pattern of CaMYB genes in different
organs and developmental stages

An expression profiling of CaMYB genes was performed
using publically available RNA-Seq data. This revealed
that C. arietinum MYB genes have a variety of expression
patterns in different organs. All CaMYBs are found to be
expressed in at least one or more organs/tissues, indicating
the absence of pseudogenes in the dataset (Table S2). We
undertook hierarchical clustering of the profiles to iden-
tify similar transcript abundance patterns and generated
an expression heatmap to visualize the different expression
profiles of the CaMYBs (Fig. 2). The expression of CaMYB
genes was broadly clustered into five groups, i.e., [to V
(Fig. 2). Group I genes were predominantly expressed in
roots, while group II genes were more or less exclusively
expressed in the reproductive organs of the plant. Group
III genes showed elevated expression in 10-day-old seed-
lings. Group IV genes showed specificity toward expression
in developing seeds, while group V genes are expressed in
various organs.

Identification of candidate proanthocyanidin
regulators (PAR)

In the context of functional analysis, we selected the biosyn-
thesis of chickpea seed PA pigments to identify and charac-
terize the involved R2R3-MYB proteins. Homology-based
functional assignment (Table 1) suggested two CaMYBs,
clustering together with landmark MYBs that have been
implicated as proanthocyanin-specific activators (Fig. 1,
C29 and C30). This includes especially the A. thaliana
factor TRANSPARENT TESTA2 (TT2), controlling the
accumulation of PA pigments in the seed coat. We desig-
nated these CaMYBs as CaPAR1 (CaMYB89) and CaPAR2
(CaMYB98). One CaPAR-like CaMYB (CaMYB92)
was also identified in clade C30. The expression analysis
revealed that transcripts of this PAR-like gene are abundant
in root tissue. Thus, we subsequently selected CaPAR1 and
CaPAR?2 for further research.

CaPAR proteins were compared with well-charac-
terized PA regulators from A. thaliana (AtTT2), Med-
icago truncatula (MtPAR), Vitis vinifera (VVMYBPAL,
VVMYBPA?2), Diospyros kaki (DkMYB2, DkMYB4),
and Anthurium andraeanum (AaMYB3). A multiple
amino acid alignment revealed a high conservation of the
N-terminal protein region comprising the R2ZR3-MYB
domain (Fig. 3a). The W, residue found in the R3 repeat
of other R2ZR3-MYB proteins was substituted with I, in
all PAR proteins (Fig. 3a and Fig. S2). The highly con-
served bHLH-binding motif ([D/E][L/M]JIIRLH[R/K]
LLGNRWSLIA[G/K]R) was present within the R3 repeat
of all two CaPARs. However, the S5-motif ([V/L][W/I]

@ Springer
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\S
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Fig.1 Cladogram of R2R3-MYB-proteins from C.

arietinum,
A. thaliana and selected landmark R2R3-MYBs. RAXML method
with 100 bootstraps was used for the construction of a cladogram
of 119 CaMYBs, 126 AtMYBs from A. thaliana, certain landmark
R2R3-MYBs from different plant species and an AtCDCS5 outgroup
from A. thaliana. The figure was visualized with iTOLv6.4 (https://
itol.embl.de/). Bootstrap values are shown with light blue circles at

xxKAxRCT), being described as typically for PA regula-
tors, was not perfectly conserved in all of them. CaPAR1
showed (V[V/TIRTKAx[R/K]C[T/S]) being similar to that
of AtTT2, while the S5-motif of CaPAR2 showed resem-
blance to that of MtPAR.. The S5-motif was absent from
CaPAR-like (Fig. 3a).

@ Springer
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the nodes, indicating higher values in larger circles. Functionally dis-
tinct clades are labeled from C1 to C32 along with the correspond-
ing, motif-defined sub-groups from Arabidopsis (S1-S25) and Lotus
(S26*-S28%*), shown with gray background. The cladogram does not
show branch length (genetic distance) data to provide increased read-
ability

CaPAR genes are co-expressed with structural PA
genes in seeds

The CaMYB expression data (Fig. 2) indicate that CaPARI
and CaPAR?2 are expressed in a seed-specific manner.
CaPAR-like gene expression was also found in developing


https://itol.embl.de/
https://itol.embl.de/
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CaMYB2
CaMYB57
CaMYB108
CaMYB72
CaMYB3
CaMYB91
CaMYB88
CaMYB107
CaMYB38
CaMYB90
CaMYB7
CaMYB86
CaMYB49
CaMYB53
CaMYB110
CaMYB44
CaMYB85
CaMYB35
CaMYB48
CaMYB37
CaMYB43
CaMYB82
CaMYB113
CaMYB58
CaMYB77
CaMYB6
CaMYB94

CaMYB46
CaMYB54
CaMYB27
CaMYB92 (CaPAR-like)
CaMYB4
CaMYB20
CaMYB31
CaMYB75
CaMYB99
CaMYB18
CaMYB115
CaMYB41
CaMYB5
CaMYB105
CaMYB66
CaMYB42
CaMYB11
CaMYB45
CaMYB69
CaMYB114
CamMyYB81
CaMYB17
CaMYB56
CaMYB83
CaMYB33
CaMYB63

Fig.2 Expression profiling of CaMYB genes. Heatmap shows the
differential expression of CaMYB genes calculated from publically
available RNA-Seq data sets of various plant parts and developmental
stages of flowers and seeds. Hierarchical clustering forms five distinct
CaMYB expression groups (termed I-V). Red to blue in the color-

seeds, but was highest in root tissue. In addition, the
expression of two anthocyanin-related R2R3-MYBs, i.e.,
CaMYBI16 and CaMYB30 was also found higher in develop-
mental stages of seeds similar to the expression of CaPAR]
and CaPAR?2 in group IV (Fig. 2). We used an RNA-Seq
dataset of developing seed stages to analyze the expression
of CaPAR genes and two selected PA biosynthesis enzyme-
coding genes CaANR (anthocyanidin reductase) and CaLAR
(leucoanthocyanidin reductase). As shown in Fig. 3b, the
two CaPAR genes show highest transcript abundance in late

CaMYB102
CaMYB68
CaMYB73
CaMYB80
CaMYB112
CaMYB116
CaMYB103
CaMYB95
CaMYB51
CaMYB76
CaMYB39
CaMYB100
CaMYB101
CaMYB109
CaMYB29
CaMYB32
CaMYB97
CaMYB40
CaMYB93
CaMYB111
CaMYB14
CaMYB36
CaMYB119

7l

Tl

T
-

e e T

CaMYB12

CaMYB62

CaMYB118

CaMYB30

CaMYB8
. CaMYB98 (CaPAR2)
CaMYB71
CaMYB89 (CaPAR1)
CaMYB25
CaMYB74
CaMYB23
CaMYB96
CaMYB34
CaMYB79
CaMYB19
CaMYB52

CaMYB16
CaMYB60
CaMYB87
CaMYB24
CaMYB104
CaMYB50
CaMYB106

scale bar represents higher (red) to lower (blue) expression. CaMYB
genes which encode PA regulators (PAR) are given in red: CaPARI
(CaMYB89) and CaPAR2 (CaMYB98) within in expression group IV
and CaPAR-like (CaMYB92) in expression group I

stages of seed development. Moreover, CaANS and CaLAR,
as putative CaPAR target genes, show strong correlated
expression (Fig. 3b).

CaPAR proteins are nuclear localized
Subcellular localization of CaPAR1, CaPAR2 and CaPAR-
like was analyzed using CaPAR-YFP fusion proteins in

tobacco epidermal cells. A nuclear marker NLS-RFP
protein was used as localization control. Fluorescence of

@ Springer
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AtTT2 ~-MGKRATT: ILRDYIT
VvMybPA2 -=---MGI ILCNY
DkMyb2  ----MGRKPCCA ILANYIK
AaMYB3 ———] ILVDYIKI
VVMYBPA1 'C: TKY
Dkiyb4 c
CaPAR-Like
CaPAR2 ‘CPKE-I VSI
MtPAR ILSKYVVI
Dikok: Kk kL i kk ki i ok kAARKKE %
R2 domain
MtMYB14  WLNYLRPDIKRGNI: I T i
TaMYB14  WINYLRPDIKRGNT. I GNRWSLIA DNET
CaPAR1  WINYLRPDIKRGNT. 1
LjTT2a  WINYLRPDIKRGNI : I ;
AtTT2 WKNYLRPGIKRGNI I NRWSLI :

y WLNYLREDTKRGNT; : GNRWSLIA DNET SKRL
DkMyb2  WLNYLRPDIKRGNI = i
AaMYB3  WLNYLRPDIKRGNI: : I : KKL
VVMYBPA1 WMNYLRPDIKRGNI' I o I L
DkMybd  WMNYLRPDIKRGNT : I X N
CaPARLike WINYLRENIKRGNT. T :

CaPAR2 WLNYLKPGIKRGDI I o
MtPAR WLNYLKPGIKRGHI I I o
K ki k Akkk ks ha|sikisih kkAAAkRkk ARk kA ARk ks kK
BHLH motif RS domain
MtMYB14  KDLQQON' TAHKQNNEK]
TaMYB14  KDLDQONTNNSSPTKLSAQPKNAEIKQKQI
CaPAR1 KDI I
LITT2a 0l TP: QSVTPSVFS-—---- TRTKASKCS
AtTT2 PKTQT! RI! i IRTKAIRCS
VvMybPA2 QA HIVIRTRAVRCS
Dkiyb2 TVIRTKAVRCT
AaMYB3 IRTKASRCT
VVMYBPAL ISKDQ
DkMyb4  RSQG
CaPAR-Like SHIEEKPETSTTQETIAQNNIVEDI
CaPAR2 KKQPI. I I PQAPRPR
MtPAR QKQPT: PR
SG5-motif
MtMYB14  KVL r
TaMYB14 KVLFI F
CaPAR1 KVVF TMOM( 'LSF
LjTT2a KVLLRDPLLPCPPMQTQSDDFIAKLLEEAE - -~~~ ‘GEPLLSAVANDFTSGDEDGVLSFDP
AtTT2 KTLL L PL

y KVIIPRVY AL- IGDLLTSD
DkMyb2 KVVI ELNVTAMIEKREA! QP-D FVTDLLDLE
AaMYB3  KAFF Q DPLADILLGLDIDELMWET
VVMYBPAL PVRVTSLI »
DkMyb4 PFRIKSLASF! TTTATATE:
CaPAR-Like I
CaPAR2 RLIKVVEYNKILENNNSI TEETSIADFFI
MtPAR RLKAVHQYKT QG-SDETSIADEFT
MtMYB14  SDAKKGL ISLSEL L L
TaMYB14 CI IAD-DICLSEF 'DIDYNDLLSPCSDQTQMFPDDEIL
CaPAR1 IL
LjTT2a CGNEKELSTDLLLDLDIGE--ICLPEFINSDFSYVCDFSYN------~' ‘THEDLMLFSENT
AtTT2 KEQEMD( IHSEFHF TSLY ILGELVPAQ

y ALNSF PPCSDFLAPEIENQ QPS
DkMyb2 I F DEITLEAD
AaMYB3 ELAWLST! L \L ' TVLEEWR
VVMYBPAL WPSFRDIRDDKVIGVDGVDFF LYEEYLQLL
DkMyba4 FI - DLECQSLEKLYEEYLOLL
CaPAR-Like 'NEF LEFDPIQF
CaPAR2 DI I T
MtPAR DED-- T TNST AEKFDP-QETL
MtMYB14  KNWTECSFVDEKNVTNNLHYFTSFLESSEDVLGE
TaMYB14  KNWTQCNFADETNVSNNLOSSASFLESSEEVLGE
CaPAR1 KNWTQCC LGE
LjTT2a  LVOAQKYL
AtTT2 RDFTC
VvMybPA2 EALELKTLASFLNSEDEWITENNQVP----—---—

DkMyb2 ENWRASTEPPQ

AaMYB3 DSCLE
VVMYBPAL  ERE-] L1

Dkyb4 T
CaPAR-Like

CaPAR2 ,GLEN-

MtPAR  FLGLEND-----—---—

Fig.3 Multiple sequence alignment of candidate PA regulators from
C. arietinum (CaPAR1, CaPAR2 and CaPAR-like), digital expression
and subcellular localization. a The R2 and R3 repeats of the MYB
domain, the bHLH interaction motif and the S5 defining motif are
marked according to previously characterized PA-specific R2R3-
MYB regulators. Regularly spaced tryptophan residues of the MYB
domain are indicated by purple asterisks. b Publically available

CaPAR1-YFP, CaPAR2-YFP and CaPAR-like fusion pro-
teins were observed exclusively in the nucleus as indicated
in overlay images. We conclude from these results that
CaPARs are localized in the nucleus (Fig. 3c).

PAs accumulate abundantly in the seed coat
of chickpea desi type

Seeds are the dominant site of PA accumulation in C. arieti-
num. For analysis of PAs, we selected seed color contrasting
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CaPAR1-YFP

CaPAR2-YFP

CaPAR-like-YFP

RNA-Seq data sets were explored to analyze expression of CaPAR
and CaPAR-like genes and candidate PA-branch biosynthesis genes
(CaANR and CaLAR) in different stages of C. arietinum seed devel-
opment. ¢ Subcellular localization of CaPAR-YFP fusion proteins in
Agrobacteria-infiltrated tobacco leaves analyzed by confocal micros-
copy. NLS-RFP was used as nuclear marker

chickpea types, the dark brown seeded desi type (cultivars
ICC4959 and BGD256) and lighter colored kabuli types
(cultivars ICC6253 and ICCV2) (Fig. 4a). To check whether
the color variations are caused by different amounts of PAs,
we determined the levels of soluble as well as insoluble PAs.
The analysis revealed that soluble PA content was mainly
restricted to the seed coat of desi types (Fig. 4b). The seed
coat of the desi cultivars ICC4958 and BGD256 contain
509 +72 and 645+ 82 pug/gm DW of catechin equivalent,
respectively. In contrast, the seed coat of the kabuli cultivars
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Fig.4 Soluble and insoluble PAs in seed tissues of desi and kabuli
types. a Mature seeds of two brown seeded desi cultivars (ICC4958
and BGD256) and two yellow seeded kabuli cultivars (ICC6253 and
ICCV2) are shown; whole seeds in the upper lane and embryo and
endosperm in the lower lane. b Spectrophotometric quantification of
soluble PA content in separated seed coat and embryo+endosperm
of desi and kabuli types, determined by reaction with DMACA rea-
gent. Catechin was used as standard. Insoluble PA content in seed
tissue, determined by hydrolysis with butanol-HCL reagent. Procya-
nidin B2 was used as standard. Values are means=+SD of two inde-

ICC6253 and ICCV2 contain 16.7+2.4 and 9.0+2.5 pg/
gm DW of catechin equivalent, respectively. However, the
embryo and endosperm of both, the desi and kabuli types,
are deficient in soluble PAs except for the ICC6253 culti-
var, in which we detected 239 +40 ug/gm DW of catechin
equivalent. The insoluble PA content was also higher in desi
seed coat than in kabuli seed coat. The seed coat of ICC4958
and BGD256 contains 101 +24 and 108 + 18 pg/gm DW of
procyanidin B2 equivalent, respectively. The seed coats of
ICC6253 and ICCV2 contain 25 +3.1 and 63 +12.6 pg/gm
DW of procyanidin B2 equivalent, respectively. While the
difference in insoluble PA content in embryo and endosperm
of the desi and kabuli types was insignificant (Fig. 4b and
Fig. S3).

Our results of the spectrophotometric quantification
made us keen to analyze both the monomeric and oligo-
meric forms of PAs in the similar tissues of C. arietinum.

pendent biological replicates with three technical replicates of each.
Estimation of ¢ monomeric and d oligomeric forms of PAs in seed
coat and embryo and endosperm of color contrasting cultivars of C.
arietinum. Values are means +SD of two biological replicates having
three technical replicates of each. EGC, epigallocatechin; ECG, epi-
catechin gallate. e Expression of CaPAR genes in mature seed coat
and embryo +endosperm. Presented RT-qPCR data cover two inde-
pendent biological replicates with three technical replicates of each
and the error bars give +SD values. CaEF-1* and CapTub expression
was used as reference control

Therefore, we performed targeted metabolite profiling by
UHPLC (Fig. S4) and LCMS (Fig. S5) for quantitative esti-
mation of individual metabolites. We have quantified three
monomeric and four oligomeric forms of PAs. The mono-
meric forms, i.e., epigallocatechin, epicatechin gallate and
catechin were predominantly accumulated in the seed coat
of ICC4958 and BGD256, respectively. In contrast to this,
we could not detect the analyzed metabolites in the seed coat
of kabuli types except for epicatechin gallate in ICC6253
type. Interestingly, in the embryo and endosperm of both
desi and kabuli types, either we could not identify the ana-
lyzed metabolites, or the quantified metabolites were present
at very low abundance except for ICCV2 where we detected
epigallocatechin (Fig. 4c). In addition to this, we have also
identified four different forms of procyanidins, i.e., procya-
nidin A2, procyanidin B1, procyanidin B2, procyanidin C1.
Similar to the monomeric forms of PAs, we also detected
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oligomeric forms of PAs in higher amount in the seed coat
of desi type (Fig. 4d). The oligomeric forms, i.e., procya-
nidin A2, procyanidin B1, procyanidin B2 and procyanidin
C1 were predominantly accumulated in the seed coat of
ICC4958 and BGD256, respectively. We have also identified
the oligomeric forms in the seed coat of kabuli types, how-
ever, the concentration of the analyzed metabolites was sub-
stantially lower than in the seed coat of desi type (Fig. 4d).
Procyanidin A2, procyanidin B1, procyanidin B2, and pro-
cyanidin C1 were predominantly accumulated in the seed
coat of ICC6253 and ICCV2, respectively (Fig. 4d). The
analyzed metabolites were also less abundant in the embryo
and endosperm of both desi and kabuli type (Fig. 4d). Taken
together, it is clear that seed coat of desi types accumulated
higher concentration of both the monomeric and oligomeric
forms of PAs than the seed coat of kabuli types.

Expression of CaPAR genes is correlated with PA
content in seeds

We used the dissected seed coat, embryo, and endosperm
samples also for CaPAR gene expression analysis. RT-qPCR
analysis points to higher CaPAR expression in the seed coat
of desi type compared to kabuli type. CaPAR expression
does not differ strongly in the embryo and endosperm of desi
and kabuli types (Fig. 4b).

Fig.5 CaPAR partially com- (a)
plement the A. thaliana tt2-1

mutant phenotype. a Visualiza-

tion of representative, DMACA

stained seeds of the PA-defi-

cient A. thaliana tt2-1 mutant,

If the previously shown results are taken together, the
correlation of gene expression and metabolite accumulation,
together with amino acid similarity, indicate that the R2R3-
MYB proteins encoded by CaPARI and CaPAR?2 are posi-
tive regulators of PA biosynthesis in seeds of C. arietinum.

Ectopic expression of CaPAR partially restores
the PA-deficient phenotype of A. thaliana tt2-1
mutants

We used the PA-deficient A. thaliana tt2-1 mutant for func-
tional in planta complementation experiments. CaPARI and
CaPAR?2 were heterologously expressed in the #2-1 mutant
under the control of the CaMV-35S promoter. PA accumu-
lation in seeds of stable transgenic complementation lines
was analyzed by DMACA staining (Fig. S6). The seeds of
Ler (wild type control) turned blue-black, indicating high
PA accumulation, while 722-1 mutant seeds appeared yellow.
Seeds of different transgenic lines bearing the 35S::CaPARI
and 358::CaPAR?2 constructs, showed dark pink staining as
indication for PA accumulation (Fig. 5a).
Spectrophotometric quantification analysis indicated
that 35S::CaPARI Arabidopsis seeds produced approxi-
mately eight times more PAs than the #2-7 mutant seeds.
Similarly, 35S8::CaPAR2 produced approximately six
times more PAs than the #72-/-mutant seeds (Fig. 5b).
The complementation analysis suggests that the analyzed

the corresponding Ler wild type 35S::CaPAR1 35S::CaPAR2
and transgenic 35S::CaPARI,
2 lines in #12-1 background. (b) 1250
Scale bar=5 um. b Relative
PA content of seeds. Values are = 1000 =
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CaR2R3-MYBs have the potential to (partially) comple-
ment the PA-deficient phenotype of the A. thaliana tt2-1
mutant, clearly support in planta PA regulator function.

CaPAR1 and CaPAR2 interact with CaTT8

PA biosynthesis required the formation of a regulatory
MBW complex. A chickpea bHLH protein (CaTT8) with
high similarity to AtTTS, being associated with petal pig-
mentation and seed coat color, was taken as candidate to
analyze the interaction with CaPAR1- and CaPAR2 R2R3-
MYBs by Y2H experiments. The Y2H results (Fig. 6a)
indicate that CaPAR1 and CaPAR?2 interact with CaTTS8.
The interaction of CaPAR1 with CaTTS8 is stronger than
the interaction of CaPAR2 with CaTT8. Furthermore,
we performed BiFC assay in N. benthamiana leaves to
confirm the MYB-bHLH interaction in planta (Fig. 6b).
Here, reconstructed YFP fluorescence was seen with the
CaPAR1-YFPN with CaTT8-YFPC pair, while it was not
detected with CaPAR2-YFPN and CaTT8-YFPC.

Positive control (p53/large T)

BD Blank/AD Blank

BD Blank/CaTT8AD

CaPAR1BD/CaTT8AD

CaPAR2BD/CaTT8AD

CaPAR1BD + AD Blank

CaPAR2BD + AD Blank

Fig.6 Interaction of CaPAR proteins with CaTT8. a Yeast two-
hybrid assays showed in vivo interaction between CaPARI and
CaPAR2 with CaTT8. AD, Gal4 activation domain; BD, Gal4
DNA-binding domain; DDO, double synthetic dropout (SD)-Leu-
Trp medium; QDO/X/A, quadruple SD-Leu-Trp-Ade-His+X-a-

Structural analysis of the CaANR, CaLAR promoters

Three and four putative MYB-binding sequences (MBS)
have been identified in proCaANR-1328 and proCa-
LAR-1289, respectively. In proCaANR-1328, two MBS are
present between positions — 1205 to — 1200 and — 1232
to — 1227 which fits the MYBCORE motif (CNGTTR),
one MRS is located between position — 996 to — 989
with the consensus motif AAMAATCT, named as MBS1,
MBS2 and MBS3, respectively. In addition to this, we
have also identified bHLH-binding sequences (BBS)
including the MYCCONSENSUSAT motif (CANNTG),
also known as R-response element (RRE), at positions
—280to — 275, — 300 to — 295, — 618 to — 613, — 1245
to — 1240, and — 1267 to — 1262. These elements were
named BBS2, BBS3, BBS4, BBS6, and BBS7, respec-
tively. Two bHLH-binding sequences (BBS) were found
at positions — 103 to — 98 and — 1230 to — 1225, both
fitting the consensus motif CACGTG of palindromic G
boxes. These elements were named BBS1 and BBSS,
respectively. In proCaLAR-1289, four MBS are present
between positions — 764 to — 758, — 800 to — 794, — 875

CaPAR1-YFPN/CaTT8-YFP¢

CaPAR2-YFPN/CaTT8-YFPC

YFPN-YFPC

Gal+ AbA medium. b Bimolecular fluorescence complementation
(BiFC) assay indicates in planta interaction of CaPAR1 with CaTTS8.
Reconstructed YFP signals are highlighted by yellow arrows. Scale
bar=10 um
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to — 869, and — 904 to — 898. These elements were com-
plements of the MYBCORE motif and were designated
as MBS1, MBS2, MBS3 and MBS4, respectively. Identi-
fied bHLH-binding sequences (BBS) at positions — 280
to — 275, — 300 to — 295, — 618 to — 613, — 1245 to
— 1240, and — 1267 to — 1262 were fitting the consensus
motif CANNTG. These elements were named as BBS1
to BBS5 (Fig. 7a).

(@) proCaANR

CaPAR-containing MBW complex activates
the CaANR and CaLAR promoters

To analyze the transactivation potential of CaPAR1, CaPAR-
2, CaMYBI16, and CaMYB30 in a complex with CaTT8
on the CaANR and CaLAR promoters, we used a co-trans-
fection-based transient A. thaliana protoplast expression
system. Therefore, we placed the -glucuronidase (GUS)
reporter gene under the control of promoters used (Fig. 7b).
Quantified, normalized GUS activity was taken as a meas-
ure of promoter activation. Effectors CaPAR1, CaPAR?2,

o 0o o o o 1
+—Y ] B i 0 — 1>
proCaLAR
12898 23R B B 3 B
& gge £2 2 - 4
Y 008 00 7>
(b) Effector construct (pBT-Dest)
Pro35S | Effector-ORF NOS-T
Reporter construct (pDISCO)
target promoter|l ,idA-ORF INOS-T
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ProTATA pro35S Effector CaPAR1 CaPAR1 CaPAR1 CaPAR2 CaPAR2 CaPAR2
) €aTT8 CaTTs CcaTT8 CaTTs
€aTTG1 €aTTG1

Fig.7 CaPAR proteins function in an MBW complex and are able
to activate the PAs-related CaANR and CaLAR gene promoters in
A. thaliana protoplasts. a Schematic presentation of the C. arietinum
ANR and LAR promoters. Putative cis-acting elements are indicated:
MBS (light blue) are putative MYB-binding sites and BBS (red) are
putative bHLH-binding sites. The black "triangles" mark (— 1) tran-
scription start site (TSS), position+ 55 and +46 shows the translation
start sites of proCaANR and proCaLAR, respectively. b Schematic
diagram of the effector and reporter constructs used in the co-trans-
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proTATA pro35S Effector CaPAR1 CaPAR1 CaPAR1 CaPAR2 CaPAR2 CaPAR2
) €aTT8 CaTTs8 CaTT8 CaTTs8
€arrG1 €CarrTG1

fection experiment. ¢ Results from co-transfection experiments in
A. thaliana protoplasts. A GUS-fused 1328 bp CaANR and 1289 bp
CaL AR promoter fragment (reporter) was assayed for its responsive-
ness to various 35S promoter-driven effectors CaPAR1, CaPAR2,
CaTT8 and CaTTGl], either alone or in combinations. The figure
shows ean normalized GUS' activity resulting from the influence of
tested effector proteins on reporters proCaANR-1328 and proCa-
LARI1289. Data from a set of six replicates are presented
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CaMYB16, CaMYB30 and CaTT8 were driven by 35S
promoters (Fig. 7b). Since a functional MBW complex also
needed a WD40-repeat protein, we included CaTTG1 (Fig.
S7) in this experiment. The co-transfection results sug-
gested that none of CaPARs is able to trans-activate pro-
CaANR and CaLAR alone. However, in combination with
CaTT8 and even at a higher level with additional CaTTG1,
the CaPAR R2R3-MYBs showed the potential to transac-
tivate proCaANR-1328 and proCaLAR-1289 promoters at
different levels (Fig. 7c). In proCaANR-1328, the highest
transactivation capacity was found for CaPARI1 in combina-
tion with CaTT8. Further addition of CaTTG1 enhanced the
CaANR promoter activity by a factor of 1.45. The transacti-
vation of CaPAR2, in combination with CaTT8 gave strong
GUS” activity which further increased by a factor of 1.51
with CaTTG]1. In proCaLAR-1289, the highest transactiva-
tion capacity was found for CaPAR1 in combination with
CaTTS8. Further addition of CaTTG1 enhanced the CaLAR
promoter activity by a factor of 1.28. The transactivation of
CaPAR?2 in combination with CaTT8 and CaTTGl increased
the GUS” activity by a factor of 1.15. To check the involve-
ment of additional IV R2R3-MYBs in the regulation of the
PA biosynthesis, we considered additional IV MYBs, i.e.,
CaMYB16 and CaMYB30 for protoplast assays. The co-
transfection results suggested that neither CaMYB16 nor
CaMYB30 has the potential to transactivate proCaANR and
proCaLAR (Fig. S8). In summary, these results indicate that
two CaPARs form in planta functional MBW complexes
with CaTT8 and CaTTGI1. These complexes are able to acti-
vate the CaANR and the CaLAR promoters.

Co-expression analysis of chickpea PA regulator
MBW complex encoding genes

A total of 1197 genes were found to be co-expressed with
genes encoding components of the C. arietinum PA regulat-
ing MBW complex. In detail, 36 genes are co-expressed with
CaPAR1, 192 with CaPAR?2, 294 with CaTT8, and 628 with
CaTTG]. Genes annotated to encode a flavanone 3-hydroxy-
lase (F3H), a chalcone-flavanone isomerase (CHI), and a
MATE efflux protein were co-expressed with all five MBW
complex genes. Some genes showed co-expression with
selective MBW complex genes. For instance, genes anno-
tated to encode RING/U-box and zinc finger family pro-
teins are co-expressed with CaPAR2, CaTT8 and CaTTGI,
ABA-responsive element-binding protein (AREB3), auxin-
responsive factor AUX/TAA-like protein, transferases like
O-methyltransferase (O-MTase), S-adenosyl-L-methionine-
dependent methyltransferases (SAM MTase), UDP-Glyco-
syltransferase (UGT) and protein kinase (PK) encoding
genes are co-expressed with CaTT8 and CaTTGI; a gene
annotated to encode a jasmonate ZIM -domain protein8
(JAZS8) homolog is co-expressed with CaPARI and CaPAR2,

etc. (Fig. 8; Table S3). Apart from this, many of the C. ariet-
inum genes annotated to encode different enzymes, kinases,
and transporters were found to be co-expressed with one of
the PA regulator MBW complex genes (Table S3).

Discussion

In this study, we aimed to identify and characterize pro-
teins transcriptionally regulating the PA biosynthesis in
C. arietinum. Harnessing knowledge from other plant spe-
cies, we started to identify R2R3-MYB-type PA regula-
tors, known as the players that determine the specificity
for the different branches of flavonoid biosynthesis. In an
initially broad approach, we have captured and pictured the
entire R2ZR3-MYB gene family from C. arietinum (Table 1,
Fig. 1). We identified a total of 119 CaMYB genes encoding
MYB proteins with more than one repeats, including 113
CaR2R3-MYB encoding genes. This number is somewhere
in the middle of the range known from other plant species,
ranging from 45 in Ginkgo biloba (Liu et al. 2017), 88 in
Oryza sativa (Katiyar et al. 2012), over 126 in A. thaliana
(Stracke et al. 2001), 192 in Populus trichocarpa (Wilkins
et al. 2009), and 285 in Musa acuminata (Pucker et al.
2020). Variability in the number of R2ZR3-MYB genes might
be attributed to the ploidy level of species and the number
of gene duplication events in the different genomes evolu-
tion. For example, the high number of R2R3-MYB genes
in M. acuminata is thought to be caused by three whole-
genome duplications (y 100 Myr ago and a, p 65 Myr ago)
that occurred during Musa genome evolution (Pucker et al.
2020). The number of 119 R2R3-MYB genes in C. arieti-
num can be explained by the genome duplication event that
occurred at the base of the Faboideae, where the galegoid
(M. truncatula, L. japonicus and C. arietinum) and millet-
tioid (soybean, pigeonpea) clades separated ~54 Myr ago
(Lavin et al. 2005). Within the C. arietinum genome, two
R2R3-MYB gene duplications were found including one seg-
mental duplication and one tandem duplication (Fig. S1).
This is a small number compared with R2R3-MYB gene
duplications reported for other species, with three tandem
duplications in the B. vulgaris genome (Stracke et al. 2014)
and 27 segmental duplications and eight tandem duplica-
tions in the G. raimondii genome (He et al. 2016). These
consistently observed gene duplication events are the driving
force that leads to an ongoing expansion of the R2ZR3-MYB
gene families (Chang et al. 2020).

Homology-based functional classification of the C. ari-
etinum R2R3-MYB proteins (Fig. 1, Table 1) led to assign-
ment of a potential function to each CaMYB protein.
Interestingly, the cladogram does point to a C. arietinum-
specific clade (C2) of MYB proteins, which could indi-
cate that there are functionalities regulated by R2ZR3-MYB
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Fig.8 Co-expression network of the C. arietinum MBW complex
genes. Co-expression analysis of CaPARI, CaPAR2, CaTT8 and
CaTTG1 (MBW complex genes) with other genes in C. arietinum
genome. The genes co-expressed with at least two of the MBW com-
plex genes are shown with different colors, where genes encoding
flavonoid biosynthesis-related proteins (pink), proteins related to hor-

proteins found exclusively in chickpea and maybe closely
related species. But this assumption would need to be
tested in a larger phylogenetic context and followed up
with additional experiments, which is not the intention of
this work. R2R3-MYB genes with diverse role in various
biological processes including specialized metabolism,
growth and development, defense response, and response

@ Springer

TRF

mone activity (red), methyl- and glycosyl-transferases (orange), trans-
porters (purple) and other proteins (green) are connected with respec-
tive color lines to their co-expressed MBW complex genes (blue).
Genes are labeled with already known abbreviations for the annotated
chickpea genes or with the gene ID of homologues A. thaliana genes
where the chickpea annotation is patchy. Details are given in Table S3

to stress conditions are grouped together based on their
expression patterns. Since anthocyanins and PAs both
share several common biosynthesis genes and their regu-
lation often overlaps (Wang et al. 2018), the expression
of anthocyanin-specific RZR3-MYB genes, i.e., CaMYB16
and CaMYB30 was corroborated with the expression of
CaPARI and CaPAR?2.
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The CaMYBs, which are placed in the clade of PA regula-
tors (CaPARs), have been analyzed in depth in this work. We
present strong evidence, that the CaPARs are involved in the
regulation of PA biosynthesis in C. arietinum. The expres-
sion pattern of two CaPAR genes indicated, that their expres-
sion is confined to the seeds (Fig. 3b). Further analyses,
suggested that their expression is restricted to the seed coat
(Fig. 4e), which is the site of PA accumulation (Fig. 4b). The
expression of both the CaPARs is highest in the developing
seeds, which indicates that some upstream regulators might
be working transcriptionally or post-transcriptionally. Exam-
ples for such regulators are, e.g., the WRKY-type protein
MdWRKY41, which inhibits the expression of MdMYB12
resulting in the repression of PA synthesis in apple (Mao
et al. 2021) or PtrBBX23, which activates the expression
of PtrMYBI15 leading to the activation of PA accumula-
tion in poplar (Li et al. 2021). In grapevine a microRNA
encoded peptide, miPEP164c, enhances the transcription
of its own transcript to down-regulate PA synthesis in ber-
ries. miR164c targets VvMYBPAI via degradation through
post-transcriptional gene silencing, leading to decreased
expression of LAR and ANR, resulting in decreased PA
accumulation (Vale et al. 2021). In poplar, a histone H3K9
demethylase JMJ25 epigenetically regulates PA synthesis.
JMJ25 demethylates H3K9me?2 in the chromatin body of
MYBI82 to enhance its expression leading to down regu-
lation of PA synthesis. It also affects DNA methylation at
MYBI182 locus which helps in the efficient expression (Fan
et al. 2018). Taking this knowledge, we speculate that some
upstream regulation also exists in C. arietinum, modulating
CaPAR1 andCaPAR?2 expression. Maybe the genes being
co-expressed with CaPAR genes, like AREB3 and ZNF act
as a transcriptional inducers in chickpea.

However, the expressions of CaPAR2 in ICC4958 and
ICC6253 do not appear to differ. The previous study by
Penmetsa et al. (2016) showed the involvement of natural
allele of bHLH responsible for flower color (anthocyanins)
and seed coat color (PAs). Thus, it can be explained by the
fact that the anthocyanin and PA biosynthesis in chickpea is
regulated by the formation of a functional MBW complex
to regulate the biosynthesis pathway. Further, the transcript
levels of CaPAR genes were well correlated with the soluble
and insoluble PA content with significant higher content of
both forms of PAs in seed coat of desi type. Interestingly,
embryo and endosperm of neither desi nor kabuli accumu-
late substantial amount of PA which suggests cell specificity
of PAs in chickpea seeds. Similar to our observation, MtPAR
expression and accumulation of both soluble and insoluble
PAs is restricted to the seed coat of Medicago truncatula
(Verdier et al. 2012). Our metabolomics data suggest another
interesting observation that the seed coat of the desi types
accumulates both catechin and epicatechin as soluble forms
of PAs. This finding is quite opposite to Arabidopsis seeds

which exclusively contain only epicatechin unit as Arabi-
dopsis lacks the functional LAR gene (Tanner et al. 2003;
Routaboul et al. 2006). Although M. truncatula harbors
a LAR gene in its genome, this plant accumulates almost
exclusively epicatechin units (Pang et al. 2007). Our finding
suggests that both catechin and epicatechin have a role in
tannin accumulation in the seed coat of desi types. It would
be interesting to elucidate the role of CaANR and CalLAR
genes in chickpea which is involved in the biosynthesis of
epicatechin and catechin polymer, respectively. Though our
study is confined to mature seeds, further study is needed for
distribution of PAs in different developmental stages. It was
inferred in our study that seed color difference is mainly due
to different PA content of seed coats. Ectopic expression of
CaPAR in PA-deficient A. thaliana seeds partially restored
the PA biosynthesis in transparent testa seeds which vali-
dated the CaPAR function.

In this study, we set out to broaden the knowledge on
regulatory proteins involved in PA biosynthesis. Yeast
two-hybrid and BiFC results were consistent with previous
findings where CaPARs interact with CaTT8 both in het-
erologous system and in planta for the formation of MBW
complexes. Further, the co-transfection analysis suggested
that CaPAR interacts with CaTT8 and CaTTG!1 to form a
complex which then trans-activates the promoters of CatANR
and CaLAR. Moreover, our study provides a link between
CaPAR proteins and a previously characterized bHLH
(CaTT8; Penmetsa et al. 2016) by protein—protein and DNA
protein interactions.

It would be interesting to further dissect the regulatory
network of PA biosynthesis in chickpea and to unveil the
entire regulon of the MBW complex. Our co-expression data
proposed several genes which could participate in the forma-
tion and accumulation of PAs along with the MBW complex.
The role of F3H and CHI genes has been reported in the bio-
synthesis of flavonoids, while MATE transporters are well
known for flavonoid transport (Burbulis and Winkel-Shirley
1999; Marinova et al. 2007). An ABA-induced DkbZIP5
protein regulates the expression of DkMYB4 to induce PA
synthesis in persimmon fruit (Akagi et al. 2012). Further,
the significance of ABA in the synthesis of the anthocyanin
has been discussed in sweet cherry fruit development, which
also supported the co-expression AREB proteins. ABA plays
a major role in salt, drought, cold and osmotic stress toler-
ance. ABA-induced anthocyanin synthesis has been a major
marker for abiotic stress in plants. Co-expression of ABA-
related genes suggests that it may play a role in anthocyanin
accumulation in C. arietinum. Various co-expressed genes,
such as flavonoid-specific glycosyltransferases (GTs), phe-
nylalanine ammonia lyase, etc. associatively function with
different enzyme complexes in flavonoid biosynthesis (Bur-
bulis and Winkel-Shirley 1999). Therefore, the presented co-
expression data hint to several genes which could be directly
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or indirectly involved in the flavonoid biosynthesis pathway.
Of course, these putative involvements have to be proven in
future experiments.

In the effort to modulate PA biosynthesis pathway by
biotechnological approaches, the use of regulatory proteins
has gained attention during the last years. This is because
of their ability to modulate the whole biosynthetic pathway
instead of a single step. For example, the PA biosynthesis
was successfully enhanced in alfalfa by targeting MtPAR
(Verdier et al. 2012). Similarly, the knowledge gained in our
study could be used for genetic improvement of PA biosyn-
thesis in C. arietinum, with CaPAR1 and CaTT8 as primary
targets.
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