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Main conclusion DcMYB11, an R2R3 MYB gene associated with petiole anthocyanin pigmentation in carrot, was
functionally characterized. A putative enhancer sequence is able to increase DcMYB11 activity.

Abstract The accumulation of anthocyanin pigments can exhibit different patterns across plant tissues and crop varieties. This
variability allowed the investigation of the molecular mechanisms behind the biosynthesis of these pigments in several plant
species. Among crops, carrots have a well-defined anthocyanin pigmentation pattern depending on the genic background.
In this work, we report on the discovery of DNA structural differences affecting the activity of an R2R3 MYB (encoded by
DcMYBI1) involved in anthocyanin regulation in carrot petiole. To this end, we first verified the function of DcMYB11 using
heterologous systems and identified three different alleles which may explain differences in petiole pigmentation. Charac-
terization of the DcMYBI1 alleles at the 5' upstream sequence unveiled a sequence that functions as a putative enhancer. In
conclusion, this study provides novel insight into the molecular mechanisms controlling anthocyanin accumulation in carrot.
By these outcomes, we expanded our knowledge on the cis-regulatory sequences in plants.

Keywords Anthocyanins - Carrot petiole - Daucus carota - Regulatory sequences - Transcription factor

Abbreviations Introduction
Gp Green petiole
Pp Purple petiole Anthocyanins are pink, red, purple, and blue natural pig-
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repeat proteins control the expression of the genes encod-
ing for enzymes involved in anthocyanin biosynthesis
(Baudry et al. 2004; Koes et al. 2005; Ramsey and Glover
2005; Gonzalez et al. 2008). Especially, for dicot species,
the R2R3 MYBs (belonging to subgroup 6; Stracke et al.
2001) are fundamental for the MBW complex activa-
tion, according to the hierarchical regulatory mechanism
described by Alberts et al. (2014). In this mechanism, the
R2R3 MYBs activate the expression of the bHLH inter-
acting co-partners to trigger tissue pigmentation. Gen-
erally, the genes encoding for R2R3 MYBs, controlling
anthocyanin biosynthesis, are present in multiple paralogs
within plant genomes and each paralog often regulate the
pigmentation of a specific tissue. They can also differently
condition the amount and the timing of anthocyanin accu-
mulation, depending upon the surrounding environment
and/or the developmental stage (Zhang et al. 2000; Chagné
et al. 2013; D’Amelia et al. 2018; Zhang et al. 2019). For
example, four main types of R2R3 MYB-encoding genes
have been described in Petunia. PhAN2 (Anthocyanin 2) is
responsible for the red coloration of corolla, PAAN4 con-
trols pigmentation of the anther and corolla tubes, PADPL
(Deep Purple) determines the color pattern venation, and
PhPHZ (Purple Haze) is responsible for pigmentation of
stems, leaves, and sepals in response to light (Spelt et al.
2000; Albert et al. 2011, 2014). Clustered MYB genes,
placed in the loci Developer (D) or Anthocyanin fruit (Aft),
contribute to the pigmentation of specific tissues in potato
(locus D) and tomato (locus Aft) plants. In potato, StANI
contributes to tuber skin and leaves pigmentation, while
StFIAN?2 regulates anthocyanin production in corollas
(Jung et al. 2009; D’Amelia et al. 2014; Laimbeer et al.
2020). In tomato, SIANZ is associated with the accumula-
tion of anthocyanins in vegetative tissues, while SIAN2-
like regulates anthocyanin accumulation in the peel of
fruits (Colanero et al. 2020a, b).

The cultivated carrot (Daucus carota subsp. sativus)
exhibits a wide and well-defined combination of antho-
cyanin pigmentation patterns within varieties and across
tissues. Carrots with purple taproot represent the first form
of domesticated carrot. It has been documented that carrot
grown in Central Asia in the tenth AD century, where the
“purple trait” was likely among traits subjected to the first
human selection (Ellison et al. 2018). Today, the cultivated
germplasm includes several purple/black pigmented varie-
ties. In the carrot taproot, anthocyanins can accumulate
in specific tissues including the epidermis, outer phloem,
inner phloem, and xylem (Iorizzo et al. 2020). Besides the
taproot, anthocyanin pigmentation can be present in other
organs and tissues, including the bracts of inflorescences,
the flower petals, the seeds, the leaf petiole and lamina,
and the nodes and internodes of the flower stalk (Cavagn-
aro et al. 2019). Such visual diversity suggests a relevant
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variability in the regulatory mechanisms controlling the
activation of the anthocyanin biosynthetic pathway in dif-
ferent tissues.

Genetic studies indicated that the dominant P3 locus, ini-
tially identified by Cavagnaro et al. (2014), is the main locus
controlling anthocyanin accumulation in the root and petiole
(Iorizzo et al. 2019). Within the region harboring the P3
locus, a cluster of six genes encoding for anthocyanin R2R3
MYBs, named as DecMYB 6, 7, 8,9, 10, and 11, was identi-
fied (Torizzo et al. 2019, 2020). Clustered genes are prone
to an evolutionary divergent functionalization (Zhang et al.
2019). It is likely that also the structural diversification of
the MYBs, within the P3 locus, affects the timing, the locali-
zation, and the degree of anthocyanin accumulation across
the tissue of carrots. Studies using the conventional genetic,
transgenic and gene editing approaches provided evidence
that DcMYB?7 is the master regulator of anthocyanin accu-
mulation in the taproot (Iorizzo et al. 2019; Bannoud et al.
2019; Xu et al. 2019). The ability of DcMYB6 to activate the
anthocyanin pathway has also been demonstrated using het-
erologous system, but its activity has not been associated to
specific carrot tissues (Xu et al. 2017). The genes DcMYBS8
and 9 appeared to be not expressed (lorizzo et al. 2020),
while DcMYB11 was identified as the best candidate gene
controlling anthocyanin accumulation in the carrot petiole
(Iorizzo et al. 2019). The role of DcMYBI11 in controlling
petiole pigmentation was studied in a mapping population
that segregated 3:1 for purple petiole (Pp) vs. green petiole
(Gp), while the roots were fixed for orange color (Iorizzo
et al. 2019). However, the functionality of this gene has not
been proven, and polymorphisms between dominant and
recessive alleles have not been identified nor functionally
characterized yet. To close this gap, the objectives of this
study were to evaluate the ability of DcMYBI1 to activate
the anthocyanin pathway and to identify and test the effects
of putative causal mutations. The study was conducted using
tobacco and Arabidopsis as heterologous systems.

Materials and methods
Plant materials

To characterize DcMYBII (hereafter representing
DCAR_010751), sequencing and genotyping were con-
ducted on phenotypically contrasting plants (i.e., plants with
either purple or green petioles) from a mapping population
named 5723. It is an F5 family segregating for purple peti-
ole (Pp) vs. green petiole (Gp) and derived from an initial
cross between a purple rooted carrot with purple petioles
and an orange-rooted carrot with green petioles derived from
diverse European and South American sources. The popula-
tion was previously used by lorizzo et al. (2019) to map the
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purple petiole locus/phenotype and to identify DcMYBI1 1
as candidate gene controlling this trait. P5723 carrots were
grown in 2018 at the Sandhills Research Station, Jackson
Springs, NC, USA. Plants were grown using the conven-
tional agricultural practices for carrot. gDNA and RNA were
isolated from the leaf lamina and petioles, respectively.

DcMYB11 sequencing

Primers used to characterize the region spanning the
DcMYBI1 gene (genic and genomic regions) were designed
using Primer3 (Koressar et al. 2018) and the carrot reference
genome DH1v2 (Torizzo et al. 2016) (Table S1). Genotypic
data presented by lorizzo et al. (2019) were used to select
5723 plants that were homozygous dominant and homozygous
recessive at the DcMYBI1 locus. Amplification of promoter
regions was performed by PrimeStar Max DNA Polymerase
(Takara, Cat. RO45A) with general PCR conditions (98 °C
for 10 s, 56 °C for 15 s, and 68 °C for 30 s). The DcMYBI11
coding region was amplified using two-step PCR conditions
(98 °C for 10 s, 68 °C for 1 min). PCR products were cleaned
using PCR cleanup and Gel extraction kit (Takara, Cat.
740609) and Sanger sequencing was performed at Genomic
Sciences Laboratory, North Carolina State University.

DcMYB11 isolation and plasmid construction

The DecMYB11 CDS obtained from 5723 plants with pur-
ple petiole phenotype (homozygous dominant) was cloned
within pF35SE plasmid vector (TLB::masT::BAR::Pmas-
P35S::MCS::0csT::TRB) and placed under the control 35S
CaMV (p35S::) into HindIII and Xbal sites. The expres-
sion clones were introduced into Agrobacterium tume-
faciens strain GV3101 pMP90 for transformation. Two
primers were designed to amplify about 750 bp of the 5'
upstream sequence of DcMYBI11 using two different geno-
types from P5723, with Gp and Pp, respectively. DcMYB11
was placed under two different regulatory sequences con-
taining, or not, the 1481 insertion (described in this work).
The obtained recombinant sequences were inserted in the
Xhol and Xbal restriction sites of the plasmid pFAGM
(TLB::masT::BAR::Pmas-MCS::attR::ocsT::TRB). All the
cloning procedures were carried out using the NEBuilder®
HiFi DNA Assembly methodology with primers listed in
Table S1. Plant genotyping for the 1481 insertion was carried
out by the conventional PCR using as template gDNA of the
5723 segregating population (Table S1).

Real-time quantitative reverse transcriptase PCR
Total RNA isolation was performed using the Spectrum

Plant Total RNA Kit (Sigma-Aldrich, www.sigmaaldri
ch.com) following the manufacturer's guidelines. One

microgram of total RNA was reverse transcribed to cDNA
using an oligo-dT(20) primer and SuperScript III reverse
transcriptase (Invitrogen, www.invitronge.com). Real-time
gPCR on endogenous bHLH tobacco genes (NtANI and
NtJAF13) and DcMYB11/DcMYB7 was performed as
reported by Curaba et al. (2020). Primers used are reported
in Table S1. Five biological replicates and three technical
replicates were used for the analyses. a-Tubulin was used
as endogenous control for tobacco (D’Amelia et al. 2018).

Plant transformation

Agrobacterium tumefaciens strain GV3101 pMP90 carry-
ing the expression vector was used to stably and transiently
transform Arabidopsis and tobacco (Nicotiana tabacum,
cv Samsun) plants. Arabidopsis plants were transformed
via the floral-dip method. T1 transgenic Arabidopsis plants
containing the p35S::DcMYBI11 or p35S::empty vectors
were identified by selection on soil using a solution of
glufosinate ammonium (Basta) at 100 pg mL~". Ten inde-
pendent 7T, transgenic lines showing a dark purple pig-
mentation phenotype were selected to generate T, seeds
and three of these lines were used for further phenotypic
analysis. Agroinfiltration of tobacco leaves was carried out
in fully expanded leaves of tobacco as previously reported
(D’Amelia et al. 2020). Five leaves at a similar stage
from different plants were used. The same concentration
(OD600) of Agrobacterium was used for the infiltration.

Yeast one-hybrid

The coding sequences (CDSs) of DeMYB11 and DcMYB7
were cloned into pGADT?7 using the Xhol and Xbal sites
and fused in frame with GAL4-activation domain (AD) to
generate pGADT7-DcMYB11Pp and pGADT7-DcMYB7.
The promoters of carrot plants exhibiting the purple (pPp;
from — 614 to — 24 of the ATG) and the green petiole
(Gp; from -147 to -24 from the ATG) phenotypes were
cloned into a pAbAi Y1H bait vector and introduced
into the yeast strain Y1HGold (Clontech), generating
two pAbAl-specific bait-reporter yeast strains (pAbAI-
pPp and pAbAI-pGp), which were obtained selecting on
SD-Ura medium. Selected yeast clones (pAbAI-pPp and
pAbAI-pGp) were transformed with pGADT7-DcMYB11
and pGADT7-DcMYB7. Transformants were selected
on SD-Leu medium and selected clones were plated on
SD-Leu medium supplemented with Aureobasidin A
(150 ng mL™") to check promoter-binding ability. Yeast
transformation was performed according to the lithium
acetate/polyethylene glycol method (Bai and Elledge
1997).
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Total anthocyanin analysis

The total content of monomeric anthocyanins was deter-
mined following the pH differential method previously
described by Giusti and Wrolstad (2001) and slightly modi-
fied by D’Amelia et al. (2018). Total anthocyanin concentra-
tion was expressed as mg of cyanidin-3-rutinoside equiva-
lents per gram of dry weight.

In silico and bioinformatics analyses

All the PCR fragments were sequenced by Sanger sequenc-
ing. Alignments and phylogenetic trees were obtained
using Geneious software vR11 (Biomatters, http:/www.
geneious.com/). Blastn and blastx searches were carried
out with default parameters to perform homology research
against both the carrot genome assembly DH1 v2 (Iorizzo
et al. 2016) and the nucleotide collection database imple-
mented in NCBI (http://www.ncbi.nlm.nih.gov/blast). The
resulting hits were plotted on carrot chromosomes using the
R library karyoploteR (Gel and Serra 2017) with default
parameters. The nearest gene to each hit was retrieved using
the toolset bedtools closest (Quinlan et al. 2010). Cis-acting
regulatory elements were identified using the online tool
PlantCare (Lescott et al. 2002). Statistical analyses were
performed using XLSTAT-PRO 7.5.3 software, consider-
ing P values <0.001 statistically significant, according to
Student’s ¢ test.

Results and discussion

DcMYB11 is a functional anthocyanin-activating
R2R3 MYB

To perform the functional characterization of DcMYBI 1, its
full-length coding sequence was cloned from RNA extracted
from 5723 plants that were homozygous for the dominant
allele and had purple petiole. This sequence, named here as
DcMYBI11Pp, encoded a 286-amino acid protein contain-
ing a complete R2R3 MYB domain (Fig. 1). Its predicted
amino acid sequence clustered with members of the R2R3
MYB subgroup 6 (SG6) known to regulate the anthocya-
nin biosynthesis in dicotyledonous plants, such as NtAN2,
PhAN2, CsRuby, and VVMYBAT1 (Quattrocchio et al.
1999; Stracke et al. 2001; Kobayashi et al. 2002; Pattan-
aik et al. 2010; Butelli et al. 2012; Fig. 1a). The alignment
of DcMYBI11Pp with members of the same phylogenetic
group indicated that the encoded protein has all the resi-
dues necessary for its interaction with bHLH proteins from
clade 3f (DL(2)xR(3)xL(6)xL(3)xR (Heim et al. 2003;
Zimmermann et al. 2004; Lin-Wang et al. 2010) and the
conservative protein motif ANDV described by Lin-Wang
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et al. (2010), (Fig. 1b). It also contains a conserved sequence
motif KPxPxxL in its C-terminal domain which is typical
for R2R3 MYB regulators of anthocyanin biosynthesis
(Stracke et al. 2001; Lin-Wang et al. 2010). The ability of
DcMYBI1I to activate anthocyanin biosynthesis was veri-
fied in heterologous systems (Fig. 2; Fig. 3). Transgenic
Arabidopsis plants overexpressing (p35S) DcMYB11Pp had
darker pigmentation on both vegetative and reproductive tis-
sues and higher accumulation of anthocyanins than wild-
type (Wt) plants (Fig. 2). In tobacco, the overexpression
of DecMYBI11Pp (p35S::DcMYB11Pp) induced a homog-
enous and consistent anthocyanin biosynthesis (Fig. 3a).
It is assumed that anthocyanin R2R3 MYBs (belonging to
subgroup 6; Stracke et al. 2001) need bHLH co-factors (sub-
group IIIf; Heim et al. 2003) to sustain pigment accumula-
tion by triggering the expression of anthocyanin structural
genes (Gonzalez et al. 2008; Alberts et al. 2014). In the
case of ectopic anthocyanin production in tobacco leaves,
the exogenous MYB may recruit the endogenous bHLHs
by activating their expression according to the hierarchical
system (Alberts et al. 2014; Montefiori et al. 2015). In such
mechanism, the R2R3 MYB (DcMYBI11Pp) activates the
expression of bHLH-type-2 genes before interacting with
their proteins. Indeed, we found that the overexpression
of DcMYB11Pp promoted an increase of the NtANI tran-
scripts, which encodes for the endogenous tobacco bHLH-
type-2 (Fig. 3b). In contrast, with respect to its expression
in Wt leaves, the transcript level of NtJAF13 (bHLH type-1)
did not increase in tissues expressing p35S::DcMYBI11Pp
(Fig. 3b). Although not fully demonstrated yet, it is likely
that in the homologous carrot system, the anthocyanin
R2R2-MYBs also operate with bHLHs in a hierarchical
manner. Indeed, Xu et al. (2019) verified that DcbHLH3
transcript levels were greatly increased when DcMYB7 was
overexpressed in carrots. Overall, these results showed that
DcMYBI1Pp is able to activate the anthocyanin pathway,
supporting the hypothesis proposed by lorizzo et al. (2019)
that DcMYBI1 is functional and might be responsible for
the purple petiole pigmentation of carrots. Within the P3
locus, along with DecMYB6 and DcMYB7, DcMYBI11 is the
third anthocyanin R2ZR3-MYB activator gene proven to be
functional. These results further elucidate the diversity of
the anthocyanin regulatory system that carrot established
during its evolution.

Three different DcMYB11 alleles are associated
with purple/green petiole pigmentation in carrot
germplasm

To assess differences in the alleles of DcMYBI11Pp that
could explain the green/purple petiole phenotypes in car-
rot, we retrieved its sequence from the DH1 carrot reference
genome (DCARV2; Iorizzo et al. 2016). DH1 is a double
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Fig. 2 Functional analysis
of DecMYBI11Pp (isolated
from purple petiole genotype
of P5723) in Arabidopsis.

a Three-week-old seedlings
of Col-0 and 3 independent
Arabidopsis transgenic lines
p35S::DeMYBI11Pp (I 11, f-‘, S
III). b Immature siliques and L Col-o
mature seeds of Col-0 (right) ;

and p35S::DcMYBI11Pp (left).
¢ Five-week-old plants of Col-0
and p35S::DcMYB11Pp_lII

M A
& \
RY o

e

Col-o p35S::DcMYB11Pp_lII

b NtAN1 (bHLH-type2) NtJAF13 (bHLH-type1)
° 0.3 * 3.7
g 0.25 3361 I
2 I 535 -
2 ! 2
s 0.2 3 3.4 1
g ©33
s 0.15 _g 32 | I
[ R l
<Z( 0.1 3.1 1
r <
Z 31
€0.05 4
€29
0 I I 1 2.8
Wt p35S:DcMYB11Pp Wt p35S:DcMYB11Pp

p35S:DcMYB11Pp

Fig.3 Functional analysis of DcMYBI1Pp (isolated from purple
petiole genotype of P5723) in tobacco leaves. a Tobacco leaf infil-
trated with Agrobacterium tumefaciens carrying p35S::DcMYB11Pp.
b Transcript levels of tobacco endogenous anthocyanin bHLH co-

haploid orange Nantes type carrot known to have green
petioles. The domain structure of the translated sequence
of DeMYBI1IDHI (DCAR_010751) appeared to represent
an incorrect gene prediction (Fig. S1). Indeed, in DH1, the
R2R3-binding domain was located at the C-terminal region
rather than in the N-terminal part, which is the typical posi-
tion of the R2R3 domain of plant MYBs controlling antho-
cyanin biosynthesis (Dubos et al. 2010; Fig. S2). Also, the
R2R3 domain was incomplete, as evidenced by the align-
ment of the newly isolated DcMYB11Pp with that of the
predicted protein of DcMYB7 (Fig. S1; Fig. S2; Fig. S3).
The presence of a premature stop codon after 129 nts (the

@ Springer

factors NtJAF13 (bHLH-typel) and NtANI (bHLH-type2) in leaves
of wild-type tobacco plants transiently overexpressing (p35S)
DcMYBI11Pp. The error bars represent SD (n=3). *, P values <0.05
according to Student’s t test

stop codon replaced the TCA codon found in DcMYB11 iso-
lated from P5723) suggests that the predicted DcMYB11
protein in DH1 encodes for a truncated form of R2R3 MYB
protein (Fig. 4; Fig. S1; Fig. S2; Fig. S3). Furthermore, the
remaining 475 nts at the 3' end of DcMYB11Pp did not map
to DCAR_010751 but aligned about 38 kb downstream, in
a gene annotated as DCAR_010750 (Fig. 4a, b; Fig. S4).
PCR and sequence analysis of the genomic region flank-
ing each side (spanning a~ 1 kb region in each side) of this
large insertion confirmed its presence in DH1 (data not
shown). Based on these results, we hypothesize that, in
DHI1, an insertion within the gene body has interrupted the
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TAG
a DcMYB11y,, _i_i.'_ ......

DCAR_010751 ]
~5.2kb

TCA
605bp

b pemysi1,,

~ 38 kb i
g

DCAR_010750

TCA
C DcMYB11p, 3
. 5

481bp

Fig.4 Structure of DcMYBII locus in DHI1 compared with that
of 5723 individuals that were segregating for green petiole (Gp)
and purple petiole (Pp). a Structure of DcMYBI1 (DCAR_010751)
as predicted on the DH1 genome (DCAR v.2) and a putative NYN-
RIN-like retrotransposon which trunked the DcMYBI11 sequence.
b Structure of the locus containing the allele of DcMYBI11Gp iso-
lated from carrots of P5723 with green petiole. ¢ Putative structure
of DcMYBI1 allele sequenced from carrots of P5723 with purple

DcMYBI11 encoding sequence. To support this hypothesis,
alignment of the nucleotide sequence (about 38 kb) between
DCAR_010751 and DCAR_010750, found its best match
with a 2.4 kb sequence (95.16% homology and e-value
0.0) that is part of D. carota NYNRIN-like retrotransposon
(NCBI#XM_017372419.1; Fig. 4a). We conclude that DH1
is homozygous for an allele of DcMYB11 (DcMYBI1DHI)
that encodes a truncated (and likely a non-functional pro-
tein) R2ZR3 MYB, due to the insertion of a retrotransposon
(NYNRIN-like) between its second and third exons (anno-
tated in the genome sequence as DCAR_010750; Fig. 4a, b).

Next, we investigated whether Gp plants from the 5723
population hold a DH1-similar allele at DeMYBI1, thus
explaining the lower expression observed in our previous
work (lorizzo et al. 2019) and consequently producing the
non-purple (green) petiole phenotype. We compared the
sequences spanning the genomic DcMYBI11 region (pro-
moter, coding sequence, and introns) isolated from the 5723
Gp and Pp plants. Analyses allowed the identification of 41
SNPs and 19 indels, with size ranging from 1 to 8 bp and a
481 bp insertion. Of these polymorphisms, 22 SNPs were
located within the coding sequence (Fig. S5). Annotation of
these SNPs indicated that nine were non-synonymous SNPs
and none of them caused disruption (e.g., early stop codon)
of the coding sequence (Fig. S5; Fig. S6). Also, the analy-
sis revealed the absence of the retrotransposon identified in
DHI. This indicated that 5723 Gp plants harbor a different
DcMYBI1 allele as comparted to the truncated version of
DHI1 (DcMYB11DH]I) and that the new allele has a full-
length coding sequence similar to that characterized in Pp
(Fig. 4; Fig. S7). The most striking difference between the
sequence of Gp and Pp was a 481 bp insertion (named 1481)
located in the promoter of Pp plants; it is placed at position

petiole. Boxes represent exon sequences, separated by thin lines
representing introns. Red boxes in a, b, and c¢ indicate exons of
DCAR_010752 as predicted on the DH1 genome. Red line around
grey box (605 bp) in b and c indicates reconstructed third exon for
DcMYBI1. Red and black flags indicate start and stop codons,
respectively. Black triangles (NYNRIN-like) indicate the presence of
three sequences encoding for retrotransposon motifs. Similarity (80—
100%) between sequence of a and b is indicated by light-grey shading

-83 bp from the DcMYB]11 start codon (Fig. 4b, c; Fig. S8).
As illustrated in Fig. S9, two amplicons differing for the
presence or absence of the 481 bp insertion were obtained
by amplifying 5723 plants with Gp and Pp. As expected,
based on the dominant effect of this gene, heterozygous
plants amplified both amplicons and had a purple petiole
phenotype. Overall, these results suggest 1485 as a possible
causal mutation affecting the activity of DcMYBI11 in regu-
lating anthocyanin accumulation in carrot plants with pur-
ple petiole. In the following experiments, the impact of the
presence/absence of 1481 in DcMYB11 function was tested.

1481 is a novel potential regulatory sequence
in the carrot genome

We decided to verify if the presence of the 481 bp insertion,
present in the 5' upstream sequence of DcMYBI11Pp iso-
lated from carrots with purple petiole, could drive a stronger
pigmentation (Fig. 5). In these experiments, DcMYB11Pp
CDS was placed under the action of two native upstream
sequences, one of 664 bp that included the 1481 insertion
(promoterPp::DcMYBI11Pp) and the other of 184 bp, that
lacked the 1481 insertion (pGp::DcMYBI11Pp). Leaves
of tobacco infiltrated with Agrobacterium carrying the
pPp::DcMYBI11Pp construct showed visual and consist-
ent anthocyanin accumulation about 5 days post-infiltra-
tion (Fig. 5a; Fig. S10). In contrast, those infiltrated with
pGp::DcMYBI11Pp showed the first anthocyanin appear-
ance at least 14 days post-infiltration, and in some cases,
no anthocyanins were produced (Fig. 5a; Fig. S10). The
quantification of total monomeric anthocyanins from leaves
at 20 days post-infiltration showed that pPp::DcMYBI11Pp
was able to induce a threefold increase in the level of
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a

p35S::DcMYB11Pp

N

pGp::DcMYB11Pp

Fig.5 Functional analysis of 1485 sequence in tobacco leaves.
a Tobacco (N. tabacum) leaves after transient expression
of p35S::DcMYBI11Pp, pPp::DcMYBI1Pp and pGp::DcMYBI11Pp.
Pictures were taken 14 days post-infiltration. b Total anthocyanin

anthocyanins as compared to pGp::DcMYB11Pp, and about
1.6-fold lower pigment concentration than when driven by
the constitutive promoter 35S (Fig. 5b). Altogether, these
results demonstrated that 1481 is a functional cis-regulatory
element able to strongly promote DcMYB11 activity. How-
ever, these results pointed out that the Gp promoter might
have a basal, though inconstant, activity.

Different hypotheses could explain the origin and func-
tion of 1481. Some preliminary work was performed here
to test them. Our first hypothesis was that 1481 might have
introduced transcription factor-binding sites that increased
DcMYBI1 activity. Indeed, several common TATA and
CAAT-box motif were found in 1481 along with plant-spe-
cific ARE (5"-AAACCA-3"), TCA-element (5°-CCATCT
TTTT-3"), and re2f-1 (5"-GCGGGAAA- 3”) motifs associ-
ated with anaerobic induction and salicylic acid responsive-
ness and activation of cell division, respectively. For exam-
ple, in apple, enhanced auto-regulation and, consequently,
increased anthocyanin accumulation, was explained by
the presence of an insertion in the promoter of an antho-
cyanin R2R3 MYB (MdMYBI10) (Espley et al. 2009; Bren-
dolise et al. 2017). To test if a similar mechanism occurs in
DcMYBI11, a yeast one-hybrid experiment was carried out.
Results indicated that the DeMYB11 promoter was not acti-
vated by DcMYBI11, or its paralog DcMYB?7, in neither the
presence nor absence of 1481 (Fig. 6). These results excluded
our first hypothesis. Another possible hypothesis is that 1481
acts as an enhancer. This would imply that the sequence
would have some features that are typical of enhancers, such
as containing sequence motifs that are present in the other
parts of the genome (Zhu et al. 2015; Schimitz et al. 2022).
To gain some preliminary insights into this hypothesis, we
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conducted a homology research to look at the presence of
1481 in other regions of the carrot genome. Using stringent
blast parameters (e-value =1 x 10-10), we obtained 71 dif-
ferent matches distributed on all carrot chromosomes (Fig.
S11). About 91% of the total matches had high homology
with the first 200 bp at the 5° end of 1481 (identity values
ranging between 77 and 93%), suggesting that this region is
the most conserved within the 1481 insertion, which contains
basic TATA and Cat-box (Table S2). 1481 sequence is wide-
spread in the genome, being located in different positions
with respect to gene sequences (upstream or downstream
and in a distance ranging between 140 bp and 11.7 kb); in
two cases, it was within the gene body (Fig. S11; Table S2).
Annotation of all the nearest genes indicated that they were
involved in different functions (e.g., resistance genes, pri-
mary metabolism, and basic cellular and molecular func-
tion), thus suggesting a general role of 1481 as a cis-activator
of transcription. All the above features could be attributed to
an enhancer (Weber et al. 2016; Schimitz et al. 2022). Future
works in homologous systems are needed to validate this
hypothesis and also to understand how and if this sequence
could impact its tissue-specific activity.

Conclusions

Overall, the work presented here demonstrated for the first
time that DcMYBI11, a gene previously associated with
purple petiole pigmentation in carrot, is able to activate
the anthocyanin pathway in heterologous systems. These
findings expand our understanding about the function of a
cluster of six RZR3 MYB activators that co-localize with
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-36
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481bp

ARE
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Fig.6 Evaluation of binding ability of DcMYB11Pp and DcMYB7
with 5' upstream sequence (baits) isolate from pruple (pPp) and
green (pGp) petiole. a The insertion of 1481 moved a putative MYB-
binding site (MBS) from -86 to — 556 nts from the start codon of
DcMYBI11. 1481 introduced novel cis-regulatory elements in the
upstream region of DcMYBI11Pp, besides general TATA and CAAT
boxes. Boxes represent exons, and the thin line represents introns
and intergenic regions. Red and black flags represent the start and
stop codons, respectively. The triangles indicate insertions. b The

DcMYBI1I in the carrot genome. Comparative analysis
between plants with purple and non-purple pigmentation
identified three possible alleles. A 481 bp insertion in the
promoter of DcMYB11 in purple petiole plants enhanced its
activity and may be responsible for the purple phenotype.
Preliminary analysis to characterize this sequence suggests
that 1481 is a putative enhancer. Enhancers are still quite
unknown in plants and remain largely uncharacterized (Jores
et al. 2020; Jain and Garg 2021). Future work in homolo-
gous system, characterizing the function of this sequence,
can contribute to expanding knowledge about cis-regulatory
sequences in plants and understanding if 1481 can also influ-
ence tissue-specific expression patterns of anthocyanins.
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