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ynchronizing flowering is essential in carrot

(Daucus carota L.) seed production,
especially for hybrid seed systems that require
precise  timing between

male-sterile and pollinator

lines. Achieving uniform
flowering is crucial for
successful pollination,

maximizing seed yield, and
ensuring high seed quality.
In hybrid seed production,
proper synchronization 1is
particularly important to

prevent mismatched

can reduce seed set.

pollination periods, which

Furthermore, the demand for high-quality and

genetically pure seeds highlights the necessity of
controlling flowering time effectively. However,
several factors make achieving consistent flowering
different and environments

across genotypes

challenging. One major obstacle to uniform flowering

is genetic variability, as different carrot varieties
respond differently to flowering cues. Additionally,
plant hormones such as gibberellins and abscisic acid
influence flowering,
adding another layer of
complexity. Agronomic
factors, including
planting dates, plant
density, and irrigation
practices, also contribute
to variations in
flowering time within a
seed crop.
Genetic Control of
Flowering Synchronization in Carrot

Flowering synchronization in carrots is regulated by
genetic mechanisms that integrate environmental
signals to ensure uniform and timely floral transition.
This regulation is particularly important in seed
production systems, where male-sterile and pollinator

lines must flower simultaneously for efficient cross-
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pollination. Several key genes and molecular pathways
contribute to flowering control, responding to factors
such as vernalization (cold exposure) and photoperiod
(day length). Additionally, epigenetic modifications
play a role in regulating flowering gene expression,
ensuring that the plant transitions to reproductive
development under favourable conditions.
Major Genes and Pathways Involved in Flowering
Regulation
Flowering in carrots is controlled by a network of
genes that interact with environmental signals to
determine when floral initiation occurs. Among these,
the FLOWERING LOCUS T (F7) and LEAFY (LFY)
genes play fundamental roles in regulating flowering
time and floral organ formation.

Key Flowering Genes Identified in Carrots:

1. Flowering Locus T (DcFT)

* The DcFT gene in carrots is an important regulator
of flowering, functioning similarly to the FT gene in
other plant species.

= [t acts as a florigen, meaning it produces a protein
signal that travels from the leaves to the shoot apical
meristem, initiating the transition from vegetative to
reproductive growth.

= The expression of DcFT is influenced by both
photoperiod and vernalization, ensuring that
flowering occurs under appropriate environmental
conditions.

= Experimental studies indicate that overexpression
of DcFT leads to early flowering, confirming its

critical role in floral induction.

2. Leafy (DcLFY)
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= The DcLFY gene is responsible for defining floral

meristem identity, ensuring that flower structures

develop properly.

= Once DcFT triggers floral initiation, DcLFY helps
transition the meristem into reproductive
development.

= This gene ensures the correct formation of floral
organs, making it essential for proper flowering and
reproductive success.

3. Other Flowering-Related Genes in Carrots

= DcSOCI1 (SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1): Acts as
a central integrator of vernalization and photoperiod
signals, helping regulate DcFT expression.

* DcFLC (FLOWERING LOCUS C-like genes):
Functions as a floral repressor, preventing
premature flowering before vernalization occurs.
Cold exposure reduces DcFLC activity, allowing
flowering to proceed.

* DcGI (GIGANTEA): Plays a role in the circadian
clock system and influences DcFT expression under
long-day conditions.

Comparison of Carrot Flowering Genes with Model

Plants

Many flowering genes in carrots have homologs in

well-researched model plants, such as Arabidopsis

thaliana. By comparing carrot flowering genes with
those in Arabidopsis, researchers have gained insights
into their functions and interactions.

While carrots share several flowering-related
genes with Arabidopsis, differences exist in their

responses to environmental cues. Carrots exhibit a

stronger dependence on vernalization for flowering,
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highlighting the need for further research into their = DNA methylation is another mechanism that

unique genetic regulation mechanisms. regulates flowering gene expression.
Gene Function in Arabidopsis Function in Carrot * In vernalized carrot plants, changes in DNA
FT (FLOWERING LOCUS T) Produces florigen to initiate DCFT acts similarly, integrating methylation pattems result in stable suppression of
flowering photoperiod and vernalization
signals floral repressors, ensuring that flowering remains
LFY (LEAFY Controls floral merist DcLFY lates floral merist . . .
fhEARd Contos Tora mersien e requtes Tors merEm irreversible even after the cold period ends.
identity and flower transition and organ formation
il = This process, known as vernalization memory,
SOC1 (SUPPRESSOR OF Integrates environmental DcSOC1 has a similar function in .
OVEREXPRESSION OF signals to activate FT regulating DCFT ensures that once the plant transitions to
CONSTANS 1) ) . .
reproductive growth, it does not revert to vegetative
FLC (FLOWERING LOCUS C)  Acts as a repressor of DcFLC prevents flowering before
flowering until vernalization cold exposure suppresses its deVelOpment.
occurs expression
Gl (GIGANTEA) Regulates circadian rhythms DcGl influences DCFT expression 3‘ Non-COdlng RNAS
and f|0Wérlng response to under long-day conditions - Small RNAS and IOHg non—coding RNAS
photoperiod

(IncRNAs) also play a role in flowering control by

Role of Epigenetic Modifications in Flowering interacting with flowering genes and modifying

Regulation . .
their expression.

Epigenetic modifications, which involve reversible )
P& W vOIve TeV = Some studies suggest that IncRNAs may regulate

changes to gene expression without altering DNA . o . .
& g P 8 DcFT expression, adjusting flowering timing in

sequences, play an essential role in controlling .
response to environmental factors.

fl ing i ts. Th ifications help the plant . . . . .
owering in carrots. These modifications help the plan Epigenetic mechanisms provide an additional layer of

remember environmental signals, such as cold . ) .
regulation, ensuring that flowering occurs only under

exposure, ensuring that flowering occurs at the right .. )
P 8 8 g favourable conditions and preventing premature or

time. .
e delayed reproductive development.

1. Histone Modificati
istone Modifications Breeding Strategies for Improving Flowering

= Hist teins that hel kage DNA, and
istones are proteins that help package , an Synchronization

their modifications influence the accessibility of .. .. . ..
Synchronizing flowering in carrot is a critical aspect

oweting genes of hybrid seed production. Since flowering is

= Before vernalization, floral repressors like DcFLC . . ) o
influenced by environmental factors like vernalization

i ti t ific hist thylati
remain active due to specific histone methylation (cold exposure) and photoperiod (day length), breeding

atterns, preventing premature flowering. . . .
P P &P £ efforts focus on selecting genotypes with predictable

= Cold exposure triggers histone demethylation and ) . .
P g8 v and uniform flowering responses. Several strategies,

tylation, leading to th i f DcFL ) . . . .
acetylation, leading to the suppression of DeFLC, including selection for vernalization and photoperiod

which allows flowering to proceed.

2. DNA Methylation

responsiveness, hybridization, marker-assisted

selection (MAS), and genetic engineering, help
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improve flowering synchronization. These methods
enable breeders to develop carrot varieties that flower
consistently, increasing seed production efficiency.
Role and Marker-Assisted
Selection (MAS)

of Hybridization

Hybridization for Flowering Synchronization:

Hybrid breeding is a widely used technique for

improving flowering traits in carrots, particularly for

hybrid seed production, where male-sterile and fertile

pollinator lines must flower simultaneously.

= Crossing early- and late-flowering genotypes
creates hybrids with more predictable flowering
times.

= Recurrent selection and line breeding refine
flowering uniformity over multiple generations.

= Cytoplasmic male sterility (CMS) systems,
commonly used in carrot hybrid breeding, require
careful synchronization of flowering between
parental lines to optimize cross-pollination.

Marker-Assisted Selection (MAS) for Flowering

Genes: Traditional selection for flowering traits can be

slow due to environmental influences. Marker-assisted

selection (MAS) accelerates the process by using

molecular markers linked to genes regulating

flowering time.

= Genetic markers associated with DcFT, DcLFY, and
DcFLC genes allow breeders to identify plants with
desirable flowering traits at an early stage.

= MAS enables breeders to predict flowering
behavior without waiting for plants to mature,
reducing the time required for field evaluations.

= Genomic selection (GS), an advanced form of

MAS, analyzes the entire genome to predict
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flowering responses under different environmental
conditions.
Potential of Genetic Engineering and CRISPR in
Modifying Flowering Traits
Recent advancements in genetic engineering and
CRISPR-Cas9 gene editing provide powerful tools for
modifying flowering traits in a precise and controlled
These methods offer an alternative to

manncr.

traditional ~ breeding, allowing for targeted

improvements in flowering synchronization.

Genetic Engineering for Flowering Control

= QOverexpression of DcFT (FLOWERING LOCUS
T): Since DcFT promotes flowering, increasing its
expression could reduce vernalization requirements,
leading to earlier and more uniform flowering.

= Suppression of DcFLC (FLOWERING LOCUS C-
like gene): DcFLC acts as a flowering repressor.
Reducing its activity through genetic modification
could accelerate flowering in genotypes that
typically require long vernalization periods.

= Introduction of photoperiod-responsive genes from
other species: Genes from photoperiod-sensitive
plants could be introduced into carrots to fine-tune
flowering times based on day length conditions.

CRISPR-Cas9 for Precision Breeding

CRISPR-Cas9 technology enables precise

modifications of flowering-related genes, providing

breeders with a faster and more efficient tool to

improve flowering synchronization.

= Editing DcFLC to reduce its repression could lead
to earlier and more consistent flowering, reducing

dependency on long cold exposure.
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= Modifying regulatory regions of DcFT could fine- Simultaneous editing of multiple flowering genes
tune its response to vernalization and photoperiod, could allow breeders to optimize flowering behavior
ensuring uniform flowering under controlled for specific climatic conditions.
conditions.
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