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Abstract

Avocado (Persea americana) exhibits a distinctive flowering pattern known as diurnally synchronous protogynous dichogamy (DSPD), in which flowers of
Type A cultivars open as female in the morning on day one and as male in the afternoon on day two, while those of Type B cultivars open as female in the
afternoon on day one and as male in the morning on day two. The DSPD flowering system promotes cross-pollination and higher yield in some cultivars.
However, the genetic and molecular mechanism controlling DSPD is not fully known. Genome-wide association studies of this panel resulted in identifying a
precise 20-Kb genomic region on chromosome 10 associated with flowering Type A and B. Remarkably, all significant markers were delineated to a single
gene encoding an R2R3 type MYB-like transcription factor, named here as Persea americana diurnally synchronous protogynous dichogamy (PaDSPD). These
results were verified using bulked segregant analyses in a population segregating for flowering types. Analysis of marker data revealed that Type A always
occurs as a heterozygous and Type B as a homozygous. Mendelian segregation analysis revealed that flowering type in avocado is inherited in a modified
2:1 (Type A : Type B) ratio, suggesting that one of the homozygous genotypes is likely lethal. For marker-assisted selection, competitive allele-specific PCR
markers were developed, which successfully distinguished Type A and Type B accessions with perfect accuracy. These findings contribute to the genetic
dissection of avocado flowering type and offer molecular markers for breeding programs aimed at improving avocado pollination efficiency and
productivity.
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Introduction

Avocado (Persea americana), popularly known as a super food,
has gained widespread popularity among health-conscious con-
sumers due to its nutrient-rich content and healthy fats!'l. How-
ever, production in the US has not kept pace with demand, necessi-
tating heavy reliance on imports, which have reached almost 90%
in the last decade. Factors such as adverse weather events, urbaniza-
tion pressures, and rising production costs, particularly water
costs and wages, have contributed to the decline in US avocado
production(’2l. While imports help sustain the US supply chain
amidst growing demand, there is an urgent need to develop new
avocado varieties with high productivity, expanded cultivation
zones, and health benefits to meet future demand and ensure a
stable supply.

Avocado yield is contingent upon successful pollination, which is
influenced by a multitude of complex factors. Effective pollination
significantly impacts fruit set and overall productivity®l. Limited
availability of pollen and the restricted time frame for the pollina-
tion process impose a notable challenge in achieving successful
pollination in avocados. The unusual flowering habit of avocado
trees is a major factor influencing inadequate pollination®. Avocado
flowers are hermaphroditic, and they exhibit a unique flower open-
ing and closing pattern, in which the flower first opens as female
and later reopens as male—a phenomenon first described by
Nirody®®! and subsequently confirmed by several investigators(®-'1,
According to this pattern, flowering in avocados is categorized into
two types, Type A and Type BU''. Cultivars with Type A (e.g., 'Hass')
open as functionally female in the morning of day one and as male
in the afternoon of day two. Cultivars with Type B behavior (e.g.,
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'Fuerte') open as functionally female in the afternoon of day one
and as male in the morning of day two. This evolutionary pattern
promotes cross-pollination and hinders self-fertilization, as the
female and male stages of Type A and B flowers overlap in different
cultivarsl2-15],

The role of diurnally synchronous protogynous dichogamy
(DSPD) in avocado cultivation remains a subject of debate. In the
DSPD flowering system, successful pollination requires strategic
planting of Type A and Type B varieties. Since the male and female
organs in Type A flowers mature at different times, isolated Type A
trees may experience inadequate pollination, leading to lower fruit
sets. Interplanting Type A and Type B varieties ensures overlapping
reproductive phases, improving pollination efficiency and enhanc-
ing fruit production. Likewise, research has suggested that DSPD
flowering system facilitates cross-pollination between avocado
trees, contributing to increased yields in commercial orchards('6-18l,
Studies conducted in Israel have demonstrated a significant correla-
tion between outcrossing and fruit yield across various avocado
cultivars!'l. In contrast, research in California has reported either a
weak or negligible correlation between outcrossing and yield2021],
Garner et al.22l conducted a study on outcrossing using ten six-
year-old 'Hass' avocado trees in a commercial grove in California.
Employing a single fully informative microsatellite marker, it was
determined that outcrossing rates did not correlate with yield or
alternate bearing. However, these studies only investigated the
cultivar 'Hass' in California. This variety has been shown to effi-
ciently self-pollinate(?3], and the lack of correlation between out-
crossing and yield may be affected by cultivar and/or environmen-
tal conditions.
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Efforts have been made to determine the genetic basis of flower-
ing type traits in avocado. For example, Lavi et al.2%! found that the
avocado flowering type is controlled by several loci, each having
several alleles. In contrast, Ashworth et al.l'¥ uncovered a single
major quantitative trait locus (QTL) for this trait using a small segre-
gating population of 'Gwen' x 'Fuerte' avocados. Using interval map-
ping (IM) and non-parametric Kruskal-Wallis (KW) test, they found
several significant markers in a very large linkage interval between
8.803-59.658 cM (IM only) or 26.808-53.308 cM (both IM and KW)
on linkage group 10, which were associated with flowering Type A
and B. Recently, Solares et al.l'l conducted Fst analysis on 22
avocado accessions, including Type A (n = 13) and Type B (n = 9)
representing Mexican, Guatemalan, and hybrid cultivars. They found
Fst signals on multiple chromosomes, including chromosomes 6 and
10, which encompassed 466 genes, making it difficult to conclude
the causal gene(s) responsible for flowering type. Potential reasons
for low resolution for the signal might be that A vs B samples do
not represent highly differentiated samples, and the sample num-
ber (22) is very small for statistically robust conclusions. Based
on these reports, it appears that a single gene on chromosome
10 is likely responsible for controlling flowering type. However, the
gene governing flowering type is not known and needs to be
explored using a genetically diverse large collection and high-
density markers.

Avocado trees raised from seeds typically produce flowers and
fruit between the ages of three and five years or longer, so it is
necessary to identify the flowering type early in the breeding cycle.
Currently, the genetics of dichogamy has not been identified in any
system, including avocadol'>2526], |dentifying the flowering type
gene and developing molecular markers would enable breeders
to select Type A or Type B at the seedling stage, saving time and
resources needed for raising and maintaining populations until
fruiting. In @ commercial production system, having both Type A
and Type B cultivars intermixed would most likely maximize yield.
Ideally, breeding new avocado cultivars with a pair of cultivars dif-
fering only in flowering types but otherwise similar would greatly
maximize pollination efficiency and fruit yield while allowing for
uniform orchard management and harvesting.

In this study, using GWAS on a genetically diverse avocado germ-
plasm panel coupled with bulk segregant analysis (BSA) on a segre-
gating mapping population, the aim was to identify gene(s) for flow-
ering type in avocado. Additionally, the goal was to develop molec-
ular markers for application in marker-assisted selection (MAS) in
avocado breeding programs. A single gene (MRB53_031466) coding
for an R2R3-type MYB-like transcription factor, named Persea ameri-
cana Diurnally Synchronous Protogynous Dichogamy (PaDSPD), was
found to control flowering type in avocado. Moreover, phylogenetic
and functional analyses confirmed that PaDSPD is a homolog of
EMISSION OF BENZENOIDS I (EOBI) transcription factor, which plays a
key role in the development of reproductive organsl?’-2°1, Competi-
tive allele-specific PCR markers were also developed and validated,
successfully distinguishing Type A and Type B accessions in a germ-
plasm collection as well as in breeding populations resulting from
the crosses of four genetically diverse parental cultivars: 'Simmonds’,
'Tonnage', 'Hass', and 'Bacon'. These findings enhanced understand-
ing of the genetic and molecular basis of flowering types in avoca-
dos and will lead to the development of new varieties with the desir-
able flowering type, enabling better orchard management and
higher yields.
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Materials and methods

Germplasm collection, mapping populations,
and phenotyping

The Persea americana germplasm population used in the current
study has been previously described30-32, Briefly, a total of 153 acces-
sions were used, which are maintained at the United States Depart-
ment of Agriculture, Agricultural Research Service, Subtropical Horti-
culture Research Station, Miami, Florida. In addition to the main
germplasm collection, the Florida Avocado Mapping Population
(FLAMP), which is segregating for flowering type and is maintained
at this station!33], was also used for QTL mapping of the flower-
ing type using bulked segregant analysis (BSA). The FLAMP con-
sists of two reciprocal Persea americana populations: 'Simmonds' x
‘Tonnage' and 'Tonnage' X 'Simmonds'. For each cross, trees were
phenotyped for flowering types, and two bulks, each consisting of
Type A or Type B, were created by pooling equal numbers of leaf
disks from 50 independent trees from each population. In addition
to the FLAMP, the trees in the California Avocado Mapping Popula-
tion (CAMP)®, which consists of 'Bacon' X 'Hass' cross, were pheno-
typed for flowering types.

The avocado accessions and segregating populations were
scored for flowering type throughout the day, particularly in the
morning and evening. At least 50 flowers were scored for flowering
type. In addition, two varieties, 'Melendez 2' (Type A) and 'Tonnage'
(Type B), were selected for detailed floral microscopy studies.
Images of various flowering stages and floral organs were captured
using a Leica stereomicroscope (LEICA M205 C, Deerfield, IL, USA).
Both varieties were situated in proximity at the research station to
ensure consistent environmental conditions.

Whole genome resequencing and SNP calling

The whole genome sequencing was performed by LGC RAPiD
Genomics (www.rapid-genomics.com) using the lllumina 150x PE
platform. Raw fastq read data were trimmed using FASTP standard
trimming parameters with additional options to detect paired end
adapters and trim poly G tails: fastp --in1 fastqR1 --in2 fastqR2 --
detect_adapter_for_pe --length_required 50 --trim_poly_gB4. The
reads were further processed using Trimmomatic with the follow-
ing settings: trimmomatic PE ILLUMINACLIP: HPC_TRIMMOMATIC_
ADAPTER/TruSeq3-PE-2.fa:2:30:10:8:true SLIDINGWINDOW:10:20
MINLEN:50B5], The clean reads were then mapped using Burrows-
Wheeler Aligner (BWA)E¢! to the Persea americana Cv. 'Hass' refer-
ence genome GCA_029852735.1_ASM2985273v1 v and the dupli-
cates were marked with samtoolsi®7). Variants, including single-
nucleotide polymorphisms (SNPs) and indels, were called using
DeepVariant V1.4.0 (https://github.com/google/deepvariant) for
each accession separately, and the resulting gVCF files were com-
bined into a single VCF file using GLnexus v1.2.788], The resulting
VCF file was filtered with vcftools using the following parameters:
MAF > 0.05, missing call rate < 0.1, and quality > 30. To analyze popu-
lation structure, SNPs were pruned for linkage disequilibrium (LD)
using PLINKBE? with the following parameters: --indep-pairwise 100
10 0.5. This pruning process resulted in a refined set of 1,072,934
SNPs. Indels were extracted from the VCF file using vcftoolsto,

Population structure, phylogenetic, and principal
component analyses

To investigate the population structure of 153 individuals, popu-
lation structure and phylogenetic analyses were performed using a
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filtered and LD-pruned 1,072,934 SNPs. Software fastStructure/1.0
was used for clustering individuals with K =1 to 10 to estimate the
optimal number of clusters (K)*'l. Cross-validation error values for
each cluster were plotted using the ggplot package in R. The popu-
lation structure was visualized to subsequently assign accessions
to avocado races based on the clustering results. Relationships
among races were inferred by constructing a dendrogram using
TASSEL 5421, Additionally, to explore genetic variation among popu-
lations, a Principal Component Analysis (PCA) was performed in
PLINK 1.9, and the resulting components were visualized in R
(version 4.4.1) using ggplot package.

Genome-wide association studies for mapping
the flowering type gene in avocado

Genome-wide association study (GWAS) was conducted using
735,030 biallelic SNPs employing EMMAX (Efficient Mixed Model
Association Expedited) to account for population structure and cryp-
tic relatedness. To control for cryptic relatedness, a kinship matrix
derived from identity-by-state (IBS) alleles, which considers shared
alleles regardless of ancestral origin, was incorporated and calcu-
lated using the SNP and Variation Suite (SVS) V8 (Golden Helix, Inc.;
www.goldenhelix.com). Results were validated using additional
models: Generalized Linear Model (GLM) incorporating principal
components (PC), and a Mixed Linear Model (MLM) integrating both
PC and the kinship matrix (K) using rMVP (https://github.com/xiaolei-
lab/rMVP), an R package designed for memory-efficient, visualiza-
tion-enhanced, and parallel-accelerated GWAS. A stringent Bonfer-
roni correction was applied with a threshold of —log;,(0.05/n),
where n represents the number of independent SNPs. The results
were visualized using CMplot (https://github.com/YinLiLin/CMplot).

Bulked segregant analysis for mapping the
flowering type gene in avocado

To identify genomic regions associated with flowering type (Type
A vs Type B) in avocado, Bulked Segregant Analysis (BSA) indepen-
dently was also conducted independently on two reciprocal popula-
tions: 'Simmonds' x 'Tonnage' and 'Tonnage' X 'Simmonds', where
'Simmonds' was Type A and 'Tonnage' was Type B. The genotyping
data for the parents ('Simmonds' and 'Tonnage') and the Type A and
Type B bulks were merged into a single VCF file. Similarly, for the
'Tonnage' x 'Simmonds' reciprocal population, the VCF files for the
parents (‘Tonnage' and 'Simmonds’) and the Type A and Type B
bulks were merged into another VCF file. Each merged VCF file was
filtered using vcftools to retain SNPs with a minor allele frequency
(MAF) > 0.05, maximum missing rate = 0.9, minimum depth = 7,
maximum depth = 100, and quality = 50. Subsequently, both filtered
datasets were analyzed using the OcBSA pipeline, following the
recommended scripts and parameters!“3l, The window size for
smoothing was set to 200 kb (-w 200,000) to detect genomic
regions associated with flowering type differences between the
bulks.

Identifying and functional annotation of
candidate genes for flowering type

All significant GWAS and BSA signals for flowering type were
located within or around a MYB-like transcription (PaDSPD). A BLAST
search was performed using the PaDSPD protein sequence, and
all matching sequences from various plant species were retrieved
using the following criteria: Query Cover > 70%, Percent Identity
> 65%, and E-value < 0.001. Given the critical role of MYB
transcription factors in floral development and regulation, MYB
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gene family members were specifically analyzed using multiple
sequence alignments and phylogenetic analysis to classify these
MYB genes into subgroups associated with floral initiation, repro-
ductive organ development, and hormone-mediated flowering
regulation. The MYB family transcription factor (TF) protein
sequences of Arabidopsis thaliana, Solanum lycopersicum, Citrus
clementina, Petunia axillaris, Cinnamomum micranthum, Musa acumi-
nata, and Phoenix dactylifera were obtained from the Plant Tran-
scription Factor Database v5.0 (PlantTFDB). Phylogenetic analysis
was conducted using a model implemented in MEGA11(44],
Sequences were aligned using ClustalW23l, The resulting phyloge-
netic tree was visualized using the web-based tool iTOL (Interactive
Tree of Life, https://itol.embl.de). Furthermore, functional analysis of
MRB53_031466 was carried out using gene set enrichment analysis
using ShinyGo 0.82 database (http://bioinformatics.sdstate.edu/go/)
to infer biological relevance.

Development, and validation of competitive
allele-specific markers

To develop PCR Allele Competitive Extension (PACE®) SNP mark-
ers, multiple strategically positioned high-confidence SNPs encom-
passing the PaDSPD gene (between 41,389,855-41,410,729 on
CMO056818.1 chromosome) were selected. The PACE primers were
designed for the selected SNPs using the 3CR Bioscience PACE
genotyping platform (Supplementary Table S1). Primer sets were
optimized for specificity and efficiency via gradient PCR, followed
by validation using fluorescence-based endpoint genotyping in 48
Type A and 45 Type B flowering accessions. The developed PACE
SNP markers were tested in F; mapping populations derived from
reciprocal crosses between 'Simmonds' (Type A) and ‘Tonnage'
(Type B)B3], and 'Hass' (Type A) and 'Bacon' (Type B) (Schnell et al.,
2009). DNA was extracted from young leaf tissue using the Omega
DNA extraction kit in a 96-well platform and quantified via Nano-
drop and Qubit fluorometry. PACE reactions were performed in a 96-
well format using the Applied Biosystems QuantStudio Dx Real-Time
PCR system. Genotypic data were analyzed to determine Mendelian
segregation patterns, validate marker-trait associations, and assess
marker predictive accuracy for flowering type. Genotypic and phe-
notypic concordance was assessed using y2 goodness-of-fit tests.
Marker efficacy was evaluated based on genotypic call rates and
discriminatory power between Type A and Type B phenotypes.

Results

Whole-genome resequencing revealed high-
density markers on the avocado genome

A genetically diverse avocado collection consisting of 153 acces-
sions and avocado mapping populations was sequenced using
approximately 25x depth (Supplementary Table S2). A total of
11,439,248 variants, comprising 10,863,184 single-nucleotide poly-
morphisms (SNPs) and 623,953 insertions and deletions (indels),
were identified across 153 accessions. High-quality SNPs and indels
were randomly distributed across all 12 chromosomes, but their
densities were higher towards the chromosome ends and lower in
the centromeric regions, likely due to the repetitive and heterochro-
matic nature of the centromere (Supplementary Fig. S1a, S1b),
with an average 13/kb SNP density. Chromosome 2 exhibited the
highest number of SNPs (1,473,284), whereas chromosome 12 had
the lowest count (626,141) (Supplementary Fig. S1c). The transition-
to-transversion ratio in the analyzed SNP dataset was 2.13,
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indicating a higher prevalence of transition mutations compared to
transversions. Deletion sizes ranged from —1 to —49, while insertion
sizes varied from 1 to 150 (Supplementary Fig. S1d). Both deletions
and insertions exhibited a higher frequency for shorter variants,
whereas longer insertions and deletions were observed in lower
numbers (Supplementary Fig. S1d).

Geographic distribution shapes avocado
population structure

To delve deeper into the genetic relationships among the diverse
avocado accessions, 1,072,934 LD-pruned SNPs were utilized for
population structure and principal component analyses (Fig. Ta-d).
Admixture analysis was conducted using cluster ranges K = 2 to 10.
The results identified K =4 and K = 6 as the optimal numbers of clus-
ters, effectively capturing the variation within the dataset (Fig. 1a, b).
As illustrated in Fig. 1a, at K = 3, the analysis revealed three distinct
subpopulations, corresponding to the major geographical origins
of avocado (i.e, Mexican (Mex.), Guatemalan (Guat.), and West
Indian (W.l) races). Membership probabilities are presented in
Supplementary Table S2. Cluster 1 (Q1) comprises 19 accessions
with membership probabilities of 1.0, all belonging to the Mexican

Cross-validation (CV) error
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Clusters Q ( ) Q (W.L)
3 s &
c i d \ i}
Flowering Type Saathik i
Sanpiiiiiiiie
A Type A o y%{.,t‘ ':‘f{‘:‘;ﬁ%%'égs
O Type B 2 Race ‘
) ® Guat.
® Guat. x W.I.
Mex.
- & * Mex. x Guat.
B Mex. x Guat. x W.I.
_ 4 o Mex. x W.I.
§ _ & W.I.
&~ " A
o s o :
= 1
& I
& 7 ) VQ\
RN
o 3 q/l
3 2 1 [ 1 2 3 QCJ

PC1-[25.3%]

b Q=1(Mex)

Genetics and genomics of flowering type in avocado

race. Among these, accession 'La Piscina' with a previously unknown
race was assigned the Mexican race. Likewise, accessions 'CRC 195-
36', 'Yama-423', and 'Teague' were successfully assigned to the Mex.
% Guat. hybrid group, while 'Vero Beach No. 1' was assigned to the
Mex. x W.I. group. These accessions were previously categorized as
complex hybrids. Cluster 2 (Q2) contained accessions belonging to
the Guatemalan race with membership probabilities of 1 for most of
the accessions. Additionally, Q2 includes accessions that are hybrids
between Guat. x W.l. and Guat. x Mex. Furthermore, it was found
that the accession 'San Rafael', which was previously assigned to the
Mexican group, belongs to the Guat. x W.l. group, suggesting it
might have been mislabeled. Moreover, 'Vero Beach No. 15' was
identified as a hybrid among Mex. x Guat. x W.l.,, which was previ-
ously assigned as a complex hybrid. Cluster 3 (Q3) consists of acces-
sions with W.I. genetic background. This cluster also includes acces-
sions that are hybrids, such as Guat. x W.I,, as well as individuals that
are hybrids among all three major genetic backgrounds: Mex. x
Guat. x W.I. Overall, based on the races assigned in this study, the
accessions showed a higher proportion of West Indian genetic back-
ground (16%) compared to Mexican (8%) and Guatemalan (5%).
Furthermore, a significant number of accessions were hybrids, with

Q=2 (Guat.) Q=3 (WL)

Fig. 1 Population structure analysis of 153 Persea americana accessions. (a) Cross-validation error analysis for clustering with hypothetical K-values
ranging from 1 to 10. The x-axis represents K-values (1-10), while the y-axis represents cross-validation error values. The rate of decrease slows after K = 4.
(b) Admixture analysis showing population structure for assumed group numbers K = 3 and 6. Each accession is represented as a thin vertical segment,
with colors indicating population proportions. Each subgroup is designated by a unique color. In K = 3, accessions with red, green, and blue represent
Mexican, Guatemalan, and West Indian races, respectively, and combinations of colors represent hybrid lines. (c) Scatter plot of the first three principal
components (PC1, PC2, and PC3). Each dot represents an accession, with symbol shapes indicating flowering types and colors representing different
races. (d) Dendrogram of 153 avocado accessions based on whole-genome SNP data (1,072,934 SNPs). Accessions with red, green, and blue represent
Mexican, Guatemalan, and West Indian races, respectively. Each accession label is followed by its corresponding race, and the labels can be matched with

the IDs and cultivar names listed in Supplementary Table S2.
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the largest group being hybrids between W.I. and Guat. genetic
backgrounds (46%), followed by Mex. x Guat. hybrids (14%) (Supple-
mentary Fig. S2a). This study also successfully assigned highly confi-
dent genetic races to individuals whose genetic backgrounds were
previously unassigned or incorrectly assigned.

Principal Component Analysis (PCA) and hierarchical clustering
based on a dendrogram were performed to analyze the population
structure of avocado accessions used in this study. The PCA plot
(Fig. 1¢), like the structure analysis, grouped avocado genotypes into
three clusters, reflecting their ecotypes of origin: Guatemalan, Mexi-
can, and West Indian. These results indicate that hybrids between
Mexican and Guatemalan races exhibit a genetic composition that is
uniformly distributed between these two races. In contrast, hybrids
between Guatemalan and West Indian races show a genetic compo-
sition skewed more toward the West Indian background, suggest-
ing a stronger influence from the West Indian race (Supplementary
Fig. S2a). Similarly, hybrids among all three races demonstrate a
genetic composition weighted more heavily toward the West Indian
background compared to Mexican and Guatemalan genetic contri-
butions (Fig. 1c). The dendrogram analysis (Fig. 1d) corroborated
these findings, revealing a similar distribution pattern. The analysis
highlighted considerable overlap among clusters, emphasizing the
hybrid nature of many cultivars as inferred through population struc-
ture analysis. Furthermore, the distribution of accessions suggests
that Mexican and Guatemalan genetic backgrounds are genetically
closer to each other than their relationship with West Indian genetic
backgrounds.

Genome-wide association studies revealed
precise markers associated with a transcription
factor controlling flowering type in avocado

To identify markers associated with flowering type, GWAS was
conducted using high-density markers on a genetically diverse popu-
lation segregating for flowering type. Figure 2a illustrates phe-
notypic differences between Type A ('Melendez 2') and Type B
(Tonnage') cultivars. Their floral opening patterns at different times
of the day were recorded. As expected, both types exhibited protog-
yny opening as female first on day 1, switching to male on day 2.
Type A flowers (‘Tonnage') opened in their female phase in the
morning around 10:30 AM, whereas Type B flowers ('Melendez 2')
opened later in the afternoon at approximately 2:00 PM. After this
stage, both flower types closed, with Type A closing in the after-
noon and Type B in the late evening. On the following day, Type A
flowers transitioned to their male phase around 4:00 PM, while Type
B flowers did so earlier at approximately 9:00 AM. Both types then
closed later in the day. In the subsequent days, the flowers remained
closed and gradually developed a brownish coloration. The flower-
ing patterns were recorded for all the avocado accessions in the
GWAS panel. The data showed random distribution across the popu-
lation, as illustrated in Supplementary Fig. S2b.

To account for population structure effect, genome-wide asso-
ciation analysis of flowering type was performed independently
using three models: EMAXX, GLM, and MLM. Consistently, analyses
across all models revealed a significant GWAS signal for flowering
type on chromosome 10 (CM056818.1) (Fig. 2b; Supplementary Fig.
S3a, S3b). Since the avocado accessions used in the study exhibited
population structuring (Fig. 1), MLM and EMMAX models were used
in addition to GLM models to reduce false positive signals. As shown
in Fig. 2b (EMMAX model) and Supplementary Fig. S3 (GLM and
MLM models), inflation of —log;q(p) was reduced by almost half,
from > 50 (GLM model) to < 25 (EMMAX and MLM models).
Although confounding effects due to population structure were
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effectively controlled by applying MLM and EMMAX models, the
significance of results remained well above the threshold p-values
(Fig. 2b; Supplementary Fig. S3). Notably, most significant markers
clustered within a single gene, including its promoter, coding
region, and 3' regulatory region, providing strong evidence for the
GWAS findings.

Statistical analyses identified an associated chromosomal re-
gion encompassing a 20,874 bp haplotype block (CM056818.1:
41,389,855-41,410,729; Supplementary Table S3). Following prun-
ing and filtering of the data, within this block, nine markers
were significantly associated with flowering type (p < 6.59 x 1075;
FDR < 5.372936 x 10-3; Supplementary Table S3). Additional mark-
ers were included in an expanded region (CM056818.1: 41,325,077-
41,524,944; approximately 200 kb) to enhance marker identification
associated with flowering type (Fig. 2b, ¢; Supplementary Table S4),
which resulted in the identification of 436 markers associated with
flowering type. Furthermore, haplotype analysis of this QTL revealed
two major haploblocks controlling Type A and Type B flowering
type respectively, as shown in Fig. 2d. GWAS was also conducted
using 553,332 indels, which resulted in the identification of the
same genomic region that was determined using SNPs (Fig. 2e).
These analyses revealed 12 insertions and 17 deletions significantly
associated with flowering type (p < 4.60 x 10~'3; FDR < 8.79 x 1079)
within the haplotype block (CM056818.1:41,385,195-41,410,847;
25,652 bp) (Fig. 2e, f; Supplementary Table S5).

The GWAS peaks were further validated by observing a high fixa-
tion index (Fgy) of approximately 0.5 within this region (Fig. 2g). An
analysis of population differentiation (Fg;) of Type A and Type B
flower types revealed a strong differential signal (0.3-0.45) around
the same region where the GWAS signal was detected (Fig. 29).
This indicates strong genetic differentiation and potential selective
sweeps in this region, where divergent selection pressures might
have acted to fix alternate alleles for flowering Type A and Type B.
The co-localization of high Fs; signal and trait-association signal
suggests that flowering type might have been the target of positive
selection during avocado evolution to perhaps encourage cross-
pollination, genetic diversity, and abundant seed production for
survival.

Remarkably, only one gene (MRB53_031466) coincided with
significant markers (Fig. 2¢, f). This gene, which codes for an R2R3-
type MYB-like transcription factor, was named Persea americana
Diurnally Synchronous Protogynous Dichogamy (PaDSPD) to be con-
sistent with previous phenological descriptions of flowering typef®l.
The GWAS signal was sharply elevated with —log;,(p) values > 8.0
(4.918, 0.05/4141) around this gene from 7,816 bp upstream from
the start codon in the promoter region and about 5,153 bp down-
stream from the stop codon. The rapid decline of GWAS signals
beyond the MRB53_031466 gene (Fig. 2¢, f) strongly suggests that
this gene is controlling flowering type in avocados.

Markers, including both SNPs and SVs associated with flowering
type, were found to be consistently heterozygous in Type A vari-
eties and homozygous in Type B varieties (Supplementary Fig. S4a).
The SNPs of the minor allele, named as F™ for 'female in the morn-
ing', were significantly less common (frequency of ~0.1-0.2) com-
pared to the ones in the major allele, FF for ‘female in the even-
ing' (frequency ~0.8-0.9) (Supplementary Fig. S4; Supplementary
Table S5). Similarly, the genotype ratio showed FMFE genotypes
occurring twice as frequently as FEFE genotypes, while FMFM geno-
types were entirely absent, suggesting that it is lethal. These results
are consistent with the Mendelian genetic analysis of mapping
population segregating for flowering type as described below in the
next section.
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Fig. 2 Genome-wide association study (GWAS) of the flowering type in avocado germplasm using SNP and SV markers. (a) Floral development of Type A
(‘Melendez 2') and Type B ('Tonnage') from bud to full bloom till flower closing, observed at different times of the day. The photographs illustrate the
distinct blooming patterns of both varieties. Both Type A and Type B open as functionally female on the first day with different timing (highlighted in red),
followed by functionally male stages on the second day (highlighted in light green). After pollination, the sepals get brown, indicating the end of the
pollination period. (b), (e) Manhattan plots illustrating GWAS results for flowering type using (b) 735,030 SNPs and (e) 553,332 structural variants (SV)
using the EMAXX model; associations were verified using additional GWAS models (Supplementary Fig. S3). The y-axis represents —log;,(p) values. The
horizontal line represents 5% Bonferroni correction significance threshold. (c), (f) Zoomed-in genomic regions representing the peak in panels B and E
with gene models displayed below the graph. Blue dots represent markers. All significant markers are primarily localized around the MRB53_031466 gene
encoding R2R3-type Myb-like transcription factor. (d) Haplotype blocks and Linkage disequilibrium (LD) plots of the flowering type locus. The upper part
of the figure illustrates different haplotype blocks in Type A and Type B. The lower part shows an LD heat map of SNPs with red regions representing high
LD between adjacent SNPs, while blue regions represent low LD. (g) Fixation Index (Fs7) plot showcasing genetic differentiation between Type A and Type
B avocado accessions. Elevated Fst values indicate regions under potential positive selection, aligning with GWAS signals.

Bulked segregant analysis and genetic analysis
validate a single gene on chromosome 10 as
controlling flowering type in avocado

Consistent with GWAS analyses, bulk segregant analyses (BSA)
conducted on both reciprocal avocado populations — Tonnage' x
'Simmonds' and 'Simmonds' x 'Tonnage' - revealed a prominent
peak on chromosome 10 (Fig. 3a, b). Each cross involved
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phenotypically distinct Type A and Type B flowering bulks. Indepen-
dent analyses for each population showed statistically significant
signals on chromosome 10, the genomic interval, which strongly
supports the presence of a robust quantitative trait locus (QTL) asso-
ciated with flowering type. Because the genetic background of
these populations is essentially the same, but paternal and mater-
nal parents are reversed, this consistent signal rules out cytoplasmic
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Fig. 3 Bulk segregant analysis maps flowering type to the same loci as GWAS signals on chromosome 10. (a), (b) Bulk segregant analyses (BSA) conducted
on both reciprocal avocado populations. (a) 'Simmonds' x Tonnage' (n = 50), and (b) 'Tonnage' X 'Simmonds' (n = 50). Segregation ratio of the Type A

(FMFE) and Type B (FEFE) genotype in segregating populations: (c) Cv 'Simm
‘Tonnage').

inheritance. These analyses further suggest that this locus is under
Mendelian nuclear control and reaffirm evidence for a major-effect
locus on chromosome 10 that differentiates flowering types. Impor-
tantly, the peak alignment between the 'Tonnage' x 'Simmonds' and
'Simmonds' x 'Tonnage' crosses reinforces the biological relevance
of this region, suggesting that it harbors the PaDSPD gene as shown
in the GWAS results.

In the FLAMP, 61 trees of selfed 'Simmonds' were available, which
allowed us to test single gene Mendelian inheritance of the PaDSPD
gene. Based on the GWAS analyses, where all Type A accessions were
found to be heterozygous for all significantly associated SNPs, and all
Type B accessions were homozygous, a hypothesis was proposed that
Type A alleles are heterozygous, designated as FMFE, representing
Female first in the Morning and Female first in the Evening, and Type
B are either homozygous FEFE or FMFM, Since 'Simmonds' is Type A and
is heterozygous for all significantly associated alleles (FMFF), a selfed
'Simmonds' population, according to a one gene hypothesis, should
segregate in a 1:2:1 (FMFM : FMFE : FEFE) ratio. As is shown in Fig. 3¢,
selfed 'Simmonds' progeny segregated in a modified 2:1 (Type A :
Type B) ratio (n = 61; y2 = 0.717, Table 1), suggesting that flowering
type in avocado is controlled by a single gene with FMFE as Type A and
FEFE as Type B and FMFM homozygous genotype as lethal; the
expected 3:1 phenotypic segregation ratio was not met (y2 = 2.78F17,
Table 1), indicating a deviation from classical mendelian inheritance.
Likewise, in both reciprocal avocado populations — 'Tonnage' x
'Simmonds' and 'Simmonds' x 'Tonnage', where 'Simmonds' is
heterozygous (FMF) and 'Tonnage' is homozygous (FEFE), a 1:1 (Type A
: Type B; FMFE ; FEFE) segregation ratio is expected. Indeed, a 1:1 (Type
A : Type B) ratio was observed for both the Tonnage' x 'Simmonds'
population (n = 448; y?> = 0.508) and the 'Simmonds' X Tonnage' (n =

Khan et al. Fruit Research 2026, 6: €004

onds' selfed, and (d) 'Tonnage' x 'Simmonds' and reciprocal ('Simmonds' x

209; y2 = 0.111) (Fig. 3d; Table 2). In conclusion, the flowering type in
avocado is controlled by one gene, with Type A always occurring as a
heterozygous and Type B as a homozygous, with one of the homozy-
gous genotypes being lethal.

Phylogenetic and functional annotation of the
PaDSPD MYB-like transcription factor

Homology searches and phylogenetic analyses showed that
PaDSPD is a close homolog of (Cinnamomum micranthum, Magnolia
sinica) EMISSION OF BENZENOIDS | (EOBI) and EOBII of Aristolochia.
Phylogenetic results based on BLAST analysis from NCBI further
confirm its close relationship with EOBI, EOBIl, and MYB-related
protein 305-like (Fig. 4a; Supplementary Table S6). To gain deeper
insight into the genetic relationship of MRB53_031466, a phyloge-
netic tree was developed incorporating MYB-related genes from
Arabidopsis thaliana, Cinnamomum micranthum, Citrus clementina,
Musa acuminata, Petunia axillaris, Phoenix dactylifera, and Solanum
lycopersicum (Fig. 4b). The results suggest that PaDSPD (MRB53_

Table 1. Segregation of Persea americana cv. 'Simmonds' selfed population for
flowering type.

Expected undera2:1  Expected under
Observed expected ratio assuming  a 3:1 expected
one homozygotes is lethal ratio
SxS Type A (FMFE)! 42 40.67 45.75
SxS Type B (FEFE) 19 20.33 15.25
Mortal (FMFM) 0
Total 61
X2 test 0.717 0.268
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Table 2. Segregation of flowering type in the Florida Avocado Mapping
Populations (FLAMP) resulting from a cross between 'Tonnage' x 'Simmonds'
and its reciprocal cross 'Simmonds' x 'Tonnage' cultivars.

Expected Expected
Observed undera 1:1 under a 3:1
expected ratio  expected ratio
‘Tonnage' x 'Simmonds' Type 217 224 336
A (FMFE)
‘Tonnage' x 'Simmonds' Type 231 224 112
B (FEFE)
Total 448
22 test 0.508 1.50865538
Reciprocal cross
'Simmonds' X 'Tonnage' Type 116 104.5 156.75
A (FMFE)
'Simmonds' x 'Tonnage' Type 93 104.5 52.25
B (FEFE)
Total 209
2 test 0.112 75354781

1, Genotypes of Type A and Type B flowering types; F* = 'Female in the morning'
allele, and Ff = 'Female in the evening' allele of the Persea americana Diurnally
Synchronous Protogynous Dichogamy (PaDSPD) gene.

031466) forms a distinct clade, including MYB genes such as Myb24,
Myb21, and myb-related 305-like, all of which belong to subgroup 19
(SG19)127461 within the R2R3-MYB transcription factor family (Fig. 4c).
The alignment of protein sequences of Persea americana, Arabidop-
sis thaliana, Cinnamomum micranthum, Citrus clementina, Musa
acuminata, Petunia axillaris, Phoenix dactylifera, and Solanum lycop-
ersicum can be seen in Supplementary Fig. S5. As expected, the
R2R3-MYB domain is more conserved compared to the TAD domain,
suggesting a more crucial functional role of the R2R3-MYB domain
and species-specific function for the TAD across these species. Com-
paring the PaDSPD type A allele to the type B allele revealed a total
of fifteen non-synonymous mutations, with a D65G mutation loca-
ted in the loop of the R2R3 domain, and the rest were mostly local-
ized to the C-terminal region of the protein, with S183F and S184H
mutations localized to the TAD domain (Supplementary Fig. S5).

Since the PaDSPD gene shows close homology to the Arabidopsis
At3G27810 and At5G40350 genes, these genes were used as a refer-
ence to infer the potential function of PaDSPD (Fig. 4d). Gene enrich-
ment analysis revealed their dominant role in reproductive organ
development in plants. Additionally, the analyses indicated involve-
ment in hormone-mediated signaling pathways, including the
jasmonic acid-mediated signaling pathway. Functional analyses
using Arabidopsis homologous genes demonstrated that PaDSPD is
primarily involved in anther filament development, suggesting an
evolutionarily conserved mechanism for the function of PaDSPD.
Furthermore, the Arabidopsis ePlant database (https://bar.utoronto.
ca/) provides extensive gene expression data related to various
plant tissues and organ development, including flowers. Using this
resource, the expression of the Arabidopsis homologs, AtMYB21/
AtMYB3 of the PaDSPD gene was mentioned. As shown in Supple-
mentary Fig. S6a, Arabidopsis homologs of this gene are expressed
in stamens and petals, and Supplementary Fig. S6b shows its inter-
action with other genes. The co-expressed genes are involved in
responses to hormonal signaling, particularly within the jasmonic
acid-mediated signaling pathway.

Development of competitive allele-specific
markers

To facilitate marker-assisted selection for flowering type in
avocado, competitive allele-specific PCR-based genotyping assays
were developed based on the PCR Allele Competitive Extension
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(PACE) chemistry. Multiple highly specific markers encompassing
the entire PaDSPD locus (41,389,707-41,411,647) were designed
targeting the promoter, CDS (41,397,672-41,405,576) and 3' regula-
tory region of PaDSPD gene (Supplementary Table S1). Since all sig-
nificant SNPs were localized in the promoter, terminator and coding
regions of a single gene, PaDSPD, these markers were designed to
comprehensively cover the gene body and its promoter region. In
total, seven markers were screened, of which four markers worked
successfully. To assess marker accuracy, PACE PCR was conducted
on individual accessions (n = 47) representing different races from
the diversity germplasm with known flowering types (Type A = 26;
Type B = 21). Of the seven markers, four markers (M1-41392642_
T_GC; -5,030 bp promoter, M2-41398033_A_G; +361 bp from start
codon causing a D65G amino acid change; M3-41398041_C_A;
+369 bp from start codon; M4-41405555_CAT_; +7,883 bp from
start codon causing three nucleotide deletion) reliably identified
flowering type perfectly (Fig. 5a—c; Supplementary Fig. S7; Supple-
mentary Table S7). Since these markers successfully identified flow-
ering types with high accuracy in genetically diverse accessions
representing Mex., W.l, Guat. and hybrid avocado races, they would
be applicable in diverse breeding programs using complex crosses
involving diverse parents. To validate and demonstrate the practical
application of these markers in breeding, three avocado hybrid popu-
lations segregating for flowering type were screened (Simmonds' x
‘Tonnage’; n = 18, 'Tonnage' X 'Simmonds’; n = 18, and 'Hass' x
'‘Bacon’; n = 10)B3, In all three populations, all markers identified
flowering type with 100% accuracy (Supplementary Table S7). Nota-
bly, the marker analyses confirmed the absence of an FFM homozy-
gous genotype in the diversity panel as well as the breeding popula-
tions, suggesting that this allelic combination is lethal. Furthermore,
these analyses also validated the Mendelian inheritance of the
PaDSPD gene, with Type A consistently exhibiting heterozygosity
and Type B homozygosity as described above.

Discussion

Population structure analyses reveal
ecogeographic origins of avocado accessions
Avocados are native to Mesoamerica and are cultivated in tro-
pical, subtropical, and Mediterranean climates!'3%47], Population
structure analyses in this study, based on high-density markers,
supported previous studies on the ecological adaptations and
geographic origins of avocado races based on smaller sets of
markers.314849, The genetic asymmetry exhibited by Guat. x W. I.
hybrids in relation to their West Indian ancestry align with historical
patterns of introgression and may reflect conferring adaptive bene-
fits or selective breeding biases®). The genetic predominance of
W.I. ancestry in tri-racial hybrids significantly influences this extreme
introgression pattern, likely reflecting adaptation to the environ-
mental conditions associated with tropical agricultural practicest>'l.
The genetic similarity between Mex. and Guat. subpopulations,
when compared to their relationship with the W.I. subpopulation,
supports evolutionary theories suggesting that the West Indian
ancestry separated earlier*®>2], This phylogenetic arrangement for
the avocado ecological races may indicate the biogeographical
history associated with the domestication and variation of avoca-
dos throughout the middle and tropical regions of the Americas.
Future breeding efforts should prioritize crosses between the
Guatemalan and Mexican races, as hybridization between these
groups appears relatively uncommon. The low occurrence of hybrids
between these races may stem from pollination incompatibility,
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which could be overcome through targeted crossbreeding strate-
gies. Successful crosses between pure Mexican and Guatemalan
genotypes could generate new varieties with enhanced genetic
diversity. Similarly, breeding programs should explore hybridization
among all three races, leveraging different genomic proportions to
develop cultivars with improved adaptability, nutritional, and agro-
nomic traits.

Genetic structure of flowering type locus
The exact genetic makeup of the flowering type in avocado has
been debated in previous studies, with an earlier report suggesting

GAV74637 Myb protein Cephalotus follicularis
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multiple locil?¥, whereas later studies indicated one locusl'*'3l, In
the current study, several lines of evidence, including a multi-model
GWAS approach and BSA, consistently revealed a strong association
signal delineated to a precise haplotype block on chromosome 10.
The GWAS analysis using SNPs as well as structural variants identi-
fied significant markers at the same locus, further supporting the
evidence for the role of this region in regulating flowering type.
Previous research has highlighted the significance of SVs in influenc-
ing plant phenotypes, especially concerning traits such as flower-
ing time, disease resistance, and fruit development!>3:>4, Secondly,
bulked segregation analysis (BSA) of two breeding populations
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Fig. 4 Phylogenetic analysis of PaDSPD transcription factor. (a) Phylogenetic tree illustrating the evolutionary relationship of PaDSPD proteins from
different botanical lineages, revealing it as a homolog of EMMISSION OF BENZOIDS (EOBT1), a MYB transcription factor. The evolutionary history was inferred
using the Neighbor-Joining method. The bootstrap consensus tree was inferred from 1,000 replicates. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. (b) Phylogenetic tree of MYB transcription
factor protein sequences from Arabidopsis thaliana, Solanum lycopersicum, Citrus clementina, Petunia axillaris, Cinnamomum micranthum, Musa acuminata,
and Phoenix dactylifera, showing broader evolutionary relationship of EOB1 highlighted in red color. (c) Phylogenetic tree of subgroup 19 within the MYB
family, demonstrating the evolutionary placement of PaDSPD highlighted in blue font within this subgroup. (d) Functional enrichment analysis of the
Arabidopsis thaliana homologs of PaDSPD, highlighting key biological processes.
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segregating for flowering type provided additional evidence for
the same genomic region associated with flowering type. Thirdly,
the classical genetic analyses demonstrate a one-gene model for
avocado flowering type, which agrees with the one-gene model
reported previously!'#15) but contradicts the multiple loci model(24,
Regarding results reported by Lavi et al.2%, some of the crosses,
such as Type A x B, had sufficient population sizes consistent with
these results. However, results from other crosses are not consistent
with results and those of Ashworth et al.l'%, suggesting that smaller
population sizes or misclassification of some progenies, as pointed
out by these authors, could be the likely explanation for the discrep-
ancies. Also, there is a possibility of outcrossing of some of the
reported selfed crosses, e.g., B x B selfing, which resulted in a 2.7:1
B/A segregation ratio (Table 2, row 4, Lavi et al.24)), plausibly possi-
ble if outcrossing occurred since results have shown that Type B
is always homozygous, which can only yield homozygous pro-
genies and should not segregate. Likewise, Ashworth et al.'¥l also
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1392390 32600
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identified several markers linked to a quantitative trait locus (QTL)
for flowering type, as determined through QTL mapping in a popu-
lation derived from a cross between cv. 'Gwen' (Type B) and 'Fuerte'
(Type A). The co-localization of GWAS signals with high Fg; values
in the study also shows that this region could be under positive
selection pressure during avocado evolution, perhaps to promote
cross-pollination and genetic diversity. According to Alcaraz and
Hormazal5?, this drift suggests that positive selection may have
been involved in the regulation of flowering organization through-
out avocado's evolutionary past to promote outcrossing and
increase genetic diversity33l,

Insights into the mendelian inheritance of
PaDSPD gene

Both genomic and mendelian inheritance patterns suggested
that flowering type in avocado is controlled by a single gene. The
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Fig. 5 Development and validation of competitive allele-specific PCR markers for avocado flowering type. (a) Genomic context of the PACE allele-specific
primers (F¥ 'female in the morning' and FE, 'female in the evening' highlighted in green, and the common reverse primer, highlighted in red) targeting two
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markers M1 - 41392642_T_C and M2 - 41398033_A_G. The data represent genotype distributions across three categories: Type A (FMFE), Type B (FEFF), and

the lethal genotype (FMFY).
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mendelian inheritance analyses in the 'Simmonds' selfed progeny
population revealed a modified 2:1 (Type A : Type B) ratio—in con-
trast to the expected 3:1 mendelian ratio—which agrees with a
single gene model where one of the rare allele homozygous geno-
types is lethal (FMFM), Likewise, in both reciprocal avocado popula-
tions — 'Tonnage' X 'Simmonds' and 'Simmonds' x ‘Tonnage', where
'Simmonds' is heterozygous (FMFE) and 'Tonnage' is homozygous
(FEFE), the expected 1:1 segregation ratio was observed. This type
of inheritance is similar to what has been documented in other
heterodichogamous plant families like walnut (Juglans nigra L.) and
pecan (Carya illinoinensis), whose dichogamy is normally controlled
by one locus with dominance interactions!>%571, Observation of a 2:1
segregation ratio is noteworthy as it provides evidence for the
single-gene inheritance pattern with homozygous lethality, which
has previously not been reported for avocado flowering type.
Although analyses suggest that FMFM is lethal, future in-depth inves-
tigations, such as pollen/embryonic lethality, seedling mortality,
gametophytic selection, and self-incompatibility, are required to
determine the cause and mechanism of lethality and to rule out
environmental factors. This discovery is important because it has
broad implications for breeding programs for developing new culti-
vars with a preferred flowering typel>8l.

R2R3 MYB-like transcription factor as a regulator
of flowering type in avocado

In this study, PaDSPD (MRB53_031466) was identified as the most
likely candidate gene controlling flowering type in avocados. The
localization of all significant markers exclusively in the promoter and
coding region of PaDSPD strongly supports its role in regulating
floral opening timing. Homology search analysis (Fig. 4a) confirmed
that PaDSPD encodes an R2R3-type MYB-like transcription factor,
closely related to EOBT and EOB11 in several plant lineages, includ-
ing the distantly related Arabidopsis MYB21 (At3g27810) and MYB24
(At5g40350), and the closely related Cinnamomum micranthum and
Magnolia sinica EOB1. These MYB proteins belong to subgroup 19
of the R2R3 MYB family (Stracke et al.) and have established roles
in floral development, influencing processes such as floral organ
identity, pollen maturation, and flowering timel27.59601  Specifi-
cally, MYB21 and MYB24 regulate jasmonate-mediated stamen
developmentl®'], suggesting that PaDSPD plays a crucial role in the
temporal control of stamen function and contributes to the distinct
diurnal pattern of protogynous dichogamy observed in avocado.
Functional enrichment analysis (Fig. 4d; Supplementary Fig. S6a)
further underscores the dominant role of PaDSPD in floral develop-
ment. Previous studies by Chopy et al.l2’l have demonstrated that
MYB transcription factors regulate diverse floral processes. Mutants
of MYB21 and MYB24, as well as MYB21 MYB24 double mutants,
exhibit disruptions in floral development, including flower opening,
petal expansion, anther filament elongation, anther sac dehiscence,
inhibition of lateral vascular development in unfertilized carpels,
and abscission of sepals, petals, and stamens. The conserved roles
of MYB proteins in flowering time and floral architecture suggest
that PaDSPD may similarly govern flowering type in avocado. Like-
wise, comparative genomics analysis identified homologs of PaDSPD
in multiple plant species, indicating an evolutionarily conserved
function in reproductive development (Fig. 4b, c). Its placement
within the MYB subclade for floral regulation supports its functional
capacity to influence flowering behavior in avocado. Furthermore,
previous studies have demonstrated that MYB transcription factors
orchestrate flowering and floral organ maturation across diverse
crop speciesi®?, reinforcing the conserved role of MYB proteins in
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reproductive development. The current findings, along with previ-
ous reports, strongly suggest that PaDSPD controls flowering types
by directly influencing stamen and pistil development. PaDSPD is
proposed to be under the strong influence of the circadian clock
and light, which collectively regulate flowering type in avocadol27:63],
In the context of circadian rhythm, it is interesting to note that the
morning phase circadian genes, CCA1/LHY, are also MYB-like TFs[64l,
Since MYB TFs function as dimersl®3], PaDSPD might be functioning
by making heterodimers with these TFs in controlling flower open-
ing in response to the circadian rhythm. Furthermore, genetic differ-
ences in the promoter and/or coding regions of PaDSPD may drive
variations in flowering type by differential allelic expression and/or
protein structural variation. Regarding variation in protein structure,
one amino acid change in the loop domain and several in or in the
vicinity of the TAD domain were observed, which, given the impor-
tance of these domains in the function of these TFs, are likely to
contribute to regulating flowering type by affecting making homo/
heterodimers and/or interaction with other proteins. It is interesting
to note that the F¥ allele did not occur as a homozygote in the anal-
yses, indicating that it likely interferes with an essential function
resulting in lethality.

As shown in Supplementary Fig. S6a, Arabidopsis homologs of
the PaDSPD gene are expressed in both stamens and petals, with
predominant expression in the stamens. This pattern aligns with its
previously suggested role in flower development. The PaDSPD gene
is co-expressed with genes such as JAZ protein-coding genes and
basic helix-loop-helix (bHLH) DNA-binding family proteins, which
are involved in the jasmonic acid-mediated signaling pathway. For
instance, At4G17880 (MYC4; Basic helix-loop-helix (bHLH) DNA-bind-
ing family protein) and At1G32640 (MYC2) are JAZ-interacting TF
that act together with MYC2 and MYC3 to activate JA-responses!©,
Co-expression network suggests that PaDSPD interacts with bHLH
transcription factors, including MYC2, MYC3, and MYC4, which are
direct targets of JAZ proteins. This interaction leads to the forma-
tion of a bHLH-MYB complex that plays a crucial role in the regula-
tion of flower opening and closing(®. It has been reported that
MYB/bHLH complexes regulate distinct cellular processes, including
circadian rhythm in plants®’l. However, further extensive experi-
mental work, such as transgenic complementation or gene knock-
out studies, is required to explore this aspect in detail, which is
beyond the scope of this study. Floral organ development is tightly
controlled by circadian rhythms, phytohormones, and transcription
factors in a complex interplay6'.68l, Genetic variations within the
PaDSPD locus may modulate these regulatory mechanisms, shaping
the distinct flowering habits of Type A and Type B cultivars.

The identification of PaDSPD as a flowering-type regulator in
avocado extends its known functional role beyond scent emission in
Petunia axillaris?”). Prior research has shown that EOBT modulates
floral volatiles, influencing pollinator attraction and reproductive
successl27-291, However, findings suggest a broader regulatory func-
tion in avocado flowering, linked to phenological traits in perennial
crops. Established flowering regulators such as FT, AP1, and LFY
govern floral induction and differentiation®®, and the discovery of
EOB1 as a critical player in avocado suggests that it may interact
with these genes within a transcriptional network governing flower-
ing phenology. Comparative studies in Arabidopsis and Petunia
indicate that floral timing and scent emission are interconnected
via hormonal and genetic regulation. In Petunia, EOBT modulates
jasmonic acid-responsive pathways, influencing flower matura-
tion and volatile biosynthesis?”l, If a similar mechanism exists in
avocado, EOBT may regulate floral opening or timing via interac-
tions with jasmonic acid-mediated signaling pathway. Additionally,

Page 110f 14



Fruit
Research

its role may extend to pollinator preference, indirectly shaping
reproductive success and fruit development.

PACE molecular markers development and
validation for avocado flowering type breeding

For accelerating breeding of avocados, the development of com-
petitive allele-specific markers for important agronomical traits is
important. For instance, the flowering type markers developed and
validated in the current study make early selection of flowering type
in breeding programs possible with high efficiency and precision. It
will have a significant impact since these markers could identify
flowering type in the seedling and therefore facilitate interplanting
of avocado with type A and type B flowering types, which has been
shown to result in increased yield['6-19), It will accelerate breeding
cycles by allowing flowering type prediction at the seedling stage,
rather than waiting for reproductive maturity, which can take
several years in avocadol®'l. Four markers were found, distinguish-
ing Type A and Type B cultivars with high confidence. Remarkably,
the identification of four markers within the 20 Kb QTL containing
the PaDSPD gene provides a robust approach for distinguishing
between Type A and Type B flowering patterns in avocado. These
markers allow comprehensive tracking of the entire genomic region
in segregating populations, thereby enabling haplotype-assisted
breeding for flowering type. Compared to single-marker analysis,
which can sometimes yield uncertain phenotype predictions due to
the absence of a complete haplotype, the use of multiple markers
enhances accuracy and confidence in selection strategies.

The applicability of these markers was validated in three geneti-
cally diverse hybrid populations resulting from crosses 'Hass' x
'‘Bacon’, 'Simmonds' X 'Tonnage', and reciprocal 'Tonnage' X
'Simmonds' with contrasting flowering types and genetic back-
grounds with high success rate. There is always a potential risk of
allele dropout for an individual marker, even if it is highly significant.
In the studies, multiple markers were developed and validated as
a haplotype block, which minimized the potential risks of allele
dropout or mis-scoring. The three hybrid populations originated
from four genetically distant parents, all of which exhibited distinct
binary flowering types (Type A or Type B). This, together with the 47
genetically diverse accessions, broadly representing the three
ecotypes of P. americana, further suggest that the chances of allele
dropout or mis-scoring are very low. Nevertheless, it would be good
to test these markers in other populations involving other parents.

Conclusions

This research is an important contribution to determining the
genetic underpinnings of synchronous dichogamy of avocado.
Applying population genomics, association mapping using high-
density markers, and comparative functional annotation analysis, a
single gene, named PaDSPD, encoding an R2R3-type MYB transcrip-
tion factor that controls flowering type in avocado, was uncovered.
The markers developed in this study have direct applications in
marker-assisted selection for flowering type in avocado breeding
programs. Moreover, these findings enhance basic evolutionary
knowledge of flowering type behavior and provide a foundation
for studying such synchronization systems in other dichogamous
species. Further research would require functional verification and
validation of the PaDSPD gene using transgenic techniques or gene
editing approaches. Investigation of upstream and downstream
regulatory cascades and proteins that interact with this MYB
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transcription factor would also reveal the molecular mechanism of
the temporal segregation of male and female floral functions.
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