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Abstract

Objective

Almond (Prunus dulcis Mill.) represents a high-value fruit crop that is widely cultivated in
temperate agro-climatic regions. Market preference and economic returns are often strongly
linked to fruit size, with larger almonds generally commanding greater commercial interest. Given
that the pollen parent can influence fruit characteristics, including kernel dimensions, this study
applied the concept of xenia to evaluate its impact at both morphological and molecular levels,
with the aim of identifying and substantiating genes involved in the regulation of fruit size.
Materials and methods

To address this objective, Arabica almond trees were pollinated using four distinct almond
genotypes: Mamaee and Pooya, characterized by large kernel size, and the Sefid cultivar along
with Prunus orientalis, both producing small kernels. Fruits were sampled at multiple
developmental stages and subjected to morphological and molecular assessments. Measurements
of fruit length and width were obtained using a digital caliper, while fruit weight was recorded
with a digital balance.

Results

Morphological analysis revealed significant differences among the crosses. Pollination with
Pooya led to an increase in maternal morphological traits such as kernel length, width, thickness,
and weight compared to P. orientalis. At the molecular level, the expression of Pdu-miR396a and
BENI1—genes involved in plant growth and development—was examined in kernels at different
developmental stages using RT-qPCR. The results showed that Pdu-miR396a expression was

significantly reduced in large fruits obtained from the P. arabica x Pooya cross compared to other


https://orcid.org/0009-0002-3931-1247
https://orcid.org/0000-0001-9997-4718

o S,

Agricultural Biotechnology Journal, 2026, 18(2)

o

combinations. Moreover, its expression decreased progressively during fruit development,
correlating with kernel enlargement. A negative correlation was observed between Pdu-miR396a
and its target protein BRI1-5 ENHANCED 1 (BEN1), where PduBEN1 exhibited significantly
higher expression in large fruits from the P. arabica x Pooya cross compared to others. These
findings suggest that the Pdu-miR396a—-BEN1 module potentially regulates almond kernel size
through interactions between maternal and paternal parents.

Conclusions

The findings demonstrate that the Pdu-miR396a—BEN1 regulatory module is a key factor in the
control of almond kernel size, with contributions from both maternal and paternal genotypes to
fruit development. Accordingly, the combined use of gene expression profiling and
morphological assessment offers a robust approach for supporting and verifying the influence of
xenia in almond production.
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Introduction

Almond (Prunus dulcis Mill.) is a high-value nut crop that is extensively cultivated in
temperate regions worldwide. Among the traits influencing its commercial success, fruit size, and
more specifically kernel size, plays a decisive role, as larger kernels are generally favored by
consumers and offer greater economic returns to producers. Consequently, the genetic and
physiological factors governing fruit and seed size have attracted considerable scientific attention.
One biological phenomenon known to affect seed development is xenia, which refers to the
influence of pollen genotype on seed and fruit characteristics. Beyond its role in fertilization,
xenia represents a paternal effect that can modify traits such as fruit size and shape, chemical
composition, and developmental progression. Elucidating the mechanisms underlying xenia is

therefore important for optimizing pollen donor selection in orchards and for advancing breeding
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programs aimed at improving fruit quality. MicroRNAs (miRNAs) are small, non-coding RNA
molecules that modulate gene expression at the post-transcriptional level through sequence-
specific interactions with target mRNAs, resulting in transcript degradation or translational
repression. In plants, miRNAs function as key regulators of growth, developmental processes,
and stress responses. Among these regulatory molecules, miR396a has been identified as a
conserved controller of growth-regulating transcription factors (GRFs) and other genes involved
in development. Research in species such as tomato and Arabidopsis thaliana has demonstrated
its role in regulating cell expansion, organ growth, and seed development. Despite these findings,
the molecular mechanisms associated with xenia in almonds, particularly the involvement of
miR396a, remain insufficiently characterized. The present study was therefore undertaken to
explore both the morphological and molecular dimensions of xenia during almond kernel
development. Specifically, the objectives were to (i) assess the effects of different pollen donors
on kernel size and morphological traits in Prunus arabica, and (ii) examine the expression
dynamics of Pdu-miR396a and its target gene BEN1 throughout kernel development across

distinct pollination combinations.

Materials and methods

Plant material and pollination design: The experiment was carried out in an experimental
orchard situated in Shorab Saghir village, Chaharmahal and Bakhtiari Province, Iran. Prunus
arabica was selected as the female parent because of its inherently small fruit size, which
facilitates clearer identification of paternal influences on kernel traits. Four pollen donors with
contrasting seed sizes were used: two large-kernel cultivars (Pooya and Mamaee), one medium-
kernel cultivar (Sefid), and Prunus orientalis as a small-kernel reference. Controlled pollinations
were performed manually following a randomized complete block design with three biological
replications. Floral buds were emasculated at the balloon stage prior to anthesis. Pollen grains
were collected from donor genotypes, stored at 4 °C until use, and subsequently applied by hand
to receptive stigmas.

Morphological analysis: At the mature stage, kernel morphological characteristics,
including length, width, thickness, and weight (both shelled and unshelled), were recorded using
a digital caliper and a precision electronic balance. For each biological replicate, twenty kernels
were evaluated. Statistical analyses were conducted using SAS software, and mean values were
compared using Duncan’s multiple range test at a significance threshold of P < 0.05.

RNA extraction and molecular analysis: Developing kernels were harvested at six time
points (0, 12, 18, 24, 30, and 36 days after pollination). Total RNA was isolated using a modified
CTAB-based extraction method tailored for almond tissues with high polyphenol content. RNA
integrity and purity were verified by spectrophotometric analysis and agarose gel electrophoresis.
Gene-specific primers targeting Pdu-miR396a and its putative target gene BENI were designed,
and cDNA synthesis was performed using a stem-loop RT-PCR approach. RT-quantitative PCR

3



o S,

Agricultural Biotechnology Journal, 2026, 18(2)

o

was carried out using SYBR Green chemistry to determine transcript abundance. Actin and 18S
rRNA were employed as internal reference genes. Relative expression levels were calculated
according to the 2"AACt method.

Results

Morphological traits: Significant variation was observed in kernel morphology depending
on the pollen donor. Crosses with Pooya pollen produced significantly larger kernels in terms of
length, width, thickness, and weight compared with those pollinated with P. orientalis. Mamaee
also enhanced kernel size compared to Sefid and P. orientalis, though less strongly than Pooya.
These results highlight a strong xenia effect, confirming that paternal genotype contributes to seed
size variation.

Gene expression: Expression analysis demonstrated stage-specific and contrasting
expression profiles for Pdu-miR396a and its corresponding target gene, PduBENI, throughout
kernel development. Overall, Pdu-miR396a transcript levels declined as development progressed,
with the lowest abundance detected in large kernels derived from the P. arabica x Pooya cross.
In contrast, PduBEN]I expression increased over time, reaching peak levels in the same large-
kernel samples. A pronounced inverse relationship between Pdu-miR396a and PduBENI
expression was observed, indicating a regulatory association between the two. Suppression of
miR396a coincided with enhanced BENI expression, supporting the existence of post-
transcriptional control. The BENI gene encodes a receptor-like kinase implicated in
brassinosteroid signaling pathways that regulate cell elongation and seed development.
Collectively, these results suggest that reduced miR396a expression permits elevated BENI

activity, thereby promoting kernel enlargement in response to favorable pollen sources.

Conclusions

The present study provides strong evidence that pollen source exerts a significant influence
on almond kernel morphology through coordinated morphological and molecular processes. From
a phenotypic perspective, paternal genotypes such as Pooya and Mamaee promoted increased
kernel size, highlighting their practical relevance for orchard management and breeding
programs. At the molecular level, large kernel formation under favorable pollen conditions was
consistently associated with reduced expression of Pdu-miR396a and enhanced expression of its
target gene, PduBENI. These results contribute to a deeper understanding of the molecular basis
of xenia in almond and offer valuable applied insights. The strategic use of superior pollen donors,
such as Pooya, may represent an effective approach for improving kernel size and, consequently,
market value in commercial orchards. Furthermore, targeting the miR396a—BENT1 regulatory
pathway presents a promising molecular avenue for the genetic improvement of seed size. Future
studies should focus on identifying additional miR396a-regulated genes and elucidating the wider

regulatory networks associated with brassinosteroid signaling. A comprehensive integration of
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morphological, molecular, and epigenetic analyses will further enhance our understanding of how

pollen genotype shapes kernel development.
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Figure 2. Electrophoresis pattern of RNAs extracted from developing almond kernels on

1.2% agarose gel, M100; size marker

5 okl L CDNA jiw gmIRNA by )y caa S5l b :dud 5 9 mIRNA 851 o100

Varkonyi-Gasic ) . plosl i (8yxe (il)Ken 5 (555 )]s (pizmod 5 op> bawgs a5 stem-loop RT PCR s,
ko )S5eT 5l g CDNA jiw jglate 4 stem-loop RT _olais! STl 54, ol ) (et al., 2007; Chen, 2005
Jle 5 5 ool b Gam 5 SHET (sl o, eslital ol oyt 9 5 Sl oo &y Sy ogas 5 26, (guoluais]
Jolis 6,3 4o oleglais b bl pgs5 (slmodls yly 5> (hittp://bioinfo.ut.ee/primer3-0.4.0/Primer3/) (Wl
TM (slod b g 455ilS 5 Yoo b Ve (o (5SS b 031l @7 (5ol )3 G a5gilS' s j5> pae i+ 2905 GC (slgima
A505 sy NCBI Primer-BLAST el o oy b wgi g ploal oS ailw anp £0 L5 AV o
o5 9 MIRNA396a (¢ly oa i sl)b o )S5lel Jlgs (/https://www.nebi.nlm.nih.gov/tools/primer-blast)

ool odd 03l LS Y Jado 0 ol Gaa

@13 330 45 Pdu-miR396a-BENT (5 oo (gl odliw! 3590 g0,5 51 JIgi .Y Jous

Table 1. Oligonucleotide primer pairs used for Pdu-miR396a-BEN1 gene expression in the

almond kernel

Primer name Primer sequences 5'->3’ Annealing (°C)
F: GGGGTTCCACAGCTTTCTT 57
Pdu-mir396 RT:
Urs764 GITGGCTCTGGTGCAGGGTCCGAGGTATTCG 87
CACCAGAGCCAAC ACGTTC
universal GTGCAGGGTCCGAGGT 56
F: TCACAAGGCTGCTGCTTTTG 59.61
PduBENI
R: ACTCCAAGACAGTGAAACGC 58.42
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cdale e YU s 4 ¢DNA s jl L6 (Varkonyi-Gasic et al., 2007) 4,55 o5liesl stem-loop RT-PCR
5 ol cssinsSun 5 5 a5 oslel CDNA s (sl oo Sl Voo RNA 5 03,8 35, 1, lay] o gly5al cWRNA
AdsSee N 5 p Sl Yer RNA j1lg Seo S pslato oyl (sl b o0lizial YTA 8,5 cDNA jiis e85 Ul o 5l
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4883 D e d by ol 51 s g 031 1,3 51,8 5l dn ) SO (clod ;5 4D B Code ) Iardiges 4l Ll Bls cqs
(DEPC 1 g ANTP RNase o155} w31 RT o35 RT 3b) j2iSlg bglste yidgSio A o 225,513 50 (<9,
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L alie CDNA s g4 opl Jolye b oolawl YTA 8,5 cDNA i ¢S 5l Gas 5 sl CDNA s jolaie
YL cbale b 55 RNA g cusl ogos o dT 61 oslital 5550 posly 45" @glss ol b cusl mIRNA (¢l cDNA s
slod p> 4By £v ol )5 ol a0 YO (lod ;0 dddd Ve Gtody JSSluge s )3 adiges (058,551 48 oolitwl 590 (p)59)Sue V)
Cawyd 9 CDNA o 155 51 liebl s 08,5 )18 1,8 ol a3 Ve (glod )3 4dds Vo s 93,5 5lo a3 ¥Y
(¥ USs) a5 pbul Reverse s Forward gla yeolys 5l osliznl b iS5 aobiy da S5lel uis o1k

22,3 V)Y 5,81 J5 89y 92 o D2 (35 9 U see End point PCR Jguasxo 989 w1 .Y IS0
Figure 3. Electrophoresis of end point PCR product of miRNA and its target gene on 1.2%

agarose gel
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DNA — binding agent ;| ssléwl slie » &5 (non- specific) —oliaidlye ¢4l (QPCR) A8ly ol ,» PCR
gene-Q Rotor oKiws jl eslazl L PCR-time Real Sy plol .05,5 esliw] wsl o SYBER GREEN usle

Joallygiw> 5.k Takara s s SYBR® Green Real Time PCR Master Mix ¢oS jl 4 plsl Qiagene <8y

3 idesSee Y (2X) (TaKaRa) o5l yids,See V0 CDNA oy Sun ¥ Jolis 28Ty bols o 0 ool

Foaida V0 sl 4220 Jolis (lod bl b g 5ty Sea Yo 25 o2 b ol jidg e VY g Sy 5 8, (sl S5l



RN,

VE00 (lmd 9 s

wamsml,

Shead pbool adb Ve (gl ol SKilis a3 VY 5 a4l Yo (gl ol Sailis a0 £+ cail Ve (gl ol Ko a2 D L ad >
odlazul @Lu d)'L.»JLo)j 9 Ob)f o)f.,)lf ‘51)4 Wl col L.»).o.? uquLu &S uJyy;hzﬂ 9 18S rRNA Jm d)bd&B L;Laadj
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@ Colie b @l 5 it sanlite ()l Jl5 ine oglis ploly diusgy (92 jho (55 9 b Sie (g g diugy b jhe (5 9 kb
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2ol g bike (noke 5 noisn ) osme 53l (L olard 5 (Sujd Slmogad 03,5 4l B35 o 5 ogee
(S5 51 S 3 Ay b 5o (i 5 51 B (55t il 90 o2l 5 o0 4 L o Sig
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P.arabica g3 Vg Woga SI355099 590 B Sig p Blisto sl Lid163,S L 03,5 &ily 51wy & S
:AP ¢ ‘Parabica’ X ‘Mamaee’ [ w SW :AM . ‘P.arabica’ X ‘P.Orientalis 'w SY5 :AO
OSbe B yldgei . ‘Parabica’ X ‘Sefid’ (o W :AS ¢ ‘Parabica’ X ‘Pooya’  (p SW
2R3 i Clduo S (gl ise Bgyn .2 0 Ll 1y oL duw I (5 e ) &ild e (SU59998 590 Oluoguad

(P< 4]0 0) ol (SSl5 (glaiald Wi (4903 (bl o (B jlow ot (615 sixe Crglds
Figure 4. Study of pollen effect with different pollinizers on the morphological characteristic of P.
arabica female parent fruits, AO the cross between ‘P. arabica’ x ‘P. Orientalis’; AM the cross
between ‘P.arabica’ x ‘Mamaee’; AP the cross between ‘P. arabica’ X ‘Pooya’ and AS the cross
between ‘P. arabica’ x ‘Sefid’. The graphs show the mean morphological characteristics of 60 seeds

(n = 60) from the three plants. Different letters for the same trait indicate significant differences
between treatments, according to Duncan’s multiple range test (P <0.05)
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Table 2. The GLM of the morphological characteristics of almond seeds resulting from the crossing

of almond cultivars with different sizes
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Gl Jsb Cwbs . e 039 &l
) s 0L Peos bymdsb 7T e T
Kernel 7 Kernel 7 Aigy % = % Shell dr Source of
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Table 3. GLM of the expression of Pdu-miR396a and its target gene in almond seeds

resulting from the crossing of almond cultivars with different sizes

PduBENI1 Pdu-miR396a df) o151 axy0 Source of variation ol pus asbo
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Figure 5. The expression pattern of Pdu-miR396a and PduBENI genes in the developmental
stages of almond kernel (0, 12, 24, 30 and 36 days after pollination) in four crosses, AO: the
cross between °‘P.arabica’ X ‘P.Orientalis’ ; AM: the cross between P. arabica’
X ‘Mamaee’ ; AP: the cross between ‘P.arabica’ X ‘Mamaee Pooya’ and AS:
the cross between ‘P. arabica’ X ‘Sefid’ . Values represent arithmetic mean of
two replicates = SE (standarderror). Different lowercase letters indicate significant
differences at p<0.05 in the Duncan’ s multiple range test.
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