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In a nutshell: pistachio genome and kernel development
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Introduction

Summary

e Pistachio is a sustainable nut crop with exceptional climate resilience and nutritional value.
However, the molecular processes underlying pistachio nut development and nutritional traits
are largely unknown, compounded by limited genomic and molecular resources.

¢ To advance pistachios as a future food source and a model system for hard-shelled fruits,
we generated a chromosome-scale reference genome of the most widely grown pistachio cul-
tivar (Pistacia vera 'Kerman') and a spatiotemporal study of nut development. We integrated
tissue-level physiological data from thousands of nuts over three growing seasons with tran-
scriptomic data encompassing 14 developmental time points of the hull, shell, and kernel to
assemble gene modules associated with physiological changes.

e Our study defined four distinct stages of pistachio nut growth and maturation. We then
focused on the kernel to identify transcriptional and metabolic changes in molecular pathways
governing nutritional quality, such as the accumulation of unsaturated fatty acids, which are
vital for shelf life and dietary value. These findings revealed key candidate conserved regula-
tory genes, such as PvAP2-WRI1 and PvNFYB-LECT, likely involved in oil accumulation in ker-
nels.

e This work yields new knowledge and resources that will inform other woody crops and
facilitate further improvement of pistachio as a globally significant, sustainable, and nutritious
crop.

than doubled over the past two decades (Food and Agricultural
Organization; https://www.fao.org/faostat/en/#search/pistachio;

Tree nuts are the most carbon-efficient protein source of any
food (Poore & Nemecek, 2018). Pistachios are also rich in unsa-
turated fatty acids, antioxidants, and vitamins (Tsantili
et al, 2011; Marvinney et al, 2014; Noguera-Artiaga
et al., 2019; Polari et al., 2019; Mandalari ez al., 2021; Derby-
shire er al., 2023). Given that pistachio trees are highly resilient
to abiotic stress, particularly drought and salinity, they are pro-
jected to be an important source of sustainable nutrition in the
face of climate change over the next century (Moazzam Jazi
et al., 2016), with global production of pistachios having more
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Fig. 1a).

Pistachio (Pistacia vera, 2n = 30) belongs to the Anacardiaceae
family, along with cashew and mango, and is the only species in
the genus Pistacia grown for its edible fruit. Pistachio trees are
dioecious and wind-pollinated. Although commonly known as
nuts, pistachio fruits are botanically dehiscent drupes consisting
of three main tissues: a leathery exo-mesocarp (hull), a stony
endocarp (shell), and an edible seed (kernel; Fig. 1b,c). Pistachio
nut growth has been previously divided into three stages: (1)
growth of the hull and shell; (2) shell lignification; and (3) kernel
growth (Lin er al., 1984; Polito & Pinney, 1999; Goldhamer &
Beede, 2004; Ferguson er al., 2005; Zhang er al., 2021). These
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Fig. 1 Pistachio nut development is categorized into four distinct stages. (a) Comparison of United States (US) pistachio (Pistacia vera) production to the
world in the past 60 years (Food and Agricultural Organization; https://www.fao.org/faostat/en/#search/pistachio). Pistachios (‘Kerman') at Stage Ill on a
tree (b) and a branch, (c) with nut and kernel anatomy. (d) Pistachio development (whole nut, halved nut, and kernel) assessed from April to September
2019 in California and categorized into four stages represented by calendar time and accumulated heat units expressed as growing degree days (GDD) in
°C. Bar, 1 cm. The new stages were defined by assessing (e) whole nut and kernel area growth (mm?), (f) dry weight (g) of the whole nut and kernel, (g)
color changes in the hull measured in the L*a*b* color space (L*, or lightness, a* or redness, and b* or yellowness), (h) texture changes in the hull, shell,
and kernel (kg of Force), (i) fat content in the kernel (g 100 g~" dry weight), and (j) kernel color changes measured in the L*a*b* color space. (e—j) Lines
show fitted linear and linear mixed polynomial models as a function of heat accumulation (GDD). Error bars indicate SD from the means. (e—j) The stages
are represented in a bar with distinct colors below the x-axes. Stage I, light green; Stage Il, green; Stage Ill, yellow; Stage IV, pink.
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stages, defined by biometric parameters like nut and kernel size,
have guided research and agronomic management in the past
yet, a complete physiological assessment of pistachio develop-
ment from fruit-set to harvest is lacking.

Also, a better understanding of the molecular mechanisms
behind the composition of pistachio kernels can provide a robust
foundation for breeding novel pistachio varieties with higher
nutritional value and advancing management strategies to boost
yield, cut costs, and enhance quality. Such insights provide trans-
ferable knowledge that will benefit the development of other
hard-shelled nut crops, such as almonds and walnuts.

Here, we present foundational genomic resources for and
research into nut development that are critically needed to sup-
port the rising demand for pistachio production. We have gener-
ated the first chromosome-scale reference-quality genome and
annotation of P. vera ‘Kerman’, the most important female culdi-
var in the United States, leveraging this resource (available at
heeps://pistachiomics.sf.ucdavis.edu/) to address outstanding
questions about the molecular genomics of pistachio nut develop-
ment. We combined transcriptomic and physiological data to
uncover pathways and regulators behind the kernel’s protein
accumulation and high unsaturated fat content. Altogether, this
work yields a new model of nut development to significantly
expand the knowledge of hard-shelled fruit biology, link key
molecular processes with the nutritional profile of pistachios, and
support growers in decisions like harvest timing and irrigation.

Materials and Methods

Sample collection for physiological data, RNA-seq
experiments, and metabolic analysis

Pistachio (Pistacia vera L.) physiological data were collected
across three growing seasons (2019, 2020, and 2021) for evalua-
tion from an experimental pistachio orchard (‘Kerman’ grafted
onto UCBI rootstock) with 30-yr-old trees at the University of
California Kearney Agricultural Research and Extension Center
(Fresno County) in 2019. The results were validated in 2020 and
2021 in commercial orchards with 10-yr-old trees of the same
cultivar located in Woodland, CA (Yolo County), and Three
Rocks, CA (Fresno County), respectively. In all the orchards, the
pollinizer cultivar was ‘Peters’. In each study, homogenous trees
(1019 =12, mp20 =4, and my9y; =8) were randomly selected
across the orchard and were continuously sampled throughout
the season. In 2019, samplings were conducted weekly after
fruic-set on 25 April (120 growing degree days (GDD, in °C)),
10 d postanthesis (dpa) continuing through 14 October (2760
GDD), corresponding to 2 wk after harvest maturity (70% shell
split). About 48 clusters were collected per time point from 12
trees. In 2020, samplings occurred weekly from 19 April (24
GDD) to 10 September (2452 GDD, commercial harvest), and
in 2021, samplings occurred weekly from 15 July (1531 GDD)
to 22 September (2828 GDD). Four whole clusters yielding ¢. 50
nuts of uniform maturity were collected per tree at each sam-
pling. Environmental temperature was recorded using HOBO
temperature and light sensors Data Logger (Onset, Bourne, MA,
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USA) placed in the orchards at three locations. Growing degree
days was calculated with the following equation (Zhang
etal, 2021):

Tavg = (( Tnax + Tmin)/z) GDD = z ( '];vg_Tb)_7

All harvest dates and calculated GDD are summarized in Sup-
porting Information Table S1. A subset of four replicates com-
posed of 12 fruits from three separate trees pooled from the
samplings described above were dissected into hull, shell, and
kernel dssues and flash-frozen in liquid nitrogen on the day of
sampling. The kernel (i.e. embryo) was frozen after removing the
seed coat. Frozen tissues were ground into a fine powder with a
Retsch Mixer Mill MM 400 for subsequent analysis (Verder
Scientific, Haan, the Netherlands).

Physiological measurements and statistical modeling

To assess nut area and color, nuts were imaged longitudinally
using a VIDEOMETERLAB 3 (Videometer, Hovedstaden, Den-
mark) facilitated by Aginnovation LLC. The VIDEOMETERLAB 3
software was utilized for image analysis in both 2019 and
2020. Color measurements were taken on 10-30 nuts per tree
(n=12) sampled weekly for 25wk using the L*4*b* color
scale across the nut area. Dry weight measurements of the
whole nut and the kernels were performed by separating
the kernels and the remaining tissues (hull and shell) and dry-
ing each at 80°C for 2 d. Dry weight was reported as the aver-
age per nut and per kernel weights per cluster (z=7-12 per
sampling). Shell split was measured as the proportion of nuts
with any degree of separation between sides. Destructive tex-
ture measurements were obtained with the TA.XT2i Texture
Analyzer (Texture Technologies, Algonquin, IL, USA) using a
TA52 2-mm probe with a trigger force of 5 g and a test speed
of 2.00 mm s~ ! with the EXPONENT software (Texture Tech-
nologies Corp) and were reported as kilograms (kg) of force.
Peaks of the hull, shell, and kernel tissues were distinguished
and recorded in the software. Twenty to sixty nuts were
assessed every sampling for 25 wk. Fat content was obtained
from oven-dried kernels, as described by Polari ez a/. (2020),
and was expressed as grams of fat per 100 g. All physiological
trait data across the 3 yr of collections are summarized in
Table SI.

Physiological traits, including kernel and nut dry weights, ker-
nel and nut areas, kernel and nut colors, and kernel, shell, and
nut textures were modeled against heat accumulation. Various
Box—Cox transformations (i.e. square, square root, and logarithm
transformation) on traits data using the Mass package (Venables
& Ripley, 2003) in R were made before modeling to ensure an
approximate normal distribution of traits and roughly equal var-
iance of error terms. Linear and linear mixed models were fitcted
for each trait with a polynomial of 2 or 3 as a function of heat
accumulation, using the LME4 and LMERTEST packages in R (Bates
et al., 2015; Kuznetsova et al.,, 2017). Random intercepts were
added in linear mixed models. Random effects included cluster,
tree, and year, depending on models (Table S2).

© 2025 The Author(s).
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Sample collection and preparation for PacBio HiFi, Omni-C,
and Iso-Seq sequencing

High molecular weight genomic DNA was extracted from young
leaves of ‘Kerman’ trees located at Finca ‘La Entresierra’, Centro
de Investigacién Agroambiental ‘El Chaparrillo’ (CIAG), Spain,
using the Circulomics Nanobind Plant nuclei kit (Pacific Bios-
ciences, Menlo Park, CA, USA) after nuclei isolation according
to Workman ez al. (2018). The library construction and PacBio
HiFi sequencing were completed on a Sequel II system at Gen-
tyane facilities in the French National Institute of Agronomy
(INRAE). A total of 25.18-Gb PacBio HiFi reads with a mean
length of 16.3kb were generated (Table S3). Omni-C library
construction and sequencing were performed by Dovetail Geno-
mics (Cantata Bio LLC, Scotts Valley, CA, USA) with young leaf
tissue samples that had been flash-frozen in liquid nitrogen upon
collection and stored at —80°C. Samples from various develop-
mental stages were collected for isoform sequencing (Iso-seq)
from the same ‘Kerman’ tree used for genome assembly (dormant
buds on 23 March, breaking buds and flowers on 6 April, leaves
on 16 April, and fruits on 6 May 2021) and were immediately
flash-frozen in liquid nitrogen. One hundred milligrams of mate-
rial for each sample was pulverized with a mortar and pestle in
liquid nitrogen. Total RNA was extracted using the Spectrum
Plant Total RNA kit (Sigma-Aldrich), according to the protocol
for ‘difficult’ species. The quantity and purity of the total RNA
were checked with the Nanodrop (ND1000; Thermo Fisher
Scientific, Carlsbad, CA, USA). Iso-seq library preparation and
sequencing were performed using RNA samples with ¢. 400 ng
pl~" and were barcoded and sequenced in the same Sequel II

SMRT cell at Gentyane facilities in INRAE.

Genome survey

Genome size, heterozygosity, and repeat content were estimated
based on k-mer frequency analysis with PacBio HiFi reads. JELLY-
FISH v.2.2.10 41 (Margais & Kingsford, 2011) was used to count
21-mers with a maximum A-mer depth of 1e6, taking repetitive
regions into account. The resulting histogram from Jellyfish was
subjected to GENOMESCOPE v.1 web (Vurture ez al., 2017) to esti-
mate genome size, levels of heterozygosity, and repeat content.

Genome assembly and chromosome construction

A de novo assembly of PacBio HiFi reads into contigs was per-
formed using Hiriasm v.0.16.0 (Cheng ez 4/, 2021) with default
parameters. Organelle (plastid and mitochondrial) origin contigs
were filtered out from the primary contig assembly using ‘Ker-
man’ plastid and mitochondrial sequences from PacBio HiFi
reads in Geneious Prime (https://www.geneious.com). The
high-coverage Omni-C data (99.92 Gb and ¢ 172X depth) was
quality-checked with the FasTQC toolkit (Andrews, 2010) and
aligned to the filtered primary contig assembly using JUICER v.1.6
(Durand ez al., 2016). These aligned read pairs were utilized to
scaffold the assembly into 15 chromosomes based on chromatin
information 3D-DNA  (Dudchenko

interaction using

© 2025 The Author(s).
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et al., 2017) with default parameters and manual correction on
Juicebox (Robinson et al, 2018). The filtered primary contig
assembly was scaffolded again with 3D-DNA scaffolds as a refer-
ence using RAGTAG v.2.1.0 with default parameters (Alonge
et al., 2022), followed by manual correction by comparing Rag-
Tag and 3D-DNA scaffolds. Chromosome numbers and orienta-
tions from previously published pistachio genomes were used
(Kafkas ez al., 2023). The completeness of assemblies, scaffolds,
and 15 chromosomes was assessed using BENCHMARKING UNIVER-
SAL  SINGLE-Cory  OrrtHOLOGS (Busco) v.5.4.4 (Simio
et al., 2015) with the embryophyta_db10 database. The overall
assembly and chromosome construction workflow is provided in
Fig. S1.

Genome synteny analysis

The complete genome and annotation of Mangifera indica
(mango; Wang et al., 2020) in the same family, Anacardiaceae,
and Citrus sinensis (sweet orange; Wu et al., 2014) in the same
order, Sapindales, were downloaded to conduct a comparative
analysis. Synteny of the chromosome-level genome of ‘Kerman’
was compared with that of mango and sweet orange using GENE-
SPACE v.0.9.4 (Lovell ez al., 2022), which takes orthology infor-
mation into account using ORTHOFINDER v.2.5.4 (Emms &
Kelly, 2019). The manual reformation of gene annotation and
protein files was needed for GENESPACE input.

Genome annotation

Annotation of transposable elements (TE) was accomplished with
primary contig assembly using EXTENSIVE DE NOVO TE ANNOTA-
TOR (EDTA) v.2.1.0 (Ou ez al., 2019). Sequences from the gener-
ated nonredundant TE library that overlapped with the filtered
plant protein database were filtered out using PROTEXCLUDER
v.1.2  (hteps://www.canr.msu.edu/hrt/uploads/535/78637/Prot
Excluderl.2.tar.gz) to hinder the exclusion of genes in the gene
prediction analysis. Output from PROTEXCLUDER was employed
to re-annotate TEs in the primary contig assembly using EDTA.
A softmasked ‘Kerman’ assembly, RNA sequencing (RNA-
seq), and Iso-seq data were used. PacBio Iso-seq data (see ‘Sample
collection, preparation, and sequencing for PacBio HiFi, Iso-Seq,
and Omni-C’ section) were assembled from five different tissues
using the IsoSeq3 pipeline (Pacific Biosciences), including:
demultiplexing and primer removal using LiMA v.2.0.0; removing
poly(A) tails and concatemers; clustering isoforms; and mapping
to the assembly using PBMM2 v.1.9.0 and collapsing isoforms.
The quality of RNA-seq data from pistachio hull and shell tissues
(see ‘RNA preparation, RNA-seq, and data processing of nut tis-
sues for spatiotemporal study’ section) was assessed using
FastQC v.0.11.9 (Andrews, 2010). Raw RNA-seq reads were fil-
tered and adapter-trimmed using TRIMMOMATIC v.0.39 (Bolger
et al., 2014) with the following parameters: maximum seed
mismatches =2, palindrome clip threshold =30, simple clip
threshold = 10, minimum leading quality = 3, minimum trailing
quality =3, and minimum length =36, and clean reads were
mapped to the assembly using HisaT2 v.2.2.1 (Kim ez 4/, 2019).
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Iso-seq demultiplexed reads were aligned to the assembly using
MINIMAP2 (Li, 2018). Aligned RNA- and Iso-seq reads were inde-
pendently assembled into transcripts using STRINGTIE v.2.2.1
(Pertea et al., 2015). Before ab initio gene prediction, the aligned
Iso-seq data and softmasked assembly were used as a retraining
set for BRAKER2 v.2.1.2 (Brina ez al, 2021). AucusTtus v.3.1.0
(Keller et al., 2011) was used to make the ab initio prediction
with retraining files, softmasked assembly, and exon hints from
Iso-seq isoforms produced in the IsoSeq3 pipeline. The
assembled RNA- and Iso-seq data and Augustus output gene
models were combined to find consensus gene models using Evi-
DENCEMODELER (EVM) v.2.0.0 (Haas et 4l., 2008) with different
weights for each input data (7, 4, and 1 for Iso-, RNA-seq tran-
scripts, and Augustus gene models, respectively). Finally, 5’ and
3’ untranslated regions and different isoforms were updated
from EVM gene models using PASAPIPELINE v.2.5.2 (Haas
et al., 2008) based on the alignment of Iso-seq demultiplexed
reads. The workflow of the gene annotation pipeline is provided
in Fig. S2. The final gene annotation on primary contig assembly
was lifted over to 15 chromosomes, and gene IDs were curated
using modified python script GFF_RenameThemAll.py
(Morales-Cruz et al., 2021). The quality of the final gene models
was assessed using Busco (Simdo ez al, 2015; embryophy-
ta_db10 set) with protein sequences extracted by using ANOTHER
GTF/GFF AnaLysis Toorkit  (AGAT) v.0.9.1 (Dainat
et al., 2022). The RIDEOGRAM R package (Hao ez al., 2020) was
used to plot gene and TE density on the 15 chromosomes in the
‘Kerman’ genome assembly. The 3D structures of gene models
were characterized in an atomic resolution with a language model
using ESMFold (Lin ez al, 2023) and visualized using UCSF
CHIMERAX v.1.6.1 (Pettersen et al., 2021).

tRNAs genes were identified using TRNAScaN-SE v.2.0.12
(Lowe & Chan, 2016) with eukaryote parameters. rIRNA genes
were predicted using BarrnaP v.0.9  (hteps://github.com/
tseemann/barrnap#barrnap) with Eukaryota database and cate-
gorized in 5S, 5.8S, 18S, and 28S rRNAs. INFERNAL v.1.1.4
(Nawrocki & Eddy, 2013) was used to search for miRNAs and
snoRNAs based on Rfam14.9 database (Kalvari ez al, 2021;
Table S4).

Functional annotation and enrichments

Ortholog genes were identified by searching NCBI Brast
(McGinnis & Madden, 2004) with default parameters from the
NR database using default parameters. The top BLAST was
reported for each gene. The Kyoto Encyclopedia of Genes and
Genomes Orthology (KO) and pathways were identified using
the Automatic Annotation Server (KAAS, v.2.1; htep://www.
genome.jp/kegg/kaas/) with bi-directional best hit and BLAST as a
search program against closely related organisms, mallow, rose,
mustard, and papaya. The plant Transcription factor & Protein
Kinase Identifier and Classifier (iTAK) online tool v.1.6
(http://itak.feilab.net/cgi-bin/itak/online_itak.cgi) was used to
identify transcription factor (TF) families with default settings.
Enrichment analysis for all functional annotations was performed
using a Fisher’s test, and the resulting P-values were adjusted with
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the Benjamini and Hochberg method (Benjamini &
Hochberg, 1995). Enrichments with P,4; < 0.05 were considered

significant.

RNA preparation, RNA sequencing, and data processing of
nut tissues for spatiotemporal study

RNA extractions were performed on 2019 samplings from 865
to 2564 GDD for hull tissues, 865 to 2139 GDD for shell tis-
sues, and 1106 to 2564 GDD for kernel tissues, as described in
‘Sample collection for physiological data, RNAseq experiments,
and metabolic analysis’ section. One gram of ground tissue was
used for RNA extraction as described in Blanco-Ulate
et al. (2013). RNA concentrations were quantified with Nano-
drop One Spectrophotometer (Thermo Scientific, Lenexa, KS,
USA) and Qubit 3 (Invitrogen), and RNA integrity was assessed
on an agarose gel.

RNA was extracted and sequenced from at least three biologi-
cal replicates per time point and tissue. cDNA libraries were pre-
pared with Illumina TruSeq RNA Sample Preparation Kit v.2
(Illumina, San Diego, CA, USA). The quality of the barcoded
cDNA libraries was assessed with the High Sensitivity DNA Ana-
lysis Kit in the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) and then sequenced (150-bp paired-end
reads) on the Illumina HiSeq X Ten platform by IDseq Inc.
(Davis, CA, USA).

Raw reads were trimmed for qualicy and adapter sequences
using TRIMMOMATIC v.0.39 (Bolger ez al., 2014) with the follow-
ing parameters: maximum seed mismatches = 2, palindrome clip
threshold = 30, simple clip threshold =10, minimum leading
quality =3, minimum trailing quality =3, window size =4,
required quality =15, and minimum length =36. Trimmed
reads were then mapped using BOwTIE2 v.2.3.4.1 (Langmead &
Salzberg, 2012) to the predicted pistachio 37955 protein
sequences, producing an average of 76.41% mapping percentage
across all samples (Table S5). Count matrices were made from
the BOWTIE2 results using sam2counts.py v.0.913 (https://github.
com/vsbuffalo/sam2counts/blob/master/sam2counts.py). ~ Read
counts were normalized with the Bioconductor package DESEQ2
in R (Love et al., 2014). Gene expression visualizations used the
median of ratios normalization for cross-sample comparison
(Table S6). rRNA genes identified (see ‘Genome annotation’ sec-
tion) were excluded from the count matrix for gene expression
analysis.

Gene co-expression analysis

Count matrices were normalized for gene co-expression analysis
with the variance stabilizing transformation function from the
DESEQ2 package in R. After filtering normalized reads with a
count of < 10 reads in 90% of each tdssue’s samples checking
resulting subset with the goodSamplesGenes function, weighted
gene co-expression network analysis was conducted for each tis-
sue type separately with the wGcNa package in R (Langfelder &
Horvath, 2008). Dendrogram plots were made to identify and

remove sample oudiers. One kernel sample was removed
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(5> 200), and four hull samples were removed (4> 120). The
network was constructed step by step. The soft thresholding
power was selected to obtain the approximate scale-free topology
where the index reaches 0.9. The adjacency was calculated with
power being equal to the selected soft power and the type being
signed type. TOMtype was signed. The initial module eigengenes
were detected by default hierarchical clustering function with
default parameters other than the appropriate minModuleSize
selected for each tissue; then, final module eigengenes were
obtained by merging close modules with cutHeight = 0.25. The
module eigengenes values were then used to identify modules sig-
nificantly associated with measured physiological traits by calcu-
lating correlations using Pearson’s product—-moment correlation
coefficient.

Macronutrient measurements

Nonstructural carbohydrates (NSC) were analyzed in pistachio
kernels. Frozen ground tissue was utilized as described in ‘Sample
collection for physiological data, RNAseq experiments, and meta-
bolic analysis’ section. The concentration of NSC, including
soluble sugars and starch, was analyzed as described in previous
publications (Leyva et al, 2008; Zwieniecki ez al., 2022), with
some modifications. For soluble sugar extraction, 25 mg of sam-
ple was mixed with 1 ml 0.2 M sodium acetate buffer, pH 5.5,
and incubated at 70°C for 15 min. After centrifugation at
21 000 g for 10 min, the supernatant was diluted in bi-distilled
water (1:10, v/v). Soluble sugars were then quantified by adding
0.1% anthrone in 98% sulfuric acid (m/v), incubating at 100°C
for 20 min, cooling at room temperature for 10 min, and reading
absorbance at 620 nm in a photometer (Multiskan FC; Thermo
Scientific) and using a glucose standard curve to compare the col-
orimetric response of the samples. For starch extraction, the
remaining buffer and pellet were incubated at 100°C for 10 min
and cooled for 20 min. Subsequently, 0.7 U of amylase and 7 U
of amyloglucosidase (Sigma-Aldrich) were added. The samples
were stirred in a rotary incubator at 37°C for 4 h. Samples were
then centrifuged at 21 000 g for 10 min, and the supernatant was
diluted in bi-distilled water (1:10, v/v). Starch concentration
was determined by subtracting prestarch digestion soluble sugar
concentration from total (pre- and poststarch digestion) soluble
sugar concentration. Three repetitions per sample were analyzed,
and the results were averaged.

Protein content was measured as crude protein with AOAC
Official Method 990.03 at the UC Davis Analytical Laboratory
(University of California, Davis, CA, USA). Total crude protein
was calculated from the nitrogen content, with the protein factor
6.25 applied to the nitrogen result.

Metabolite profiles

Frozen ground kernel samples collected in 2019, as described in
‘Sample collection for physiological data, RNAseq experiments,
and metabolic analysis’ section were used for all metabolic ana-
lyses, unless noted. Volatile profiles were extracted and analyzed
by gas chromatography following the methodology described in

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

-

Research

Polari et al. (2020). Volatile compounds were identified by their
mass spectra and Kovats Retention Index. Results were expressed
as nanograms of dodecane per kilogram of sample (ng kgfl). For
phenolic profiles, three biological replicates were analyzed
for three sampling dates in 2021: 25 August (2162 GDD), 31
August (2279 GDD), and 7 September (2402 GDD). Total phe-
nolics were extracted from the kernels following the protocol
detailed in Grilo & Wang (2021). Phenolic extracts were
membrane-filtered with 0.45 pm cellulose and subjected to
HPLC-DAD analysis as described by Ersan ez a/. (2017) HPLC-
DAD model (Agilent G4212-60008, serial no.: DEBAF01604;
Agilent Technologies) was used with the following solvents:
HPLC grade water (99%, Solvent A) and HPLC grade methanol
(99%, Solvent B), with each solvent containing 1% (v/v) formic
acid. The column was an Eclipse Plus C18 column (250 mm
X 4.6 mm, 5 pm; Agilent Technologies) with a security guard
ultra C18 guard column (4.6 mm X 2 mm) of the same material.
The gradient included the following: isocratic at 2% B for
10 min, then 2 to 37% B in 27 min, isocratic at 37% B
for 5 min, then from 37 to 40% B in 18 min, from 40 to 60% B
in 10 min, from 60 to 100% B in 20 min, isocratic at 100% B
for 14 min, then from 100 to 2% B in 1 min, and isocratic at 2%
B for 7 min. The column temperature was 35°C, and the total
run time was 112 min at a flow rate of 1 ml min~" and injection
volume of 3 pl. The calibration curves with the external standards
were obtained using concentration (mglfl) with respect to the
area obtained from the integration performed at 280 nm (gallo-
tannins), 310 nm (anacardic acids), and 350 nm (flavonols).
Results were expressed as milligram per gram of kernel dry
weight.

Fatty acids were extracted and analyzed by gas chromatography
according to Polari er al. (2020), as described. Relative fatty acid
proportions were determined by peak area normalization. Indivi-
dual fatty acids were expressed as the percentage of total fatty
acids.

Abscisic acid (ABA) and jasmonic acid (JA) hormones were
measured on hull, shell, and kernel tissues collected at 1881
GDD in 2019 (see ‘Sample collection for physiological data,
RNA-seq experiments, and metabolic analysis’ section). Samples
were extracted and analyzed by Metware Biotechnology Inc.
(Boston, MA, USA) using an UPLC-ESI-MS/MS system.

PVNFYB-LEC1 and PvAP2-WRI1 genes and predicted
binding motif analysis

The WRINKLED1 (WRI1; ID: Q6X5Y6) and LEAFY COTY-
LEDONT1 (LEC1) proteins (ID: QISFDS8) of Arabidopsis thali-
ana from the UniProt (https://www.uniprot.org/) were used to
identify homologs of AtWRI1 and AtLEC1 in ‘Kerman’ and 14
other taxa (Table S7). Arabidopsis thaliana WRI1 was queried
with BLAST against filtered proteomes of 15 taxa. BLAST hits
with similar sizes to A. thaliana WRI1 genes were analyzed for
the conservativeness of two AP2/EREBP DNA-binding domains.
For LEC1, because the sequences outside of the central conserved
region showed high divergence between AtLEC1, BnLEC1 (Bras-
sica  napus, EU371726), and GmLEC1 (Glycine max,
New Phytologist (2025) 246: 1032-1048
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Glyma.07G268100), 103 amino acid sequences in the highly
conserved region in AtLEC1 were used for the BLAST search with
e-value 1e—10. BLAsT hits were selected with the highest similar-
ity, and genes were extracted from the proteomes as possible
LEC1 genes. Amino acid sequence alignments of all 16 WRI1
and LECI genes were performed using MAFFT v.7.505 (Katoh &
Standley, 2013). The 3D structure of all WRI1 and LEC1 pro-
teins was predicted using CoLaBFoLp (Mirdita ez af., 2022) and
ArpHAFOLD2 (Jumper ez al., 2021) and visualized in UCSF CH1-
MERAX (Pettersen ef al., 2021) with coloring based on the pre-
dicted local distance difference test (pLDDT) scores. To search
for binding sites of WRI1 and LEC1 genes in the ‘Kerman’ gen-
ome, the consensus sequence (CNTNG(N,)CG) of AW-box
binding site for WRI (Maco ez al., 2009; Kuczynski ez al., 2022;
Sanchez et al, 2022) and ‘CCAAT’ for LECI1 were examined in
nucleotide sequences 1500-bp upstream of the translational
initiation site (TIS) of gene models in ‘Kerman’ genome with a
focus on genes associated with fatty acid biosynthesis and the K-
II-1 gene module. The consensus sequences of AW-box binding
sites were visualized using WebLogo (Crooks ez al., 2004). The
distribution of WRI1 binding sites was calculated to examine
the relative distance from the TISs in genes of fatty acid biosynth-
esis and the K-III-1 gene module compared with that from other
genes with the AW-box binding motif.

Results

Pistachio nuts develop in four distinct stages

Pistachio kernels develop asynchronously from the maternal tissues
(hull and shell; Lin e ak, 1984; Fig. 1c). To investigate the
dynamics of kernel growth in relation to the whole nut, we con-
ducted the most comprehensive study of nut development to date,
evaluating physiological traits, such as size and firmness, in pista-
chio nuts (‘Kerman’, n= 663-6805) for 24 wk from fruit-set to 2
wk after harvest maturity (Materials and Methods section;
Table S1; Fig. 1d). The traits were validated across two additional
independent field seasons in distinct geographical locations (Mate-
rials and Methods section; Tables S1, S2; Fig. S3). We used both
GDD (in °C) and calendar-determined time in our analyses
because heat accumulation modulates phenology and enzymatic
activides that influence metabolism and nut growth (Corelli-
Grappadelli & Lakso, 2004; Marino er al, 2018). These data
revealed that four stages define nut development: Stage I (from late
April through May in California) occurs when the shell and hull
tissues grow in a logarithmic growth pattern plateauing at 500
GDD (Fig. 1e,f). During this time, the hull and shell tissues are
fused together and display an increasingly green color (Fig. 1g).
Stage IT (June) is the transition period before the beginning of ker-
nel (embryo) growth, when hull and shell expansion stops but the
tissues continue to accumulate dry weight (Fig. 1f). Stage III (late
June to mid-August) corresponds to the kernel growth phase, start-
ing at 1000 GDD and reaching its maximum size at 2000 GDD.
In contrast to previous reports (Goldhamer & Beede, 2004), we
found that shell hardening coincides with kernel growth at Stage
III and continues through Stage IV (Fig. 1e,h). Stage IV (from late
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August to September) marks the onset of kernel maturity, at which
the kernels reach their maximum size and fat content despite the
continued increase in dry weight (Fig. 1i). Kernel maturity coin-
cides with hull ripening (e.g. tissue softening and color changes)
and shell split or dehiscence. At this stage, the kernels start losing
their deep green coloration, preparing for seed dormancy (Fig. 1g,
h). These findings show that pistachio nut development is closely
regulated by heat accumulation, enabling accurate prediction of
growth stages across seasons.

A reference-quality genome and annotation of pistachio

Our study aimed to characterize the molecular genomics of pista-
chio nut development. To enable this, and future pistachio research
more generally, we generated a high-quality chromosome-scale gen-
ome assembly and annotation for Pistacia vera ‘Kerman’. This
reference genome for pistachio surpasses previous efforts in accu-
racy and completeness, providing a foundation for breeding and -
omics research and facilitating transcriptomic analysis (Table 1).
Our assembly illuminates previously undescribed details of the pis-
tachio genome architecture, particularly the presence of signifi-
cantly large repetitive, knob-like regions on 11 chromosomes
(Fig. 2¢). These regions, characterized by megabase-scale 178-bp
satellite repeats, reveal a remarkable genomic feature that had been
observed cytologically (Sola-Campoy et al, 2015), but was pre-
viously obscured from genome assemblies. This discovery reshapes
our understanding of the pistachio genomic landscape and high-
lights the value of robust genome assembly for molecular genomic
and evolutionary research.

We resolved the ‘Kerman’ genome to 15 chromosomes
(559.11 Mb) with only 12 gaps, by scaffolding and manually cur-
ating 102 nonorganelle contigs (579.8 Mb) with high-depth
Omni-C data (Fig. 2b,c; Tables 1, S8). The k-mer analysis with
PacBio HiFi reads (Table S3) estimated the ‘Kerman’ genome
size to be ¢. 521 Mb, with moderate heterozygosity (0.755%) and
repetitiveness (54.1%; Fig. S4). Notably, our assembly has a sig-
nificant reduction in the number of duplicated complete Busco
genes compared with previous reports, from between 210 and
286 (previous) to only 45 (this study), indicating the elimination
of false duplications (Table S9).

The ‘Kerman’ genome contains over 0.83 million repetitive
elements constituting 376.56 Mb (c. 65%) of the assembled gen-
ome (Fig. S5; Table S10). This notable increase from previous
genomes (53 and 56%; Table S10) implies an accurate recovery
of repetitive regions while successfully excluding false-segmental
duplications explained by a smaller assembly size (559.11 Mb)
than the other assemblies, ‘Batoury’ (671 Mb; Zeng ez al., 2019),
and ‘Siirt’ (596 Mb) and ‘Bagyolu’ (623.4 Mb; Kafkas
er al., 2023). Consistent with other plant species (Hawkins
et al., 2009; Bento et al., 2013), long terminal repeat retrotran-
sposons were the most abundant (48.95%) class in the ‘Kerman’
genome. We also discovered regions containing massive enrich-
ments of 178-bp repeats known as PIVE-180 on one arm of 11
chromosomes in pistachio (e.g. up to ¢. 9 Mb on chromosome 7,
where no protein-coding genes were present; Fig. 2¢). Impor-
tantly, the presence of these regions has been confirmed by
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Table 1 Characteristics of the Pistacia vera ‘Kerman' genome and

annotation.

P. vera '‘Kerman’

Genome assembly Primary assembly Chromosomes

No. of Seq. 102 15

Size (bp) 579837297 559112 681

Max length (bp) 49785438 62 545 632

N50 (bp) 25977 840 36813375

L50 9 7

L90 21 13

No. of gaps 12

% GC 37 36.67

BUSCO completeness (%) 98.8 98.9
Complete single-copy (%) 95.4 95.8
Complete duplicated (%) 33 2.8

Protein-coding gene Chromosomes

No. of genes 37063

Total length of genes (bp) 108 162 188
% of genome covered by genes 19.35

Mean gene length (bp) 2918

Mean CDS length (bp) 1073

Mean exon length (bp) 285

Mean intron length (bp) 436

Mean exon number per gene 4.6

BUSCO completeness (%) 98.9
Complete single-copy (%) 97.2
Complete duplicated (%) 1.7

Noncoding loci Number Total (bp)

tRNA 514 38570

rRNA 848 895039

miRNA 182 24122

snoRNA 2123 223030

BUSCO, Benchmarking Universal Single-Copy Orthologs. CDS, coding
sequence.

previous cytological work, with the location of these repetitive
sequences being distinct from centromeres and corresponding
with those observed in our genome assembly (Sola-Campoy
et al., 2015). The existence of these extremely repetitive satellite
DNAs likely limited the accuracy of previous genome assemblies
and chromosome construction. The syntenic analysis showed
overall collinearity but a noticeable presence and absence of varia-
tion of these and other genomic regions, which implies a signifi-
cant improvement in the quality of the pistachio genome
(Fig. S6).

We annotated 37 955 protein-coding genes in the ‘Kerman’
genome with multiple lines of evidence (see the Materials and
Methods section). Among these, multiple isoforms were character-
ized in 6938 genes, and 22 942 genes were functionally annotated
with multple databases (see the Materials and Methods section;
Table S8). The majority of genes (> 97%, 37 063) were anchored
onto the 15 chromosomes (Table 1). The gene annotation demon-
strated exceptional quality, reaching nearly 99% completeness in
Busco scores (Table S11). A complete gene annotation, essential
for our study of pistachio nut development and other applied
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pistachio research, was achieved with high-quality assembly, long-
and short-read transcript evidence from various tissue types, and
ab initio predictions and improved upon previous annotations,
which had Busco completeness scores under 94% with over 12%
duplication (Fig. S7; Tables S11, S12; see the Materials and Meth-
ods section). The genome assembly and annotation of P. vera ‘Ker-
man’ enabled more accurate orthology-constrained macrosynteny
analysis between the genomes of pistachio and its close relatives,
mango and sweet orange, revealing extensive structural variation
even within the family and whole genome duplication in the
mango genome (Fig. 2d).

Spatiotemporal gene expression data support the distinct
nut developmental stages

Previous transcriptomic analyses of P. vera have focused on vege-
tative tissues. Including fruit tissues in the genome annotation of
‘Kerman’ provided a resource that enabled the investigation of
nut development at the molecular genomic level and increased
read mapping coverage (Table S5). We measured tissue-specific
whole transcriptome gene expression across 15 wk of nut devel-
opment encompassing kernel growth and maturation (the end of
Stage II through Stage IV; Figs 1d, 2e). These data are available
as an atlas of spatiotemporal expression (https://pistachiomics.sf.
ucdavis.edu/).

The kernels used in this study resulted from open pollination
of ‘Kerman’ (maternal) with Peters (paternal; the male cultivar
used as a pollenizer in ‘Kerman’ orchards). Based on their tran-
scriptional patterns, we distinguished the maternal tissues (hull
and shell) from the hybrid kernels, reflecting differences in
genetic backgrounds and ontogenic states (Fig. 3a; PC1). We also
observed differences in transcriptional patterns across nut devel-
opment stages (Fig. 3a; PC2).

We identified groups of genes, that is co-expressed gene mod-
ules, in each tissue (H-hull, S-shell, and K-kernel) with high
expression at specific developmental stages (I-IV) that strongly
correlated with the occurrence of physiological changes, provid-
ing critical insights into the link between molecular processes and
the four nut developmental stages (Figs 3b,c, S8; Table S6). Fat
content in the kernel was highly correlated to K-III-1, which was
enriched for ‘fatty acid biosynthesis’ and ‘fatty acid elongation’
functions. Shell lignin biosynthesis genes were highly expressed
and enriched (‘phenylpropanoid biosynthesis’) in the S-II-1 gene
module, correlating to early shell hardening (Stages II to III)
when lignin is deposited (Table S13). Similarly, the cell wall-
degrading enzymes, pectate lyase and a p-glucosidase, potentially
involved in hull softening, were the top expressed genes in their
respective modules, H-IV-1 and H-IV-2, coinciding with hull
ripening in Stage IV (Fig. 3¢).

Gene modules reveal pathways involved in kernel
nutritional quality

The molecular events occurring in the kernel during Stages 111
and IV led to the gain of nutritional traits (Fig. 4a). During Stage
III, kernels had a deep green color and grew rapidly (Fig. 1f)).
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Fig.2 Chromosome-scale genome assembly of Pistacia vera 'Kerman' offers new genetic resources and tools. (a) Overview of current study workflow,
including data collection, integration of datasets, and outputs. (b) Heat map of the Omni-C interaction density among 15 chromosomes. The red color
indicates the intensity of interactions between genomic regions. Green and blue lines are contigs and chromosomes, respectively. (c) Ideogram with
protein-coding gene and repeat density in 1-Mb window size on 15 chromosomes of the ‘Kerman’ genome. Protein-coding gene density is represented in
each chromosome in heatmap style, and repeat density is plotted to the right side of each chromosome in red. The density of long terminal repeat
retrotransposons (LTR-RTs) Ty3/Gypsy and Ty1/copia are shown on the left side of each chromosome in normal and dotted lines, respectively. The scale
bar for chromosome size is indicated on the right. (d) Macrosynteny analysis of the ‘Kerman’ 15 chromosomes compared with the mango and sweet
orange genomes. (e) Tissue-specific RNA-seq expression of genes highly expressed unique to pistachio nuts identified by comparison of Iso-seq collapsed
isoforms demonstrating differential expression patterns across tissues. CDS, coding sequence.
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We identified the gene module K-III-1 to be highly correlated
with color and the rapid growth during Stage III and found
enrichments in functions involved in energy metabolism (‘photo-
synthesis’), carbohydrate metabolism (‘starch and sucrose meta-
bolism’), and protein accumulation (‘amino acid metabolism’;
Table S13). This was supported by increased protein,

© 2025 The Author(s).
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Fig. 3 Gene co-expression patterns confirm pistachio (Pistacia vera
‘Kerman') developmental stages. (a) Principal component analysis of total
gene expression (normalized reads) for all samples, marked by stage
(color) and tissue (shape). Then, a weighted gene co-expression network
analysis was conducted for each tissue and produced modules of genes
with similar expression patterns. (b) Gene modules were selected with high
correlations to physiological traits and categorized by stage according to
the time points in which expression was elevated (mean eigengene value)
in each tissue type (H-hull, S-shell, or K-kernel) and at specific
developmental stages (l1, I1l, or 1V) for each module (1-X). Each module
graph indicates the mean eigengene value at each time point along the x-
axis. Gray dashed lines indicate the transitions between stages along the x-
axis. Colors of lines correspond to the stages each module is categorized as
(green as |1, yellow as Ill, and magenta as IV). All gene modules can be
found in Supporting Information Table S13. (c) Correlation using Pearson's
product-moment correlation coefficient between the expression profiles
(module eigengene values) of the selected modules and the physiological
trait data. Correlations R? > 0.7 with significance P < 0.01 are shown for
each tissue. The intensity of the color indicates the strength of the
correlation (R?), and the shape of the icon indicates the tissue type.

carbohydrate, and starch content in the kernels during Stage 111,
with protein making up the highest proportion of these macronu-
trients (Fig. 4a,b). The enrichment of fatty acid degradation
genes, specifically of a-linoleic acid, coincided with the plateau of
fatty acid content measured during Stage IV. Furthermore, the
ratio of monounsaturated fatty acids (MUFA) to polyunsaturated
fatty acids (PUFA) increased during Stages III and IV (Fig. 4a,c;
Table S14).

Production of volatile terpenoids and flavonoids in the kernel
produces flavor and antioxidant compounds, respectively. We
observed a large peak in monoterpenes at the start of Stage IV
(1881 GDD), shortly after the peak expression of terpene bio-
synthesis genes (Fig. 4a,d; Tables S14, S6). The rate-limiting
enzyme geranyl-diphosphate synthase and monoterpene
synthases were among the genes co-expressed during Stage III
(primary K-III-I), which can explain the large increase in volatiles
in the transition to Stage IV (Table S6). At harvest, a-pinene was
the main monoterpene present in the kernels, consistent with
previous findings (Noguera-Artiaga ez al, 2019; DPolari
et al., 2019). Total phenolic compounds increased during Stage
IV, supporting claims and previous reports that pistachio kernels
can be an important source of antioxidants (Noguera-Artiaga
et al., 2019; Polari et al., 2019). Likewise, phenylpropanoid bio-
synthesis (K-III-3 and K-IV-6) and flavonoid biosynthesis (K-III-
3) were enriched, and genes encoding the rate-limiting steps phe-
nylalanine ammonia-lyase and chalcone synthase were expressed
in each respective module. Unlike studies in other varieties,
trans-resveratrol (41.28 mg gfl) was the most abundant among
measured phenols, indicating it may be a major antioxidant in
‘Kerman’ kernels (Gentile et al., 2007; Tomaino et al., 2010; Liu

et al., 2014; Fig. 4e; Table S14).

Conserved transcriptional regulators are associated with
fatty acid accumulation in pistachio kernels

Abscisic acid signaling components, including homologs of PYR,
SnRK2, ABF, and PP2C, were enriched and highly expressed in
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Fig. 4 Pistachio (Pistacia vera 'Kerman') kernels display conserved patterns of seed development and unique metabolite fluctuations. (a) Summary of
selected significantly enriched (P, < 0.05 determined by Fisher's exact test) gene functions (e.g. Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes, iTAK) in modules highly correlated to relevant kernel traits (all enrichments can be found in Supporting Information Table S13). The sum of gene
expression (i.e. normalized reads) at each time point in a given module is shown for enriched (Pag < 0.05) functions. Metabolite profiles to confirm the
gene expression trends across kernel development were obtained for (b) carbohydrates, starch, and proteins; (c) fatty acids, including monounsaturated
fatty acid, polyunsaturated fatty acid, and saturated fatty acid; (d) monoterpene volatiles relevant to flavor; (e) phenolic compounds contributing to flavor
and nutrition. Phenolics are reported as mg g~ dry weight and as a percentage of the total amount. Metabolites are reported as averages across kernel
samples (n = 3-4). The time points of kernel development correspond to the growing degree days (GDD, in °C) at collection.

modules K-IV-1 and K-IV-2 (Fig. 4a). Abscisic acid is a key regula-
tor of seed maturation leading to seed dormancy (Sano & Marion-
Poll, 2021). We validated that the concentration of ABA was
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higher in the kernel (2375.578 mg g_l) relative to the maternal tis-
sues (681.019 mg g_1 in the hull and 56.474 mg g_l in the shell)
at 1881 GDD when the nut is transitioning to Stage IV
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Fig.5 Fatty acid biosynthesis and potential regulators in pistachio (Pistacia vera ‘Kerman’) kernel development. (a) Expression pattern (in normalized reads)
of transcription factors LEAFY-COTYLEDON1 (PvNFYB-LECT; PvKer.12.g280470) and WRINKLED1 (PvAP2-WRI1; PvKer.03.g083330) involved in seed
development and fatty acid accumulation across timepoints represented in growing degree days (GDD, in °C). The corresponding stages are colored below
in yellow (Stage IIl) and pink (Stage IV). The module each gene is a member of is indicated in each graph of (a). (b) Predicted 3D structure of P. vera
‘Kerman' PvAP2-WRI1 protein. Colors indicate the folding confidence level as labeled on the right bottom. (c) Relative location of previously reported
WRI1 AW-Box binding motifs found in ‘Kerman’ fatty acid biosynthesis (dark blue) and K-I1I-1 module genes (light blue) compared with other genes that
contained the same binding motif. The consensus sequence of the AW-Box binding motif is shown as a logo. (d) A representation of fatty acid biosynthesis
pathways based on Kyoto Encyclopedia of Genes and Genomes pathways (www.genome.jp/kegg/pathway.html, last accessed December 2023). Dashed
lines indicate that some steps were omitted. The gene expression levels (i.e. logso of the mean normalized read count for each sampling) are represented in
colored boxes on a white-blue scale with each box representing a sampling point from Stage Ill and Stage IV determined GDD and each row representing
homologous genes of a specific step in the pathway. Samplings for gene expression include dates from 1223 to 2564 GDD. Colored circles represent the
accumulation of specific fatty acid compounds. Colors (white-red scale) indicate the relative accumulation of a specific metabolite at each time point, and
the size of each circle represents the amount of the metabolite, measured in percentages of total fat (%). Six time points from Stage Il (1357, 1647, and
1881 GDD) and Stage IV (2139, 2475, and 2564 GDD) were used for all fatty acid data shown. Fatty acid genes containing the WRI1 AW-box or LEC1
CCAAT target sequences are indicated by a star or diamond shape, respectively. ACA, acetyl-CoA carboxylase; FAB2, acyl-[acyl-carrier-protein] desaturase;
fabD, S-malonyltransferase; fabF, 3-oxoacyl-[acyl-carrier-protein] synthase II; fabG, 3-oxoacyl-[acyl-carrier protein] reductase; fabH, 3-oxoacyl-[acyl-
carrier-protein] synthase IlI; fabl, enoyl-[acyl-carrier protein] reductase I; fabZ, 3-hydroxyacyl-[acyl-carrier-protein] dehydratase; FAD2, omega-6 fatty acid
desaturase; FAD3, acyl-lipid omega-3 desaturase; FATA, fatty acyl-ACP thioesterase A; FATB, fatty acyl-ACP thioesterase B.

(Table S15). Jasmonic acid biosynthesis, derived from fatty acid o- ~ JASMONATE-ZIM DOMAIN (JAZ) and MYC2 were highly
linoleic acid, was also enriched with increased expression during  expressed in module K-IV-1. Although we detected JA in the ker-
Stages III and IV (Fig. 4a). Homologs of the JA signaling TFs nels (6 mg g71 at 1881 GDD corresponding to late Stage III), the
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hull and the shell had higher levels of this hormone at the same
stage (1700 and 33 mg g~ ', respectively).

We mined TFs with high expression (top 10%) among the gene
modules to identify potential regulators of kernel development. In
particular, the module K-III-1 enriched in fatty acid biosynthesis
and elongation (Fig. 4a) included the homolog of one of the four
major seed master TFs, LEAFY-COTYLEDONI (NFYB-LECI),
known to co-regulate fatty acid biosynthesis across diverse crop
species (Mu ez al., 2008). This module also contained the homolog
of a key regulator of seed oil content, WRINKLED-1 (AP2-WRII;
Kong ez al., 2019), which has been reported to be under the con-
trol of NFYB-LEC1. The PvAP2-WRI1I gene in the ‘Kerman’ gen-
ome had a high degree of protein sequence similarity and
conservation of DNA-binding domains across 16 representative
angiosperm taxa (Sinchez er al., 2022; Kuczynski ez al., 2022; Tan
et al., 2023; Figs 5b, S9, S10). Fatty acid biosynthesis genes in the
K-ITI-1 module had the putative AW-box binding domain signifi-
cantly closer to the TIS than the other genes in the genome that
contained the same sequence, suggesting that PvAP2-WRI1 may
regulate them, but this result will require experimental validation
(Lis & Walther, 2016; Fig. 5c). The AW-box and the conserved
binding motif (CCAAT) for the PYNFYB-LECI predicted protein
were prevalent among genes involved in de novo fatty acid bio-
synthesis steps and desaturase enzymes associated with the synth-
esis of MUFA and PUFA (Fig. 5d).

To further understand the dynamics of fat accumulation in
pistachio, we visualized the expression of fatty acid biosynthesis
genes across kernel development and measured individual meta-
bolites (Fig. 5d; Table S14). The highest expressed genes in the
pathway were the FAB2 homolog, an acyl-[acyl-carrier-protein]
desaturase, and the FAD2 homolog, an omega-6 fatty acid desa-
turase. These genes represent key steps in unsaturated fatty acid
biosynthesis and contain the WRI1 and LECI binding motifs
(Mu ez al., 2008; Bonghi ez al., 2011; He et al., 2020). The meta-
bolite data showed that oleic acid, a MUFA, and linoleic acid, a
PUFA, were the top two accumulated fatty acids in pistachio ker-
nels. The relative accumulation of linoleic acid decreased over
time while oleic acid increased, as was previously observed (Polari
et al., 2019), and may be due to fatty acid degradation happening
in late kernel development (K-III-3 and K-1V-1; Fig. 4a).

Discussion

This comprehensive study positions pistachio to serve as a model
system to investigate the biology of hard-shelled fruits and the
asynchronous behavior of seed and fruit development observed in
some tree species (Bonghi ez al, 2011). The ‘Kerman’ genome
and annotation presented here provide a foundational resource
for pistachio breeding and set the stage for further molecular stu-
dies. This genome enables the characterization of the notable
genomic features discovered, particularly large knob-like satellite
repeats found on multiple chromosomes, which do not contain
any protein-coding genes. It is important to note, however, that
the thorough analysis of these regions, especially focusing on var-
iations between haplotypes and within the species, remains in its
preliminary stages. More in-depth, haplotype-level investigations
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are required to fully understand their effects on genomic struc-
ture and function, which will enhance our knowledge of their
evolutionary and practical significance in crop improvement.
Nonetheless, leveraging this genome, we were able to map mole-
cular processes underlying nut development at high spatiotem-
poral resolution.

Pistachio kernels do not grow until ¢. 1000 GDD after mater-
nal tissue growth starts (Fig. 1d—j). Energy limitations in the tree
may explain why this pattern has evolved in some tree species.
Carbohydrates reserved from the previous year are exhausted after
developing the hull, shell, and leaves in Stage I (Tixier
et al., 2020). The lull in fruit growth identified as Stage II may
function to generate resources from photosynthesis that can be
used to support kernel growth in Stage III (Marino et al., 2022).
This growth pattern may also help explain why some pistachio
nuts continue their development without a kernel (i.e. ‘blanks’)
and why the trees drop their buds in early summer (i.e. bud
abscission), leading to alternate bearing years (Benny et al., 2020,
2021). Transcriptome and hormone analysis at the transition to
seed growth (Stages II to III) will be essential to further elucidate
these phenomena.

Transcriptomic analysis during kernel growth and maturation
highlighted that pistachio has conserved regulatory mechanisms
during seed development consistent with other plant species
(Fig. 4). Paralogs of the master TFs critical to seed development
known as LAFL (LEC1, ABI2, FUS3, and LEC2) were highly
expressed and followed conserved expression patterns during pista-
chio kernel development (Table S6). Furthermore, we identified
homologs of LEC1 and WRI1, known to act together to regulate
seed oil content in other plant species (Mu er al, 2008; He
et al., 2020), to be candidate regulators of fatty acid biosynthesis in
pistachio (Zhai et al, 2018). Benny er al. (2020, 2021) found
WRII and coregulators SUCROSE-NON-FERMENTINGI-
RELATED PROTEIN KINASE1 (SnRKI1) and trebalose 6-
phosphate (T6P) were co-expressed in early kernel development of
‘Bianca’ pistachios. Likewise, WRI1, T6P, and SnRKI were in the
K-III-1 module associated with increased fat content and should
be further explored to define the regulatory network involved.

The knowledge and genomic resources provided here will facil-
itate molecular-assisted breeding and the study of the biological
causes of pistachio quality defects, such as internal kernel disco-
loration, low shell split, and hull deterioration. Furthermore, our
research can be readily applied to pistachio production. The
newly defined Stage II, a crucial period of reduced nut growth
before kernel initiation, has significant implications for manage-
ment practices, such as the timing of deficit irrigation (Goldha-
mer & Beede, 2004). We discovered that shell hardening and
kernel growth occur simultaneously, providing a nondestructive
benchmark to track kernel development, corroborating an earlier
report by Zhang et al. (2021). The hull ripening traits observed
during Stage IV can give nondestructive indications of the best
harvest time. Kernels reach their maximum ratios of macronutri-
ents at the start of Stage IV, while changes to volatiles and pheno-
lics occur later; this should be considered to achieve the best
flavor and nutrient content at harvest. Overall, as the demand for
pistachios continues to increase, our work provides multiple
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avenues for research that can benefit breeders, growers, and con-
sumers.
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Fig. S3 Pistachio (Pistacia vera ‘Kerman’) nut physiological pat-
terns are consistent across years and locations.

Fig. S4 Estimation of Pistacia vera ‘Kerman’ genome size, hetero-
zygosity, and repetitiveness with &-mer frequency using jellyfish
and GenomeScope.

Fig. S5 Repeat analysis in Pistacia vera ‘Kerman’ genome
assembly.
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Fig. S8 Weighted gene co-expression network analysis
(WGCNA) across all time points and tissue types.
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(LEC1) protein sequences with 15 representative angiosperm
species.
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