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ABSTRACT

Physiological and Molecular Processes Driving Fruit Quality during
Tomato and Pistachio Fruit Ripening

Fruit ripening is a complex developmental process in which fruit undergo physiological
and biochemical changes, transforming fruit into nutritious and flavorful foods. Fruit
quality traits, such as flavor and aroma, texture, and color, are essential for product mar-
ketability and increase during ripening. The characteristic changes in fruit physiology and
biochemical composition during ripening result from extensive transcriptional reprogram-
ming. While some regulatory mechanisms governing ripening have been identified, such
as, transcription factors (TFs), plant hormones, and post-transcriptional and epigenetic
factors, the genetic factors regulating fruit quality are not fully understood.

The overarching goal of this Ph.D. dissertation was to explain the physiological and
genetic events determining fruit quality traits during ripening. First, I assessed the cur-
rent knowledge of ripening regulators of fruit quality traits across diverse fruit species
(Chapter 1). Five main categories emerged—color, flavor, nutrition, texture, and shelf
life. Transcription factor regulators can act in a pathway-specific manner or as “master”
regulators of multiple pathways. Pathway-specific regulators are promising targets for
improving fruit quality because they cause fewer unwanted effects on other traits (Chap-
ter 1). In contrast, manipulations to master regulators impact multiple quality attributes
causing pleiotropic effects (Chapter 1, Chapter 2). Plant hormones act with transcription
factors and are often non-specific to quality traits (Chapter 1).

I employed multiple approaches to provide a system-wide understanding of ripening
regulation and events associated with fruit quality in two economically important crops for
California, tomato (Solanum lycopersicum) and pistachio (Pistacia vera). In both studies
(Chapters 2 and 3), fruit physiological parameters were measured in field conditions to
provide evidence of physical changes occurring in the fruit through ripening. Biochemical

measurements provided further evidence of the specific compounds being altered in each



crop. Then, the information was integrated with genome-wide expression analysis to
identify underlying molecular mechanisms for each study.

In Chapter 2, I studied the impact of mutations in ripening-related transcription fac-
tors (NOR, RIN, and CNR) on tomato fruit quality through trait phenotyping, transcrip-
tional profiling, and hormone measurements over multiple field seasons. I hypothesized
each mutant had distinct defects in fruit quality attributes. I determined that ripening in
two mutants (nor and rin) is not entirely inhibited; instead, some ripening processes are
delayed. I also demonstrate that the Cnr mutation affects fruit development long before
the onset of ripening. We also generated homozygous double mutants of these genotypes
for the first time to study the combined effect of the mutations on development and ri-
pening. This study contributed new knowledge regarding the tomato ripening mutants,
which have been employed to understand fruit ripening for at least the past two decades.
Also, given the importance of both rin and nor in breeding, quality trait data from these
mutants are of high value.

In Chapter 3, I applied the knowledge gained in the model system of tomato to in-
vestigate a nut crop, pistachio, in which ripening had not been previously described.
With collaborators, we generated critical genomic resources to study pistachio ripening;:
a complete genome assembly for P. vera (c.v. Kerman) and a large transcriptomic study
expanding 15 weeks of pistachio growth and development and three different fruit tis-
sues (hull, shell, kernel). T also performed a multiyear multilocation analysis of pistachio
phenology, allowing me to model multiple fruit physiological measurements across the
growing season. The molecular and physiological data allowed me to determine four dis-
tinct stages of pistachio development, with Stage IV corresponding to fruit ripening and
kernel maturation. I then hypothesize that transcriptional changes at Stage IV are critical
for gaining and establishing nut quality traits. I identified hormones associated with fruit
ripening and downstream genetic pathways that can explain the physiological changes
observed in the nut. I gave particular attention to genes and pathways related to key
quality attributes in pistachio, hull softening, shell hardening, and kernel fat composition.

Overall, this work ascertained a complete characterization of pistachio development for

x1



the first time, generated valuable genetic resources for future nut research, and provided
novel insights into the genetic programs governing pistachio ripening.

The results of this dissertation improve the understanding of the molecular basis of
fruit quality traits. My research provides new knowledge about transcriptional regulation
required for tomato fruit quality and the implications for better utilizing ripening mutants
in breeding for hybrids with extended shelf-life. The genetic resources created for pistachio
development will be a basis for continued research in pistachio and other nut tree crops.
Further, identifying the timing and mechanisms of ripening in pistachio involved in hull

softening and color changes will help develop management strategies for harvest time.
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Chapter 1

Targeting ripening regulators to develop fruit with high
quality and extended shelf life

1.1 Publication Statement

The content of this chapter was peer-reviewed and published as follows:

Adaskaveg, J.A. and Blanco-Ulate, B. (2023). Targeting ripening regulators to de-
velop fruit with high quality and extended shelf life. Current Opinions in Biotechnology,
79:102872.

1.2 Abstract

Fruit quality directly impacts fruit marketability and consumer acceptance. Breeders have
focused on fruit quality traits to extend shelf life, primarily through fruit texture, but, in
some cases, have neglected other qualities such as flavor and nutrition. In recent years,
integrative biotechnology and consumer-minded approaches have surfaced, aiding in the
development of flavorful, long-lasting fruit. Here, we discussed how specific transcription
factors and hormones involved in fruit ripening can be targeted to generate high-quality
fruit through traditional breeding and bioengineering. We highlight regulators that can
be used to generate novel-colored fruit or biofortify fresh produce with health-promoting
nutrients, such as vitamin C. Overall, we argue that addressing grower and industry needs

must be balanced with consumer-based traits.



1.3 Introduction

Fruit are rich in essential nutrients, yet most people do not consume the recommended
amount of fresh produce to sustain healthy diets and reduce disease risks (US Depart-
ment of Agriculture (USDA) ERS — Food Availability and Consumption, URL: https:
//www.ers.usda.gov). To promote consumption, expand access, and reduce waste, fruit
quality and shelf life need to be in- creased through breeding and biotechnology, alongside
adequate harvest practices, transportation logistics, and postharvest treatments. Com-
mercial fruit crops are primarily bred for high yield and extended shelf life to meet the
expectations for mass production and global markets, however, recently, there has been
a shift of focus toward developing new crop varieties that meet consumer demands for
better flavor and nutrition. Balancing shelf life with consumer-based quality traits is
perhaps the biggest challenge breeders and researchers face in the quest for better qual-
ity fruit, mainly because these attributes appear to have negative genetic correlations in
many crops (Farcuh et al., 2020; Petrasch et al., 2022).

Quality (i.e. color, nutritional value, flavor, and texture) peaks when fruit reach their
optimum ripeness. Many studies on fruit ripening of various plant species have emerged in
the past decade, helping to identify genetic pathways and molecular regulators that can
be manipulated for crop improvement (Figure 1.1). Moreover, biotechnology advances
have provided access to high- quality genomic resources and tools, supporting breeding
strategies, genetic modification, and gene editing in traditional and nontraditional fruit
crops. Here, we review current knowledge of the genetics of fruit traits and argue that
manipulating transcription factors (TFs) is a promising approach to enhance fruit quality.
We discuss how pleiotropic effects could potentially be avoided by targeting TFs that
exclusively regulate specific pathways (i.e. function-specific regulators) instead of master
regulators. However, ripening master regulators may remain useful if their effects on
gene expression can be fine-tuned (e.g. creating alleles with different impact on gene
expression). Similarly, the timing and coordination of regulators need to be considered
(e.g. using tissue- and stage-specific promoters) to achieve desired effects on fruit traits

(Smirnova and Kochetov, 2020). Finally, we consider the current climate surrounding



consumer acceptance of genetically modified (GM) and gene-edited fruit.

1.4 Increasing fruit pigmentation for visual appeal

Fruit color is a significant indicator of ripeness and nutritional quality. It is often used
as a harvest maturity index and can predict shelf-life potential in certain crops (Nordey
et al., 2019). Fruit color is dependent on pigments that accumulate in the exocarp (skin)
and mesocarp (flesh). As fruit ripen, chlorophyll (green) is replaced by carotenoids (yel-
low, orange, and red), anthocyanins (orange, red, and blue), or betalains (yellow, violet)
(Figure 1.2). Fruit gloss, influenced by the structure and composition of the cuticle layer,
also affects color perception (Lara et al., 2019).

There have been multiple efforts to enhance pigmentation in fruit crops by modulating
genes in pigment biosynthesis pathways (Meng et al., 2022; Zheng et al., 2020). Pink-flesh
pineapples have been engineered through the introduction of a phytoene synthase gene
(CrPSY) from tangerine in combination with suppression via RNAIi of two endogenous
lycopene genes (AcLYC-B and AcLYC-E) to inhibit the conversion of lycopene into other
carotenoids (Firoozabady et al., 2013). This pineapple, known as Pinkglow™ is one of the
few bioengineered fruits available in the United States. Yet, targeting or introducing single
genes involved in pigment metabolism can be meticulous or have unintended consequences
on other metabolites. For ex- ample, the overexpression of SILYC-B or SIZDS in tomato
fruit increased carotenoid content but also in- creased the production of abscisic acid
(ABA), a derivative of this pathway, which affected the fruit’s normal ripening progression
(Diretto et al., 2020; McQuinn et al., 2020).

A more effective means to manipulate pigment content in fruit might be dissecting
function-specific regulators, particularly those that directly control the biosynthesis path-
way and act downstream of ripening regulatory networks. This is the case of R2R3-MYB
TFs involved in regulating anthocyanin biosynthesis as first demonstrated in apple and
grape (Azuma et al., 2008; Espley et al., 2007; Lin-Wang et al., 2010). Wild and cultivated
tomatoes are red because of a mutation in the R2R3-MYB TF SIAN2-like that suppresses

anthocyanin biosynthesis. However, overexpressing the functional gene in fruit turned on
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Figure 1.1: Regulators of fruit ripening. Fruit ripening is a complex developmental pro-

gram that determines the quality and shelf life of fresh produce (Seymour and Granell,
2014). The activation and progression of ripening processes (pink box) are tightly con-
trolled by multiple regulatory levels (orange box), which in turn are influenced by envi-
ronmental stimuli (brown box). Specific ripening regulators, such as plant hormones and
signals (e.g. ethylene, ABA, sucrose, or NO2), may have different roles depending on
the fruit crop and whether the fruit is climacteric (e.g. tomato) or nonclimacteric (e.g.
strawberry) (Jia et al., 2016; Liu et al., 2020). TFs are central in the control of ripen-
ing and generally act upstream of plant hormones (e.g. MYB; bHLH; NAM, ATAF and
CUC, NAC; MCM1, AGAMOUS, DEFICIENS, SRF, MADS; ethylene response factors,
ERF). Ripening regulatory mechanisms involving noncoding RNAs (small RNA, sRNA;
microRNA, miRNA; long noncoding RNA, IncRNA) and epigenetic factors appear to be
conserved across multiple plant species (Li et al., 2022b).Ripening genes generally encode

enzymes in biochemical pathways that influence fruit quality traits.



Figure 1.1: (Continued from previous page) For example, pigment biosynthesis genes (e.g.
phytoene synthase, PSY; lycopene beta-cyclase, LYC-b), genes involved in the production
of vitamins and antioxidants (e.g. vitamin-C biosynthesis gene L-galactono-1,4-lactone
dehydrogenase, GalLDH), genes encoding CWDEs (e.g. PL, PG, PME), genes involved
in starch degradation (e.g. amylase, AMY) and sugar transport (e.g. sucrose transport
protein, SUC'), and genes related with the production of aromatic VOC (e.g. alcohol
acetyl transferase, AAT; lipoxygenase, LOX).

the pathway and produced anthocyanin-rich purple-fleshed tomatoes (Sun et al., 2020).
Purple tomatoes with high anthocyanin content have also been generated by introducing
two TFs from snapdragon, the R2R3-MYB TF AmRos! and the basic helix loop helix
(bHLH) TF AmDel under a fruit-specific promoter (Butelli et al., 2008). R2R3-MYBs
also appear to be critical for the control of betalain biosynthesis, uncovered through the
recent assembly of the pitaya genome (ye Chen et al., 2021). A pitaya R2R3-MYB TF
(HuMYB1) involved in regulation was recently identified and followed a very similar acti-
vation mechanism as with anthocyanins (Xie et al., 2021). Because R2R3-MYB TFs exist
in diverse plant species, this class of TFs could be easily edited with clustered regularly
interspaced short palindromic repeat (CRISPR) technologies to engineer new fruit colors,
for example, novel ‘white’ fruit such as the wild strawberry species Fragaria nilgerrensis,
carrying a mutation in the FuMYB10 TF (Zhang et al., 2020b). Pigmentation can also
be controlled at higher-level regulatory points, but this usually comes with consequences
to other quality traits. For instance, exogenous applications of the hormone ABA in-
duce anthocyanin biosynthesis in table grapes, positively influencing color, but negatively

affected berry texture (Koyama et al., 2018).

1.5 Biofortifying fruit to provide a reliable dietary source
of nutrients

Fruit are used as food source for macronutrients (e.g. fiber, sugars, and lipids) and mi-
cronutrients (e.g. vitamins, minerals, and antioxidants) (Figure 1.2). Macronutrients are

essential to provide energy and maintain the body’s structure and functions. Vitamins are



Attributes Metabolites & Examples of Loci
Structures

Gene Fruit Crop  Reference
® Pigmentation Chlorophyll, carotenoids, LYC-B Pineapple Firoozabady 2013
anthocyanins, betalains Tomato Sun 2020
i Pitaya Xie 2021
Gloss Cuticle (lipids, fatty acids, cutin) Blood orange  Huang 2019
Macronutrients Carbohydrates (starch) Banana Xiao 2018
Fiber (cellulose)
Fats (fatty acids)
Protein
Micronutrients Antioxidants SI7-DR2 Tomato Li 2022a
(i.e., carotenoides, AcGGP Kiwifruit Laing 2015
phenolics, monoterpenoids, Tomato Ye 2019a
Vitamin C, Vitamin E) L Tomato Ye 2019b
Vitamins (i.e., Vitamin D,
Vitamin B)
Q@ Taste
| Sweet Soluble sugars Ps Strawberry Xing 2020
.- g 0 (i.e., sucrose, fructose, glucose)  S/TomLoxC Tomato Tieman 2017
© S P . ) Ma10 Apple Ma 2019
£ TS Sour Organic acids
(7] £ (i.e., citric acid, malic acid)
Bitter Alkaloids, phenolics,
terpenoids
Umami Amino acids, ribonucleotides
Wang 2022;
Aroma Volatile organic compounds 4 Kiwifruit Nieuwenhuizen 2015
(i.e., esters, aldehydes, pNAC Peach Cao 2021
ketones) 5 Apple Cao 2021
Firmness Adaskaveg 2021; Kumar 2018;
Cell wall dissasembly CW polymers (cellulose, SINOR Tomato Wang 2019b; Rose 2009
Iy hemicelluloses, pectins) SILOE Tomato Shi 2021;
= SIPL Tomato W
5 . . . lang 2019a
; Water loss Cuticle (lipids, fatty acids, cutin) FvPL Strawberry Xue 2020
'2 FvPME Strawberry Bruening 2000
Juiciness
Cell-to-cell adhesion  Middle lamella pectins PpCYP82A3 Peach Lurie 2021; Ma 2019.
Turgor pressure Water, solutes

Figure 1.2: Factors driving fruit quality traits and examples of ways to improve them.
Fruit color, nutrition, flavor, and texture determine the overall quality and shelf life of
fruit. This table breaks up these categories of fruit quality (left colored blocks) into
specific attributes. For example, color perception is comprised of pigmentation and gloss
of a fruit. The attributes are further defined by characteristic structures or metabolites.
Examples of loci (genes and QTLs) that can act as potential breeding or bioengineering

targets are included. These targets are listed with their associated fruit crop and reference.



Figure 1.2: (Continued from previous page) The orange font represents genes that are TF
regulators, while the pink font represents ripening genes part of biochemical pathways.
(Firoozabady et al., 2013), (Sun et al., 2020), (Xie et al., 2021), (Huang et al., 2019),
(Xiao et al., 2018), (Li et al., 2022a), (Laing et al., 2015), (Ye et al., 2019a), (Ye et al.,
2019b), (Xing et al., 2020), (Tieman et al., 2017), (Ma et al., 2019), (Wang et al., 2022),
(Nieuwenhuizen et al., 2015), (Cao et al., 2021), (Adaskaveg et al., 2021), (Kumar et al.,
2018), (Wang et al., 2019b), (Rose and Isaacson, 2009), (Shi et al., 2021), (Wang et al.,
2019a), (Xue et al., 2020),(Bruening et al., 2000), (Lurie, 2021),

required for various bodily functions and can only be found in food sources such as fruit.
Antioxidants inhibit cell damage caused by oxidative agents. Carotenoids (pro-vitamin
A), and phenolics (anthocyanins and betalains), reviewed above, are all antioxidants, as
well as vitamin C (ascorbic acid).

Vitamin-D deficiency is a global health problem due to few dietary sources of this
vitamin. Biofortification of vitamin D in tomatoes has recently become possible by engi-
neering its biosynthesis from a pre-existing pathway (Li et al., 2022a). Owing to partial
duplication of the pathway, a single enzyme could be knocked out with CRISPR-Cas9
to convert the precursor into vitamin D without an expense to other metabolites. This
discovery has further implications for other Solanaceae plants.

Ascorbic acid, an important antioxidant and nutrient for immune health and wound
healing, has proven to be less easily biofortified into fruit because increasing biosynthesis
also leads to activation of catabolic and recycling pathways (Mellidou et al., 2021). Post-
transcriptional regulation of an ascorbic acid biosynthesis enzyme from kiwifruit has been
demonstrated using tobacco leaves (Laing et al., 2015). Removing the upstream open-
reading frame (WORF) that repressed translation increased ascorbic acid concentration
in the leaves. Function-specific TFs can increase ascorbic acid in fruit without negative
impact on quality as demonstrated in tomato. SIHZ24, a bHLH TF, regulates ascorbic
acid biosynthesis and catabolism genes, and its transient overexpression has been reported
to increase the accumulation of this vitamin (Hu et al., 2016). Other TFs, SINL33 and

SINFYA10, have been found to regulate the pathway negatively, and silencing them also



increased ascorbic acid level (Chen et al., 2020; Ye et al., 2019b). Understanding regula-
tory pathways governing nutrients can also facilitate traditional breeding programs. For
example, a genome-wide association study (GWAS) led to the discovery and validation
that alleles in SIbHLH59 determine ascorbic acid content in tomato cultivars (Ye et al.,
2019a).

A less specific effect on nutrient accumulation can be achieved with hormone appli-
cations. For example, ethylene application in kiwifruit, a climacteric fruit, increased
ascorbic acid and other antioxidants during ripening (Choi et al., 2022). Ascorbic acid
also increased after nitric oxide (NO2) application in sweet pepper, a nonclimacteric fruit

(Rodriguez-Ruiz et al., 2017).

1.6 Emnhancing flavor to satisfy consumer expectations

Fruit flavor is a critical quality trait for consumer acceptance. Flavor includes all sen-
sations experienced when eating, consisting of taste, aroma, and texture (Figure 1.2).
In fruit, taste is mainly defined by a balance between sweetness and acidity but can in-
clude bitterness and umami. Fruit aroma comes from specific classes and combinations of
volatile organic compounds (VOCs). For example, the unique kiwifruit flavor is associated
with esters, mainly ethyl butanoate and methyl butanoate (Wang et al., 2022).

Modulation of function-specific transcriptional and post-transcriptional regulators of-
fers an effective solution for flavor improvement. A bHLH TF in banana (MabHLHG)
activates 11 starch-degrading genes expressed during fruit ripening and is a likely can-
didate for increasing sugar and sweetness (Xiao et al., 2018). In strawberry, editing the
uORF of a bZIP TF that controls sucrose biosynthesis led to its translational activation
and higher sugar content in fruit (Xing et al., 2020).

Combining datasets generated through genomic, transcriptomic, metabolomic, and
consumer panel studies has proven to be an effective strategy for identifying flavor-related
genes and TFs. In tomato, metabolite data, associated loci, and consumer panels were
analyzed across hundreds of varieties to determine key genes contributing to flavor (Tie-

man et al., 2017). Coupling metabolites relevant to flavor with transcriptomic analyses



can produce gene networks and identify regulatory TFs involved in flavor pathways. This
approach was used in kiwifruit, where the AcNAC/ TF regulating a key gene in ester
biosynthesis (AcAAT10) was validated (Nieuwenhuizen et al., 2015; Wang et al., 2022).
Homologs of these NAC TFs have been implicated in ester formation in peach (PpNACT)
and apple (MdNACY), suggesting that their functions are conserved across diverse families
of climacteric fruit (Cao et al., 2021).

Flavor is impacted by postharvest handling. Chilling during transportation and stor-
age can alter fruit flavor. Epigenetic factors (i.e. DNA methylation) have been shown
to regulate the suppression of VOC biosynthesis in chilled tomatoes (Zhang et al., 2016).
Most climacteric fruit are picked unripe (but mature) and later treated with ethylene to in-
duce ripening. However, this practice has been associated with poor flavor development.
A study in off-vine ripened tomatoes confirmed that the fruit presented reduced VOC
emission and a low sugar/acid ratio, due to alterations in gene expression and decreased
methylation of their promoters (Zhang et al., 2020a).

Genomic resources can help anticipate consumer preference and assist in breeding
to select fruit with enhanced flavor. A population genomic study revealed that distinct
consumer preferences between eastern and western countries drove selection for peach
cultivars with different acidity (Yu et al., 2021). Fruit VOC profile data can help predict
consumer liking before performing sensory panels, allowing for a more efficient selection
of high-flavor fruit, as seen in tomato and blueberry (Colantonio et al., 2022). Moreover,
the tomato pan-genome helped identify a rare favorable allele selected against during
domestication that could be incorporated back into new cultivars to improve fruit flavor

(Gao et al., 2019).

1.7 Modifying fruit texture for longer shelf life

Fruit texture is associated with freshness, flavor, and shelf-life potential. Texture involves
many attributes, such as firmness, juiciness, crispiness, and meltiness (Figure 1.2). Loss
of firmness (i.e. fruit softening) is a hallmark of fruit ripening and negatively correlates

with shelf life. Fruit softening is mainly attributed to the remodeling and degradation of



the polysaccharides in the primary cell walls (CWs). The cuticle layer, deposited on the
CWs of epidermal tissue, also contributes to fruit firmness by preventing water loss and
maintaining cell turgor pressure (Lara et al., 2019).

Traditional breeding has focused on creating firmer fruit that withstand transportation
and have longer shelf life. This has been accomplished in tomato by developing hybrid
lines between elite varieties and nonripening mutants such as ripening-inhibitor (rin) and
non-ripening (nor) (Osei et al., 2017). These mutants have defects in TFs considered mas-
ter regulators of many ripening processes, including the induction of cell wall-degrading
enzymes (CWDEs) and changes in cuticle composition (Adaskaveg et al., 2021; Kosma
et al., 2010). Other efforts to improve firmness and shelf life in climacteric fruit have taken
advantage of mutations affecting ethylene biosynthesis and perception, as this hormone is
also known to regulate genes encoding CWDEs, among others (Huang et al., 2022; Tucker
et al., 2017). However, as already discussed, modulating master regulators or hormone
pathways has numerous drawbacks to other quality traits, such as color and flavor. Thus,
downstream TFs controlling specific CW enzymes, such as LOB TF (SILOBI) in tomato,
may prove to be better targets (Shi et al., 2021). Another possibility is to leverage the
availability of natural or induced allelic variants in ripening master regulators to produce
a range of fruit phenotypes. For example, spontaneous (i.e. alcobaca (alc) or equivalent
delayed fruit deterioration (dfd)) and CRISPR-Cas9-generated mutations in the ripening
regulator NOR can extend shelf life with minimal impact on other fruit attributes (Kumar
et al., 2018; Rose and Isaacson, 2009; Wang et al., 2019b), compared with the canonical
mutant nor (a gain-of-function mutation) (Adaskaveg et al., 2021; Wang et al., 2020).

RNAIi and gene editing approaches have been used to target ripening-specific CWDEs
that influence fruit firmness, such as polygalacturonase (PG), pectate lyase (PL), and
pectin methyl esterase (PME) (Wang et al., 2018). The first GM fruit product, the FLAVR
SAVR™ tomato, was engineered with antisense RNA against SIPG, however, it did not
show a phenotype for fruit firmness (Kramer and Redenbaugh, 1994). In contrast, the
CRISPR-Cas9 SIPL knockout in tomato significantly improved fruit firmness and shelf

life (Wang et al., 2019a). Similar observations were previously reported in strawberry
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using RNAi knockdowns of FuPL and FuPME (Xue et al., 2020; Yang et al., 2017),
61]. In addition to firmer fruit, tomato and strawberry SIPL mutants have reduced fruit
susceptibility to fungal disease (Silva et al., 2021; Yang et al., 2017).

Breeding strategies and molecular studies have also focused on ameliorating textural
defects such as fruit mealiness caused by cold storage. Mealiness, considered the opposite
of juiciness, occurs when neighboring cells lose adhesion and detach while remaining intact
(Li et al., 2020). In peach, quantitative trait loci (QTLs) associated with cold-tolerant
varieties have been identified to support breeding for less mealy fruit (Lurie, 2021). Be-
yond QTLs, understanding the genetic mechanisms behind the trait provides avenues for
targeting breeding and genetic modifications. For instance, peach mealiness appears to
be associated with increased DNA methylation, leading to the downregulation and hy-
permethylation of mealy-associated genes such as PpCYP82A3 (Rothkegel et al., 2021).
Finding molecular approaches to avoid the deposition of methyl groups in the promot-
ers of key ripening genes in response to cold storage can serve as a potential solution to

mealiness.

1.8 Looking ahead: toward the commercial success of
bioengineered fruit

The FLAVR SAVR™ tomato hit the market in the early 90s promising a product with
longer shelf life. However, this GM fruit had high production costs and was not well
accepted by consumers, which led to its removal from the marketplace (Bruening et al.,
2000). Since then, other bioengineered crops with improved plant disease resistance or
production-related traits have become available worldwide (Lobato-Gémez et al., 2021).
These products have not sparked much enthusiasm mainly because they were not gener-
ated considering consumer-based traits or due to public fear of GM organisms.

Recently, two fruits bioengineered for quality attributes were approved by both US and
Canadian regulatory entities and are available to consumers. These are the Pinkglow™
pineapple and the Arctic™ apple. The latter was bioengineering to reduce oxidative

browning in the cut fruit (Lobato-Gémez et al., 2021). These fruit are considered novelty
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items because they are less available in the marketplace and significantly more expensive
than traditional cultivars. Both fruits are primarily sold online and offered in limited
supplies. The Pinkglow™ pineapple costs nearly ten times more than a common yellow
pineapple. Despite their limitations, these fruits were developed with the consumer in

mind, which may entice the public more than previous GM products.
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Figure 1.3: Summary of fruit quality and the tools to improve them. Fruit color, nutrition,

flavor, and texture determine the overall quality and shelf life of fruit. Examples of specific
attributes of each quality trait are in the inner circle. Targets for improving quality
discussed in the review are represented by the right arrows. Finally, the methods that
can be used as tools to study and improve these traits are represented above in blue

circles.

In 2022, the USDA deregulated the purple tomato developed with the expression of
two snapdragon TFs (discussed above, (Butelli et al., 2008)). Novel fruit colors and
potential higher nutrition may draw consumers to a new emerging category of bioengi-
neered produce. These fruit will also need to meet high consumer expectations of flavor,
affordability, and food safety to ensure their success. Gene editing techniques such as
CRISPR~Cas9 enable the fine-tuning of quality traits in a variety of fruit crops and may

be more well received than previous GM products. For example, Japan started selling
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the first Cas9-edited fruit in the world in 2021, a health-promoting y-aminobutyric acid
(GABA)-enriched tomato (Waltz, 2022). Gene-edited fruit without foreign DNA have a
more straightforward regulatory path in the United States than GM products, increasing
the speed to market and reducing costs associated with authorization. However, this is
not the case in other parts of the world, such as the European Union.

In conclusion, researchers are armed with knowledge on fruit ripening and tools to
improve fruit quality and generate greater access to fresh, flavorful, and nutritious food.
Demands for better-tasting, more sustainable fruit, are in reach (Figure 1.3). We sit on
the edge of an era where gene-edited and bioengineered commodities can become a new

category in the market, if the consumer will allow it.
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Chapter 2

Single and Double Mutations in Tomato Ripening
Transcription Factors Have Distinct Effects on Fruit

Development and Quality Traits

2.1 Publication Statement

The content of this chapter was peer-reviewed and published as follows:

Adaskaveg, J. A., Silva, C. J., Huang P., and Blanco-Ulate, B. (2021). Single and
Double Mutations in Tomato Ripening Transcription Factors Have Distinct Effects on
Fruit Development and Quality Traits. Frontiers in Plant Sciences, 12:647035.

For this publication, I wrote the paper and was credited as first author. Additionally,
I performed the field experiments, measured all phenotypic traits, and performed all

genotyping, qPCR, and statistical analyses.

2.2 Abstract

Spontaneous mutations associated with the tomato transcription factors COLORLESS
NON-RIPENING (SPL-CNR), NON-RIPENING (NAC-NOR), and RIPENING-INHIBITOR
(MADS-RIN) result in fruit that do not undergo the normal hallmarks of ripening butare
phenotypically distinguishable. Here, we expanded knowledge of the physiological, molec-
ular, and genetic impacts of the ripening mutations on fruit development beyond ripening.
We demonstrated through phenotypic and transcriptome analyses that Cnr fruit exhibit
a broad range of developmental defects before the onset of fruit ripening, but fruit still

undergo some ripening changes similar to wild type. Thus, Cnr should be considered as
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a fruit developmental mutant and not just a ripening mutant. Additionally, we showed
that some ripening processes occur during senescence in the nor and rin mutant fruit,
indicating that while some ripening processes are inhibited in these mutants, others are
merely delayed. Through gene expression analysis and direct measurement of hormones,
we found that Cnr, nor, and rin have alterations in the metabolism and signaling of
plant hormones. Cnr mutants produce more than basal levels of ethylene, while nor and
rin accumulate high concentrations of abscisic acid. To determine genetic interactions
between the mutations, we created for the first time homozygous double mutants. Phe-
notypic analyses of the double ripening mutants revealed that Cnr has a strong influence
on fruit traits and that combining nor and rin leads to an intermediate ripening mutant
phenotype. However, we found that the genetic interactions between the mutations are
more complex than anticipated, as the Cnr/nor double mutant fruit has a Cnr pheno-
type but displayed inhibition of ripening-related gene expression just like nor fruit. Our
reevaluation of the Cnr, nor, and rin mutants provides new insights into the utilization of
the mutants for studying fruit development and their implications in breeding for tomato

fruit quality.

2.3 Introduction

Fleshy fruit gain most of their quality traits, such as color, texture, flavor, and nutritional
value, as a result of physiological and biochemical changes associated with ripening. Fruit
ripening has been studied for decades, yet there are still many unanswered questions
about the timing and coordination of the biological processes related to this developmen-
tal program. Much of this research has been done in the model for fleshy fruit ripening,
tomato (Solanum lycopersicum), and has utilized the spontaneous single ripening mutants
Cnr (Colorless non-ripening), nor (non-ripening), and rin (ripening inhibitor) (Giovan-
noni et al., 2004; Manning et al., 2006; Robinson and Tomes, 1968; Thompson et al.,
1999; Tigchelaar et al., 1973). Each of these mutations produces pleiotropic defects to
ripening and occur in or near genes encoding the transcription factors (TFs) SPL-CNR,

NAC-NOR, and MADS-RIN, belonging to the SQUAMOSA promoter binding protein-
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like (SPL), NAM, ATAF1/2, CUC2 (NAC) and, MCM1, AG, DEF, SRF (MADS) TF
families, respectively. Each TF family functions in diverse developmental processes and
have distinct spatiotemporal expression patterns (Karlova et al., 2014; Shinozaki et al.,
2018).

These mutants were used to study ripening under the assumption that the mutations
cause a complete loss of function to the corresponding protein. Recently, it has been
discovered that the nor and rin mutations produce proteins that are still functional and
gain the ability to negatively regulate their targets (Gao et al., 2020, 2019; Ito et al., 2017;
Li et al., 2018, 2019b; Wang et al., 2019). In nor, the two base pair deletion truncates the
protein but still produces a functional DNA-binding and dimerizing NAC domain (Gao
et al., 2020). In rin, a large deletion creates a chimeric protein with the neighboring
gene MACROCALYX (MC), producing a functional protein with suppression activity
(Ito et al., 2017). The Cnr mutation is also thought to be a gain of function mutation,
although the mechanism has yet to be understood (Gao et al., 2019). The Cnr mutation
results from hypermethylation upstream of the gene near the promoter and has been
shown to inhibit the genome-wide demethylation cascade associated with normal tomato
ripening (Zhong et al., 2013). Previously, these TFs were regarded as master regulators of
ripening; however, given the new information about the nature of the mutations in Cnr,
nor, and rin, it is less clear the precise roles the TFs are playing in ripening (Giovannoni
et al., 2017; Wang et al., 2020a).

The nor and rin mutants have been utilized in breeding for developing tomato hy-
brids with extended shelf life or extended field harvest depending on their purpose for
the fresh market and processing tomato industries (Garg et al., 2008; Kitagawa et al.,
2005; Kopeliovitch et al., 1979; Osei et al., 2017). Hybrids between elite varieties and the
ripening mutants have a delayed ripening progression, but with the tradeoff of decreased
fruit quality attributes, such as color, taste, and aroma (Kitagawa et al., 2005; Tieman
et al., 2017). Although there are some publications dedicated to evaluating the physi-
ological characteristics of mutant or hybrid fruit (Agar et al., 1994; Garg et al., 2008;

Tigchelaar et al., 1978), up to this point, much of what we know about the ripening mu-
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tations is based on controlled greenhouse experiments with limited fruit and few ripening
stages examined. A complete dataset of phenotypic data produced from large-scale field
trials evaluating fruit ripening and senescence is lacking to provide information relevant
to breeding, particularly in the new context of the molecular mechanisms behind the nor
and 7in mutations.

The Cnr mutant provides a unique opportunity to study the role of epigenetics in
fruit ripening but is not used in breeding because the mutant phenotype is dominant.
Cnr has been regarded as a ripening mutant due to its unique colorless phenotype and
additional ripening defects (Thompson et al., 1999). It has been suggested that Cnr
fruit undergo normal growth and development (Lai et al., 2020); however, fruit appear
different from wild type (WT) even before ripening, with a smaller size, alterations in
cell wall enzyme expression, and earlier chlorophyll degradation (Eriksson et al., 2004;
Wang et al., 2020b). To better utilize Cnr as a tool for studying fruit development and
ripening, a broader understanding of the physiological and transcriptomic alterations in
this mutant is necessary.

These spontaneous single mutants need to be reevaluated as tools to understand the
wide-ranging biological processes regulated by each TF. Previous literature has generally
assumed that the mutations block ripening, resulting in similar processes affected (Gio-
vannoni et al., 2017; Giovannoni, 2007; Karlova et al., 2014; Osorio et al., 2020). This
study demonstrates that each mutant has a unique ripening phenotype, resulting from a
combination of inhibited and delayed developmental processes. We integrated phenotypic
data with gene expression data and hormone measurements in the Cnr, nor, and rin mu-
tants across ripening and senescence to characterize the extent and timing of the ripening
defects. Tomatoes grown under field conditions were assessed for fruit traits over multi-
ple seasons. We then performed a transcriptomic analysis to gain more definition of the
timing in which mutant fruit deviated from W'T in their development and to determine
specific molecular functions altered in each mutant. Due to their pivotal role in regulating
ripening, we focused on defects in hormone networks, including biosynthesis and accu-

mulation. We analyzed the influence of each mutation on the expression of the other TF
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throughout ripening and senescence. Finally, to better understand the combined genetic
effects of the mutants on fruit ripening, we generated homozygous double mutants of Cnr,
nor, and rin and used phenotyping and transcriptional data to evaluate the relationships

between the mutants.

2.4 Materials and Methods
2.4.1 Plant material

Tomato plants (Solanum lycopersicum) of c.v. ‘Alisa Craig’ and the isogenic ripening mu-
tants Cnr, nor, and rin were grown in randomized plots under standard field conditions in
Davis, CA, United States, during the 2016, 2017, 2018, and 2020 seasons. Fruit tagged at
10 days post-anthesis (dpa), which corresponds to 7 mm in fruit diameter, were harvested
at stages equivalent to the WT fruit. Fruit were sampled at the mature green (MG),
turning (T), red ripe (RR), and overripe (OR) stages, corresponding to 37, 45, 50, and
57 dpa, respectively. The term “RR” is used throughout the manuscript to refer to the 50
dpa stage of all genotypes, even when the mutant fruit do not turn red. Fruit stages for
each of the mutants were further validated by external color analysis (see details on fruit
trait phenotyping).

Double mutant fruit were generated through reciprocal crosses: Cnr x nor, nor x Cnr,
Cnr x rin, rin X Cnr, nor X rin, and rin X nor. Fruit were selfed after the initial cross to
generate an F2 segregating generation. The double mutants were initially selected in the
F2 generation through genotyping and phenotyping. At least two additional generations
after F2 were obtained through selfing to ensure the stability of the double mutations and
to perform the experiments in this study. Three seasons of data were collected for the
Cnr/nor fruit (2016, 2017, and 2020) while only one season of data was collected for the

rin/nor and Cnr/rin crosses.

2.4.2 Mutant Genotyping

The mutant lines were genotyped for their respective mutations. For nor, the Phire Plant
Direct PCR Kit (Thermo Fisher Scientific, United States) was used to extract DNA and

amplify the region of the gene containing the 2 bp mutation using the primers listed in
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Supplementary Table 1 (see https://www.frontiersin.org/articles/10.3389/fpl
$.2021.647035/full). The PCRs were run on a SimpliAmp Thermal Cycler (Applied
Biosystems, United States) with the following conditions denaturation: 99°C for 5 min; 35
cycles of 98°C for 5 s, 56°C for 25 s, and 72°C for 25 s; with a final extension of 72°C for 1
min. The PCR products were purified using Wizard SV Gel and PCR Clean-Up System
(Promega, United States) and then sequenced with Sanger technology to confirm the
absence of the two (AA) nucleotides. For rin, the Phire Plant Direct PCR Kit (Thermo
Fisher Scientific, United States) was used to extract DNA and perform end-point PCRs
using primers specific for the mutant and WT alleles (see Supplementary Table 1 at
https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full). The
following PCR conditions were used for the WT allele primers: denaturation 99°C for 5
min; 35 cycles of 98°C for 5 s, 55°C for 25 s, and 72°C for 25 s; with a final extension of
72°C for 1 min. The PCR conditions for the mutant allele primers were: denaturation
98°C for 5 min; 40 cycles of 98°C for 5 s, 58°C for 25 s, and 72°C for 25 s; with a final
extension of 72°C for 1 min. The PCR products were visualized as bands using a 1

The Cnr epimutation was genotyped by bisulfite sequencing. Extracted DNA was
treated with the Zymo Gold bisulfite kit (Zymo Research, United States). Bisulfite
treated-DNA was PCR amplified for the CNR promoter region containing the methy-
lation changes (Manning et al., 2006) using the primers listed in Supplementary Table 1
(see https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full).
The following PCR conditions were used: 94°C for 2 min; 40 cycles of 94°C for 30 s, 54°C
for 30 s, and 60°C for 45 s, and a final extension of 60°C for 10 min. The PCR products
were then Sanger sequenced and compared to the same region amplified in untreated con-
trols with primers (see Supplementary Table 1 at https://www.frontiersin.org/arti
cles/10.3389/fpls.2021.647035/full). The following conditions were used to amplify
the untreated DNA: 95°C for 2 min; 35 cycles of 95°C for 30 s, 56°C for 30 s and 72°C for
1 min, and a final extension of 72°C for 10 min. To ensure mutants were homozygous for
the locus, we confirmed the double mutants by allowing the plants to self for at least two

additional generations and checking that the progeny were not segregating for any fruit
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phenotypes.

2.4.3 Fruit Trait Phenotyping

Fruit trait data were collected across four field seasons (2016, 2017, 2018, and 2020).
The genotypes, developmental stages, number of biological replicates, and number of field
seasons used for fruit trait phenotyping can be found in Supplementary Table 2 (see
https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full). One
season of phenotyping was performed for Cnr/rin and rin/nor double mutant fruits for
color, firmness, and ethylene. Three seasons of data were collected for the Cnr/nor dou-
ble mutant fruit for ethylene and two seasons of data for color and firmness. Fruit were
collected from multiple plots or harvests to capture environmental variability. Fruit trait
measurements were taken on the same day of harvest for all samples unless noted. Intact
and halved fruit were imaged using the VideometerLab 3 (Videometer, Denmark) facili-
tated by Aginnovation LLC1. External color measurements were obtained from individual
fruit with the CR-410 Chroma Meter (Konica Minolta Inc, Japan) and recorded in the
L*a*b* color space, where L* quantifies lightness, a* quantifies green/red color, and b*
quantifies blue/yellow color. Principal component analysis (PCA) of the color parameters
was performed with the FactoMineR package and graphed with the FactoExtra package
in R (Kassambara et al., 2017; Lé et al., 2008). Non-destructive firmness measurements
were taken on the TA.XT2i Texture Analyzer (Texture Technologies, United States) us-
ing a TA-11 acrylic compression probe, a trigger force of 0.035 kg, and a test speed of
2.00 mm/sec with Exponent software (Texture Technologies Corporation, United States).
Firmness values are reported as kilograms (kg) force. The size was measured by taking
the largest diameter (mm) of the fruit with a handheld caliper.

Tomato juice was produced by pressing the fruit tissues with a juicer and filtering
with cheesecloth to measure total soluble solids (TSS) and titratable acidity (TA). At
least five biological replications of tomato juice were obtained from independent pools of
10-12 fruit from distinct plots in the field or at different harvest dates within the field
season. TSS were measured as percent Brix with a Reichert AR6 Series automatic bench

refractometer (Reichert Inc., United States) from the prepared juice with three technical
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replicates. TA was measured using the tomato juice with the TitraLab TIM850 Titration
Manager (Radiometer Analytics, Germany). Four grams of juice were diluted with water
in 20 mL of deionized water to measure TA based on citric acid equivalents. Significant
differences in fruit traits across genotypes and ripening stages were determined in R (R
foundation for Statistical Computing) using Type I analysis of variance (ANOVA) tests,
followed by a post hoc test (Tukey Honest Significant Differences, HSD) using the R

package agricolae (De et al., 2017).

2.4.4 RNA extraction

On the day of harvest, the fruit pericarp tissues were dissected and flash-frozen in lig-
uid nitrogen. Frozen tissues were then ground to a fine powder with the Retsch Mixer
Mill MM 400 (Verder Scientific, Netherlands). One gram of ground tissue was used for
RNA extractions as described in Blanco-Ulate et al. (Blanco-Ulate et al., 2013). RNA
concentrations were quantified with Nanodrop One Spectrophotometer (Thermo Scien-
tific, United States) and Qubit 3 (Invitrogen, United States). RNA integrity was then
assessed on an agarose gel. Six biological replicates composed of 8-10 independent fruit

were extracted per genotype and ripening stage from the 2016 and 2018 seasons.

2.4.5 cDNA Preparation and RT-qPCR

cDNA was prepared from 1 ng of RNA of all samples using M-MLV Reverse Transcriptase
(Promega, United States) in the SimpliAmp Thermal Cycler (Applied Biosystems, United
States). RT-qPCRs were performed using PowerSYBR Green PCR Master Mix (Applied
Biosystems, United States) in the QuantStudio3 (Applied Biosystems, United States)
following the preset qPCR conditions for the ‘Comparative CT method.” The tomato
SIUBQ (Solyc12g04474) was used as the reference gene for all relative expression analyses.
Primers for the genes of interest were designed using Primer-BLAST (Ye et al., 2012) or
obtained from previous studies (see Supplementary Table 1 at https://www.frontier
sin.org/articles/10.3389/fpls.2021.647035/full). For all new qPCR primer sets,
efficiency was confirmed to be higher than 90 % using fourfold DNA or ¢cDNA dilutions
(0, 1:1, 1:4, 1:16, 1:64, and 1:256) in triplicate. Then, specificity was checked by analyzing
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the melting curves at temperatures ranging from 60 to 95°C. Relative gene expression was

calculated using the formula 2(reference gene Ct — gene of interest Ct).

2.4.6 cDNA Library Preparation, RNA Sequencing, and Sequenc-

ing Data Processing

Four biological replicates each of Cnr/nor MG and RR fruit RNA were used to prepare
cDNA libraries. cDNA libraries were prepared with Illumina TruSeq RNA Sample Prepa-
ration Kit v.2 (Illumina, United States) from the extracted RNA. The quality of the
barcoded cDNA libraries was assessed with the High Sensitivity DNA Analysis Kit in the
Agilent 2100 Bioanalyzer (Agilent Technologies, United States) and then sequenced (50
bp single-end reads) on the Illumina HiSeq 4000 platform by the DNA Technologies Core
at UC Davis Genome Center.

Raw RNAseq data from WT, Cnr, nor, and rin at MG and RR were obtained from
a published dataset by our group (Silva et al., 2021), GEO accession GSE148217), while
raw RNAseq data from the immature stages of the ripening mutants were extracted from
(Lii et al., 2018) (GEO accession GSE116581). The RNAseq datasets for the Cnr/nor
double mutant were generated in this study. The raw sequencing reads from the different
datasets were analyzed de novo following the bioinformatics pipeline described below.
Raw reads were trimmed for quality and adapter sequences using Trimmomatic v0.39
(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, window size = 4, required quality = 15, and minimum
length = 36. Trimmed reads were then mapped using Bowtie2 (Langmead and Salzberg,
2013) to the tomato transcriptome (SL4.0 release2). Count matrices were made from the
Bowtie2 results using sam2counts.py v0.913. A summary of all read mapping results can
be found in Supplementary Table 3 (see https://www.frontiersin.org/articles/10.
3389/fpls.2021.647035/full).
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2.4.7 Differential expression analysis, Functional Annotations, and

Enrichment Analysis

The Bioconductor package DESeq2 (Love et al., 2014) in R was used to normalize read
counts and perform PCAs and differential expression analyses for various comparisons
(see Supplementary Tables 4, 5 at https://www.frontiersin.org/articles/10.3389
/fpls.2021.647035/full). Differentially expressed genes (DEGs) for each comparison
had an adjusted P-value of less than or equal to 0.05. Gene functional annotations were
retrieved from the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the KEGG
Automatic Annotation Server (Moriya et al., 2007). Enrichment analysis for all functional
annotations was performed using a Fisher test. The P-values obtained from the Fisher
test were adjusted with the Benjamini and Hochberg method (Benjamini and Hochberg,
1995). Shared and unique DEGs among the comparisons were determined using the R

package UpSetR (Conway et al., 2017).

2.4.8 Measurement of phytohormones

Ethylene production measurements were taken from MG, RR, and OR fruit on the day
of harvest. At least five biological replicates of 5-7 fruit were used for the measure-
ments. The genotypes, developmental stages, and number of biological replicates used
for ethylene analysis in each field season can be found in Supplementary Table 2 (see
https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full). Fruit
were weighed and placed in 1 L airtight glass jars. Headspace gas (3 ml) was extracted
from the sealed containers after 60 min and was injected into a Shimadzu CG-8A gas
chromatograph (Shimadzu Scientific Instruments, Japan). Sample peaks were measured
against an ethylene standard. The rate of ethylene production (nL kg—1 fresh weight h-1)
was calculated from the peak, fruit mass, and incubation time.

Frozen ground tissue prepared from the tomato fruit pericarp was lyophilized, weighed,
and extracted in isopropanol:H20:HCL1IMOL(2:1:0.005) with 100 1 of internal standard
solution (1000 pg) as described in (Casteel et al., 2015). Abscisic acid (ABA) and
l-aminocyclopropane-1-carboxylate (ACC) were measured using liquid chromatography

coupled to tandem mass spectrometry and internal standards as described in (Casteel
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et al., 2015). The hormone concentrations were expressed as ng/g of dry weight. Four
to six biological replicates composed of 810 fruit were used for these measurements for
the 2017 season. Significant differences in hormone accumulation across genotypes and
ripening stages were determined using Type I ANOVA in R, followed by an HSD test
using the R package agricolae (De et al., 2017). In some cases, pairwise comparisons in

hormone accumulation were also conducted by Student’s t-test in R.

2.4.9 Data availability

The datasets presented in this study can be found in online repositories. The names of
the repository /repositories and accession number(s) can be found at: https://www.ncbi

.nlm.nih.gov/geo/, GSE163745.

2.5 Results

2.5.1 Ripening Mutants Display Distinct Phenotypes and Tran-
scriptional Profiles Throughout Fruit Development

Fruit from the Cnr, nor, and rin mutants fail to acquire most ripening-associated traits
that make them appealing for consumption. Yet, each mutant can be distinguished by
their unique phenotypes (Figure 2.1). To determine the impact of Cnr, nor, and rin
mutations on the key fruit traits, we measured external color, firmness, total soluble
solids (TSS), and titratable acidity (TA) at multiple ripening stages. Fruit from the
isogenic mutants Cnr, nor, and rin, were harvested alongside WT from an experimental
field at selected ripening stages, mature green (MG; 37 dpa), turning (T; 45 dpa), red
ripe (RR; 50 dpa), and overripe (OR; 57 dpa) (Figure 2.1A). We captured field variability
through large sample sizes and validated across two to four independent field seasons. A
summary of all seasons is displayed in Figure 2.1 while a breakdown of the data by field
season can be found in Supplementary Table 2 (see https://www.frontiersin.org/ar
ticles/10.3389/fpls.2021.647035/full).

As expected, between the MG and RR stages WT fruit turned red internally and
externally, reduced firmness, accumulated TSS, and became less acidic during ripening.

Cnr fruit showed visual differences compared to all of the genotypes at the MG stage and
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Figure 2.1: (A) Ripening progression of wild type (WT), c.v. ‘Ailsa Craig,” compared to
the isogenic mutants Cnr, nor, and rin across four developmental stages: mature green
(MG, 37 days post anthesis (dpa)), turning (T, 45 dpa), red ripe (RR, 50 dpa), and
overripe (OR, 57 dpa) shown at left whole and at right in longitudinal sections. Images
were captured and processed with the VideometerLab instrument. Bars correspond to 2
cm. (B) Measurements of fruit firmness (n = 28-44), total soluble solids (T'SS) (n = 5-12),
and titratable acidity (TA) (n = 5-12) for each MG, RR, and OR stages are presented.
Error bars represent standard error between biological replicates of each sample. Letters
indicate significant differences among genotypes and stages calculated by ANOVA and
Tukey HSD (P < 0.05). Principal component analysis of external color measured on the
L*a*b color scale of each genotype at the RR (n = 22-34) and OR stage (n = 28-40).
The center of gravity is represented by a triangle with surrounding ellipses indicating 95%

confidence interval.
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continuing through subsequent stages, including significantly smaller size and its char-
acteristic colorless flesh, marked by an opaque yellow coloration of the pericarp (Figure
2.1 and Supplementary Figure 2.S1). Statistical analyses performed for color and size
confirmed Cnr exhibited significant differences (P < 0.05) consistently across each field
season, as reported in Supplementary Table 2 (see https://www.frontiersin.org/ar
ticles/10.3389/fpls.2021.647035/full). Fruit of nor and rin displayed a distinct
absence of any red coloration compared to WT at the RR stage; instead, these fruit began
to turn yellow externally. Fruit of all ripening mutants were significantly firmer across
all stages than the WT, though this difference was especially pronounced in Cnr (Figure
2.1B). Overall, Cnr was consistently different from the other genotypes before and during
ripening, while nor and rin remained similar to WT MG fruit.

The OR stage was selected to investigate if the ripening mutants displayed phenotypic
changes at later time points that could be associated with a delay in fruit development.
At this stage, nor fruit started to turn orange-red externally and red internally, similar
to WT fruit. The nor OR fruit resembled WT fruit between the T and RR stages. We
performed a PCA of the color data (L*a*b measurements) to compare the genotypes at
the RR and OR stage, and found nor OR measured closely with WT RR in external
coloration (Figure 2.1C). A summary of the color data and statistical analyses performed
can be found in Supplementary Table 2 (see https://www.frontiersin.org/arti
cles/10.3389/fpls.2021.647035/full). While nor OR fruit visually looked most
similar to WT RR fruit, rin OR fruit consistently measured similarly to WT fruit at the
RR and OR stages in the taste-related traits of TSS and TA. These phenotypes were
especially noticeable in the OR stage, suggesting that rin exhibits a delay in these traits.
In contrast, Cnr remained distinct from W'T and the other mutants at the OR stage in all
measurements (Figure 2.1B). Thus, in the OR stage, nor and rin behaved more similar
to WT, suggesting they display more ripening phenotypes after the RR stage.

The distinct phenotypic differences observed between the ripening mutants indicate
that each mutation has a unique impact on fruit molecular processes at specific develop-

mental stages. We performed an RNAseq study of WT, Cnr, nor, and rin fruit at the
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MG and RR stages to gain insights into the observed phenotypes. A principal component
analysis (PCA) was performed using mapped normalized reads to the tomato predicted
transcriptome (34,075 genes; SL4.0 release) from WT and mutant samples at MG and
RR stages (Figure 2.2A). The PCA revealed that the genotypes were mainly separated
by ripening stage (PC1, 60% variance) and that Cnr was distinct from WT and the other
mutants (PC2, 23% variance). Remarkably, Cnr displayed the most similar pattern to
WT across PC1 than any other mutant. Like their phenotypes suggested, nor and rin
transcriptomic profiles showed little change between the MG and RR stage and clustered
with the WT MG fruit. The separation driven by PC2 supported our observations that

Cnr fruit was phenotypically different from other genotypes.

2.5.2 Cnr Fruit Display Transcriptional Differences From Wild
Type Before Ripening

Because Cnr showed deviation from WT at the MG stage in both phenotype and tran-
scriptional profiles, we hypothesized that gene expression across the genome was affected
prior to the MG stage. To determine when the transcriptional profile of Cnr began to
diverge from WT and other mutants, we obtained and reanalyzed raw RNAseq data from
all genotypes at four early stages of fruit growth and development (7, 17, 27, and 37 dpa)
(Lii et al., 2018). We performed a PCA for each developmental stage and found that Cnr
was separated from other genotypes as early as 7 dpa in fruit development, while nor
and rin were similar to WT throughout early development (Supplementary Figure 2.52).
When evaluating differentially expressed genes (DEGs,

textitP,q; < 0.05) between Cnr and WT fruit at 7 dpa, we detected 1,320 mutation-related
DEGs while nor and rin had only 173 and 392, respectively (see Supplementary Table 5 at
https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full). These
results suggest that Cnr fruit have different gene expression profiles from WT throughout

fruit growth and maturation, even before ripening begins.
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Figure 2.2: (A) Principal component analysis of total mapped RNAseq reads for Cnr,
nor, rin and wild type (WT) fruit at the mature green (MG) and red ripe (RR) stages.
(B) Number of differentially expressed genes (DEGs; P,q; < 0.05) up- or down-regulated
for each mutant compared to WT. (C) Total, unique, and intersecting up- and down-
regulated DEGs across ripening (RR/MG) for each genotype visualized using UpSetR.
Dots connected by lines indicate common DEGs between categories and single dots indi-

cate unique DEGs, with the number of genes in each category listed above.
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2.5.3 Transcriptional Misregulation in the Ripening Mutants

Leads to Inhibition or Delay of Molecular Processes

We determined DEGs (P, < 0.05) from the MG and RR stages to identify specific
molecular functions altered in Cnr, nor, and rin fruit. First, we compared the ripening
mutants to the WT at each stage and obtained a total of 16,085 mutation-related DEGs
across all comparisons (Figure 2.2B). Like the PCA suggested (Figure 2.1A), Cnr MG
fruit presented the largest amount of mutation-related DEGs (5,482), while nor and rin
MG had considerably fewer DEGs when compared to the WT counterpart (580 and 269
DEGs, respectively). At the RR stage, large differences between each mutant and WT
were observed, with Cnr RR fruit displaying once again the largest differences in the
amount of mutation-related DEGs (10,582, Figure 2.2B). The large number of mutation-
related DEGs shown by Cnr fruit further supports our hypothesis that the Cnr mutation
more broadly affects fruit development and that nor and rin appear to be more ripening-
specific mutations.

We examined molecular functions based on KEGG annotations that were significantly
(Pagj < 0.05) enriched among the mutation-related DEGs for each Cnr, nor, and rin fruit
at MG and RR (Supplementary Figure 2.53). Large differences in enriched functions were
detected in the Cnr MG fruit, which mainly corresponded to alterations in carbohydrate
and amino acid metabolism, chlorophyll, and carotenoid biosynthesis, and interestingly
many processes related to DNA replication and repair. The lack of green color in Cnr MG
fruit could be explained by lower expression of photosynthesis and carbon fixation genes.
The nor MG and rin MG fruit showed few alterations compared to WT and were mainly
noted in amino acid metabolism and plant hormone signal transduction. In contrast, at
the RR stage, the three ripening mutants showed significant alterations across multiple
molecular pathways that range from primary and secondary metabolism to transcription,
translation, and signaling processes.

We proceeded to mine the mutation-related DEGs for key genes known to affect the
fruit traits evaluated in the ripening mutants: color, firmness, T'SS, and acidity. We se-

lected five carotenoid biosynthesis genes involved in fruit pigmentation, six genes encoding
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cell wall degrading enzymes (CWDEs) that promote fruit softening, four genes related to
sugar accumulation and transport that impact the fruit’s TSS, and one gene that regulates
the levels of citric acid then affecting the fruit’s acidity (Table 1). At the MG stage, we
observed that Cnr fruit showed significantly lower expression than W'T for several of these
key genes, consistent with our phenotypic data (Figure 2.1), including firmness related
enzymes and carotenoid biosynthesis genes. MG fruit from the three ripening mutants
showed significantly lower gene expression in an important invertase in fruit (SISUCR),
which may contribute to the lower levels of TSS observed in all the mutants (Table 2.1;
(Klann et al., 1993)). At the RR stage, most of the fruit trait-associated genes surveyed
in the ripening mutants had a significantly lower expression than W', in support of
the phenotypic data and reinforced by the numerous functional enrichments among the
mutation-related DEGs (Supplementary Figure 2.53). The critical carotenoid biosynthesis
gene that encodes PHYTOENE SYNTHASE 1 (PSY1) was significantly lower expressed
than WT in the mutant fruit across all stages, accounting for the lack of red pigmentation
at the RR stage. Also, downstream genes in the pathway encoding Lycopene (3-cyclases
(SILCY1 and SILCY?2) were highly expressed in the mutants at the RR stage, suggesting
that not only was less lycopene being produced but more was being metabolized. CWDEs
were negatively affected across all genotypes, with Cnr having the most mutation-related
DEGs in this category.

We were interested in examining if the Cnr, nor, and rin mutant fruit displayed altered
ripening progression or if they were completely inhibited or delayed in ripening events.
We performed another set of differential expression analyses comparing RR against MG
fruit for WT and each of the mutants to reveal ripening-related DEGs. As anticipated,
WT had the largest number of ripening-related DEGs (9,825), while nor showed almost no
change between the two ripening stages with only 89 DEGs detected (Figure 2.2C). Cnr
and rin had fewer ripening-related DEGs compared to W'T but still exhibited significant
changes during the transition between stages with 5,788 and 2,799 DEGs, respectively.
Although Cnr showed the most differences from WT in mutation-related DEGs (Fig-

ure 2.2B), it had the largest number of ripening-related DEGs (2,454) in common with
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WT fruit (Figure 2.2C). Cnr also displayed similar functional enrichments (P,q; < 0.05)
to WT among their respective ripening-related DEGs, including photosynthesis-related
pathways, carbohydrate, and amino acid metabolism, and plant hormone signal trans-
duction (Supplementary Figure 2.54). Compared to Cnr, rin shared a smaller number of
ripening-related DEGs (722) and functional enrichments with WT fruit (Figure 2.2C and
Supplementary Figure 2.54). The number of ripening-related DEGs shared between nor
and WT fruit was negligent, and no functional enrichments were detected in this set of
DEGs.

Similar to our previous analysis, we mined the ripening-related DEGs to determine the
patterns of expression of key genes involved in fruit quality traits (Table 2.1 ). We observed
that Cnr and WT showed similar gene expression of SIPSY1, SILCY1, POLYGALAC-
TURONASE 2A (SIPG2A), pectate lyase (SIPL), PECTIN METHYLESTERASE 1 (SI-
PMET1), and ACTINATE HYDRATASE (SIACO). Fruit from nor and rin did not have
similar ripening expression patterns to WT fruit for those genes, except for the SIPG2A
and SIPMFE1 in rin. Altogether, these data indicate that Cnr fruit undergo the most sim-
ilar ripening progression to WT' fruit, while nor and rin fruit have moderate to minimal

changes between the MG and RR stages.

2.5.4 Ripening Mutants Present Alterations in Hormone Net-

works

Alterations in transcriptional and hormone control likely cause the extensive gene ex-
pression differences that lead to the pleiotropic ripening defects in the mutants. Our
transcriptional data pointed out that both mutation-related and ripening-related DEGs
were significantly enriched (P,4 < 0.05) in functions related to hormone regulation (see
Supplementary Figures 3, 4 at https://www.frontiersin.org/articles/10.3389/f
pls.2021.647035/full). Thus, we decided to look closer at defects in hormone biosyn-
thesis and signaling in the mutant fruit, with a particular focus on ethylene and ABA as
they are known to promote tomato ripening (Kumar et al., 2014; Mou et al., 2016; Zhang
et al., 2009).

It has been reported multiple times that ethylene production is negatively affected in
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Table 2.1: Differential expression of key genes associated with tomato fruit traits in the

single ripening mutants Cnr, nor, and rin.

Mutation Comparison

(Log,FC mutant/WT

Ripening comparison

(Log>FC RR/MG)

Fruit trait Gene accession Gene name Cnr MG nor MG rin MG~ Cnr RR nor/WT RR rin RR WT  Cnr  nor rin
Solyc109080210  Polygalacturonase -3.39 -4.40 -3.58 -5.03 -11.38 -8.33 7.54  5.90 2.80
Solyc039111690  Pectate lyase -2.23 -4.14 -4.64 3.06 142

Firmness (CAZymes)
Solyc129008840  K-galactosidase 4 -1.97 -2.89 -1.87 1.71
Solyc079064170  Pectin methylesterase 1 -8.27 -8.66 -1.02 -1.21 -1.60 -2.41
Solyc079064180  Pectin methylesterase 2 -5.53 -7.65 -2.60 -1.38
Solyc01g008710  Mannan endo-1,4-f-mannosidase  -9.69 -9.11 -4.11 -7.63 -5.66 3.85
Solyc03¢g031860  Phytoene synthase 1 -2.41 -1.93 -1.81 -4.08 -3.97 -5.33 332 165 1.29

Color Solyc039123760  Phytoene desaturase -0.63 -0.70
Solyc01g097810  C-carotene desaturase -0.81 -1.45 -1.19 -1.02 0.96
Solyc049040190  Lycopene k-cyclase -0.76 2.15 1.94 -2.02 -1.19
Solyc109079480  Lycopene k-cyclase 4.07 4.15 4.48 -3.73
Solyc039083910  Sucrose accumulator -2.50 -2.33 -2.27 -3.88 -5.57 -5.85 2.52

Sugar
Solye11g017010  SISUT1 1.59 3.67 1.76
Solyc05¢g007190  SISUT2 1.48 1.08
Solyc049076960  SISUT4 0.93 2.27 0.86 2.01 -1.29 0.62

Acidity Solyc129005860  Aconitase -0.58 -1.71 -1.55 1.38  1.14

Two comparisons were performed: one to capture differences between mutant vs. wild tvpe

(WT) fruit at the mature green (MG) and red ripe (R) stages, and the other to detect

differences across ripening (RR vs. MG) in the WT and mutant fruit. Only significant fold

changes (Logs < .05) are shown.
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the Cnr, nor, and rin mutants (Giovannoni, 2007; Li et al., 2019a; Liu et al., 2015). We
confirmed that the three ripening mutants do not present the ethylene burst associated
with climacteric fruit ripening at any of the stages evaluated, MG, RR, and OR (Figure
2.3). However, in a one-way ANOVA and Tukey HSD test comparing all genotypes at the
MG stage we noted that Cnr fruit produced significantly (P = 0.0004) more ethylene at
the MG stage than WT MG fruit and the other mutants at the equivalent stages. We
validated these results with field-grown tomatoes across four field seasons. The results
from each season can be found in Supplementary Table 2 (see https://www.frontiersi
n.org/articles/10.3389/fpls.2021.647035/full). To give a sense if ethylene was
inhibited at an early step in biosynthesis in the mutants, we measured the accumulation
of the immediate ethylene precursor ACC at the MG and RR stages. ACC accumulates
typically at the RR stage in WT fruit, reflecting the increase in ethylene biosynthesis
and ethylene production. Surprisingly, ACC concentrations also increased in Cnr and rin
fruit during ripening, reaching values similar to WT fruit (Figure 2.3B); yet the fruit did
not produce normal ethylene levels. Moreover, the ACC accumulation in Cnr RR fruit
was the highest across all genotypes and ripening stages, significantly more than WT RR
fruit. These results suggest that the low levels of ethylene in Cnr and rin RR fruit may
be partially explained by inhibition of the final enzymatic step in ethylene biosynthesis.

We found ethylene biosynthesis significantly enriched (P,4< 0.05) among mutation-
related and ripening-related DEGs in several of the mutants (Figure 3A). At the MG stage,
nor and rin fruit had significantly lower expression of the primary ripening ACC synthases
(SIACS2 and SIACS4) and ACC oxidases (SIACO1 and SIACO/). At RR, this pattern
was maintained except for SIACO/, which was higher than WT for both mutants. SIACS2
was significantly down-regulated across all mutants and stages compared to WT. We
validated the expression patterns of SIACS2 by RT-qPCR experiment using independent
samples from WT and the mutant fruit obtained from another field season (Figure 2.3C).
We included fruit at the T and OR stages in the validation experiment to capture the
gene expression dynamics across fruit ripening and senescence.

In Cnr MG fruit, SIACS/ was significantly lower expressed than W', like the other

42



A. logss(1/P.) Mutation-related DEGs (mutantWT) Ripening-related DEGs
3 “’“ MG RR (RR/MG)
DOWN UP DOWN UP DOWN UP
ABA Biosynthesis-{ 31|11 22 1|5 8 8 8 4 3111 1
ABA Signaling/Response-{3 2 |9 8 12| 7 13|11 1111 414 4 2
Auxin Biosynthesis - 1 11 4 33 2(8 7 6 8|3 4131 1
Auxin Signaling/Response - 9 | 3 2 |17 1010|1624 17| [|19/22] [13|14/5 2|5
BR Biosynthesis o 1 | 1 3 |4 4/3]5/3/3 (2 1 113 4 4
BR Signaling/Response- 1| | |4 56 6[(7 35 15 5/ 13|52 2
Cytokinin Biosynthesis — 2 3/3 2 11
Cytokinin Signaling/Response - 701 3/3 7(8 43 45 2|5 4
Ethylene Biosynthesis-{ 1 3 3[4 135 5[5 5 4 15 3 4512
Ethylene Signaling/Response o 1 [6 18] 4 6 1416|153 3| |3 2 sl -
GA Biosynthesis - 4 5/5 4|5[1]2 3 1 116 3 1 1
GA Signaling/Response - 1 2 12 55 2| |43 3|2 12
JA Biosynthesis—-{ 3 1/ 1|4 7 18/ 9(13/10 9 96 411 6 3
JA Signaling/Response 1 6 11[1/3/3|7/5 5 55 3|3
SA Signaling/Response — 1 11 11|27 6[12 5 4 21 2|7 6 1
T T T 1T T 1 T T T 1771 T T T T T
CNIoY AN Gafpo! 1N onfpof i gafpof (N \Wignfpof it \Wignrpof rin
B wWT cnr nor rin E. WT Cnr nor rin
b b
z z ns =
© 300- o° 4 —
5 *\msooo b b 5 b
% o = 5 Zaoes [ @; 2=
Q <<
O _hs [a1] i
2 100 , B a a . a E < 1000 c c
_ é = = == 04 = =
C. F. OMGERR
—_ a C
-7 S a SINCED1
S £159 @ 5] 1
55 £
3 S g a4
S =10+ b [l
S G 20 3
o 9 . d qc_) <
5 5{cd %d @ wd &)
>'o cd Ci >
£ X s
w2 o-é -l Eédﬂ"' #g;i :]E; 1
o 1 1 I
COmMG CIRR M OR MG T RR OR
D (37dpa) (45dpa) (50dpa) (57dpa
S adewr SIACS2
A Cnr !
[ 3 e nor
%’_\ e rin
22
3
(o] 14
g b
£ 0 b b b —
6 T T T T
o MG T RR OR
(37dpa) (45dpa) (50dpa) (57dpa)

Figure 2.3: Caption presented on following page.
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Figure 2.3: (A) Functional enrichments in hormone functions among differentially ex-
pressed genes (DEGs;P,q4; < 0.05) in two comparisons: mutation-related DEGs obtained
when comparing each mutant to the wild type (WT) at the mature green (MG) and red
ripe (RR) stages, and ripening-related DEGs when the RR stage was compared against
MG for each genotype. Each comparison is separated into significant down- and up-
regulated DEGs. The heat map colors indicate the significance of the functional enrich-
ment using a logl0(1/P,4) scale. Numbers in each tile indicate the number of DEGs
within each category. Only significant (P,q; < 0.05) functional enrichments are shown.
Hormone measurements of the (B) ethylene precursor 1-aminocyclopropane-1-carboxylate
(ACC) (n = 4-6), (C) ethylene (n = 5-45), and (E) abscisic acid (ABA) (n = 4-6) for
WT, Cnr, nor, and rin fruit at the MG, RR, and/or overripe (OR) stages. Relative gene
expression by RT-qPCR of key hormone biosynthesis genes of (D) ethylene and (F) ABA
across (n = 6) across four ripening stages MG, turning (T), RR, and OR for each geno-
type. Error bars represent standard error between biological replicates of each sample.
Letters in (B-F) indicate significant differences among genotypes and ripening stages cal-
culated by ANOVA and Tukey HSD (P < 0.05). Asterisks in (B,C,E) denote significant
differences (*P < 0.05, **P < 0.01, ***P < 0.001) between two ripening stages within a

single genotype calculated by Student’s t-test.

mutants, but SIACS2 showed no significant difference. Interestingly, Cnr MG fruit had
higher gene expression of four ACC oxidases than WT MG fruit, including SIACO3, which
is involved in System 1 of ethylene biosynthesis. The increased ACC oxidase expression
in Cnr MG fruit could explain the high ethylene levels detected in these fruit (Figure
2.3B). At RR, four ACO genes had significantly higher expression than WT, except for
SIACO1 that showed no significant differences in RT-qPCR relative expression shown in
Supplementary Table 6 (see https://www.frontiersin.org/articles/10.3389/fpls.
2021.647035/full).

Ethylene signaling and response genes, including ETHYLENE INSENSITIVE 3 (EIN3)
and EIN3-BINDING F-BOX (EBF) homologs, were generally higher expressed in Cnr
than WT at MG and RR stages. Nor and rin displayed the opposite trend, with gener-
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ally lower expression than WT at both stages in these genes (see Supplementary Table
4 at https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full).
These patterns were also reflected in significant enrichments (P,q4 < 0.05) of ethylene sig-
naling and response genes at the RR stage (Figure 2.3). Interestingly, ethylene receptor
encoding genes (ETRs) were lower expressed across all genotypes and stages compared
to WT. In contrast, ethylene response TFs (ERFs) were generally higher expressed in all
genotypes at the RR stage.

We measured ABA levels present in the WT and mutant fruit at the MG and RR
stages. A decrease of ABA during ripening was found in W', consistent with previous
reports (Mou et al., 2016). This pattern was also present in Cnr fruit. However, in nor
fruit, ABA remained at the same level across both stages, and rin showed a significant
increase at the RR stage. ABA biosynthesis was significantly enriched among mutation-
related DEGs in nor and rin RR fruit, consistent with the high ABA levels observed
(Figure 2.3A). We looked at specific ABA biosynthesis genes enriched in nor and rin that
were also down-regulated in WT at the RR stage and found SINCED1, encoding the 9-
cis-epoxycarotenoid dioxygenase that catalyzes the rate-limiting step in ABA biosynthesis
(Ji et al., 2014). We validated the expression of SINCED1 with independent samples and
additional stages (T and OR) using RT-qPCR (Figure 2.3C). We also confirmed the
expression of an upstream biosynthesis gene, SIZEP, encoding a zeaxanthin epoxidase,
which was also significantly up-regulated in nor at the RR stage and in rin at the T stage
(see Supplementary Table 6 at https://www.frontiersin.org/articles/10.3389/f
pls.2021.647035/full). While Cnr accumulated ABA, signaling and response genes
were altered in at MG and RR fruit, including higher expression in ABRE-binding protein
(AREB)/ABRE binding factors (ABFs) at both stages compared to WT. Nor and rin
showed alterations in signaling and response at the RR stage, such as lower expression of
receptor protein (PYR/PYL) genes and higher expression of the PP2C phosphatase (see
Supplementary Table 4 at https://www.frontiersin.org/articles/10.3389/fpls.
2021.647035/full).

We observed changes in biosynthesis and signaling of other plant hormones impli-
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cated in fruit development, such as auxins, cytokinins, jasmonic acid, and brassinosteroids
(Figure 2.3A). Cnr MG fruit had alterations in all hormone pathways examined, further
supporting the differences present in Cnr phenotype before ripening begins. At the RR
stage, all mutants presented multiple defects in hormone metabolism compared to WT.
Ripening-related DEGs with hormone functions displayed a similar expression pattern in
WT and Cnr fruit, whereas nor and rin displayed low numbers of ripening-related DEGs

from these categories.

2.5.5 Ripening Mutations Influence the Expression Dynamics of
CNR, NOR, and RIN in Fruit

Another way in which the mutations in the CNR, RIN, and NOR may affect gene expres-
sion of ripening processes is through direct or indirect interactions with each other. We
performed RT-qPCR on fruit from the MG, T, RR, and OR stages in each genotype for
each of the genes encoding the ripening TFs (Figure 2.4). In WT, each TF follows a ripen-
ing pattern, peaking in expression at the T stage. Mutations in any of the three TFs led
to a decrease or delay in the expression of the other TFs compared to WT. For example,
RIN expression does not begin to show an increase until the OR stage for nor and Chnr.
A similar pattern was exhibited in CNR expression for nor and rin and NOR expression
in rin and Cnr. The Cnr fruit displayed the most dramatic decreases in expression across

the TFs, while the nor fruit showed the most delays.

2.5.6 Phenotypic Differences in Double Mutants Reveal Genetic
Relationships

The changes in gene expression of CNR, NOR, and RIN in the ripening mutants indicate
that the genes are interconnected during fruit development. In addition, Cnr consis-
tently showed earlier defects in fruit traits, gene expression, and hormone pathways. To
characterize the combined genetic effects of the mutations on tomato fruit, we generated
homozygous double mutants through reciprocal crosses of the single mutants. We then
phenotyped the double mutants for fruit traits and ethylene production (Figure 5). Be-

cause the reciprocal crosses produced fruit indistinguishable from each other, we report
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NOR

Relative Gene Expression (ACT)

Figure 2.4: Relative gene expression of the three transcription factors across ripening
in the wild type (WT), Cnr, nor, and rin genotypes measured by quantitative reverse
transcription (qRT)-PCR. The measurements were done with fruit (n = 6) collected at 37
days post anthesis (dpa), equivalent to the mature green stage (MG), 45 dpa, equivalent
to the turning stage (T), 50 dpa, equivalent to the red ripe stage (RR), and 57 dpa, equiv-
alent to the overripe (OR) stage. Error bars represent standard error between biological

replicates of each sample. Letters indicate significant differences among genotypes and

ripening stages calculated by ANOVA and Tukey HSD (P < 0.05).

them as only one double mutant (see Supplementary Table 7 and Supplementary Figure
5 at https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full).
Fruit of nor/rin double mutants were almost indistinguishable from both nor and rin
fruit in appearance and external color. Fruit resulting from any cross with Cnr as a
parent presented similar visual characteristics (Figure 5A). We also performed a PCA
of the color measurements to compare the double mutants to their parental lines at the
RR stage and confirmed this observation (Figure 2.5B and see Supplementary Table 7
at https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full).
Based on these observations and our earlier phenotypic and transcriptional data, we con-
firmed that the Cnr mutation affects early fruit development. In contrast, the nor and
rin mutations act during fruit ripening.

If defects in Cnr occur earlier in fruit development than those caused by nor or rin,

we expected the Cnr/rin and Cnr/nor double mutants to behave similarly to Cnr and
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Figure 2.5: (A) Homozygous double mutants pictured at the mature green (MG) and red
ripe (RR) stages. Fruit shown whole at left and in longitudinal sections at right. Images
were extracted and processed with the VideometerLab instrument. Bar represents 2 cm.
(B) Principal component analysis of fruit external color (n = 18-54). The center of gravity
is represented by a triangle with surrounding ellipses indicating 95% confidence interval.

Dashed ellipses indicate the values of the single mutant parents. (C) Texture analysis of

(caption continued on following page)
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Figure 2.5: (Continued from previous page) fruit firmness at MG and RR stages (n =
25-86). (D) Ethylene production of MG and RR fruit (n = 6-24). Letters indicate
significant differences among genotypes and stages (P le/ 0.05). Colored lines indicate

averages of the parents at each stage for comparison.

display similar phenotypes (Figures 2.5C,D). Cnr/rin fruit were significantly (P < 0.05)
less firm than either parent at the MG stage but performed most similarly to Cnr at the
RR stage. Cnr/nor fruit was not distinguishable from either parent in firmness at MG
but was firmer (P < 0.05) than Cnr RR fruit. Interestingly, Cnr/nor fruit exhibited
high ethylene production at the MG stage like the Cnr fruit. At the RR stage, Cnr/nor
showed a less pronounced decrease in ethylene production, resulting in higher hormone
levels than either parent. Although some phenotypic differences were detected, we verified
that Cnr/rin and Cnr/nor resembled the Cnr parent for most of the fruit traits measured.

If nor and rin act synergistically during ripening, the rin/nor double mutants would
have a more extreme phenotype than either on their own. At the MG stage, rin/nor
fruit firmness was statistically similar to rin (P <0.05; Figure 2.5C) but became an
intermediate phenotype at the RR stage. For ethylene, rin/nor fruit produced less than
either parent at both stages, although not significant, suggesting a combined effect of

both mutations.

2.5.7 Double Mutant Cnr/nor Shows Gene Expression Unique
From Both Parents

The strong effect of Cnr in the double mutant phenotypes led us to investigate if gene
expression in the fruit was altered in a similar way. We selected the Cnr/nor double
mutant to perform an RNAseq experiment of fruit at MG and RR stages and assessed the
overall transcriptional changes resulting from the two mutations combined. We conducted
a PCA of total mapped reads for MG and RR fruit of Cnr/nor and the single mutant
parents (Figure 2.6A). In this analysis, Cnr/nor expression appeared more similar to Cnr
than nor in PC1 (66% of variance), but PC2 (20% of variance) accounted for differences

between Cnr and Cnr/nor.
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We analyzed mutation-related DEGs (P,q4; < 0.05) in the Cnr/nor fruit by comparing
the gene expression patterns of the double mutant against WT at both MG and RR
stages. We then determine which of these mutation-related DEGs were also differentially
expressed between the single mutant parents and WT (Figure 2.6B). Similar to Cnr,
Cnr/nor fruit started with a high number of mutation-related DEGs (10,643) at the
MG stage, showing defects in development before the initiation of ripening. However,
Cnr/nor MG and RR fruit showed more mutation-related DEGs than either nor or Cnr
fruit, including 634 unique DEGs at the MG stage and 948 at the RR stage. These data
indicate that the Cnr/nor fruit present additional defects than Cnr fruit prior to ripening.

Interestingly, Cnr/nor and both its parents at the RR stage shared many mutation-
related DEGs (1,980) (Figure 2.6B). These shared mutation-related DEGs were sig-
nificantly (P,q; < 0.05) enriched in glycolysis, starch and sucrose metabolism, fruc-
tose and mannose metabolism, among others, suggesting that carbohydrate metabolism
is altered in all three genotypes (see Supplementary Table 4 at https://www.fron
tiersin.org/articles/10.3389/fpls.2021.647035/full). When we looked
again at the key genes associated with fruit traits, we observed greater defects in the
double mutant compared to the single mutant parents (see Supplementary Table 8 at
https://www.frontiersin.org/articles/10.3389/fpls.2021.647035/full).

We only identified 272 ripening-related DEGs (P,4; < 0.05) in Cnr/nor fruit, indicating
that the double mutant fruit changed very little between the MG and RR stages (see
Supplementary Table 4 at https://www.frontiersin.org/articles/10.3389/fpls.
2021.647035/full). This inhibition of ripening progression is similar to the ripening-
related DEG patterns exhibited by nor (Figure 2.2), highlighting a critical difference
between Cnr/nor and Cnr. Overall, the transcriptional data indicate that Cnr/nor have
stronger alterations in fruit development and more significant inhibition of fruit ripening

than the Cnr and nor fruit.
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Figure 2.6: (Continued from previous page) (A) Principal component analysis of total
mapped RNAseq reads for the double mutant Cnr/nor (C.n.), and the parents Cnr and
nor at the mature green (MG) and red ripe (RR) stages. (B) Total, unique, and intersect-
ing differentially expressed genes (DEGs) compared to wild type (WT) for each genotype
(mutant/WT) visualized using UpSetR. Dots connected by lines indicate common DEGs
between categories and single dots indicate unique DEGs, with the numbers of shared or

unique genes at the left.

2.6 Discussion

The spontaneous ripening mutants, Cnr, nor, and rin, are essential genetic tools to un-
tangle the complexity of climacteric fruit ripening (Chen et al., 2020) and to breed for
extended shelf-life or field harvest traits in tomato (Garg et al., 2008; Kitagawa et al.,
2005). However, thorough phenotyping of the fruit traits affected by these mutants using
plants grown under field conditions has been neglected. Here, we produced an extensive
quantitative study of fruit quality in the tomato ripening mutants and corroborated it
across multiple field seasons. We were able to carefully describe physiological and molec-
ular differences between the mutants by sampling large numbers of fruit and surveying

distinct stages through ripening in ways not feasible with greenhouse experiments.

2.6.1 Delay or Inhibition of Ripening Events Vary in nor and rin

We determined that some ripening events in the mutants nor and rin were not com-
pletely blocked but severely delayed. By examining the OR stage, we found that the
mutation in nor may strongly affect firmness and taste while pigment accumulation was
only delayed and slightly perturbed (Figure 2.1). These phenotypes were supported by
higher expression of carotenoid biosynthesis genes in nor RR than WT and an increase in
SIPSY1 between the MG and RR stages (Table 2.1 and Supplementary Figure 2.S3). The
accumulation of pigments in nor fruit, particularly at late stages in development, has gone
unnoticed in previous studies, but it partially resembles the CRISPR-NOR mutants (Gao
et al., 2019; Wang et al., 2019). In contrast, rin fruit showed strong inhibition of pigment

accumulation but less dramatic alterations to fruit taste-related traits, only delaying the
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accumulation of sugars and decrease in acidity (Figure 2.1). The lack of upregulation
of SIPSY1 in rin (Table 2.1) appears to contribute to the color defects, consistent with
evidence that RIN directly regulates this gene (Fujisawa et al., 2013). Both nor and rin
exhibited severe delays or inhibition of ripening-related gene expression changes. While
highly similar to WT at the MG stage, nor and rin fruit showed large deviations from
WT at the RR stage (Figure 2.2B). In fact, the gene expression profiles of nor and rin
RR fruit remained similar to those from WT MG fruit.

The physiological data generated in this study show nor and rin mutations have dif-
ferent impacts on fruit quality traits. Soluble solids and acid accumulation are negatively
impacted in both mutants, but more dramatically in nor fruit. In addition, previous
reports have demonstrated a similar pattern among volatile profiles of the mutants at
the red ripe stage, with rin again showing more similarity to WT in flavor related traits
(Kovécs et al., 2009). This suggests rin fruit are less likely to hinder flavor profiles than
nor fruit when breeding for fresh-market hybrid varieties with extended shelf-life. Al-
though nor showed lower quality flavor attributes, its coloration at overripe stages was
most similar to WT compared to rin; and thus, it can be useful in breeding hybrid va-
rieties when coloration is a critical fruit trait, such as in the case of processing tomato
varieties. Overall, this knowledge will provide valuable information on these tradeoffs of
using either loci for breeding programs.

Because the Cnr, nor, and rin mutants never acquire equivalent colorations to WT,
their ripening stages have been determined based on the fruit’s age expressed as days
after anthesis (dpa) or days after the breaker (BR) stage. Sometimes described as BR +
7 days, the RR stage has been the primary developmental time employed for studying the
ripening mutants. As we showed here, the OR stage could provide better comparisons
against WT RR fruit for mutants with delayed ripening phenotypes. We demonstrated
that in the nor fruit, the RIN and CNR genes only begin to increase in expression in a
way comparable to WT at the OR stage (Figure 2.4). This observation corresponds to
over a 10-day delay for some of the ripening processes to begin. The delayed ripening

events observed in the OR fruit have not been described before in the spontaneous nor
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mutant.

2.6.2 Chnr Is More Than a Ripening Mutant

Although the Cnr mutant has been assumed to have normal fruit development before
ripening (Lai et al., 2020), there have been indications that the Cnr mutant displays
defects that are not ripening-specific, such as earlier chlorophyll degradation and altered
expression of CWDE (Eriksson et al., 2004; Wang et al., 2020b). We showed that the Cnr
mutation causes substantial defects in fruit prior to ripening as seen through statistically
significant deviations in fruit size, color, firmness, and TA, ethylene production, and
gene expression at the MG stage (see Supplementary Table 2 at https://www.fronti
ersin.org/articles/10.3389/fpls.2021.647035/full and Figures 2.1, 2.2, 2.3).
Therefore we propose Cnr may be more accurately described as a developmental mutant
and not exclusively a ripening mutant. Further complementing these results, the Cnr
fruit displayed large transcriptional deviations from W that can be traced back as far
as 7 dpa (Figure 2.2 and Supplementary Figure 2.52). These early development defects
are likely a result of reduced CNR expression in the mutant, which is typically expressed
in locular tissue before fruit maturity (Giovannoni et al., 2017).

Our analysis of ripening-related gene expression in Cnr showed striking similarities to
WT in the number and functions of genes changing between stages. Moreover, 69.5% of
ripening-related DEGs in Cnr were shared with WT (Figure 2.2). These results further
support the hypothesis that Cnr is not exclusively a ripening mutant. Instead, Cnr fruit
undergoes gene expression changes consistent with WT “ripening.” However, the ripening-
related changes in gene expression that occur in Cnr are not enough to compensate for
the large defects accumulated in the fruit during growth and maturation. In a recent
report, a knockout mutation to the gene body of CNR yielded little visible effects on
fruit development and ripening (Gao et al., 2019), which suggests that the Cnr mutant
phenotype may result from more than just a reduced expression of the CNR gene as
previously reported (Manning et al., 2006). It has also been demonstrated that Cnr
fruit have genome-wide methylation changes that inhibit ripening-related gene expression

(Zhong et al., 2013). The developmental defects observed in Cnr are likely caused by these

o4



methylation changes, directly or indirectly caused by the Cnr mutation (Chen et al., 2018).
Thus, to better understand the Cnr mutation, more physiological data at earlier stages
of development needs to be analyzed and complemented with more in-depth functional
analysis of gene expression alterations at the corresponding stages. In addition, further
molecular and genetic studies need to be performed and compared against complete CNR

knockout mutants.

2.6.3 The Cnr Mutant Produces Ethylene Beyond Basal Levels

Previous reports have shown ethylene levels to be very low or even undetectable in the
ripening mutants (Giovannoni et al., 2017). Our data support that the mutants never
produce a burst in ethylene production, even at the OR stage where more ripening phe-
notypes are observed (Figure 2.3B). The orange-red pigmentation in nor OR fruit and
the similarities of OR fruit in texture and taste-related attributes to WT RR fruit occur
independently of an ethylene burst. These observations evidence that other regulatory
mechanisms exist to initiate ripening events outside of ethylene (Li et al., 2019b).

Unlike previous reports, our data consistently showed that Cnr presented increased
ethylene levels at the MG stage compared to WT (Wang et al., 2020b). Interestingly,
Cnr fruit produced more of the ethylene precursor ACC than WT at the RR stage.
Also, rin made equivalent levels to WT fruit. Ethylene biosynthesis is divided into two
programs: System 1 produces basal levels of the hormone during development, and System
2 generates the climacteric rise in ethylene during ripening (MCMURCHIE et al., 1972).
Each of these systems is catalyzed by a different set of ethylene biosynthetic enzymes (Liu
et al., 2015). It is clear that all mutants show defects to System 2 of ethylene biosynthesis,
but they also appear to have alterations specific to System 1. For example, we observed
that SIACOS, a System 1-specific ACC oxidase, was higher expressed in Cnr fruit than
WT (see Supplementary Table 6 at https://www.frontiersin.org/articles/10.3389
/fpls.2021.647035/full).
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2.6.4 ABA Biosynthesis and Accumulation Is Affected in nor and

rin

The role of ABA in climacteric ripening is not as well explored but has been reported
to be complementary to ethylene (Ji et al., 2014). Previous reports in WT fruit have
shown that ABA increases until the breaker stage, just before the ethylene burst (Mou
et al., 2016; Zhang et al., 2009). ABA has also been shown to induce ethylene production
and linked to the NOR transcription factor (Mou et al., 2018). We found that nor and
rin fruit did not show decreases in ABA concentration during ripening like WT did
(Figure 2.3). For nor, the constant levels of ABA between MG and RR stages are another
example of how fruit ripening events are delayed or inhibited. RIN and ABA have been
demonstrated to have an inverse relationship where RIN expression is repressed with the
induction of ABA (Diretto et al., 2020). The significant increase of ABA accumulation
in 7in during ripening suggests that ABA biosynthesis and metabolism are misregulated
in this mutant. 7in fruit appear to present a delayed peak in ABA levels compared to
WT fruit. Our results support the indirect interaction between the TFs and ABA during
ripening. More developmental stages, genetic manipulations, and exogenous hormone
treatments are needed to investigate further the trends of ABA accumulation seen in the
ripening mutants.

2.6.4.1 CNR, NOR, and RIN Act Interdependently

The interactions between the CNR, NOR, and RIN in ripening have been debated in the
literature (Chen et al., 2020). The TF RIN directly interacts with NOR and CNR, binding
to their respective promoters, and therefore has been proposed to be the most upstream
TF among the three regulators (Fujisawa et al., 2013). Here we provided evidence that
the three TFs display at least indirect effects on each other. We have argued that the
Cnr mutant shows a wide breadth of defects across fruit development before ripening
begins, and thus, we propose the Cnr mutation is acting before NOR or RIN. This
further supports the hypothesis made in Wang et al. that Cnr acts epistatically to nor
and rin (Wang et al., 2020b). The gene expression patterns of CNR, NOR, and RIN

across ripening stages were decreased or delayed in each of the single ripening mutants.

o6



The most substantial variation in gene expression was the downregulation of NOR and
RIN expression across all stages in the Cnr mutant (Figure 2.4).

We present for the first time double ripening mutants, homozygous for both loci, that
can be used to see the combined effects of each mutation on fruit development and quality
traits. We successfully generated the double mutants by establishing reliable and high
throughput genotyping protocols for each mutation and evaluating segregation of the
mutant phenotypes in field trials across multiple growing seasons. We obtained double
mutants from both reciprocal crosses but saw no fruit phenotypic differences between
them, suggesting that the ripening mutations are not influenced by maternal or paternal
effects (see Supplementary Table 7 at https://www.frontiersin.org/articles/10.
3389/fpls.2021.647035/full). Because the nor and rin mutants look so similar, it
was hard to visually determine the individual effects of each mutation on the appearance
of rin/nor fruit. However, when specific fruit traits were measured, we could detect
additive or intermediate fruit phenotypes in this double mutant, supporting the proposed
relationship in Wang et al. ((Wang et al., 2020b); Figure 2.5). Thus, nor and rin appear
to influence similar fruit traits and act in coordination.

The Cnr mutation had a significant effect on the Cnr/nor and Cnr/rin mutants re-
sulting in fruit with similar appearance and ethylene production to the Cnr fruit (Figure
2.5). When analyzing the gene expression profiles of the Cnr/nor fruit, we also observed
multiple similarities to the Cnr parent, but also several deviations (Figure 2.6). Sur-
prisingly, Cnr/nor was also reminiscent of nor, as it displayed few ripening-related gene
expression changes, suggesting the inhibition or delay of specific ripening events in nor
carried over to the double mutant. Here, we proposed that the Cnr mutation causes de-
fects throughout fruit development while the nor mutation causes defects predominantly
in ripening. However, the Cnr/nor double mutant showed additional phenotypic and
transcriptional defects before ripening than both mutant parents (Figure 2.6). These ob-
servations indicate that in combination with Cnr, nor may contribute to alterations in

early fruit development and the inhibition of ripening progression.
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2.7 Conclusion

Our study contributes new information about the spontaneous tomato ripening mutants,
which have been employed to study fruit ripening for at least the past two decades.
Also, given the importance of both mor and rin for tomato breeding, the fruit trait
data generated in this study could be applied to improve quality in tomato hybrids or
at least identify tradeoffs between fruit traits. Ultimately, our results extend knowledge
of underlying genetic and molecular factors affecting fruit ripening and quality while

providing insights into fruit physiological changes through ripening and senescence.
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2.8 Supplemental Material

PC2: 15.6% Variance
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Figure 2.S1: External color of single ripening mutant fruit at the mature green (MQG)

stage. Principal component analysis of the external color of wild type (WT), Cur, rin,

and nor fruit measured on the L*a*b* color scale. The center of gravity is represented by

a triangle with surrounding ellipses indicating 95% confidence interval.
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Figure 2.52: Principal component analysis (PCA) of normalized RNAseq reads for Cnr,

nor, and rin wild type fruit at immature and mature green (MG) stages. The RNAseq

data of the single mutants at 7 days post anthesis (dpa), 17, 27, and 37 dpa (MG) were

obtained from Lii et al. (2018) and reanalyzed using our bioinformatics pipeline (Lii et al.,

2018).
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Figure 2.S3: Caption presented on following page.

68



Figure 2.S3: (Continued from previous page.) Functional enrichments in Kyoto Ency-
clopedia of Genes and Genomes (KEGG) functions among differentially expressed genes
(DEGs; P, < 0.05). Mutation-related DEGs were obtained by comparing each mu-
tant to the wild type (WT) at the mature green (MG) and red ripe (RR) stages. Each
comparison is separated into significant down- and up-regulated DEGs. The heat map
colors indicate the significance of the functional enrichment using a logl0 (1/P,4;) scale.
Numbers in each tile indicate the number of DEGs within each category. Only significant

(Pa4;< 0.05) functional enrichments are shown.
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Figure 2.54: Caption presented on following page. (Caption continued on following page.)
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Figure 2.54: (Continued from previous page.) Functional enrichments in Kyoto Ency-
clopedia of Genes and Genomes (KEGG) functions among differentially expressed genes
(DEGs; P, < 0.05). Ripening-related DEGs were obtained by comparing the RR stage
against MG for each genotype. Each comparison is separated into significant down- and
up-regulated DEGs. The heat map colors indicate the significance of the functional en-
richment using a logl0 (1/P,g4) scale. Numbers in each tile indicate the number of DEGs
within each category. Only significant (P,4< 0.05) functional enrichments are shown.
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Figure 2.S5: Caption presented on following page.
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Figure 2.S5: (Cont. from previous page) Representative fruit from the reciprocal crosses
of the double mutants. The maternal genotype is listed first for each double mutant. Fruit
are pictured at the mature green (MG) and red ripe (RR) stages. Fruit shown whole at
left and in longitudinal sections at right. Images were extracted and processed with the

VideometerLab instrument. Bar represents 1.5 cm.
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Chapter 3

Defining pistachio fruit ripening and its impacts on

quality

3.1 Abstract

Pistachio (Pistacia vera) is an important global nut crop that continues to increase in
popularity due to its nutritional benefits to consumers and tolerance to environmental
stress. Pistachios are among a few crop species for which the fruit and seed develop
asynchronously, providing a unique opportunity to investigate molecular processes be-
hind fruit ripening and seed maturation. We hypothesized that significant transcriptional
reprogramming occurs during fruit ripening and seed maturation, resulting in the gain or
establishment of fruit quality traits. Here we produced an extensive quantitative study of
pistachio development combining multiple approaches: physiology, biochemistry, and ge-
nomics. To facilitate our study, we first generated the most complete genome assembly of
pistachio to date, corresponding to a 561.79 Mb genome of Pistacia vera cv. Kerman with
38,395 genes. Using Omni-C technology combined with manual curation, 96.89% of the
primary contig assembly was assigned to 15 chromosomes together with an 98.6% BUSCO
assessment score suggests the completeness of Kerman genome. We then measured phys-
iological changes in the hull, shell, and kernel tissue throughout multiple growing seasons
and locations to redefine previous developmental stages into four distinct periods. We
found the seed (kernel) growth was initiated in Stage III only after fruit (shell and hull)
tissues have reached their peak of growth in Stages I-II and created a new stage (Stage

IV) representing fruit ripening. To further characterize the stages, we utilized the new
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genomic resources and integrated substantial transcriptomic data extending across 15
weeks of development and three fruit tissues (hull, shell, kernel) to identify networks of
coexpressed genes associated with each stage. Later, we focused on defining the molecular
changes occuring at the onset and during Stage IV in each tissue that explain fruit traits,
such as hull softening and kernel fat accumulation. We discovered that hull softening is
likely driven by pectin-degrading enzymes, specifically one pectate lyase (PL) gene highly
expressed in the hull. High gene expression of a fatty acid desaturate (FAD2) enzyme
that synthesizes linoleic acid explains the increased accumulation of this monounsatu-
rated fatty acid in the kernel. Overall, our study provides an unparalleled analysis of
pistachio fruit development and genetics and establishes a basis for further developmental

and genomic research in pistachio and other fruit crops.

3.2 Introduction

Pistachio (Pistacia vera, 2n=30) world production has more than doubled over the past
two decades, with over 1 million metric tons of pistachio fruits produced in 2021 (FAO;
https://www.fao.org/faostat/en/#search/pistachio). The United States produced
47% of the world’s pistachios in 2021, with California comprising 99% of the national
total (CDFA 2022; https://www.cdfa.ca.gov/Statistics/ ; Figure 3.1A-C). The
nutritional and pharmacological attributes of pistachio contribute to its growing popular-
ity. Pistachios provide numerous health benefits to humans including decreased risk of
coronary heart disease and can aid in weight loss (Mandalari et al., 2022). In addition to
its economic and nutritional importance, pistachio is highly adaptive to stress and grows
well in arid climates, making it a sustainable option for fruit production with continued
climate changes (Moazzzam Jazi et al., 2017). Pistachio belongs to the Anacariaceae fam-
ily, which includes mango, cashew, and sumac from other genera. Among the 11 species
in the Pistacia genus, P. vera is the only edible and commercially used species. The
Kerman cultivar has been considered the industry standard in the United States with the
highest proportion of acreage in California (Kallsen et al., 2020).

Pistachio fruits are dehiscent drupes composed of three main tissues: a leathery exo-
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mesocarp (hull), a stony endocarp (shell), which encloses a seed (kernel) (Figure 1A-B).
Three stages of fruit growth have been previously proposed (Goldhamer and Beede, 2004).
Cell division and expansion (Stage: Fruit growth) of the hull and shell was reported to
occur rapidly from April to late-May. As soon as the fruits reach the final size, fruit
growth appeared to be reduced from late-May to early-July and lignin accumulates in the
shell (Stage: Shell hardening). The remaining part of the season (from July forward) was
believed to be dominated by the growth of the kernel (Stage: Embryo growth). While this
understanding of pistachio growth has guided research and production in the past, it was
defined using a few parameters, like fruit and embryo size. Thus, to date, a comprehensive
analysis of the dynamics of the pistachio fruit and embryo development is lacking.

The coordinated development of pistachio fruit tissues (shell, hull, and kernel) is re-
quired for high-quality, marketable fruits. Quality attributes include a soft detachable
hull without signs of deterioration, hard and split shells, and a flavorful kernel free from
damage. Pistachio fruit physiological and compositional studies have described aspects of
pistachio quality with particular emphasis on mature fruits at or near the time of harvest
(Mandalari et al., 2022; Zarei et al., 2014). Like many fruit, color changes in the hull
can serve as an index of harvest, changing from green-yellow to shades of pink at the
end of the growing season (Ferguson et al., 2005). Pistachio shell quality relies upon the
endocarp hardening and splitting before harvest, as well as being free from stains caused
by the deteriorating hull. Pistachio kernels are naturally rich in antioxidants, vitamins,
and unsaturated fatty acids essential for the human diet (Mandalari et al., 2022). Both
mono- and poly-unsaturated fatty acids accumulate in the kernel (Polari et al., 2019) and
are important for the human diet, as polyunsaturated fats cannot be synthesized by the
body. To date, there is no knowledge of the genetic basis of these quality traits in the
fruit and how these compounds are accumulated in the kernel.

While the pistachio industry has grown exponentially over the past 50 years in the US,
there is a limited body of research in fruit development and the mechanisms behind key
quality traits to inform breeding, production and management. Here, we present a study

integrating physiological, genomic, transcriptomic, and biochemical data to define pista-
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chio fruit development and identify biological processes that contribute to fruit quality,
such as hull softening, shell hardening, and kernel fatty acid composition. A high-quality
genome and annotation were fundamental for analyses in this study; however, while im-
provements have been made over the past three years the existing genome is incomplete
spanning . We, therefore, assembled a reference-quality chromosome-scale genome for
P. vera cv. Kerman using PacBio HiFi long reads and chromatin interaction informa-
tion with Dovetail Genomics Omni-C data. We integrated Isoform sequencing data from
multiple tissue types (leaf, fruit, bud, flower) and RNA sequencing data from two fruit
tissues (hull and shell) across multiple time points to obtain the most complete genome
annotation for pistachio to date. We assessed physiological and metabolic changes in the
hull, shell, and kernel tissues with a comprehensive 24-week study encompassing the en-
tire growing season and generated gene expression data for hull, shell, and kernel tissues
for 15 of those weeks. The datasets produced allowed us to construct networks of coex-
pressed genes for each developmental stage and connect genes and molecular pathways
to specific fruit traits. Overall, our study provides the first understanding of genetic net-
works governing pistachio fruit development and defines the processes occurring during

fruit ripening that determine fruit quality traits.

3.3 DMaterials and Methods

3.3.1 Sample collection and preparation for genome sequencing

High molecular weight genomic DNA was extracted from young leaves of ‘Kerman’ tree us-
ing Circulomics Nanobind Plant nuclei kit (http://circulomics.com). The library con-
struction and PacBio Hifi sequencing were completed on a Sequel II system at Gentyane
facilities in the French National Institute of Agronomy (INRAE). For Omni-C data, young
leaf tissue samples were collected, directly snap-frozen in liquid nitrogen, stored at -80°C,
and sent to Dovetail genomics for the Omni-C library construction and sequencing.

For Iso-seq sequencing, samples of fruits, leaves, inflorescences, and dormant and de-
veloping buds were collected and immediately stored in liquid nitrogen. 100 mg of material

for each sample was pulverized with a pestle and mortar in liquid nitrogen. Total RNA
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was extracted by using the Spectrum Plant Total RNA (Sigma) Kit, according to the
protocol recommended for "difficult" species. The quantity and purity of the total RNA
were checked with the Nanodrop (ND1000 Thermo Fisher Scientific). Iso-seq sequencing
was performed using RNA samples with 400 ng/ul at Gentyane facilities in INRAE.

3.3.2 Genome size estimation

The genome size, heterozygosity, and repeat content were estimated based on k-mer
frequency analysis with PacBio HiFi reads. We used Jellyfish v2.2.10 (Margais and
Kingsford, 2011) to count 21-mers with the maximum k-mer depth of 1e6, which takes
repetitive regions into account. The resulting histogram from Jellyfish was subjected to
Genomescope v1 web to estimate genome size, levels of heterozygosity, and repeat content

(Vurture et al., 2017) .

3.3.3 Genome assembly and chromosome construction

A de novo assembly of PacBio HiFi reads into contigs was performed using Hifiasm v0.16.0
with default parameters (Cheng et al., 2021). We then manually filtered out organelle
(plastid and mitochondrial) origin contigs from the primary contig assembly using Kerman
plastid and mitochondrial sequences in Geneious Prime (https://www.geneious.com).
The high-coverage Omni-C data was first quality-checked with FastQC toolkit and aligned
to filtered primary contig assembly using Juicer v1.6 (Andrews and Others, 2010; Durand
et al., 2016). These aligned read pairs were utilized to scaffold the assembly into 15
chromosomes based on the Omni-C chromatin interaction data with 3D-DNA and manual
correction on Juicebox (Dudchenko et al., 2017; Robinson et al., 2018). We scaffolded
filtered primary contig assembly again with 3D-DNA scaffolds as a reference using RagTag
v2.1.0 followed by manual correction by comparing both RagTag and 3D-DNA scaffolds
(Alonge et al., 2022). The completeness of assemblies, scaffolds, and 15 chromosomes was
assessed using BUSCO (Benchmarking Universal Single-Copy Orthologs) v5.4.4 with the
embryophyta-db10 database (Simao et al., 2015).
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3.3.4 Genome annotation

Annotation of transposable elements (TE) was accomplished with primary contig assembly
using Extensive de-novo TE Annotator (EDTA) v2.1.0, which generates a non-redundant
TE library and TEs classified into the superfamily level (Ou et al., 2019). We then filtered
out any sequences from the non-redundant TE library overlapping with the filtered plant
protein database using protExcluder v1.2 (https://www.canr.msu.edu/hrt/uploads/5
35/78637/ProtExcluderl.2.tar.gz) to hinder exclusion of genes in the gene prediction
analysis. Output from protExcluder was employed to re-annotate TEs in the primary
contig assembly using EDTA. The assembly was softmasked for further gene prediction
analysis.

To annotate genes, softmasked ‘Kerman’ assembly, RNA sequencing (RNA-seq) and
Isoform sequencing (Iso-seq) data were used. We first assembled PacBio Iso-seq data from
five different tissues using the IsoSeq3 pipeline (Pacific Biosciences), which involved the
following steps: i) demultiplexing and primer removal using lima v2.0.0, ii) removing of
poly(A) tails and concatemers, iii) clustering isoforms, and iv) mapping to the assembly
using pbmm?2 v1.9.0 and collapsing isoforms. The quality of RNA-seq data from pistachio
fruit (hull and shell) was assessed using FastQC v0.11.9 (Andrews and Others, 2010).
Raw RNA-seq reads were filtered using Trimmomatic v0.39 and clean reads were mapped
to the assembly using Hisat2 v2.2.1 (Bolger et al., 2014; Kim et al., 2019). We then
assembled both aligned RNA- and Iso-seq reads into transcripts using StringTie v2.2.1
(Pertea et al., 2015). Before ab initio gene prediction, the Iso-seq data and softmasked
assembly served as a training set for Braker2 v2.1.2 (Br° una et al., 2021). The ab initio
prediction was carried out using Augustus v3.1.0 with training files, softmasked assembly,
and exon hints from Iso-seq data(Keller et al., 2011). All data including assembled RNA-
and Iso-seq data and Augustus output gene models were combined to find gene models us-
ing EvidenceModeler (EVM) v2.0.0 with different weights for each input data (7, 4, and
1 for Iso-, RNA-seq transcripts, and Augustus gene models, respectively) (Haas et al.,
2008). Finally, 5" and 3" UTR regions and different isoforms were updated from EVM
gene models using PASApipeline v2.5.2 (Haas et al., 2008). The final gene annotation on
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primary contig assembly was lifted over to 15 chromosomes using liftoff v1.6.3 (Shumate
and Salzberg, 2020). We assess the quality of the final gene models using BUSCO (em-
bryophyta db10 set) with protein sequences extracted by using GffRead v0.12.7 in GFF
Utilities (Pertea and Pertea, 2020; Siméao et al., 2015). We used the RIdeogram R package
to plot gene and TE density on the 15 chromosomes in the ‘Kerman’ genome (Hao et al.,

2020).

3.3.5 Genome synteny analysis

To conduct a comparative analysis, we first downloaded the complete genome and anno-
tation of Mangifera indica (mango) in the same family, Anacardiaceae, and Citrus sinensis
(sweet orange) in the same order, Sapindales (Wang et al., 2020; Wu et al., 2014). Synteny
of the chromosome-level genome of ‘Kerman’ was compared with that of Mango and Sweet
Orange using GENESPACE v0.9.4 , which takes orthology information into account using
OrthoFinder v2.5.4 (Emms and Kelly, 2019; Lovell et al., 2022). The manual reformation

of gene annotation and protein files was needed for GENESPACE input.

3.3.6 Sample collection for physiological data and RNAseq ex-

periments

Pistachio physiological data collected across three field seasons (2019, 2020, 2021) were
collected for evaluation from an experimental pistachio orchard (cv. Kerman grafted
onto UCBI rootstock) with 30 year old trees at the Kearney Agricultural Research and
Extension Center in 2019. The results were validated in a commercial orchard with 10
years old trees of the same cultivar in Woodland, CA (Yolo County) in 2020 and again
in 2021 in a separate commercial orchard with trees 10 years old located in Three Rocks,
CA (Fresno County) (Supplementary Data—Models). In each orchard the Kerman female
was cross pollinated by the Peters variety male trees. In each study, trees were randomly
selected across the orchard and were continuously sampled throughout the season. Four
whole rachis clusters yielding about 50 fruits of uniform maturity were collected per tree at
each sampling. Environmental temperature was recorded with the use of the HOBOware

instrument placed in the orchards at three separate locations. Accumulated heat units are
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expressed as growing degree days (GDD) and were calculated with the following equations

to normalize development based on accumulation of temperature to the system (Zhang

et al., 2021):

Tavg = ((T'max + Tmin)/2)
GDD =% (Tavg —Tb) — 7

In 2019, samplings were conducted weekly after fruit set on April 25th (120 GDD) continu-
ing through October 14th (2760 GDD), corresponding to two weeks after harvest maturity
(70% shell split). In 2020 samplings occurred weekly from April 19th (24 GDD) through
September 10th (2452 GDD, commercial harvest), and in 2021 samplings occurred weekly
from July 15 (1531 GDD) to September 22nd (2828 GDD, commercial harvest).

3.3.7 Physiological measurements

To assess fruit area and color, fruits were imaged longitudinally using a VideometerLab 3
(Videometer, Denmark) facilitated by Aginnovation LLC. VideometerLab 3 software was
utilized for image analysis in both 2019 and 2020. Color measurements were taken on the
L*a*b* color scale as an average across the entire fruit area. For both color and area,
10-30 fruits per tree (n=12) were sampled weekly for 25 weeks. Growth was determined
through fresh weight and dry weight measurements of the whole fruit and the kernels.
Fresh weight was taken the day of harvest of 10 fruits per tree (n=12) and the average
per fruit weight was calculated. Fruits were cut open and separated into kernels and the
remaining tissues (hull and shell). Fruits were put in a drying oven at 80°C for 2 days until
all moisture was evaporated and measured. The average per whole fruit and per kernel
weights per cluster (n= 7-12 per sampling) were calculated from the total weight and
total number of fruits. Shell split was measured as the incidence of fruits with any degree
of separation between sides and taken as a proportion of the total fruits. Destructive
texture measurements were obtained with the use of a TA.XT?2i Texture Analyzer (Texture
Technologies, United States) using a TA52 2mm probe with a trigger force of 5 g and test
speed of 2.00 mm /sec with Exponent software (Texture Technologies Corporation, United

States). The probe punctured through the hull, shell and kernel tissues and peaks of each
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tissue were distinguished and recorded by the software. Measurements were reported as
kilograms (kg) of force. 20 to 60 fruits were assessed for each sampling for 25 weeks.
Fat content was obtained from oven-dried kernels, as described in (Polari et al., 2020).
Briefly, dried pistachio kernels (5.0 £0.1 g) were ground in a coffee grinder (JavaPresse
Coffee Company, WY), weighed into a cellulose extraction thimble, placed in the Soxhlet
extractor, and extracted using n- hexane for 6 h. The solvent was distilled and residual
solvent eliminated in an oven at 105 °C for 3 h. Fat content was expressed as grams of fat

per 100 grams.

3.3.8 Statistical analysis of physiological parameters

Physiological parameters including kernel and fruit dry weights (g), kernel and fruit areas
(mm?), fruit colors (L*, a*, b*), and kernel, shell, and fruit textures were modeled against
heat accumulation (measured in growing degree days, °C). Various Box-Cox transforma-
tions (i.e. square, square root, and logarithm transformation, etc.) on traits data using
MASS package (Ripley, B., Venables, B., Bates, D. M., ca 1998, K. H., 2021) in R, were
made before modeling to ensure an approximate normal distribution of traits and roughly
equal variance of the error terms. Outliers were removed prior to model fitting for trait
nut area. Initial model fitting started with a linear model of polynomial 3 of heat accu-
mulation, and stepAIC function (from MASS package) was used in R with criterion BIC
(Claeskens and Hjort, 2008). The upper and lower bounds of the model were polynomial
7 and 1, respectively. We chose the model with the lowest possible BIC value. The final
model selection results were capped at polynomial 3 to avoid model complexity, overfit-
ting, and difficulty for interpretation. As a result, linear models and linear mixed models
were fitted for each trait with a polynomial of 2 or 3 as a function of heat accumulation,
using lme4 and ImerTest packages in R (Bates et al., 2015; Kuznetsova et al., 2017). Ran-
dom intercepts were added in linear mixed models. Random effects included cluster, tree,

and year depending on the models (Supplemental Table: Models).
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3.3.9 RNA extraction of fruit tissues

Fruit tissues from 15 of the 24 weeks assessed for physiological data were separated into
the hull, shell and kernel and were each flash frozen on the day of sampling. Four replicates
composed of 12 fruits from three separate trees, which were from the same fruits used for
physiological measurements, were frozez. Frozen tissues were ground into a fine powder
with the Retsch Mixer Mill MM 400 (Verder Scientific, Netherlands). RNA extractions
were performed on samplings from 865-2564 GDD for hull tissues, 865-2139 GDD for
shell tissues, and 1106-2564 GDD for kernel tissues. One gram of ground tissue was used
for RNA extraction as described in (Blanco-Ulate et al., 2013). RNA concentrations were
quantified with Nanodrop One Spectrophotometer (Thermo Scientific, United States) and
Qubit 3 (Invitrogen, United States). RNA integrity was then assessed on an agarose gel.

3.3.10 cDNA library preparation, RN A sequencing, and sequenc-
ing data processing

cDNA libraries were prepared with Illumina TruSeq RNA Sample Preparation Kit v.2
(Ilumina, United States) from the extracted RNA. The quality of the barcoded cDNA
libraries was assessed with the High Sensitivity DNA Analysis Kit in the Agilent 2100
Bioanalyzer (Agilent Technologies, United States) and then sequenced (50 bp single-end
reads) on the Illumina HiSeq 4000 platform by the DNA Technologies Core at UC Davis
Genome Center.

Raw reads were trimmed for quality and adapter sequences using Trimmomatic v0.39
(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, window size = 4, required quality = 15, and min-
imum length = 36. Trimmed reads were then mapped using Bowtie2 (Langmead and
Salzberg, 2012) to the pistachio transcriptome assembly. Count matrices were made from
the Bowtie2 results using sam2counts.py v0.913. A summary of all read mapping results

can be found in Supplementray Table 1.
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3.3.11 Functional annotation and enrichments

To annotate transcripts with GO terms and Pfam, the best blast hit from the NR database
was imported to OmicsBox software (BioBam, v 2.2.4). Likewise, the predicted pro-
tein sequences were searched against Pfam, ProDom, ProSiteProfiles by InterProScan in
OmicsBox to retrieve conserved domains/motifs and corresponding GO terms. The Kyoto
Encyclopedia of Genes and Genome (KEGG) orthology (KO) and pathways were identi-
fied using the Automatic Annotation Server (KAAS; http://www.genome.jp/kegg/kaas/)
with bi-directional best hit (BBH) and BLAST as search program against closely related
organisms, mallow, rose, mustard, and papaya. The carbohydrate active enzyme (CAZy)
was annotated using trinotate software (v 3.2.2) hmmscan function by searching the pro-
teome against the Carbohydrate Active Enzymes database (http://www.cazy.org/) with
default settings (Drula et al., 2022). The plant Transcription factor Protein Kinase Iden-
tifier and Classifier (iTAK) online tool (http://itak.feilab.net/cgi-bin/itak/on
line\_itak.cgi) was used to identify transcription factor families with default settings
(website, ref). Enrichment analysis for all functional annotations was performed using a
Fisher test. The P-values obtained from the Fisher test were adjusted with the Benjamini

and Hochberg method (Benjamini and Hochberg, 1995).

3.3.12 Coexpression Analysis

Count matrices were normalized with the variance stabilizing transformation function
from the DESeq2 package in R. The normalized reads were then used for weighted gene
co-expression networking analysis by WGCNA package in R (Langfelder and Horvath,
2008). The WGCNA was conducted for each tissue separately. Transcripts were checked
by the goodSamplesGenes function, and transcripts that had no expression across all time
points were removed. The dendrogram plots were made to identify and remove sample
outliers. The network construction was done step by step. The soft thresholding power
was selected to obtain the approximate scale-free topology, and adjacency was calculated
with power equals selected soft power and type is signed type. TOM was calculated with
signed type. The initial module eigengenes were detected by default hierarchical clustering

function with default parameters other than the appropriate minModuleSize selected for
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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 that
are significantly associated with measured physiological traits by calculating correlations
using Pearson’s product-moment correlation coefficient. The intramodular connectivity
was assessed using the edge file output based on TOM. Each transcript connectivity was
calculated by how many toNode each fromNode connects, and transcripts that had the
top 5% highest number of connections in each module were identified as having high

connectivity.

3.3.13 Volatile measurements

Volatile profile determination methodology as described in (Polari et al., 2020). Briefly,
fresh pistachio kernels were ground to a paste in a mortar, and a sample (1.5 + 0.1 g) was
spiked with dodecane (2.5 mg/kg fruitmeat). Deionized water (3 mL) was added, and the
vial was sealed with a PTFE/silicon septum (Supelco, United States). After 15 min at
50 °C, a solid-phase microextraction (SPME) fiber (DVB/CAR/PDMS, Sigma-Aldrich,
United States) was exposed to the sample headspace for 45 min for volatile extraction. The
volatile compounds analysis was performed with a Varian 450-GC equipped with a Varian
220-MS ion trap (Agilent Technologies, United States). A DB-5MS capillary column (30
m - 0.25 mm - 0.25 mm, Agilent Technologies, United States) was used for compound
separations. After sampling, the fiber was thermally desorbed in the GC injector for 5
min at 260 °C. Helium was the carrier gas at a flow rate ofl mL/min. Oven temperature
started at 40 °C during the 5-min desorption process and was ramped at 3.5 °C/min to
120 °C, then ramped at 10 °C/min to 220 °C and held for 10 min. lonization energy of 70
eV was adopted, and the ions were analyzed in the m/z range from 40 to 400. The data
were recorded and analyzed using MS Workstation v. 6.9.3 (Agilent Technologies, United
States) software. Volatile compounds were identified by their mass spectra and Kovats
retention index (KI). Results were expressed as nanograms of dodecane per kilogram of

sample.
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3.3.14 Fatty acid profiles

Fatty acid profile was determined according to (Polari et al., 2020), as described. Briefly,
the sample (0.010 £+ 0.001 g) was weighed and dissolved in toluene (0.4 mL). Methanol
(3 mL) and methanol/HCI (0.6 mL, 80:20, v/v) were added. The vial was heated at 80
°C for 1 h. Hexane (1.5 mL) and deionized water (1 mL) were added. Anhydrous sodium
sulfate (0.5 g) was added to the decanted upper hexane layer containing the methyl esters.
GC analysis was conducted on a Varian 450-GC (Agilent Technologies, Santa Clara, CA)
equipped with a flame ionization detector (FID). Helium was the carrier gas at a flow
rate of 1.5 mL/min. Fatty acid methyl esters (1 ml) were injected onto a DB-23 capillary
column (60 m - 0.25 mm - 0.25 mm (Agilent Technologies, United States). A mix of FAME
standard was used as references for peak identification by retention times; relative fatty
acid proportions were determined by peak area normalization. Results were expressed as

normalized area percentage.

3.4 Results

3.4.1 A complete pistachio genome assembly as a valuable re-

source for fruit development research

Due to limitations in the previous assembly of the P.vera, we assembled the first reference
genome for P. vera c.v Kerman to facilitate analyses of fruit development and identify
biochemical pathways associated with fruit quality. The Pistacia vera cv. Keman genome
sequencing yielded a total of 25.18 Gb PacBio HiFi reads, which is roughly 42X coverage
of the previously estimated genome size of 600 Mb ((Ziya Motalebipour et al., 2016),
(Table3.1). The mean length of the PacBio HiFi reads was 16,305.5 bp. The initial
genome survey using the k-mer analysis (k = 21) with PacBio HiFi reads estimated the
Kerman genome size of 521 Mb with moderate heterozygosity (0.755%) and repetitiveness
(54.1 %) (Figure 3.1D). After filtration of organelle-origin contigs from the primary contig
assembly, the number of contigs was reduced to 102 with a size of 579.8 Mb with high
contiguity (Table 3.1). The scaffold assembly was obtained and 15 pseudochromosomes

were constructed using Juicer, 3D-DNA, and JuiceBox pipeline with high-coverage Omni-
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compared to the world. D) Estimation of genome size, heterozygosity, and repetitiveness
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better visualization of all other regions. F) Synteny analysis of ‘Kerman’ chromosomes

compared to Mango and Sweet orange genomes.

86



Table 3.1: Statistics of PacBio HiFi sequencing and assembly of Pistacia vera cv. Kerman.

P. vera cv. Kerman

PacBio HiFi Reads

Number of reads 1,544,028
Mean read length (bp) 16,305.50
Total base (Gbp) 25.18

Assembly Primary Contig Assembly 15 Pseudochromosomes
Number 102 15
Size (bp) 579,837,297 561,794,941
Max length (bp) 49,785,438 62,545,632
N50 (bp) 25,977,840 36,813,375
L50 (bp) 9 7
L90 (bp) 21 13
Number of Gaps - 14
%GC - 36.67
Annotation Primary Contig Assembly 15 Chromosomes
Number of genes 38,315 38,315
Total length of genes (bp) 109,586,159 108,462,206
% of genome covered by genes 19 19.3
Mean length of genes (bp) 2,860 2,890

Without isoforms — With isoforms — Without isoforms — With isoforms
Number of exons 174,192 322,815 172,048 320,956
Total length of exons (bp) 49,738,000 91,915,250 49,184,597 90,975,896
Mean length of exons (bp) 285 284 285 283
Number of introns 135,877 268,010 134,527 266,990
Total length of introns (bp) 58,573,770 114,572,561 58,688,059 114,188,459
Mean length of introns (bp) 431 427 436 427

C data. After RagTag scaffolding against 3D-DNA scaffolds, the manually corrected 15
chromosomes were 561.79 Mb in size with only 14 gaps (Figure 3.1E and Table 3.1). The
primary contig assembly and 15 chromosomes were evaluated with BUSCO (Benchmark-
ing Universal Single-Copy Orthologs), revealing 98.76% and 98.6% of complete conserved
land plant genes (Table 3.2).

We detected over 0.83 million repetitive elements constituting 376.56 Mb of sequence
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Table 3.2: The summary of BUSCO (Benchmarking Universal Single-Copy Orthologs)

assessment of Kerman primary contig assembly and 15 chromosomes.

Genome Gene Annotation

Primary contig assembly 15 Chromosomes Primary contig assembly 15 Chromosomes

#BUSCOS %BUSCOs #BUSCOS %BUSCOs #BUSCOS %BUSCOs #BUSCOS %BUSCOs
Complete 1594 98.76 1591 98.6 1597 98.95 1596 98.88
Complete, single-copy 1540 95.42 1543 95.6 1557 96.47 1558 96.53
Complete, duplicated 54 3.35 48 3 40 2.48 38 2.35
Fragmented 11 0.68 11 0.7 8 0.50 9 0.56
Missing 9 0.56 12 0.7 9 0.56 9 0.56
Total 1614 100 1614 100 1614 100 1614 100

space, which represents approximately 65% of the primary contig assembly length (Table
3.3). The most abundant transposable element (TE) group belonged to long terminal
repeat retrotransposons (LTR-RTs), taking up 283.82 Mb (48.95%) of the assembly, with
two major types, Tyl/copia and Ty3/Gypsy, accounting for 14.39% and 29.1% of the
assembly, respectively (Table 3.3). Given that about 75.37% of repetitive sequences in
the genome consisted of Tyl /copia and Ty3/Gypsy, the majority of these TE types were
densely distributed on one arm region of 11 chromosomes and the submetacentric region of
chromosome 1 (Figure 3.1E). The Class II DNA transposons contributed only about 10%
with the highest proportion of Mutator (4.09%) and hAT (3.36%), followed by unclassified
repeat regions (6.35%) (Table 3.3).

The annotation of protein-coding regions was performed with primary contig assembly
using transcript evidence from RNA- and Iso-seq data plus ab initio predictions trained
on RNA- and Iso-seq data. In the transcriptome assembled with Iso-seq data from all five
tissue types (leaves, developing and dormant buds, fruits, and inflorescence), a total of
16,366 transcripts were identified compared to the final gene models and the number of
transcripts with tissue-specific expression was variable between different tissues, with the
highest number in developing buds (450), followed by leaves (398), dormant buds (376),
fruits (326), and flowers (265) (Table 3.4). The initial ab initio gene prediction using
Augustus with the training set evidenced by Iso-seq data was followed by EVM with
weighted evidence. After the final updates with the addition of different isoforms and
UTR regions using PASApipeline, in total, 38,315 protein-coding genes were annotated,
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Table 3.3: Summary statistics of repeat content in 'Kerman’ primary contig assembly.

Kerman
Order Subfamilies Number Length (bp) Proportion (%)
Class I (retrotransposons) Total 619,084 283,826,501  48.95
Copia 84,483 83,466,301  14.39
LTR Gypsy 478,927 168,707,676 29.1
Unknown 54,675 31,099,485 5.36
DIRS DIRS N/A N/A N/A
PLE Penelope N/A N/A N/A
LINE-element 762 499,192 0.09
LINE
Unknown 237 53,757 0.01
Class IT (DNA transposons) - Subclass 1 Total 115,731 50,439,981 8.7
- CACTA 15,588 5329171 0.92
Mutator 54,603 23,717,139 4.09
PIF-Harbinger 4,016 1,118,701 0.19
Tcl-Mariner 2,902 821,046 0.14
hAT 38,622 19,453,924  3.36
Polinton N/A N/A N/A
Class II (DNA transposons) - Subclass 2 Total 14,445 5,449,359 0.94
Helitron Helitron 14,445 5,449,359 0.94
Other Repeat region 89,355 36,846,549 6.35
Total 838,615 376,562,390  64.94

of which 37,521 (97.9%) were lifted over onto the 15 chromosomes (Table 3.1). Genic
regions constituted 19.3% of the genome with, on average, 65.94 genes per Mb, gene size
of 2,890 bp, exon size of 285 bp, and intron size of 436 bp (Table 3.1). The final gene
models on the 15 chromosomes contained 1,596 (98.88%) of BUSCOs out of 1,614 genes
in the Embryophyta-db10 database (Table 3.2).

We performed a comparative analysis of orthology-constrained synteny between the
pistachio, mango (Mangifera indica), and sweet orange (Citrus sinensis) genomes, all
belonging to the Spinadales order. Overall, extensive structural variation among the

three genomes was detected (Figure 3.1F). More collinearity from macrosynteny was found

between pistachio and mango chromosomes although one region of pistachio chromosomes
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Table 3.4: Statistics of the number of transcripts in different tissue types.

Tissue type Fruits Leaves Inflorescences Dormant bud Develping bud
# of transcripts 12,758 12,844 13,186 13,103 13,704

# of missing transcripts 3,608 3,522 3,180 3,263 2,662

# of tissue-specific transcripts 326 398 265 376 450

Total # of transcripts 16,366

was aligned to two different regions of mango chromosomes, which supports the lineage-
specific whole genome duplication event in mango. The new genome annotations and
the insights to the relationship between pistachio and its close relatives further motivated

analysis of the pistachio fruit developmental program.

3.4.2 Pistachio fruits develop in four distinct stages

Pistachio fruit tissues (hull and shell) and the seed (kernel) develop asynchronously. To
redefine the developmental stages occurring in pistachio, we sampled fruit clusters (c.v.
Kerman) weekly for 24 weeks from one week after fruit set to two weeks after commercial
harvest would have occurred in the 2019 season (Figure 3.2C). Because heat accumula-
tion regulates enzymatic activities that influence many areas of metabolism including fruit
growth (Corelli-Grappadelli and Lakso, 2004; Marino et al., 2018), we use accumulated
heat expressed as growing degree days (GDD) and calculated as described in the Section
3.3.6, in addition to calendar time in our analysis to allow for more transferable results.
Approximately 48 clusters were collected per time point from 12 trees using a randomized
block design. Across sampling, we focus on three main tissues-the mesocarp (hull), en-
docarp (shell), and embryo (kernel). To capture environmental variability and provide a
comprehensive timeline of fruit development we assessed a large sample size of individual
fruit data (n = 663-6,805) and validated our results across two additional independent
field seasons (2020 and 2021) in distinct orchards across multiple geographical locations
in the California Central Valley.

By assessing physiological characteristics of fruit and kernel growth we redefined the
stages of fruit development in relation to the previous proposed stages of (1) growth and

division of hull/shell, (2) shell hardening, and (3) kernel growth. From late April through
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May, the shell and hull tissues grew in a logarithmic growth pattern plateauing at 500 GDD
(Figure 3.2B). During this time (Stage I), the hull and shell tissues were fused together and
became increasingly green, losing the initial red pigmentation. Stage II was redefined as a
period before embryo development, where the fruit does not experience any expansion but
continues to accumulate dry weight. The initiation of embryo growth began after 900 GDD
(late June), marking the beginning of Stage III. Kernels accumulated fats during Stage
IIT while the shell simultaneously became increasingly woody and firm (3.2B). While the
kernel had reached its maximum size at the end of Stage III, it continued to accumulate
dry weight up until the end of the season. During Stage IV, the hull underwent final
changes consistent with fruit ripening. Hull softening occurred concurrently with changes
in red and yellow coloration. (Figure 3.2C, D). Shells began to split during Stage IV with
most fruits splitting by 2600 GDD.

We fitted linear and linear-mixed polynomial models for each physiological trait as a
function of accumulated heat (GDD) to describe their behavior across the season using
tree as a random variable. We decided to test if the behavior of these traits was consistent
across multiple seasons and could be anticipated across different environmental conditions.
To do this, we integrated multiple years datasets and fitted models and found that fruit size
and weight could be accurately modeled across years and separate locations (Supplemental
Table: Models). Although color and texture changes followed similar patterns across

locations/years, they were more subject to environmental variation.

3.4.3 Pistachio developmental stages have distinct patterns of

gene expression

To investigate the molecular events occurring during pistachio ripening, we performed
transcriptomic analysis of the hull, shell, and kernel tissues across up to 15 weeks of de-
velopment using the same samples used for the physiology experiment. Samplings corre-
spond to the end of Stage II, 886 GDD, through Stage IV, 2564 GDD. RNA was extracted
and sequenced from at least three replicates per time point and tissue. The resulting reads
were mapped to the predicted transcriptome (38,315 annotated genes, 3.1) producing an

average of 76.41% mapping percentage across all samples. On average, 25,941 genes total
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Figure 3.2: Defining pistachio development stages with physiological measurements. C)
The fruits assessed from April through September and the corresponding growing degree
days (GDD) for the whole fruit, halved fruit, and kernel. D) Graphs of physiological data
for fruit and kernel area (mm2), fruit and kernel dry weight (g), hull, shell, and kernel
texture (kg of Force), kernel fat content (g/kg dry weight), hull color (L*, or lightness, a*
or redness, b* or yellowness), and kernel color. Lines show linear models of growth fit as

a function of heat accumulation (GDD).

92



were expressed across each tissue. We performed a principal component analysis (PCA)
with the normalized reads of all samples (Figure 3.3A). The PCA revealed that the main
driver of separation was tissue type with the kernel samples being very distinct from the
hull and shell (maternal) samples (PC1, 76% variance). The developmental stage con-
tributed to separating the samples across PC2 (8% of variance). An additional PCA was
performed for maternal tissues only, which showed that the shell and hull tissues were
separated by tissue type (PC1, 52% variance), increasing in similarity with age (Figure
3.3B).

We performed a weighted gene co-expression analysis (WGCNA) for each tissue type
to identify gene modules associated with specific pistachio developmental stages. The
WGCNA yielded 19 modules for hull samples, 17 modules for shell samples, and 22
modules for kernel samples (Supplemental Figure 3.S1). In each set of modules, we
focused on patterns of expression corresponding to the stages of development identified in
the assessment of the fruit physiology for each tissue (Figure 3.3B). We then performed
trait-module correlations to identify module trends significantly correlated to the patterns
observed in hull color and texture, shell texture, and kernel firmness, weight and fat
content. Highly correlated modules were further investigated to identify regulatory factors

or molecular pathways related to each trait.

3.4.4 Hormone-related gene expression changes in a tissue- and

temporal-specific manner

We hypothesized that plant hormones may regulate the initiation and progression of
developmental changes in pistachio fruits. We analyzed the expression of various hormone
biosynthesis and signaling genes (Figure 3.4). We focused on hormones known to be
related to fruit ripening because of the relevance of Stage IV for the gain of fruit quality
attributes. ABA biosynthesis was highest during the beginning of Stage IV in the hull
and shell as ripening began, and was also significantly enriched in the H-IV-2 module
composed of genes with elevated expression during Stage IV. Among biosynthesis genes,
the rate-limiting step NCED had the highest expression and drives the pattern observed

in Figure 3.4A. Similar to ABA, auxin and cytokinin related genes increased in expression
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Figure 3.3: Coexpressed gene expression module patterns and their correlations to traits.

A) Principal component analysis (PCA) of total gene expression (normalized reads) for all

samples, (left) marked by stage (color) and tissue (shape). Right, depicts the distribution

of just the shell and hull tissues through development.

(Continued on following page)

Weighted gene co-expression
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Figure 3.3: (Continued from previous page) network analysis conducted for each tissue
produced modules of genes with similar expression patterns. B) Selected modules with
elevated expression (mean eigengene value) at each developmental stage. Gray lines in-
dicate the transitions between stages. C) Modules were correlated against physiological

trait data. Correlations R? > 0.6 with significance P< 0.01 are shown for each tissue.

at the beginning of ripening. The kernel showed the highest levels of GA compared to
the hull and shell, peaking at the beginning of ripening. ABA signaling was also higher in
the kernel during Stage IV and was also significantly enriched (P4 < 0.05) in the kernel
modules associated with Stage IV (K-IV-1 and K-IV-3) (Figure 3.4B).

We found a significant (P,q; < 0.05) enrichment of ethylene biosynthesis genes in the
H-I11-3 module (Figure 3.4B). While many of these genes were expressed in this module,
the total normalized reads of biosynthesis genes remained constant during Stage IIT and
Stage IV, meaning that ethylene was not likely involved in fruit ripening. Instead, the
highest total normalized reads for ethylene biosynthesis in the hull and shell occurred
at the beginning of Stage II. JA biosynthesis and signaling genes were also very highly
expressed (total normalized reads) at the same time as ethylene in the hull, corresponding
to a significant (P,q4; < 0.05) enrichment of JA signaling genes in the H-II-1 (Figure 3.4B).
The signal transduction network for JA biosynthesis including homologs for JAZ TFs (7
identified), MYC2 TF (4 identified), and COI-1(1 identified) were also coexpressed in the
H-II-1 module along with many of the JA biosynthesis genes.

3.4.5 Peak in volatiles production preceding ripening

Because hull integrity is important for maintaining the quality of the shell and kernel,
we were interested in changes in the chemical composition of the hull during Stage III
and IV that may influence ripening and hull breakdown. We measured volatile organic
compounds (VOC) weekly from 1106 GDD to 2564 GDD from the same samples col-
lected and analyzed for physiological data and gene expression analysis. At the transition
between Stage III and IV, we observed a rise in total VOC production (Figure 6A). Ter-

penes, the main volatile fraction components in pistachio hulls, were quantified across
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Figure 3.4: (Continued from previous page.) Transcriptional induction of hormone path-
ways. A) Hormone gene expression through development for abscisic acid (ABA), auxin,
brassinosteroid (BR), cytokinin (CK), ethylene, and jasmonic acid (JA). Normalized reads
of all annotated biosynthesis genes for each hormone were added together and graphed
across sampling time points, represented as the growing degree days (GDD) at sampling.
The same was done for annotated hormone signaling genes. C) Functional enrichments
of hormone annotated coexpressed genes modules. The heat map colors indicate the sig-
nificance of the functional enrichment using a logl0(1/P,g;) scale. Numbers in each tile
indicate the number of genes within each category for each module. Only significant (P,

< 0.05) functional enrichments are shown.

Stage IIT and IV and all metabolites exhibited the same pattern peaking at the transi-
tion between stages (Figure 3.5B). Limonene and a-terpinolene were the highest produced
monoterpenes, which exhibited the strongest patterns consistently (Supplemental Table:
Volatiles). To investigate the events leading to this accumulation of monoterpenes, we
performed a Fisher’s exact test to identify enriched KEGG pathways in the modules.
Terpenoid backbone biosynthesis was significantly enriched in the H-II-1 module (Sup-
plemental Table: KEGG enrichments). Figure 3.4 depicts the MEP terpene backbone
biosynthesis producing GPP that leads to monoterpene biosynthesis. A flux of terpene
biosynthesis occurred at the end of Stage II and the beginning of Stage III, which indi-
cates precursors for monoterpene metabolism were being synthesized (Figure 3.5C). From
the WGCNA, we also identified the top 5% highest connected genes within the module
network. In the H-II-1 module, the top highly connected genes included the gene en-
coding HDR (ptg00000.11268) and a limonene synthase (ptg0000161.829) in the terpene
biosynthesis pathway.

3.4.6 Fruit color changes are associated with carotenoid biosyn-

thesis gene expression

Color changes are a characteristic of fruit ripening. To further define ripening in the pista-

chio hull, we investigated the underlying biological cause of the change in fruit coloration
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Figure 3.5: (Continued from previous page.) Hull volatile biosynthesis during fruit devel-
opment. A) Total volatile organic compounds (VOCs) in pistachio hull tissues through
time, measured in growing degree days (GDD) through Stage III and IV of fruit de-
velopment. B) Monoterpene volatile metabolite accumulation through time (GDD).
Color of the circles indicates relative changes through time, while size indicates amount
of the compound in mg/kg dry weight. C) Pathway of backbone terpene biosynthe-
sis along the MEP pathway leading to the synthesis of monoterpenes. The changes in
gene expression are represented in the boxes, with each box representing a sampling
date from Stage II through Stage IV and each row representing a gene. Samplings
for gene expression include dates from 865 GDD to 2564 GDD. Gene expression was
measured in normalized read counts. DXS, 1-deoxy-D-xylulose-5-phosphate synthase;
DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol
4-phosphate cytidylyltransferase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol ki-
nase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-hydroxy-
3-methylbut-2-enyl-diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-en-1-yl diphos-
phate reductase; IDI, isopentenyl-diphosphate Delta-isomerase; GPS, geranyl diphosphate
synthase; TPS, terpene synthase.

from green-yellow to hues of red-pink observed in the hull during Stage IV (Figure 3.2B).
We found a significant correlation between red coloration increase (a*) in the hull with
the H-TV-1 (R?=0.79) and H-IV-2 (R?=0.79)=0.73) modules during ripening. This was
further supported by a Fisher’s exact test for enrichments of KEGG pathways in each
module. The H-IV-2 module was significantly enriched (P,q4; < 0.05) for the carotenoid
biosynthesis pathway. The B-carotene hydrolase (K15746) was the highest expressed
carotenoid gene in this module and is annotated to be involved in the production of
lutelin and zeaxanthin. We examined the highest connectivity genes in this module and
among them was a phytoene synthase gene with 887 connections, the rate-limiting step
in the carotenoid pathway. Because pink coloration often comes from anthocyanins we
also looked at anthocyanin biosynthesis in the hull. While expression was present in the

phenylpropanoid and flavonoid pathways, expression was low in the steps exclusive to
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anthocyanin biosynthesis. We also found a high negative correlation between the hull
redness and the H-III-1 module corresponding to a loss of green coloration. A significant
enrichment (P,4 < 0.05) of photosynthesis genes in the same H-III-1 module (Supple-
mental Table: KEGG enrichments), meaning gene expression of photosynthesis genes

decreased after Stage III when fruit became less green.

3.4.7 Expression of pectin degrading enzymes increase during

hull softening

Consistent with fruit ripening, hull softening occurs during Stage IV coinciding with
color changes (Figure 3.2B,). To investigate the genetic factors contributing to soften-
ing we correlated the hull softening trait with hull module peaking during Stage IV. We
found a significant and high negative correlation between hull firmness and the H-IV-1
(R*= -0.9) and H-IV-2 (R?= -0.84) modules, respectively (Figure 3.3C). H-IV-1 contains
73 and 42 potential cell wall degrading enzymes (CWDE) in the H-IV-1 and H-IV-2
modules, respectively, which can be associated with fruit softening. We identified the
top 5% highest expressed CWDE genes in each module Figure 3.4A, including a pec-
tate lyase and a B-galactosidase, reaching a maximum of 12,585 and 18,209 normalized
reads, respectively, during Stage IV. We also identified the top 5% highest connected
CWDE within the modules. This produced a total of four genes across both modules
that included the degradation of hemicellulose, cellobiose, and pectin (Figure 3.6A). In
H-1V-1, the gene ptg0000041.1160 encoding an o-L-arabinofuranosidase was among both
the most highly connected and the most highly expressed. Selected genes with high corre-
lation between expression pattern and fruit softening (1/Firmness) included a pectin lyase
(ptg0000221.160), a B-galactosidase (ptg0000021.1298), a-galactosidase (ptg0000021.930),
and o-L-arabinofuranosidase (ptg0000041.1160) acting synergistically for the hydrolysis of
pectins (Figure 3.6B). Together, this indicates that pectin-degrading enzymes are promi-

nent during hull maturation and may play a role in hull softening .
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Figure 3.6: Expression of pectin degrading enzymes is correlated with hull softening. A)
Table of highest expressed genes and highly connected genes encoding cell wall degrading
enzymes. The maximum expression across all developmental time points (865 growing
degree days (GDD) to 2564 GDD) is noted as the normalized read count. The top
connectivity represents genes with highly connected genes among the H-IV-1 and H-IV-2

coexpression modules (i.e. within the top 5% of each module). Connectivity represents the

number of nodes connected to the gene as determined in coexpression network analysis.
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Figure 3.6: (Continued from pevious page). Four genes from the table with the highest
correlation to the firmness trait were graphed. Expression in normalized read counts (left
axis, black line) and the inverse of firmness in kg Force (right axis, open circle grey line)

was plotted against the GDD at each sampling on the were plotted against.

3.4.8 Shell hardening corresponds to an increase in expression of

the lignin biosynthesis pathway

We hypothesized shell hardening across Stage III and IV occurs in part due to the lignifi-
cation of the endocarp (Figure 3.2B). In order to determine the genes contributing to the
shell hardening we analyzed module-trait relationships. The increase in firmness in the
shell was negatively correlated with the Stage IT module S-II-1 (R?=-0.92) and positively
correlated with Stage IV modules S-IV-1 (R?=0.92). The woody texture of the shell sug-
gests lignin drives shell hardening. Two distinct patterns of expression represented by
the modules emerge along the pathway—genes decreasing after Stage II, represented pre-
dominantly by S-II-1, and genes increasing during Stage III and IV, including S-IV-1, as
shown by the color key in Figure 3.7. S-II-1 was significantly (P,q4; < 0.05) enriched with
phenylpropanoid biosynthesis leading to monolignol biosynthesis (Supplemental Table:
KEGG Enrichments), depicted in Figure 3.7. Four lignin biosynthesis genes were among
the top 5% of gene connectivity in this module (Figure 3.7). Among them, the gene
encoding the CAD enzyme (ptg0000011.1274) had the most connectivity and was among
the top 1% of connections in the module with 6,216 connections. Overall, this suggests
that initial lignin deposition occurs early on while other copies of the genes may function
later on when shell hardening plateaus. TFs connected to the lignin biosynthesis genes
in the S-II-1 module were also of interest as they provide some indication of regulation
occurring in the pathway. Among the top 5% we found nine TFs that had connections to
genes in the pathway, including MYB (ptg0000011.187, ptg0000041.1378, ptg0000111.746)
, MADS (ptg0000031.874), and C3H (ptg0000041.863) .

102



Phenylalanine
Module

H-1I-1 Highly connected genes
!ﬁ%ﬁ [PAL] Gene Name Connectivitiy

ptg0000011.1274  CAD 6216
A o ptg0000011.1198 CCoAOMT 5968
Cinnamic acid
ptg0000041.1110 HCT 4859
tg0000101.157 COMT 4397
: [ESt ETH i
C4H
s F E
p-Coumaric acid
= GDD 8BSl osil ssiv
E ACL E S ———
8 ; HHHHH
EmDCagngl-ﬂmﬂ Feruloyl Homo'OQSEEl H
g i C3H CCoA- 3
p-Coumaroyl-CoA HCT O LOMT | 0 025 050 075 1
B R0 Normalized reads [ = ol
o
2 i A ecr] CCR
. 5-Hyd loyl- Si -
g%ne.;egle.i e Shgpoe
p-Coumaroyl-aldehyde OO Caffeyl-aldehyde() OMT i4 O F5H O OMT O
:
g [CAD | [caD] [CAD] [cAD] [cAD]
=]
=]
i Coniferyl- 5-Hydroxyferuloyl- Sinapoyl-
alcohol alcohol alcohol
p-Coumaroyl-aldehyde O Caffeyl-alcohol O COMT O F5H O COMT] C
O TI10
g et MEEE | -
g T (PR PRX | m [PRX] [PRX] [PRX]
g -
o i
Y
C Lignin Biosynthesis

Figure 3.7: Lignin biosynthesis pathway. The phenylpropanoid pathway leading to the
synthesis of mono-lignols. The changes in gene expression are represented in the boxes,
with each box representing a sampling date from Stage II through Stage IV and each
row representing a gene. Samplings for gene expression include dates from 865 growing
degree days (GDD) to 2139 GDD. Gene expression was measured in normalized read
counts. The table inset represents the most highly connected genes among the S-II-
1 coexpression module (i.e. within the top 5% of the module) that were also in the
pathway, connectivity represents the number of nodes connected to the gene as deter-
mined in coexpression network analysis. PAL, phenylalanine ammonia-lyase; C4H, trans-
cinnamate 4-monooxygenase; 4CL, 4-coumarate-CoA ligase; HCT, 5-O-(4-coumaroyl)-
D-quinate 3’-monooxygenase; C3’H, shikimate O-hydroxycinnamoyltransferase; CCR,
cinnamoyl-CoA reductase; CAD, cinnamyl-alcohol dehydrogenase; COMT, caffeic acid
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3.4.9 Kernel fatty acids accumulate at a maximum during ripen-
ing

Pistachio kernels contain a high proportion of fatty acids and reach their maximum fat
content as the kernel matures during ripening (Figure 3.2B). To further understand the
composition of the fat content, we measured unsaturated and saturated fatty acids across
six timepoints during Stage III and IV of kernel development (Figure 3.8A). Unsaturated
fatty acids made up 87% of the total fatty acids present when the fruits were ready to
be consumed (i.e., when the commercial harvest would occur). We confirmed that the
unsaturated fatty acids were composed of a higher ratio of mono-unsaturated (MUFA) to
poly-unsaturated (PUFA) (Figure 3.8A). This ratio changed through time, such that by
ripening MUFA were the predominant class of fatty acids present in the fruit.

We determined alterations of metabolites within each class of fatty acid contributed
to the changes in MUFA and PUFA ratios during maturation (Figure3.8B). To further
understand what causes these alterations, we examined gene expression of kernel in gene
modules associated with the increase in fat content. The module-trait relationships in-
dicated that the increase in fat content was highly and significantly correlated with the
K-TII-1 (R?= -0.94) module, along with K-IV-1, K-IV-2, and K-IV-3 (Figure 3.3C). This
same relationship was also evident for these same modules and the proportion of unsatu-
rated fatty acids through time (Supplemental Figure 3.52). We performed an enrichment
of KEGG pathway annotations in kernel modules and found that fatty acid biosynthe-
sis was significantly (P, < 0.05) enriched in the K-III-1 module (Supplemental Table:
KEGG enrichments). The high expression of biosynthesis genes during Stage III indicates
that fatty acids are produced early on at the start of kernel development, and taper off
at the beginning of Stage IV (Figure 3.8C). Within this module, 19 genes encoding fatty
acid biosynthesis were found including key genes FAB2 and FAD2 which desaturates steric
acid into oleic acid and oleic acid into linoleic acid, respectively (He et al., 2020). The
FAB2 and FAD2 genes were the highest expressed genes in the pathway, and were among
the top 5% of genes in the module. FAB2 peaked in expression with 12,500 normalized
reads at 1508 GDD while FAD2 peaked with 14,700 normalized reads at 1749 GDD. Con-

104



sistent with the expression data, the metabolite data also showed that oleic and linoleic
acid were the top two produced fatty acids, throughout development. Interestingly, the
concentration of linoleic acid decreased over time while oleic acid increased, which was

not evident in the expression data.

3.5 Discussion
3.5.1 The most complete pistachio genome to date

Defining the biological events occurring during pistachio fruit development that lead to
traits of interest can allow for breeding and management strategies to improve fruit qual-
ity. Further, a high-quality reference genome has been lacking, as previous genomes
are incomplete and fragmented. Therefore, in order to facilitate molecular breeding and
broaden the understanding of nut tree crop fruit developmental processes, we present for
the first time an assembled 561 Mb reference-quality chromosome-scale genome of P. vera
cv. Kerman. Based on k-mer (k = 21) distribution analysis with PacBio HiFi reads, the
Kerman genome showed a moderate heterozygosity estimate (0.755%) in comparison with
other outcrossing highly heterozygous crops, such as pear 1.6% and grape 1.6-1.7% (Pa-
tel et al., 2018; Vurture et al., 2017). This is unexpected because the previously-reported
heterozygosity levels of pistachio genome were higher, 1% (Ziya Motalebipour et al., 2016)
and 1.72% , which was attributed to the nature of outcrossing by wind pollination and
dioecy of pistachio trees (Zeng et al., 2019). In addition, the genome size estimate of
521 Mb in our study was smaller than the first attempt for pistachio genome size esti-
mate (596 Mb) with 26.77 Gb whole genome sequencing (WGS) data using 17-mers (Ziya
Motalebipour et al., 2016). However, later, the genome size estimated with the larger
amount of data (58.80 Gb) using 21-mers was rather similar in size ( 519.17 Mb) to our
assessment (Zeng et al., 2019).

In the final genome assembly, the Kerman genome size (561 Mb) was larger than the
estimated size but smaller than previously published genome assemblies of different pis-
tachio cultivars, Batoury (671 Mb) and Siirt (596 Mb) and Bagyolu (623.4 Mb) (Kafkas
et al., 2022; Zeng et al., 2019). Although the size variation of the estimated and assem-
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Figure 3.8: (Continued from previous page.) Kernel fatty acid accumulation. A)
Proportions of saturated fatty acids, mono-unsaturated fatty acids (MUFA) and poly-
unsaturated fatty acids (PUFA) across kernel development, measured in growing degree
days (GDD). B) Fatty acid biosynthesis pathway leading to the accumulation of differ-
ent fatty acid metabolites. The changes in gene expression are represented in the boxes,
with each box representing a sampling date from Stage III and Stage IV and each row
representing a gene. Samplings for gene expression include dates from 1223 GDD to 2564
GDD. Gene expression was measured in normalized read counts. Fatty acids are repre-
sented by colored circles. Colors indicate the changes in metabolites through time and
size of each circle represents the amount of the metabolite, measured in normalized area
percentages (%). Three timepoints from Stage III (1357, 1647, 1881) and Stage IV (2139,
2475, 2564) were used for all fatty acid data shown. ACA, acetyl-CoA carboxylase; fabD,
S-malonyltransferase; fabF, 3-oxoacyl-[acyl-carrier-protein| synthase II; fabH, 3-oxoacyl-
|acyl-carrier-protein| synthase III; fabG, 3-oxoacyl-|acyl-carrier protein| reductase; fabZ,
3-hydroxyacyl-|acyl-carrier-protein| dehydratase; fabl, enoyl-|acyl-carrier protein| reduc-
tase I; FATB, fatty acyl-ACP thioesterase B; FATA, fatty acyl-ACP thioesterase A; FAB2,
acyl-|acyl-carrier-protein| desaturase; FAD2, omega-6 fatty acid desaturase; FAD3, acyl-

lipid omega-3 desaturase.

bled pistachio genome assemblies could be explained by possible genome size variation
across different cultivars as documented in other plant genomes, it is likely that pseudo-
duplication in the assemblies, especially from the highly repetitive regions in chromosome
arms in the case of pistachio, is the primary cause of assembly size variation (Lovell et al.,
2021; Ortega-Ortega et al., 2019; Yu et al., 2019). In 2015, Sola-Campoy and colleagues
characterized massive enrichment of 180 bp repeat (PIVE-180) on one arm of 11 chromo-
somes in pistachio, which was also observed in the Kerman genome (Sola-Campoy et al.,
2015). The largest region with dense distribution of 180 bp repeats reached about 9 Mb
in chromosome 7, where no protein-coding gene was annotated (Figure 3.1B). These ex-
tremely repetitive regions could have been the major issues of accurate pistachio genome

assembly and chromosome construction. Although Omni-C reads are known to offer uni-
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form coverage across the genome without RE sites over represented, it was observed that
the overall coverage of Omni-C reads was significantly lower in those regions in Omni-C
analysis, likely due to the limitation of mapping capability (Figure 3.1C). Therefore, more
careful validation on those regions is needed to improve the pistachio genome.

The annotation of intact and fragmented transposable elements in the Kerman assem-
bly resulted in about 11% higher genome coverage (65%) than the estimated repetitiveness
(54%) (Figure 3.1A and Table 3.3). As discussed in genome size and estimate, this is likely
caused by the pseudo-duplication in the assembly or misestimation due to exceptionally
repeat-dense regions in chromosome arms. Among 65% of repetitive regions, nearly 49%
of the genome was composed of LTRs, which have been widely known as the dominant TE
groups in plants (Hawkins et al., 2009) and can play a major role in adaptation and evo-
lution by introducing novel genetic material. The protein-coding gene annotation shows
high completeness based on BUSCO assessment with almost 99% (Table 2.6). However,
minor improvements can still be made by filtering out false-positive gene models and
recovering missing BUSCO genes.

Macrosynteny patterns between Pistacia vera cv. Kerman, Mangifera indica (mango),
and Citrus sinensis (sweet orange) provided evidence that P. vera has not experienced
a lineage-specific whole genome duplication event (WGD), unlike the recent WGD which
occurred in the mango genome as described in (Wang et al., 2020) (Figure 3.1F). The
synteny between mango and pistachio genomes and the similarity between their fruit
morphology (both drupes) and growth patterns provides an interesting evolutionary com-

parison within the Anacardiaceae family.

3.5.2 Pistachios exhibit a unique asynchronous development of

fruit and seed

During the growing season, pistachios undergo a unique asynchronous development of
the kernel (embryo) and maternal tissues. The hull and shell develop together in the
first months, marking Stages I and II (Figure 3.2), while embryo development takes place
during Stages III and IV. In contrast to previous reports, we found that shell harden-

ing (formerly Stage II) continues to take place with kernel growth (formerly Stage III)
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starting in late June at approximately 1000 GDD through late August at approximately
2000 GDD (Goldhamer and Beede, 2004). The asynchronous developmental pattern be-
tween the fruit and embryo has not been well described in the literature for other tree
crops. While peaches appear to exhibit a similar pattern in seed development, this trait
does not seem to have been studied in a crop whose seed is consumed (Bonghi et al.,
2011). Carbohydrate dynamics in the tree may offer some explanation of the asynchrony.
Carbohydrates reserved from the prior year are utilized by the tree to produce buds and
develop fruit in early spring, through Stage I (Tixier et al., 2020). The lull in fruit growth
identified as Stage II may serve as a transition between a net carbon loss and a net carbon
gain in photosynthesis (Marino et al., 2022) leading to the growth of the kernel.

The RNAseq experiment assessed genetic changes through time and tissue type dur-
ing fruit development. The shell and hull have the most similar gene expression patterns
(Figure 3.3A). This was obvious in the expression of hormone-related gene expression.
The shell and hull tissues exhibited very similar expression patterns for each hormone
biosynthesis pathway, while the kernel expression patterns were distinct (Figure 3.4A). In-
terestingly, the hull and shell total gene expression became more similar over time (Figure
3.3A). This contrasts with the morphology of the tissues, which early on in development
are physically fused together and appear to become increasingly different through time
as shells become woody and split, and the hull and shell tissues separate during ripening
(Polito and Pinney, 1999). The similarity in gene expression may be due to both tissues
undergoing terminal developmental programs. This occurs earlier in the shell when the
tissue reaches its peak firmness at the beginning of Stage IV, while in the hull this occurs
at the end stages of Stage IV as ripening finishes.

Shell lignification was previously reported to start as early as May-June, falling in
Stage I-II (Polito and Pinney, 1999). While the secondary cell walls become lignified, the
shells are green and flexible at this point. However, as described above, the texture of
the shell continues to change through Stage III leading to a woody tissue that then splits
(Figure 3.2B). The shell tissues appear to senesce and be fully lignified at around 2100

GDD, as RNA content became very low in shell tissues after this point. Our gene expres-
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sion analysis found a proportion of the genes involved in the phenylpropanoid pathway
leading to monolignols to be expressed highest at Stage IT (S-1I-1) followed by a sharp
decline, marking the initial lignification (Figure 3.7). The genes exhibiting this pattern
were among the highest expressed homologs; however, other copies of the genes displayed
patterns with peak expression later on during Stage III or IV indicating lignin was still
being produced, contributing to the increased firmness of the shell. This suggests that
the lignification process does not complete until the shell reaches peak firmness, as has
been described in walnuts (Li et al., 2021). While continued lignification may be a factor
leading to shell firmness changes, other factors such as cell wall modifications likely also
contribute, but require further investigation. Overall, understanding the composition and
alterations in the shell tissue will be important to ascertaining the underlying mechanisms

leading to shell split for a higher quality nut.

3.5.3 Pistachio fruit exhibit a non-climacteric ripening pattern

Although ripening has not previously been well explored in fruit tree crops, early reports
suggest that pistachios are non-climacteric fruit (Labavitch et al., 1982.). We confirmed
ethylene is not produced in a climacteric pattern during ripening and remains at constant
low levels, as shown through biosynthesis gene expression (Figure 3.4A). In conjunction
with this we found evidence that abscisic acid (ABA) may be involved in regulating
ripening in pistachio. ABA has been found to be the primary hormone involved in non-
climacteric (ethylene independent) ripening (Forlani et al., 2019). NCED is the rate
limiting enzyme in ABA biosynthesis (Forlani et al., 2019). We found that a primary copy
was expressed in the shell and hull tissues right before ripening changes began to occur,
i.e., the transition between Stage III and Stage IV. This corresponded to an increase in
ABA signaling genes such as, PYLs, PP2C, SNRK2, and ABFs, suggesting ABA is active
at the onset of ripening (Supplemental Table: All Expressed Genes). In addition to
ABA, other hormone biosynthesis genes exhibited a similar expression such as auxin and
cytokinin, both of which have been implicated in non-climacteric fruit maturation and
ripening (McAtee et al., 2013). Thus, pistachio should be considered a non-climacteric

fruit.
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While ethylene was not important for ripening in pistachio, ethylene may be more
critical prior to kernel development at the end of Stage II where a rise in biosynthesis
occurs (Figure 3.4A). The exact function of the hormone at this stage of development is
unknown but has previously been suggested to be involved in bud abscission in alternate
bearing years and needs further investigation (Vemmos et al., 1994). JA-related genes
were also elevated during Stage II and were among the highest expressed hormone-related
genes. JA is best known as a stress hormone involved in many responses to abiotic and
biotic stress but can also function in fruit development (Gapper et al., 2013). JA biosyn-
thesis genes were previously shown to be differentially expressed in pistachio vegetative
tissues that underwent a salinity treatment, compared to the control (Zeng et al., 2019).
However, there were no known stresses occurring during our samplings to explain elevated
expression. This suggests JA is a critical hormone in pistachio fruit Stage II development
prior to kernel initiation, or other events occurring concurrently. As pistachio is known to
be tolerant to environmental stress, JA and ethylene levels may play a role evolutionarily

to adapt to these extreme environments.

3.5.4 Volatiles produced at the onset of ripening offer insights to

fruit-disperser relationships

The hull functions as a protective tissue encapsulating the shell and kernel. The break-
down of the hull caused by senescence can lead to a lower quality commodity; for example,
the shell becomes more vulnerable to staining from the hull and the kernel becomes more
accessible to pests. The hull is rich in volatile compounds mainly composed of terpenes
(Arjeh et al., 2020; Chahed et al., 2008). We examined the dynamic changes of volatile
compounds in the hull during Stage III and IV to gain insight into the events leading to
hull ripening and senescence. We saw a rise of volatile compounds at the onset of ripen-
ing that may offer a signal of developmental changes occurring (Figure 3.5.) We observed
limonene and alpha-terpinolene to be the highest produced monoterpenes consistently
across years. Alpha-terpinolene had also been found in high proportions of Tunisian pis-
tachio variety but did not have as high of concentrations of limonene, which could be due

to varietal differences (Chahed et al., 2008). Limonene has been shown to accumulate
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in orange peel with ripening in order to attract insects and pathogens (Rodriguez et al.,
2011). This relationship between limonene and other organisms was proposed to have
evolved to facilitate seed dispersal, opening up the fruit to expose the seeds. This could
also be the case for pistachio, in which the volatile production at the start of ripening
signals that the kernel is mature and attracts seed dispersing organisms. Volatile signals
further define the events leading to ripening in pistachio and have additional implications

for management practices to time treatments against insects.

3.5.5 Hulls undergo physiological and gene expression changes

consistent with fruit ripening

Like canonical fleshy fruit, pistachio fruit quality is determined during fruit ripening. Ri-
pening changes in the hull coincide with important quality traits (i.e. shell split, kernel
maturation) and can be used to anticipate the best harvest time. Therefore, understand-
ing the timing and relationship between the hull and kernel during Stage IV allows for
increased quality. Our study integrates multiple approaches, including physiology, bio-
chemistry, and genomics, to provide the most thorough understanding of pistachio fruit
development to date. Fruit ripening in pistachio to our knowledge has not been previ-
ously explored. The hull undergoes changes in composition preceding harvest consistent
with fruit ripening including, softening and color change which we define as an additional
stage, Stage IV (Figure 3.2B). These changes are important attributes that help deter-
mine harvest time and maximize fruit quality. For example, hull softening allows fruits
to be detached from the tree, however, if overripe the hull senesces and the degradation
can cause shell stain and make kernels vulnerable to pests and disease decreasing its
nutritional and market value.

We integrated gene expression data with the observed physical changes to inform the
events occurring leading to fruit ripening. Color change is a characteristic of ripening
and provides a visual indication of when fruit are ready for harvest. Previous studies
have identified anthocyanin, carotenoids, and chlorophyll compounds in pistachio hulls
(Arjeh et al., 2020; Grace et al., 2016; Mandalari et al., 2022). However, the proportion

of these compounds present depended on the stage sampled and variety, with measure-
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ments limited to pistachio green hulls prior to ripening. Thus, it is unclear which specific
compounds lead to the pink colorations in the hull during ripening. Our gene expression
analysis indicated that the flavonoid pathways were active in the hull, however there was
not a strong expression of anthocyanin reductase genes, the critical final step for antho-
cyanin production, giving the compounds their pigmentation (Supplemental Table: All
Gene Expression; (Gu et al., 2019)). It is clear that the fruit produce some anthocyanins
because they have been identified in the purple colored seed coat surrounding the kernel
(Mandalari et al., 2022). We found stronger gene expression of carotenoid biosynthe-
sis. Among the pigments identified in Grace et al., lutelin was the highest measured in
pistachio hulls (Grace et al., 2016). We observed high expression of ctrZ which is anno-
tated to act in the step leading to lutein biosynthesis. The change in green coloration
to yellow (Figure 3.2) at the end of Stage III also indicates chlorophyll degradation may
be occurring. We identified several chlorophyll degradation genes expressed in modules
with ripening patterns, such as STAY GREEN (ptg0000111.1194), a chlorophyllide reduc-
tase that regulates chlorophyll protein degradation (Hortensteiner, 2009). Thus, from our
analysis we hypothesize that hull color becomes yellow from chlorophyll degradation and
shades of pink from carotenoids.

It is well known that fruit softening is mediated by cell wall degrading enzymes in
both climacteric and non-climacteric fruits, such as tomato and strawberry (Adaskaveg
and Blanco-Ulate, 2023). Cell wall degrading enzymes acting on the backbone of pectin
molecules, such as polygalacturonase and pectin lyase, are highly expressed in other fruit
and exhibit a ripening-specific gene expression pattern (Wang et al., 2018). Further, o-L-
AFase is highly expressed and acts as a catalyst with other coexpressed cell wall degrading
enzymes (Shi et al., 2023). Thus, we were interested if these enzymes were expressed
in a ripening-specific pattern. Pectate lyase was among the highest expressed CWDEs
annotated from the CAZy database in pistachio and began to rise in expression at Stage
IV (Figure 3.5A). Consistent with this, pectins have been measured in pistachio hulls and
were proposed as a potential source of commercial pectins (Arjeh et al., 2020; Kazemi

et al., 2019). The presence of a large proportion of pectins in green (unripe) hulls and
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the high expression of pectin-degrading enzymes suggest these enzymes promote pectin
degradation and softening of the tissue. The mechanisms involved in this still need to
be explored. Overall, knowing how and when hull softening occurs during the growing

season can help advise the optimal time for harvest.

3.5.6 Seed maturity coincides with fruit ripening

Kernel growth during Stage III leads to the maturity of the seed and ripening of the hull.
Understanding when the kernel is most desirable for consumption and when the fruit is
ready for harvest can improve management practices and fruit quality. Maturity can be
observed when kernels reach their maximum size and fat content at the start of Stage IV,
as ripening progresses (Figure 3.2B). From our gene expression and metabolite data we
see that fatty acid biosynthesis occurs early on in kernel development and is primarily
composed of unsaturated fatty acids, with much of the production reaching its maximum
during ripening (Figure 3.8). Further, the kernel shows hormonal indications of seed
maturity with an increase of GA at the start of Stage IV and ABA increasing throughout
Stage IV.

Pistachio kernels are consumed for their unique flavor and nutritional benefits. Kernels
are made up of primarily unsaturated fats, including both poly- and mono- unsaturated
fatty acids (Figure 3.8A) . Although PUFAs provide essential fruitrients to the human diet,
they make kernels more vulnerable to rancidity, reducing their shelf life (Dar et al., 2017).
Thus, the ratios of PUFA and MUFA are important for considering nutritional benefits
and shelf life. We identified important enzymes in our gene expression data explain-
ing the accumulation of specific unsaturated fats (Figure 3.8B). Interestingly, our study
showed fluctuations in the composition of unsaturated fatty acids through kernel develop-
ment similar to a previous study (Polari et al., 2019). The mono-unsaturated fatty acid
(MUFA) oleic acid increases through time while the poly-unstaturated (PUFA) linoleic
acid decreases. These fluctuations were not completely explainable with our expression
data, but are likely caused by other fluxes in the fatty acid metabolism downstream of

these compounds.
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3.6 Conclusions

In this study, we provided a complete timeline of fruit development in pistachio across
the growing season and validated it across three independent locations and years. Our
resulting models of fruit growth provided new insights into pistachio fruit growth. We
divided its development into four distinct stages which can be used to help advise growers
to have a better estimate of when critical events occur, based on accumulated heat. The
high quality reference genome and annotations created for this study is the first of its kind
for P. vera and will serve as a reference for all future genomics work in pistachio as well
as, gene functional analysis and evolution studies. We confirmed that physical changes
in the fruit over the growing season can be explained by changes in gene expression and
identified specific pathways associated with relevant quality traits. Our transcriptomics
work validates previous studies and expands gene annotations and functional annotations
for fruit specific gene expression (Moazzzam Jazi et al., 2017; Zeng et al., 2019). This
study not only provides further avenues to study specific processes or events critical to
understanding tree fruit development, but will aid in informing management practices

that will increase fruit quality, such as determining the best harvest times.
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Figure 3.51: Weighted gene correlation network analysis (WGCNA) modules. (Caption

continued on next page)
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Figure 3.51: (Caption continued from previous page.) WGCNA conducted for each tis-

sue produced modules of genes with similar expression patterns. All modules produced

by the analysis are shown here organized by the developmental stage in which elevated

expression (mean eigengene value) occurs. Modules are named by tissue (letter), stage

(roman numeral), and number in the combination of tissue and stage (Arabic number).
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Figure 3.52: Weighted gene correlation network analysis (WGCNA) modules-trait rela-

tionships. Modules produced by the WGCNA analysis were correlated against physiolog-

ical trait data. All correlations against all traits measured are shown for each tissue.
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