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Chapter 1: Introduction

1.1 Rosaceae Family

Rosaceae, a large plant family of more than 3,000 species, consists of many economically
important fruit and ornamental crops, such as peach, apple, strawberry, raspberry, cherry, and
rose. These horticultural crops are not only important economic drivers in many regions of
the world, but also major sources of human nutrition. Additionally, due to the diversity of
fruit types in Rosaceae, this plant family offers excellent opportunities for investigations into
fleshy fruit diversity, evolution, and development. By comparing the early fruit development
of the Rosaceae species that produce different fruit types, the genetic mechanisms underlying
the diversity of fleshy fruit types, specifically the mechanism of fruit identity specification
will be revealed, which enables future manipulation of fruit types and engineering fruit

formation without the need for pollination and fertilization, and improvement of fruit quality.

Recently, 125 Rosaceae species’ transcriptomes were sequenced and used to construct a well-
resolved phylogeny of Rosaceae (Xiang et al., 2017). This phylogenetic study included 124
Rosaceae species and 24 other angiosperm species. The Rosaceae species were grouped into
three subfamilies (Amygdaloideae, Rosoideae, and Dryadoideae) and 16 tribes (Figure 1.1).
Apple and pear are from the tribe Maleae and are very close to each other in the phylogenetic
tree. The Prunus species, including plum, apricot, almond, peach, and cherry, belong to the
tribe Amygdaleae. The tribes Maleae and Amygdaleae are both in the subfamily
Amygdaloideae. Rosoideae, another subfamily of Rosaceae, includes three important tribes,
Potentilleae (strawberry), Roseae (rose), and Rubeae (blackberry and raspberry). And

compared with Rubeae, Roseae is more closely related to Potentilleae.
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Plants in Rosaceae family have similar basic flower structure consisting of five sepals, five
petals, and numerous stamens. However, the structure of their female organ, the carpel, varies
from species to species. A carpel is usually composed of stigma, style and ovary. While the
stigma and style are involved in receiving the pollen, the ovary consists of an ovary wall
encasing one or more ovules inside. There could be multiple or single carpels that can be
fused or independent. In peach, each flower has one single carpel that simply attaches to the
base of the hypanthium, a cup-like green tissue surrounding the ovary (Figure 1.2A) (Z. Liu
et al., 2020). However, in apple, the flower has connate carpels that fuse to the hypanthium
(Figure 1.2B) (Z. Liu et al., 2020). Moreover, in drupetum and achenetum fruits, there are
numerous unfused carpels sitting on the dome-like receptacle (the stem tip) (Figure 1.2C, D)
(Z. Liu et al., 2020). The various fruit types are sometimes contributed by differences in the

floral structure.

Upon successful fertilization, the ovary wall further develops to become the fruit that
facilitates seed dispersal. The ovary wall derived fruits are more prevalent in plants and often
referred to as “botanical fruit”. However, fruit flesh could also develop from non-ovary
tissues, in which case, they are referred to as “accessory fruit”. In Rosaceae, some species
develop the botanical fruits while others develop into accessory fruits, therefore, Rosaceae is

a great system to investigate mechanisms of fruit type diversity.

In drupe fruit, such as peach and plum (Figure 1.2A), post fertilization, the middle layer of
the ovary wall (mesocarp) enlarges and becomes the fruit flesh, the outermost layer (exocarp)
of the ovary wall forms the protective skin of the fruit, and the innermost layer (endocarp)
lignifies to form a hard stone encasing the seeds (Z. Liu et al., 2020). In pome fruit, a type of

accessory fruit, such as apple and pear (Figure 1.2B), the hypanthium eventually develops



into the fruit flesh. In the drupetum fruit, such as raspberry (Figure 1.2C), every individual
carpel grows into a fleshy fruit (drupelet) (Z. Liu et al., 2020). And in each drupelet, stone is
formed to protect the seed like a drupe fruit. However, in achenetum fruit, such as strawberry
(Figure 1.2D), the fruit flesh is derived from the receptacle, another example of accessory

fruit, while the carpels dry up on the fruit surface (Z. Liu et al., 2020).

A Drupe (peach) c
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Figure 1.2 Four typical fleshy fruit types in Rosaceae

Flower and fruit structure in peach (A), apple (B), raspberry (C), and strawberry (D). The
figure was adapted from Z. Liu et al., 2020.

The Rosaceae phylogeny mentioned above allows for a better understanding of fruit type
evolution in Rosaceae (Figure 1.3) (Z. Liu et al., 2020; Xiang et al., 2017). It was
hypothesized that dry fruit achenetum was the ancestral fruit type for Rosoideae and could
develop into three different fleshy fruit types through distinct evolutionary paths (Figure
1.3B). In the first path, the outer part of each achene became thick and fleshy resulting in
drupetum-type fruit (raspberry). In the second path, strawberry was derived from the enlarged

receptacle with achenes that underwent few changes. In the third path giving rise to rose, the
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hypanthium with increased fleshiness grew upwards and trapped the achenes inside it. In
Amygdaloideae, the hypothetical ancestor, dry fruit follicetum, could evolve into drupe and
pome fruits (Figure 1.3¢). The carpels were either reduced in number leading to drupe fruit

with fleshy ovary wall or fused together producing pome fruit with fleshy hypanthium.
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Figure 1.3 Evolution of different fruit types of Rosaceae

(A) Rosaceae phylogeny. The tip labels are Rosaceae genera. The branch colors represent
different fruit types. The red dashed lines specify the genera with achenetum-type fruit. (B)
Proposed evolutionary history of three fleshy fruit types in Rosoideae. (C) Proposed
evolutionary history of two fleshy fruit types in Amygdaloideae. The figure was adapted from
Z. Liu et al., 2020.

Although the Rosaceae phylogeny uncovers the possible evolutionary histories of different
fleshy fruit types, a number of fundamental questions have remained unanswered. In this
study, I asked the question what genetic factors cause distinct floral organs to develop into

fruit flesh that result in diverse fruit types in the Rosaceae family. To investigate the fruit
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diversity of Rosaceae, peach, apple, strawberry and raspberry were chosen as the
representatives of different fleshy fruit types. All the four species are widely grown fruit
crops and extensively studied as models for tree fruits. Further, all of them have publicly
available genomes (Daccord et al., 2017; Edger et al., 2018; Verde et al., 2017; Wight et al.,
2019). The high-throughput RNA-Seq data collected from comparable tissues of these four
fruit types in the Liu laboratory allowed me to examine and compare the transcriptome
profiling of the four Rosaceae fruits and identify candidate genes and pathways that may

provide the instructions for the development of a fruit.

1.2 Flower and fruit development

1.2.1 ABC model of flower development

Flowering plants, angiosperms, are the most successful land plants on earth owing to their
ability to form the complex reproductive structure, the flower. How do flowers evolve and
develop? The ABC model of flower development established in the 1990s provided key
insights to this question. The model was first published in 1991 by analyzing single, double
and triple homeotic mutants of Arabidopsis (Bowman et al., 1991, 2012). The details of the
model were further improved by a series of molecular genetic experiments (Colombo et al.,
1995; Ditta et al., 2004; Egea-Cortines et al., 1999; Favaro et al., 2003; Honma & Goto,
2001; Pelaz et al., 2000; Theien, 2001). It was found that the identity of each floral organ,
sepal, petal, stamen, or carpel, was determined by protein tetramers formed by the ABCDE
genes. The extended model includes A class gene (AP1), B class genes (AP3 and PI), C class
gene (AG), D class genes (SHP and STK), and E class genes (SEP1, SEP2, SEP3, and SEP4).
A and E class genes control sepal identity, A, B and E class genes determine petals, B, C and
E class genes specify stamens, C and E class genes are required for carpel development, and

C, D, and E class genes act together to produce ovules (Figure 1.4) (Theien et al., 2016).
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Interestingly, the ABCDE genes almost all encode type Il MADS box transcription factors

with a highly conserved MADS box DNA-binding domain (Theiflen et al., 2016).

\ \ 87 7 Carpels
Sepals 1 R i DTS

Petals Stamens Ovules

Ovules

Carpels

Class A

C

Class E

1st whorl 2nd whorl 3rd whorl 4th whorl

Figure 1.4 The ABC model of flower development with D and E class genes added later
in research

Different combinations of tetrameric MADS box proteins specify different floral organs in
Arabidopsis thaliana. The figure was adapted from Theiflen et al., 2016.

Many of the genetic experiments that revealed the above findings were conducted using
Arabidopsis thaliana. However, the flowers are morphologically distinct from one another in
different plant species. Will the ABC model apply to different types of flowers? In daisies,
even though the whole flowers, flower head, look different from Arabidopsis flowers, the
development of each small flower in the central disc is still controlled by the ABC genes
(Figure 1.5A) (Irish, 2017). In the cultivated roses, the extra petals are resulted from the
restricted expression of C class gene that causes a shifted A/C boundary (Figure 1.5B)
(Dubois et al., 2010; Irish, 2017). In tulips, the extended expression of B class genes leads to
the formation of tepals (Figure 1.5C) (Irish, 2017; Kanno et al., 2003). Despite the

modifications of the ABC model, the fundamental rules underlying the ABC program appear
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to be conserved among the flowering plants (Irish, 2017). The fruit is developed from the
flower, therefore specific genes, specifically MADS box genes, could work together in a
conserved manner to determine fruit identity, i.e., the ability of a floral organ for develop into

a fruit tissue post-fertilization.

A
B | — ——

Sepals Petals Stamens Sepals Petals Petal Petals Petals Stamens

Figure 1.5 Variations in flower morphology and ABC model

Changes in the expression domains of the ABC genes may explain the diversity of floral
forms as shown in daisy (A), rose (B), and tulip (C). The figure was adapted from Irish, 2017.

1.2.2 Rosaceae fruit development

In many plants, fruit development is broadly composed of four phases (Gillaspy et al., 1993;
Mayorga-Goémez & Nambeesan, 2020). In the first phase (fruit set), the plant decides whether
to abort or proceed with fruit development depending on whether pollination and fertilization
are successful. In the second phase, cell division is activated that leads to fruit growth. In the
third phase, cell expansion begins and helps increase fruit size rapidly. In the fourth phase,
fruit ripens and generally becomes softer and tastier. Below, the specific development

processes of the major Rosaceae fruits will be described in detail.

In peach (Prunus persica ‘Dixiland’), the fruit development is divided into five stages
(Figure 1.6) (Lombardo et al., 2011). Stage E, roughly from 0 DAB (days after bloom) to 22
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DAB, is the early period of fruit development. In stage S1 (about 23-37 DAB), there is an
obvious increase in the fruit size. However, in the following stage S2 (about 38-66 DAB), the
fruit grows extremely slowly and the stone starts to form. In stage S3 (about 67-94 DAB), the
fruit growth becomes rapid again. And eventually, the fruit gradually ripens during stage S4

that approximately starts from 95 DAB.
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Figure 1.6 Peach fruit development

The top of the figure shows the peach fruits collected at different developmental stages. H
indicates that the peach fruits were harvested at 102 DAB, and H7 indicates that the fruits
continued to ripen for 7 days at 20 °C after harvest. The data points on the two growth curves
represent the volume (black) and fruit weight (white) of the peach fruits at stage E (3, 5, 9,
and 17 DAB), stage S1 (23, 29, and 37 DAB), stage S2 (44, 51, 59, and 66 DAB), stag S3
(74, 80, 83, and 87 DAB), and stage S4 (94 and 102 DAB, and 7 DAH (days after harvest)).
The figure was adapted from Lombardo et al., 2011.

Different from peach, apple fruit (Malus domestica ‘Royal Gala’) doesn’t undergo lignin
formation. The apple fruit cells expand at an increased rate and start to accumulate starch
immediately after cell division at 35 DAA (days after anthesis) (Figure 1.7) (Janssen et al.,

2008). Moreover, the rate of cell expansion and starch accumulation reaches its peak at 60

DAA. Afterwards, the apple fruit continues to grow but at a decreased rate until it ripens. And



the starch levels begin to decline after 87 DAA. By 146 DAA, the fruit finally becomes a

fully developed apple with appealing color and flavor.

H Starch accumulation

Starch decline

Peak rate of cell expansion
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Days after anthesis (DAA)

Figure 1.7 Apple fruit development

(A-G) Apple fruits collected at 0, 14, 35, 60, 87, 132 and 146 DAA. Scale bar: 1cm. (H) The
timeline of important biological events during apple fruit development. The dashed and solid
red lines stand for the pre-climacteric and climacteric stages, respectively. The figure was
adapted from Janssen et al., 2008.

Strawberry fruit development (Fragaria vesca ‘Yellow Wonder SAF7’) is composed of 12
stages containing seven early stages (S1-S7) and five ripening stages (RS1-RS5) (Figure 1.8)
(Liao et al., 2018). And similar to apple, strawberry fruit doesn’t form stone neither. The
strawberry fruit gradually grows larger from S1 to S5, which is followed by a dramatic

increase in the fruit weight between S5 and RS1. Subsequently, the fruit grows at a declined

rate during fruit ripening.
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Figure 1.8 Strawberry fruit development

(A) 12 developmental stages of strawberry fruit growth. DAP: days after pollination. Scale
bar: 1cm. (B) Changes in fruit length, width and weight over fruit development. The figure
was adapted from Liao et al., 2018.

Raspberry (Rubus chingii ‘L7’) fruit development comprises eight stages that include small
green (SG, 7 DPA (days post anthesis)), medium green (MG, 14 DPA), big green I (BGI, 21
DPA), big green II (BGIIL, 28 DPA), big green III (BGIII, 35 DPA), green-to-yellow (GY, 42
DPA), yellow-to-orange (YO, 48 DPA), and red (Re, 54DPA) (Figure 1.9) (Z. Chen et al.,
2021). Raspberry fruit follows a similar growth pattern to peach fruit. Between two stages of

fast fruit growth (7-21 DPA and 35-54 DPA), there is a period (21-35 DPA) with few

changes in fruit size.
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Figure 1.9 Raspberry fruit development

(A) Raspberry fruits derived from important stages of fruit development. (B) Fruit biomass of
fleshy fruit and dry fruit during fruit development. (C) Fruit length and diameter during fruit
development. The figure was adapted from Chen et al., 2021.
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In this study, we are interested in identifying the potential important genes that can specify
the fruit identity. Since the fruit identity is usually determined early in fruit development, we
collected data from early developing fruits and mainly focused on the changes happening

before and after pollination and fertilization.

1.3 Plant hormones: auxin and gibberellic acid (GA)

1.3.1 Auxin and GA pathways

It was known that flowers can enter the phase for fruit development only when pollination
and fertilization are successful. The decision made by the flower to enter fruit development is
called fruit set. It implies that pollination or fertilization can trigger certain floral
compartment(s) to initiate development into a fruit. However, seedless (parthenocarpic) fruits
can be achieved by applying plant hormones, such as auxin and GA, to unpollinated flowers
in the Rosaceae species, which indicates that the hormonal signals positively control the
Rosaceae fruit development and bypass the need for pollination/fertilization (Cong et al.,
2019; Crane et al., 1960; Galimba et al., 2019; Kang et al., 2013). For instance, GA (GA3),
synthetic auxin (NAA), and both (GA3+NAA) were applied to unpollinated woodland
strawberry, respectively (Kang et al., 2013). The GA3-treated and NAA-treated strawberry
both become enlarged but have smaller fruit size than the hand-pollinated strawberry (Figure
1.10). Only the strawberry treated with both GA3 and NAA is able to grow as large as the
pollinated control (Figure 1.10). It suggests that the auxin-GA interaction also plays an
important role in strawberry fruit development. Therefore, pollination and fertilization serve
to trigger the biosynthesis of phytohormones, whose production subsequently leads to fruit

initiation.
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No pollination Pollination

GA3+NAA

Figure 1.10 GA and auxin (NAA)-treated strawberry fruit without pollination still
enlarges

The figure was adapted from Kang et al., 2013. Mock: mock-treated, GA3: GA-treated,
NAA: auxin-treated, GA3+NAA: GA- and auxin-treated, Pollination: hand-pollinated.
Woodland strawberry cultivar: ‘Yellow Wonder SAF7’. Scale bar: Smm.

Auxin and GA appear to be most well studied regarding their roles in initiating Rosaceae fruit
development. Genes in the auxin and GA pathways (Table 1.1) are described in further detail
below. Auxin (indole-3-acetic acid), a small amino-acid-like molecule, is synthesized from
the amino acid tryptophan by TAA1/TAR (TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS1/TRYPTOPHAN AMINOTRANSFERASE RELATED) and YUC
(YUCCA, flavin monooxygenase) proteins (Figure 1.11A) (Hofmann, 2011; Zhao, 2014).
Other genes are involved in auxin homeostasis including GH3 proteins that catalyze auxin
conjugation to temporarily inactivate the auxin or irreversibly degrade it (Chapman & Estelle,
2009; Ludwig-Miiller, 2016) and auxin transporters such as PIN (PIN-FORMED), an auxin
efflux carrier, and AUX1/LAX (AUXIN-RESISTANT1/LIKE AUX1), and auxin influx
carriers (Chapman & Estelle, 2009; Geisler, 2021). Auxin signaling involves two major
signaling proteins, ARF (auxin response factor) and IAA (INDOLE-3-ACETIC ACID
INDUCIBLE) (Figure 1.11B). In the absence of auxin, [AA proteins interact with ARF
transcription factors and prevent ARF proteins from regulating the expression of the
downstream genes (He & Yamamuro, 2022; Leyser, 2018). In the presence of auxin, [AA
proteins are degraded by the ubiquitin/26s proteasome pathway, which enables ARF proteins

to activate or repress their target genes (He & Yamamuro, 2022; Leyser, 2018).
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Proteins

Functions

Reference

TAAIL, TAR, YUCCA

Auxin biosynthetic proteins

Hofmann, 2011; Zhao, 2014

GH3

Auxin homeostasis
regulators

Chapman & Estelle, 2009;
Ludwig-Miiller, 2016

PIN Auxin efflux carriers Chapman & Estelle, 2009;
Geisler, 2021

AUXI1/LAX Auxin influx carriers Chapman & Estelle, 2009;
Geisler, 2021

IAA, ARF Auxin responsive proteins He & Yamamuro, 2022;

Leyser, 2018

CPS, KS, KO, KAO,
GA200x, GA3ox

GA biosynthetic proteins

NAKAYAMA et al., 2005

GA20x

GA degradation enzymes

Yamaguchi & Kamiya,
2000

RGA, GAIL RGL1, RGL2,
RGL3

DELLA proteins, GA
responsive proteins

Daviére & Achard, 2016;
He & Yamamuro, 2022

Table 1.1 Important genes that participate in auxin and GA pathways

A Tryptophan

l TAA1/TARs B

Indole-3-pyruvic acid

l YUCs

IAA

Auxin (—)

s
vl

Auxin response gene expression

Figure 1.11 Auxin biosynthesis and signaling pathways

26 S proteome
dependent
degradation

. @™
i Vvl

Auxin response gene expression

(A) Auxin biosynthesis pathway. TAA1/TAR1 and YUC are the two key enzymes. (B) Auxin
signaling mechanism mediated by IAA and ARF transcription factors. A and B are adapted

from Hofmann, 2011 and He & Yamamuro, 2022, respectively.

The biosynthesis of bioactive GA requires multiple steps catalyzed by enzymes including

CPS (ent-copalyl diphosphate synthase), KS (ent-kaurene synthase), KO (ent-kaurene

oxidase), KAO (ent-kaurenoic acid oxidase), GA200x (GA 20-oxidase) and GA3ox (GA 3-

oxidase) (Figure 1.12A) (NAKAYAMA et al., 2005). The bioactive GA can be deactivated

by GA20x (GA 2-oxidase) via 2B-hydroxylation (Yamaguchi & Kamiya, 2000). Analogous
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to auxin signaling, in the absence of GA, DELLA proteins (RGA, GAI, RGL1, RGL2, and
RGL3) act as repressors that bind to transcription factors (TFs) and inhibit their activities
(Daviére & Achard, 2016; He & Yamamuro, 2022). When GA exists, DELLA proteins are
degraded by the 26S proteosome-mediated pathway; TFs are released from DELLA
inhibition and able to fulfil their functions (Figure 1.12B) (Daviére & Achard, 2016; He &

Yamamuro, 2022).
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Figure 1.12 GA biosynthesis and signaling pathways

(A) GA biosynthesis pathway, adapted from NAKAYAMA et al., 2005. (B) GA signaling
mechanism, adapted from He & Yamamuro, 2022.

1.3.2 Function of auxin and GA pathway genes in fruit development

A considerable amount of research was conducted to investigate the functions of auxin and
GA pathway genes in different fruits. In tomato, overexpression of S/GA20ox (Garcia-
Hurtado et al., 2012), mutations in SIARF§ (Goetz et al., 2007), and silencing of SIARF'5 (S.
Liu et al., 2018), SIARF'7 (De Jong et al., 2009) and S//449 (H. Wang et al., 2005) all led to
parthenocarpic fruits (He & Yamamuro, 2022), suggesting their influence on fruit set.
Furthermore, the ARF7/IAA9 complex and a DELLA protein were reported to regulate
tomato fruit initiation together (He & Yamamuro, 2022; Hu et al., 2018). It indicates that

there is a crosstalk between auxin and GA that is important for fruit development. In grape,
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reduced expression of VvARF7 and VvIAA9 was observed after application of GA at pre-
bloom, which also supports the interplay between auxin and GA during fruit set (He &

Yamamuro, 2022; C. J. Jung et al., 2014).

Compared to tomato, fewer studies have been carried out to investigate the impact of auxin
and GA pathways genes on Rosaceae fruit development. Woodland strawberry is one of the
Rosaceae species whose fruit development processes have been better characterized. The
experiments were performed in woodland strawberry to uncover the possible genetic
mechanisms underlying the crosstalk between auxin and GA (Zhou et al., 2021). CRISPR-
knockout of FveRGA1, a DELLA protein-encoding gene, produced parthenocarpic strawberry
fruits, suggesting FveRGA1/DELLA a negative regulator of strawberry fruit set. Fve ARFS§
was also shown to negatively regulate fruit growth. Though fvearf8 loss-of-function mutants
failed to produce parthenocarpic fruit, they formed larger fruits than wide-type woodland
strawberry after fertilization. Additionally, the interactions between FveRGA1 and FveARFS,
FvelAA4 and FveARFS, and FveARF8 and FveGID1c were demonstrated in the same study.
Based on the above findings, it was proposed that FveRGA1 and FvelAA4 inhibit FveARFS§
and other TFs from regulating the downstream targets in the absence of auxin and GA
(Figure 1.13). After the transport of auxin and GA from the achenes to the receptacle
following fertilization, the activator TFs (to be identified) are allowed to stimulate the
expression of the fruit growth-related genes, such as FveCYCD2; 1, FveSAURI, and
FveEXPL Bl (Figure 1.13). And FveARF8 can also be released to suppress FveGIDIc

encoding the GA receptor (Figure 1.13).
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Figure 1.13 Proposed models of strawberry fruit development

(A) Auxin and GA are likely to be synthesized in the achene and then be transported to the
receptacle to initiate the fleshy fruit enlargement. (B) The hypothesized genetic pathways that
regulate strawberry fruit growth. The figure was adapted from Zhou et al., 2021.

Since auxin and GA pathway genes greatly influence the fruit development in various species
including Rosaceae fruits, we are eager to understand whether specific tissues have different
responses to the hormone signals in different species, which may result in diverse fruit types.

Therefore, we utilized the transcriptome data to compare how the hormone pathway genes

work in distinct tissues across the four Rosaceae early fruits.

1.4 Type II MADS-box transcription factors

MADS-box family genes are divided into two types, type I (SRF-like) and type II (MEF2-
like) MADS-box genes, based on the dissimilarity of the MADS-box sequence (Figure
1.14)(Gramzow & Theissen, 2010). Most of the ABCDE class genes belong to the type I1
MADS-box transcription factor family, which, in addition to possessing the MADS domain at
the N-terminus, contains a relatively conserved keratin-like (K) domain flanked by two less
conserved domains, intervening (I) and C-terminal (C) domains (Gramzow & Theissen, 2010;
Ng & Yanofsky, 2001). The I and K domains contribute to protein-protein interaction (PPI),
and the C domain is involved in transactivation and PPI stabilization (Gramzow & Theissen,

2010; Ng & Yanofsky, 2001). Therefore, the type Il MADS-box genes are also known as
17



MIKC-type genes. While they were originally discovered to play important roles in
specifying flower organ identity, these MADS box genes appear to play important role in

specifying fruit identity.

Type | Type Il
MADS | I |MADS |!| !s | E I
SRF-li MEF2-li

Figure 1.14 Diagrams of Type I and type I MADS-box proteins

The figure was adapted from Gramzow & Theissen, 2010. Orange: DNA-binding, blue:
protein-protein interaction, purple: transactivation.

Until now, a number of studies have demonstrated that type Il MADS-box genes are involved
in Rosaceace fruit development. An apple tree with a loss-of-function gene in MdPI (B class)
was found to give rise to parthenocarpic fruit (Figure 1.15A) (Yao et al., 2001), indicating
that MdPI acts as a repressor of fruit set. Recently, overexpressing MdPI in apple produced
flat fruit with smaller size, which further suggests PI’s negative impact on fruit formation
(Figure 1.15B) (Yao et al., 2018). Besides PI, SEP genes (E class) were also shown to
regulate fruit development in Rosaceae species. Suppression of MdMADSS8/9 (SEP1/2-like
genes) reduced the size of apple fruit flesh (Figure 1.16A) (Ireland et al., 2013). In the same
transgenic apple, the expression of a related E class gene MdMADS6/7 (FBP9) also
decreased, but only after pollination (Ireland et al., 2013). Therefore, SEP1/2 and FBP9 are
likely to be positive regulators of fruit growth. In contrast, SEP3 was found to be a potential
repressor of fruit development in woodland strawberry. An EMS-induced point mutation in
FveSEP3 caused one amino acid change (G27E) in its MADS-box domain and produced
parthenocarpic fruits that developed slowly (Figure 1.16B) (Pi et al., 2021). And the fvesep3
knockout mutants generated by CRISPR/Cas9 exhibited similar phenotypes (Pi et al., 2021).
In my dissertation work, I sought for the type Il MADS-box genes that appeared to be a

conserved regulator of fruit development by comparing their expression among the four
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Rosaceae species. [ would like to see whether the type Il MADS-box genes show specific
expression patterns that are positively or negatively correlated with fruit formation in order to

identify their function during fruit development.

B

lem

Figure 1.15 Alteration of PI function or expression influences apple fruit

(A) A parthenocarpic apple fruit developed from a loss-of-function MdPI mutant. A lack of
seeds supports that the fruit is parthenocarpic. Apple mutant: ‘Rae Ime. nc: normal carpels,
ec: ectopic carpels. Scale bar: Scm. (B) Upper panel: wide-type apple at 132 DAP (days after
pollination), lower panel: an apple with overexpressed MdPI at 132 DAP. The fruit is
flattened. Apple cultivar: ‘Bolero’. The blue arrows point to the longitudinal grooves. (A) and
(B) are respectively adapted from Yao et al., 2001 and Yao et al., 2018.
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Figure 1.16 Class E genes SEPALLATA (SEP) are important regulators of Rosaceae
fruit development

(A) Left panel: wide-type apple; right panel: apple from three MdMADSS (SEP1/2-like)
antisense transgenic lines. Apple cultivar: ‘Royal Gala’. Scale bar: 1cm. (B) Upper panel:
wide-type woodland strawberry, lower panel: a loss of function woodland strawberry mutant
in FveSPE3. Fruit still enlarges despite a back of seed development. Woodland strawberry
cultivar: Ruegen. (A) and (B) are respectively adapted from Ireland et al., 2013 and Pi et al.,
2021.

1.5 Rosaceae genomic resources

My comparative transcriptomic analyses of the four Rosaceae species will not be possible in
the absence of their high-quality reference genomes. Below summarizes the improvements of

the genome sequencing resources over time for the four species.

1.5.1 New technologies for improving genome assembly and annotation

The rapid development of sequencing and related technologies, such as PacBio single
molecule real-time (SMRT) sequencing, PacBio HiFi sequencing, Oxford Nanopore
sequencing, Hi-C, and BioNano optical mapping over the past 10 years have greatly
facilitated genome assembly and annotation, and revolutionized plant research. The
increasing number of sequenced plant genomes and higher quality genomes make molecular
research, genome editing, and marker-assisted breeding possible in species previously
recalcitrant to molecular genetic research. PacBio and Nanopore both belong to the third-
generation (single-molecule and real-time) sequencing technology. Their long-read DNA-seq
helps overcome challenges of genome assembly caused by repetitive regions (Jiao &
Schneeberger, 2017; Lu et al., 2016; Rhoads & Au, 2015) and facilitates splicing isoform
prediction and genome annotation (Rhoads & Au, 2015). Different from traditional PacBio
sequencing, HiFi sequencing produces highly accurate long reads by repeatedly sequencing
the circularized templates and generating consensus reads (Hon et al., 2020). Hi-C and

BioNano optical mapping are two scaffolding technologies that help to construct
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chromosome-level scaffolds from contigs by providing long-range genomic information (Jiao
& Schneeberger, 2017; Korbel & Lee, 2013; Tang, Lyons, et al., 2015). Many important crop
species’ genomes have benefitted from several rounds of genome assembly and annotation
whenever a new technology was applied (Table A.1, see Appendices). Here, I will

summarize the updates in genome assemblies and annotations of major Rosaceae species.

1.5.1.1 Several updates in peach genome assembly and annotation

Sanger sequencing reads were used to construct the first peach (Prunus persica ‘Lovell”)
genome (Verde et al., 2013). And the genome was further annotated based on gene models
predicted by FGENESH+ (Salamov & Solovyev, 2000) and GenomeScan (Yeh et al., 2001),
transcripts assembled from ESTs by PASA (Haas et al., 2003), and protein homology. In
2017, an improved peach genome was reported (Verde et al., 2017). High-density linkage
maps and Illumina resequencing data led to a chromosome-level high-quality peach genome
assembly. Moreover, RNA-Seq data collected from various tissues were utilized to update the
genome annotation. And about 20,000 isoforms were newly identified in the upgraded

annotation.

Following the publication of the peach genome and subsequent improvement (Verde et al.,
2013, 2017), the pan-genome of peach (P. persica) is a much-welcomed next step (Cao et al.,
2020). A pan-genome consists of the entire set of genes and genetic variations within a
species, and the portion of the pan-genome common to all cultivars in the species forms the
core genome. A pan-genome identifies genetic variations among cultivars, provides valuable
resources, and supports evolutionary studies. In this study, 100 P. persica accessions were
sequenced, giving rise to 27,796 genes in the pangenome. Furthermore, the genomes of four

wild peaches (Prunus mira, Prunus kansuensis, Prunus davidiana, Prunus ferganensis) were
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assembled de novo, and the core genome shared by peach and its four wild relatives consists
of 15,216 gene families. The analysis reveals dramatic variation in gene content between

congeneric species and suggests that P. mira is the primitive ancestor of the cultivated peach.

1.5.1.2 Several updates in apple genome assembly and annotation

The progressive improvement of apple genome assemblies nicely illustrates the application of
newer technologies. The first genome of apple (Malus domestica ‘Golden Delicious’) was
published in 2010 using traditional Sanger sequencing and 454 next-generation sequencing
(Velasco et al., 2010). Six years later, an improved apple genome of ‘Golden Delicious’ was
assembled based on a combination of Illumina short reads and PacBio long reads (X. Li et al.,
2016). Accordingly, the contig N50 of the apple genome was 111,619 bp, almost seven times
the previous N50 (16,171 bp). In 2017, another de novo genome assembly of double haploid
‘Golden Delicious’ (GDDH13) was published (Daccord et al., 2017). In addition to the
Illumina and PacBio data, a BioNano optical mapping was used in scaffolding. As a result,

the scaffold N50 was increased to 5,558 kb.

In 2019, Illumina, PacBio, BioNano, and Hi-C technologies were integrated to construct a
high-quality genome assembly of ‘Hanfu’ (HFTH1) apple, a Malus domestica cultivar grown
in northern China (L. Zhang et al., 2019). The scaffold N50 was increased to 6,988 kb.
Compared with the HFTH1 genome, the three published ‘Golden Delicious’ genomes shared
11,502 deletions and 6,590 insertions with an average length of 508 bp and 519 bp,
respectively (Daccord et al., 2017; X. Li et al., 2016; Velasco et al., 2010). The average
density of shared SNPs with the ‘Golden Delicious’ genomes is 2.15/kb. The HFTH1 genome
was utilized to completely fill 488 gaps in the GDDH13 genome; the average length of the

filled gaps is 78,864 bp (L. Zhang et al., 2019).
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In 2020, it was reported that the diploid and haploid genomes of Malus domestica ‘Gala’ and
its two wide progenitors Malus sieversii and Malus sylvestris were assembled using Illumina
paired-end and mate-pair reads, 10x Genomics linked reads, and PacBio HiFi reads (Sun et
al., 2020). The scaffold N50s of the diploid and haploid assemblies were 3.3-4.3 Mb and
16.8-35.7 Mb, respectively. 2,392,029 SNPs, 413,350 indels, and 324 inversions were
identified by comparing Gala with GDDH13 (Daccord et al., 2017; Sun et al., 2020). And
3,260,700 SNPs, 464,386 indels, and 459 inversions were detected between Gala and HFTH1
(Sun et al., 2020; L. Zhang et al., 2019). Because of the genetic variations between ‘Gala’,
‘Hanfu’ and ‘Golden Delicious’, it is beneficial to use the genome assembly of the cultivar

most closely related to the cultivars under one’s study as a reference.

Besides the diploid and haploid genome assemblies, Sun et al. (2020) constructed three pan-
genomes for Malus domestica Gala, Malus sieversii, and Malus sylvestris using the
resequencing data from 36 M. domestica, 36 M. sieversii, and 11 M. sylvestris accessions.
81.3-87.3% of the genes constituted the core genomes of the three species. Moreover, 69,411
orthologous groups were identified in the three pan-genomes. And the presence of the
orthologous groups was examined in each accession. Only a few orthologous groups were
shown to be unique to M. domestica, indicating that domestication may have low influence on

gene selection.

In addition to genome assembly, high-quality genome annotations are essential to enhance the
utility of the genome. In the first ‘Golden Delicious’ genome published in 2010, the genome
annotation was based on the gene prediction programs and ESTs from Genbank (Birney et
al., 2004; Korf et al., 2001; Majoros et al., 2004; Sayers et al., 2020; Solovyev et al., 2006;

Velasco et al., 2010). In 2014, an improved apple reference transcriptome was constructed
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using RNA-Seq data generated from ‘Golden Delicious’ fruits at 14 time points during
development (Bai et al., 2014). In 2016, the de novo “Golden Delicious” genome assembly
was supplemented by annotations based on RNA-Seq data from three distinct tissues (leaves,
flowers, and stems) as well as ab initio and protein homology-based predictions (X. Li et al.,
2016). To annotate the latest ‘Golden Delicious’ GDDH13 genome, mRNA was extracted
and sequenced from more tissues, including leaves, roots, fruits, apex, stems, and flowers
(Daccord et al., 2017). The GDDH13 genome annotation has the lowest number of protein-
coding genes at 42,140 (Daccord et al., 2017) compared with 53,922 (X. Li et al., 2016) and
63,141 (Velasco et al., 2010). However, GDDH13 possesses the highest BUSCO
completeness at 94.9% (Daccord et al., 2017) compared with 51.5% (X. Li et al., 2016) and

86.7% (Velasco et al., 2010).

1.5.1.3 Several updates in strawberry genome assembly and annotation

As with apples, the diploid woodland strawberry (Fragaria vesca ssp. vesca ‘Hawaii4’)
genome assembly and annotation went through several rounds of updates. The first woodland
strawberry genome became available at the end of 2010, and its genome annotation (v1.0)
was generated by GeneMark-ES+ (Lomsadze et al., 2005), which integrated ab initio gene
prediction and EST evidence (Shulaev et al., 2011). An updated assembly (v1.1) with
improved contig arrangement was constructed in 2011. And the gene models were mapped
from the previous genome (v1.0) to the new assembly (v1.1). In 2015, a new annotation
(vl.1.a2) was created that combined different evidence, such as de novo and genome-guided
transcriptome assembly from RNA-Seq reads, ab initio gene models, and plant protein
sequences from UniProt (Darwish et al., 2015). More than 2000 new genes were added in the
vl1.1.a2 annotation. In 2014, dense linkage maps were leveraged to construct an improved

woodland strawberry genome assembly (v2.0.al) (Tennessen et al., 2014). In 2017, based on
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PacBio long reads and Illumina short reads from F. vesca fruit receptacles as well as prior
short-read RNA-Seq data, a new annotation (v2.0.a2) was generated (Y. Li et al., 2018).
Although the total number of protein-coding genes decreased slightly, 13,168 protein-coding
genes were updated in their gene structures, alternatively spliced (AS) isoforms were
identified for 7,370 genes, and the BUSCO completeness score was increased to 95.7% from
the prior version (88.9%). At the end of 2017, a high-quality woodland strawberry genome
(v4.0.al) was assembled using PacBio long reads, Illumina short reads, and BioNano optical
mapping (Edger et al., 2018). This version uses a different gene-naming system, moving from
the geneXXXXX to FvH4XgXXXXX format. Y. Li et al. (2019) included a supplementary
table in their publication that correlates the F. vesca gene names between the old and new
naming systems. In addition, a new annotation (v4.0.a2) was created based on comprehensive
short- and long-read RNA-Seq data (Y. Li et al., 2019), adding 5,419 new protein-coding
genes, improving the BUSCO completeness score to 98.1% from the prior 91.1%, and adding
AS isoforms detected for about 30% of the genes. In 2021, the chromosome-level genomes of
the five diploid Fragaria species (F. mandschurica, F. viridis, F. daltoniana, F. nilgerrensis,
and F. pentaphylla) were assembled using a combination of second- and third-generation
technologies (Qiao et al., 2021). Additionally, a pan-genome was constructed for strawberry
species including F. iinumae, F. mandschurica, F. vesca, F. viridis, F. daltoniana, and F.

nilgerrensis. And the percentage of the core genes in the pan-genome is around 42.9%.

In 2013, the first draft octoploid garden strawberry genome (Fragaria x ananassa ‘Reikou’)
was reported (Hirakawa et al., 2014). Homoeologous sequences of the allo-octoploid
strawberry are integrated into a haploid genome named FANhybrid r1.2 with an N50 of 5.14
kb. Gene prediction was done ab initio using Augustus (Stanke et al., 2006). In the same

study, the genomes of several Fragaria species were sequenced and assembled, including F.
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orientalis, F. iinumae, F. nipponica, and F. bucharica, and F. bucharica (USDA accession
CFRAS522) was originally misidentified as Fragaria nubicola (Tennessen et al., 2014). In
2019, a near-complete chromosome-scale assembly of the Fragaria x ananassa ‘Camarosa’
was constructed with a contig N50 of about 79.97 kb, taking advantage of Illumina, 10X
Genomics, and PacBio long reads (Edger et al., 2019). This chromosome-scaled genome
consists of A, B, C, and D subgenomes, and the genome annotation (v1.0.al) utilized RNA-
Seq data from diverse tissue types (108,087 protein-coding genes) (Edger et al., 2019). In the
same year, a garden strawberry reference transcriptome was constructed using PacBio
sequencing (Yuan et al., 2019). The PacBio data in this study, together with other publicly
available Illumina RNA-Seq data were recently utilized to improve the annotation of the
Fragaria x ananassa ‘Camarosa’ genome (v1.0.al) (T. Liu et al., 2021). Compared with
Fragaria x ananassa v1.0.al, the new annotation v1.0.a2 had a slight increase in the number
of protein-coding genes (108,447). Importantly, the new annotation (v1.0.a2) for Fragaria x
ananassa ‘Camarosa’ includes AS isoforms for 11,044 genes and adds 5" and 3’ UTR
information to a large proportion of the protein-coding genes (v1.0.al: 38.93%, v1.0.a2:

73.61%).

The complete genome sequencing of Fragaria x ananassa ‘Camarosa’ allowed the
identification of diploid progenitors, which has long been a mystery and recently a topic of
intense debate. Based on the tree-searching algorithm (PhyDS), Edger et al. (2019) proposed
four diploid species (F. vesca, F. iinumae, F. viridis, and F. nipponica) as the four
progenitors of the octoploid and suggest the hexaploidy F. moschata as an intermediate
species (Edger et al., 2019). However, Liston et al. (2020) reanalyzed the four subgenomes in
a phylogenomic context and found support for F. vesca and F. iinumae but disputed F.

viridis, F. nipponica, and F. moschata as progenitors (Liston et al., 2020). In response, a new
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chromosome-scale genome of F. iinumae was subsequently assembled, and a reanalysis using
PhyDS supports their original proposal regarding the four diploid species as the progenitors
(Edger et al., 2020). A third group recently sequenced and assembled the genomes of three
wild diploid species, F. nilgerrensis, F. nubicola, and F. viridis (Feng et al., 2021).
Combining these three genomes with the previously sequenced F. vesca and F. iinumae
genomes, the group utilized sppIDer (Langdon et al., 2018) to map short-read sequencing
data of F. x ananassa to a composite reference genome, and the result supports that F. vesca
and F. iinumae, but not others, are the progenitor species of the cultivated garden

strawberry (Feng et al., 2021).

1.5.1.4 Several updates in raspberry genome assembly and annotation

The first genome assembly of black raspberry (Rubus occidentalis ‘ORUS 4115-3") was
published in 2016 (VanBuren et al., 2016). [llumina paired-end reads were generated to build
a draft genome assembly, and then a high-density linkage map was constructed to anchor the
scaffolds onto the seven pseudo-chromosomes. The reference-guided and de novo
transcriptome assemblies were produced using the RNA-Seq data collected from a variety of
tissues including leaf, root, fruit and cane. The assembled transcripts were further imported to
MAKER (Cantarel et al., 2008) to annotate the genome. Moreover, the amino acids translated
from the assembled transcripts, as well as the protein sequences from different species, served
as the protein homology evidence for genome annotation. And SNAPhmm (Korf, 2004),
Augustus (Stanke et al., 2006), and GeneMarkHMM (Lomsadze et al., 2005) were applied to
predict gene models within the MAKER pipeline. The genome assembly was later improved
by Hi-C in February 2018 (Jibran et al., 2018). About 97.2% of the sequence was able to be
anchored onto the chromosomes. It was reported in August 2018 that PacBio reads were

yielded to generate a near-complete genome assembly of ‘ORUS 4115-3° (VanBuren et al.,
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2018). Compared with the first black raspberry genome (v1.0.al), the scaffold N50 of the
new genome (v3.0) was increased from 0.35 Mb to 41.1 Mb. And the RNA-Seq data obtained
from black raspberry fruit, flower, cane, root, leave and methyl jasmonate-treated leave were
used for genome annotation by MAKER-P (Campbell, Law, et al., 2014). Consequently, a
higher number of protein-coding genes were predicted in the new genome (v1.0.al: 28,005,

v3:34,545).

In 2019, PacBio and Illumina reads were utilized to assemble the first draft genome of red
raspberry (Rubus Idaeus ‘Joan J”) with scaffold N50 of 0.64 Mb (Wight et al., 2019). And the
genome was further annotated using the RNA-Seq data collected from three different fruit
tissues (receptacle, ovary wall, and ovule/seed) at two developmental stages (0 and 12 DPA),
producing 35,566 predicted protein-coding genes. In 2021, a chromosome-level genome of
Rubus chingii was constructed using Nanopore, [llumina and Hi-C technologies (L. Wang et
al., 2021). And RNA extracted from leaf, stem, flower, root, and fruit tissues was sequenced
for genome annotation. The resulting high-quality genome had scaffold N50 of 8.2 Mb, and
33,130 protein-coding genes were identified in the genome. In 2022, a new genome of Rubus
Idaeus (‘Anitra’) was reported (Davik et al., 2022). PacBio, Illumina, and Hi-C sequencing
were combined to generate a chromosome-scale assembly. The scaffold N50 of the genome
was 34.5 Mb, and 39,448 protein-coding genes were predicted in the genome by Augustus
(Hoff & Stanke, 2019). In this dissertation work, I was involved in the genome assembly and
annotation of the genome of red raspberry Rubus idaeus version 1.0 and version 2.0. Chapter
3 describes the effort in the version 2.0 genome. My dissertation work has contributed to the

genomic resources of the economically important red raspberry.
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1.5.2 Computational databases for Rosaceae species

The establishment of various online databases provides easy access and interaction with the
genomic data. These databases help organize genomic resources, facilitate data sharing, and
enable genome comparison across different species. Below, I will highlight some useful
databases that are of particular importance to Rosaceae research (Table A.2, see
Appendices). In my dissertation Chapter 4, I describe my contribution to this area in

establishing a new comparative genomic database for Rosaceae.

1.5.2.1 Rosaceae genome databases

Genome Database for Rosaceae (GDR) (https://www.rosaceae.org/) (S. Jung et al., 2019) is,

by far, the best resource hub for Rosaceae research. It hosts the most comprehensive and up-
to-date collection of genome assembly and annotation versions for widely studied genera,
Fragaria, Malus, Prunus, Potentilla, Pyrus, Rosa, and Rubus. For instance, GDR hosts
Fragaria vesca genome assemblies of v1.0, v1.1 (an improved pseudochromosome assembly
of v1.0), v2.0.al, and v4.0.al. Moreover, it incorporates corresponding updated annotations
vl.l.a2, v2.0.a2, and v4.0.a2. In addition, GDR serves as the database of record for Rosaceae
gene names; standardized gene-naming guideline should be followed to ensure uniformity
and clarity (S. Jung et al., 2015). Besides the genes and genomes, GDR provides genetic
maps, markers, germplasm, and trait information as well as an impressive set of tools. For
example, the search tools of GDR enable users to search for specific gene sequence, maps,
and markers; its MegaSearch tool allows downloading different data types in bulk. With the
GDRCyec tool, users can search, visualize, and overlay pathway data. With the Synteny
Viewer tool, one can select specific Rosaceae species for comparison, visualize syntenic

blocks, and obtain information on syntenic genes.
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The NCBI Genome (https://www.ncbi.nlm.nih.gov/genome) (Tatusova et al., 1999) on the

other hand collects genomes from a broader range of Rosaceae species, including lesser-
known species, such as Drummond’s Mountain avens (Dryas drummondii), wood avens
(Geum urbanum), and bitterbrush (Purshia tridentate) (Griesmann et al., 2018; Jordan et al.,

2018).

1.5.2.2 Rosaceae species-specific databases

Many genome sequencing or annotation papers of Rosaceae species are accompanied by
species-specific websites that provide tools, including BLAST searches for genes of interest.
For instance, the genomes of Yoshino cherry (Cerasus x yedoensis) and sweet cherry (Prunus

avium) are both deposited in DBcherry (http://cherry.kazusa.or.jp/) (Shirasawa et al., 2017,

2019). The built-in BLAST enables users to search their sequences of interest against the
cherry genomes, and JBrowse is embedded in the database for visualizing the genomic
regions. The genomes of garden strawberry (Fragaria x ananassa) and multiflora rose (Rosa

multiflora) are available in Strawberry GARDEN (http://strawberry-garden.kazusa.or.jp/)

and Rosa multiflora DB (http://rosa.kazusa.or.jp/), respectively (Hirakawa et al., 2014;

Nakamura et al., 2018). These two websites as well as the database for cherry are all

supported by the Kazusa DNA Research Institute.

Several Rosaceae species have developed species-specific databases with multiple analysis
tools and resources. Strawberry Genomic Resources (SGR,

http://bioinformatics.towson.edu/strawberry/default.aspx) is a website that integrates different

types of woodland strawberry (Fragaria vesca) genomic data (Darwish et al., 2013). It allows
users to access the transcriptome analysis of the woodland strawberry early fruit development

(Kang et al., 2013). Users can acquire differentially expressed genes between distinct tissues
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and stages by searching the database and use the eFP browser to visualize RNA-Seq data
across tissues and stages for genes of interests (Hawkins et al., 2017). An updated F. vesca

eFP browser is hosted at the BAR (http://bar.utoronto.ca/efp_strawberry/cgi-bin/efpWeb.cgi).

A reference transcriptome of Chinese pear (Pyrus pyrifolia) was constructed by utilizing
PacBio, 454, and Sanger sequencing, and it is stored in the database TRANSNAP

(http://plantomics.mind.meiji.ac.jp/nashi/) (Koshimizu et al., 2019). The database also

includes gene functional annotation performed by BLASTP (Altschul et al., 1990), KAAS
(Moriya et al., 2007), and InterProScan (Jones et al., 2014). Users can examine gene-

expression patterns generated from GEO (https://www.ncbi.nlm.nih.gov/geo/) microarray

data.

The Fragaria vesca gene co-expression network explorer

(http://159.203.72.198:3838/fvesca/) was developed to host the non-consensus and consensus

co-expression networks generated using RNA-Seq data from flower and fruit tissues of the
woodland strawberry (Shahan et al., 2018). Users are able to search for genes of interest and
the transcriptional co-expression clusters to which they belong, obtain network statistics,
visualize cluster eigengene expression, examine enriched GO terms in the cluster of interest,

and download the cluster graphml structure.

1.6.2.3 Useful plant databases for comparative genomics, metabolic networks, and others

Although the summary above focuses on Rosaceae databases, many plant databases are also
highly useful for Rosaceae research, for example, Plant Transcription Factor Database

(http://planttfdb.gao-lab.org/), Plant Transcriptional Regulatory Map (http://plantregmap.gao-
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lab.org/), and CANTATAJD (http://cantata.amu.edu.pl/) for plant IncRNAs. Below, we

highlight four such databases.

PLAZA (https://bioinformatics.psb.ugent.be/plaza/) (Van Bel et al., 2022) and Phytozome

(https://phytozome-next.jgi.doe.gov/) (Goodstein et al., 2012) are databases for plant

genome comparisons. Currently, Dicots PLAZA 5.0 has integrated genomic resources from
100 species, including five Rosaceae species, garden strawberry (Fragaria X ananassa),
woodland strawberry (Fragaria vesca), China rose (Rosa chinensis), apple (Malus
domestica), and peach (Prunus persica). Phytozome v13 has gathered 261 annotated
genomes, including three Rosaceae species, woodland strawberry, garden strawberry, apple,

and peach.

Plant Metabolic Network (PMN, https://plantcyc.org/) (Schlédpfer et al., 2017) and Plant

Reactome (https://plantreactome.gramene.org/index.php?lang=en) (Naithani et al., 2020) are

both databases for plant pathways. Plant Metabolic Network is focused on metabolic
pathways and hosts the database PlantCyc that contains shared pathways among more than
500 plant species. Additionally, a single species database was also constructed in PMN,
which allows users to access pathways and enzymes for individual species. PpersicaCyec,
SweetcherryCyc, MdomesticaCyc, EuropeanpearCyc, Fvesca VescaCyc, RmultifloraCyc,
and RchinensisCyc are developed for Rosaceae family members. Besides the metabolic
pathways, Plant Reactome hosts different types of pathways, including gene regulatory
pathways, hormone signaling pathways, and others. Users can view and interact with the
pathways in the browser and identify chemical compounds and proteins involved in the
processes. The database encompasses multiple Rosaceae species, such as woodland

strawberry, apple, sweet cherry, and peach. Furthermore, the database enables researchers to
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perform pathway enrichment analysis and species comparison between pathways of rice and

those of selected species.

1.6 Summary of the dissertation

In this dissertation, we focus our study on the four Rosaceae species (peach, apple,
strawberry, and raspberry) that represent four main fruit types (drupe, pome, achenetum, and
drupetum). Although the basic flower structure of the four species is similar, their fruit flesh
can be derived from different flower tissues. We investigated the questions of what
mechanisms make the flowers of the four Rosaceae species grow into distinct fruit types and
which genetic factors determine whether a tissue is able to eventually become fruit flesh or

not.

Since the fleshy fruit identity is usually determined early in the fruit development, to answer
the above questions, we collected and dissected the fruits of three Rosaceae species (peach,
apple, and raspberry) starting at the pre-pollination stage and then several stages after
pollination. The fourth species, woodland strawberry, was already dissected and characterized
previously (Kang et al., 2013). And we examined the morphologic changes in distinct fruit
tissues over time to better understand the early fruit development in the three Rosaceae
species, peach, apple, and raspberry. We then sequenced and analyzed RNA transcripts
extracted from the dissected tissues of the three Rosaceae species at early fruit stages, taking
advantages of high-throughput RNA sequencing technologies and abundant publicly
available genomic resources. I conducted pairwise transcriptomic comparisons between
peach and apple (Chapter 2) and between raspberry and strawberry (Chapter 3) because peach
and apple belong to the same subfamily of Rosaceae (Amygdaloideae) and raspberry and

strawberry are both in the Rosoideae subfamily.
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A large number of open-source computational tools were utilized in my comparative analyses
including principal component analysis, grade of membership analysis, differential gene
expression analysis, consensus co-expression analysis, tissue-specific gene analysis, and
others. Additionally, type Il MADS-box genes and auxin and GA pathway genes were
analyzed in more depth due to their known function in fruit development. I compared their
expression trends across Rosaceae species to uncover their potentially conserved function in

fruit identify specification and their potential ability in promoting “fleshiness” of the fruit.

Lastly, while there are many species-specific databases for Rosaceae family, databases for
comparative analysis are lacking. In Chapter 4, I constructed the ROsaceae Fruit
Transcriptome database (ROFT), a comparative analysis database for the four Rosaceae
fruits. The searchable function allows one to search and obtain information of orthologs in all
four species. Further, an eFP browser in the database allows one to simultaneously and
visually compare the expression of genes of interests across the four species, providing a

foundation for hypothesis generation and gene function prediction.

My dissertation work benefited from collaborations with several fruit researchers. For
Chapter 2, Drs. Kelsey Galimba, Chris Dardick, and Ann Callahan at the Appalachian Fruit
Research Station of USDA collected the RNAs from peach and apple early fruits. Yuwei
Xiao, a graduate student in the Liu lab helped retrieve the developmental programmed cell
death genes in Arabidopsis and examine the presence of MADS box genes FBP9 and TM6 in
eudicot species. For Chapter 3, the wet-lab experiments including raspberry fruit dissection,
tissue sectioning, and hormone treatment were conducted by Dr. Junhui Zhou in the Liu lab.
The initial genome assembly and annotation were performed by Dr. Yongping Li at the

Chinese University of Hong Kong, China. For Chapter 4, an undergraduate student, Andrew

34



Tong, helped with the implementation of hyperlinks using R shiny for Rosaceae fruit

transcriptome database (ROFT).
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Chapter 2: Comparative analysis of peach and apple
transcriptomes from early developing fruits

2.1 Introduction

Rosaceae is a plant family that includes many economically important fruit-bearing species.
Peach (Prunus persica) and apple (Malus x domestica) are two species from the same
Rosaceae subfamily (Amygdaloideae) (Xiang et al., 2017), and they both have publicly
available high-quality genomes (Daccord et al., 2017; Verde et al., 2017). Peach has a
relatively small genome with 8 haploid chromosomes while apple underwent a recent whole
genome duplication (WGD) resulting in 17 haploid chromosomes (Velasco et al., 2010).
Peach and apple share a basic flower structure, but their fruit flesh is developed from
different floral organ after fertilization. In peach, the middle layer of the ovary wall
(mesocarp) develops into the fruit flesh, and the hypanthium senesces (Figure 2.1A), but in

apple, the hypanthium becomes fleshy (Figure 2.1B) (Z. Liu et al., 2020).

In most plants, fruit growth is usually dependent on successful pollination and fertilization.
However, the application of auxin and/or gibberellic acid to unpollinated flowers can
substitute for fertilization and produce parthenocarpic (seedless) fruits (Cong et al., 2019;
Crane et al., 1960; Galimba et al., 2019; Kang et al., 2013). It suggests that auxin and GA
production may be induced by the action of pollination and/or fertilization, and they in turn
promote fruit development. Auxin and GA synthesis and signaling pathways have been well
characterized in existing research (Chapter 1), and the genes involved in auxin and GA
pathways, such as FveRGAI and FveARFS, were found to regulate fruit growth in Rosaceae

species (Zhou et al., 2021).
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In addition to phytohormone auxin and GA, Type Il MADS box genes, such as P/ and SEP,
have also been shown to play a role in fruit set and fruit growth (Chapter 1). Type Il MADS-
box genes were originally discovered due to their roles in determining floral organ identity
and were classified as ABCDE classes (Bowman et al., 1991, 2012; Colombo et al., 1995;
Ditta et al., 2004; Egea-Cortines et al., 1999; Favaro et al., 2003; Honma & Goto, 2001; Pelaz
et al., 2000; Theien, 2001). Later, it was revealed that the type Il MADS-box genes not only
control flower development, but also influence the fruit set, fruit growth, and fruit fleshiness.
In apple, the B class gene, MdPI, acted as a negative regulator of fruit set and fruit growth
(Yao et al., 2001, 2018) while the E class genes, MdSEP1/2 and MdFBP9, potentially

positively regulate fruit flesh formation (Ireland et al., 2013).

In this study, RNA-Seq data were collected from hypanthium, ovary wall, and ovule/seed at
four early stages of peach and apple fruit development (0, 5/6, 12, 18/20 days post anthesis).
These peach and apple early fruit transcriptomes were compared to identify the genetic
factors that may determine the fruit identity and explain the distinct fleshy fruit type between
the drupe fruit type of peach and the pome fruit type of apple. Auxin and GA pathway genes
and type Il MADS-box genes were specifically examined to determine their possible roles in
early fruit development and fruit type specification. This chapter is part of the published work

(M. Li et al., 2022).

Peach

Ovule
Seed
Ovule
Seed

Ovary wall

Ovary Wall
(Fruit flesh) ‘
Hypanthium Hypanthium

(Fruit flesh)

ODPA 18DPA ONPA 20DPA

Figure 2.1 Peach (A) and apple (B) flower and fruit structures

The diagrams were drawn by Dr. Zhongchi Liu.
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2.2 Material and methods

Plant sample collection and RNA sequencing

Our collaborators from USDA (Dr. Kelsey Galimba, Dr. Chris Dardick, and Dr. Ann
Callahan) collected, dissected and sequenced three specific fruit tissues (hypanthium, ovary
wall, and ovule/seed) at four critical early stages of fruit development from peach and apple
in triplicate. Peach fruits were collected at 0, 5, 12, and 18 DPA (days post anthesis), and
apple fruits were collected at 0, 6, 12, and 20 DPA. RNA was extracted and sequenced using

[lumina HiSeq 2000. The details of the experiments were described in M. Li et al., 2022.

Gene symbols and IDs of the important type II MADS-box genes

The gene IDs for B class genes are AJ291490 (MdPI), Md15G1250200 (MdTM6b),
Md02G1136500 (MdTM6a), Md08G1021300 (MdAP3), Pp1G489400 (PpPI), Pp7G164100
(PpTM6) and Ppl1G371300 (PpAP3). Gene IDs for E class are Md13G1121500
(MdMADS18MdSEP3a), Md16G1121800 (MdMADS118MdSEP3b), Md17G1065400
(MdMADS1\MdMADS8MASEP1,2b), Md09G 1073900 (MdMADS9MASEPI,2a),
Md14G1215600 (MdAMADS3\MdMADS7\MdFBP9c), Md06G1204300
(MdMADS6|MdFBP9b), Md06G1204100 (MdFBP9a), Md16G1058600
(MdMADS104MdSEP4b), Md13G1059300 (MdMADS4|MdSEP4a), Pp1G223600 (PpSEP3),
Pp3G249400 (PpMADS7|\PpSEP1,2), Pp5G208400 (PpMADS2|PpFBPY9) and Ppl1G290500

(PpSEP4).

Global and differential gene expression analysis
Salmon (v0.11.2) (Patro et al., 2017) was used to quantify transcripts in reference
transcriptome (Daccord et al., 2017; Verde et al., 2017) downloaded from Genome Database

for Rosaceae (GDR) (S. Jung et al., 2019). The transcript sequence of MdPI (4J291490) (Yao
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et al., 2001) was added to the apple transcriptome because the M. domestica GDDH13
genome assembly lacks this gene. The transcriptome indices were built by Salmon with k-
mer size set to 31. —keepDuplicates command was passed to the indexer to keep the identical
transcripts in the reference transcriptomes. The —seqBias flag was used for sequence-specific
bias correction. The transcript abundance (TPM) for each gene was summarized by tximport

(v1.10.1) (Soneson et al., 2016).

To identify peach and apple homologs of Arabidopsis genes, peach (P. persica) and apple
(M. domestica) protein sequences were retrieved from GDR

(Prunus_persica v2.0.al.allTrs.pep.fa and GDDH13 1-1 prot.fasta, respectively), and the
longest protein isoforms were used to search against TAIR10 protein database (file name:
TAIR10 pep 20101214) (Lamesch et al., 2012) by local BLASTP (v2.5.0) (Altschul et al.,
1990). Any peach or apple protein whose best blast hit to Arabidopsis protein had an E-value

<1075 was selected.

To assign orthologs, Blast, OrthoFinder (v2.3.8), HMMER/Phylogeny, and Synteny analyses
were performed (Altschul et al., 1990; Emms & Kelly, 2015; Mistry et al., 2013; Tang et al.,
2008); different methods sometimes led to different results. In most cases, we used both Blast
and OrthoFinder to ascertain orthology. When orthology could not be confirmed with
OrthoFinder, the Blast result was used but the gene name ends with ‘L (Like)’. For type II

MADS-box genes, we assigned orthology based on phylogenetic tree analysis (see below).

Arabidopsis auxin and GA pathway genes were obtained from RIKEN Plant Hormone
Research Network (http://hormones.psc.riken.jp/pathway hormones.html) and KEGG
PATHWAY (https://www.genome.jp/dbget-bin/www_bget?ath04075), and then manually

curated. Yuwei Xiao, a graduate student in the Liu lab retrieved the Arabidopsis dPCD genes
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from tables S3 and S5 of a prior publication (Olvera-Carrillo et al., 2015). Arabidopsis TFs

were downloaded from PlantTFDB (v4.0) (Jin et al., 2017).

Differential gene expression analysis was conducted by DESeq?2 (v1.22.2) (Love et al., 2014).
For each developmental stage, pairwise comparisons were performed among the three
flower/fruit tissues. For each tissue, adjacent stages were compared. The two factors, tissue
and stage, were combined into a single factor in the design formula. The genes with low read
counts (< 36) were filtered out. The cutoffs Pag; < 0.05 and |logFoldChange| > 1 were applied
to identify DE genes. Average log>(TPM +1) values were used to construct heatmaps, which
were generated by R package pheatmap (v1.0.12) (https://rdrr.io/cran/pheatmap/). The built-

in function plotPCA in DESeq?2 (v1.22.2) was used for the PCA.

Identification of peach and apple type II MADS-box (MIKC) genes

Full Pfam (El-Gebali et al., 2019) alignment files (PF00319 and PF01486), respectively, of
MADS-box and K-box protein domains were used to search the peach and apple proteins by
HMMER (v3.3) (Mistry et al., 2013). The majority of the K-box domain containing proteins
also contain a predicted MADS-box domain. Arabidopsis Type Il MADS-box proteins were
obtained from TAIR (https://www.arabidopsis.org/browse/genefamily/mads_tffamily.jsp).
Full-length sequences of these peach, apple and Arabidopsis type Il MADS-box proteins
were aligned by MAFFT (v7.458) (Katoh & Standley, 2013). Based on the alignment, a type
II MADS-box phylogenetic tree was constructed by RAXML (v8.2.12) (Stamatakis, 2014)
using an automatically determined model and a combination of ML search and rapid
bootstrapping (100 bootstrap replicates). The tree was visualized by FigTree (v1.4.3) and

shown in Figure 2.11.
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In the most recent M. domestica genome assembly, ‘Golden Delicious’ doubled-haploid apple
(GDDH13) (Daccord et al., 2017), the apple P/ gene (AJ291490) is absent even though it was
previously isolated and characterized (Yao et al., 2001). Furthermore, sequence reads
corresponding to the P/ gene are present in the raw ‘Golden Delicious’ GDDH18 genome
reads (accession SRX2648079) (Daccord et al., 2017). An earlier draft version of the ‘Golden
Delicious’ genome also contains MdPI (MDP0000286643) as a single copy gene (Velasco et
al., 2010). Therefore, 47291490 (MdPI) sequence was added to the most recent GDDH13

genome before performing the RNA-seq analysis.

To build a phylogenetic gene tree of B and E class MADS-box genes (Figure 2.12), tomato B
and E class genes were extracted from a previous publication (Z. Zhang et al., 2018), and
their protein sequences were obtained from Sol Genomics Network (https://solgenomics.net/)
(Bombarely et al., 2011). The phylogenetic analyses of B and E class proteins from peach,
apple, tomato and Arabidopsis were performed by PhyML (v3.0) (Guindon et al., 2010) using
automatic model selection, 100 bootstrap replicates, and SPR as type of tree improvement.

Protein sequence alignments were produced by MAFFT (v7.458).

Consensus co-expression network analysis and GO analysis

Consensus clustering approach (Monti et al., 2003) was applied to build robust signed co-
expression networks with log,(TPM +1) as the gene expression measurement. Eighty percent
of the genes were subsampled and clustered by WGCNA (v1.68) (Langfelder & Horvath,
2008) 1000 times using the biweight mid-correlation method and other randomized
parameters (Shahan et al., 2018). The genes with little variance (< 0.05) and zero median
absolute deviation were filtered out. A weighted adjacency matrix was computed by dividing
the number of times genes were clustered by the number of times genes were subsampled

together, which was then used to construct the consensus network by WGCNA (v1.68) with
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power 6 and minModuleSize 100. The networks were visualized by Cytoscape (v3.7.1)

(Shannon et al., 2003).

Peach and apple GOs were downloaded from GDR

(Prunus_persica v2.0.al gene functions.txt and

Malus_x domestica. GDDHI13 vl1.1 interpro.txt, respectively). The GO categories enriched
for each gene module in the networks were determined by the Fisher’s exact test in R
package TopGO (v2.34.0) (Alexa & Rahnenfuhrer, 2022). The P-value cut-off was set at

0.05.

The clusters were selected if one (or more) of the top five GOs are directly associated with
the biological processes of interests with a corresponding P-value <0.001. Apple P41 and
P46 were selected due to involvement in cell division even though they did not meet the
requirements. The Sankey plot showing the number of common GOs between the peach and
apple clusters was generated with R package networkD3 (Allaire et al., 2017). The dot plot

was created with R package ggplot2 (Wickham, 2016).

SOG (syntenic orthogroup) identification and analysis

MCScan (jcvi v0.8.12) (Tang et al., 2008) was used to conduct synteny search between peach
and apple to identify SOGs. Using the differential gene expression analysis data described
earlier, SOG IDs were transferred to corresponding genes, and the number of DE SOGs in
each comparison was identified and presented in Figure 2.5 using the UpSetR (v1.3.3)

(Conway & Gehlenborg, 2019).

42



Investigation of 7M6 and FBPY in dry fruits

The built-in BLASTP tool in PLAZA 4.0 Dicots (Van Bel et al., 2018) was used to blast
tomato FBP9 and TM6 protein sequences against the PLAZA protein database. Most of the
blast hits for TM6 were from the gene families ORTHO04D003666 and ORTHO04D005076.
All of the proteins in the two families were aligned by MAFFT (v7.458) (Katoh & Standley,
2013), and a phylogenetic tree was built by RAXML (v8.2.12) (Stamatakis, 2014). The same
approach was applied for a phylogenetic analysis on FBP9 using ORTHO04D000581. Yuwei
Xiao, a graduate student in the Liu laboratory, checked the presence of FBP9 and TM6 in the
eudicot species in PLAZA Dicot 4.0 database by examining the phylogenetic tree and

performing BLAST searches against EST or RefSeq databases in NCBI.

2.3 Results

2.3.1 Global view of early fruit RNA-Seq data

Peach and apple fruits were harvested before and after pollination and fertilization at four
early developmental stages (peach: 0, 5, 12, 18 DPA, apple: 0, 6, 12, 20 DPA) (Figure 2.2A,
B). Pollination occurs between 0 DPA and 5/6 DPA in peach and apple (M. Li et al., 2022).
However, fertilization happens at different stages in peach and apple. In peach, fertilization
occurs at 5-12 DPA while in apple, fertilization occurs at 12-20 DPA (M. Li et al., 2022).
And three flower/fruit tissues (hypanthium, ovary wall, and ovule/seed) were hand-dissected
at each stage (Figure 2.2A, B). Eventually, a total of 72 RNA-Seq libraries including three
biological replicates per sample type were generated and sequenced. It was observed that
peach ovary wall gradually grows larger from 0 DPA to 18 DPA, and its hypanthium
deteriorates during fruit development (Figure 2.2A). Unlike peach, apple hypanthium and

ovary wall develop coordinately at early stages (Figure 2.2B).
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Peach Apple
Flower/Fruit ~ Ovule/Seed Ovary Wall ~ Hypanthium

A
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Pollination map.

5/6 DPA

Fertilization map
(Peach)

12 DPA
Fertilization map
(Apple)

18/20 DPA

Figure 2.2 Dissection of peach (A) and apple (B) flower and fruit tissues

Dr. Kelsey Galimba dissected the flower and fruit tissues and took the photos. Scale bar:
Imm.

The principal component analysis (PCA) was performed based on the normalized and
transformed gene expression data. It reveals that peach hypanthium is distinct from the other
two tissues, which is consistent with the fact that peach hypanthium senesces during fruit
growth and fails to be part of the fruit (Figure 2.3A). In contrast, apple hypanthium and
ovary wall are more similar to each other supporting the observation that apple hypanthium
and ovary wall both become enlarged in early development (Figure 2.3B). Additionally,
dramatic gene expression changes occur between 0 DPA and 5 DPA in peach hypanthium
(Figure 2.3A). And the huge gene expression differences are also found in apple hypanthium
and ovary wall after pollination (0-6 DPA) (Figure 2.3B). It indicates that pollination may be

an important trigger in both peach and apple fruit development.

Subsequently, the differentially expressed genes (DEGs) were identified between adjacent
stages and distinct tissues. And the results agree with what have been found in PCA. In
peach, relatively fewer DEGs were detected between ovary wall and ovule/seed while in

apple, ovary wall and hypanthium show fewer differences (Figure 2.4B, D). Moreover, a
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large number of DEGs were discovered between 0 and 5/6 DPA in peach hypanthium and

apple hypanthium and ovary wall (Figure 2.4A, C).
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Figure 2.3 PCA plots of peach (A) and apple (B) samples

Different colors represent different tissues, and different shapes stand for different stages.
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Figure 2.4 Differential expression analyses in peach and apple

(A, C) The number of differentially expressed genes (DEGs) between adjacent stages in each
tissue in peach (A) and apple (C). (B, D) The number of DEGs between distinct tissues at

each stage in peach (B) and apple (D).

2.3.2 Comparative analysis of differentially expressed syntenic orthogroups (SOGs)
between peach and apple
The syntenic orthogroups (SOGs) between peach and apple were detected by MCScan (Tang

et al., 2008). Firstly, the differentially expressed (DE) SOGs between adjacent stages in each
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tissue were identified in peach and apple, separately. And then, for individual tissue, the DE
SOGs were compared between peach and apple to uncover the overlapping and unique DE
SOGs (Figure 2.5 and Figure 2.6A, D). GO enrichment analysis was conducted to examine
the biological processes unique to hypanthium soon after fertilization (Figure 2.6) as peach
and apple hypanthium were shown to have more differentially expressed genes and syntenic
orthogroups between pre- (0 DPA) and post-fertilization (5-6 DPA) (Figure 2.4A, C and
Figure 2.5). It was found that the GO term ‘response to hormone’ is enriched among the
SOGs that are uniquely down-regulated at 5 DPA, in comparison to 0DPA, in peach
hypanthium, including ARF2, ARF8L, ARF9, IAA3, [AA4, IAA11,IAA14, and IAA19
(Figure 2.6B). The weakened response to auxin in peach hypanthium may explain its
senescence after pollination. Additionally, a number of uniquely up-regulated SOGs at 6
DPA in apple hypanthium are associated with ‘microtubule-based process’ and ‘cell cycle’
(Figure 2.6F). It suggests that apple hypanthium has high cell division activities and is
capable of growing larger. Therefore, the comparative analysis of DE SOGs enables us to
better understand why peach and apple hypanthium have totally different fates in fruit

development and apparently this starts soon after pollination.
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Figure 2.5 The UpSetR plot exhibiting the intersections of the differentially expressed
(DE) syntenic orthogroups (SOGs) between stages in peach and apple hypanthium

The bar graph at the bottom left shows the number of DE SOGs between stages in peach and
apple hypanthium. The connected dots at the bottom right indicate the intersection between
the DE SOGs. And the bars at the top show the specific number of overlapping DE SOGs for
each intersection. The red labels mean that the SOGs are up-regulated at the later stage while
the black labels mean that the SOGs are down-regulated at the later stage.
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Figure 2.6 Comparing the differentially expressed (DE) syntenic orthogroups (SOGs)
between 5/6 DPA and 0 DPA in peach and apple hypanthium

(A, D) The Venn diagram showing the number of SOGs that are uniquely down-regulated
(A)/up-regulated (D) at 5/6 DPA in peach or apple hypanthium, and SOGs that are down-
regulated (A)/up-regulated (D) in both. (B, E) GO enrichment of the SOGs that are uniquely
down-regulated (B)/up-regulated (E) at 5 DPA in peach hypanthium. (C, F) GO enrichment
of the SOGs that are uniquely down-regulated (C)/up-regulated (F) at 6 DPA in apple
hypanthium.

2.3.3 Identification and comparison of functionally similar clusters in peach and apple

consensus co-expression networks

Co-expressed genes across a large number of tissues and stages may fulfil similar functions. I

constructed consensus co-expression networks of peach and apple fruit RNA-seq data based a
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published pipeline (Shahan et al., 2018). Consequently, the peach and apple genes were
grouped into 49 and 59 modules/clusters, respectively (Figure 2.7). And the enriched GOs
were identified for each cluster. In the study, we are specifically interested in the clusters
whose top five enriched GOs are directly related to cell division (group 1), photosynthesis
(group 2), signaling (group 3), and response to endogenous stimuli (group 4) (Figure 2.8A).
The functionally linked peach and apple clusters were shown to share a great number of GO
terms (Figure 2.8B). And then, the expression patterns of the functionally similar clusters in
peach and apple were examined. The ‘cell division’ clusters in apple exhibit induced
expression in the hypanthium and ovary wall while the ‘cell division’ clusters in peach are
relatively lowly expressed in the hypanthium (Figure 2.8C). It further supports the finding
that apple hypanthium and ovary wall can both become fleshy at early stages, but peach

hypanthium fails to grow into fruit.
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Figure 2.7 The heatmaps showing the eigengenes of each cluster in peach (A) and apple
(B)

The eigengenes represent the expression levels of a cluster in different tissues at different
stages.
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Figure 2.8 Functionally similar clusters in peach and apple
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(A) The dot plot shows the ‘cell division’ (group 1), ‘photosynthesis’ (group 2), ‘signaling’
(group 3), and ‘response to endogenous stimulus’ (group 4) clusters in peach and apple. The
clusters labeled with ‘A’ are apple clusters while the clusters labeled with ‘P’ are peach
clusters. Only the top 5 enriched GO terms are displayed for each cluster. (B) The Sankey
diagram shows the shared GO terms between peach and apple clusters. The diagram was
generated using the top 20 enriched GOs of each cluster. (C) For each functional group, the
expression levels (eigengenes) of the peach and apple clusters are shown in the box plots. The
apple clusters are presented in warm colors, and the peach clusters are presented in cold

colors.
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2.3.4 Auxin and GA biosynthetic genes are expressed in the fruit flesh-forming tissues

Auxin and GA are important plant hormones that can promote fruit development. The
differentially expressed auxin and GA pathway genes were specifically examined to reveal
their impacts on peach and apple fleshy fruit formation. It was found that multiple auxin
biosynthetic genes, such as PpTAR2 (Pp5G168300), PpYUC4 (Pp1G468500), PpYUC6
(Pp1G453400), and PpYUCI0L (Pp8G252500), are relatively highly expressed in peach
ovary wall (Figure 2.9A). In apple, the two MdYUC6 genes that may be resulted from the
recent whole genome duplication show distinct expression patterns. The expression of
MdYUC6a (Md08G1119300) was induced in apple hypanthium and ovary wall after
pollination (Figure 2.9B). But MdYUC6b (Md15G1098700), as well as MdYUCS
(Md10G1172800), has increased expression after fertilization (Figure 2.9B). The data shows
that the fruit flesh-forming tissues in peach and apple (peach ovary wall and apple
hypanthium and ovary wall) may be able to synthesize auxin in early fruit development and

induced by pollination.

Similar to auxin biosynthetic genes, the GA biosynthetic genes can also be expressed in the
fruit flesh-forming tissues. Peach ovary wall has a relatively high expression of several GA
biosynthetic genes, including PpGA2 (Pp4G128500), PpGA3 (Ppl1G388500), PpKAOI
(Pp2G109700), and PpGA200x2 (Pp2G286800) (Figure 2.9A). And the expression of
MdGA3oxIL (Md07G1054800) goes up in apple hypanthium and ovary wall after pollination
(Figure 2.9B). It indicates that auxin and GA biosynthesis may happen in peach ovary wall
and apple hypanthium and ovary wall, which may facilitate the development of the tissues

into fruit flesh.
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Flgure 2.9 Differentially expressed auxin and GA pathway genes in peach (A) and apple
(B)

The gene expression was averaged by the three biological replicates and represented by
log>(TPM +1). The gene name was assigned primarily based on BLAST result. If the
OrthoFinder and BLAST results were inconsistent, ‘L. (Like)’ would be added to the end of
the gene name.

0

GA pathway

2.3.5 The senescence of peach hypanthium may result from the high expression of

GA20x and dPCD genes

GA2o0x genes are known to deactivate the bioactive GA (Yamaguchi & Kamiya, 2000). By
looking at the expression of the differentially expressed GA pathway genes in peach and
apple, we found that multiple GA20x genes, namely PnGA20x1 (Pp4G150200), PpGA20x6L
(Pp1G1119000), and PpGA20x8L (Pp1G344000 and Pp4G204600), are highly expressed in
peach hypanthium, which was not observed in apple hypanthium (Figure 2.9). It indicates
that peach hypanthium may not be able to accumulate bioactive GA due to the activity of

GAZ20x, and thus fail to develop into fruit.
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In addition, the expression of the developmental programmed cell death (dPCD) genes was
examined in peach and apple. Plentiful dPCD genes were shown to have induced expression
after pollination in peach hypanthium (Figure 2.10), but they do not exhibit similar
expression patterns in apple (Figure 2.10). The increased expression of dPCD genes in peach

hypanthium may also leads to its senescence.
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Figure 2.10 Expression of dPCD genes in peach (A) and apple (B) fruit development

The gene expression values are average log>(TPM +1) of the three biological replicates. The
gene name is mainly based on the BLAST result. ‘L (Like)’ is appended to the end of the
gene name when the BLAST and OrthoFinder results are different. The genes that are
induced by pollination are highlighted in the red boxes.
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2.3.6 Type I MADS-box genes PI, TM6, and SEP4 appear to negatively impact fleshy

fruit growth

Phylogenetic trees were constructed to identify the specific type Il MADS-box genes (MIKC
genes) (Figure 2.11 and Figure 2.12A, B) in peach and apple. The expression of
differentially expressed MIKC genes was further investigated, which revealed their potential
association with fruit development (Figure 2.12D, E). Peach PpPI (Ppl1G489400) is
expressed at a high level from 0 DPA to 12 DPA in the hypanthium, but almost has no
expression in the ovary wall and ovule/seed (Figure 2.12C). But in apple, the expression of
MdAPI (4J291490) dramatically decreases after pollination in the hypanthium and ovary wall.
As aresult, P/ is likely to be a conserved negative regulator of fruit development. Its high
expression in peach hypanthium may inhibit the hypanthium form growing into a fruit, and its
reduced expression in apple hypanthium and ovary wall may allow the two tissues to become
fruit. TM6 is also a B class gene, but is absent in Arabidopsis. The TM6 genes (Pp7G164100,
Md02G1136500, and Md15G1250200) show similar expression patterns to P/ genes in both
peach and apple (Figure 2.12C). 7M6 is known to be able to form heterodimers with P/ in
other species (Broholm et al., 2010; Vandenbussche et al., 2004) and may work together with

PI to repress fruit development.

Besides the B class genes, there are other type Il MADS-box genes exhibiting interesting
expression trends. Similar to P/ and TM6, PpSEP4 (Pp1G290500) is highly expressed in
peach hypanthium, but the expression of MdSEP4b (Md16G1058600) decreases after
pollination in apple hypanthium and ovary wall, suggesting SEP s negative influence on fruit
growth (Figure 2.12D, E). Moreover, SOCI also appears to be a repressor of fruit
development. In peach, PpSOCI (Pp2G151200) has increased expression in the hypanthium,

but decreased expression in the ovary wall after pollination (Figure 2.12D). In apple,
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pollination seems to reduce the expression of MdSOC1b (Md07G1123600) in both

hypanthium and ovary wall (Figure 2.12E).
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Figure 2.11 Phylogenetic tree of type I MADS-box genes

The phylogenetic tree was built using the Arabidopsis, peach, and apple proteins.
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Figure 2.12 Interesting type I MADS-box genes that may regulate fruit development
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(A, B) Phylogenetic tree of B (A) and E (B) class genes. At: Arabidopsis, Sl: tomato, Pp:
peach, Md: apple. The specific gene IDs that correspond to the gene symbols can be found in
the ‘Material and method’. (C) The expression patterns of B class genes in peach and apple.
(D, E) Differentially expressed type Il MADS-box genes in peach (D) and apple (E). The
scale bars show the expression levels represented by average log>(TPM +1). The gene name
assignment is based on the phylogenetic trees. And type Il MADS-box genes without a given
gene name are the ones that do not have clear Arabidopsis orthologs. The genes in the red
boxes are the genes that show particularly interesting expression patterns.

2.3.7 Investigation of type I MADS-box gene FBP9’s role in fruit development

It was reported that FBP may be positively associated with apple fruit development (Ireland
et al., 2013). Therefore, we examined the expression of FBP9 using our RNA-Seq data

generated from early-stage peach and apple fruits. PpFBP9 (Pp5G208400) has slightly higher
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expression in peach ovary wall (Figure 2.12D). In apple, three FBP9Y genes were identified.
MdAFBP9b (Md06G1204300) and MdFBP9c (Md14G1215600) are both highly expressed in
the hypanthium and ovary wall while MdFBP9a (Md06G1204100) is more highly expressed
in the hypanthium (Figure 2.12E). FBP9 genes tend to be preferentially expressed in the fruit

flesh-forming tissues.

We then looked into the co-expressed genes with FBP9 in peach and apple. In peach
consensus network, PpFBP9 is assigned to cluster 6 and is co-expressed with PpFUL
(Pp5G208500), another type I MADS-box gene (Figure 2.13A). In apple consensus
network, MdFBPY9a is grouped to cluster 10, and MdFBP9b and MdFBP9c are both in cluster
28 (Figure 2.13C). Moreover, MdFBP9b and MdFBPYc are co-expressed with two
MdAAP1/CAL genes (Md13G1059200 and Md16G1058500) that are sisters of FUL (Figure
2.11 and Figure 2.13C). Since MDAS-box proteins tend to dimerize, FUL and AP1/CAL
could be candidate heterodimer candidates of FBP9. Interestingly, ‘photosynthesis’ is among
the top most significant enriched GO terms for both peach cluster 6 and apple clusters 10 and
28 (Figure 2.8A and Figure 2.13B, D). It suggests that FBP9, FUL, and AP1/CAL genes may

promote fleshy fruit growth via photosynthesis.

Since FBPY is absent from the genome of Arabidopsis that bears dry fruits, we further
investigated the presence or absence of FBPY in the genomes of 45 eudicot species available
in PLAZA Dicot 4.0 database (Van Bel et al., 2018) to see whether there is an association
between presence of an FBP9 gene and fleshy fruit formation (Figure 2.14). Among the 17
fleshy fruit-bearing species, 15 species have FBPY. The two exceptions are Ziziphus jujube
and Coffea canephora. However, FBP9 (JZ475661.1) was eventually found in Z. jujube by

searching against EST or RefSeq databases via BLAST in NCBI, which was later confirmed
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by phylogenetic analysis (Figure 2.15). Although FBP9 was not identified in C. canephora
using similar approach, coffee fruit is mostly composed of seed (coffee bean) and contains
very little flesh. In dry fruit forming species, many harbor FBPY including Cajanus cajan
whose FBP9 was identified by BLAST searches (Figure 2.12). In contrast to fleshy fruit
forming species, FBP9 is lost in 12 of 28 eudicot species that develop dry fruits (Figure
2.15). Therefore, dry-fruit forming species more easily lose /BP9 in their genomes but fleshy
fruit species do not lose FBPY (with the exception of coffee). This indicates that FBP9 may

be a necessary but insufficient factor for fleshy fruit development.
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Figure 2.13 The peach and apple clusters possessing FBP9

(A, C) Connected transcription factors in peach cluster 6 (A) and apple cluster 28 (C). Each
node is a transcription factor. The edge between two nodes indicates that their correlation
frequency is no less than 0.5. The size of a node represents its degree. The red arrows point to
the interesting type Il MADS-box genes. (B, D) The top 10 most significant enriched GO
terms for peach cluster 6 (B) and apple cluster 28 (D). The red and blue dots show the
number of genes with corresponding GO observed and expected in the gene list, respectively.
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Figure 2.14 Examination of the presence of FBP9 in the 45 eudicot species in PLAZA
Dicot 4.0 database

Cary
Chend

Pentapetalae

The phylogenetic tree was adapted from the PLAZA web page
(https://bioinformatics.psb.ugent.be/plaza/versions/plaza v4 dicots/). The orange stars (*)
point out the losses of FBPY. ‘+’ indicates the presence of FBPY in the species while ‘-’
indicates the absence of FBPY in the species. ‘“+*’ highlights the FBP9 genes that were
identified by BLAST searches and confirmed by phylogenetic analysis. The graduate student
Yuwei Xiao in the Liu laboratory helped with the identification of FBP9 in the eudicot
species.
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Figure 2.15 Confirmation of the presence of FBP9 in Ziziphus jujube and Cajanus cajan
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The red arrow points to the FBP9 in Cajanus cajan, and the blue arrow points to the FBP in
Ziziphus jujube. Yuwei Xiao, a graduate student in the Liu laboratory, identified the FBP
genes in Cajanus cajan and Ziziphus jujube by performing BLAST searches against EST or
RefSeq databases in NCBI.

2.4 Discussion

According to the above analyses, we proposed a model to explain the fruit type specification
in four steps (Figure 2.16). At the first step, the flower identity is determined by ABCDE
genes. At step two, the expression of FBPY makes the specific tissues competent to become
fleshy. FUL or AP1/CAL may also work together with FBP9 in this process. At step three,
pollination/fertilization decreases the expression of P/ and TM6 that are two potential
negative regulators of fruit development, and stimulates auxin and GA biosynthesis. At step
four, the tissues with high expression of FBP9 and low expression of P/ can respond to the

auxin and GA, and gradually develop into fleshy fruit.
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Furthermore, our analyses reveal that pollination itself can also have great influence on fruit
development. In peach, pollination and fertilization occur at 0-5 DPA and 5-12 DPA,
respectively (M. Li et al., 2022). In apple, the time of pollination is 0-6 DPA that is similar to
peach, but fertilization happens later at 12-20 DPA (M. Li et al., 2022). In both peach and
apple, there is a short interval between pollination and fertilization. And morphological
changes, such as fruit enlargement, can be observed during this period, especially in apple. It
suggests a potential correlation between pollination and early fruit growth. Moreover, RNA-
Seq data analyses also reveal the general gene expression changes induced by pollination.
Both principal component analysis and differential gene expression analysis show dramatic
differences between 0 DPA and 5/6 DPA in peach hypanthium and apple hypanthium and
ovary wall (Figure 2.3A, B and Figure 2.4A, C). One important conclusion from this study
is that pollination alone plays an important role in initiating fruit development. In terms of
specific genes, a great number of dPCD genes are induced by pollination in peach

hypanthium, which is likely to lead to the senescence of the hypanthium (Figure 2.10).

Our analysis result and proposed model are supported by prior experimental data where PJ,
was shown to encode a fruit repressor in apple (Yao et al., 2001, 2018). A loss-of-function
mutation in P/ can induce parthenocarpic apple fruits (Yao et al., 2001), but overexpression
of Pl had very minor effect by producing apple fruits with reduced size (Yao et al., 2018).
One hypothesis for the lack of a severe fruit phenotype in P/ overexpression is that formation
of heterodimers between PI and TM6 may be required to fully inhibit fruit growth. As such a
loss of PI is sufficient to release the brake on fruit set, but overexpressing P/ alone is not
enough to completely repress fruit development. As 7M6 has similar expression patterns as
PI in both peach and apple (Figure 2.12D, E), it’s likely to encode a heterodimer partner of

PI in regulating fruit formation. Simultaneous over-expression of P/ and 7M6 may be more
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likely to cause a complete suppression of fruit enlargement. In addition, P/ may serve as a
conserved repressor of fruit development in both peach and apple suggested by our
observation that P/ exhibits deceased expression after pollination in both apple hypanthium
and ovary wall, which allow the growth of these two tissues (Figure 2.12E). Since multiple
type I MADS-box genes, such TM6, SEP4, SOCI, and AGL24, are also down-regulated after
pollination in apple hypanthium and ovary wall (Figure 2.12E), they may also serve as

potential partners of PI.

1. Floral organ identity 2. Fruit competence- 3. Fruit 4. Fruit
specification specification induction enlargement
Pollination
Fertilization
Tl e g
TAG \ PI/TM6
FBP9 \(
_r Stamen Y
PI/AP3 Fruit-forming RR-X0YU/CT- Fruit
\ competence WJCLI«ill;M enlargement
Petal
4
FBP9
AP2 -

P Sepal .
Figure 2.16 A hypothetical model of fleshy fruit formation

Positive correlation was denoted by arrows, and negative correlation was denoted by bars.
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Chapter 3: Comparative analysis of raspberry and strawberry
transcriptomes from early developing fruit

3.1 Introduction

Raspberry and strawberry are two closely related species that belong to the Rosaceae family,
an economically important plant family. Raspberry and strawberry exhibit a similar flower
structure with numerous individual carpels sitting on the receptacle, the dome-like stem tip.
However, their fruit fleshy comes from distinct floral tissues. In raspberry, each carpel is
capable of becoming a fleshy drupelet, while in strawberry, the carpels dry up on the fruit
surface, and the receptacle grows into the fruit flesh (Figure 3.1A). Given their relatedness,
belonging to the same Rosoideae subfamily within Rosaceae, comparative transcriptomic
analyses of raspberry and strawberry early-stage fruits would shed light upon how raspberry

and strawberry fruit development diverge from each other.

Woodland strawberry (Fragaria vesca) is a diploid strawberry that has been widely studied.
Chromosome-level genome assembly and comprehensive genome annotation of woodland
strawberry have been established (Shulaev. et al., 2011; Edger et al, 2018; Li et al., 2019),
which considerably facilitates the transcriptomic analyses of woodland strawberry. A large
amount of RNA-Seq data was generated from woodland strawberry fruits about a decade ago
to globally investigate the strawberry fruit development (Kang et al., 2013). Moreover, a
great number of experiments have been conducted in woodland strawberry to uncover the
specific genetic factors that influence strawberry fruit growth, such as MADS box genes, and

auxin and GA pathway genes (Pi et al., 2021; Zhou et al., 2021).

Comparatively speaking, much fewer genetic and genomic resources are available for

raspberry, which can be divided into black raspberry (Rubus occidentalis) and red raspberry
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(Rubus idaeus). The red raspberry is one of the most economically important small fruits and
the subject of this study. To better understand raspberry fruit development, we dissected red
raspberry fruit tissues at important early developing stages to observe their morphological
changes over time. And plant hormones, such as auxin and GA, were applied to the raspberry
fruits to reveal the impacts of these hormones on its fruit growth. Moreover, we generated a
high-quality genome of red raspberry (Rubus idaeus ‘Joan J.”) with thorough annotation using
RNA-seq data from distinct fruit tissues at specific stages. Therefore, we were able to
compare our newly generated red raspberry RNA-Seq data to the publicly available woodland
strawberry RNA-Seq data (Kang et al., 2013), and proposed a model to potentially explain
why similar flower tissues show distinct capability to develop into fruits in raspberry and

strawberry.

3.2 Material and methods

Data collection

Genomic DNA was isolated from young leaves of Rubus idaeus ‘Joan J.” for genome
assembly. The ‘Joan J.” plants were obtained from Appalachian Fruit Research Station of
USDA ARS. The PacBio and [llumina DNA sequencing was conducted at the Genomics
Resource Center of the University of Maryland School of Medicine’s Institute of Genome
Sciences. And the Nanopore DNA reads were produced in the Wimp lab at the Johns

Hopkins University.

Raspberry fruits were collected from ‘Joan J.” at 0, 2, 4, 6, 9, 12 DPA. And the fruits were

further dissected into three tissues, receptacle, ovary wall, and ovule/seed. RNA was

extracted from the four biological replicates that were generated for each tissue at every
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single stage. And the RNA sequencing data were yielded by Weill Cornell Medical College,

New York.

Dr. Junhui Zhou worked on the experimental procedures, including fruit tissue dissection and

section, sequencing sample preparation, and hormone application.

Genome assembly

Nanopore and PacBio raw reads were initially corrected by Canu (v2.0) (Koren et al., 2017)
that was further used to construct Nanopore reads into draft contigs. The contigs were first
polished by Racon (v1.4.3) (Vaser et al., 2017) for two rounds using the corrected Nanopore
reads and then another round with the corrected PacBio reads. Subsequently, the accurate
[llumina short reads were utilized by Pilon (v1.23) (Walker et al., 2014) to further correct the
contigs. The size of the resulting genome assembly was 464 Mb. However, the genome size
estimated by flow cytometry was around 293Mb (Graham & Woodhead, 2009), which
suggested significant polymorphism and heterozygosity in the genome. A coverage analysis
performed by the Purge Haplotigs pipeline (v1.0.4) (Roach et al., 2018) revealed a large
proportion of uncollapsed haplotype contigs in the assembly. And a BUSCO (v3.0.1) (Siméao
et al., 2015) analysis further supported it by showing a high duplication score of 43.0%
(complete: 95.5%). Therefore, the Purge Haplotigs pipeline was applied to generated a
haplotype-fused assembly with size of 286Mb using the 100X Nanopore raw reads.
Furthermore, super scaffolds were constructed by SSPACE-LongRead (v1-1) (Boetzer &
Pirovano, 2014) using the corrected Nanopore reads that were later used by GapFinisher
(v0.1) (Kammonen et al., 2019) for gap filling. Eventually, two rounds of genome assembly

correction were performed by Pilon with Illumina reads.
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To anchor the assembly to genetic linkage maps of Heritage and Tulameen, BLAT (Kent,
2002) was used to map the genetic markers from the previous published genetic maps (Ward
et al., 2013) to the assembled scaffolds. ALLMAPS (JCVI utility libraries v1.0.1) (Tang,
Zhang, et al., 2015) was employed to anchor the scaffolds into pseudochromosomes with

default parameters. Chimeric scaffolds were manually broken at positions with low coverage.

For Repeat annotation, De novo repeat library was built by LTR-retriever (v2.9.0) (Ou &
Jiang, 2018) and RepeatModeler (v1.0.11) (https://www.repeatmasker.org/RepeatModeler/).
The library was then fed into RepeatMasker (v4.1.0) (https://www.repeatmasker.org/) to

annotate and mask the repetitive elements in the genome.

Genome annotation

A combination of ab initio gene models, transcript evidence derived from RNA-Seq data, and
protein homology-based evidence was used to predict the protein-coding genes. Three gene
predictors, MAKER (v2.53) (Campbell, Holt, et al., 2014), AUGUSTUS (v2.7) (Stanke et al.,
2006) and BRAKER?2 (v2.1.4) (Hoff et al., 2019), were used to identify the potential gene
models in the repeat-masked genome. The gene predictors could also make use of the
transcript and protein evidence for better genome annotation. The Illumina RNA-Seq reads
were trimmed by fastp (v0.20.0) (S. Chen et al., 2018) and mapped to the genome using
STAR (v2.7.4a) (Dobin et al., 2013). StringTie (v2.0.1) (Pertea et al., 2015) was further used
to assemble the mapped reads into transcripts with default settings except that the lowly
expressed isoforms were excluded by setting the minimum isoform fraction to 0.2. A de novo
transcriptome assembly was generated by Trinity (v2.11.0) (Grabherr et al., 2011), and
GMAP (v2015-07-03) (Wu & Watanabe, 2005) was used to map the transcripts to the

genome. Moreover, the plant protein sequences from black raspberry (VanBuren et al., 2018),
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strawberry (Y. Li et al., 2019), Arabidopsis (https://www.arabidopsis.org/index.jsp), and

UniProt (https://www.uniprot.org/) were aligned to the genome with Exonerate (v2.2.0)

(Slater & Birney, 2005).

Next, EVidenceModeler (EVM v1.1.1) (Haas et al., 2008) was used to identify the confident
consensus gene models based on the gene models produced by the three predictors, and the
transcript and protein evidence using nonstochastic weight values. Afterwards, PASA
(v2.4.1) (Haas et al., 2003) further modified the gene structures and added the UTRs and
alternatively spliced isoforms to the EVM gene models. Finally, the gene models were
manually curated using Apollo (v2.6.1) (Lewis et al., 2002) based on the mapped RNA-seq

reads.

To further improve genome assembly, the misassembled scaffolds were further broken based
on the ALLMAPS output. Subsequently, the genetic markers were mapped to the resulting
scaffolds with BLAT (Kent, 2002). And the scaffolds were assembled into a chromosome-
level genome using ALLMAPS (Tang, Zhang, et al., 2015) again. The genome annotation
was then lifted over to the new assembly by Liftoff (v1.6.1) (Shumate & Salzberg, 2021).
QUAST (v5.0.2) (Gurevich et al., 2013) and esl-seqgstat from Easel (v0.48)
(https://github.com/EddyRivasLab/easel) were used to evaluate the quality of the genome
assemblies of Rubus idaeus ‘Joan J.” and ‘Anitra’ (Davik et al., 2022). And the genome and
transcriptome completeness were assessed by BUSCO (v5.3.1) (Simado et al., 2015) using
dataset embryophyta odb10. OmicsBox (v1.2.4) (Gotz et al., 2008) was utilized to
functionally annotate the longest peptides of red raspberry and woodland strawberry

(Fragaria vesca Genome v4.0.a2) (Y. Li et al., 2019), respectively.
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The initial genome assembly and annotation were performed by Dr. Yongping Li. And the
improved genome and lifted over annotation were generated by me. The downstream

analyses were conducted by me as well.

Ortholog Identification

OrthoFinder (v2.3.8) (Emms & Kelly, 2015) was applied to identify the orthologs among the
six plant species including Arabidopsis (TAIR10 pep 20101214), peach (Prunus persica
Genome v2.0.al) (Verde et al., 2017), apple (Malus x domestica GDDH13 Whole Genome
v1.1) (Daccord et al., 2017), woodland strawberry (Fragaria vesca Genome v4.0.a2) (Y. Li et
al., 2019), black raspberry (Rubus occidentalis whole genome assembly v3.0) (VanBuren et
al., 2018), and red raspberry. Due to lack of MdPI gene in the apple GDDH13 genome, MdPI
(AJ291490) sequences were manually added to the GDDH13 reference transcripts and

proteins.

BLAST (v2.5.0) (Altschul et al., 1990) was used to search the red raspberry and woodland
strawberry (Fragaria vesca Genome v4.0.a2) (Y. Li et al., 2019) proteins against Arabidopsis

database (TAIR10 pep 20101214). The cut-off E-value was 107°.

Proteins with K-domain were detected by HMMER (v3.3) (Mistry et al., 2013) in five
Rosaceae species (peach, apple, woodland strawberry, black raspberry, and red raspberry)
using the alignment file (PF01486) downloaded from Pfam (El-Gebali et al., 2019). The type
I MADS-box proteins in Arabidopsis were derived from TAIR

(https://www.arabidopsis.org/browse/genefamily/mads_tffamily.jsp). MAFFT (v7.458)

(Katoh & Standley, 2013)was further used to align the full protein sequences of the type 11

MADS-box genes from the six species. Based on the alignment, the phylogenetic tree was
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eventually constructed by RAXML (v8.2.12) (Stamatakis, 2014) and visualized by FigTree

(v1.4.3) (http://tree.bio.ed.ac.uk/software/figtree/).

Only the longest peptides were used for the above analyses. Moreover, the gene names
assigned to the woodland strawberry and red raspberry genes mainly depend on the BLAST
and OrthoFinder results. If the BLAST and OrthoFinder results of a gene disagree with each
other, the gene name will be the BLAST result plus ‘L’ (‘LIKE’). And the gene names of the
type Il MADS-box genes in woodland strawberry and red raspberry will be given according

to the phylogenetic tree.

Differential gene expression analysis

The low-quality bases with the scores less than 25 were trimmed by Cutadapt (v2.8) (M.
Martin, 2011) from the 3’ ends of the red raspberry RNA-Seq reads. And only the reads with
a length no less than 36 bp were remained for the downstream analyses. The woodland
strawberry RNA-Seq data were obtained from SRA (PRINA187983) (Kang et al., 2013). The
woodland strawberry and red raspberry RNA-Seq reads were mapped to their corresponding
genomes by Salmon (v0.11.2) (Patro et al., 2017), respectively. And the transcript
abundances were summarized by tximport (v1.10.1) (Soneson et al., 2016) for gene-level

analyses.

In both woodland strawberry and red raspberry, the differentially expressed genes (DEGs)
between adjacent stages in each tissue and the DEGs between different tissues at each stage
were identified by DESeq?2 (v1.22.2) (Love et al., 2014). The lowly expressed genes
(raspberry: read counts < 72, strawberry: read counts < 46) were excluded in the DE analysis.

The genes with Pag; < 0.05 and |log.FoldChange| > 1 were considered as differentially
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expressed genes. And the PCA plots were generated by the DESeq?2 built-in function

plotPCA and ggplot2 (Wickham, 2016).

Grade of membership (GoM) analysis
CountClust (v1.10.1) (Dey et al., 2017) was utilized to perform the grade of membership
analysis using TPM values for red raspberry and strawberry. Different number of clusters

(K=10, 15, 20, 30) were tested to fit the GoM model to the gene expression data.

Identification of tissue- and stage-specific genes

The tissue- and stage-specific genes were identified by TissueEnrich (v1.2.1) (Jain & Tuteja,
2019) using the TPM values averaged over biological replicates. A specific tissue that is
collected at a certain stage is considered as a specific sample type. Tissue- and stage-specific
genes are the genes whose TPM is no less than one in a specific sample type, and their
expression in this sample type are at least five-fold higher than that in all other sample types.
The GO enrichment analysis was performed for the tissue- and stage-specific genes by topGO

(v2.34.0) (Alexa & Rahnenfuhrer, 2022). And the P-value cut-off was 0.05.

3.3 Results

3.2.1 Early fruit development of raspberry

The red raspberry fruits were collected and dissected at critical stages of early fruit
development from 0 DPA (days post anthesis) to 12 DPA. At 0 DPA, long and white styles
are attached to the top of the ovaries (Figure 3.1B). At 4 DPA, fertilization has occurred
(Figure 3.1C). The styles become dry, and the ovaries and the receptacle dramatically
enlarge (Figure 3.1B). At 6 DPA, the ovaries continue to grow, but the ovary wall is still thin

(Figure 3.1B). Moreover, globular embryos appear in the transparent seeds, and soft stone
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are formed with jagged edges (Figure 3.1C). At 9-10 DPA, the seeds turn opaque and the
embryos inside grow into a heart shape (Figure 3.1B). Additionally, the stone becomes
yellow and a little bit hardened (Figure 3.1B). At 12 DPA, the seeds are entirely white, and
the stone is completely hardened (Figure 3.1B). Despite a lot of changes happening in other
tissues, raspberry receptacle hardly shows any differences in its size from 6 DPA to 12 DPA
(Figure 3.1B). The observation of the morphological changes in the raspberry fruit tissues
not only allows us to better understand the fruit development processes in raspberry, but also
benefits the downstream RNA-Seq analyses by identifying key stages and corresponding

changes.
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The fruit tissue dissection and section were conducted by Dr. Junhui Zhou. (A) Red raspberry
fruit compared to the woodland strawberry fruit. Scale bar: 1cm. (B) Dissected flower/fruit
tissues at 0, 4, 6, 9-10, and 12 DPA. Scale bar: 1mm. (C) Tissue sections at 0, 4, 6, 9, and 12
DPA. Black arrows point to the divided endosperm nuclei indicating successful fertilization
by 4 DPA. The lignin deposition in the stone was stained red from 9 DPA. nu: nucellus. Scale
bar (top): 100um. Scale bar (bottom): 20um.

3.2.2 Parthenocarpic raspberry induced by auxin and GA treatments together

Plant hormones, auxin (NAA) and GA (GA3), were applied to emasculated raspberry flowers
separately or together to reveal their impacts on fruit development (Figure 3.2A). And the
negative and positive controls are mock-treated emasculated flower and self-pollinated
flower, respectively (Figure 3.2A). It was found that only when the emasculated flowers are
treated with NAA and GA3 together, they can develop into the parthenocarpic fruits (Figure
3.2A). The parthenocarpic drupelets were cut open showing the absence of the seed and
normal lignin formation (Figure 3.2B). Different from raspberry, application of single
hormone (NAA or GA3) is sufficient to produce fruits, albeit at a reduced size, in strawberry,
and application of both NAA and GA3 leads to full fruit enlargement (Kang et al., 2013). It
suggests there is difference in the auxin and GA cross-talks between strawberry and raspberry
during fruit initiation.

A Emasculated

Self pollination

W

Self
pollination

NAA + GA
(Emasculated)




Figure 3.2 Investigation of plant hormone’s impact on raspberry fruit development

The hormone treatment and fruit dissection were conducted by Dr. Junhui Zhou. (A)
Hormone-treated raspberry fruits. Left to right: Mock-treated (negative control), NAA-
treated, GA3-treated, and NAA- and GA-treated emasculated raspberry fruits, and self-
pollinated raspberry fruit (positive control). Scale bar: 1000 um. (B) Dissected achenes from
self-pollinated raspberry (top) and NAA- and GA-treated raspberry (bottom). Red arrows
point to the seed, and the white arrows point to the stone. Scale bar: 500 um.

3.2.3 Construction of Rubus idaeus ‘Joan J.” genome

The first Rubus idaeus (‘Joan J.”) genome (version 1.0) was constructed using PacBio long
reads and Illumina short reads (Wight et al., 2019). However, the draft genome has a low
scaffold N50 of 638 kb, and the size of its largest scaffold is 4.46 Mb (Table 3.1). Recently,
the genome of Rubus idaeus ‘Anitra’ has been sequenced (Davik et al., 2022). The scaffold
N50 of the genome assembly is 34.49 Mb, but the BUSCO completeness score of the
transcriptome is 81.4% (Table 3.1). Here, Nanopore, PacBio and Illumina sequencing data,
as well as the linkage maps, were utilized to assemble a high-quality genome of the red
raspberry Rubus idaeus ‘Joan J.” (version 2.0) (Figure 3.3A and Figure 3.4). The genome
assembly has a total length of 297 Mb and a scaffold N50 equal to 33.74 Mb (Table 3.1).
Moreover, the genome was further annotated using the fruit RNA-Seq data (Figure 3.3B). As
a result, 33,865 protein-coding genes and 57,192 isoforms were predicted in the genome, and
the BUSCO completeness score of the transcriptome is 96.5% (Table 3.1). The new genome
assembly and annotation allow us to estimate the gene expression more accurately, which is

beneficial for the downstream RNA-Seq analyses.
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'Joan J." version 2.0

'Joan J.' version 1.0

'Anitra’ version 1.0

(This work) (Wight et al., 2019) (Davik et al., 2022)
Total genome Length (bp) 297,436,202 300,259,977 293,523,434
Scaffold N50 (bp) 33,744,647 638,152 34,491,998
Largest Scaffold (bp) 44,668,142 4,458,320 43,293,752
ISmallest Scaffold (bp) 4,032 501 1,000
N's 870,445 174,429 333,000
Sequence GC's 37.96% 37.9% 37.86%

BUSCO Completeness Score
(Genome)

C:98.4% [S:93.7%, D:4.7%],
F:0.8%, M:0.8%, n:1614

C:98.4% [S:89.7%, D:8.7%],
F:0.7%, M:0.9%, n:1614

C:98.6% [S:92.4%, D:6.2%],
F:0.7%, M:0.7%, n:1614

Number of Protein Coding
Genes

33,865

35,566

39,448

Number of Transcripts

57,192

35,566

48,176

BUSCO Completeness Score
(Transcriptome)

C:96.5% [S:46.7%, D:49.8%],
F:2.3%, M:1.2%, n:1614

C:99.2% [S:88.5%, D:10.7%],

F:0.2%, M:0.6%, n:1614

C:81.4% [S:74.3%, D:7.1%)],
F:5.1%, M:13.5%, n:1614

Table 3.1 Comparison of three Rubus idaeus genome assemblies.

A Pachio raw reads Nanopore raw reads
I Canu l Canu
Pacbio corrected reads Nanopore corrected reads
lCanu
Nanopore contigs
| Racon
¥
Assembly 1
lllumina reads ——-1 Pion
Assembly 2
Nanopore raw reads 4{ Purge Haplotigs
Assembly 3
Nanopore corrected reads ——'I SSPACE-LongRead, GapFinisher
Assembly 4
Ilumina reads —-l Pion
Assembly 5
Linkage map ——-l ALLMAPS
B Final assembly

'
Gene predictors
MAKER
AUGUSTUS
BRAKER2

Transcript evidence (RNA-Seq)

«—— Reference-based transcripts (STAR, Stringtie)

De novo transcripts (Trinity, GMAP)

|

Protein evidence
Proteins from Rubus occidentalis
Fragaria vesca v4.0.a2, Arabidopsi:
UniProt plant (Exonerate)

!

EVM

l

PASA

3

Apollo

Figure 3.3 Genome assembly (A) and annotation (B) pipelines

v3.0,
s, and

Initial genome assembly and annotation were conducted by Dr. Yongping Li. The further
genome improvement, annotation lift over, and the downstream analyses was performed by

me.
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Figure 3.4 Seven pseudomolecules assembled using the linkage maps of ‘Heritage’ and
‘Tulameen’

253 Mb (85.1%) of sequences were anchored onto the seven chromosomes. The left panel
displays the connections between the constructed chromosomes and the linkage maps. The Rho
(p) values shown at the top of the scatter plots (right panel) are the Pearson correlation
coefficients between the physical positions on the chromosome (x axis) and map positions (y
axis).
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3.2.4 Global view of early fruit RNA-Seq data

The raspberry early fruit RNA-Seq data were collected from three distinct tissues (receptacle,
ovary wall, and ovule/seed) at six early developmental stages (0, 2, 4, 6, 9, 12 DPA), and
were further compared with the previously published woodland strawberry RNA-Seq data
from early fruit development (Kang et al., 2013). The principal component analysis revealed
that compared to the ovary wall and the seed, the receptacle undergoes relatively fewer
changes during early fruit development of both raspberry and strawberry (Figure 3.5A). In
raspberry receptacle, there are obvious gene expression differences between 0 and 2 DPA,
which may explain the enlargement of the receptacle at the beginning of the fruit
development (Figure 3.5B). However, raspberry receptacle samples from later stages are
grouped together in the PCA plot supporting that no dramatic morphological changes are
observed at later stages in the receptacle (Figure 3.5B). Different from raspberry receptacle,
strawberry receptacle, especially cortex, shows clear gene expression changes over time,
which is consistent with the fact that strawberry receptacle gradually enlarges throughout the
whole early fruit development (Figure 3.5B). Additionally, in raspberry, the ovary wall and
seed start to grow from 4 DPA (Figure 3.5A). And there are remarkable differences between

6 DPA and 9 DPA in raspberry ovary wall and seed (Figure 3.5A).

Additionally, grade of membership analysis estimated the cluster membership proportions in
each sample (Figure 3.5C). Gene cluster 3 that constitutes a significant proportion of
raspberry receptacle was found to participate in ion transport, auxin signaling, and response
to biotic and abiotic stresses based on GO enrichment analysis (Figure 3.5C). And in
strawberry, the cortex and pith, two tissues in the receptacle, are greatly represented by gene
cluster 1 that has enriched GO terms mainly in ion or zinc transport (Figure 3.5C). The

receptacle vasculature supports the finding of potential active ion transport in red raspberry
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and strawberry receptacle. Moreover, the enriched GO terms of the gene cluster 3 that
characterizes the strawberry ovary wall are associated with photosynthesis and cell wall
synthesis (Figure 3.5C). In raspberry ovary wall, the representative gene clusters 1 and 8
have enriched GO terms related to peptide synthesis and photosynthesis, respectively (Figure
3.5C). Therefore, the clusters characterizing the raspberry and strawberry ovary wall have
different enriched GO terms, which may help explain the distinct developmental fate of the

ovary wall in each species.
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Figure 3.5 Global view of raspberry and strawberry RNA-Seq data from early-stage
fruits

(A) PCA plots of red raspberry (Rubus idaeus, left) and woodland strawberry (Fragaria
vesca, right). (B) PCA plots of red raspberry (left) and strawberry (right) receptacle. (C)
Structure plots of raspberry (left) and strawberry (right) generated by grade of membership
analyses showing the proportions of gene clusters in each sample.
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3.2.5 Identification of tissue- and stage-specific genes

The tissue- and stage-specific genes were identified by TissueEnrich (Jain & Tuteja, 2019)
for raspberry and strawberry respectively. Many genes were found to be specifically
expressed in the raspberry receptacle at 0 DPA (Figure 3.6A). The most significant enriched
GO term of this set of genes is ‘response to auxin’ (Figure 3.6B), and a number of SAUR
(small auxin up-regulated RNA) genes were included in the 128 receptacle- and 0 DPA-
specific genes. Therefore, the expression of SAUR genes was further examined in raspberry
and strawberry (Figure 3.7A, B). Compared to strawberry, raspberry has more SAUR genes
that exhibit dramatically decreased expression after 0 DPA in the receptacle (Figure 3.7A,
B). The sharply reduced expression of SAUR genes may suggest repressed acid-growth in the

raspberry receptacle (Stortenbeker & Bemer, 2019).
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Figure 3.6 The tissue- and stage-specific genes in raspberry

(A) The number of genes that are specifically expressed in a particular tissue at a certain
stage. (B) The enriched GO terms of the genes that are specifically expressed in the raspberry
receptacle at 0 DPA. The number of expected (blue) and observed (red) genes with a specific
GO in the gene list was depicted in the lollipop plot. -logigp-value is represented by the size
of the dots.
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Figure 3.7 Heatmaps showing the expression of SAUR genes in raspberry (A) and
strawberry (B)

The stars (*) highlight the interesting SAUR genes that exhibit reduced expression after 0
DPA in raspberry (A) and strawberry (B). The expression levels are represented by average
log2(TPM+1).

3.2.6 Early lignification of strawberry mesocarp may be a factor that limits its growth

Red raspberry is a drupetum fruit that has fleshy mesocarp and lignified endocarp. The
formation of stone, lignified endocarp, is characteristic of drupe fruit (peach) and drupetum
(raspberry). Strawberry, an achenetum fruit, however doesn’t form stones. Therefore, we
examined the expression of the lignin biosynthetic genes and the transcription regulators of
lignin biosynthesis genes in raspberry and strawberry (Dardick et al., 2010; Q. Liu et al.,
2018; Xie et al., 2018). Most of the lignin biosynthesis-related genes, including multiple MYB
transcription factors (MYB46, MYB83, MYB83L, MYBS85), exhibit induced expression from 6
DPA to 9 DPA in the raspberry ovary wall (Figure 3.8A), which is consistent with the
observation that lignin (red stain) is detected in the raspberry endocarp at 9 DPA and onward
(Figure 3.8C). And the conserved positive role of MYB genes in lignin formation was also

supported by the analysis.
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Although stone is not formed in strawberry fruit, the lignin biosynthesis-related genes are
expressed at a high level starting from stage 1 (0 DPA) in the strawberry ovary wall (Figure
3.8B). It agrees with the fact that the lignin deposition (red stain) is observed in the
strawberry mesocarp and endocarp from 0 DPA (Figure 3.8C). And the lignin deposition
spreads out from the tip to the base of the achene over time (Figure 3.8C). The findings
above suggest that the early lignification of the strawberry ovary wall, especially the
mesocarp, may prevent the ovary wall from becoming fruit flesh by constraining its cell
division or expansion.
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(A, B) Expression of lignin biosynthesis-related genes in raspberry (A) and strawberry (B).
The expression levels are represented by average logo(TPM+1). (C) Lignin staining of
raspberry and strawberry achene by phloroglucinol-HCL.

3.2.7 PI, a type I MADS-box gene, potentially inhibit the development of raspberry

receptacle

B class type Il MADS-box genes (PI, TM6, and AP3) are known to negatively regulate fruit

growth in multiple species, such as apple (Yao et al., 2001, 2018) and tomato (de Martino et
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al., 2006; Mazzucato et al., 2008). My comparative analysis in apple and peach also suggests
PI and TM6 as repressors of fruit formation in peach hypanthium (Chapter 2; M. Li et al.,
2022). Therefore, we identified the B class genes in raspberry and strawberry based on the
phylogenetic analysis and then examined the expression patterns of the B class genes in the
two species (Figure 3.9). In raspberry, the two RiPI genes and RiAP3 gene are persistently
highly expressed in the receptacle from 0 DPA to 12 DPA (Figure 3.9). And RiTM6 has
shown decreased expression trend after 0 DPA in the receptacle (Figure 3.9). Thus, the high
expression levels of P/ and AP3 genes in the raspberry receptacle make it possible to form a
B class heterodimer PI/AP3 and to repress fruit formation. In the ovary wall, the fruit flesh-
forming tissue of raspberry, only RiAP3 is expressed at a high level (Figure 3.9). Such a
single B class gene expression may be insufficient to inhibit fruit growth in the ovary wall
and allow the development of raspberry ovary wall into the fruit tissue. Different from
raspberry, strawberry receptacle has either reduced or low levels of B class gene expression,

which allows the receptacle to grow into fruit flesh (Figure 3.9).

The expression of B class genes in peach and apple is also examined and compared in the
newly established eFP browser (Chapter 4). In peach, PpPI and PpTM6 are highly expressed
in the hypanthium while PpAP3 is highly expressed in the ovary wall (Figure 3.9). PpPI and
PpTM6 may function together to inhibit the hypanthium from forming fruits and indirectly
cause the senescence of the peach hypanthium. But the presence of a single B gene PpAP3 by
itself in the peach ovary wall fails to inhibit the growth of the peach ovary wall, therefore the
peach ovary wall eventually develops into fruit flesh. Moreover, in apple, the expression of
all four B class genes is reduced after 0 DPA in the hypanthium, which may explain why
peach hypanthium senesces but apple hypanthium becomes enlarged and fleshy during fruit

development (Figure 3.9). The comparative analysis of B class gene expression across all
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four Rosaceae fruit types supports a negative regulatory role of B class heterodimers for fruit

development and indicates B class MADS-box genes key regulators of fruit type.
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Figure 3.9 The expression patterns of the B class genes in raspberry, strawberry, peach,
and apple (top to bottom) shown in the eFP (electronic Fluorescent Pictograph) browser

The R package ggefp (https://github.com/hredestig/ggefp) was utilized to visualize the
expression of the B class genes in distinct tissues at different stages.

2.4 Discussion

This is a collaborative project with experimental contributions by Dr. Junhui Zhou.
Specifically, Dr. Junhui Zhou performed raspberry fruit dissection, harvests, and
morphological characterizations (Figure 3.1) as well as tissue sectioning and staining
(Figure 3.1C and 3.8C). Furthermore, Dr. Junhui Zhou treated the raspberry fruits with

different plant hormones to show that both auxin and GA were required to induce
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parthenocarpic fruits in raspberry (Figure 3.2), which emphasizes the irreplaceable role of

auxin and GA in raspberry fruit development.

Additionally, high-quality genome assembly and annotation of Rubus idaeus ‘Joan J.” were
generated in the study. The initial genome assembly and annotation were constructed by Dr.
Yongping Li. And the further genome improvement and annotation lift over were conducted
by me. These new genomic resources of Rubus idaeus ‘Joan J.” enable me to perform the
downstream analyses, including the functional annotation, ortholog identification, phylogenic

analysis of type Il MADS-box genes, RNA-Seq analyses and so on.

In raspberry, the middle layer of the ovary wall (mesocarp) becomes enlarged and fleshy, and
the inner most layer of the ovary wall (endocarp) lignifies and forms the stone. But in
strawberry, the receptacle develops into the fruit flesh, and the achenes dry out on the fruit
surface. Our study has uncovered a new mechanism that explains why strawberry achenes
could not develop into fruit due to the lignification of the ovary mesocarp. Based on our
transcriptomic comparisons between raspberry and strawberry early developing fruits, a
model was proposed to explain why raspberry and strawberry fruits are derived from distinct
flower tissues (Figure 3.10). Firstly, B class genes (P/ and AP3) were continuously highly
expressed in the raspberry receptacle, which suggests that PI and AP3 may work together to
inhibit the growth of the receptacle in raspberry. But B class genes show low expression in
the strawberry receptacle, which may allow the strawberry receptacle to become fleshy fruit.
Secondly, the S4UR genes (auxin responsive genes) show more obvious decreased
expression in raspberry receptacle after 0 DPA. Because SAUR genes are correlated with cell
elongation (Stortenbeker & Bemer, 2019), the reduced expression of the SAUR genes may

lead to the inhibited growth of the raspberry receptacle. Lastly, the lignin biosynthesis-related
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genes are expressed in the raspberry ovary wall at 6-9 DPA, and the stone formation is
observed in the raspberry endocarp from 9 DPA. However, in strawberry, the lignin
biosynthesis-related genes are highly expressed in the ovary wall at very beginning of the
fruit development (0 DPA). And the lignin deposition in the mesocarp and endocarp of
strawberry starting at 0 DPA and continuously onward may have prevented it from growing

into fruit flesh.

Raspberry Strawberry

PI/AP3/TME

PI/AP3/TM6

Figure 3.10 A proposed model showing the action of identified genetic factors that may
explain the distinct fruit types in raspberry and strawberry

The red and green colors highlight the fleshy and non-fleshy parts of the fruit, respectively.
Larger font size represents higher expression. White texts indicate negative regulation while
black texts indicate positive regulation.
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Chapter 4: Rosaceae Fruit Transcriptome Database (ROFT) —a
useful genomic resource for four economically important fruits,
apple, peach, strawberry, and raspberry

4.1 Introduction

Rosaceac is a large plant family consisting of over 3000 species. Many economically
important fruits belong to the family including peach, apple, strawberry, raspberry, and
others. Rosaceae family plants also form a large number of diverse fruit types including four
main fleshy fruit types including drupe (peach), pome (apple), drupetum (raspberry), and
achenetum (strawberry). Hence Rosaceae is an ideal family for investigations of molecular
mechanisms underlying the diversity of fruit type (Z. Liu et al., 2020; Xiang et al., 2017). In
drupe fruit, such as peach, the middle layer of the ovary wall (mesocarp) grows into fruit
flesh, and the innermost layer of the ovary wall (endocarp) forms a hard stone encasing a
single seed. In pome fruit, for example, apple, the fruit flesh is derived from the hypanthium,
a cup-like structure outside the ovary wall. In drupetum and achenetum fruits, there are
numerous individual carpels crowding the dome-like receptacle. In drupetum fruit like
raspberry, each carpel turns into a fleshy drupelet. However, in achenetum fruit, namely
strawberry, the receptacle becomes fleshy while the carpels dry up to become the achenes

dotting the fruit surface.

Early fruit development is an important stage, during which fruit tissue identity is determined
and subsequently becomes enlarged. This early stage is usually composed of three phases,
fruit set, cell division, and cell expansion (Gillaspy et al., 1993). In the first phase, successful
pollination and fertilization trigger the development of a specific floral tissue to become a
fruit. In the second phase, cell division is activated and fruit starts to enlarge. In the third

phase, fruit size increases rapidly as a result of cell expansion and cell wall loosening.
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With the development of advanced high-throughput sequencing technologies, such as
[llumina, PacBio and Oxford Nanopore sequencing, more and more high-quality sequencing
data with deep depth become available for many Rosaceae species, which gives rise to a
dramatic increase in the number of chromosome-scale genome assemblies and
comprehensive genome annotations (M. Li et al., 2021). The abundant genomic resources
make it possible to investigate plant growth globally and thoroughly, and thus help stimulate

novel ideas for molecular research.

The genomic data explosion also contributes to a greater number of databases established for
economically important Rosaceae species (M. Li et al., 2021). For instance, the Genome
Database for Rosaceae (GDR) (S. Jung et al., 2019) contains a large collection of Rosaceae
genomes and integrates various tools for genetic and genomic analyses. Fragaria vesca co-

expression network explorer (http://159.203.72.198:3838/fvesca) (Shahan et al., 2018) offers

the consensus networks constructed to predict gene-gene relationships in strawberry.
Furthermore, TRANSNAP (Koshimizu et al., 2019) and strawberry eFP browser (Hawkins et

al., 2017) (http://bar.utoronto.ca/efp_strawberry/cgi-bin/efpWeb.cgi) are developed for

exploring the pear and strawberry transcriptome data, respectively. Although there is a
variety of databases presenting different types of data from various Rosaceae species, few
databases are built for comparative work among different Rosaceae species.

In this study, we developed a comparative transcriptome database, ROFT, using the published
RNA-Seq data from four early Rosaceae fruits, peach (Prunus persica) (M. Li et al., 2022),
apple (Malus x domestica) (M. Li et al., 2022), strawberry (Fragaria vesca) (Kang et al.,
2013), and raspberry (Rubus Idaeus) (Chapter 3). Each of them represents one of the four
main fruit types. The comparative eFP browser in the database allows the users to compare

gene expression patterns between orthologs in different species harboring the four fruit types.
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In addition, the co-expressed genes and tissue-specific genes are provided for each of the four
Rosaceae species. As a result, the common and distinct molecular features among the four
fruit types can be identified, which may lead to a better understanding of early-stage fruit

development and potential regulatory mechanisms underlying diverse fruit types.

4.2 Material and methods

Data sources and processing

The RNA-Seq data of peach and apple early fruit development were generated from three
specific fruit tissues (hypanthium, ovary wall and ovule/seed) at four critical stages (0 DPA,
5/6 DPA, 12 DPA, and 18/20 DPA) in triplicates. Tissue morphology, staging, and the RNA-
Seq data with three replicates were described previously (M. Li et al., 2022). The data was

deposited at SRA with the accession number PRINA661345.

The strawberry early fruit development was divided into five stages, stage 1 (0 DPA), stage 2
(2-4 DPA), stage 3 (6-7 DPA), stage 4 (8-10 DPA), and stage 5 (10-13 DPA) (Hollender et
al., 2012). The strawberry fruit tissues including style, pith, cortex, ovary wall, and
ovule/seed (ghost and embryo) were dissected and harvested at their corresponding stages
(Kang et al., 2013). Two biological replicates were prepared for RNA-Seq, which was

deposited at SRA with accession number PRINA187983.

Three fruit tissues (receptacle, ovary wall, and ovule/seed) were dissected at six early stages
of red raspberry fruit development (0 DPA, 2 DPA, 4 DPA, 6 DPA, 9 DPA, and 12 DPA)

(Chapter 3). And the RNA-Seq data were collected from four biological replicates.
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Cutadapt (v2.8) (M. Martin, 2011) was used to trim the low-qualify bases (cutoft: 25) from
the 3’ end of the red raspberry reads. Only the reads with a minimum length of 36 bp are

remained for the downstream analyses.

Table A.3 (see Appendices) summarizes the information of all the samples used for RNA-

Seq analyses.

Salmon (v0.11.2) (Patro et al., 2017) was applied to quantify the transcript expression for the
four Rosaceae species. The peach, apple, and strawberry reference transcripts were retrieved
from GDR (Prunus persica Genome v2.0.al, Malus x domestica GDDH13 Whole Genome
vl.1, and Fragaria vesca Genome v4.0.a2) (Daccord et al., 2017; Edger et al., 2018; Y. Li et
al., 2019; Verde et al., 2017). For index construction, k-mer size was set to 31, and --
keepDuplicates was specified to keep identical sequences in the reference transcripts. And --
seqBias was passed to the quantifier to correct the sequence-specific bias. Tximport (v1.10.1)
(Soneson et al., 2016) was further utilized to summarize the transcript abundance into gene

level.

Ortholog detection

BLAST (v2.5.0) (Altschul et al., 1990) was employed to search the longest protein isoforms
of the four Rosaceae species against Arabidopsis protein database generated using the longest
peptides in TAIR10 pep 20101214

(https://www.arabidopsis.org/download_files/Proteins/TAIR10 protein_lists/TAIR10 pep 2

0101214). The protein sequences of the four Rosaceae species were derived from the same
genome annotations used for transcript quantification. Only the best Arabidopsis BLAST hits

with E-value less than 10™° were presented in the database.
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The genes in peach, apple, strawberry, red raspberry, black raspberry (GDR: Rubus
occidentalis whole genome assembly v3.0) (VanBuren et al., 2018), and Arabidopsis were
assigned to different orthogroups by OrthoFinder (v2.3.8) (Emms & Kelly, 2015). The
longest protein isoforms from each species were fed into OrthoFinder for the ortholog

1dentification.

Development of comparative eFP browser

The R package ggefp (https://github.com/hredestig/ggefp) was used to visualized the gene
expression data (logx(TPM+1)) of the four Rosaceae species. The fruit diagrams shown in the
comparative eFP browser was first created by Adobe Illustrator. The line drawings (PS
format) were further transformed to ggproto objects by ggplot2 (Wickham, 2016) and saved
in RDA files that would be used by ggefp as exhibits for data visualization

(https://github.com/hredestig/ggefp/blob/master/etc/trace.R).

Consensus network construction

A robust signed co-expression network was constructed using the consensus clustering
approach for each Rosaceae species (Shahan et al., 2018). WGCNA (peach and apple: v1.68,
strawberry and red raspberry: v1.70.3) (Langfelder & Horvath, 2008) was run 1000 times
with subsampled genes and randomized parameters. The gene expression was presented in
loga(TPM+1). The genes with little variance (< 0.05) and zero median absolute deviation
were excluded. And biweight midcorrelation was chosen to measure the similarity between
the expression values of each pair of genes. A weighted adjacency matrix was produced by
dividing the number of times genes were clustered together by the number of times genes
were subsampled together. The ultimate consensus network was built based on the adjacency

matrix using WGCNA with power 6 and minModuleSize 10.
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The GO terms associated with peach and apple genes were obtained from GDR

(Prunus_persica v2.0.al gene functions.txt and

Malus x domestica. GDDH13 vl1.1_interpro.txt) while the GO annotations of strawberry
and red raspberry were conducted by OmicsBox (v1.2.4) (Gétz et al., 2008). The R package
topGO (v2.34.0) (Alexa & Rahnenfuhrer, 2022) was applied to perform the GO enrichment
analysis for each gene module. The significance of the enriched GO categories was

determined by Fisher’s exact test. The p-value threshold was 0.05.

Identification of tissue-specific genes

A combination of a tissue and a stage was regarded as a condition. Average TPM values of
biological replicates were calculated to show the gene expression in each tissue at each stage
(at each condition), which were later used by TissueEnrich (v1.2.1) (Jain & Tuteja, 2019) to
identify the tissue- and stage-specific genes (condition-enriched genes), as well as the tissue-
specific genes (multiple-condition-enriched, but within the same tissue). A gene is considered
to be a tissue- and stage-enriched gene if its TPM is no less than one, and its expression at a
particular condition is at least two/five-fold higher than that at other conditions. Moreover, a
gene is considered as a tissue-specific gene if its TPM is no less than one, its expression at a
group of conditions (within the same tissue) is at least two/five-fold higher than that at other

conditions, and the gene is not counted as a tissue- and stage-specific gene.

Database implementation

The R package mongolite (v2.1.0) (Ooms, 2014) was used to import the data into or fetch the
data from MongoDB, a NoSQL database platform. And the user interface of the database was
built by the R package Shiny (v1.3.2) (Chang et al., 2019). An undergraduate student,

Andrew Tong, helped to implement hyperlinks using R Shiny. The system hosting the
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database was Ubuntu (v18.04.5). And the BLAST tool (v2.5.0) (Altschul et al., 1990)

embedded in the database was installed locally.

4.3 Usage and access

ROsaceae Fruit Transcriptome database (ROFT) mainly consists of eight functional modules,
Gene, Comparative eFP Browser, Co-expression Network, Tissue-specific Genes, BLAST,
Retrieve Data, Download, and Help (Figure 4.1). They are described in each of the section

below.
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ROsaceae Fruit Transcriptome database

ROFT Publications
I |
Rubus idaeus pes ”
% &
v 29 g ()
Raspberry Peach Strawberry Apple
L L i3] E23
1 |

Tissue-specific Genes

Search Entry:
species, gene group, fold change,
tissue, stage

Gene

Search Entry:
species, gene ID

Comparative eFP Brower

Search Entry:
species, gene ID

Co-expression Network

Search Entry:
species, cluster number

Search Result:

Genes in the cluster,

Cluster eigengene expression
trends,

Enriched GOs of each cluster

Search Result:

Simultaneous display of gene
expression patterns in the four
fruit types in visually accessible
graphics

Search Result:

Best Arabidopsis BLAST hit,
Homologs,

Network cluster,

Gene expression pattern

Search Result:

Genes expressed in a specific tissue
Genes specifically expressed in a
tissue at a certain stage

BLAST Retrieve Data

Blast query amino acid or
nucleotide sequence against the
four Rosaceae fruit species

Retrieve the expression data,
protein sequences, and transcript
sequences based on the input gene
list

Download the gene tables,
expression tables, sample tables,
orthogroup table, and red
raspberry genome assembly and
annotation files

Access to Q&A and tutorial videos

Figure 4.1 Summary of the ROFT Database

(A) Home page with tabs. (B) Summary of the key functions provided by each of the eight

tabs.

4.3.1 Gene

In the ‘Gene’ section, users can search for information on a gene from any of the four

Rosaceae species, peach, apple, raspberry and strawberry, by entering in the search box a
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specific gene ID (Figure 4.2A). If such a gene ID is not known, one can use nucleotide or
protein sequence of the gene to blast using this database (ROFT)’s BLAST function, or blast

in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) or GDR (https://www.rosaceae.org/blast) to

obtain the gene ID of the species of interest. The search returns results including the gene’s
best BLAST hit in Arabidopsis (Arabidopsis gene ID, gene symbol, and gene description)
(Figure 4.2C). In addition, the search will return information on the query’s orthologs
(specific gene IDs). We use orthologs here to refer to those genes belonging to the same
orthogroup identified by OrthoFinder (Emms & Kelly, 2015). If genes from different species
originated from the same gene in the last common ancestor of those species, the genes will be

grouped into one orthogroup (Emms & Kelly, 2015).

In addition, the search will return the specific consensus co-expression cluster the query
belongs to, and its expression values in different fruit-related tissues at different stages as
shown in a box plot (Figure 4.2C). Further, hyperlinks are provided for each ortholog ID and
co-expression cluster so that users can learn more about them by simply clicking the links

(Figure 4.2C, D).

If one starts by simply asking how an ortholog of an Arabidopsis gene functions in any of the
four Rosaceae species, one can directly enter in the search box the Arabidopsis gene ID

(Figure 4.2B), which can be obtained by searching TAIR (https://www.arabidopsis.org/). The

search in ROFT using the Arabidopsis gene ID will return its Rosaceae orthologs (Figure
4.2B). And clicking one of the ortholog IDs will lead the users to the ‘Gene’ page of the

Rosaceae ortholog (Figure 4.2 B, C).
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B Choose a species Enter the gene ID
Gene  Comparative eFP Browser  Co-expression Network  Tissue-specific Genes ~ BLAST

Arabidopsis h AT1G08290
Choose a species Enter the gene ID Function Gene:AT1G08290

A Peach

Prupe.6G127700 Symbol: WIP3
Description: WIP d

OrthoFinder

Gene:Prupe.6G127700
BLAST

1D: AT1G08290
Symbol: WIP3

OrthoFinder

Ovary wall Ovule/Seed
Hypanthium Ovary wall Ovule/Seed

Eigengene

Developmental stage (DPA)

Figure 4.2 Illustration of the information derived by searching in the Gene tab

(A) Searching using the peach gene ID. (B) Searching using the Arabidopsis gene ID.
Prupe.6G127700 is the peach ortholog of the Arabidopsis gene ATI1G08290. Clicking
‘Prupe.6G127700° in B will load the ‘Gene’ page of the peach ortholog in C. (C) The result
from searching the peach gene ID. The information about the peach gene Prupe.6G127700 is
shown, including its Arabidopsis, apple, strawberry, and raspberry orthologs, the consensus
network cluster this gene belongs to, and the expression pattern in the three tissues,
hypanthium, ovary wall, and ovule/seed at four early fruit developmental stages (days post
anthesis, DPA). (D) Information about the Cluster 22 of the consensus network by clicking
227 in C. It includes information about all 304 genes in this cluster as well as the eigengene
expression trend of the cluster. The top 20 enriched GO terms for the cluster are also provided
in the database but not shown here. The undergraduate student, Andrew Tong, helped to create
the hyperlinks in the ROFT database.

4.3.2 Comparative eFP (electronic Fluorescent Pictograph) Browser

The ‘Comparative eFP Browser’ section displays the expression patterns of all orthologs of
the input gene in apple, peach, strawberry, and raspberry. If there are more than one ortholog,
as is often the case for apple, The users can easily visualize and compare the gene expression
patterns in similar and unique fruit tissues in the four Rosaceae species (Figure 4.3). Users
enter the gene ID of one of the species in the search box, and the search returns not only the
expression pattern of the input gene but also expression patterns of all orthologs in the other

three species. This comparative expression visualization makes it easier to compare and
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analyze gene expression differences between species and enable users to better explain and
illustrate the expression patterns and formulate novel hypothesis. A graphic key about the
fruit tissues is provided at the top of the page (Figure 3) and Table A.3 (see Appendices)
provides details about the tissue samples from which RNAs were extracted; the information
provides users accurate information about the specific tissues (Figure 4.3).
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Figure 4.3 Comparative eFP browser showing the expression patterns of WIP3 in all
four Rosaceae species

In the search box, one enters the gene ID of a specific gene in one of the four Rosaceae
species. The peach WIP3 gene (gene ID Prupe.6G127700) is entered here as a search
example. The search result is displayed as electronic Fluorescent Pictographs (eFPs) showing
gene expression levels of orthologous genes in peach, apple, strawberry, and raspberry fruits.
There are two apple orthologs, and their expressions are both displayed. The scale bars are
RNA-seq read levels expressed as log,(TPM+1). The keys to the fruit tissue types are drawn
in the box and specific fruit developmental stages (DPA) are shown beneath each stage.
Sample description is detailed in Table A.3 (see Appendices).

4.3.3 Co-expression Network

The ‘Co-expression Network’ section includes two sub-tabs, ‘Summary’ and ‘Network’. The

‘Summary’ page provides basic statistics of the consensus co-expression networks, the
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number of clusters in each species, and brief methods of constructing the networks (Figure
4.4A). Additionally, each species’ network clusters are presented as heatmaps showing the
eigengene value of each cluster (Figure 4.4B). This provides users an overview of each
cluster’s expression trend, based on which the users could choose a cluster of a specific

expression pattern for further exploration.

In the ‘Network’ page, one can search the specific cluster number, it will return with a list of
genes (gene ID, Arabidopsis ortholog, ortholog description) in the cluster. It will also provide
the cluster eigengene boxplot showing the cluster eigengene expression level in different

samples (Figure 4.5), as well as the top 20 enriched GOs in the cluster (Figure 4.5).
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Figure 4.4 Illustration of the ‘Summary’ tab on the consensus co-expression network
information

(A) Summary of consensus co-expression network analysis result showing the number of
clusters in each species. (B) Heatmap of cluster eigengene which provides the general
expression trend of each cluster. Red arrow points to cluster 45 of raspberry.
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Showing 1 to 15 of 20 entries Previo 1 2 Next

Figure 4.5 Illustration of the ‘Network’ tab on the consensus ‘Co-expression Network’
information

(A) By searching for cluster 45 in the search box, one can obtain information on eigengene
expression pattern of cluster 45 shown as boxplots. (B) Enriched GO terms for cluster 45 are
also listed. Genes in the cluster can be obtained as well (not shown here).

4.3.4 Tissue-specific Genes

The ‘Tissue-specific Genes’ section, available for all four species, allows one to search for
genes that are specifically expressed in a tissue at a certain stage. To do that, users will first
select “Tissue& Stage-Enriched” under Gene Group, and then select a specific tissue under
“Tissue” and a specific stage under “Stage”. In the example shown (Figure 6A), “Ghost”
(seedcoat and endosperm) and “stage 3” (6-7 DPA) are entered in the selection box. In
addition, users are given an option of selecting 2-fold or 5-fold enrichment under “Fold

Change” (Figure 4.6A). The example shown chooses 2-fold that is less stringent than the 5-
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fold and hence yields more genes. The search resulted in a list of 314 genes that are enriched
by 2-fold in the ghost tissue at stage 3, which is a stage soon after fertilization (Figure 4.6B).
Several Type I MADS-box genes including AGL62 and AGLSE0 are among the list of genes. A
download button is at the bottom of the gene list table (Figure 4.6B) that allows users to
obtain the entire list of 314 genes (Figure 4.6B). Alternatively, if one is only interested in
tissue-specific genes, one can search for tissue-enriched genes (that can be enriched at two or

more stages in the same tissue) by choosing “Tissue-Enriched” under the Gene Group

(Figure 4.6A).
A Tissue-specific Genes
Species Gene Group Fold Change Tissue Stage
Strawberry Tissue&Stage-Enriched hd 2 A Ghost A Stage3 ~
B
Show 10 - entries Search: |AGL
Gene ArabidopsisBlastld ArabidopsisBlastEvalue ArabidopsisBlastSymbol ArabidopsisBlastDesc
43 FvH4 2g11353 AT2G14210 7.07e-33 ANR1,AGL44 AGAMOUS-like 44
79 FvH4_3g05940 AT2G34440 1.55e-47 AGL29 AGAMOUS-like 29
151 FvH4_4g20680 AT3G573%0 2.94e-45 AGL18 AGAMOUS-like 18
166 FvH4_4g35860 AT5G60440 1.86e-30 AGL62 AGAMOUS-like 62
253  FvH4_6g43410 AT5G48670 1.36e-59 FEM111,AGL80 AGAMOUS-like 80
Showing 1to 5 of 5 entries (filtered from 314 total entries) Previous 1 Next

Figure 4.6 Demonstration of the Tissue-Specific Genes function

(A) The example search is in strawberry for genes specifically expressed in the ‘Ghost (seed
coat and endosperm)’ at stage 3 with a minimum of 2-fold enrichment. (B) The enriched gene
list, in strawberry ghost tissue at stage 3, includes several Type | MADS-box genes shown.
Note the download button beneath the table.

4.3.5 BLAST

A BLAST function is included in the ROFT database, which allows the users to identify the
Rosaceae orthologs of the input sequence. Four BLAST programs, BLASTP, BLASTN,

BLASTX, and TBLASTN, are available in the ‘BLAST’ section of ROFT.
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4.3.6 Retrieve Data and Download

The RNA-Seq expression data (in TPM) in different tissues and stages, and the
transcript/protein sequences of genes of interest can be retrieved by providing the gene IDs in
the ‘Retrieve Data’ section. In the ‘Download’ section, users can download the gene tables,
expression tables, and sample tables (Table A.3, see Appendices) for each Rosaceae species.
The gene tables consist of the results from BLAST search, ortholog identification in the four
species as well as their corresponding Arabidopsis ortholog, and consensus network analysis.
The expression tables contain the gene expression levels (TPM) across different floral/fruit
tissues during fruit development. And the sample tables (Table A.3, see Appendices)
describe the details of the samples and stages from which the RNAs were isolated. An
orthogroup table that purely summarizes the orthologs among the Rosaceae species in
comparison to Arabidopsis is also accessible in the ‘Download’ section. In addition, users can

obtain the red raspberry genome assembly and annotation files.

4.3.7 Help

A ‘Help’ page is provided to assist the users to take full advantage of the database. The
‘Help’ section is composed of two components, ‘Q&A’ and ‘How-To Videos’. The ‘Q&A’
mainly answers anticipated technical questions while the ‘How-To Videos’ part is a screen
recording tutorial video to demonstrate how one can explore various functions of the

database.

4.4 Case studies

Following are several case studies to demonstrates the biological insights gained from mining

the ROFT database.
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4.4.1 WIP3, a likely conserved repressor of fleshy fruit development in Rosaceae species

WIP proteins are transcription factors that are known to inhibit plant organ development in
different species including Cucumis melo (A. Martin et al., 2009), Gerbera hybrida (Ren et
al., 2018), and Arabidopsis (Roldan et al., 2020). The expression of the WIP genes were
examined in the four Rosaceae species by mining the ROFT. First, the Rosaceae WIP3 genes
were identified by searching in the ‘Gene’ section for the Arabidopsis WIP3 gene
(AT1G08290) (Figure 4.2B). The search result lists the WIP3 orthologs with gene ID in
Arabidopsis, peach, apple, strawberry, and raspberry under OrthoFinder (Figure 4.2B). It
shows two WIP3 orthologs in apple, and one WIP3 each in strawberry, raspberry, and peach

respectively.

Second, using the comparative eFP browser in ROFT, we discovered that the WIP3 genes
show extremely interesting expression patterns in the fruits of all four species. Specifically,
WIP3 appears always expressed at a low level in the fruit tissue and a higher level in the non-
fruit tissues (Figure 4.3B). For example, the WIP3 gene is relatively highly expressed in
peach hypanthium, apple ovary wall, red raspberry receptacle, and strawberry ovary wall,
tissues that are not forming fruit. Therefore, the WIP3 gene could encode a potentially

conserved repressor that inhibits floral tissue from becoming fruit tissues.

4.4.2 Metal ion transport appears to be very active in red raspberry receptacle and post-

fertilization seed

Previously, we showed that iron can travel from the receptacle to the ghost after fertilization
in strawberry (Shahan et al., 2018). The iron transported to the ghost may serve as the
cofactor for GA biosynthetic enzymes, GA200x and GA3o0x, which lead to GA synthesis

required for strawberry receptacle fruit enlargement (Kang et al., 2013). Therefore, we
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explored the red raspberry consensus network in ROFT to determine if such iron transport
activity may be conserved in the red raspberry. First, through the Co-expression Network’s
‘Summary’ page of ROFT, we identified the cluster 45 of raspberry that exhibits receptacle
enriched expression as well as fertilization-induced expression in seeds (Figure 4.4B).
Further exploration of cluster 45 in the ‘Network’ page revealed that the top-ranking enriched
GO terms in cluster 45 are associated with metal ion transport and homeostasis (Figure
4.5B). Hence, similar to strawberry, red raspberry receptacle also appears to experience

active iron transport.

4.4.3 Multiple type I MADS-box transcription factors encoded by AGLs (AGAMOUS-

LIKE) may regulate strawberry seed development immediately post-fertilization

Each strawberry seed could be manually dissected and separated into embryo and ghost (seed
coat and endosperm) starting from stage 3, which allows for the identification of the ghost-
specific genes involved in seed development. To investigate what genes might be induced by
fertilization in the endosperm-an important tissue for auxin and GA synthesis to stimulate
post-fertilization programs, we mined the ROFT database in the ‘Tissue-specific Genes’
section. 314 genes were identified that fulfill the search criteria: Species- Strawberry, Gene
Group-Tissue&Stage-Enriched, Fold Change-2, Tissue-Ghost, Stage-Stage 3 (Figure 4.6).
Among the 314 genes expressed in the stage 3 ghost are five type | MADS-box genes
including AGL44 (FvH4_2g11353), AGL29 (FvH4_3205940), AGL18 (FvH4_4220680),
AGL62 (FvH4 4g35860), and AGLS80 (FvH4_6g43410) (Figure 4.6B). The functions of
these genes in early seed development are being tested. Interestingly, an interaction between
AGL62 (FvH4 2203030) and AGL80 (FvH4 6g08460) was shown in strawberry, and their

function in promoting auxin biosynthesis in the strawberry seed was also validated (Lei et al.,
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2022). Therefore, the ROFT database provides an important bioinformatic resource for users

to identify candidate genes and formulate hypotheses for future functional tests.
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Chapter 5: Conclusions and future directions

By pairwise comparison of the RNA-Seq data between peach and apple and between
strawberry and raspberry during early-stage fruit development, we identified a number of
genetic factors and potential mechanisms that may explain different fruit types in the
Rosaceae family. First, P/, a B class type Il MADS-box gene, is highly expressed in non-fruit
forming tissues, such as peach hypanthium and raspberry receptacle, but exhibits reduced or
low expression in fruit-forming tissues, such as apple hypanthium and ovary wall and
strawberry receptacle. As a result, P/ functions as a potential conserved repressor of fruit
development across the four Rosaceae species. Since PI functions by dimerizing with other B
class proteins (AP3 and TM6), these other B class genes may also participate in inhibiting
fruit set and the fruit growth as dimerization partners of PI. FBPY, a E class type Il MADS-
box gene, is expressed at a high level in fruit tissues that are capable of becoming fleshy.
Additionally, a survey of eudicot genomes of 45 species available in the PLASA Dicot 4.0
database shows that the FBP9 gene is presents in all but one fleshy fruit forming eudicot
species, but is absent in a larger number of dry fruited eudicot species, suggesting that FBP9
is likely to be necessary for fleshy fruit formation. Since FBP9 is present in some of the dry

fruit eudicot species, its mere presence is necessary but insufficient for fleshy fruit formation.

Besides the type I MADS-box genes, other genetic factors that relate to fruit type
specification have also been identified by our comparative transcriptomic analyses. For
example, GA20X genes, encoding the GA degradation enzyme, are preferentially expressed
in the peach hypanthium, which is likely to reduce the GA accumulation in the peach
hypanthium and thus limits the growth of the hypanthium. Moreover, the induced expression

of developmental programmed cell death (dPCD) genes in the peach hypanthium after

101



pollination may also contribute to the senescence of the peach hypanthium. In raspberry, the
dramatically decreased expression of the SAUR genes (auxin responsive genes) in raspberry
receptacle after 0 DPA may constrain the cell expansion in raspberry receptacle and inhibit
the receptacle growth. Additionally, the early lignification of strawberry mesocarp and
endocarp, the middle and innermost layers of the ovary wall, potentially restricts the
enlargement of the strawberry ovary wall. Together these analysis results provide the
direction for future functional tests through CRISPP gene editing or transgenic over-

expression of the genetic factors identified.

Most of our studies are based on gene-level analyses. But alternative splicing (AS), a key step
of post-transcriptional control, has also been observed in fruit development. In tomato, it has
been uncovered that ARF genes are alternatively spliced in distinct tissues of the early
developing fruit and the splice variants exert different functions in individual tissues (K.
Wang et al., 2016). Moreover, the dynamics of AS has also been characterized in strawberry
(Y. Lietal., 2017). Intron retention events are abundant before fertilization in strawberry, but
the retained introns are spliced out soon after fertilization, allowing rapid release of mature
mRNA for translation needed for cell division and fruit expansion (Y. Li et al., 2017).
Therefore, to better understand the fruit type specification, we can further examine the
conserved AS events that occur at the early-stage fruit development in specific fruit-forming

tissues of the four Rosaceae species in the future.

RNA has been extracted and sequenced at different stages from dissected fruit tissues of
hormone-treated apple (Galimba et al., 2019). However, this type of data is not available for
other Rosaceae species. Analyzing the RNA-Seq data collected from the fruits that are treated

with plant hormones, such as auxin and GA, will allow us to understand whether distinct
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tissues show different genetic responses to the hormones over time and how auxin and GA

pathway genes are genetically linked.

Furthermore, two other Rosaceae species with special fruit morphology, Potentilla micrantha
and Rosa rugosa, can be included in the comparative analyses of the Rosaceae early fruit
development. The two species are phylogenetically close to the Fragaria species. However,
Potentilla micrantha doesn’t produce fleshy fruits, and Rosa rugosa fruit is derived from the
hypanthium with numerous seeds trapped inside. We can dissect the fruits of the two
Rosaceae species at different developmental stages and observe the morphological changes in
the fruit tissues over time. Since the two species both have high-quality genomes (Buti et al.,
2018; F. Chen et al., 2021), the RNA-Seq data can be collected from the early developing
fruits of the two species and analyzed using these available genomic resources. Expanding
the comparisons to other species of the Rosaceae with various fruit types will test and
validate the function of the factors identified in my analysis, uncover new factors or
mechanisms, and determine if a mechanism is conserved broadly or specific to a particular
phylogenetic branch. Overall, my research work has played an important role in uncovering
the genetic mechanisms that determine different fruit types and laid the foundation for future

investigations into the evolution of fruit type in flowering plants.
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Appendices

Table A.1 List of selective Rosaceae species and corresponding genome resources.

Species

Ploidy

Common
name

Variety

GDR

Reference

Prunus davidiana

2n=2x=16

Chinese wild
peach

Zhou Xing Shan Tao
1#

Prunus
davidiana
Genome v1.0

Cao et al., 2020

Prunus ferganensis

2n=2x=16

Ka Shi 1#

Prunus
ferganensis
Genome v1.0

Cao et al., 2020

Prunus kansuensis

2n=2x=16

Hong Gen Gan Su
Tao 1#

Prunus
kansuensis
Genome v1.0

Cao et al., 2020

Prunus mira

2n=2x=16

2010-138

Prunus mira
Genome v1.0

Cao et al., 2020

Prunus persica

2n=2x=16

Peach

Lovell doubled
haploid

Prunus persica
Genome v1.0

Verde et al., 2013

Prunus persica

2n=2x=16

Peach

Lovell doubled
haploid

Prunus persica
Genome v2.0.a1

Verde et al., 2017

Malus domestica

2n=2x=34

Apple

Golden Delicious

Malus x
domestica
Genome v1.0

Velasco et al., 2010

Malus domestica

2n=2x=34

Apple

Golden Delicious

X. Lietal., 2016

Malus domestica

2n=2x=34

Apple

Golden Delicious
doubled haploid
(GDDH13)

Malus x
domestica
GDDH13 Whole
Genome v1.1

Daccord et al., 2017

Malus domestica

2n=2x=34

Apple

Hanfu anther-derived
homozygous line
(HFTH1)

Malus x
domestica
HFTH1 Whole
Genome v1.0

Zhang et al., 2019

Malus domestica

2n=2x=34

Apple

Gala

Malus x
domestica Gala
haploid/diploid
v1.0 genome

Sun et al., 2020

Malus sieversii

2n=2x=34

Malus sieversii
haploid/diploid
v1.0 genome

Sun et al., 2020

Malus sylvestris

2n=2x=34

European crab
apple

Malus sylvestris
haploid/diploid
v1.0 genome

Sun et al., 2020

Fragaria x ananassa

2n = 8x = 56

Garden
strawberry

Reikou

Fragaria x
ananassa
Reference
Genome v1.0
(FANhybrid_r1.2)

Hirakawa et al.,
2014

Fragaria x ananassa

2n = 8x = 56

Garden
strawberry

Camarosa

Fragaria x
ananassa
Camarosa
Genome v1.0.a1
& v1.0.a2

Edger et al., 2019;
Liu et al., 2021

Fragaria bucharica

2n=2x=14

Fragaria
bucharica
Genome v1.0
(FBU_r1.1)

Hirakawa et al.,
2014; Tennessen et
al., 2014

Fragaria daltoniana

2n=2x=14

Fragaria
daltoniana YNU
Genome v1.0

Qiao et al., 2021

Fragaria iinumae

2n=2x=14

Fragaria iinumae
Genome v1.0
(FIl_r1.1)

Hirakawa et al.,
2014

Fragaria iinumae

2n=2x=14

Fragaria iinumae
Genome v1.0

Edger et al., 2020

Fragaria mandschurica

2n=2x=14

Fragaria
mandschurica
YNU Genome
v1.0

Qiao et al., 2021

Fragaria nilgerrensis

2n=2x=14

Fragaria
nilgerrensis
SCBG Genome
v1.0

Feng et al., 2021

Fragaria nilgerrensis

2n=2x=14

Fragaria
nilgerrensis YNU
Genome v1.0

Qiao et al., 2021

Fragaria nipponica

2n=2x=14

Fragaria
nipponica
Genome v1.0
(FNI_r1.1)

Hirakawa et al.,
2014
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Fragaria nubicola 2n=2x=14 Fragaria Feng et al., 2021
nubicola SCBG
Genome v1.0
Fragaria orientalis 2n=4x=28 Fragaria Hirakawa et al.,
orientalis 2014
Genome v1.0
(FOR_r1.1)
Fragaria pentaphylla 2n=2x=14 Fragaria Qiao et al., 2021
pentaphylla YNU
Genome v1.0
Fragaria viridis 2n=2x=14 Fragaria viridis Feng et al., 2021
SCBG Genome
v1.0
Fragaria viridis 2n=2x=14 Fragaria viridis Qiao et al., 2021
YNU Genome
v1.0
Fragaria vesca 2n=2x=14 Woodland Hawaii 4 Fragaria vesca Darwish et al.,
strawberry Genome v1.0 & 2015; Shulaev et
vi.1.a2 al., 2011
Fragaria vesca 2n=2x=14 Woodland Fragaria vesca Y. Lietal, 2018;
strawberry Genome v2.0.a1 Tennessen et al.,
& v2.0.a2 2014
Fragaria vesca 2n=2x=14 Woodland Hawaii 4 Fragaria vesca Edger et al., 2018;
strawberry Genome v4.0.a1 Y.Lietal., 2019
& v4.0.a2
Rubus chingii 2n=2x=14 Chinese Rubus chingii Hu Wang et al., 2021
raspberry (Fu- whole genome
Pen-Zi) v1.0
Rubus idaeus 2n=2x=14 Red raspberry Joan J. Wight et al., 2019
Rubus idaeus 2n=2x=14 Red raspberry Anitra Davik et al., 2022
Rubus occidentalis 2n=2x=14 Black raspberry ORUS 4115-3 Rubus VanBuren et al.,
occidentalis 2016
whole genome
assembly
v1.0.a1
Rubus occidentalis 2n=2x=14 Black raspberry ORUS 4115-3 Rubus Jibran et al., 2018
occidentalis
whole genome
assembly v1.1
Rubus occidentalis 2n=2x=14 Black raspberry ORUS 4115-3 Rubus VanBuren et al.,

occidentalis
whole genome
assembly v3.0

2018
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Table A.2 List of websites/databases useful for Rosaceae research.

Database name URL Species Information Reference
provided
Rosaceae databases
GDR (Genome https://www.rosaceae.org/ Rosaceae Genome Jung et al., 2019
Database for
Rosaceae)
DBcherry http://cherry.kazusa.or.jp/ Cerasus x yedoensis Genome Shirasawa et al.,
Prunus avium 2017, 2019
Strawberry GARDEN http://strawberry- Fragaria x ananassa Genome Hirakawa et al.,
garden.kazusa.or.ip/ 2014
Rosa multiflora DB http://rosa.kazusa.or.jp/ Rosa muiltiflora Genome Nakamura et al.,
2018
THE APPLE https://iris.angers.inra.fr/gd Malus domestica Genome Daccord et al.,
GENOME AND dh13/ Epigenome 2017
EPIGENOME
RchiOBHmM-V2 https://lipm- Rosa chinensis Genome Raymond et al.,
browsers.toulouse.inra.fr/p 2018
ub/RchiOBHmM-V2/
SGR (Strawberry http://bioinformatics.towson Fragaria vesca Transcriptome Darwish et al.,
Genome Resources) .edu/strawberry/default.asp 2013

X

Strawberry eFP
Browser

http://bar.utoronto.ca/efp s
trawberry/cgi-
bin/efpWeb.cqi

Fragaria vesca

Transcriptome

Hawkins et al.,
2017

TRANSNAP

http://plantomics.mind.meiji

Pyrus pyrifolia

Transcriptome

Koshimizu et al.,

.ac.jp/nashi/ 2019
Fragaria vesca co- http://159.203.72.198:3838 Fragaria vesca Co-expression Shahan et al.,
expression network [fvescal 2018
explorer
General plant databases
NCBI Genome https://www.ncbi.nlm.nih.go General Genome Tatusova et al.,
v/genome 1999
PLAZA https://bioinformatics.psb.u Plant Genome Van Bel et al.,
gent.be/plazal/ 2022
Phytozome https://phytozome- Plant Genome Goodstein et al.,
next.jgi.doe.gov/ 2012
EnsemblPlants https://plants.ensembl.org/i Plant Genome Bolser et al., 2017
ndex.html
PMN (Plant Metabolic https://plantcyc.org/ Plant Pathway Schlapfer et al.,
Network) 2017
Plant Reactome https://plantreactome.gram Plant Pathway Naithani et al.,
ene.org/index.php?lang=en 2020
PlantTFDB http://planttfdb.gao-lab.org/ Plant TF regulation Jinetal., 2017
(Transcription Factor
Database)
PlantRegMap (Plant http://plantregmap.gao- Plant TF regulation Tian et al., 2020
Transcriptional lab.org/
Regulatory Map)
Next-Gen Sequence https://mpss.meyerslab.org Plant small RNA Nakano et al.,
Databases and sRNA / 2020
Tools
CANTATAdb http://cantata.amu.edu.pl/ Plant IncRNA Szczesniak et al.,

2016
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https://www.rosaceae.org/
http://cherry.kazusa.or.jp/
http://strawberry-garden.kazusa.or.jp/
http://strawberry-garden.kazusa.or.jp/
http://rosa.kazusa.or.jp/
https://iris.angers.inra.fr/gddh13/
https://iris.angers.inra.fr/gddh13/
https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
http://bioinformatics.towson.edu/strawberry/default.aspx
http://bioinformatics.towson.edu/strawberry/default.aspx
http://bioinformatics.towson.edu/strawberry/default.aspx
http://bar.utoronto.ca/efp_strawberry/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp_strawberry/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp_strawberry/cgi-bin/efpWeb.cgi
http://plantomics.mind.meiji.ac.jp/nashi/
http://plantomics.mind.meiji.ac.jp/nashi/
http://159.203.72.198:3838/fvesca/
http://159.203.72.198:3838/fvesca/
https://www.ncbi.nlm.nih.gov/genome
https://www.ncbi.nlm.nih.gov/genome
https://bioinformatics.psb.ugent.be/plaza/
https://bioinformatics.psb.ugent.be/plaza/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
https://plantcyc.org/
https://plantreactome.gramene.org/index.php?lang=en
https://plantreactome.gramene.org/index.php?lang=en
http://planttfdb.gao-lab.org/
http://plantregmap.gao-lab.org/
http://plantregmap.gao-lab.org/
https://mpss.meyerslab.org/
https://mpss.meyerslab.org/
http://cantata.amu.edu.pl/

Table A.3 RNA-Seq samples generated from four Rosaceae species (strawberry,
raspberry, peach and apple)

Strawberry (F. vesca)

hand dissected early-stage fruit tissues (Kang et al., 2013)

TissueStage-Replicate No.

Sample description

Cortex1-1 Cortex of receptacle from just open flower, replicate 1
Cortex1-2 Cortex of receptacle from just open flower, replicate 2
Cortex2-1 Cortex of receptacle from the flowers which have been pollinated for about 3 days, replicate 1
Cortex2-2 Cortex of receptacle from the flowers which have been pollinated for about 3 days, replicate 2
Cortex3-1 Cortex of receptacle at about 6 DPA, same age as embryo-3, replicate 1
Cortex3-2 Cortex of receptacle at about 6 DPA, same age as embryo-3, replicate 2
Cortex4-1 Cortex of receptacle at about 9 DPA, same age as embryo-4, replicate 1
Cortex4-2 Cortex of receptacle at about 9 DPA, same age as embryo-4, replicate 2
Cortex5-1 Cortex of receptacle at about 12 DPA, same age as embryo-5, replicate 1
Cortex5-2 Cortex of receptacle at about 12 DPA, same age as embryo-5, replicate 2
Pith1-1 Pith of receptacle from just open flower, replicate 1
Pith1-2 Pith of receptacle from just open flower, replicate 2
Pith2-1 Pith of receptacle from the flowers which have been pollinated for about 3 days, replicate 1
Pith2-2 Pith of receptacle from the flowers which have been pollinated for about 3 days, replicate 2
Pith3-1 Pith of receptacle at about 6 DPA, same age as embryo-3, replicate 1
Pith3-2 Pith of receptacle at about 6 DPA, same age as embryo-3, replicate 2
Pith4-1 Pith of receptacle at about 9 DPA, same age as embryo-4, replicate 1
Pith4-2 Pith of receptacle at about 9 DPA, same age as embryo-4, replicate 2
Pith5-1 Pith of receptacle at about 12 DPA, same age as embryo-5, replicate 1
Pith5-2 Pith of receptacle at about 12 DPA, same age as embryo-5, replicate 2
Ovary wall1-1 Carpel walls (achene walls) from just open flower, replicate 1
Ovary wall1-2 Carpel walls (achene walls) from just open flower, replicate 2
Ovary wall2-1 Carpel walls (achene walls) from the flowers which have been pollinated for about 3 days, replicate 1
Ovary wall2-2 Carpel walls (achene walls) from the flowers which have been pollinated for about 3 days, replicate 2
Ovary wall3-1 Carpel walls (achene walls) at about 6 DPA, same age as embryo-3, replicate 1
Ovary wall3-2 Carpel walls (achene walls) at about 6 DPA, same age as embryo-3, replicate 2
Ovary wall4-1 Carpel walls (achene walls) at about 9 DPA, same age as embryo-4, replicate 1
Ovary wall4-2 Carpel walls (achene walls) at about 9 DPA, same age as embryo-4, replicate 2
Ovary wall5-1 Carpel walls (achene walls) at about 12 DPA, same age as embryo-5, replicate 1
Ovary wall5-2 Carpel walls (achene walls) at about 12 DPA, same age as embryo-5, replicate 2
Ovule1-1 Unfertilized Ovules from just open flower, replicate 1
Ovule1-2 Unfertilized Ovules from just open flower, replicate 2
Seed2-1 Seeds from the flowers which have been pollinated for about 3 days, replicate 1
Seed2-2 Seeds from the flowers which have been pollinated for about 3 days, replicate 2
Embryo3-1 Heart stage embryos, at about 6 DPA, replicate 1
Embryo3-2 Heart stage embryos, at about 6 DPA, replicate 2
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Embryo4-1

Immature cotyledon stage embryos, at about 9 DPA, replicate 1

Embryo4-2 Immature cotyledon stage embryos, at about 9 DPA, replicate 2
Embryo5-1 Mature embryos which fill up entire seed, at about 12 DPA, replicate 1
Embryo5-2 Mature embryos which fill up entire seed, at about 12 DPA, replicate 2
Ghost3-1 | Seeds without embryos inside (ie. endosperm + embryo) at about 6 DPA, same age as embryo-3, replicate
Ghost3-2 | Seeds without embryos inside (ie. endosperm + embryo) at about 6 DPA, same age as embryo-3, replicat;
Ghost4-1 | Seeds without embryos inside (ie. endosperm + embryo) at about 9 DPA, same age as embryo-4, replicate
Ghost4-2 | Seeds without embryos inside (ie. endosperm + embryo) at about 9 DPA, same age as embryo-4, replicat;
Ghost5-1 | Seeds without embryos inside (ie. endosperm + embryo) at about 12 DPA, same age as embryo-5, replicatz

Ghost5-2

Seeds without embryos inside (ie. endosperm + embryo) at about 12 DPA, same age as embryo-5, replicate
2

Red Raspberry (Rubus idaeus)
Hand-dissected early-stage fruit tissues (Chapter 3)

Tissue (DPA)-sample No.

Sample description

Receptacle (0DPA)-17

Entire receptacle with achenes removed at the day when flower just opens, replicate 1

Receptacle (ODPA)-27

Entire receptacle with achenes removed at the day when flower just opens, replicate 2

Receptacle (ODPA)-41

Entire receptacle with achenes removed at the day when flower just opens, replicate 3

Receptacle (0DPA)-S1

Entire receptacle with achenes removed at the day when flower just opens, replicate 4

Receptacle (2DPA)-1

Entire receptacle with achenes removed at the day 2 after pollination, replicate 1

Receptacle (2DPA)-17

Entire receptacle with achenes removed at the day 2 after pollination, replicate 2

Receptacle (2DPA)-4

Entire receptacle with achenes removed at the day 2 after pollination, replicate 3

Receptacle (2DPA)-S20

Entire receptacle with achenes removed at the day 2 after pollination, replicate 4

Receptacle (4DPA)-1

Entire receptacle with achenes removed at the day 4 after pollination, replicate 1

Receptacle (4DPA)-11

Entire receptacle with achenes removed at the day 4 after pollination, replicate 2

Receptacle (4DPA)-7

Entire receptacle with achenes removed at the day 4 after pollination, replicate 3

Receptacle (4DPA)-S25

Entire receptacle with achenes removed at the day 4 after pollination, replicate 4

Receptacle (6DPA)-1

Entire receptacle with achenes removed at the day 6 after pollination, replicate 1

Receptacle (6DPA)-10

Entire receptacle with achenes removed at the day 6 after pollination, replicate 2

Receptacle (6DPA)-7

Entire receptacle with achenes removed at the day 6 after pollination, replicate 3

Receptacle (6DPA)-S23

Entire receptacle with achenes removed at the day 6 after pollination, replicate 4

Receptacle (9DPA)-1

Entire receptacle with achenes removed at the day 9 after pollination, replicate 1

Receptacle (9DPA)-11

Entire receptacle with achenes removed at the day 9 after pollination, replicate 2

Receptacle (9DPA)-7

Entire receptacle with achenes removed at the day 9 after pollination, replicate 3

Receptacle (9DPA)-S28

Entire receptacle with achenes removed at the day 9 after pollination, replicate 4

Receptacle (12DPA)-1

Entire receptacle with achenes removed at the day 12 after pollination, replicate 1

Receptacle (12DPA)-13

Entire receptacle with achenes removed at the day 12 after pollination, replicate 2

Receptacle (12DPA)-4

Entire receptacle with achenes removed at the day 12 after pollination, replicate 3

Receptacle (12DPA)-S4

Entire receptacle with achenes removed at the day 12 after pollination, replicate 4

Ovary wall (ODPA)-17

Carpel walls (achene walls) from the flower which just opens, ovules have been removed, replicate 1

Ovary wall (ODPA)-24

Carpel walls (achene walls) from the flower which just opens, ovules have been removed, replicate 2

Ovary wall (ODPA)-7

Carpel walls (achene walls) from the flower which just opens, ovules have been removed, replicate 3

Ovary wall (ODPA)-S2

Carpel walls (achene walls) from the flower which just opens, ovules have been removed, replicate 4
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Ovary wall (2DPA)-1

Carpel walls (achene walls) at about 2 DPA (days post anthesis), seeds have been removed, replicate 1

Ovary wall (2DPA)-17

Carpel walls (achene walls) at about 2 DPA (days post anthesis), seeds have been removed, replicate 2

Ovary wall (2DPA)-4

Carpel walls (achene walls) at about 2 DPA (days post anthesis), seeds have been removed, replicate 3

Ovary wall (2DPA)-S7

Carpel walls (achene walls) at about 2 DPA (days post anthesis), seeds have been removed, replicate 4

Ovary wall (4DPA)-1

Carpel walls (achene walls) at about 4 DPA (days post anthesis), seeds have been removed, replicate 1

Ovary wall (4DPA)-11

Carpel walls (achene walls) at about 4 DPA (days post anthesis), seeds have been removed, replicate 2

Ovary wall (4DPA)-7

Carpel walls (achene walls) at about 4 DPA (days post anthesis), seeds have been removed, replicate 3

Ovary wall (4DPA)-S24

Carpel walls (achene walls) at about 4 DPA (days post anthesis), seeds have been removed, replicate 4

Ovary wall (6DPA)-1

Carpel walls (achene walls) at about 6 DPA (days post anthesis), seeds have been removed, replicate 1

Ovary wall (6DPA)-10

Carpel walls (achene walls) at about 6 DPA (days post anthesis), seeds have been removed, replicate 2

Ovary wall (6DPA)-7

Carpel walls (achene walls) at about 6 DPA (days post anthesis), seeds have been removed, replicate 3

Ovary wall (6DPA)-S21

Carpel walls (achene walls) at about 6 DPA (days post anthesis), seeds have been removed, replicate 4

Ovary wall (9DPA)-1

Carpel walls (achene walls) at about 9 DPA (days post anthesis), seeds have been removed, replicate 1

Ovary wall (9DPA)-11

Carpel walls (achene walls) at about 9 DPA (days post anthesis), seeds have been removed, replicate 2

Ovary wall (9DPA)-7

Carpel walls (achene walls) at about 9 DPA (days post anthesis), seeds have been removed, replicate 3

Ovary wall (9DPA)-S26

Carpel walls (achene walls) at about 9 DPA (days post anthesis), seeds have been removed replicate 4

Ovary wall (12DPA)-1

Carpel walls (achene walls) at about 12 DPA (days post anthesis), seeds have been removed, replicate 1

Ovary wall (12DPA)-13

Carpel walls (achene walls) at about 12 DPA (days post anthesis), seeds have been removed, replicate 2

Ovary wall (12DPA)-4

Carpel walls (achene walls) at about 12 DPA (days post anthesis), seeds have been removed, replicate 3

Ovary wall (12DPA)-S5

Carpel walls (achene walls) at about 12 DPA (days post anthesis), seeds have been removed, replicate 4

Ovule (ODPA)-26

Unfertilized ovules dissected out of the achenes in flowers that just open, replicate 1

Ovule (ODPA)-41

Unfertilized ovules dissected out of the achenes in flowers that just open, replicate 2

Ovule (ODPA)-7

Unfertilized ovules dissected out of the achenes in flowers that just open, replicate 3

Ovule (ODPA)-S3

Unfertilized ovules dissected out of the achenes in flowers that just open, replicate 4

Seed (2DPA) -1

Seeds dissected out of the achenes at about 2 DPA (days post anthesis), replicate 1

Seed (2DPA)-17

Seeds dissected out of the achenes at about 2 DPA (days post anthesis), replicate 2

Seed (2DPA)-4

Seeds dissected out of the achenes at about 2 DPA (days post anthesis), replicate 3

Seed (2DPA)-S19

Seeds dissected out of the achenes at about 2 DPA (days post anthesis), replicate 4

Seed (4DPA) -1

Seeds dissected out of the achenes at about 4 DPA (days post anthesis), replicate 1

Seed (4DPA)-11

Seeds dissected out of the achenes at about 4 DPA (days post anthesis), replicate 2

Seed (4DPA)-7

Seeds dissected out of the achenes at about 4 DPA (days post anthesis), replicate 3

Seed (4DPA)-S8

Seeds dissected out of the achenes at about 4 DPA (days post anthesis), replicate 4

Seed (6DPA) -1

Seeds dissected out of the achenes at about 6 DPA (days post anthesis), replicate 1

Seed (6DPA)-10

Seeds dissected out of the achenes at about 6 DPA (days post anthesis), replicate 2

Seed (6DPA)-7

Seeds dissected out of the achenes at about 6 DPA (days post anthesis), replicate 3

Seed (6DPA)-S22

Seeds dissected out of the achenes at about 6 DPA (days post anthesis), replicate 4

Seed (9DPA) -1

Seeds dissected out of the achenes at about 9 DPA (days post anthesis), replicate 1

Seed (9DPA)-11

Seeds dissected out of the achenes at about 9 DPA (days post anthesis), replicate 2

Seed (9DPA)-7

Seeds dissected out of the achenes at about 9 DPA (days post anthesis), replicate 3

Seed (9DPA)-S27

Seeds dissected out of the achenes at about 9 DPA (days post anthesis), replicate 4

Seed (12DPA) 1

Seeds dissected out of the achenes at about 12 DPA (days post anthesis), replicate 1

109




Seed (12DPA)-13

Seeds dissected out of the achenes at about 12 DPA (days post anthesis), replicate 2

Seed (12DPA)-7

Seeds dissected out of the achenes at about 12 DPA (days post anthesis), replicate 3

Seed (12DPA)-S6

Seeds dissected out of the achenes at about 12 DPA (days post anthesis), replicate 4

Peach (Prunus persica)

Hand dissected early-stage fruit tissues (M. Li et al., 2022)

Tissue (DPA)-sample No.

Sample description

Hypanthium (ODPA)-9

Hypanthium dissected from flowers that just open, replicate 1

Hypanthium (ODPA)-28

Hypanthium dissected from flowers that just open, replicate 2

Hypanthium (ODPA)-44

Hypanthium dissected from flowers that just open, replicate 3

Hypanthium (5DPA)-9

Hypanthium dissected from pollinated flowers at 5 DPA (days post anthesis), replicate 1

Hypanthium (5DPA)-28

Hypanthium dissected from pollinated flowers at 5 DPA (days post anthesis), replicate 2

Hypanthium (5DPA)-44

Hypanthium dissected from pollinated flowers at 5 DPA (days post anthesis), replicate 3

Hypanthium (12DPA)-9

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 1

Hypanthium (12DPA)-28

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 2

Hypanthium (12DPA)-44

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 3

Hypanthium (18DPA)-9

Hypanthium dissected from pollinated flowers at 18 DPA (days post anthesis), replicate 1

Hypanthium (18DPA)-28

Hypanthium dissected from pollinated flowers at 18 DPA (days post anthesis), replicate 2

Hypanthium (18DPA)-44

Hypanthium dissected from pollinated flowers at 18 DPA (days post anthesis), replicate 3

Ovary wall (ODPA)-9

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 1

Ovary wall (ODPA)-28

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 2

Ovary wall (ODPA)-44

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 3

Ovary wall (5DPA)-9

Ovary wall dissected from pollinated flowers at 5 DPA (days post anthesis), seeds have been removed,

Ovary wall (5DPA)-28 Ovary wall dissected from pollinated flowers at 5 DPA (days post anthesis), seeds have beenr?grlvgcoa\}gdt
Ovary wall (5DPA)-44 Ovary wall dissected from pollinated flowers at 5 DPA (days post anthesis), seeds have beenrfggcoa\j:dz,
Ovary wall (12DPA)-9 | Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have been reﬁgl\;tlea;:%rz
Ovary wall (12DPA)-28 Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have been rgrl;coa\}:c:,
Ovary wall (12DPA)-44 Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have beenr?grl;lcoa\idz,
Ovary wall (18DPA)-9 Ovary wall dissected from pollinated flowers at 18 DPA (days post anthesis), seeds have beenrfggcoa\::ds,
Ovary wall (18DPA)-28 Ovary wall dissected from pollinated flowers at 18 DPA (days post anthesis), seeds have beenrfgrl;lc:\t:;,
Ovary wall (18DPA)-44 Ovary wall dissected from pollinated flowers at 18 DPA (days post anthesis), seeds have beenr?gr:;lcoaégé
replicate

Ovule (ODPA)-9

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 1

Ovule (ODPA)-28

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 2

Ovule (ODPA)-44

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 3

Seed (5DPA)-9

Seeds dissected out of the ovaries at about 5 DPA (days post anthesis), replicate 1

Seed (5DPA)-28

Seeds dissected out of the ovaries at about 5 DPA (days post anthesis), replicate 2

Seed (5DPA)-44

Seeds dissected out of the ovaries at about 5 DPA (days post anthesis), replicate 3

Seed (12DPA)-9

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 1

Seed (12DPA)-28

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 2

Seed (12DPA)-44

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 3

Seed (18DPA)-9

Seeds dissected out of the ovaries at about 18 DPA (days post anthesis), replicate 1

Seed (18DPA)-28

Seeds dissected out of the ovaries at about 18 DPA (days post anthesis), replicate 2
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Seed (18DPA)-44

Seeds dissected out of the ovaries at about 18 DPA (days post anthesis), replicate 3

Apple (Malus domestica)

Hand dissected early-stage fruit tissues (M. Li et al., 2022)

Tissue (DPA)-replicate No.

Sample description

Hypanthium (ODPA)-1

Hypanthium dissected from flowers that just open, replicate 1

Hypanthium (ODPA)-2

Hypanthium dissected from flowers that just open, replicate 2

Hypanthium (ODPA)-3

Hypanthium dissected from flowers that just open, replicate 3

Hypanthium (6DPA)-1

Hypanthium dissected from pollinated flowers at 6 DPA (days post anthesis), replicate 1

Hypanthium (6DPA)-2

Hypanthium dissected from pollinated flowers at 6 DPA (days post anthesis), replicate 2

Hypanthium (6DPA)-3

Hypanthium dissected from pollinated flowers at 6 DPA (days post anthesis), replicate 3

Hypanthium (12DPA)-1

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 1

Hypanthium (12DPA)-2

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 2

Hypanthium (12DPA)-3

Hypanthium dissected from pollinated flowers at 12 DPA (days post anthesis), replicate 3

Hypanthium (20DPA)-1

Hypanthium dissected from pollinated flowers at 20 DPA (days post anthesis), replicate 1

Hypanthium (20DPA)-2

Hypanthium dissected from pollinated flowers at 20 DPA (days post anthesis), replicate 2

Hypanthium (20DPA)-3

Hypanthium dissected from pollinated flowers at 20 DPA (days post anthesis), replicate 3

Ovary wall (ODPA)-1

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 1

Ovary wall (ODPA)-2

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 2

Ovary wall (ODPA)-3

Ovary wall dissected from flowers that just open, ovule has been removed, replicate 3

Ovary wall (6DPA)-1

Ovary wall dissected from pollinated flowers at 6 DPA (days post anthesis), seeds have been removed,

Ovary wall (6DPA)-2 Ovary wall dissected from pollinated flowers at 6 DPA (days post anthesis), seeds have beenrfggcoa\j:c:,
Ovary wall (6DPA)-3 Ovary wall dissected from pollinated flowers at 6 DPA (days post anthesis), seeds have beenr?grl;ﬁvtgdz,
Ovary wall (12DPA)-1 Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have beenr?grlvgcoa\id&‘,
Ovary wall (12DPA)-2 Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have beenrfggcoa\::c:,
Ovary wall (12DPA)-3 Ovary wall dissected from pollinated flowers at 12 DPA (days post anthesis), seeds have beenr?grl;ﬁ\idz,
Ovary wall (20DPA)-1 Ovary wall dissected from pollinated flowers at 20 DPA (days post anthesis), seeds have beenrfggcoa\::ds,
Ovary wall (20DPA)-2 Ovary wall dissected from pollinated flowers at 20 DPA (days post anthesis), seeds have beenr?grl;ﬁ\i(;,
Ovary wall (20DPA)-3 Ovary wall dissected from pollinated flowers at 20 DPA (days post anthesis), seeds have beenrfg%c:\::ci,
replicate

Ovule (ODPA)-1

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 1

Ovule (ODPA)-2

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 2

Ovule (ODPA)-3

Unfertilized ovules dissected out of the ovaries in flowers that just open, replicate 3

Seed (6DPA)-1

Seeds dissected out of the ovaries at about 6 DPA (days post anthesis), replicate 1

Seed (6DPA)-2

Seeds dissected out of the ovaries at about 6 DPA (days post anthesis), replicate 2

Seed (6DPA)-3

Seeds dissected out of the ovaries at about 6 DPA (days post anthesis), replicate 3

Seed (12DPA)-1

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 1

Seed (12DPA)-2

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 2

Seed (12DPA)-3

Seeds dissected out of the ovaries at about 12 DPA (days post anthesis), replicate 3

Seed (20DPA)-1

Seeds dissected out of the ovaries at about 20 DPA (days post anthesis), replicate 1

Seed (20DPA)-2

Seeds dissected out of the ovaries at about 20 DPA (days post anthesis), replicate 2

Seed (20DPA)-3

Seeds dissected out of the ovaries at about 20 DPA (days post anthesis), replicate 3
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