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ABSTRACT

ELUCIDATING THE GENETIC MECHANISMS OF FLOWERING AND THE REPRESSION
OF FLORAL INITIATION BY FRUIT IN APPLE (MALUS x DOMESTICA BORKH.)

By

Christopher Charles Gottschalk

Many tree fruit crops exhibit yearly cyclical fluctuations in flowering and fruiting,
including apple (Malus x domestica Borkh.). This phenomenon, known as biennial bearing, is an
intriguing biological problem, as well as a production limitation of many high-value apple
cultivars. The current hypotheses to explain biennial bearing focus on the repressive effects of
fruit on the initiation of floral primordia, which would develop into flowers the following year.
This floral repressive response could be the result of nutrient competition between the spur apex
and the strong sink of the developing fruit, or flowering-inhibitory gibberellins (GAs) that are
produced in the seeds of the developing fruit and exported to the spur apex. However, the
molecular mechanism by which fruit load and/or GAs represses floral initiation is unknown.

The first aim of my dissertation was to identify the genes involved in the floral initiation
pathway. Utilizing transcripts assembled from a transcriptome of the biennial apple cultivar
Honeycrisp and the known flowering genes from Arabidopsis, | identified a comprehensive list
of flowering-related homologs based on sequence homology, phylogenetic relationship, and
syntenic organization. The second aim was to characterize the expression of the flowering-
related homologs during the period of floral initiation under crop load conditions that either
promote or repress flowering. Homologs of AGL24/SVP, AP1, FT, LFY, and SPLs were strongly
expressed in apices of floral-induced trees, supporting their presumed role as floral promoters. In

contrast, a homolog of the floral repressor TERMINAL FLOWER 1 (MdTFL1-2), was strongly



up-regulated in apices of fruit-bearing, floral-repressed trees. Additionally, genes involved in the
deactivation of bioactive GAs were strongly up-regulated in the floral-repressed trees.

The timing of floral initiation is also known to vary between cultivars in apple. However,
the diversity in flowering gene regulation that underlies this variation is unknown. The third aim
of my dissertation was to investigate diversity of gene expression in six different apple species
and cultivars. Generally, the expression profiles of the flowering-related genes were similar,
suggesting a widely conserved mechanism within the genus. However, a few key genes involved
in the regulation of floral initiation and development exhibited differential expression. For
example, during the floral initiation period, five of the six genotypes were found to have
differentially expressed MdTFL1s. This result implicates a potential role for MdTFL1s in
determining the timing of floral initiation in addition to a role in repressing flowering in response
to crop load.

Plant growth regulators (PGRs) offer the potential to control flowering and biennial
bearing in established apple plantings. My final aim was to evaluate and improve the efficacy of
foliar-applied GA to repress flowering in apple. This study included the evaluation of application
timings, GA types and application concentrations, and cultivar-specificity. The most successful
PGR trial used GAs to inhibit flowering in 'Honeycrisp' when a strong return bloom was
expected. As a result of the decreased flowering and fruit load, the harvested fruit in the year
following GA application exhibited higher fruit-quality. The results from this collection of
studies provide insight into the molecular control of flowering and biennial bearing while

demonstrating a practical approach to managing flowering in a high-value apple cultivar.
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CHAPTER ONE

Literature Review



Introduction

Many fruit trees such as apple, pear, avocado, olive, and orange exhibit yearly cyclical
fluctuations in flowering and fruiting. This phenomenon, termed 'alternate’ or ‘biennial’ bearing,
is an intriguing biological problem as well as a production limitation for the tree fruit industry. It
is generally accepted that developing fruit inhibits the initiation of flowers, which would
otherwise complete development and form fruit the following year. Two current hypotheses to
explain biennial bearing focus on (1) nutrient competition between the shoot apex and the
subtending fruit, and (I1) flower-inhibitory gibberellins (GAs) produced in the developing seeds
of the fruit and exported to the spur apex. How this physiology might be driven by or influence
the expression of genes that control flowering remains relatively unexplored. In higher plants yet
studied, flowering involves the activation of the meristem identity genes LEAFY (LFY) and
APETELA 1 (AP1) in the shoot apex, via the transmissible product of the FLOWERING LOCUS
T (FT) gene produced in the leaves. A gene related to FT, TERMINAL FLOWERING 1 (TFL1),
may act in opposition to FT to inhibit floral initiation. Recent studies in several tree fruit species
suggested that the effects of both crop load and floral-repressive GAs on floral initiation may be
ultimately mediated by activity of apple genes homologous to FT and/or TFL1. However, this
has not been rigorously established, due both to the incomplete characterization of these and
other genes in the apple (Malus x domestica Borkh.) genome, and insufficient knowledge of the
potential relationships between the underlying physiology and the activity of these genes.

The aim of this dissertation is to identify and describe the molecular and physiological
mechanism(s) by which developing fruit inhibit floral initiation in apple. The first step was to
rigorously identify flowering-related genes based on homology with known flowering genes

from other plants. Phylogenetic techniques were used to identify the number and genomic



organization of the apple homologs of FT, TFL1, LEAFY and AP1, as well as other genes with
presumed roles in floral initiation, using a recently released, high-quality sequence of the apple
genome and exhaustive transcriptional data from the apple shoot apex. The second step was to
characterize the variability in timing of floral initiation and development within the Malus
genus. The third step was to evaluate expression of key flower inducting genes under varying
crop load conditions. We used previously generated transcriptional data of the shoot apex and
target high-resolution expression assays of leaf tissues to construct an atlas of expression for the
identified flowering homologs. The fourth and final step was to evaluate the use of plant growth
regulators (PGRs) to control floral initiation and, in turn, biennial bearing.

I hypothesize that developing fruit directly or indirectly repress expression of the FT gene
in the leaf, leading to a loss of the transmissible floral promotion signal at the apex, and that FT
transmission is dependent on the export of photosynthate from the leaves. | further hypothesize
that developing fruit promotes expression of TFL1 in the shoot apex, repressing any positive
effect of FT. Finally, | hypothesize that the diversity of apple cultivars to bear annually vs
biennially is partially due to the specific timing of floral initiation, in addition to allelic variation
within the FT, TFL1, or other genes that may confer reduced expression and/or activity of these
genes. The analyses conducted here provided an updated index of genes that may play central
roles in flowering in apple, as well as establish a genetic framework to explain the influence of
crop load on floral initiation. The results of this study may lead to new approaches to control
biennial bearing in existing plantings and/or provide ideas of how to manipulate flowering, while

facilitating the development of improved apple cultivars that are less prone to biennial bearing.



Background and significance

Fruit plays a vital role in the human diet by providing vitamins, sugars, and others
nutrients (Seymour et al. 2013). Tree fruit, such as apples, contain some of the highest levels of
dietary components (phytonutrients), such as quercetin glycosides, vitamin C, procyanidin, and
chlorogenic acid (Boyer and Liu 2004). The cultivated apple is the third highest produced fruit
crop worldwide and is the third most valuable fruit crop in the United States (FOA 2014; USDA
2017). However, consistent and sustainable apple production is limited by several aspects,
ranging from pre-harvest tree management to post-harvest fruit storage. Many of the obstacles
associated with production limitations are increasing in significance as a result of climate
change. This limitations include spring frost events, emerging biotic and abiotic pressures, and
shifting international trade policies (Cannell and Smith 1986; Lavee 2007).

The control of flowering is a major subject of research for improving commercial apple
production due to the importance of precise timing of flowering on crop yield and quality. Three
major aspects of flowering — juvenility/precocity, seasonal bloom timing, and biennial bearing -
have special significance to apple production. Apple, like other woody perennial plants,
transitions through a prolonged, 'juvenile’ phase characterized by the inability to flower. This
phase can last to over ten years when plants are grown from seed (Visser 1964). Following the
juvenile phase, the plant transitions to the adult phase, in which flowering can be triggered by
environmental cues such as seasonal temperatures and inductive photoperiod (Corbesier and
Coupland 2005). Juvenility is a major limitation for the genetic improvement of apple, because
breeders must wait several years after making a cross before the resulting progeny plants have
acquired the competency to flower. However, juvenility also impacts the commercial production

of apple. When adult-phase shoots are grafted onto rootstocks, as is the common practice for



clonal propagation of apple, the shoot passes through a juvenile-like phase before resuming
flowering. The ability of grafted plants to quickly flower and produce a crop is termed precocity,
and is a major area of research investigating the interaction between rootstock and grafted scion.
In general, rootstocks that limit growth of the scion (‘dwarfing rootstocks’) provide the greatest
precocity, but this effect is variable among rootstock genotypes (Webster et al. 1985), and
growers must often wait several years before full production of a new planting is attained.

The second major aspect of flowering impacting apple production is the timing of spring
bloom. Bloom timing is important for four primary reasons. First, apples are pollinated by
insects, cultivars that bloom very early in the season - when conditions are still relatively cool -
may not be adequately pollinated (McGregor 1976; Free 1993). Second, flowers can be easily
damaged by early-season frost and freezes (Cannell and Smith 1986; Rodrigo 2000). Third,
apples are typically self-incompatible, and so it is imperative to have two or more cultivars
blooming synchronously (Lewis and Vincent 1909). Lastly, genotypes that bloom relatively late
may be more prone to infection by the fire blight pathogen Erwinia amylovora, which prefers hot
and humid conditions and easily infects susceptible cultivars through the flowers (Jones
1992). The timing of bloom in the spring is difficult to control as it is strongly influenced by both
environment (temperature and/or photoperiod) and genetics (specific genetic alleles within the
flowering and dormancy pathway) (Lawson et al. 1995; Liebhard et al. 2003; Celton et al. 2011,
Gottschalk et al. 2013; Kurokura et al. 2013).

The third major aspect of flowering that has special significance for apple production is
biennial bearing. Biennial bearing is the tendency to flower and produce fruit every other year
(Butler 1917; Monselise and Goldschmidt 1982). This trait is mediated at the point of floral

initiation, and is characterized by profuse flowering in a given year (the “on-year”), followed by



minimal flowering the subsequent year (the “off-year”) (Jonkers 1979; Monselise and
Goldschmidt 1982). The resulting variability in production creates instabilities in consumer
supplies and income for producers (Williams and Edgerton 1974). Generally, the presence of
developing fruit on spurs inhibits floral initiation within the adjacent bourse shoot (Fig. 1.1).
Because apple flowers in a two year cycle, with flowers initiated in the first year and completing
development (bloom) in the second year, this inhibition results in lack of flowers and fruit the
year following a heavy crop load.
Hypotheses of biennial bearing

There are two popular hypotheses to explain the physiology that underlies biennial
bearing. The first states that the strong sink strength established by developing fruit during an on-
year diverts photosynthates and nutrients away from the shoot apex of the developing spur,
where floral initiation would occur (Fig. 1.2). The resulting low concentration of photosynthate
in the spur apex then leads to a vegetative fate determination (Wardlaw 1990). In contrast, during
an off-year, photosynthates accumulate to relatively high levels, promoting floral initiation. The
observation that a high crop load is associated with diminished shoot growth (Quinlan and
Preston 1971) demonstrates that there is a competitive interaction between the sink strengths of
fruit and bourse shoots, and lends some support to this hypothesis. In addition, it has been shown
that floral initiation can be inhibited by removal of bourse shoot leaves, a condition that limits
photosynthate availability (Fulford 1966b, Elsysy et al. 2019). In contrast, girdling the branches
of mature apple trees, which should result in photosynthate accumulation in the girdled branch
and corresponding spur apices, is associated with increased floral initiation (Dennis and

Edgerton 1966). These studies manipulated the source and sink balance, suggesting that



photosynthates play a major role in floral initiation. However, they failed to uncouple the
potential role of ‘Florigen’, which is also produced in leaves.

The second hypothesis states that excessive floral-repressive GAs are produced in
developing seeds during fruit development and are exported up to the spur apex (Fig. 1.2). This
hypothesis is supported by studies in the cultivar 'Spencer Seedless’, which naturally produces
parthenocarpic (seedless) fruit but can be induced to produce seeds by hand pollination. Under
natural conditions, when seedless fruit is produced, this variety tends to bear annually. However,
when fruit was manipulated to produce seeds, reduced floral initiation was observed (Neilsen and
Dennis 1999). Developing seeds are known to be a rich source of GAs, a class of phytohormone
that generally promotes stem elongation and leaf expansion (Olszewski et al. 2002). Apple seeds
have been found to contain large quantities of two forms of bioactive GAs, GA4 and GA7
(Luckwill et al. 1969). However, because fruit growth is stimulated by seeds via GAs, it has not
been clear whether the floral-repressive effects are mediated directly by the GAs or indirectly
through the increased sink strength of the larger fruit. Application of exogenous GA can inhibit
flower initiation in apple if the GA is applied during the anticipated period of floral initiation;
this effect is independent of the presence of fruit, suggesting that it influences flowering more
directly (Guttridge 1962; Schmidt et al. 2009). In order for seed-produced GAs to directly inhibit
flowering, they would need to be translocated to the site of initiation, the shoot apex (Fig. 1.2).
This translocation of GA would be counter to the expected strong flow of solutes and nutrients to
the fruit (i.e. through the xylem and phloem tissues), transmission of GAs from seed to apex
seems unlikely. Direct involvement of transmissible GAs from the fruit also seems unlikely
because developing leaves, which are present in both fruiting and non-fruiting bourse shoots, are

also known to generate GAs (Grauslund 1972). An argument against transmission of active GAs



is several GA2 OXIDASE genes, which catabolize active GAs, are strongly expressed in the base
of the fruit pedicel and thus are expected to form a barrier to GA diffusion (Songwen Zhang and
Steve van Nocker, unpublished).

The tendency to bear annually or biennially is an inherent characteristic of specific
cultivars, indicating a strong genetic basis for this trait. For example, numerous cultivars (e.g.
Fuji and Honeycrisp) are known to be biennial, whereas others (e.g. Gala) typically bear
annually (Pellerin et al. 2011). However, environmental and physiological conditions can
influence biennial bearing indirectly through effects on flowering and/or crop load. Factors that
reduce crop load, such as a hard freeze during bloom or poor pollination, can moderate the
amplitude of the bearing cycle, while favorable conditions that promote high crop load, can
exacerbate the effect.

Management of biennial bearing

The impact of biennial bearing on production has typically been reduced through the
thinning of excess flowers or fruit during on-years (Downing 1900; Dennis 2000; Tromp 2000).
Fruit thinning is the primary commercial practice to address subsequent-year flowering (referred
to as ‘return bloom’) but also to maximize fruit size and quality (Link 2000). In regards to
biennial bearing, fruit thinning is only effective at promoting a return bloom when carried out
before a specific stage of fruit development (Byers and Carbaugh 2002). As a result, commercial
apple producers will conduct thinning numerous times across the growing season, addressing the
effects of biennial bearing and fruit quality improvement separately.

The application of GA formulations to trees in their off-year has potential to reduce
overcropping and the need for thinning. For example, application of GAs to five-year old ‘Fuji’

trees during the anticipated period of floral initiation resulted in a strong (~55%) reduction in



return bloom (Zhang et al. 2016). Bertelsen et al. (2002) reported decreases of ~10 - 20% in the
number of flowering buds in ‘Pacific Rose’ following GA3 or GAs+7 application during an off
year. Bertelsen and Tustin (2002), found that GAs applied two weeks after full bloom led to a
60% decrease in flowering the following year. Similarly, McArtney and Li (1998) reported that
both GAs and GA7 inhibited floral buds on ‘Bracburn’ by 28 and 38%, respectively. However,
repression of return bloom by application of GAs has yet to be implemented as a standard
practice, at least in the U.S. This is most likely due to the fact that many other trials have had
variable, and often ineffective results, high price of GAs, and the potential loss of a crop by a
frost event. For example, Schmidt et al. (2009) found that application of GA4+7 to ‘Cameo’ and
‘Fuji’ trees in the off-year caused only a small reduction (5% to 30%) in flowering. Year-to-year
variation was also reported, where GAs applications to the same group of ‘Golden Delicious’
trees for four consecutive years resulted in decreased flowering only in one year, with no effect
or even increases in flowering the remaining years (Greene 1993).

In addition to GAs, synthetic GA biosynthesis inhibitors have been used in attempts to
manipulate flowering. The expectation is that, if GAs repress flowering, compounds that
interfere with GA biosynthesis or signaling should promote flowering. This hypothesis has been
supported through evidence obtained from PGR trials of GA inhibitors. The application of
paclobutrazol (PAC) to ‘Fuji’ in an on year increased flowering by ~25% in the subsequent year
(Zhang et al. 2016). PAC, although approved as a PGR for floriculture applications, has yet to be
approved for use in apple production by the US EPA. Another inhibitor, Daminozide (Alar), has
also been used successfully to promote return bloom (Edgerton and Hoffman 1965; Rogers and
Thompson 1968; Looney 1969). However, the use of Alar in apple is now restricted due to its

potential to be a human carcinogen (EPA 1989).



Other PGRs have been found to influence flowering in apple, mostly with inconsistent
results. 6-benzylaminopurine, a synthetic cytokinin, was used in combination with Alar on
blooming branches of ‘Baldwin’, ‘Delicious’, and ‘McIntosh’ resulting in a significant increase
to flowering the subsequent year (McLaughlin and Greene 1991). Ethephon, a compound that
breaks down in plant tissues to produce ethylene, reduced flowering after an off-year (Bukovac
et al. 2006). However, ethephon also increased flowering when a low bloom density was
expected after an on-year (Schmidt et al 2009). Naphthaleneacetic acid (NAA), a synthetic auxin,
increased return bloom under some conditions but was variable in efficacy over different
cultivars and application intervals (McArtney et al. 2007). Combining NAA and Ethephon
resulted in a significant increase in floral initiation over thinning alone in biennial bearing ‘York’
(McArtney et al. 2013). In many of these studies it is not clear whether the increase in bloom was
due to the PGR application or due to fruit thinning induced by the PGRs.

Genetics of floral initiation

Ultimately, the mechanism underlying biennial bearing must be governed by the
molecular-genetic pathways controlling floral initiation. A working model for the flowering
genetic network in apple can be proposed based on the known activities and interactions of
flowering genes in the research reference plant Arabidopsis thaliana and the known functional
conservation of these genes across plant species (Corbesier and Coupland 2005) (Fig. 1.3). In
Arabidopsis, the GIGANTEA (GI) gene mediates output from a circadian clock and cooperates
with light quality (wavelength) to regulate the diurnal expression of CONSTANS (CO). CO
promotes expression of the FT gene under inductive photoperiods, and, in conjunction with the
gibberellin pathway, also activates SUPPRESSOR OF CONSTANS 1 (SOC1). SQUAMOSA

PROMOTER BINDING PROTEIN-LIKE (SPL) genes act as additional promoters of FT, SOC1,
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and the floral meristem identity gene AP1. SPL gene expression is post-transcriptionally
repressed by a class of microRNA, MIR156/157, during the very short juvenile-like phase. FT
expression is primarily repressed by FLOWERING LOCUS C (FLC), in the absence of
vernalizing cold and, thus, mediates the promotive effects of cold temperatures on flowering
(vernalization). FT and SOCL1 cooperatively activate AP1 and LFY, which together direct floral
initiation and flower formation. The TERMINAL FLOWER 1 (TFL1) gene represses LFY and
AP1 in the center of the inflorescence meristem, thus preventing formation of a terminal flower
and enabling indeterminate flower formation. This effect is the result of TFL1 competing with
FT in forming a transcriptional regulator complex with FLOWERING LOCUS D.

Functional homologs of these genes have been identified in many plant species. Gl has
been extensively studied in rice for its roles as a major regulator of the circadian rhythm and
promoter of additional flowering genes (Matsuzaki et al. 2015; Hayama et al. 2002). CO has
been studied to understand how sequence and functional divergence has given rise to the varied
flowering times as a response to photoperiod across diverse plant species (Griffiths et al. 2003,
Campoli et al. 2012). In poplar, two copies of the FT gene have been identified (Bohlenius et al.,
2006). FT1 promotes reproductive onset in response to winter temperatures, whereas FT2
promotes vegetative growth during warm, long days of the growing season (Hsu et al. 2011).
Poplar also contains two copies of TFL1, PopCEN1 and PopCEN2. Both TFL1 orthologs control
shoot meristem identity by repressing the developmental transition to mature flowering shoots
(Mohamed et al., 2010). Developmental regulation of these TFL1 orthologs was found to be
distinct; PopCEN1 was expressed in shoot tips and vegetative buds, whereas PopCEN2 was
expressed in the stem, leaf blade, petiole and immature inflorescence (Mohamed et al. 2010).

Silencing of both PopCEN paralogs by RNAI was associated with flowering after only two years
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of growth, whereas non-transgenic plants took five years. The catkins of the CEN RNAI lines
were branch-like in appearance suggesting the apex underwent a reversion towards a vegetative
identity during development (Mohamed et al. 2010). A SOC1 ortholog has been found in both
rice and citrus, and is functionally conserved with Arabidopsis (Lee et al. 2004; Tan and Swain
2007). In rice, a suite of AP1 orthologs have been identified and characterized for their role in
meristem identity (Kobayashi et al. 2012). In poplar, a potential functional homolog of AP1 has
been identified as a downstream effector of FT2 in the flowering pathway (Hsu et al. 2006).
Orthologs of LFY have been extensively studied in a wide range of plants from tomato to pines,
where they are conserved meristem identity genes (Mellerowicz et al. 1998; Molinero-Rosales et
al. 1999).

In apple, several of the known Arabidopsis flowering genes have clear structural
homologs and exhibit conserved function (Kotoda et al. 2000; Kotoda et al. 2002; Wada et al.
2002; Kotoda et al. 2010; Trankner et al. 2010; Guitton et al. 2012, 2016). An exception is FLC;
although apple contains several genes showing some sequence homology with FLC, a definitive
phylogenetic relationship between these genes and FLC is still lacking (Porto et al. 2015; Kumar
et al. 2016; Peace et al. 2019). In apple, the existence of two FT-like homologs has been reported
(Kotoda et al. 2010). One FT homolog was expressed diurnally in leaves where its expression
increased throughout the day and peaked at night (Trankner et al. 2010). Constitutive expression
of one of these apple FT genes led to an early flowering phenotype in transgenic Arabidopsis,
poplar and apple (Trankner et al. 2010). Apple FT protein has also been implicated in
transcriptionally regulating a number of different pathways besides flowering, such as cell
growth and organ development (Mimida et al. 2011a). Two TERMINAL FLOWER 1 (TFL1)

homologs, MdTFL1-1 and MdTFL1-2, have been identified in apple (Mimida et al. 2009).

12



Knock-down experiments targeting MdTFL1-1 using RNA. resulted in decreased time to flower,
reduced vegetative growth and singular terminal flowers (Flachowsky et al. 2012). This suggests
that, at least, MATFL1-1 is operating as a floral repressor and governor of inflorescence
architecture in apple.
Influence of crop load on flowering genes

Research conducted in other perennial fruit trees species on the molecular genetics of
biennial bearing suggests mechanism(s) that may also operate in apple. In biennial avocado and
citrus, endogenous FT expression in leaves during the off-year was markedly higher than that in
the on-year, suggesting that crop load mediates its expression (Munoz-Fambuena et al. 2011; Ziv
et al. 2014). However in two studies with biennial apples, the level of FT expression in the leaves
showed no difference between on- and off-years (Kittikorn et al. 2011; Haberman et al. 2016).
MdTFL1 expression has been reported to be higher in apical buds in trees carrying a heavy crop
versus trees that were subjected to thinning (Kittikorn et al. 2011). Haberman et al. (2016) found
that MATFL1-1 expression dramatically decreased during the course of the growing season, and
this decrease occurred earlier in the season in on-year trees than in off-year trees, with MdTFL1-
2 significantly increasing in expression later in the season in the on-year trees. This suggests that
MdTFL1-1 might play a role in maintaining the apex in a vegetative state during the early
growing season, whereas MdTFL1-2 might repress flowering in response to high crop load.
During off-years, citrus trees showed increased expression of multiple SPL genes in the shoot
apex (Wu and Poethig 2006; Shalom et al. 2012). Similarly, in apple, two SPL genes were
expressed to higher levels in apices of trees that were thinned of fruit, relative to non-thinned
trees (Guitton et al. 2016). This suggests that the influence of crop load is upstream of these

genes.
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If the tendency to bear biennially can be attributed to floral-repressive signals originating
in the fruit and acting at the shoot apex, then annual bearing could be explained in a number of
ways. For example, the repressive signal may be absent or weaker in annual cultivars.
Alternatively, the signal may not be routed correctly to the shoot apex. Another possibility is that
the signal is transmitted to the shoot apex, but that the apex is not programmed to respond to this
signal. There is also the possibility that floral initiation depends on coincidence of a fruit-
produced signal and a signal-sensitive phase of apex development, and that this is lost in annual
cultivars.

Hypothesis of different floral initiation timings and biennial bearing

I hypothesize that, in biennial cultivars, the period of initiation overlaps with a period of
fruit induced influencing of floral promoters/repressors. With annual cultivars, their floral
initiation period might fall outside the range of time in which fruit influences the floral
promoters/repressors activity. Previous research has identified highly variable timings for floral
initiation with variation observed within the same tree, across seasons, and between cultivars
(McArtney et al. 2001; Foster et al. 2003; Hoover et al. 2004; Dadpour et al. 2011). As a point of
reference for this variation, the cultivar ‘Gala’ has been featured as a prominent cultivar of study
for floral initiation. The onset of initiation has been seen to range from as early 72 days after full
bloom (DAFB) to as late as 99 DAFB in the following season (McArtney et al. 2001). Another
report, from the same orchard, found ranges of initiation between 96 to 109 DAFB in ‘Gala’
trees (Foster et al. 2003). However, all of these measurements are based on documented
morphological changes observed in the structure of the meristem.

The morphological changes that is indicate floral initiation, as described by Foster et al.

(2003), begins with Stage 1 where the apex is flat (vegetative) but is undergoing an increase in
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diameter. This increase in diameter signifies a commitment to floral development. At Stage 2,
the apex is no longer flat and appears “domed” shaped, indicating that its identity has
transitioned to an reproductive meristem. Identification of associated changes in gene expression
at this critical period of time between Stages 1 and 2 could identify the molecular signature of
floral initiation and is currently unknown. Foster et al. (2003) also reported observing Stage 1
apices as early as -3 DAFB and as late as 96 DAFB, and 100% percent of the Stage 1 meristems
continued through Stage 3, when floral buds begin to form. This suggests that competency to
transition can extend for a long period of the growing season. This potential long competency
period does not seem to completely align with what is known about how the presence of fruit
affects floral initiation, especially in regards to the effective periods of fruit thinning to promote
bloom. As reviewed by Jonkers (1979), thinning to promote a return bloom is only effective
through the first month following bloom (~30 DAFB). These observations taken together could
indicate that the potential for a floral initiation (or repression) signal occurs earlier in the season,
before the time in which morphological signs of initiation are evident.
Rationale

Although the phenomenon of biennial bearing has been studied for more than 50 years at
the physiological level, there have been few studies at the molecular and genetic levels. Research
based in fundamental gene regulation has the potential to quickly advance our understanding of
biennial bearing because genetic pathways of flowering have already been drafted in apple.
Previous research on the molecular genetics of flowering in apple have been limited by the use of
a poor quality reference genome and low-resolution molecular techniques. The experiments
following utilized a new high quality reference genome and high-resolution methods to survey

the apex and leaves of the bourse shoot for effects of crop load on floral initiation.
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A prerequisite step to understand why fruit suppresses flowering in apple is to identify
flowering-control genes in the apple genome, and document their expression profiles. Previous
studies have already recognized homologs of AP1, FT, LFY, and TFL1, and have taken
preliminary steps to understand their expression and function (Kotoda et al. 2000, 2010; Wada et
al. 2002; Mimida et al. 2011b; Flachowsky et al. 2012). However, these studies were obfuscated
by the presence of homeologous genes and/or allelic variants, and the use of molecular
techniques such as quantitative PCR and microarrays that could not discriminate among them.
Although more recent work has begun to employ direct transcriptome sequencing, the analysis to
this date was hindered by the poor quality of the previous (pre-2017) apple draft genome
(Velasco et al. 2010). A recent release of a new high quality hybrid apple genome (Daccord et al.
2017) coupled with high-resolution RNA-sequencing can provide for an improved census of the
flowering genetic network and estimation of expression patterns of these genes.

The FT and TFL1 genes are the focus of the following experiments, given the primary
importance of the FT gene and its structural and functional conservation. Two FT paralogs were
reported in apple (Kotoda et al. 2010). Expression of FT1 was reported to be highest in shoot
apices transitioning to flowering, whereas expression of FT2 was highest in floral organs. Both
paralogs exhibited only very low expression levels in mature leaves (Kotoda et al. 2010). If FT
function is conserved between Arabidopsis and apple, strong expression in apple leaves would be
expected. Kotoda et al. (2010) does not specify the developmental stage, age, or type (spur,
bourse shoot or elongated shoot) of the mature leaves that were analyzed, and this is an
important detail because previous studies showed that various leaf types have different strengths
of influence on flowering (Fulford 1965, 1966a, 1966b, Elsysy et al. 2019). In contrast, the study

by Haberman et al. (2016) analyzed those leaves that were expected to influence flowering the
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most, but did not find a difference in FT expression under varying crops loads. However this
study used PCR primers that were not expected to discriminate between the potential FT
paralogs. Expressing apple FT to high levels in transgenic apple resulted in early flowering,
suggesting that FT has potential to promote flowering under natural conditions (Flachowsky et
al. 2012; Trankner et al. 2010). However, these experiments were done in juvenile trees, so it is
not known whether the influence of FT could be blocked by fruit in adult trees. In addition, the
dynamics of FT trafficking from leaf to apex has yet to be explored in apple.

TFL1, a regulator of shoot architecture in Arabidopsis, has been implicated as a potential
floral repressor in apple (Flachowsky et al. 2012). TFL1 and FT are homologous to one another,
and one possibility is that these two genes work antagonistically. TFL1 expression in the apex
was reported to increase in spring, peak in June, and then decline through August (Mimida et al.
2011b). This period of expression overlaps with the anticipated period of floral initiation. TFL1
was also found to be strongly expressed in the apex of juvenile trees (Mimida et al. 2011b),
potentially serving as a mechanism to maintain vegetative growth. Apple TFL1 was claimed to
be a floral repressor, because when TFL1 was silenced in transgenic apple lines the plant
flowered early (Flachowsky et al. 2012). However, early flowering was also observed in
Arabidopsis when Arabidopsis TFL1 was silenced, even though the primary role of Arabidopsis
TFL1 is to maintain indeterminate inflorescence architecture. Taken together, this evidence is not
sufficient to distinguish between roles in flowering or inflorescence structure. It has been
reported that TFL1 is expressed to higher levels in apices of fruited trees, relative to thinned trees
(Kittikorn et al. 2011; Haberman et al. 2016). However, these studies also used low-resolution
techniques that were not expected to discriminate between TFL1 and paralogous genes. These

studies also did not consider other potential floral promoters or repressors.
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Figure 1.1. Apple shoot architecture. (Top) In the spring, spurs release from dormancy
expanding the spur leaves and flowers that were initiated the prior season. (Bottom) After fruit
set, the bourse shoot apex begins to grow vegetatively producing bourse shoot leaves while the

spur leaves are maintained.
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GA —— Floral Initiation

Figure 1.2. Potential roles of fruit in repression of flowering in apple. (Left panel) Nutrient
competition. In the presence of developing fruit (bottom), photosynthates are transported from
their site of production in the leaf into the fruit, and the deficit of photosynthates in the apex
suppresses floral initiation. When no fruit is present (top) the photosynthates are instead
transported to the apex, allowing for floral initiation. (Right panel) GA-mediated. In the presence
of developing fruit (top) GA produced by the developing seeds is transferred from the fruit to the
apex where it suppresses floral initiation. When no fruit is present (bottom) there is not enough

endogenously produced GA to repress floral initiation.
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Figure 1.3. Simplified model of the molecular-genetic pathway that regulates floral
initiation in Arabidopsis. Inductive photoperiods promotes the production of FT in the leaf,
which is transported to the shoot apex. In the shoot apex, FT activates flowering genes such as
LEAFY and AP1 cooperatively with the FD protein. TFL1 acts as a competitive antagonist to FT.

For a detailed description of the individual role of these genes, see text.
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CHAPTER TWO
Genetic mechanisms associated with floral initiation and the repressive effect of fruit on

flowering in apple (Malus x domestica Borkh.)
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ABSTRACT

Many apple cultivars are subject to biennial fluctuations in flowering and fruiting. It is
believed that this phenomenon is caused by a repressive effect of developing fruit on the
initiation of flowers in the apex of proximal bourse shoots. However, the genetic pathways of
floral initiation are incompletely described in apple, and the biological nature of floral repression
by fruit is currently unknown. In this study, we characterized the transcriptional landscape of
bourse shoot apices in the biennial cultivar, 'Honeycrisp', during the period of floral initiation, in
trees bearing a high fruit load and in trees without fruit. Trees with high fruit load produced
almost exclusively vegetative growth in the subsequent year, whereas the trees without fruit
produced flowers on the majority of the potential flowering nodes. Using RNA-based sequence
data, we documented gene expression at high resolution, identifying >11,000 transcripts that had
not been previously annotated, and characterized expression profiles associated with vegetative
growth and flowering. We also conducted a census of genes related to known flowering genes,
organized the phylogenetic and syntenic relationships of these genes, and compared expression
among homeologs. Several genes closely related to AP1, FT, FUL, LFY, and SPLs were more
strongly expressed in apices from non-bearing, floral-determined trees, consistent with their
presumed floral-promotive roles. In contrast, a homolog of TFL1 exhibited strong and persistent
up-regulation only in apices from bearing, vegetative-determined trees, suggesting a role in floral
repression. Additionally, we identified four GIBBERELLIC ACID (GA) 2 OXIDASE genes that
were expressed to relatively high levels in apices from bearing trees. These results define the
flowering-related transcriptional landscape in apple, and strongly support previous studies

implicating both gibberellins and TFL1 as key components in repression of flowering by fruit.
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INTRODUCTION

In many tree fruits and nuts, flowering follows a biennial cycle, with maximal and
minimal flowering alternating yearly [1-3]. This phenomenon, termed biennial (alternate)
bearing, is both an intriguing biological phenomenon and a significant limitation for the
production of many horticultural crops. In commercial (domesticated) apple, similar to many
other tree fruit species, flowering spans two growing seasons. In the first growing season, floral
meristems initiate at the tips of condensed shoots called bourse shoots [4-7]. The floral
meristems develop during the remainder of the growing season and arrest in a partially
developed state before the winter dormant period. In early spring of the subsequent growing
season, flowers complete development, culminating in bloom shortly after release from
dormancy. This two-year cycle leads to an overlap between the period of fruit development
(from the previous season's flowers) and the period of floral initiation (current season). At least
for domesticated apple, it is generally acknowledged that the presence of developing fruit
inhibits floral initiation within the adjacent bourse shoot. Several ideas have been offered to
explain how developing fruit might repress floral initiation. For example, gibberellins (GAS)
have been shown to repress floral initiation in apple [8], and as developing fruit contain
relatively high concentrations of gibberellins [9], it is thought that diffusion of GAs from the
fruit to shoot apex could underlie floral repression [8]. It has also been hypothesized the biennial
bearing results from diversion of photosynthate from the apex to the developing fruit due to the
potentially higher sink strength of the fruit [3,10].

The repressive effect of fruit should ultimately be reflected in expression of floral-
promotive genes at the shoot apex. Previous studies have identified putative molecular

components of the flowering pathway in apple based on apparent homology with well-studied
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flowering genes such as APETALA 1 (AP1), LEAFY (LFY), SUPPRESSOR OF CONSTANS
(SOC1), FRUITFULL (FUL), FLOWERING LOCUST (FT), and TERMINAL FLOWER 1
(TFL1). Homologs of the floral promoters LFY (designated MdAFL?2), FUL
(MdFUL/MdMADS?2), and FT (MdFT1) were reported to exhibit increased expression within the
apex during the anticipated period of floral induction [11-18]. In contrast, two homologs of the
floral repressor TFL1 (MdTFL1-1/2) were reported to exhibit rapidly decreasing expression
either prior to or during the floral induction and initiation period [13-14,16-19]. During floral
initiation, MdFUL, as well as homologs of the floral promoters AP1 (MdAPla and MdAP1b),
and SOC1 (MdSOC1), exhibited increasing expression [14,16-18,20]. Following floral initiation,
the expression of homologs of FT (MdFT2), LFY (MdAFL1), and AP1 (MdAP1) were either
maintained at a relatively high level or were further increased coinciding with floral development
[11,13-14,16-18,20]. During floral development and thereafter, MdTFL1-2 expression increased
[14,18-19]. Various homologs of AP1, LFY, FT, and TFL1 have been additionally examined for
flowering function by manipulating their expression in transgenic Arabidopsis or apple [11-
12,16, 19; 21-24].

Relatively few studies have investigated the effect of fruit load on the expression of
specific, presumed flowering genes in apple or other tree fruit species. In biennial-bearing
avocado and citrus cultivars, FT-like genes were expressed in fully developed adult leaves during
the period of floral initiation, and this expression was found to be significantly higher in the
bearing year [25-26]. However, in the biennial-bearing apple cultivar ‘Red Delicious’, MdFT1
expression in the leaves was found to be similar between non-bearing and bearing years [18]. On
the other hand, a PCR-based study suggested that the expression of a MdFT2 was higher in

apical buds of apple trees carrying a high fruit load compared with trees with no fruit [17,27].

32



Haberman et al. (2016) reported that MdTFL1-1 expression in bourse shoot apices decreased
during the course of the growing season, and that the decrease in MdTFL1-1 expression was
more rapid in trees carrying a high fruit load compared to low fruit load. In addition, they found
that MdTFL1-2 expression significantly increased relatively late in the season, but only in the
high fruit load trees. This pattern was interpreted as suggesting that MdTFL1-1 might play a role
in maintaining the apex in a vegetative state early in the growing season, whereas MdTFL1-2
might repress flowering in response to high fruit load [18].

Although these previous studies documenting gene expression in the apex have provided
a solid blueprint for the advanced molecular study of flowering and alternate bearing in apple,
they have focused on a limited number of anticipated landmark genes. In this study, as a
subsequent step to understanding the genetic basis of floral repression by fruit in apple, we
carried out an extensive census of flowering-related genes, a comprehensive analysis of gene
expression in the bourse shoot apex during the transition to floral initiation, and evaluation of the
effect of fruit load on the expression of flowering-related genes. Ultimately, this work should
provide a deeper understanding of the endogenous mechanism(s) responsible for floral initiation
and alternate bearing. This, in turn, may facilitate the development of approaches to control
flowering in commercial operations, and the development of new cultivars less prone to alternate
bearing.
MATERIALS AND METHODS
Plant materials, growth conditions and field experimental design

Field experiments were conducted at the Michigan State University (MSU) Clarksville
Research Center (Field: 42°52'28.91"N, 85°16'8.15"W — Station: 42°52'24.20"N,

85°15'30.81"W) located in Clarksville, MI. Trees were managed in accordance with standard
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commercial practices for disease, insect, and weed control. ‘Honeycrisp' trees had been
established for five years as grafts on Nic 29® rootstocks. The date of full bloom was defined as
the date in which the maximum numbers of flowers were open but had not reached anthesis. Six
trees were chosen that showed at least 80% bloom density, defined as the percentage of nodes on
one-year-old shoots that showed flower clusters. For each tree, six branches, each between 4 and
6 cm diameter at the base, were selected and randomly assigned for apex collection dates (five
branches) or for observation of flowering the following spring (one branch). Plants were
randomly assigned as three replicate pairs, with each pair comprising one plant that was
subjected to removal of all flowers, and one plant that was left untouched. Collections were
made at 2 days after full bloom (DAFB), 15-17 DAFB, 35-38 DAFB, 49-52 DAFB, and 72-75
DAFB. On each collection date, dominant buds immediately subtending the position of flower
clusters or former cluster position, or the apex of actively growing shoots originating from this
position, were removed using a razor blade, immediately frozen in liquid N2, and transferred to
storage at -80°C.
Nucleic acid preparation, sequencing, and data analyses

RNA was isolated from frozen apex samples using the method of Gasic et al. (2004) with
the exception that spermine was substituted for spermidine in the extraction buffer, followed by a
final 'clean-up' step using a commercial kit (RNeasy Mini; QIAGEN, Germantown, MD). RNA
quality and quantification was analyzed by the use of a Nanodrop 2000c (Thermo Scientific,
Waltham, MA) and electrophoresis (2100 Bioanalyzer; Agilent, Santa Clara, CA). Library
preparation and sequencing used the Illumina (San Diego, CA) platform and TruSeq platform
with 101-b paired-end protocols, starting with 1 ug of total RNA from each sample. The raw

sequence files were processed with fastq-mcf [29] using the parameters -t 0.10 -p 15 -1 20 -q 25
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to remove adapter sequences, very short reads, and terminal bases with a Phred score below 25.
The number of read pairs generated is shown in S1 Table.
Reference-based transcriptome assembly

Sequence reads were aligned to v1.1 of the GDDH13 reference sequence [30] and splice
junctions were identified using the program HISAT2 (v.2.1.0) invoking the --dta-cufflinks and --
un-conc-gz options [31]. The --un-conc-gz option was invoked to capture reads that failed to
map to the reference genome. HISAT2 was operated using the default maximum and minimum
mismatch penalties of six and two, respectively. Alignment metrics are shown in S1 Table.
Transcript models were assembled using StringTie (v.1.3.3) using default parameters, including
the -G option for use of a reference annotation as described [32-33]. Transcript models generated
for each sample library were reduced to a consensus set of transcript models using the StringTie
—merge function. The program Cuffquant (v.2.2.1; included in the Cufflinks suite [34]) was then
used to calculate sequence read counts for each transcript model, and significant differentially
expressed genes and isoforms were identified by the use of Cuffdiff [35]. Metrics for assessing
read mapping and transcriptome assembly were obtained using RNA-SeQC (v.1.1.8 [36]) and
GFF utilities suite [37], respectively.
Identification of novel ‘Honeycrisp’ reference-based transcripts

Novel transcripts contained within the reference-based transcriptome were identified by
comparing the reference genome gene models (retrieved from
https://iris.angers.inra.fr/gddh13/the-apple-genome-downloads.html as
gene_models 20170606.gff3) and the ‘Honeycrisp’ reference-based transcript models (S1 File)
using the gffcompare (v.0.9.12) software package within the GFF utilities [37]. The resulting

annotated gtf file was filtered for classification codes associated with non-isoform-like transcript
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features and/or assembly errors (classification codes: e, i, 0, u, X, y) and removal of transcripts
with lengths <200b. This subset of transcripts was then analyzed for protein-coding capacity
using the software programs CPC2 (beta version [38]), PLEK (v1.2 [39]), and CPAT (v.1.2.4
[40]). For CPC2 and CPAT, the coding potential probability was set to >0.5 to assign a transcript
as coding and <0.5 as noncoding/ambiguous. For PLEK, the coding or noncoding/ambiguous
determination was assigned by the program’s default parameters. The final coding definition of a
transcript was based on an agreement between at least two of the programs. Detailed transcript
information can be found in S2 - S4 Tables.
De novo assembly of unmapped reads

Reads that were unmapped by HISAT2 were assembled into contiguous sequences using
the Trinity de novo assembler with default settings [41]. The resulting FASTA file (S2 File)
containing the de novo assembled transcripts was then used as an input to construct consensus
gene models using the python program Trinity_gene_splice_modeler.py provided by the Trinity
suite (S3 File). The python script produced a consensus FASTA file containing gene models and
a corresponding GTF file. The unmapped read files were then realigned to the consensus gene
FASTA file using HISAT2 invoking the --dta-cufflinks options and using the previously
generated GTF file. Alignments were then processed through the same Cufflinks pipeline used in
the referenced-based transcriptome assembly. The initial output comprised ~250,000 sequences
corresponding to ~92,000 distinct loci. Because most output sequences appeared to be
sequencing or assembly artifacts, we limited further consideration to contigs representing
putative transcripts that were likely to be strongly expressed (upper 10th percentile based on
FPKM, and expressed in at least three samples) and that had coding potential (determined as

described above for novel reference-based transcript models) (S5 - S7 Tables).
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General transcriptome annotation

Transcript sequences were annotated based on sequence homology to Arabidopsis open
reading frame translations (TAIR10; TAIR10_pep_20101214 updated 2012-04-16, [42]) using
the BLASTx module from NCBI [43] with an Expect (E)-value cutoff of 1e-*'. Homologous
sequences were then used as queries to identify similar transcripts within the ‘Honeycrisp’
transcriptome, using the tBLASTx module. Gene model sequences generated from the de novo
assembly were annotated by aligning sequences to the nr NCBI database (downloaded on 2018-
09-18, [44]) and the ‘Honeycrisp’ reference-based transcriptome using the BLASTx and
BLASTN modules, respectively. A minimum E-value of 1e'1° and a max_target_seqs of 1 were
used.
Data accessibility

Raw sequence libraries can be downloaded from the National Center of Biotechnology
Information Short Read Archive under biosample SAMNO04239699. Our constructed reference-
based transcriptome annotation (S1 File), de novo transcript FASTA and annotation (S2 and S3
Files), phylogenies of 125 flowering genes, and differential expression data files (S4 and S5
Files) can be retrieved from the Dryad repository https://doi.org/10.5061/dryad.fn2z34tr5.
Computation protocols used in this study can be retrieved from the Protocols.io repository
https://dx.doi.org/10.17504/protocols.io.bp54mag8w.
Identification of apple flowering genes

To identify potential homologs of flowering genes, we indexed genes from Arabidopsis
(TAIR10) annotated with potential roles in flowering: Gene Ontology terms 0048438 (‘floral
whorl development’), 0009908 (‘flower development’), 0009910 (‘negative regulation of flower

development’), 0009911 (‘positive regulation of flower development’), 0048578 (‘positive
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regulation of long-day photoperiodism, flowering'), 0010220 ('positive regulation of
vernalization response’), 0009909 (‘regulation of flower development’), 0048510 (‘regulation of
timing of transition from vegetative to reproductive phase’), 0010321 (‘'regulation of vegetative
phase change'), 0010228 (‘vegetative to reproductive phase transition of meristem'), 0010048
(‘'vernalization response’), and 0010093 (“specification of floral organ identity’). This set of 437
genes was manually curated to omit those without strong functional evidence for a direct role in
flowering. The curated subset contained 180 genes. Conceptual translations of the corresponding
representative gene models were obtained from TAIR
(TAIR10_pep_20110103_representative_gene_model_updated) and used as queries to search
open reading frame translations of our mapped-assembled and de novo-assembled transcript
models (BLASTp) using an E-value cutoff of 1e712. The open reading frame translations of the
Honeycrisp assembled transcript models were identified using TransDecoder
(v5.5.0;https://github.com/TransDecoder). All identified transcript translations were then used as
queries to search the Arabidopsis representative gene model translations. Those transcripts that
reciprocally identified their original Arabidopsis query were defined as reciprocal homologs. For
phylogenetic analyses of the 16 intensively studied flowering gene families, we considered only
the 25 highest-scoring apple transcript translations and only the 25 highest-scoring Arabidopsis
gene translations identified with each apple sequence query. Phylogenetic trees were then
constructed using the ETE3 toolkit (v.3.1.1) build function invoking the standard_fasttree
workflow under default settings [45-47]. Collinearity among identified flowering genes was
performed using the MCScanX toolkit following the manual’s instructions and the use of default

parameters [48]. Graphics to illustrate the collinear relationships between homeologous

38



chromosomes and flowering genes identified by MCScan X were generated using Circos (v.0.69-
6) program package [49].
Gene expression analysis

Estimated expression levels for homologs of flowering-related genes/transcripts were
obtained from Cuffnorm and Cuffdiff output. Heat maps were created and expression profiles
were clustered using R statistical software (v.3.5.2 [50]) and the CummeRbund (v.2.24.0 [51])
package. Expression profiles of homologous flowering-related genes that exhibited significant
changes in expression were clustered using a K-means approach by the csCluster command of
CummeRbund. Cluster expression pattern was then defined by the general trend of the modal
expression pattern. Venn diagram of differentially expressed genes was created using an online
tool (http://bioinformatics.psb.ugent.be/webtools/\VVenn/). Co-expressed gene modules were
identified using the weighted gene co-expression network analysis (WGCNA) R package [52],
following the analysis methodology outlined by Zhang and Horvath (2005) and using normalized
gene expression (FPKM) as calculated by cufflinks.
TagMan® gRT-PCR

Confirmation of MdTFL1 gene expression was determined using a two-step quantitative
polymerase chain reaction (QRT-PCR). Primers and probes were designed from sequences
assembled in our transcriptome and aligned to apple nucleotide sequences maintained by the
NCBI (taxid: 3750). The primers and probes were designed in a previous study [54] and were
based on the specificity to selected target sequence and overlapped of an exon junction (S8
Table). An apple homolog of ACTIN served as an internal control. The reactions were performed
using an Agilent Technologies Stratagene Mx3005P (Santa Clara, CA) gPCR machine with

cDNA derived from the RNA samples prepared for RNA-seq. Each reaction consisted
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TagManTM Gene Expression Master Mix (10 pl), 5x diluted cDNA template (2 pl), forward (1
ul) and reverse primers (1 pl), and probe (1 ul) for ACTIN, the primer-probe assay for the gene
of interest (1 pl), and ddH20O (4 pl). The thermal profile for TagManTM assay followed the
instructions provided with the Agilent machine.
RESULTS AND DISCUSSION
Effects of reducing fruit load on floral initiation

As a physiological and molecular model for biennial bearing in apple, we focused on the
popular commercial cultivar ‘Honeycrisp’, which can exhibit extreme biennial tendency under
production conditions [55]. At full bloom in early spring, we selected three paired sets of trees
with high bloom density and removed all flowers from one tree from each pair. This floral
thinning treatment had a strong effect on initiation of new flowers, as evidenced by observed
bloom density in the spring of the second year of the study (Fig 2.1A). Those trees that were
thinned of flowers produced floral shoots at an average of ~52% (range 39-82%) of potential
flowering nodes, whereas the non-thinned control trees produced almost exclusively vegetative
shoots (Fig 2.1B).
Transcriptome assembly and characterization

Based on anatomical characterization of the bourse shoot meristem in the apple cultivar
used in this study, floral meristems began to be initiated approximately two weeks after full
bloom (data not shown). This is consistent with observations of the bourse shoot meristem in
other apple cultivars [4-7]. Based on this, we sampled the bourse shoot apex from the thinned
and non-thinned trees at approximately 2, 15, 35, 50, and 70 DAFB. Dissected apices were
subjected to high-throughput RNA-based sequencing, yielding a total of ~390 million paired

reads. These were aligned to a recently published reference genome sequence (GDDH13 v.1.1)
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assembled from a doubled-haploid individual generated from ‘Golden Delicious’ [30]. We
obtained a mean alignment rate of 90.1%, with 96.3% of the aligned reads mapping within
annotated intragenic regions (S1 Table). Transcript models were then assembled from aligned
reads using the StringTie transcript assembler [33].

The recent availability of a high-quality apple genome sequence and exhaustive depth of
our transcriptional data provided the opportunity to document genes expressed in the apple
bourse shoot apex with high-resolution and accuracy. Our reference-based transcriptome
assembly cataloged a total of 104,690 transcripts arising from 58,452 loci (Table 2.1; S1 File).
This extends considerably the previously annotated gene content of the GDDH13 genome, which
was based on nine RNA-seq libraries representing diverse structures, including the shoot apex,
along with cDNAs and expressed sequence tags (ESTs) cataloged in NCBI databases. Our
sequence and assembly results complemented the reference annotation with the identification of
an additional 11,264 novel transcriptional models and 39,227 'Honeycrisp'-specific isoforms of
annotated transcripts (~10.8% and ~37.5% of the assembled transcripts, respectively; Fig 2.2A).
These novel transcripts comprised 23,034 novel exons and originated from 8,753 previously
unidentified loci. We further characterized these novel transcripts in terms of length, expression
level, coding potential, genomic organization, and homology with known, expressed genes (Fig
2.2B; S2 - S4 Tables).

The majority of these transcripts (81.2%; 9,096) were expressed (FPKM > 1; TPM 1.19 -
1.72; Fig 2.2B; S3 Table). Of those expressed transcripts, 63.7% were predicted to encode
proteins. About 46% of the expressed-coding transcripts were located in previously annotated
intergenic regions. The remaining 56% showed some positional overlap with previously

annotated genes (Fig 2.2B). In total, 73.8% (8,310) of the novel transcripts showed significant
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(E-value < 1e-10) nucleotide sequence homology to previously cataloged, expressed genes from
Malus spp. (Fig 2.2C). These genes included 163 distinct loci encoding the M. floribunda HcrVi-
like and M. x domestica Rvil5 apple scab (Venturia inaequalis) resistance genes, and 159 loci
encoding the M. x robusta fire blight (Erwinia amylovora) resistance genes. A total of 1,304
reference-mapped transcripts exhibited no significant homology to any sequence cataloged in the
NCBI nt database (S2 Table).

Reads that did not align with the reference genome may represent sequence from
uncharted segments of the apple genome including extrachromosomal DNAs or loci that are
extremely diverged between GDDH13 and 'Honeycrisp', or may be derived from exogenous
biota. We assembled unmapped reads de novo into contiguous sequences (S2 and S3 Files) (see
Methods), and evaluated the potential of the contigs to represent authentic apple transcripts. A
total of 5,542 potential transcripts, representing 4,737 gene models, showed apparent expression
values >100 FPKM in at least three of the sequencing libraries. About 39% of this subset of de
novo transcripts were predicted to encode proteins (S5 Table; S1 Fig A). About 75% of the 5,542
strongly expressed potential transcripts displayed significant homology to cataloged Malus
sequences, and another 15% to sequences from related Rosaceae genera (S5 Table; S1 Fig B).
Identification of flowering gene homologs

Although genes with anticipated roles in flowering have previously been identified in
apple, there has often been confusion and conflicting reports regarding gene identity, copy
number, and expression pattern. This is most likely due to the existence of closely related
orthologs for some of these genes, the heterogeneous and paleo-allopolyploid nature of the apple
genome, and the inability of some previous approaches to discriminate among closely related

sequences. The ~40 billion bases of transcriptional sequence data from the shoot apex analyzed
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in this project, as well as our identification of novel genes, provided the opportunity to resolve
gene identities and estimate orthologous relationships. We identified a set of 180 Arabidopsis
genes with flowering-related annotations (see Methods), and searched the combined GDDH13 /
'Honeycrisp' transcriptome for expressed sequences with significant homology (E-value < le-
12). In each case, the open reading frame translation from the primary designated transcript of
the Arabidopsis gene was used to query the primary translations from both the annotated and
novel reference-based transcriptional models, as well as the ORF-containing de novo
transcriptional models. The highest-scoring, matching sequences were then used reciprocally to
query a comprehensive database of open reading frame translations from Arabidopsis. Using this
approach, we identified a total of 321 apple counterparts to 125 Arabidopsis genes. For further
discussion, we refer to this collection as ‘flowering gene homologs'. Three of the identified apple
genes had not previously been annotated in the GDDH13 reference genome (S9 Table).

At least 106 of the 125 Arabidopsis flowering genes had multiple homologs. Previous
research indicates that genes in apple generally exist as duplicates as a result of an ancient
whole-genome duplication [56]. We analyzed genomic synteny for all of the 125 flowering gene
families (S9 Table; Fig 2.3). Based on chromosomal positions, a simple genome duplication
appears to have contributed to family expansion for at least 86 of these 106 Arabidopsis genes,
and tandem duplication contributed to expansion for at least 14 (S10 Table).

We identified 55 Arabidopsis flowering-related genes lacking a reciprocal homolog in the
combined reference shoot apex transcriptome. These unrepresented genes included several
functioning in the Arabidopsis vernalization-response pathway, including FLOWERING LOCUS
C (FLC) and its sibling MADS AFFECTING FLOWERING (MAF), FRIGIDA (FRI), and

VERNALIZATION INSENSITIVE 3 (VIN3). This result is consistent with the apparently cold-
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independent initiation of flowers during the summer period in apple [57]. The gene previously
described as an FLC homolog (MD09G1009100) by Takeuchi et al. (2018) and Nishiyama et al.
(2019) was found to be not closely related to FLC in our study (S2 Fig [d] and not shown). Other
Arabidopsis flowering genes without clear apple representatives included 16 additional members
of the AGAMOUS-like (AGL) MADS-box gene superfamily. These results are consistent with
the observed rapid evolution and diversification of the large MADS-box genes observed in apple
and other plants [60-61].

We focused further study on a subset of flowering genes that have been intensively
studied both in Arabidopsis and other plants [62]. Apart from FLC, this subset included AGL24,
AP1, FD, FUL, FT, LFY, SOC1, SPL3, SPL4, SPL5, SPL9, SPL15, SVP, TSF, and TFL1. (Table
2.2; S2 Fig [a-n]; Fig 2.3). In Arabidopsis, FT is transcribed in the leaves along with its paralog
TSF and translocated to the apex[Andrés and Coupland 2012]. In the apex, FT forms a complex
with FD which activates transcription of AP1 and SPL3/4/5 directly [62]. The FD/FT complex
also indirectly activates the expression of FUL and SOC1 [62]. In addition, FUL and SOC1
expression is reinforced by SPL9/15 [63]. This collective network promotes a phase change
within the apex leading to floral initiation. SOC1 and AGL24 form a positive-feedback loop,
promoting one another's expression along with promoting LFY expression [64]. LFY expression
is also directly promoted by SPL3/4/5 and indirectly by AP1 establishing floral meristem identity
[63]. Negative regulators of this process are SVP and TFL1. SVP represses FT expression,
whereas TFL1 competes with FT for complex formation with FD [62].

We reconstructed phylogenies for these genes, including the most homologous genes
from both Arabidopsis and apple, and generated un-rooted trees (Fig 2.3). Apple genes related to

AGL24/SVP, AP1/FUL, FD, FT/TFL1, LFY, SOC1, SPL4/5, and SPL9/15 were included in well-
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defined (>90% bootstrap replicates) clades. The majority of these apple genes existed as pairs on
homeologous chromosomes, as anticipated. Additional homologs likely resulted from tandem
duplication, as evidenced by their close proximity (e.g., the AGL24/SVP clade pair
MD15G1384500/MD15G1384600). Apple was previously found to contain two homologs of FT,
one positioned on Chr. 4 (MdFT2) and the other on Chr. 12 (MdFT1) [16]. The GDDH13
genome contains only MdFT1. We assembled sequence reads that did not map to the GDDH13
genome (see Methods) and were able to identify a MdFT2-like transcript (FT-like de novo)
(Table 2.2; S2 Fig [a-n]; Fig 2.3). This result suggests that the GDDH13 genome sequence is
incomplete for Chr. 4 or that the GDDH13 doubled-haploid genotype lacks MdFT2. As
anticipated from the reciprocal homology results (above), individual members of the FLC/MAF
family showed no specific phylogenetic relationships with apple genes, although a group of three
apple genes were often (88% of bootstrap replicates) placed into a clade with the FLC/MAF
family (S2 Fig).
Transcriptional analysis of the apple shoot apex during the floral transition

To gain insight into genetic pathway(s) associated with flowering in apple, we examined
changes in gene expression occurring in the bourse shoot apex in the set of flowering-induced
(thinned) trees spanning 2 DAFB to 70 DAFB. Because an appreciable fraction (~48%) of the
apices did not initiate flowers during the year of this study (Fig 2.1), this set of genes represent
those associated with vegetative apex activity (i.e. continued production of leaf primordia), as
well as the transition to flowering. We identified a total of 12,661 reference-mapped genes,
including ~100 flowering gene homologs, that exhibited significant changes in expression in at

least one pairwise comparison among the five developmental stages evaluated.
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To define transcriptional programs potentially involving the ~100 flowering gene
homologs, we clustered their expression profiles using a K-means approach (k = 5) (Fig 2.4).
Clusters 1-3 represented genes that showed decreases in expression at some point during the
period, consistent with a floral repressive role, or expression largely limited to vegetative phase.
Cluster 1 genes (n = 18) generally showed a strong decrease in expression at the earliest studied
interval, between 2 and 15 DAFB, with little or no expression change at later time points. This
cluster included a homolog of FD (Fig 2.4). In contrast, Cluster 2 (n = 19) genes showed
progressively decreasing expression over the course of the season. This cluster included
MdSOCla, as well as homologs of AGL24/SVP, SPL4/5, and SPL9/15. Most of the genes in
Cluster 3 (n = 10) showed a strong decrease in expression at the earliest studied interval, between
2 and 15 DAFB, and continued decreasing expression at the later time points. This cluster
included both MdTFL1-1 and MdTFL1-2, although we noted that MdTFL1-1 was upregulated
between 2 and 15 DAFB (Fig 2.4). The strong decrease in expression of these two TFL1
homologs during the anticipated period for floral initiation has previously been reported [13-
14,16-19,65-66].

Genes in Clusters 4 and 5 showed generally increasing expression across the entire study
period, suggesting promotive roles in flowering or expression domains linked with the floral
phase. Cluster 4 genes (n = 48) showed steadily increasing expression across the period. These
included MdFT1, as well as homologs of AGL24/SVP, SPL3/4/5, and AP1/FUL. Cluster 5
contained only five genes, and these were characterized by a generally more substantial increase
in expression over the season. This cluster included MdAFL1, as well as a homolog of AP1/FUL
and two homologs of AGL24/SVP. The increasing expression of MdAFL1 and the AP1/FUL

homolog reflects the increased expression of their counterparts during flowering in Arabidopsis.
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Expression of the two AGL24/SVP homologs was analogous with that of AGL24 in Arabidopsis
during the transition to a reproductive meristem [62].
Transcriptional response to the presence of a fruit load

To identify genetic mechanisms that may be specifically involved in the repression of
flowering by developing fruit, we compared gene expression between apices from the thinned
(flowering-induced) and non-thinned (non-induced) trees at each time point over the study. At
the 15 and 35 DAFB sampling times, fruit had reached ~10 mm and ~20 mm in diameter,
respectively. At 50 DAFB, fruit had reached ~ 30 mm in diameter, and at 70 DAFB, fruit was
~40 mm in diameter. At 70 DAFB, seeds and embryos were still immature, but had reached their
final size. Fruit and seed reached maturity at ~120-130 DAFB (not shown). We identified a total
of 6,595 genes that were differentially expressed between the two conditions at one or more time
points. Of these, 55 were included in the defined set of flowering gene homologs (S11 Table; Fig
2.5).

K-means clustering identified five modal expression patterns. Genes in Cluster 1 were
generally expressed to higher levels in non-thinned apices at later time points (50 and 70 DAFB)
and thus could represent downstream floral repressors or genes expressed in the vegetative
tissues of the apex. This expression pattern was exemplified by the AGL24/SVP homolog
MD15G1384600 (Fig 2.4). This result suggests that the function of MD15G1384600 could be
similar to SVP in maintaining vegetative identity [62].

Cluster 2 genes were generally expressed to higher levels in thinned apices at the earliest
time points (2 and 15 DAFB) and could represent early flowering promoters. An example
included in this cluster is the AP1/FUL-related gene, MD06G1204400. Genes in Clusters 3 and 4

showed generally increasing expression in thinned apices, relative to non-thinned apices,
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throughout the study period. Cluster 3 (higher expression in non-thinned apices only at the
earliest time points) could represent early flowering repressors or genes expressed early in the
vegetative tissues. This cluster contained the SPL4/5 homolog, MD03G1230600. Cluster 4
(higher expression in thinned apices at the latest time point) might represent genes acting as
promoters late in flowering, including floral development, or genes expressed in floral tissues.
This cluster contained homologs of SPL3/4/5 and SPL9/15, as well as the AP1/FUL homolog
MdMADS2.1 (Fig 2.5), which we had also found to increase in absolute expression over the
season (Fig 2.4). Cluster 4 additionally included MdTFL1-1, which we had also found to show a
strong decrease in absolute expression after 15 DAFB (Fig 2.4). This suggests that the presence
of fruit promotes the seasonal decrease in expression of MdTFL1-1, as previously observed by
Haberman et al. (2016).

The final cluster, Cluster 5, contained a small group of genes (76) that showed greatly
reduced expression in thinned apices, relative to non-thinned apices, at 15 DAFB and 70 DAFB
(Fig 2.5). MdTFL1-2 was the sole flowering gene homolog included in this group. Like
MdTFL1-1, MdTFL1-2 showed a decrease in expression throughout the season in flowering-
induced apices, and the observed differential expression pattern suggests that the presence of
fruit counteracts this seasonal decrease. This was also previously observed by Haberman et al.
(2016).

MdTFL1-2 expression profiling and identification of co-expressed genes

This expression pattern of MdTFL1-2 as reported previously by other groups, and here
determined by RNA-seq, suggests this could be a key gene in regulating floral repression in the
presence of fruit on the bourse shoot. We carried out gRT-PCR to quantify relative expression of

both MdTFL1-1 and MdTFL1-2 to confirm the expression trend observed in the RNA-seq results.

48



The results were generally consistent between the two approaches (Fig 2.6). Haberman et al.
(2016) previously reported that MATFL1-2 increased in expression between ~30 and ~60 DAFB
in fruit bearing spurs. Our observations are distinct from those of Haberman et al. (2016), as our
results indicate that fruit promotes significant increased expression of MdTFL1-2 as early as 15
DAFB. This early seasonal expression of MdTFL1-2 overlaps with the period of floral
induction/initiation in apple [4-7], and argues for a direct role for MdTFL1-2 in repressing floral
initiation, rather than a conceivable function in governing inflorescence architecture once
initiation has occurred [54].

MdTFL1-2 is expected to act in transcriptional regulation of flowering. Genes expressed
similarly with MdTFL1-2 (i.e., more strongly in non-thinned apices) could represent upstream
promoters of MdTFL1-2 expression or downstream positive targets. Considering only flowering
gene homologs, in addition to the AGL24/SVP homolog MD15G1384600, these included
homologs of AGL16, BLH8, EFM, GPRI1, LSN, and one homolog of RAP2.7 (Fig 2.5).
Conversely, genes expressed in a reciprocal manner to MdTFL1-2 (i.e., less strongly in non-
thinned apices), could represent upstream repressors of MdTFL1-2 expression or downstream
negative targets. This included homologs of AGL6, MAMADS2.1, RAP2.7, and various SPLs (Fig
2.5). In Arabidopsis, AP1 represses TFL1 expression, and this finding is consistent with a
conserved function of MAMADS2.1 in apple [67].

We also searched the subset of genes assigned to Cluster 5 for other potential upstream
promoters or downstream regulatory targets of MdTFL1-2 (Fig 2.5; S12 Table). Of the 75 other
genes assigned to this cluster, four would encode transcriptional regulator-like proteins. These
included MD05G1203300, a homolog of FERTILIZATION INDEPENDENT ENDOSPERM

(FIE). FIE encodes a component of a POLYCOMB REPRESSOR COMPLEX 2 (PRC2) protein
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that represses flowering and floral development in Arabidopsis [68]. In our study, this FIE
homolog was expressed to higher levels in the non-thinned apices, relative to thinned, from 15
DAFB thru 70 DAFB (S3 Fig).

We employed a second, independent method to identify genes that could represent
upstream promoters of MdTFL1-2 or downstream targets through the identification of co-
expression networks using the weighted gene correlation network analysis (WGCNA) approach
[52]. This resolved 28 modules of co-expressed genes, with MdTFL1-2 assigned to a module
containing 200 genes (Fig 2.5C; S13 Table). This module contained homologs of APL, EFM,
SPL3, and ATH1 (S14 Table). We also identified a module with a strong negative correlation to
MdTFL1-2’s module (Fig 2.5C; S15 Table). Here, we identified a total of 93 genes, including a
distinct homolog of ATH1 (S15 Table).

Expression profiles of GA2ox and GA200x genes

In our previous study of the mechanisms of the repression of flowering by GAs in apple,
we found that MdTFL1-2 was rapidly (within 2 days) upregulated in the shoot apex in response
to exogenous GAu+7 [54]. In that study, we also found that exogenous GA resulted in the rapid
upregulation of four genes classified as GA2 OXIDASE (GA20x). Interestingly, all of the four
GAZ20x genes were included in the set of 6,595 genes differentially expressed in response to fruit
load. A heat map of expression of these and additional GA20x genes identified by Zhang et al.
(2019) is shown in Fig 2.5E. The four GA20x genes identified as differentially expressed shared
a general pattern of higher expression in the thinned, relative to non-thinned, apices very early in
the season (2 DAFB). Interestingly, as the season progressed, these genes showed higher
expression in the non-thinned apices. This is consistent with previous studies by Guitton et al.

(2016) and Habermann et al. (2016) showing that two of these four genes, MD05G1207000 and
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MD10G1194100, were expressed to higher levels in non-thinned samples at a similar sampling
date (48 DAFB) as in our study. If cellular GA levels promote expression of these GA20x genes,
then the strong shift to higher expression in non-thinned apices could reflect increased GA levels
in the apex, potentially driven by the presence of fruit.

In the previous study [54] we also documented that exogenous GA resulted in rapid
downregulation of several genes encoding GA20 OXIDASES (GA200x), which participate in GA
biosynthesis and are recognized to be subject to feedback repression in many contexts in various
plants. Here, we observed that the GA200x homolog MD01G1192100 was expressed to
relatively higher levels in thinned apices at all time points (Fig 2.5B). Habermann et al. (2016)
also reported higher expression of specific GA200x homologs in thinned apices, including
MD01G1192100. Thus, this observation might reflect lowered levels of bioactive GAs in thinned
apices.

Divergent expression patterns of homeologous gene pairs

The differential regulation of the apple TFL1-1 and TFL1-2 genes is an interesting
example of functional divergence of ancestrally related genes. Although expression of many of
the key flowering gene homologs could not be reliably estimated, we identified several
additional cases in which apparent gene duplication and/or gene family expansion was associated
with distinctions in expression (Fig 2.7). For example, the AP1/FUL homeologs
MD06G1204400 and MD14G1215700 showed distinct absolute expression patterns across the
season, with MD06G1204400 increasing strikingly and MD14G1215700 remaining relatively
constant. In contrast, the SPL4/5 gene MD03G1230600 exhibited a strong decrease in expression

as the season progressed, while expression of the homeologous MD11G1251800 stayed
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relatively constant. A third example was the FD homolog MD15G1230800, which was strongly
increased at later time points, while its homeolog MD02G1125100 was not (Fig 2.7).

Expression of related genes was also differentially influenced by fruit load in several cases.
Besides TFL1-1/TFL1-2, MdAFL1 was more strongly expressed in the non-thinned apices at
several time points, whereas MdAFL2 was more weakly expressed. The distinctions in
expression of these homologs of the intensively studied flowering genes underscores the
importance of thoroughly indexing the genomic content and rigorously establishing phylogenetic
relationships. Future characterization of function of these gene pairs can provide novel insight

into the conserved and/or divergent genetic mechanism(s) that underlie their role in flowering in

apple.
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Table 2.1. Sequencing and transcriptome assembly statistics.

Measured Statistic Value
Bases Sequenced 39,201,481,600
Total Sequence Reads 392,014,816
Mean Overall Read Mapping Rate 90.10%
Total Number of Transcript Models 104,690
Total Number of Genes 58,452
Novel Exons 23,034
Novel Introns 11,152
Novel Loci 8,753
Average Transcripts per Loci 34

Average Transcript Length (bases) 1,617
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Table 2.2 Identified homologs of Arabidopsis flowering genes in apple.

Gene Family Reference Locus Clade/Alias Citation
AGL24 MDO1G1038600  AGL24/SVP
SVP MDO08G1197300  AGL24/SVP
MD15G1313200  AGL24/SVP
MD15G1384500  AGL24/SVP
MD15G1384600  AGL24/SVP
AP1 AP1 MD13G1059200  MdMADS5 __ Kotoda etal. 2010
Eﬁt CAL MD16G1058500  AP1
AGL79 MD06G1204400  APL/FUL fam
MD14G1215700 MdMADS2.1  Cevik et al. 2010
MD17G1065500  APL/FUL fam
FD MD02G1125100 FD
BZIP27 MD15G1008300 FD
MD15G1240800 FD
FT FT MD12G1262000  MdFT1 Kotoda et al. 2010
:IA-CSI'EG6204O TSF FT-like de novo MdFT2
ATC TFLL | ATC MDO03G1143000  ATC
TFL1 ATC MD11G1163500  ATC
MD12G1023900  MdTFLL-1 Kotoda and Wada 2005,
MD14G1021100  MdTFL1-2 m;tﬁfal;he?tail 22883 !
MDO1G1198400  FT/TFLL fam
MDO07G1265900  FT/TFLL fam
LFY MD06G1129500  MdAFLL Wada et al. 2002
MD14G1146700 MdAAFL2
SOC1 MDO02G1197400 MdSOCla Kotoda et al. 2010
MDO07G1123600 MdSOC1b
SPL3 SPL4 MDO03G1230600 _ SPL4/5
ggtg SPLS MD11G1251800  SPLA4/5
MDO05G1312300 _ SPL3/4/5
MD09G1244200  SPL3/4/5
MD10G1291800  SPL3/4/5
MD17G1236000  SPL3/4/5
SPLY MD12G1060000  SPLO/15
SPL15 MD12G1060200  SPLO/15
MD14G1060200  SPL9/15

54




A B . Floral

401 [ vegetative
80%-
30-
60%-
)
£ g
© el
o w 20-
® 40%- c
z 8
- E
]
=
20%- 10,
0% - . . . 0 -
R1T R2 R3 R1 R2 R3 R1T R2 R3 R1 R2 R3

Non-thinned Thinned Non-thinned Thinned
Figure 2.1. Effect of flower removal on subsequent-year flowering. At full bloom, trees were
thinned of flowers or were left non-thinned, and the fraction of flower-bearing shoots, relative to
total shoots arising from spur structures, was evaluated the following spring. (A) Visual
estimation of floral density. The rating scale extends from 0% (no obvious flowers) to 100%
(abundant flowers). Visual density was estimated by two, independent, trained observers
(correlation p value < 0.05). (B) Quantification based on sampling a minimum of 40 spur shoots

designated for evaluation prior to flower removal. Graphs show the results from three biological

replicates (R1-R3).
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Figure 2.2. Characterization of the reference-mapped assembled '"Honeycrisp'
transcriptome. (A) Proportions of the assigned organization of transcripts assembled from reads
that mapped to the reference genome. (B) Upper pie chart illustrates the proportion of novel
(non-isoform) transcripts that were expressed (FPKM > 1) and were either predicted to be
protein coding or noncoding/ambiguous. Lower pie chart further characterizes the expressed and
coding novel transcripts by their genomic organization. (C) The distribution of assigned
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Figure 2.3. Analysis of genomic collinearity and phylogeny for 15 flowering gene families.
The circle plot depicts the position of flowering genes in the apple genome and their collinear
relationships (red links). The background grey links represent the complete genomic collinearity

within the apple genome.
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Figure 2.4. Expression patterns of flowering gene homologs in flowering-induced apices. A)
Expression plots for each of the five clusters. The average expression pattern is represented by a
black line. B) Heatmap and K-means clustering of expression values sorted by cluster
assignment for the flowering gene homologs that exhibited significant changes in expression

across the study period.
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Figure 2.5. Heatmap of differential expression of genes between thinned and non-thinned
apices across the study period. A) K-means clusters of all differentially expressed genes
between the two conditions at each time point. B) Heatmap of the fold-difference in expression
of flowering gene homologs at each sample date. Homologs of the intensively studied flowering
genes are indicated in bold text. C) Dendrogram of co-expressed gene modules and a heatmap of
the correlation between modules. D) Overlap among differentially expressed genes at each

sample date. E) Heatmap of fold change in expression of GA20x homologs.
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Figure 2.6. Expression profiles of MATFL1-1 and MdTFL1-2 calculated from qPCR (upper
panels) and RNAseq (lower panels). The correlation between the relative expression and
FPKM values for MdTFL1-1 and MdTFL1-2 had R? values of 0.97 and 0.99, respectively. Triple

asterisks (***) indicate a g value <0.001. NT = Non-thinned and T = Thinned
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Figure 2.7. Heatmap of expression of homeologous gene pairs under various crop load

conditions and the resulting fold-change between conditions across the study period.
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CHAPTER THREE
Molecular basis of diversity in floral initiation and development in Malus
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ABSTRACT

An important limitation to commercial apple production is freezing temperatures during
the spring blooming period which can damage floral organs. Members of the Malus genus,
including the domesticated apple, wild species, and hybrids all bloom in spring, and exhibit wide
variation in spring bloom date. Although variation in seasonal bloom time is thought to be
strongly influenced by genotypic differences in the chilling requirement, contributions of other
factors have not been well studied. Here, we documented the seasonal timing of floral initiation
and early floral development for three extreme early-blooming and three extreme late-blooming
apple accessions through transcriptional profiling. The generated transcriptomic data also
provided an opportunity to thoroughly identify homologs of floral initiation and developmental
genes within Malus. The floral initiation genes were found to be well-conserved between
accessions, whereas the floral development genes were less conserved. Transcript profiling
identified shared differential regulation of the MdTFL1 genes between five of the six accessions
in July, which is the anticipated peak timing of floral initiation. This result suggests MdTFL1 has
a role in regulating the onset of floral initiation. In October, the expression of floral development
homologs was relatively consistent across cultivars, except for SEP1/2 and SEP3. These two
genes were highly expressed in one accession of M. angustifolia relative to the other accessions.
This result correlates with M. angustifolia's delayed floral development, where the anatomical
dissections indicated the accession had just entered the sepal initiation stage. Taken together,
these results suggest that genotypic variation in floral initiation and early development differs
among the members of the Malus genus. Our results also indicate that floral initiation timing,
rate of development, and stage at which the apices enter dormancy has no correlation with the

respective spring bloom time.
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INTRODUCTION

The domesticated apple (Malus x domestica Borkh.) is an important source of nutrients
and energy throughout the temperate regions of the world. Similar to other perennial tree fruits,
domesticated apple exhibits a two-season flowering cycle. Floral meristems are initiated and
begin to develop during the first growing season, remain dormant during the winter, and
complete development and bloom the following spring. Commercial apple cultivars and wild
Malus species can exhibit a wide range of spring bloom times with some cases spanning greater
than 20 days (Gottschalk and van Nocker, 2013). This natural variation in bloom time can have
negative impacts on commercial apple production. For example, apple typically outcrosses, thus
growers need to select cultivars that bloom synchronously to ensure adequate cross-pollination
(Dennis, 2003; Ramirez and Davenport, 2013). In addition, cultivars that bloom late in the spring
are prone to the devastating disease fire blight, as the bacterial pathogen agent, Erwinia
amylovora enters the plant through open flowers in warm and humid conditions (Spotte et al.,
1976; Jones, 1992). Lastly, early-blooming apple cultivars are susceptible to freezing injury from
‘spring frosts' that occur in temperate growing regions (Cannell and Smith, 1986; Rodrigo, 2000;
Campoy et al., 2011). Spring freezing injury also impacts other tree fruit crops, and is a major
determinant of production for Prunus species. Tree fruit crop loss due to spring freeze events is
becoming of greater concern as climate change further exacerbates extreme and unpredictable
weather patterns (Cannell and Smith 1986; Legave et al., 2007; Unterberger et al., 2018). These
production considerations underscore the importance of developing improved cultivars with
bloom times tailored to specific environments.

In apple, bloom time is conditioned by both genotype and environment (Hauagge and

Cummins, 1991; Lawson et al., 1995; Liebhard et al., 2003; Celton et al., 2011; Gottschalk and
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van Nocker, 2013). Numerous quantitative trait loci (QTL) influencing bloom time have been
identified in apple (Lawson et al., 1995; Liebhard et al., 2003; Celton et al., 2011). The identified
loci were generally distinct between different studies, and none were found to have a major
effect. In other Rosaceous fruit trees, including peach (Prunus persica (L.) Batsch), cherry
(Prunus cerasus L.), and almond (Prunus dulcis (Mill.) D. A. Wade), large-effect QTLs for
bloom time have been identified (Ballester et al., 2001; Fan et al., 2010; Sanchez-Pérez et al.,
2012; Castede et al., 2014; Cai et al., 2018). The high degree of synteny among Prunus species
and the colocalization of major QTLs on linkage groups 1 and 4 suggest there may be common
mechanisms controlling bloom time in these species (Dirlewanger et al., 2004; Fan et al., 2010).
In domesticated apple, the inflorescence is initiated terminally on shoots early in the
growing season. The meristem differentiates into a terminal and lateral floral meristems with
subtending bracts and bractlets, respectively. Floral meristems continue to develop throughout
the summer, and arrest in an incompletely developed state prior to winter dormancy. Following
an extended period of chilling, warm temperatures in early spring promote final development
(Foster et al., 2003). At the developmental level, the seasonal time of spring bloom could be
conditioned by the timing of floral meristem initiation, rate of development prior to and during
winter, amount of chilling required for exit from dormancy, and the rate of development in
spring. The timing of floral initiation has been reported to be variable among M. x domestica
cultivars (McArtney et al., 2001; Foster et al., 2003; Hoover et al., 2004; Dadoup et al., 2011).
Wide natural variation also exists for chilling requirements (Hauagge and Cummins, 1991).
Although chilling requirement obviously plays an important role in bloom time in apple, the

extent to which other factors contribute to bloom time has not been addressed. Furthermore,
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there is only limited information on natural variation in floral initiation and development among
apple cultivars and Malus species.

We previously documented natural diversity in spring bloom time among nearly 1,800
distinct Malus accessions, comprising 31 wild species, and >1,000 domestic cultivars and
hybrids, maintained at the USDA Agricultural Research Service Plant Genetic Resources Unit
(Geneva, NY) (Gottschalk and van Nocker, 2013). This resulted in the identification of subsets
of accessions with extreme early or extreme late bloom times. In the following study, we
combined anatomical observations and transcriptional profiling studies for six representative,
from the extreme-early or extreme-late bloom groups to investigate the potential relationship
between bloom time, timing of floral initiation, and rate of development. Representative apices
were collected at seasonal timings that were anticipated to represent periods of floral initiation
and development. Two collection dates that correspond to the periods of floral initiation and
development were also transcriptional profiled to identify transcriptional differences between the
genotypes.

METHODS
Plant material and sample collection

Shoot apices were randomly collected from six apple accessions the belong to extreme
late and early bloom groups (Gottschalk and van Nocker 2013). The specimen trees were located
at the USDA Agricultural Research Service Plant Genetic Resources Unit (USDA ARS PGRU)
in Geneva, NY (Table 3.1). Apex collections occurred on July 25th, August 28th, October 5th,
and November 8th, 2018, as well as on February 26th, 2019. Bud scales, when present, were
removed. Pools of 25-35 apices/buds were collected for RNA extraction and were immediately

frozen in liquid nitrogen and stored at -80°C.
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RNA extraction and sequencing

Frozen apices were ground into a fine powder using a mortar and pestle under liquid
nitrogen, and RNA was extracted from the frozen ground tissue using a CTAB-based extraction
method (Gasic et al. 2004). Spermidine was substituted for spermine in the extraction buffer.
Extracted RNA was then further purified using a commercial kit (RNeasy Plant; Qiagen).
Purified RNA was assessed for quality using 1.2% formaldehyde gel electrophoresis, and
quantified by spectroscopy (NanoDrop 2000c, ThermoScientific, Waltham, MA USA). RNA
libraries were prepared and sequenced by Novogene (Sacramento, CA USA) on the Illumina
HiSeq platform generating paired-end, 150-base reads. The sequencing generated a total of ~1.63
billion reads, with an average of ~25.9 million reads per library.
Transcriptome assembly and analysis

Computational quality filtering of raw sequences was performed by Novogene and
included removal of adapter sequence, reads containing Ns >10% of read length, and reads with
Phred quality (Q)-scores <5. Filtered reads were then aligned to a draft Malus < domestica
genome sequence generated from a doubled haploid individual (GDDH13v.1.1; Daccord et al.,
2017) using the HISAT2 (v.2.1.0) aligner with the -dta-cufflinks parameter (Kim et al., 2015).
Transcript models were constructed using the alignment files and the transcriptome assembler
StringTie (v.1.3.3) with default parameters (Pertea et al., 2015). The StringTie -G option was
invoked to guide the construction based on externally supplied transcriptomes, which consisted
of annotated transcripts from the GDDH13v.1.1 reference genome supplemented with additional
novel loci identified in a previous study of flowering in apple (Gottschalk et al. Chapter 2).
Transcriptome comparisons were conducted using the GFFcompare feature within the GFF

Utilities package (v.0.11.2; Pertea and Pertea, 2020). Determination of a gene to be in an
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expressed state or basally expressed was calculated using a hierarchical Bayesian mixture model
using FPKM values retrieved from the output of Cuffnorm (v.2.2.1 Goff et al., 2019) and
executed through the R (v.3.6.2; R Core Team 2013) program Zigzag (v.0.1.0; Thompson et al.
2020). Genes with a calculated probability >0.8 were determined to be in an expressed state.
Plots generated to display the intersections of expressed genes between accessions were
generated using the R program UpSet (v.1.4.0; Lex et al., 2014). Differential expression analysis
used the multifactor comparisons scheme in the R program edgeR (v.3.11; McCarthy et al.,
2012) with raw gene counts that were retrieved from denormalized Cuffnorm outputs.
Differentially expressed genes (DEGs) were identified with FDR adjusted P-value <0.05 and a
log fold change of >2 or <-2 for each comparison.
Analysis of expression for landmark flowering genes

Previously identified apple homologs of floral initiation genes were identified as
described by Gottschalk et al. (Chapter 2). In brief, we indexed genes GO term annotations
related to potential roles in flowering from Arabidopsis (TAIR10):GO terms 0048438 (‘floral
whorl development'), 0009908 (‘flower development'), 0009910 (‘negative regulation of flower
development’), 0009911 (‘positive regulation of flower development’), 0048578 (‘positive
regulation of long-day photoperiodism, flowering’), 0010220 (‘positive regulation of
vernalization response’), 0009909 (‘regulation of flower development’), 0048510 (‘regulation of
timing of transition from vegetative to reproductive phase’), 0010321 (‘'regulation of vegetative
phase change'), 0010228 (‘vegetative to reproductive phase transition of meristem’), 0010048
(‘'vernalization response'), and 0010093 (‘specification of floral organ identity’). This data set
contained 437 genes which were then manually curated to only those genes that have been

intensively studied for roles in the flowering pathway. This subset included AG, AGL24, AP1-
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AP3, FD, FLC, FT, FUL, LFY, LSN, PI, SEP1-SEP4, SOC1, SPL3-SPL5, SPL9, SPL15, SUP,
SVP, TFL1, TSF, and UFO. Conceptual translations of the corresponding representative gene
models were obtained from TAIR

(TAIR10_pep_20110103 representative_gene_model_updated) and used as queries to search
genotype-specific protein databases for each apple genotype in this study, using BLASTp and an
expect (E) value cutoff of 1e-1? (Camacho et al., 2008).

For each of the six genotypes, protein databases were generated using the following
procedure. A consensus set of transcript models were collected from a combined transcriptome
representing the July and October datasets, as well as a single library of pooled RNA from June,
August, and November for each genotype separately. The resulting transcript model annotations
were then merged with the GDDH13 reference gene model annotation
(gene_models_20170606.gtf) using StringTie -merge option. Nucleotide FASTA sequences were
then extracted from the merged transcriptome using the GFF utilities package (Pertea and Pertea,
2020). For transcript models corresponding to annotated transcripts in GDDH13, a single
corresponding GDDH13 protein model was adopted. For transcript models assembled de novo
by StringTie that were not organized within GDDHZ13 reference loci had all their corresponding
transcript sequences extracted and retained for analysis. The extracted nucleotide sequences were
then processed by TranDecoder (v.5.5.0; https://github.com/TransDecoder) to construct open
reading frame translations. TransDecoder often predicts multiple open reading frame products
from a single transcript model, which resulted in redundancy for non-reference de novo transcript
models. In this case, all translations were retained for each genotype-specific protein sequence

dataset.
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For each genotype-specific protein dataset, individual peptide sequences were used as a
query to search against all Arabidopsis representative gene model translations using Blastp. The
top 50 returned blast hits were then used as queries to blast back into the apple peptide sequences
(i.e. reciprocal BLAST). The 50 highest-scoring apple transcript translations and the 25 highest-
scoring Arabidopsis gene translations identified with each apple sequence query were then used
for phylogenetic tree construction. Phylogenetic trees were constructed using the ETE3 toolkit
(v.3.1.1) build function invoking the standard_fasttree workflow under default settings (Huerta-
Cepas et al., 2016; Sievers et al., 2011; Price et al., 2010). Representative flowering homologs
were then identified through manual curation of each phylogenetic tree.

RESULTS
Sequencing and transcriptome assembly results

To determine if potential distinctions in seasonal floral initiation and development exist
and may influence spring bloom, we carried out transcriptional profiling of the developing shoot
apices focusing on the expression of flowering-related genes. Apices collected on July 251, and
Oct 5™, representing anticipated stages of early and late floral developmental, were subjected to
RNA extraction and sequencing. For each accession per time point, between 5.7 and 10 high-
quality gigabases of sequence were generated. Sequence reads were then aligned to a draft Malus
genome sequence generated from a doubled-haploid clone of 'Golden Delicious' (GDDH13;
Daccord et al., 2017), and transcripts were modeled based on established computational
approaches. As anticipated, given that the reference sequence GDDH13 was derived from M. x
domestica, sequences generated from the M. x domestica accessions 'Anna‘ and 'Koningszuur',
and M. sylvestris exhibited the highest alignment rates (>90%). The remaining wild species

exhibited lower alignment rates, with M. angustifolia having the lowest (~74%). The similarly
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high alignment rates of the M. x domestica cultivars and M. sylvestris are indicative of the
domestication history of M. x domestica, of which M. sylvestris is a progenitor (Velasco et al.
2010). The lower alignment rates of the wild species reflects their evolutionary distance from M.
x domestica (Nikiforova et al., 2013).

In a previous study, we defined a clear subset of genes associated with floral initiation
(Gottschalk et al., Chapter 2). The previous census of flowering genes was incomplete as it did
not catalog genes involved in floral development. To identify genes with possible conserved
function in the development of floral meristems and floral organ primordia, we selected a subset
of well-studied floral development genes in Arabidopsis and identified their homologs in these
Malus transcriptomes. We identified apple genes related to AG, SHP1/2, AP2, AP3, LSN,
PI/TOE3, SEP1/2, SEP3, SUP, and UFO that had significant blast homology and belonged to
well-defined (>90% bootstrapped) clades for each accession. Seven of the nine families of floral
development genes were found to contain pairs of apple homologs (Table 3.2). This result was
anticipated due to the paleopolyploid origins of apple (Velasco et al., 2010). We identified the
families of AP3/P1 and LSN to have undergone an expansion event, with each family containing
three homologous copies (Table 3.2). Of note, we identified a novel copy of an FD homolog
unique to M. orthocarpa (Table 3.2). Additionally, SUP homologs were absent from most
accessions except M. angustifolia PI589789 (two copies), and ‘Koningszuur’ (one copy) (Table
3.2). Both M. angustifolia accessions lacked homologs of AG (Table 3.2). Generally, the floral
initiation genes were more conserved across the transcriptomes of the accessions than floral

development genes.
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Determining floral genes expressed state

To identify molecular pathways associated with floral initiation and development we
tracked the expression for a set of genes that we previously identified as indices for floral
initiation in M.x domestica cultivar 'Honeycrisp' (Gottschalk et al., Chapter 2) and the genes we
identified here with potential roles in flower development. In total, we identified 93 flowering
genes of interest. To infer the probability of their active expression, we utilized a Bayesian
statistical model to compare gene expression across each of the six assembled transcriptomes
independently. With this information, we then assign an expression state classification to all 93
flowering-associated homologs per accession. Any gene with a probability for expression of >0.8
was deemed as being in an “expressed state” as opposed to a “basal expression”. Of the 93 genes
surveyed, ten were found to be considered as basally expressed in all six accessions. These genes
included homologs of AG, AGL12, AP3/PI, SEP1/2, SEP3, SHP1/2, SUP, UFO, and the novel
FD transcript identified in M. orthocarpa. We also identified 19 genes that were deemed as
expressed in one or more accessions but not in all six accessions (Table 3.3). In this subset,
homologs of known roles in the promotion or repression of flowering in apple were identified.
These homologs included the floral promoters MdAFL1, MdMADS2.1, and MdMADS5 and the
floral repressors MdTFL1-1 and MdTFL1-2. Of the expressed genes, a total of 67 were shared
across all the accessions (Fig 3.1). Also none of the expressed genes were uniquely associated
with either bloom time group or were associated with accessions of the same species (M.
angustifolias and M. x domestica accessions). M. orthocarpa and the two M. angustifolias were
found to have a six uniquely expressed genes. For M. orthocarpa, the uniquely expressed genes
were homologs of AG, AP1, SEP1/2, and UFO. For the two M. angustifolias, the uniquely

expressed genes were homologs of SUP (Pl 589763) and MdTFL1-1 (Pl 613880).
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Expression patterns of flowering homologs in July

With the subset of expressed flowering genes identified, we then evaluated their
expression levels across accessions during the July sample date (Fig 3.2). Hierarchical clustering
was performed on the six accessions, resulting in two clades that contained both M. angustifolia
accessions and a clade containing the other four accessions. The two M. x domestica accessions
also clustered together within the larger of the two clades. Differential gene expression was then
calculated for comparisons between each accession at the July sample date. The two M.
angustifolia accessions generally exhibited a similar expression profiles, but noticeable
expression differences were observed with two homologs of AGL24/SVP, a homolog of SHP1/2,
and MdTFL1-1. These four genes were also found to meet our threshold to be classified as
differentially expressed (DE) between the two genotypes. The two AGL24/SVP homologs were
more highly expressed in M. angustifolia Pl 589763, whereas the SHP1/2 homolog and
MdTFL1-1 were more highly expressed in M. angustifolia Pl 613880. The cluster analysis
identified a separation of M. orthocarpa from a clade containing M. sylvestris and the two M. x
domestica cultivars. The homologs that differentiated M. orthocarpa were AGL24/SVP, FUL,
LSNs, MdAFL1, MdFT1, MdMADS2.1, MdTFL1s, RAP2.7, and SPL4/5. However, the only
differentially expressed homolog shared between M. orthocarpa, M. sylvestris, and two M. X
domestica accessions was MAMADS5. MAMADS5 was expressed more highly in the M.
orthocarpa relative to the other three accessions. However, MdMADS5 was predicted to not be in
an “expressed state” in M. orthocarpa, M. sylvestris, and two M. x domestica accessions (Table
3.3). In the subclade containing M. sylvestris and M. x domestica accessions, the expression
profiles were strikingly similar. Although, COL2 and MdTFL1-2 exhibited distinct expression

profiles among the accessions and were found to be DE. In this comparison, COL2 was more
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highly expressed in the two M. x domestica accessions and MdTFL1-2 was more highly
expressed in M. sylvestris. The only DE homologs between the two M. x domestica accessions
were ANP1 and MdTFL1-2. ANP1 was more highly expressed in ‘Anna’ and MdTFL1-2 was
more highly expressed by ‘Koningszuur’.
Expression patterns of flowering homologs in October

It was anticipated that by October most reproductive apices had initiated flowers and
were then undergoing differentiation. Transcriptional profiling was conducted from this sample
date using the same core set of flowering-related genes. Hierarchical clustering applied to the
expression profiles for the accession resulting in the formation of two distinct clades (Fig 3.3).
The first clade contained M. orthocarpa, M. sylvestris, and ‘Koningszuur’, and the second clade
contained the two M. angustifolia accessions and ‘Anna’. Differential gene expression was then
calculated between each accession. Within the first clade, there were no DE homologs that could
explained the separation of M. orthocarpa, M. sylvestris, and ‘Koningszuur’. In the second clade,
both homologs AGs, a homologs of AP3/PI, and SUP were found to be DE between ‘Anna’ and
the two M. angustifolia accessions. However, both of the AGs homologs were previously
identified as being “basally expressed” in all three accessions. The classification of the AG loci
as being DE is most likely an artifact of extreme low read coverage at those loci. In this
comparison, AP3/P1 homolog was more highly expressed in ‘Anna’ relative to the M.
angustifolia accessions. The SUP homolog was more highly expressed in the two M. angustifolia
accessions relative to Anna. Between the two M. angustifolia accessions, homologs of AGL16,
SHP1/2, both UFOs, and MdTFL1-1 were found to be DE. Here, expression of the AGL16
homolog and MdTFL1-1 was higher in M. angustifolia PI 589763. The homologs of SHP1/2 and

two UFOs were more highly expressed in M. angustifolia Pl 613880. Additionally, when
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comparing the two three-member clades against one another no DE homologs were identified.
Although, when interpreting the expression values for the SEP1/2 and SEP3 homologs a
distinction between the two clades is observed (Fig 3.3). When inspecting the DE results, we
found DE in these two genes were associated with only M. angustifolia Pl 613880 compared to
the three members of the other clade (M. orthocarpa, M. sylvestris, and ‘Koningszuur’).
DISCUSSION

The transcriptomes that we assembled suggested a well-conserved exome across the
genus, even considering the evolutionary distance of some of the species from Malus x
domestica. In particular, M. angustifolia is the most distant relative to M. x domestica included in
our analysis and it yielded read alignments of ~74% (Nikiforova et al., 2013). In comparison, the
more related M. sylvestris exhibited an alignment rate (>90%) similar to those observed with the
M. x domestica accessions (Velasco et al. 2010; Nikiforova et al., 2013). Without individual
genome sequences available for each species, we cannot definitively measure expression as a
considerable percentage of reads fail to map to the reference genome. This limitation can be
attributed to potential sequence divergence of these wild species and potential variations in gene
copy number.

The phylogenetic analysis of flowering genes among these accessions identified many
conserved homologs of floral initiation associated genes. In contrast, the floral development
genes were less conserved. For example, homologs of AG, SHP1/2, SEP3, and SUP were
inconsistently identified between the accessions. Generally, the two M. x domestica accessions
studied contained homologs of these genes whereas, they were absent in the wild species. This
suggests that there is a divergence in gene content or appreciable sequence variation of these

floral development genes within the Malus genus. We also identified an expansion of the AP3/PI

82



and LSN gene families from the anticipated two copy organization to three paralogs. The
expansion of these families could result in neo- or subfunctionalization.

The expression profiling of the floral initiation and developmental genes illustrates a
relatively well-conserved flowering pathway between the accessions. The major difference at the
July sample date was the DE of the MdTFL1s, which were identified as being DE between the
M. angustifolia accessions, M. sylvestris, and the two M. x domestica cultivars. MdTFL1s have
been previously reported to be associated with and function as floral repressors in apple (Kotoda
and Wada, 2005; Hattasch et al., 200; Mimida et al., 2009; Guitton et al., 2016; Haberman et al.,
2016; Gottschalk et al., Chapter 2). The finding that MdTFL1s are DE between these accessions
suggests that MATFL1 could have a role in the determining the onset of floral initiation. The
MdTFL1s generally exhibited lower expression at the October sample date, which is consistent
with previous finding that MdTFL1 expression decreases throughout the period of floral
initiation (Gottschalk et al. Chapter 2). We also found no consistent DE homologs between the
accessions at the October sampling date. This suggests a diverse transcriptome during the floral
developmental stage. However, the most striking difference was the DE of the SEP1/2 and SEP3
homologs associated with M. angustifolia Pl 613880 compared to M. orthocarpa, M. sylvestris,
and ‘Koningszuur’. These genes are required for the development of the B and C floral organ
whorls (Pelaz et al., 2000). The finding that SEP1/2 and SEP3 are DE at this time point suggests
that M. angustifolia P1 613880 is developing its B and C whorls, whereas the other accessions
have either already developed their whorls or have not yet reached that stage of development
(data not shown).

The results obtained from this study also indicate that the timing of floral initiation and

pace of floral development do not influence spring bloom times. The transcriptomes analyzed
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exhibited gene expression profiles that were strikingly similar both in and between spring bloom
time groups. Furthermore, none of the flowering genes were differentially expressed and
associated with a respective bloom group. The differences in expression that were identified only
support the previously identified variation of the flowering processes in M. x domestica
(McArtney et al., 2001; Foster et al., 2003; Hoover et al., 2004; Dadoup et al., 2011). However,
this results indicate the variation extends beyond M. x domestica and exists within the genus at-
large. Ultimately, the findings we present here support a conclusion that the flowering processes

in apple are not a determining factor nor influential in spring bloom time difference.
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Table 3.1. Tissue collections for anatomical (D) and transcriptome (T) analyses from
selected early and late-blooming Malus species from the USDA ARS PGRU Malus

germplasm collection.

Collection Dates and Purpose of Tissue

Cultivar Pl

Bloom Group name number 7/25/18 8/28/18 10/5/18 11/8/18 2/26/19
Extreme early

bloom

M. orthocarpa 589392 AT A AT A A
M. sylvestris 633824 AT A AT A A
M. x domestica Anna 280400 AT A AT A A
Extreme late

bloom

M. angustifolia 589763 AT A AT A A
M. angustifolia 613880 AT A AT A A
M. x domestica  Koningszuur 188517 AT A AT A A
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Table 3.2. Identified homologs of Arabidopsis floral initiation and development genes in
apple. “+” indicates the presence of the homolog in the respective transcriptome. NA indicates

the absence of the homolog in the respective transcriptome.

Presence in Transcriptome

M. M.
Clade angustifolia angustifolia M. M.
Family Locus Assignment 589763 613880 Anna Koningszuur orthocarpa slyvestris
MD01G1038600 AGL24/SVP + + + + + +
MD08G1197300 AGL24/SVP + + + + + +
QSF',‘M MD15G1313200 AGL24/SVP + + + + + +
MD15G1384500 AGL24/SVP * + + + + +
MD15G1384600 AGL24/SVP NA + + + + +
MD13G1059200 MdMADS5 + + + + + +
AP1 |AP1
cAL  lcaL  MDi6G1os8500 APL + + + + + +
f\gtm MD06G1204400 FUL ¥ + + + + N
MD14G1215700 MdMADS2.1 + + + + + +
MD02G1125100 FD + + + + + N
FD MD15G1008300 FD NA + + + + +
BZIP27 MD15G1240800 FD + + + + + +
MSTRG.33471.1 FD NA NA NA NA + NA
FT MD12G1262000 MdFT1 + + + + + +
TSF
TEL1 MD12G1023900 MdTFL1-1 + + + + + +
ATC MD14G1021100 MdTFL1-2 + + + + + +
ey MD06G1129500 MdAFL1 + + + + + +
MD14G1146700 MdAFL2 + + + + + N
MD02G1197400 MdSOC1la + + + + + +
soct MD07G1123600 MdSOC1b + + + + + +
apLy MDOSG1312300 SPL3 NA + + + NA +
MD10G1291800 SPL3 NA + + + NA +
SPL3 MD03G1230600 SPL4/5 + + + + + +
EEEQ spL4 MD11G1251800 SPL4/5 + + + + N .
SPLS  MD09G1244200 SPL4/5 + + + + + NA
MD17G1236000 SPL4/5 + + + + + NA
SPLY MD12G1060000 SPL9/15 + + + + + +
SPL15 MD12G1060200 SPL9/15 + + + + + +
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Table 3.2. (cont’d)

MD14G1060200 SPLY/15 + + + o+ + +
A MD05G1293700 AG NA NA + o+ NA +
AG MD10G1271000 AG NA NA NA + + +
S:ﬁ; SHp1  MD09G1155200 SHP1/2 NA NA + o+ + +
SHPZ  MD17G1141300 SHP1/3 + NA NA NA  NA +
AP2 MD02G1176000 AP2/TOE3 + + + o+ + +
TOE3 MD15G1286400 AP2/TOE3 + + + o+ + +
MD02G1136500 AP3/PI + + + o+ + +
e MD08G1021300 AP3/PI 4 . PR + "
MD15G1250200 AP3/PI NA NA + o+ + +
MD04G1138100 LSN + + + + + +
LSN MD07G1205600 LSN + + + o+ + +
MD12G1153600 LSN + + + o+ + +
oy 5P MD09G1073900 SEP1/2 + + + o+ + +
sepz  |SEP? MD17G1065400 SEP1/2 + NA + o+ + +
gggi sEps MD13G1121500 SEP3 + + + o+ + +
MD16G1121800 SEP3 NA NA NA + + +
sUP MD01G1139000 SUP + NA NA NA NA NA
ZPF11 MD07G1203300 SuP + NA NA + NA NA
UEO MD05G1246800 UFO + + + o+ NA +
MD10G1227400 UFO + NA + o+ + +
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Table 3.3. Uniquely expressed states of flowering homologs. NE — predicted to be expressed

at a basal level or not expressed.

Expression Probability

Flowering M. M. angu';/'lcifolia angu'\sﬂifolia
Gene ID Homolog  sylvestris orthocarpa Koningszuur  Anna 589763 613880
MD10G1271000 AG NE Expressed NE NE NE NE
MD08G1206400 AGL16  Expressed Expressed Expressed Expressed NE NE
MD16G1058500 AP1 NE Expressed NE NE NE NE
MD15G1008300 FD Expressed Expressed Expressed Expressed NE Expressed
MDO01G1192100 GA200X2 Expressed Expressed Expressed NE Expressed  Expressed
MD06G1129500 MdAFL1 NE Expressed Expressed Expressed Expressed  Expressed
MD14G1215700 MdMADS2.1 Expressed Expressed Expressed Expressed Expressed NE
MD13G1059200 MdMADS5 NE Expressed NE NE Expressed NE
MD12G1023900 MdATFL1-1 NE NE NE NE NE Expressed
MD14G1021100 MdATFL1-2 Expressed NE Expressed NE Expressed NE
MDO09G1073900 SEP1/2 NE Expressed NE NE NE NE
MD13G1121500 SEP3 Expressed Expressed Expressed NE NE NE
MD10G1067700 SHL1 Expressed Expressed Expressed Expressed Expressed — Expressed
MD09G1155200 SHP1/2  Expressed Expressed Expressed Expressed NE Expressed
MD13G1120300 SPL2 Expressed Expressed Expressed Expressed Expressed — Expressed
MD05G1312300 SPL3 Expressed NE Expressed  Expressed NE NE
MD01G1139000 SUP NE NE NE NE Expressed NE
MD14G1204700 TOC1 Expressed Expressed Expressed Expressed Expressed — Expressed
MD10G1227400 UFO NE Expressed NE NE NE NE
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Figure 3.1. Intersections of expressed flowering genes in the transcriptomes of each
accession. A) Total number of flowering genes that are expressed in each accession's
transcriptome. B) The intersection of the number of expressed flowering genes between
accessions. Each column of the histogram represents the number of genes that correspond with

the intersection displayed as dots connected by lines below the X-axis.
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Figure 3.2. Heatmap of the expression of flowering genes in July. Homolog symbol as

displayed on the left side of the heatmap and gene names on the right. Gene names that represent
a locus containing more than one gene are identified by the two potential integers listed within
brackets. General expression trends across all genes were utilized to perform hierarchical clusters

of similarity between accessions.
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Figure 3.3. Heatmap of the expression of flowering genes in October. Homolog symbol as
displayed on the left side of the heatmap and gene names on the right. Gene names that represent
a locus containing more than one gene are identified by the two potential integers listed within
brackets. General expression trends across all genes were utilized to perform hierarchical clusters

of similarity between accessions.
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CHAPTER FOUR
Molecular identification and transcriptional patterning of FLOWERING LOCUS T genes

in Apple (Malus x domestica)
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ABSTRACT

The identification and characterization of Flowering locus T (FT) homologs in plants
have played a critical role in understanding the evolution of unique flowering traits. Apple
(Malus x domestica Borkh.) exhibits many flowering traits that are critical to production,
including variation in bloom time and biennial bearing tendencies. Apple contains two presumed
homologous copies of FT, MdFT1 and MdFT2, of which MdFT1 has been thoroughly identified
and characterized. MdFT2 has remained relatively uncharacterized due to an elusive identity. In
this study, I identify a transcriptional product that exhibits conserved FT sequence and structure
and a distinctive sequence from that of MdFT1. MdFT1 expression was compared across a wide
range of tissues and developmental stages using a gene expression atlas that resulted in the
documentation that MdFT1 is predominately expressed in apex and rachis tissues. MdFT2
guantification was unsuccessful due to its absence from the gene expression atlas. Using paralog-
specific probes, | conducted expression profiling of MdFT1 and the MdFT2 transcripts to
characterize the daily and seasonal expression patterns. Both MdFTs were identified to be
expressed in bourse shoot leaves but did not respond to floral inductive conditions. MdFT1 daily
expression was diurnal, a conserved pattern with Arabidopsis, and was cultivar dependent.
Seasonal expression patterns and response to crop load conditions were also found to be cultivar
dependent. However, expression patterns of both MdFTs were not differentially expressed in
response to crop load conditions that are floral promotive. These results indicate that MdFT

could have limited function in the bourse shoot leaves.
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INTRODUCTION

The mechanism of floral initiation remained elusive until the identification and functional
characterization of FLOWERING LOCUS T (FT) (Andrés and Coupland 2012). In Arabidopsis,
FT is expressed in companion cells of the phloem within leaves and its translated product is
loaded into the phloem stream for translocation to the apex (Corbesier et al. 2007, Andrés and
Coupland 2012). In the apex, FT forms a transcription regulator complex with FLOWERING
LOCUS D, which promotes the expression of meristem identity genes such as APETALA 1 (Abe
et al. 2005; Wigge et al. 2005). Thus, FT functions as the primary integrator of the flowering
signal from the leaves to the apex. To ensure flowering occurs during optimal conditions, a
diverse network of environmental and genetic mechanisms regulate the expression of FT. The
primary mechanisms for Arabidopsis regulation of FT is by photoperiod and temperature. Under
long-day conditions, CONSTANS (CO) and its translated peptide gradually accumulate
throughout the day, reaching a peak 10-14 hours after daybreak (Sawa et al. 2007; Song et al.
2012; Golembeski et al. 2014). The accumulation of CO during these long-days leads to the
promotion of FT, which triggers the transition to flowering (Song et al. 2012; Andrés and
Coupland 2012; Golembeski et al. 2014). This CO-driven mechanism results in FT exhibiting a
diurnal expression pattern when conditions are suitable for flowering. Under unfavorable
conditions, such as short-days, CO is unable to accumulate due to its ubiquitination and resulting
degradation, and transcription repression of the CO locus (Andrés and Coupland 2012;
Golembeski et al. 2014). Temperature also regulates FT by the vernalization response that is
conveyed by the FLOWERING LOCUS C (FLC) gene (Searle et al. 2006). Adequate cool

temperatures will down regulate the expression of FLC, relieving its transcriptional repression of
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FT. However, FLC mediated response is associated with a requirement for vernalization and
many plants can initiation flowers without this requirement including apple.

The documentation of the conservation of the FT genes and their functions is critical to
our understanding the diverse flowering process that are exhibited by other annual and perennial
plants. In apple (Malus x domestica Borkh.), two FT genes have been identified MdFT1 and
MdFT2 (Kotoda et al. 2010). MdFT1 was found to be positioned on Chromosome (Chr.) 12 in
both of the primary reference genomes (Velasco et al. 2010; Foster et al. 2014; Daccord et al.
2017). The second copy of FT, MdFT2, was mapped onto Chr. 4 (Kotoda et al. 2010). However,
the two primary reference genomes have incompletely described the genomic coordinates and
sequence of MdFT2. This difficulty to resolve the genomic position of MdFT2 could be
attributed to the striking similarity of the paralogs. Previous studies have reported that
the FT paralogs have a >94% conserved coding sequencing identity (Kotoda et al. 2010). As a
result of this high similarity, the misidentification of alleles from one MdFT gene as separate loci
have occurred (Trankner et al. 2011). This complexity to properly identify MdFT2 has also
resulted in MdFT1 getting more attention related to the characterization of its function.

MdFTL1 is predominantly expressed in the apical meristems of vegetative and
reproductive shoots (Kotoda et al. 2010). The peak expression periods of MdFTL1 in the apex is
during the anticipated periods of floral induction and initiation (Héttasch et al. 2008; Kotoda et
al. 2010; Mimida et al 2011; Habermann et al. 2018; Guitton et al. 2016; Gottschalk et al.
Chapter 2). The presence of fruit on the shoot, a floral repressive mechanism in some apple
cultivars, has been reported to not influence MdFT1 expression in the corresponding shoot apex
(Guitton et al. 2016, Habermann et al. 2018, Gottschalk et al. Chapter 2). In contrast, the

presumed MdFT2 was found to be expressed in the apex, but its predominant expression is in
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tissues of the floral organs (Kotoda et al. 2010). Seasonal expression patterns of MdFT2 are
closely associated with the period of floral development late in the growing seasons and
following dormancy release prior to spring bloom (Kotoda et al. 2010).

Little is known if MdFTs exhibit the conserved daily expression pattern during floral
induction that are characteristic of other long-day plants such as Arabidopsis. Additionally, many
of these previous reports have relied on relative expression measures under narrow sets of
conditions and tissues. In this study, I investigated the identity of the MdFTs using
transcriptional models constructed in prior chapters of this dissertation. Using a gene expression
atlas, I quantify the expression of MdFT1 across a diverse set of tissues and developmental
stages. Lastly, | investigated the daily and season expression patterns of MdFT, while addressing

cultivar-specific expression in the bourse shoot leaves.

METHODS
Plant material and tissue sampling

Tissue collection was performed on trees maintained at the Michigan State University
Clarksville Research Center (CRC) (Field: 42°52'24"N, 85°16'05"W — Station: 42°52'24"N,
85°15'30"W) in Clarksville, Michigan. All trees were 10 years old or older and grown in a
vertical axis high-density system using standard commercial practices. The specific strains of the
cultivars and rootstocks used are as follows: Gala “Brookfield” on Budagovsky 9 (Bud9),
Honeycrisp on Bud9, and Red Delicious “Schlet Spur” on M26. Ten trees with similar, high
bloom density were selected, and all blossoms were removed by hand at the full bloom stage
(early May 2016). For 'Honeycrisp' and 'Gala’, three additional trees with high bloom density
were selected as non-thinned controls. Individual bourse shoots were tagged at full bloom, and

were collected at dusk on the following time intervals: 2-3, 12-13, 26-27, 39-40, 55-56, 68-69,
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and 83-84 days after full bloom (DAFB). For each biological replicate tree, ten tagged bourse
shoots were collected per time point. The first mature leaf was excised from each collected
bourse shoot and frozen in liquid N2. To analyze daily gene expression, six ‘Honeycrisp’ and
‘Red Delicious’ trees with similar, high bloom density were selected at full bloom. Three of the
six trees per cultivar were then thinned of blossoms by hand, while the other three trees remained
nonthinned. Individual bourse shoots were collected at three-hour intervals over the course of
one 24 hour period on June 13th, 2016 (33 DAFB). This date was selected as it represents a
midpoint of the anticipated period of floral initiation. The first mature leaf was excised from each
collected bourse shoot and frozen in liquid N2.
MdFT sequence retrieval and analysis

All coding sequences were retrieved from the Genomic Database for Rosaceae (GDR)
using the JBrowse (Buels et al. 2016) software. The de novo assembled MdFT2-like sequence
was retrieved from previously published works (Gottschalk et al. Chapter 2). In short, the de
novo transcripts were assembled from reads that failed to align to the GDDH13 v.1.1 reference
genome sequence (Daccord et al. 2017). Alignments were performed using the HISATZ2 aligner
(v.2.1.0) invoking the --dta-cufflinks and --un-conc-gz options (Kim et al. 2015). Unaligned
reads were then assembled into contiguous sequences using the Trinity de novo assembler using
default settings (Haas et al. 2013). The de novo contigs were then constructed into gene models
using the python program Trinity_gene_splice_modeler.py from the Trinity suite. Genomic
sequences from Honeycrisp were obtained from an in-house dataset of Illumina sequence reads.
Blastn was then used with an Expect (E)-value cutoff of 1e1? to identify sequences that aligned

to the de novo assembled FT transcript TRINITY_DN25413 c6_g1 (Camacho et al. 2008).

103



These sequences were then assembled into a de novo genomic sequence using the SPAdes
assembler (v.3.11.1) with default assembly options (Bankevich et al. 2012).
Expression analysis

Total RNA was extracted from bourse shoot leaves using the Gasic et al. (2004)
extraction protocol with the modification of using spermine instead of spermidine in the
extraction buffer. Each extraction utilized 1 mm transverse section of five or more leaves per
replicate extraction. For the seasonal expression experiment, two replicates per time point and
treatment per cultivar were conducted. For the daily expression experiment, three replicates per
time point per treatment per cultivar were used. Extracted RNA was then purified using a
commercial clean-up kit (RNeasy Mini; QIAGEN, Germantown, MD). RNA quality was
assessed using a 1.2% formaldehyde-agarose gels and quantified using a Nanodrop 2000c
(Thermo Fisher Scientific, Waltham, MA). Gene expression was measured using a two-step
quantitative real-time PCR. Previously designed primers and probes were used (Zhang et al.
2019). Each primer set was designed to be specific to selected MdFT sequences and overlapped
with an exon junction. Specifically, MdFT2 primers were designed using the de novo assembled
transcript TRINITY_DN25413 c6_gl. A homolog of MAACTIN served as an internal control
when calculating relative expression. We used an Agilent Technologies Stratagene Mx3005P
(Santa Clara, CA) gPCR machine with cDNA derived from the extracted RNA. Each reaction
was conducted using a mix of TagMan® (Thermo Fisher Scientific, Waltham, MA) Gene
Expression Master Mix (10 pl), 5x diluted cDNA template (2 pl), forward (1 pl) and reverse
primers (1 pl), and probe (1 pul) for ACTIN, the primer-probe assay for the gene of interest (1 pl),

and ddH20 (4 pl).
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Statistical analysis
Statistics were conducted using R (v.3.6.2) (R Core Team 2017) inside the R Studio suite
(v.1.1.423) (Rstudio Team 2015). R data analysis packages used in this study were ggplot2,

ggpubr, and tidyverse (Wickham 2016, Wickham et al. 2019).

RESULTS AND DISCUSSION
Identification of FT-like sequences

With the release of the first apple genome and a subsequent high-quality genome derived
from a double haploid individual, identification of FT-like sequences through sequence
homology identification became possible (Velasco et al. 2010, Daccord et al. 2017). The first
genome release (GDR v3.1.1; Velasco et al. 2010), had two annotated FT-like genes,
MDP0000128821/MDP0000139278 and MDP0000132050 (Velasco et al. 2010), positioned on
Chr. 4 and 12, respectively. The locus on Chr. 12 was previously annotated as MdFT1 and
exhibited an expected gene structure with four exons (Kotoda et al. 2010). The locus on Chr. 4
was previously annotated as MdFT2 and its structure is less clear. This locus contained five
predicted peptides with FT-like sequence but was annotated as separate genes. A later revised
reference transcriptome annotated MdFT as a single transcript (MDP0000139278) that exhibited
the conserved four exon structure as MdFT1 (Fig 4.1) (Kotoda et al. 2010; Jung et al. 2019). In
the subsequent high-quality genome (GDDH13 v.1.1), only MdFT1 (MD12G1262000) was
present in the genome assembly and featured overlapping alignments with both previously
assembled FT genes (Fig 4.1) (Daccord et al. 2017).

To resolve the missing MdFT2, sequence reads from a previous apple transcriptome
study that failed to map to the GDDH13 reference genome were de novo assembled (Gottschalk

et al. Chapter 2). Within those assembled contigs, one identified gene contained FT-like
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nucleotide sequence and translated into an FT-like peptide (TRINITY_DN25413 c6_g1).
However, the gene appeared chimeric as it contained a second transcript positioned in the 5’
direction to the FT-like sequence. To gain further evidence that the chimeric assembly is actual
and not an artifact of the assembly process, we performed an independent de novo assembly of
DNA sequence reads. We utilized a library of high-quality DNA sequences generated from the
cultivar Honeycrisp and filtered the read libraries for sequences that contained FT-like homology
using Blastn. These filtered reads were then assembled into eight contigs and aligned with the de
novo assembled FT-like transcript. The alignments indicated that one of the assembled contigs
shared >90% sequence identity to the FT-like region of the de novo transcript previously
assembled (Fig 4.2). These assembled sequences also exhibited 100% translated identity to an
NCBI cataloged MdFT2 protein in the -1 frame. These results suggest that the de novo assembled
transcript has a corresponding genomic sequence. However, these results do not establish that
MdFT2 is a separate locus as opposed to a divergent allele of MdFT1. From this point forward,
the de novo FT-like sequence will be referred to as MdFT2.
Tissue-specific expression of MdFT1

In Arabidopsis, FT is expressed under promotive photoperiodic conditions in the phloem
companion cells within the leaf (Corbesier et al. 2007, Andrés and Coupland 2012). The
resulting peptide, FT, is then translocated from the leaf to the apex via the phloem stream, upon
reaching the apex it triggers floral initiation (Corbesier et al. 2007, Andrés and Coupland 2012).
To document if FT expression patterns are conserved between Arabidopsis and apple, we
evaluated tissue-specific expression patterns using a gene expression browser constructed from
an apple relative, Malus fusca (Gottschalk et al. in prep). MdFT1 was found to be expressed in

rachis and the shoot apical meristem (Fig 4.3). MdFT1 expression was also found in the
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cotyledons and leaves of seedlings. Little or no expression of MdFT1 was observed in the
leaves. However, this dataset did not assess gene expression in leaves from specific positions on
the shoot or spur which could explain the absent expression in leaves. Unfortunately, MdFT2
was absent in that dataset resulting our in ability to evaluate for tissue-specific expression.
Diurnal expression of MdFTs in bourse shoot leaves

Bourse shoot leaves are critical to facilitate floral initiation in apple, suggesting that a
possible floral signal originates in those tissues (Fulford 1960; Elsysy and Hirst 2017, 2019).
Moreover, FT in Arabidopsis is produced and exported from leaf tissues. To examine if FT
regulation is conserved in apple, | evaluated the expression of MdFTs in the bourse shoot leaves.
To induce flowering, blossoms were thinned from representative trees of ‘Honeycrisp’, ‘Red
Delicious’ and ‘Gala’ to promote flowering. The thinning of blossoms was effective (p < 0.05) at
promoting a return bloom in all three cultivars (Fig 4.4). This result suggests that spurs thinned
of flowers initiated blossoms for the subsequent season, whereas the nonthinned remained
predominately vegetative in identity. RNA was extracted from the first mature bourse shoot leaf
over 24 hours at three-hour intervals from thinned and nonthinned spurs of ‘Honeycrisp’ and
‘Red Delicious’. Using MdFT paralog-specific probes, relative expression was quantified in
these samples. For MdFT1, peak expression was observed during the night time hours in
‘Honeycrisp’ indicative of a diurnal pattern (Fig 4.5). In comparing the effect of crop load,
MdFTL1 in ‘Honeycrisp’ exhibited a stronger amplitude during its oscillation of expression in the
thinned compared to the nonthinned (Fig 4.5 - left panels). In contrast, expression of MdFT1 in
‘Red Delicious’ peaked around 7:00 PM in the thinned spurs (Fig 4.5 - bottom right panel). A
oscillating pattern of expression in thinned ‘Red Delicious’ is evident but the amplitude was

lower than in ‘Honeycrisp’ and it does not exhibit a diurnal pattern. However, no significant
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differences were found between the expression MdFTSs in the thinned compared to nonthinned
leaves, for either cultivar at any time point.

For MdFT2, ‘Honeycrisp’ exhibited two peaks of expression in the nonthinned spurs (Fig
4.6 - top left panel). The peaks occurred between 10:00 AM and 1:00 PM and at 10:00 PM. In
the thinned spurs, MdFT2 had a single peak at 4:00 PM (Fig 4.6 - bottom left panel). In ‘Red
Delicious’, MdFT2 had a single peak at 4:00 PM under both crop load conditions similar to what
was observed in the thinned ‘Honeycrisp’ leaves (Fig 4.6 - right two panels). However, the
amplitude of the peak in the thinned spurs was more pronounced than nonthinned. No significant
differences were found between the expression values of the thinned compared to nonthinned,
for either cultivar at any time point.

| also investigated whether the expression pattern over time differed between cultivars
and treatment for each of the MdFTs. The expression profiles were clustered using a Euclidian
distance calculation to find similarities between cultivars and treatment (Fig 4.7). Differences in
MdFT1 expression profiles appear to be primarily associated with the cultivars, as they clustered
together. For MdFT2, the clustering found that nonthinned Honeycrisp formed a clearly defined
clade separate from the other expression profiles. The clade that contained the three other
profiles of MdFT2 were separated by cultivar. This result suggests that MAFT2 expression
profiles are distinct in a crop load and cultivar-specific fashion.
Seasonal expression patterns of MdFTs

In other perennial tree fruit, such as Citrus, differential expression of FT-like genes in
leaves was associated with biennial bearing (Munoz-Fambuena et al. 2011; Ziv et al. 2014). |
investigated if this finding was conserved in apple by measuring expression of the two MdFT

paralogs in the bourse shoot leaves of two apple cultivars of opposing biennial bearing habits
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throughout the growing season (Fig 4.8). ‘Honeycrisp’ is a biennial bearer whereas ‘Gala’ is an
annual bearer (Embree et al. 2007, Elsysy and Hirst 2017). MdFT1 exhibited higher expression
in the nonthinned trees early in the growing season for ‘Honeycrisp’, with the expression
decreasing after a peak around 39/40 DAFB. Although the seasonal expression pattens appear to
differ, the differences between the thinned and nonthinned were found to not be significant. This
result could be attributed to the low relative expression values and limited replications. In ‘Gala’,
MdFT1 expression patterning between the thinned and nonthinned was strikingly similar with
relatively little change of the season. MdFT2 in ‘Honeycrisp’ exhibited a responsive (p < 0.01) to
thinning, with lower expression of MdFT2 in the thinned trees compared to the than nonthinned
(Fig 4.9). However, this difference in expression was associated with the nonthinned treatment
which repressed floral initiation. MdFT2 in ‘Gala’ exhibited no difference in expression between
crop load treatments. When clustering the expression profiles of MdFT1, the clades were
separated by crop load treatments (Fig 4.10). This result is indicative that MdFT1 is more closely
associated with the treatment than cultivar. The inverse situation was true for MdFT2 where
cultivar was the separating factor.
CONCLUSIONS

This study provides a greater understanding of the expression patterning of apple’s FT
homologs. Our identification of FT-like sequences in apple provides confirming results for
MdFT1 but MdFT2 is still not confirmed due to cryptic genomic position. The de novo
assembled transcript that is FT-like exhibits different sequence and expression patterning than
MdFT1 suggesting its either MdFT2 or MdFT1 has unique allele-specific expression. Tissue- and
developmental-specific expression was documented for MdFT1 and was found to be primarily

localized to the apex and rachis. The localization of MdFT1 expression to the apex, suggests that
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the FT signaling pathway could also be divergent in apple. MdFT1 expression in bourse leaves
was found to exhibit a diurnal pattern only for ‘Honeycrisp’ regardless of crop load conditions.
However, this diurnal expression was not consistent for ‘Red Delicious’ where its peak
expression occurred during the late evening. ‘Red Delicious” MdFT1 also exhibited no
significant differences in expression in response to crop load. MdFT2, on the other hand,
exhibited no conserved diurnal pattern for either cultivar. Seasonal expression patterns of MdFT1
did not exhibit a significant response to the floral inductive thinning. In contrast, MdFT2
exhibited an apparent increase in expression in the nonthinned trees of ‘Honeycrisp’. Although,
this increase in expression was associated with the nonthinned treatment which repressed
flowering. Thus, crop load does not appear to affect the daily or seasonal expression of MdFT in
the bourse shoot leaves. In conclusion, apple’s FT homologs exhibit distinct expression patterns
that are associated with genotypes, but are not influenced by crop load. MdFTs most likely do
not function in a similar manner as Arabidopsis FT within leaf structures. This conclusion is also
supported by previous works that identified a crop load specific response of MdFT1 in the apex

(Gottschalk et al. Chapter 2).
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Figure 4.1. Genomic position of MdFT1 in the GDDH13 genome and corresponding

alignments with the two FT genes assembled in the GDR genome.
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Efficacy of foliar-applied GA in controlling flowering
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ABSTRACT

The precise control of flowering is a critical aspect of the production management for
biennial bearing susceptible apple cultivars. Traditional methods to control flowering have relied
on the use of flower and fruit thinning, which are imprecise and can result in undesirable off-
target effects. An alternative approach is the use of plant growth regulators (PGRs) to influence
the endogenous hormone pathways that control flowering. However, PGRs have failed to
become a standard practice due to unpredictability and occasional ineffectiveness in eliciting a
desirable response. In this study, | evaluated the use of exogenous foliar-applied gibberellic acid
(GA) PGRs in controlling flowering in apple (Malus x domestica Borkh.) across three
consecutive seasons. This study aimed to identify the most effective formulation of GA, timing
of application, application rate, and cultivar-specificity. Two commercial available bioactive
GAs, Gs and GAu+7, were evaluated for efficacy in five different apple cultivars. GAs exhibited
the most promising results with applications in two of the three years resulting in the repression
of flowering in the biennial cultivar Honeycrisp. In the one year that did not result in repression
of flowering, a promotive effect was observed. The repressive responses to GAs were most
effective when applied to low fruit load trees between 27 and 57 DAFB, which overlaps with the
anticipated period of floral initiation in apple. The strongest repressive response was associated
with the highest concentration of GAs evaluated here and yielded a reduction of 50% in the
number of flowering spurs in the subsequent season. Additionally, the fruit harvest from the high
concentration treated trees during the subsequent season exhibited earlier maturity and higher
overall fruit quality without sacrificing the average yield per tree. GAs application during the
summer in low-bearing years offers a potential PGR strategy to provide more consistent

production in Honeycrisp with minimal loss in the quality of harvested fruit.
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INTRODUCTION

Tree fruit growers have long sought an effective approach to manipulate flowering for the
purpose of managing crop production and quality. The control of flowering is particularly
important for many cultivars of apple (Malus x domestica Borkh.) that are prone to biennial (or
alternate) bearing. In biennial cultivars, over- or under-cropping can drastically affect the amount
of return bloom and the resulting crop load in the subsequent year (Jonkers 1979, Monselise and
Goldschmidt 1982). Furthermore, many apple-growing regions are subject to blossom-killing
spring frosts which can further amplify biennial bearing cycles.

Commercial apple producers typically manage biennial bearing through adjustments to
the current year’s crop load by manual or chemical thinning of flowers or fruit, prior to or during
the early anticipated period of floral initiation during the current season (Dennis 2000). Although
thinning increases return bloom and fruit size, when applied at appropriate times, those effects
are not always associated with an increase in crop value (Davis et al. 2004). For example,
chemical thinners can result in undesirable off-target effects such as foliar phytotoxicity and fruit
russeting (Kon et al. 2018). The insecurities associated with chemical thinning practices have
created a need to explore alternative management options. A promising alternative is the use of
summer applications of plant growth regulator (PGR) to influence the endogenous mechanism(s)
governing floral initiation.

The effects of exogenous application of PGRs on flowering in fruit trees has been the
subject of numerous previous investigations (reviewed by Miller 1988 and lonescu et al. 2017).
Gibberellic acid (GA), in particular, has shown promise for inhibiting flowering when applied
during the period of floral initiation in low bearing years. In apple, this anticipated period of

floral initiation begins shortly after bloom, when vegetative meristems are competent to
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transition to a reproductive meristem (Foster et al. 2003). The cessation of this competency
period occurs roughly 100 days after full bloom (DAFB) (Foster et al. 2003). Guttridge (1962),
was the first to report that the application of GA in low concentrations of 10 to 50 parts per
million (ppm) could inhibit flowering in apple cultivars up to 40% compared to controls when
applied during this period. However, the reported response was not consistent across all six
cultivars evaluated (Guttridge 1962). Dennis and Edgerton (1966) evaluated the efficacy of GAs
vs GAs+7 and found GAs+7 to be more effective at inhibiting flowering. This result further
supported by work by Tromp (1982), who also reported that applications made at full bloom
were effective at inhibiting flowering using GAs, GAz, or GAs+7. Tromp (1982) also reported
that GA4+7 was the most effective type of GA when applied at full bloom or later. Other reports
have found GAs to be effective at inhibiting flowering when applied after full bloom, which
contradicts some findings reported by Tromp (1982) (Luckwill and Silva 1979, Bertelsen and
Tustin 2002). Many other previous reports have found GA to be effective at inhibiting flowering
at various application times and concentrations (Bertelsen et al. 2002, McArtney 1994,
McArtney and Li 1998, McArtney et al. 2007, Schmidt et al. 2009, Schmidt et al. 2010, Tromp
1987, Zhang et al. 2016). However, many of these studies on GA’s efficacy have been
undermined by inconsistent responses between cultivars, timings, and application rates.

Tromp (1987) evaluated four different bioactive GAs for effects on flowering. They
reported that GAs and GAa4 did not influence flowering, a result that is contradictory to much of
the previous reported effects. Moreover, Looney et al. (1985) demonstrated that GA4 can
increase flowering the subsequent year under particular circumstances. These inconsistent and
contrasting responses to GA applications have limited its viability as a commercial approach to

controlling flowering. In addition, many of the early works involving GA utilized applications at
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full bloom, which can lead to the development of parthenocarpic fruit (Bukovac 1963, Galimba
et al. 2019). Parthenocarpy can lead to changes in fruit size and quality (Galimba et al. 2019).
Identifying a late-spring or summer application timing, in which GA is still an effective method
to controlling flowering, would offset these concerns with bloom time applications.

In the following study, the efficacy of foliar-applied GAs were tested for controlling
flowering in Honeycrisp and other high-value apple cultivars. This study aimed is to document
the efficacy of early summer time applications, different GAs and application concentrations,
inter-seasonal responses, and cultivar-specificity. In addition, the evaluation of fruit yield,
maturity, and quality were assessed in trees that exhibited a significant response to GA.
METHODS
2016 PGR Experiments

All experiments were conducted at the Michigan State University Clarksville Research
Center (CRC) (Field: 42°52'24"N, 85°16'05"W — Station: 42°52'24"N, 85°15'30"W) in
Clarksville, Michigan. Trees were grown as a vertical axis with trellis support. All trees were
greater than 10 years old and were randomly assigned to treatment dates or as controls. All PGR
applications were made using a four-gallon pump-action backpack sprayer (GroundWork,
Distributed by Tractor Supply Company, Brentwood, TN) with an application rate of 1 L of
solution applied to all foliar surfaces on a per tree basis. After each application, spray tanks were
triple rinsed before use in another experiment. Trees selected for the GA treatments and their
controls underwent thinning of fruit 30 - 32 days after full bloom (DAFB), once fruit set was
established.

For the evaluation of GA4+7, we selected five apple cultivars that are commonly grown

for commercial production in Michigan. The five cultivars selected were Red Delicious, Fuiji,
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Jonagold, Gala, and Honeycrisp. Twenty trees per cultivar, except Jonagold which had 16, were
randomly assigned to one of four possible treatment application dates or to serve as controls.
Using this design, three or four trees were assigned as replicates per treatment. Application were
made at weekly intervals starting at 36 DAFB and continued through 57 DAFB (Table 5.1). For
the evaluation of GA4+7, commercially available Provide 10SG (Valent Biosciences, Libertyville,
IL) at 188 ppm plus 0.1% Regulaid surfactant (Kalo, Overland Park, KS) was used. For
evaluation of GAs, 40 Honeycrisp trees were selected and randomly assigned to the same
treatment dates as the GAs+7 experiment. Spray applications of GAs were made using
commercially available ProGibb 4% (Valent Biosciences, Libertyville, IL) at 200 ppm plus 0.1%
Regulaid. All control trees received water plus 0.1% surfactant application on 36 DAFB.

Assessment of the effect on flowering was conducted during bloom (tight cluster stage)
of the following season. For each treatment date and PGR, a minimal of three representative
trees were selected for flowering spur counting. Within each of the three selected trees, three
random branches were selected and the total spurs and flowering spurs were counted on each
branch.
2017 PGR Experiments

Field experiments were conducted at two different locations during the 2017 season. The
first was at the CRC, in which the same orchards used in 2016 were used again in 2017. The
second location was a commercial orchard located in Sparta, MI (Field: 43°06'13"N,
85°41'57"W). Applications performed at the CRC were conducted using the same equipment as
described for the 2016 experiments. The commercial orchard applications were carried out using

a commercial airblast sprayer (Blueline, Yakima, WA).
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ProGibb was evaluated for efficacy at both field locations. At the CRC, four cultivars
(Fuji, Gala, Honeycrisp, and Red Delicious) were selected for use, while two cultivars
(Honeycrisp and Jonagold) were selected at the commercial orchard. For the CRC trials, 30 trees
per cultivar were selected and hand-thinned of fruit prior to PGR application. Trees were
grouped into blocks of five replicate trees and assigned to a specific treatment date or as a
control. Applications of ProGibb at 400 ppm plus 0.1% Regulaid were made on a ~100 Growing
Degree Days base 50 (GDDso) intervals, starting at 400 and continuing until 800 GDDso (Table
5.2). Control trees received an application of a mix of water and 0.1% Regulaid at 400 GDDsq.
The commercial orchard had received a late spring frost during bloom resulting in an estimated
10 - 20% decrease in viable blossoms. Severely affected frost thinned rows were selected for use
in new PGR trials. Two rows of each cultivar were assigned to one treatment date and a third
row assigned as a control. ProGibb at 400 ppm plus 0.1% Regulaid applications were made at
~450 and ~550 GDDso. Control trees received no applications.

Flowering data was collected again during bloom (tight cluster stage) in the following
spring. At the CRC, every tree used in the experiment had three randomly selected branches used
in counting total flowering and vegetative spurs. At the commercial orchard, ten randomly
selected trees within the row were used in counting total flowering and vegetative spurs. In a
similar fashion as the CRC experiment, three randomly selected branches from each of the ten
trees were used.

2018 PGR Experiments

All field experiments were conducted at the CRC during the 2018 season and spray

applications were performed using the same equipment as described for the 2016 experiments.

Honeycrisp was selected as the focus cultivar for all trials during this season (Table 5.3). A
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planting of third leaf trees was selected for evaluation of ProGibb at 400 ppm plus 0.1%
Regulaid. Trees were planted in a high-density system consisting of 84 trees per row split into
three blocks of 28 trees. All trees were thinned of flowers or fruit within two weeks after bloom.
ProGibb was applied to three replicate blocks of five trees each per treatment date. PGR
applications were applied at two-week intervals starting at 27 DAFB and continuing until 84
DAFB. Control trees received an application of water plus 0.1% Regulaid at 27 DAFB. In
addition, ProGibb at 200 ppm and Provide at 100, 200, and 500 ppm plus 0.1% Regulaid were
applied at 29 DAFB as a single timed treatment to three blocks of five trees each. One replication
of the Provide at 200 ppm treatment was located in a separate row of thinned Honeycrisp trees
used previously in 2016/17 experiments. For the Provide 500 ppm experiment, four floral/fruit
thinned trees were assigned per treatment replicate. Application dates were the same as the
previously discussed ProGibb 400 ppm experiment. The evaluation of flowering was carried out
in the same fashion as described for the 2017 experiments. An additional assessment of visual
bloom was determined by a trained profession using a rating scale of 1 (absent of flowers) to 10
(every spur is flowering).
Fruit Yield and Quality Experiments

For yield measurements, all fruit was harvested from each replicate tree from each of
three treatment blocks during the commercial harvest date for Honeycrisp (September 15th,
2019). Harvested fruit was weighed (Model 4010 Scale Pelouze, Bridgeview, IL) and the yield
recorded. Trunk diameter measurements were recorded for each tree in the experiment with a
digital caliper (DKC-8050 GlowGeek, Guangdong, China) and recorded. For fruit quality, three
representative fruit were collected from five replicate trees from each of the three treatment

blocks. The fruit samples were then subjected to commercial quality assessment at Michigan
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State University’s Ridge Apple Quality Lab to be processed using a commercial apple sorting
machine (Compac Spectrum System, Auckland, NZ). Firmness was measured using a
penetrometer (QA Supplies, Norfolk, VA) mounted onto a moveable stand. Brix measurements
were taken with a pocket brix-acidity meter (PAL-BX|ACID5, ATAGO, Tokyo, Japan).
Statistics

All statistics were performed using R (v.3.6.2) (R Core Team 2017) within the R Studio
suite (v.1.1.423) (RStudio Team 2015). Plots were generated using the ggplots2 (Wickham 2016)
and ggpubr packages.
RESULTS
Flowering response

In 2016, ProGibb (GAs, 200 ppm) and Provide (GA4+7, 188 ppm) were evaluated for their
effectiveness at specific summer application timings that correspond to the anticipated period of
floral initiation on fruit thinned trees. ProGibb was found to exhibit a repressive effect on return
bloom in Honeycrisp, with effectiveness increasing at progressively later treatment dates (Figure
5.1A). The inhibition of flowering reached a statistically significant threshold when GA3 was
applied at 50 and 57 DAFB, with the later date having a stronger effect. However, the 57 DAFB
GAstreatment exhibited greater variability in the flowering response. GAs+7 also exhibited a
inhibitory effect on flowering in Honeycrisp but only when applied at 57 DAFB (Fig 5.1B).
However, this inhibitory response was not statistically significant. For the four other high-value
apple cultivars, the only significant effect on flowering in response to GAs+7 was observed in
Red Delicious (Fig 5.1C-F). Here, GA4+7 promoted a return bloom when applied at 36 DAFB

(Figure 5.1D).
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Based on the significant effect observed with GAs applied in 2016, its evaluation was
expanded during the 2017 season to include three additional cultivars. Additionally, a second
location was used to evaluate an on-farm approach to the application of GAs. GAs was found to
have no inhibitory effect on flowering in any of the cultivars used at the CRC (Fig 5.2A-D). In
contrast, Honeycrisp, Fuji, and Red Delicious exhibited an increase in flowering in response to
the application of GAs (Fig 5.2A-C). Honeycrisp exhibited the strongest promotive response,
with an increase in flowering of ~23% over the control at the final treatment date of 53 DAFB
(Fig 5.2A). An increase in flowering of 15% and 12% were observed in ‘Fuji’ and ‘Red
Delicious’, respectively (Fig 5.2B-C). ‘Gala’ exhibited no response to the application of GA3
(Fig 5.2D). GAswas applied at the commercial orchard to full rows of frost-thinned
‘Honeycrisp’ and ‘Jonagold’ trees. A slight decrease in return bloom at the earlier application
date was observed in Honeycrisp but the response did not to a significant threshold (Fig 5.2E). In
contrast, ‘Jonagold’ exhibited a significant decrease in flowering at both treatment dates (Fig
5.2F).

In 2018, GAs and GAu+7 were reevaluated for effects on flowering in Honeycrisp due to
the inconsistent results observed during the prior two seasons. For each GA, the number of
application concentrations and timings were increased (Table 5.3). GAs, when applied at 400
ppm, was found to be significantly effective at inhibiting flowering when applied at 27 DAFB,
while also inhibiting flowering at 39 and 56 DAFB, but not significantly (Fig 5.3A-B). This
result was consistent using both a quantitative count of flowering spurs per branch and a
qualitative visual rating by a trained professional (Fig 5.3A-B). The 27 DAFB treatment resulted
in the inhibition of flowering at greater than 50% in the subsequent season compared to the

control (Fig 5.3A). All of the GA4+7 treatments and the GAs 200 and 300 ppm treatments were
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found to be ineffective at inhibiting flowering in the spring of 2019 (Fig 5.3C-F). However, the
GAu+7 500 ppm treatment significantly increased flowering when applied at 39 and 56 DAFB
(Fig 5.3C). Those promotive effects were less than a 20% increase over the controls.

Effects of GA on fruit maturity, size, and quality

In response to the flowering inhibitory effect of GAs in the 2018 trials, fruit maturity and
quality was evaluated during the subsequent season’s harvest. The GA3 treatment that resulted in
inhibited flowering were found to not have an effect on total yield per tree (Fig 5.4A). However,
when the yield was normalized to trunk diameter (yield efficiency) a significant decrease was
observed in response to the GAs application at 27 DAFB (Fig 5.4B). A decrease in the firmness
was also observed with the treated trees (Fig 5.4C). Juice extracted from the fruit of the treated
trees was found to have a higher sugar content (Fig 5.4D).

To evaluate if the GAs treatment resulted in larger, high-quality Honeycrisp, a
commercial fruit sorting machine was used to quantify fruit-quality metrics. Firstly, the GAs
treatment resulted in a significant increase in fruit size relative to the control (Fig 5.5A-C). The
mass, length, and width were all significantly higher in the fruit of the treated trees regardless of
application date. A significant increase in the percent red + pink peel coloration was also
observed in the fruit of the treated trees (Fig 5.5D). Moreover, a higher percentage of fruit that
met a “high-quality” and “fresh-market grade”, as determined by a commercial sorting machine
algorithm, were associated with the GAs treatments (Fig 5.5E-F).

Flowering in Honeycrisp two years after GAs treatment

In the spring of 2020, the trees used in the 2018 experiment were evaluated for variations

in flowering following a year of no additional treatment or crop load management. ‘Honeycrisp’

is known to be an extremely biennial cultivar requiring extensive crop load management
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(Embree et al. 2007). Thus, it was anticipated that the reduced flowering in 2019 of the treated
trees would result in greater flowering in 2020. The trees treated in 2018 with GAs at 27 DAFB
exhibited a return bloom in the spring of 2020 (Fig 5.6). The 27 DAFB treatment exhibited a
statistically significant average >25% flowering spurs compared to the control, which was
relatively absent of bloom (Fig 5.6A). The average flowering rating for the 27 DAFB was also
statistically significant, with an average rating greater than six (Fig 5.6B).

DISCUSSION

In general, the results presented in this study reaffirmed many of the previously reported
variability in the response to the application of GAs. Both promotive and inhibitory effects on
flowering were found in response to foliar GA application, regardless of the GA type, timing of
application, and cultivar. However, the most promising and consistent results was the use of GA3
to inhibit flowering in the cultivar Honeycrisp. Here, an inhibition of flowering was observed in
two out of the three years. Although a promising result, the most effective timing of application
of GAs varied from year-to-year. This result underscores the need for more long-term studies on
timing of application.

The results from the GAs application in 2018 was the most significant inhibitory effect
observed. It was also found that the 27 DAFB GAs treatment did not significantly decrease total
yield in the following season. However, there was a significant reduction in yield efficiency
measurement, showing that there was less fruit per cm? of the trunk cross-sectional area of the
treated trees. The treated trees were also found to produce larger fruit, which could explain the
finding that total yield was similar, but the yield efficiency differed. In general, the treated fruit

were found to be of higher quality compared to the controls. Taken together, these results
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suggest GAs could offer a useful practice to controlling flowering in the biennial cultivar
Honeycrisp when applied at 400 ppm at 27 DAFB.

To evaluate the potential of adaption of a GAs management strategy over chemical
thinning the economics need to be compared. Applying GAs at a concentration of 400 ppm at a
rate of .67L/tree will cost $420/acre for a moderately high-density orchard of 1,210 trees/acre
(12’ x 3’ spacing). At this concentration, a grower can expect to obtain between 70 and 80%
fresh-market quality graded fruit ($15 - 21/bushel). In comparison, using a blossom thinner will
cost $40/acre per application with two to three applications expected, for a total cost of $80 -
$120/acre for the same sized orchard. Using chemical thinners and manual fruit thinning, a
grower can anticipate obtaining an average of 80% fresh-market quality graded fruit. The GA3
approach is about 3.5 times more costly than traditional thinning. However, the additional cost of
manual or chemical fruit thinning to establish appropriate crop loads could raise the costs of

production closer to that of the GAs approach.
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Table 5.1. Commercial GA products tested in 2016 for effectiveness at manipulating floral

initiation.

Product Name

GA

Application Timing 2016 Visual Bloom

(GA type) Concentration (DAFB) Density
ProGibb (GAs3) 200 ppm 36, 43, 50, 57 Low
Provide (GA4+7) 188 ppm 36, 43, 50, 57 Low
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Table 5.2. Application dates during the 2017 season, the target GDDso measurement, and
the actual GDDso measurement.

Application Dates
Application Date |5/27/17 6/06/17 6/12/17 6/16/17 6/20/17
GDDsp Target 400 500 600 700 800
GDDso Measured|386.8 507.3 618.2 750.4 806.9
DAFB 29 39 45 49 53
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Table 5.3. 2018 PGR application trial design.

Number of
Replicate Replicate
PGR GA Application Application Trees/Treatment Blocks/Treatment Total
Product Concentration Interval Timings Block Date Trees
ProGibb 400 ppm 2 weeks 4 WAFB — 5 3 75
12 WAFB
300 ppm single 4 WAFB 6 3 18
application
200 ppm single 6 WAFB 5 3 15
application
Provide 500 ppm 2 weeks 4 WAFB — 4 3 60
12 WAFB
200 ppm single 6 WAFB 5 3 15
application
100 ppm single 6 WAFB 5 3 15
application
Control Number of
Group and Replicate Replicate
Control  Associated Trees/Treatment Blocks/Treatment Total
Groups Treatments Block Date Trees
Control 1 ProGibb 400 5 3 15
ProGibb 200
Provide 200
Provide 100
Control 2 ProGibb 300 6 3 18
Control 3 Provide 500 4 3 12
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Figure 5.1. The percent flowering spurs in 2017 following application of different GAs to

fruit thinned trees in 2016. A) GAs applied to Honeycrisp. B) GAu+7 applied to Honeycrisp. C)

GAu+7 applied to Fuji. D) GAs+7 applied to Red Delicious. E) GAs+7 applied to Gala. F) GA4+7

applied to Jonagold. Black circles represent outliers in the dataset. Student’s t-test , *P < 0.05, ns

= not significant
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Figure 5.2. The percent flowering spurs in 2018 following application of GAs to thinned
trees in 2017. A) GAs applied to fruit-thinned Honeycrisp. B) GAs applied to fruit-thinned Fuji.
C) GAs applied to fruit-thinned Red Delicious. D) GAs applied to fruit-thinned Gala. E) GA3
applied to frost-thinned Honeycrisp in a commercial orchard. F) GAs applied to frost-thinned

Jonagold in a commercial orchard. Black circles represent outliers in the dataset. Student’s t-test

, **P <0.01, *P < 0.05, ns = not significant
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Figure 5.3. Flowering response in 2019 following application of different GAs to floral
thinned Honeycrisp trees in 2018. A) Percent flowering spurs following application of GAs
400 ppm. B) Visual flower rating following application of GA3 400 ppm. C) Percent flowering
spurs following application of GAs+7 500 ppm. D) Visual flower rating following application of
GA4+7 500 ppm. E) Percent flowering spurs following application of GAs 200 ppm F) Percent
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represent outliers in the dataset. Student’s t-test, **** P<=0.0001, ***P < 0.001, *P < 0.05, ns =

not significant
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Figure 5.4. Yield and maturity metrics from the 2019 harvest following application of GAs
to floral thinned Honeycrisp trees in 2018. A) Yield per tree. B) Yield per trunk cross sectional
area. C) Fruit penetration force upon harvest. D) Sugar content. Black circles represent outliers

in the dataset. Student’s t-test, **P < 0.01, *P < 0.05, ns = not significant
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This body of work provides a deeper understanding of the molecular mechanisms that
underlie floral initiation in apple (Malus x domestica Borhk.) and how crop load interacts with
that pathway to inhibit flowering. The second chapter begins with a census to identify homologs
of flowering-related genes in apple. | used sequence homology, phylogenetic relationship, and
syntenic organization to identify apple homologs of highly-studied flowering-related gene
families. These gene families included AP1, AGL24/SVP, FT/TFL1, FUL, LFY, SOC1, and the
SPLs. The identified apple homologs were then measured for transcriptional changes in the spur
apex over the period of floral initiation in non-bearing, flowering-induced trees. Several of the
homologs exhibited increases in expression over the sampling period, providing evidence of a
presumed role in floral initiation. I also investigated how the presence of a crop load would
impact the expression of these genes over the same period. A homolog of TFL1, MdTFL1-2,
exhibited a strong and persistent upregulation in the apices of bearing trees compared to the non-
bearing. Further investigations into genes that were co-expressed with MdTFL1-2 identified
potential upstream promoters or downstream targets. These included homologs of FIE, APL,
EFM, SPL3, and ATH1. A final major finding from this chapter was that genes involved in
gibberellic acid (GA) biosynthesis and deactivation were differentially expressed between the
two crop load conditions. In particular, four GA20x genes that function to deactivate bioactive
GAs were upregulated by the presence of a crop load. In contrast, several of the GA200x genes
that are involved in GA biosynthesis were down-regulated by a crop load. The results presented
in this chapter suggest that MdTFL1-2 is associated with the repression of flowering in response
to crop load. Additionally, the differential regulation of genes involved with the GA pathway

could indicate a strong GA signal at the spur apex of bearing trees.
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The third chapter of this dissertation explored the molecular diversity of floral initiation
and development in apple species and cultivars. Previous research had identified a wide variation
in spring bloom times of accessions maintained in the USDA Malus collection. Although the
dormancy requirements of apple are known to play an important role in dictating spring bloom
time, little attention has been given to documenting other factors that could contribute to the
variations in spring bloom time. Six accessions from the USDA collection that represent extreme
early- and late-blooming phenotypes were selected for transcriptional profiling at seasonal
timings associated with floral initiation and development. In addition to the transcriptional
profiling, a second census of flowering-related genes was conducted using the high-resolution
transcriptomes of these Malus accessions. The floral initiation genes were found to be highly
conserved across the genus, whereas the floral development genes were less conserved. The
transcriptional profiling identified MdTFL1 genes were differentially expressed among five of
the six accessions during the presumed period of floral initiation. This differentially regulation of
MdTFL1 suggests a possible role in the onset of floral initiation in addition to its role in
repressing flowering in response to a crop load. During the presumed period of floral
development, the transcriptomes of the six accessions were relatively similar. Of note, homologs
of SEP1/2 and SEP3 were differentially expressed in one accession that was found to be
underdeveloped compared to three of the more developmentally advanced accessions. Although
differences in expression were identified, these differences were not associated with the
differences in spring bloom times. Based on these results, it can be concluded floral initiation
and development do not contribute to the variation observed in spring bloom time.

The fourth chapter of this dissertation investigated the identity of MdFTs and

characterized their expression. In Arabidopsis, FT is diurnally expressed in the leaf tissues and
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its translated product is transported to the apex to trigger flowering. | investigated if Arabidopsis
FT expression was conserved in apple leaves. In other tree fruit species, FT was identified to be
differentially expressed in the leaves in response to crop load. This result suggests FT has a role
in the mechanism of biennial bearing. Thus, I also investigated if crop load influences the
expression patterning of MdFT in leaves. | confirmed that a de novo assembled MdFT2 from the
second chapter exists in apple as | was able to assemble corresponding DNA sequences that
shared identity. However, | cannot conclusively determine that the de novo assembled MdFT2 is
a separate gene or just an allele of MdFT1. To identify tissue-specific expression of MdFT, |
utilized a gene expression atlas constructed from 80+ different tissues and developmental stages
of a wild apple species, Malus fusca. MdFT1 was found to be expressed primarily in the apex
and rachis tissues. | was unable to identify MdFT2 tissue-specific expression, as the de novo
assembled transcript is absent from the expression atlas. This tissue-specificity of expression
differs from Arabidopsis as it has little to no expression in the leaves. However, the atlas fails to
differentiate different leaf types that make up the shoot architecture of apple. Using probes
specific to the MdFT1 and the de novo MdFT2, | measured the expression of the two MdFTSs in
bourse shoot leaves. These specific leaves are necessary for the induction of flowering in apple,
suggesting they have a potential role in the flowering pathway. First, | quantified expression over
24 hours to identify if a diurnal expression pattern was conserved under floral inductive
conditions. MdFT1 did exhibit a diurnal expression pattern but it was cultivar dependent. In
addition, there was no significant difference in expression of either MdFT to floral inductive
conditions (absence vs presence of a crop load). The finding that crop load did not affect the
expression of either gene was also consistent when investigating for seasonal expression

differences. The results from this chapter identified a possible MdFT2 gene and demonstrated
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that MdFT expression is not well-conserved between apple and Arabidopsis. Moreover, MdFT
was not influenced by crop load in the bourse leaves suggesting that the biennial bearing
mechanism that is hypothesized for other tree fruit species is not conserved in apple.

The fifth chapter investigated the efficacy of exogenously applied GAs in managing
flowering. | demonstrated that Honeycrisp, a high-value and biennial bearing susceptible
cultivar, was responsive to applications of GAs. Two out of three years, GA was effective in
repressing the bloom in Honeycrisp when a strong return bloom was expected. As a result of the
repression of flowering, the treated trees produced larger, higher-quality, and earlier maturing
fruit, without sacrificing total yield. These results suggest that GA offers a promising strategy to
control flowering in Honeycrisp. However, the repression of flowering by GA was only observed
in two out of the three years in this trial, which illustrates the unpredictability associated with
foliar applications of plant growth regulators. When comparing the costs of a GA regiment vs
traditional fruit thinning, the GA regiment is about 3.5 times more expensive, which is another
contributing factor that limits on its adoption as a commercial practice.

The studies presented in this dissertation highlight the key role that MdTFL1 has in
inhibiting flowering in apple. In particular, the association between a crop load and the high
expression of MATFL1-2 implicates it as the molecular mechanism causing biennial bearing in
apple. In a previous study from our lab group, MdTFL1-2 was identified as being upregulated in
response to exogenous applications of GA. This previous finding and my finding that crop load
influences the expression of GA20x genes in the apex suggest that there is a strong GA signal in
spur apex of high crop load trees. This strong GA signal could be the driving force behind the
high expression of MdTFL1-2 and the resulting repression of flowering in biennial cultivars.

However, the mechanism by which fruit upregulate the possible GA content in the apex is
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unknown. Additionally, the work presented in this dissertation does not address the potential
competitive relationship between the developing fruit/seeds and the shoot apex for macro- or
micronutrients, and/or sugars. Further experimentation is needed to explore how nutrient
competition and biennial bearing are associated at the molecular level and if this competition is
mutually exclusive from the GA theory. In conclusion, the information | present in this
dissertation illuminates an association between MdTFL1, GA, and crop load as a molecular

mechanism that drives biennial bearing tendency in apple.
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