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18 Abstract: Blueberry (Vaccinium spp.) has been recognized worldwide as a valuable source of health-
19 promoting compounds, becoming a crop with some of the fastest rising consumer demand trends.
20 Fruit firmness is a key target for blueberry breeding as it directly affects fruit quality, consumer
21 preference, transportability, shelf life, and the ability of cultivars to be machine harvested. Fruit
22 softening naturally occurs during berry development, maturation, and postharvest ripening.
23 However, some genotypes are better at retaining firmness than others, and some are crispy, which
24 is a putatively extra-firmness phenotype that provides a distinct eating experience. In this review,
25 we summarized important studies addressing the firmness trait in blueberry, focusing on
26 physiological and molecular changes affecting this trait at the onset of ripening and also the genetic
27 basis of firmness variation across individuals. New insights into these topics were also achieved by
28 using previously available data and historical records from the blueberry breeding program at the
29 University of Florida. The complex quantitative nature of firmness in an autopolyploid species such
30 as blueberry imposes additional challenges for the implementation of molecular techniques in
31 breeding. However, we highlighted some recent genomics-based studies and the potential of a QTL
32 mapping analysis and genome editing protocols such as CRISPR to further assist and accelerate the
33 breeding process for this important trait.

34 Keywords: firmness; Vaccinium; ripening; cell wall; crispy; quantitative genetics; breeding;
35 molecular markers; genome editing

36

37 1. Introduction

38 Blueberry has been recognized worldwide for its health benefits due to its high content and wide
39  diversity of polyphenolic compounds [1,2]. Polyphenolic compounds, especially anthocyanins, have
40  been shown to have anti-oxidant, anti-inflammatory, anti-proliferative, anti-obesity, and
41  neuroprotective properties [3]. Such health-related awareness has been driving an increase in
42 demand for blueberries, which became one of the crops with the highest production trends. From
43 1996 to 2016, worldwide production has grown by 72,11% [4]. Currently, the United States of America
44 is the largest producer, being responsible for around 48% of the world’s production in 2016 [4].

45 Most of the blueberry production is destined for the fresh market sector, which requires high-
46  quality berries and postharvest longevity [5]. In order to maintain the fresh market standards,
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blueberries are usually hand-picked. However, hand-harvest labor accounts for 50% (or even more)
of the production costs and raises concerns about its long-term availability [5-7]. In addition, fresh
fruit handling by ill workers has been linked to foodborne illnesses in consumers [8]. Mechanical
harvesting can mitigate the need of hand-harvest labor, decrease production costs, and foster further
expansion of this healthy fruit. Wide adoption of machine harvesting for the fresh market is, however,
currently limited to only a few commercial blueberry cultivars. Fruit firmness is one of the main
determinant traits required to withstand the physical impacts during machine harvesting [6,7,9-11].

Blueberries are shipped to long-distance markets all over the world and softening and bruising
fruits are among the most common defects causing shipment rejections [10,12]. Hence, firm berries
are also critical for transportability and shelf-life longevity [10,11]. Moreover, a firm texture is one of
the consumers’ most appreciated features, being associated with the general concept of fruit freshness
and quality [13-15]. Taken all together, fruit firmness is a key target for blueberry breeding as it
benefits all stakeholders.

Firmness naturally declines during berry development, maturation, and postharvest ripening
[12,16,17]. Understanding the biological mechanisms underlying fruit softening is essential to
manipulate it without affecting other desirable aspects of ripening, such as color, flavor, aroma, or
nutritional value [18]. Despite the natural softening during ripening, some plant genotypes appeared
best at retaining firmness by the merit of having high initial firmness values [9]. Intraspecific (V.
corymbosum) and interspecific (wild relatives) phenotypic variation has been reported, constituting
breeding resources for firmness improvement [6,19]. In addition to firmness, a potentially separate
phenomenon has been identified in blueberry: fruit crispiness. Crispy fruits are firmer and have
higher bursting energy than standard fruits. Hence, crispiness is a distinct textural attribute that is
also of high interest for the blueberry industry.

In this review, we presented recent advances in blueberry research regarding firmness changes
during berry development and ripening. We summarized the extent of phenotypic variability of the
firmness trait described in blueberry and its genetic parameters. New insights into these topics were
achieved by using previously available data and historical records from the blueberry breeding
program at the University of Florida. We also emphasized the first study attempting to implement
marker-assisted selection (MAS) for this trait, through genome-wide association studies (GWAS).
Finally, we discussed perspectives to further implement QTL mapping and genome editing
technologies such as CRISPR in blueberry.

2. Physiological, cellular, and molecular changes affecting fruit firmness
2.1. Fruit anatomy and growth during ripening

Blueberries, as many berries of the Vaccinium genus, are false berries, because they are berry-
like, but develop into a fruit without a stone from a single fertilized superior ovary [20].
Anatomically, the blueberry fruit develops from an inferior ovary. The endocarp is composed of
five carpels with ten locules and five lignified placentae to which around 10-65 seeds are attached.
The endocarp is surrounded by the mesocarp, which is composed of parenchyma cells along with
rings of vascular bundles, with some stone cells unevenly distributed [15,21]. The epicarp originates
from the flower calyx. Delimited by a ring of vascular bundles, the hypodermal layer contains the
anthocyanin pigmentation. Above this, there is a single layer of epidermis without stomates. The
epidermis is covered by a cuticle and an epicuticular waxy bloom that overshadows the purple-
black skin of blueberry fruits, creating the characteristic light-blue color [22].

Berry growth commonly exhibits a double sigmoid growth curve, with a lag stage between
two phases of active growth [23,24]. The first growth stage occurs after syngamy and is
characterized by a rapid cell division, leading to a rapid expansion of the pericarp. In the second
stage (lag stage), embryo and endosperm tissues mature, while the development of the pericarp is
retarded with no evident increase in berry size and no changes in color. In the third stage, a second

d0i:10.20944/preprints201808.0089.v1


http://dx.doi.org/10.20944/preprints201808.0089.v1
http://dx.doi.org/10.3390/agronomy8090174

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2018

96
97
98
99
100

101

102

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121
122
123
124
125

126
127
128
129
130

131

132

133
134
135
136
137
138
139
140

rapid pericarp development takes place due to cell enlargement until the berry is fully ripe.
Changes in size are accompanied by changes in color (from green, pink, to blue), and biochemical
changes such as increases in pH, sugar composition, soluble solid content, volatiles, and texture.
The fruit development and ripening process usually takes 45-90 days, depending on the cultivar
and external factors [25].

2.2. Ripening-associated physiological changes

Physiological changes associated with ripening are a major determinant of berry firmness, as
the fruit softens as it matures. The ripening process is coordinated by a complex network of
endogenous hormones. For many fleshy fruit plant species, the phytohormone ethylene is the main
ripening agent [26]. Climacteric fruits show a concomitant increase in respiration and ethylene
biosynthesis upon initiation of ripening [27]. Ethylene perception and signal transduction can affect
fruit color, sugar and acid content, and firmness [28]. This process is however not linear: it varies
over time and the abovementioned ripening changes can be disjointed [28,29]. Currently, there is no
consensus on whether blueberry is a climacteric fruit or not. Some studies suggested that blueberry
is indeed a climacteric fruit [30,31], with also increased anthocyanin accumulation upon ethylene
application in some cultivars [32]. Chiabrando and Giacalone (2011) [33] proposed that 1-
methylcyclopropene (1-MCP), a compound that hinders cellular ethylene perception, has the
potential for controlling ripening in blueberry. Fruits from the cultivar "LateBlue” showed reduced
post-harvest weight loss and lower total soluble solid content after 1-MCP treatment, indicating a
slower ripening effect [33]. In line with these findings, Wang et al. (2018) [34] also showed that an
ethylene absorbent treatment prevented ethylene production, inhibited cell wall degrading
enzymes, and reduced softening of blueberry fruit. However, conversely, other studies suggested
that 1-MCP application has no inhibition effect on ripening of post-harvested blueberries [35,36],
and might decrease fruit firmness [37,38].

In non-climacteric fruits, where no burst in ethylene production is observed, abscisic acid
(ABA) seems to have a stronger role during fruit ripening [27]. However, similarly to what has been
reported for ethylene, studies addressing the effects of ABA in blueberry fruit firmness also showed
contradictory results. Sun et al. (2013) [39] reported that ABA application was able to promote fruit
softening; whereas Buran et al. (2012) [40] observed the opposite phenomenon.

As of now, the role of ethylene and ABA phytohormones in blueberry fruit ripening as well as
the question if blueberry is a climacteric or non-climacteric fruit remains unclear. However, it is
noteworthy how multiple studies have reported different effects of ethylene, as inhibitor or
promoter of fruit ripening, and also cultivar-specific responses, suggesting the need for more
studies in this field and that distinct mechanisms might exist among blueberry genotypes.

2.3. Molecular and architectural changes in plant cell during fruit ripening

Ripening is also accompanied by compositional and architectural changes in the plant cell,
mainly at the primary cell wall and middle lamella through the action of carbohydrate active
enzymes, ultimately affecting fruit firmness [41]. Plant cell wall is a complex matrix of
polysaccharides, mainly composed of pectin, hemicellulose, and cellulose. The cellulose microfibrils
are cross-linked through hydrogen bonds with hemicellulose, thereby forming a complex network
that provides tensile strength to the primary cell wall [42]. The pectin matrix is interwoven with the
cellulose-hemicellulose network in the primary cell wall and also composes the middle lamella,
being a major physical mediator of cell adhesion and separation [43].
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141 Noncellulosic sugars have been implied in regulating firmness as they provide physical

142 support by connecting at cellulose myofibrils in cell walls [44]. In particular, depolymerization and
143 solubilization of hemicellulose and pectin are the processes generally associated with cell wall

144 disassembly and fruit softening during ripening [41,45-48]. In blueberry, hemicellulosic polymers
145  undergo a significant depolymerization and a moderate solubilization throughout all five stages of
146  ripeness analyzed, indicating that hemicellulose modification might be the main cell wall alteration
147 during blueberry ripening [49]. The pectin matrix also shows increased solubilization mostly at the
148  initial and intermediate stages of ripening and little reduction in polymer size occurred [49]. Pectin
149 solubilization was also observed during blueberry post-harvest storage [17]. Interestingly, calcium
150  application has been reported to enhance firmness and post-harvest quality of blueberries [50,51].
151  Angeletti et al. (2010) [51] speculated that the increase in calcium content might decrease pectin
152 solubilization, while not affecting hemicellulose in blueberry. In many ripe fruits, most of the cell-
153 to-cell adhesion is conferred by calcium-pectate cross-links in the middle lamella, producing a

154  semirigid gel that increases cell wall stiffness and hinders cell wall disassembly [41,43,52,53]. In
155  general, the role of calcium in cell wall solidity and post-harvest quality is well established in a
156  number of crops, such as apple [54-56], grape [57-59], strawberry [60-62], and seems to be relevant
157  also in blueberry.

158 The degradation of cell wall polysaccharides depends on the action of enzymes with distinct
159  spectra of activities. To further understand the role of Carbohydrate-Active Enzymes (CAZymes)
160  during blueberry ripening, we retrieved the putative encoding genes by sequence similarity of the
161  predicted blueberry proteome with the CAZy database (http://www.cazy.org/) and the

162 transcriptional profile of five stages of berry fruit development (pad, cup, green, pink, and ripe

163 fruits) from Gupta et al. (2015) [63]. Distinct patterns of expression were observed for the genes into
164 the six classes of CAZymes throughout the fruit development process (Figure 1). Up-regulated

165  CAZymes encoding genes in pink and ripe fruits in relation to early stages are highlighted as they
166  can be involved in cell wall disassembly, allowing cell expansion and fruit growth, but later cause
167 fruit softening.
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169 Figure 1. RNA-seq transcriptional profile of CAZymes during five stages of berry fruit development and ripening. The

170 predicted blueberry proteome was screened for CAZYmes [64] using Hmmscan from the HMMER v3.1b2 package
171 (http://hmmer.org/) and the dbCAN HMM profile database [65]. The hmmscan-parser script provided by dbCAN was

172 used to select significant matches. CPM (Counts Per Million mapped reads) values from five developmental berry stages

173 of a RNA-seq experiment were retrieved from Gupta et al. (2015) [63] from the bitbucket repository

174 (https://bitbucket.org/lorainelab/blueberrygenome). The CPM mean value of each gene was calculated from three

175 replicates of each stage available. The logz-transformed CPM mean values were used to plot the gene expression of

176 CAZymes across the five stages. The R package "gplots" with "heatmap.2" function was used to generate the heatmaps
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using the parameter "dendrogram = c("row")" to cluster genes according to hierarchical clusters. Classes and modules of
CAZymes are represented by GH (glycoside hydrolases), GT (glycosyl transferases), PL (polysaccharide lyases), CE
(carbohydrate esterases), AA (auxiliary activities), and CBM (carbohydrate-binding modules) (For more details, see:
http://www.cazy.org/). Genes up-regulated at pink and/or ripe stages in relation to early stages are highlighted and the

family number reported.

Glycoside hydrolases (GHs) catalyze the hydrolysis of glycosidic bonds between
carbohydrates or between a carbohydrate and a non-carbohydrate moiety. Among the up-regulated
GHs families, we found five beta-glucosidases (GH family 17) blueberry encoding genes (Figure 1).
GH 17 family members have been associated with cell wall degradation and remodeling, hydrolysis
of phytohormones (such as ABA), pathogen resistance, and in aromatic acid biosynthesis pathways
[66]. In banana, more than two-fold enhanced expression of genes in the GH 17 family were
detected in the ripe fruits compared to unripe ones [66]. Others interesting GH enzymes detected
were endo-1,4-f3-glucanases (GH7, GH9), exo-1,4-p-glucanases (GH1), endo-xyloglucan transferase
(GH16), and endo-1,4-B3-xylanase (GH11) that probably act on hemicellulose depolymerization or
hydrolyzing the crosslinks between microfibrils, thereby disassembling the cellulose—xyloglucan
network [67,68]. Exo-3-galactosidases from GH family 35 has also been associated with
depolymerization of pectins. These enzymes can cause cell wall loosening during growth, and cell
wall degradation during ripening and senescence [66,69]. Up-regulated invertase (GH32) and
amylase (GH14) generate reducing sugar monomers, which may be responsible for the increased
sweetness during fruit ripening [70]. In blueberry, cold storage was shown to maintain firmness
probably due to the reduced activities of such enzymes at lower temperatures [36].

Polysaccharide Lyases (PLs) cleave uronic acid-containing polysaccharide chains. Three
pectate lyase (PL1 family) genes were up-regulated during blueberry ripening (Figure 1). PL1
enzymes degrades de-esterified pectin in the primary wall. In tomato, the silencing of a PL-
encoding gene inhibited pectin solubilization and depolymerization, maintaining the firmness
without affecting other aspects of ripening [18,71]. In line with this, a gene in the carbohydrate
esterase (CEs) class, encoding a pectin methylesterase (CE8), was also up-regulated in blueberry
(Figure 1). CE8 enzymes alter the pectin structure by catalyzing the demethyl esterification of
pectin, which then becomes cleavable by pectate lyases [18]. Glycosyltransferases (GTs), which
catalyze the transfer of sugar moieties forming glycosidic bonds, have been associated with cell wall
polysaccharide synthesis (GT2, GT8, GT61, GT65, GT75), sucrose synthesis (GT4), and anthocyanin
modification and formation of glycosylated volatile compounds during fruit development and
ripening [72,73]. Enzymes with auxiliary activities (AAs) that act in conjunction with CAZymes
and genes with a carbohydrate-binding module were also found up-regulated at pink and blue
stages of blueberry ripening (Figure 1).

Besides changes in cell wall composition and disassembly, reduction in turgor pressure during
ripening can also cause shrinkage and loss of firmness. Reduction in the turgor is likely due to the
accumulation of osmotic solutes in the apoplast and to water loss by the fruit [41] and has been
reported in stored blueberries [74]. Recent studies had also shown the roles of the stem scar
size/transpiration and cuticular wax composition and thickness in water loss and maintenance of
the post-harvest firmness in blueberry [22,75,76]. Among the blueberry fruit cuticular triterpenoid
composition, the ursolic acid content at harvest was positively correlated to weight loss and
softening after storage, offering an interesting target for further studies [76]. The importance of
containing water loss is also supported by the fact that coating fruits with oily films, which create a
semi-permeable barrier around the fruit, prevented firmness decay [77,78].

d0i:10.20944/preprints201808.0089.v1
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The findings reported herein offer some insights into the molecular bases of fruit softening
during ripening and postharvest storage of blueberries. Further functional validation of the
differentially expressed CAZymes can provide good candidates for the implementation of genome
editing tools aiming at firmness maintenance.

2.4. Fruit tissue and cellular differences underlying firmness variation

Several components of fruit tissues have been reported to contribute to firmness and texture
variation across genotypes, including cell type, size, shape, packing, cell-to-cell adhesion,
extracellular space, and cell wall thickness [15,79,80]. In blueberry, differences regarding the
number and organization of lignified cells with thick secondary cell walls, such as stone cells in the
mesocarp, have been hypothesized to strengthen the surrounding flesh tissue and contribute to
fruit firmness variation among genotypes [80,81]. Sensorial studies of genotypes ranging from soft
to crisp suggested that the crisp texture may be related to the blueberry skin toughness rather than
the flesh [82]. Histological analyses of cell type, area, and structure of the outermost cell layers of
genotypes varying in textural attributes showed that crispy genotypes had a smaller average cell
area compared with standard-textured genotypes in mature fruits and no difference in the
frequency of stone cells in the layers beneath the epidermis was detected [15].

3. Genetics and breeding of blueberry firmness

3.1 Measuring firmness

Fruit firmness has long been evaluated by chewing texture, which is a subjective and qualitative
score ranging from “soft” to “firm” [83]. More recently, automated equipment allowed the objective
and quantitative evaluation of fruit firmness. FirmTech instruments (FirmTech I and II, Bioworks,
Wamego, KS) are the most commonly used for blueberry and firmness is a measure of the
compression force (g) required to deflect the surface of the fruit one millimeter. Texture Analyzer
instrument (Texture Technologies Corporation, Scardale, NY) has also been increasingly used and
might give more precise results than FirmTech, especially when trying to dissect skin and pulp
firmness. However, these equipment present differences in probe sizes and shapes, making the
standardization challenging [82,84-87]. Hence, in this review, we only included measurements
obtained with FirmTech instruments as more data were available [6,14,37,80,88-123].

Regarding the firmness trait evaluation, an issue that has not been addressed yet is how many
berries should be sampled to accurately represent a genotype. Each study has used a distinct number
of samples, ranging from five to hundreds of berries. Assuming that sample size is an important
element for research design and validation, we assessed how the mean firmness varied across
different sample sizes considering four cultivars (Figure 2). We collected 200 berries from each
genotype and performed 1,000 resamplings considering 12 different sample sizes. The mean and
variance values computed for the 200 berries were considered our “true” population parameters. As
expected, small sample sizes resulted in higher variance in the mean firmness values of a genotype
than large sample sizes (Figure 2a). The fraction of the confidence intervals (CI=90%) that
encompassed the “true” population mean ranged across the sample sizes for all cultivars (Figure 2b)
and, the smaller the sample size, the more values out of the CI were generated. For a sample size of
five berries and for all cultivars, we observed that around 25% of the estimates did not lie in the
confidence interval of 90%, which means that in a breeding population composed of 1000 individuals
around of 250 measures of firmness would be inaccurate, hence affecting downstream analyses.
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268 Figure 2. Number of berry samples to estimate the firmness value of a genotype. a) Boxplot of the mean firmness
269 values considering different sample sizes for four SHB cultivars. Briefly, 200 mature berries of each cultivar were
270 collected and measured for firmness using the FirmTech II device (BioWorks Inc.). To describe the effect of the
271 sample size on the mean value, 1000 resamplings were carried out considering 12 different sample sizes (5-199)
272 and the mean firmness value was computed at each sampling round. b) Fraction of the confidence intervals that
273 encompassed the “true” mean parameter, computed assuming that 200 berries are enough to well-represent a
274 genotype, across different sample sizes and four different cultivars. We performed the same resampling process
275 but recording the parameters that laid in a confidence level of 90%.
276

277  3.1. Phenotypic variation and breeding improvement in fruit firmness

278 Heritable phenotypic variation is critical for breeding selection to be effective. Enough

279  phenotypic variation for firmness has been observed within breeding populations, among

280  blueberry cultivars, and wild species [6,19,124]. Herein, we performed a survey of firmness values
281  for a wide range of cultivars, representing the main cultivated blueberry types. Cultivated

282  blueberry belongs to section Cyanococcus of the genus Vaccinium into the Ericaceae Family and
283  comprises distinct species and hybrids with specific ploidy, plant architecture, and chilling hour
284  requirements. The main blueberry type used for commercial production is a tetraploid highbush
285  (2n=4X=48), with Vaccinium corymbosum L. as the primary species in its genetic background.

286  Highbush blueberries are further classified according to their chilling requirements as Northern
287  Highbush Blueberry (NHB) and Southern Highbush Blueberry (SHB) [125,126]. NHB is native to
288  eastern North America and is the most widely planted type in temperate climates (600-1,200 hours
289  of chilling between 0 to 7° C). SHB was originally developed by the introgression of an evergreen
290  Florida native species (Vaccinium darrowii Camp) into the NHB background, leading to reduced
291 chilling requirements (100 to 600 hours) and, therefore, being adapted to warmer climates such as
292 southern US [127-129]. Rabbiteye blueberry is another commercially important species, hexaploid
293 Vaccinium ashei Reade, that tolerates a range of soil and warm climatic conditions and are also
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294  planted in the southern US. Lowbush blueberry is another tetraploid species (Vaccinium

295 angustifolium Aiton), whose wild fruits are harvested commercially in New England. The cultivated
296  half-high blueberry (HH) was originated from a cross between NHB and lowbush and also requires
297  lower temperatures to flower.

298 In this survey, we collected berry firmness data from scientific papers that used the FirmTech
299  instrument, except for those reporting experimental treatments such as insect damage, extreme
300  growth conditions, etc. (see Supplementary Material for more details). The mean firmness value of
301  each cultivar was plotted according to their respective release year (Figure 3). High diversity of
302  firmness values can be observed between and within blueberry types (Figure 3a). As the NHB

303  breeding began earlier (1906), more NHB cultivars are displayed. The first released NHB cultivars,
304  "Harding" and "Rubel”, were actually selected from the wild. "Pioneer” was the first cultivar

305  released after breeding efforts in 1920 [130]. SHB breeding programs are more recent and the first
306  cultivar "Sharpblue” was released in 1975 [131]. The NHB cultivar “Herbert” presented the lowest
307  firmness value, while the SHB cultivar “Sweetcrisp” presented the highest firmness value among all
308  blueberry types (Table 1).
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310 Figure 3: a) Blueberry cultivar firmness values by year of release. Plot was created using historical data recorded by the
311 blueberry breeding program at the University of Florida and data from previous blueberry publications (for details, see
312 Supplementary Material). b) Linear regression on the firmness values as a function of the year of cultivar release with a
313 slope of 0.84. ¢) Linear regression on the firmness values as a function of the year of cultivar release for NHB (slope of
314 0.72) and SHB (slope of 1.71), separately.
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Table 1: Summary of firmness measurements for distinct types of cultivated blueberry. For more detailed

information, see Supplementary Material.

Type* n Mean St.Dev Maximum Minimum

I | — T T T 1
SHB 50 183 35.18 256 (Sweetcrisp) 124 (Georgiagem)
HH 3 128 19.79 151(Polaris) 115 (St.Cloud)
NHB 74 145 31.22 240 (Hortblue Poppins) 80 (Hebert)
Rabbiteye 9 157 27.87 184 (Climax) 106 (Robeson)

* Southern Highbush (SHB), Northern Highbush (NHB), Half-high (HH), and Rabbiteye cultivars.

The positive regression slope in Figures 3b showed a general trend towards firmness
improvement throughout the years, i.e., on average, modern cultivars are firmer than first-released
genotypes. This general trend is expected, as firmness is a key target trait in blueberry breeding
programs and also suggested that significant genetic gain has been achieved. In Figure 3¢, we can
also observe a trend towards higher firmness values of SHB in relation to NHB, although SHB also
exhibit slighter higher variation (Table 1). Some studies suggested that cultivars with a higher
percentage of V. darrowii (evergreen blueberry) and V. ashei (rabbiteye) ancestry often possessed
higher firmness values, which would be the case of SHB; while cultivars with V. angustifolium
(lowbush) ancestry presented softer fruits than the average, as also observed for HH blueberries in
Figure 3a [6,83,124]. However, such conclusions can be misleading since the firmness values
retrieved herein were collected under distinct experimental conditions and locations, using varying
numbers of berries and equipment versions (see Supplementary Material).

It is also noteworthy that cultivars considered crispy, such as “Sweetcrisp” (SHB), “Keecrisp”
(SHB), “Indigocrisp” (SHB), “Hortblue Poppins” (NHB), showed the highest firmness values
(Figure 3a). Blaker et al. (2014) [91] had also found a correlation among compression and bioyield
force measures with sensory scores for bursting energy, flesh firmness, and skin toughness,
distinguishing crisp from standard-texture SHB genotypes. We should also mention that in food
science jargon crunchiness and crispness are two different phenomena based on sensory, acoustic
and vibrational cues [132]. However, no study has formally addressed whether blueberry cultivars
are crispy or crunchy.

3.3. Quantitative genetics of firmness trait in SHB blueberry breeding

Blueberry breeding programs have relied on pedigree information and cross-pollination
breeding methods to increase the mean phenotypic performance in selected populations [126].
Phenotypic recurrent selection has been used as a primary breeding strategy in blueberry, where
elite parents are selected at each generation for intercrossing, the progenies are evaluated over the
course of multiple years in the field, and a cultivar consists of a superior individual cloned by
cutting propagation. During this process, quantitative genetics constitute the fundamental basis to
guide breeding efforts. Many agronomically important traits, including firmness, display a
continuous phenotypic variation in a given population, likely governed by the joint action of
numerous genes and environmental factors. The continuous distribution of such complex traits
resulted in phenotypes that do not show simple Mendelian inheritance, requiring a quantitative
genetics framework of analyses. Quantitative models dissect the observed phenotypic value of an

d0i:10.20944/preprints201808.0089.v1
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individual into genetic and environmental components in order to estimate the heritable and non-
heritable portions of the variation.

Quantitative genetic studies in blueberry have focused on three main challenges: I) identify the
elite genotypes to be used as parents in future crosses [19,133-136]; II) estimate genetic parameters
such as heritability, phenotypic and genetic correlations, and predict the expected change in a trait
in response to selection — the breeder’s equation [19,133]; and III) estimate the genotype-by-
environment (GxE) interaction [13,19,137,138]. Genetics studies in blueberry have been reported for
distinct traits; however, to our knowledge, only Cellon et al. (2018) [19] have investigated the
firmness trait. In order to guide the selection of firmer genotypes and estimate genetic parameters,
Cellon et al. (2018) [19] found moderate-to-high values of heritability for this trait with large
variability across the years (0.43 in 2014 and 0.70 in 2015). The presence of variability across the
years indicated genotype-by-year interaction, while the magnitude of the heritability values
suggested potentially rapid gains in response to selection.

Phenotypic expression of quantitative traits is influenced by environmental conditions, leading
to variations across locations and years that, ultimately, impact the ranking of the genotypes.
Despite its relevance, there are few studies addressing GxE for the firmness trait in the blueberry
literature. Motivated by this, we performed an initial assessment of GxE interaction in SHB using
the data set recorded by the breeding program at the University of Florida for six cultivars, planted
in four locations, from 2011 to 2017 (Figure 4a). Based on an analysis of variance (ANOVA), the GxE
interaction effect was statistically significant (P<0.05). The interaction plot suggests that the crispy
cultivars, “Indigocrisp” and “Sweetcrisp”, are more stable across the environments than the non-
crispy ones (Figure 4b). This preliminary screening suggests that GxE interaction impacts fruit
firmness. From a theoretical point of view, ignoring the heterogeneity caused by different
environments can bias the predictions of breeding values and negatively affect the estimates of
genetic variances. For practical purposes, such effect directly affects the selection of elite materials
and decreases genetic gains along breeding cycles [139].
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Figure 4. Genotype-by-environment interaction in SHB using the historical data recorded by the breeding
program at the University of Florida. a) Average of firmness for six cultivars, evaluated across four locations,
during seven years. b) Interaction plot showing the changes in firmness profile for six cultivars across four
locations.
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388 3.4 Marker-assisted selection for fruit firmness

389 Genomics-based strategies are increasingly being used to assist crop improvement. Advances
390  in next-generation sequencing (NGS) and genotyping technologies have enabled high-throughput
391  and relative low-cost identification of single-nucleotide polymorphisms (SNPs). By using thousands
392 of markers spread throughout the genome, genome-wide association studies (GWAS) and genomic
393 selection (GS) methods are becoming popular in many crop species [140]. Despite the potential of
394  these approaches to accelerate the breeding programs, there are remarkably few studies aiming to
395  implement marker-assisted selection (MAS) in blueberry.

396 A recent GWAS in SHB was the first attempt to identify the genetic basis of firmness variation
397  in abreeding population [141]. SNP-firmness associations were detected for tetraploid (five

398  associations) and diploid (three associations) gene action models only under a less stringent

399  threshold (g-value of 0.1). Out of those, two missense variants were identified, one at a gene

400  encoding a ubiquitin-like-specific cysteine proteinase (CUFF.36470.1) and another at a gene

401  encoding a S-adenosyl-L-methionine-dependent methyltransferase (SAM-MTase) (CUFF.1480.1).
402  Cysteine proteinases have been shown to act as post-transcriptional regulators of ripening-related
403  proteins in tomato [142] and cysteine proteinases were also differentially expressed between firm
404  and soft strawberry cultivars [143]. SAM-MTases catalyze transmethylation reactions in various
405  biomolecules, acting in the biosynthesis pathway of ethylene and polyamines, which also have

406  important roles during the ripening process and may affect fruit firmness [144-148]. Hence, some of
407  the significant SNPs were detected within biologically plausible candidate genes affecting the trait
408  [141]. However, individual markers explained a small portion of the phenotypic variation (less than
409  3.46%). These results suggested that firmness is indeed a quantitative trait, whose phenotypic

410  expression depends on the cumulative actions of many genes with small effects and their

411  interaction with environment. However, assuming that firmness and crispness are correlated traits,
412 these results might conflict with the results of Blaker (2013)[82], where crispness segregation pattern
413  fit the expected ratio for a monogenic trait. Ferrdo et al. (2018) [141] also raised the concern that

414 controlling for population structure in the GWAS model can strongly reduce the statistical power to
415  detect associations when phenotypes are correlated with relationship. In this scenario, a QTL

416  mapping would be a more suitable approach for detecting loci with large effects.

417 Rather than seeking to identify loci significantly associated with a trait as in GWAS and QTL
418  mapping approaches, GS uses all marker simultaneously to predict the breeding value of

419  individuals [149]. Hence, selections based on GS predictions have the potential to accelerate the
420  breeding program, which is especially useful in perennial crops, like blueberry. To our knowledge,
421  no study has been published applying GS in blueberry to date.

422
423 4. Conclusions and perspectives

424 High fruit firmness values are important for the whole blueberry industry chain. Among the
425  main benefits, firmness is a key trait for the wide implementation of machine harvesting for fresh
426  market, which will reduce financial and labor concerns. Considerable genetic gains have been

427  achieved throughout the history of blueberry breeding, with modern cultivars being, on average,
428  firmer than first-released genotypes. Despite the importance of this trait, the number of genetic and
429  molecular studies reported in the literature is still modest. Recent insights through RNA-seq and
430  GWAS analyses highlighted the role of cell wall degrading enzymes, cysteine proteinase, and SAM-
431  MTase in fruit firmness variation across developmental stages and across genotypes. For the

432 implementation of marker-assisted selection in order to accelerate the breeding process, new

433 experimental designs are required. More accurate measurements of the trait using higher number of
434 berry samples per genotype, broader population panels for GWAS and/or a QTL mapping
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435  approach have the potential to detect loci with large effects on the phenotypic variation. Another
436  breakthrough in the plant breeding field is the CRISPR/Cas9 (and related variants) technologies.
437  However, editing the blueberry genome for improved firmness faces two major challenges: I) detect
438  acandidate region with large effects on fruit firmness to be edited and II) develop CRISPR/Cas9
439  and tissue culture protocols for the species. More studies in these areas have the potential to unlock
440  an era of faster and more efficient breeding tools for this healthy and high-value fruit crop.

441
442 Supplementary Material: The following are available online, Table S1: Fruit firmness survey for four cultivated

443 blueberry types.
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