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Abstract

Eggplant fruit shape is an important quantitative agronomic trait. The use of introgression lines
(ILs) for QTLs identification is a powerful tool for the elucidation of the genetic control of
eggplant fruit shape. In the present study, a set of 16 eggplant ILs, each harboring a single
marker-defined chromosomal segment from the wild eggplant relative S. incanum in the
genetic background of S. melongena, was evaluated for fruit shape in two environments (open
field and screenhouse). A detailed phenotyping of the fruits of the two parents, hybrid and ILs
was performed using 32 morphological descriptors of the phenomics tool Tomato Analyzer.
Several morphological differences were found between parents, and the hybrid displayed
negative heterosis for many fruit shape traits, being more similar to the S. incanum parent.
Significant differences for most fruit shape descriptors were found between ILs and the
recipient parent. For many descriptors, the genotype factor had the highest contribution to the
percentage of the sum of squares. Although the contributions of the environment and the G x
E interaction were significant for almost all descriptors, their effects on fruit shape were
relatively low. Hierarchical clustering revealed nine clusters of highly correlated traits and six
ILs groups. A total of 41 stable QTLs spread over ten chromosomes were detected. Of these,
twenty QTLs associated to Basic Measurement and Fruit Shape Index descriptors were
syntenic to other previously reported in several intraspecific and interspecific eggplant
populations, while twenty-one QTLs, including Blockiness, Homogeneity, Asymmetry and
Internal Eccentricity, were new. In addition, mutations associated to genes belonging to SUN,
OVATE and YABBY families described in tomato were reported in the QTLs genomic regions
identified in eggplant. Eleven SUN and YABBY genes were proposed as potential candidate
controlling fruit shape variations in eggplant. Our results provide novel and highly relevant
insights on the genetics of fruit shape in eggplant and have important implications for eggplant

breeding.
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1. Introduction

Fruit shape is a trait of great agronomic and commercial relevance in many vegetable crops
grown for this organ (Snouffer et al., 2020). Although fruit shape can be affected by the
environment, it is largely genetically determined (Wu et al., 2018; Pan et al., 2020). Together
with fruit size, fruit shape was among the major traits under selection during the domestication
of fruit-bearing crops, resulting in a broad diversity of fruit shapes in most of these cultivated
species. In this way, in tomato, starting from small rounded fruits typical of wild relatives, the
domestication process led to a gradual selection and accumulation of mutations associated with
larger size and diverse shapes, giving rise to a wide variability of combinations of fruit shape
and size of present-day cultivars (Tanksley, 2004; Klee and Resende, 2020; Mata-Nicolas et
al., 2020).

The accurate study of the fruit shape requires objective and precise phenotypic analysis,
requiring a detailed set of morphological descriptors (Brewer et al., 2006). However, fruit shape
is frequently evaluated by measuring simple traits, like fruit length and width, and by
identifying shape patterns that could be matched with qualitative descriptors (IPGRI, 1996;
Scott, 2010; UPQV, 2013). Although these traits provide relevant information and are easily
measurable, they do not allow a detailed characterization of the fruit shape (Costa et al., 2011).
With the development of modern phenomics tools, many additional fruit shape features, which
are often difficult to score by hand, can be accurately measured, providing a more precise and
comprehensive characterization of fruit morphology. In this respect, a free software tool,
Tomato Analyzer, allows phenomics studies of tomato fruit shape through high-throughput
quantitative measurements of many fruit traits from scanned images of fruit sections (Brewer
et al. 2007; Gonzalo and van der Knaap 2008; Rodriguez et al. 2010a, 2010b). Although
Tomato Analyzer has proven to be very useful for morphological and morphometric

characterization of tomato fruit (Rodriguez et al., 2011, 2013; Figas et al., 2015; Nankar et al.,
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2020), it has also been successfully used for the characterization of other vegetable crops like
eggplant (Hurtado et al., 2013), melon (Diaz et al., 2017; Oren et al., 2020), or pepper (Tripodi
and Greco, 2018; Pereira-Diaz et al., 2020).

Over the past decades, different segregating populations have been used for dissecting
quantitative trait loci (QTL) of physiological and agricultural interest in plants. In particular,
F2 populations or recombinant inbred lines (RILS), which are easier to develop, have allowed
the detection of numerous QTLs (Nadeem et al., 2018). On the other hand, introgression line
(IL) populations, a set of fixed and immortal lines that cover the totality or part of a donor
parent genome carrying one or a few introgressed fragments into the genetic background of a
recipient parent, allow a more efficient and precise identification of QTLs compared to other
segregating populations like F2 and RILs (Yin et al., 2016; Fasahat et al., 2016; Boopathi,
2020). In IL populations, linkage drag is reduced by the small portion of introgressed donor
genome of the lines, and, therefore, the phenotypic variation between ILs can be accurately
attributed to specific introduced segments (Zamir, 2001). Once a QTL associated with a trait
of interest is localized, this information can be used for a better estimation of gene x gene
(epistasis) and gene x environment (G X E) interactions, pleiotropic effects, and mapping strong
QTL effects (Gur and Zamir, 2015; Balakrishnan et al., 2019). Furthermore, each IL can be
used as a starting point for developing lines with smaller introgression (sub-ILs) for increased
mapping resolution (Monforte and Tanksley, 2000; Chakrabarti et al., 2013; Sacco et al., 2013)
and performing QTL positional cloning (Salvi and Tuberosa, 2005). However, the major
limitation of using IL populations for quantitative studies is the investment in time and
resources required to develop them (Yan et al., 2017; Can et al., 2019; Alqudah et al., 2020).
Tomato (Solanum lycopersicum L.) is the model system to study fruit shape in Solanaceae, and
specifically for fleshy-fruited plant species, with many studies that have allowed identifying

the major “domestication” genes controlling the wide phenotypic diversity of the tomato fruit
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(Kimura and Sinha, 2008; Kim et al., 2017; Anwar et al., 2019). Numerous QTL mapping
studies for dissecting the genetic base of fruit shape have been conducted in tomato using inter-
specific F2 populations obtained by crossing the cultivated tomato and different small-fruited
wild species (Eshed and Zamir, 1995; Bernacchi et al., 1998; Lippman and Tanksley, 2001;
van der Knapp et al., 2003; Frary et al., 2004). Additional mapping experiments have been
performed using complete IL libraries (Barrantes et al., 2016; Celik et al., 2017; Di Giacomo
et al., 2020) or reduced set of ILs covering specific QTL regions of different chromosomes
(Monforte et al., 2001; Yates et al., 2004; Haggard et al., 2013). In this way, numerous QTLs
and/or genes involved in the genetic regulation of fruit morphology in tomato have been
identified. Among the major genes controlling variation in tomato fruit shape, SUN and OVATE
control fruit elongation, while FASCIATED (FAS) control locule number (van der Knaap and
Ostergaard, 2018). SUN, OVATE and FAS have been identified by positional cloning and
encode a member of IQ Domain, Ovate Family Protein (OFP) families, and YABBY family,
respectively (Liu et al., 2002; Xiao et al., 2008; Cong et al., 2008).

In eggplant (Solanum melongena L.), fruit shape is also a relevant attribute that determines its
commercial use and economic value. Eggplant fruits are fleshy berries commercially classified
according to their shape. As occurs with tomato (Paran and van der Knaap, 2007; Mata-Nicolas
et al., 2020), a wide diversity exists for fruit shape in eggplant (Daunay et al., 2008; Wang et
al., 2008; Hurtado et al., 2012), and small differences in fruit shape may be determinant for the
success or failure of a commercial cultivar. The knowledge of the genetic base of fruit shape
in eggplant is limited to findings obtained from QTL mapping analysis in a few biparental
populations (Doganlar et al., 2002; Frary et al., 2014; Portis et al., 2014; Wei et al., 2020) and
GWAS studies (Portis et al., 2015), which identified some major QTLs associated to simple
fruit shape traits. Although phenomics studies utilizing Tomato Analyzer have been performed

in eggplant using different eggplant germplasm materials (Prohens et al., 2012; Hurtado et al.,
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2013; Plazas et al., 2014; Kaushik et al., 2016, 2018), their aim was describing the diversity in
collections of materials and segregating populations and not associating genomic regions with
underlying genes controlling natural variations of fruit shape.

In this work, we analyze the fruit shape in a collection of eggplant ILs with introgressions from
a wild species (S. incanum L.) in two different environments (open field and screenhouse) and
perform a detailed phenotyping using the Tomato Analyzer tool. Stable QTLs and potential
candidate genes are identified in the introgressed genomic regions. The obtained results provide
novel and highly relevant insights on the genetics of fruit shape in eggplant and represent a

step forward in the understanding of this trait of great interest for eggplant breeding.

2. Materials and methods

2.1. Plant material and cultivation conditions

From the IL population of Solanum incanum (MM577) developed in the S. melongena (AN-S-
26) background (Gramazio et al., 2017), a set of 16 ILs were selected based on a maximization
of representation of the genome of S. incanum and on seed availability. Characteristics of the
parents and statistics of ILs set, which overall cover 58.6% of the genome of the wild S.
incanum and for some chromosomes include overlapping ILs, are described in detail in
Mangino et al. (2020). Seed germination was performed using the protocol described in Ranil
et al. (2015), which is suitable for wild and wild-derived materials, and seedlings were
maintained in a climatic chamber with 16 h light (25 °C) / 8 h dark (18 °C) regime. Five
replicates, each one consisting of a plant, for each of the two parents, the F1 hybrid, and the 16
ILs were grown under two different conditions (open field and screenhouse) during the spring-
summer season of 2017 at the campus of Universitat Politécnica de Valéncia (GPS coordinates:

latitude, 39° 28" 55” N; longitude, 0°20° 11” W, altitude 7 m a.s.l) using the standard
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horticultural practices. Plants were spaced 1.5 m between the rows and 1.2 m within the rows
and distributed according to a completely randomized block-design with five blocks per
condition. Irrigation and fertilization were applied with a drip irrigation system. Weeds were
removed manually and phytosanitary treatments against spider mites and whiteflies were

performed when necessary.

2.2. Tomato Analyzer characterization

At the commercially ripe stage, three fruits per replicate were harvested, cut longitudinally and
scanned with a Plustek OpticSlim 1180 (Plustek, Taipei, Taiwan) image scanner at a resolution
of 300 dpi (Figure 1). Image data were subjected to a morphometric analysis with Tomato
Analyzer v 3.0 software (Rodriguez et al., 2010a). A total of 32 morphological descriptors,
categorized into basic measurements (7), fruit shape index (3), blockiness (3), homogeneity
(3), proximal fruit end shape (3), distal fruit end shape (2), asymmetry (6), and internal
eccentricity (5), were automatically recorded. Manual adjustments were done when the
software was unable to accurately identify the outline of a trait. A brief description of each
trait, their acronyms and evaluation methodology are described in Table 1 and visualized in
Figure 2. A more detailed description of each descriptor is available at the Tomato Analyzer

software webpage (https://vanderknaaplab.uga.edu/tomato_analyzer.html).

2.3. Data analysis
For each trait, means, standard errors and range values were calculated for each parent and F1
hybrid in both environments. Mid-parent heterosis values (Hwp) were calculated as:

Hwp = (F1-MP)/MP
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where F1 is the performance of the F1 hybrid and MP is the mean value of the parents.
Statistical significance of heterosis, as well as statistically significant differences between
parents for each environment, were detected using Student’s t-tests at p < 0.05.

To evaluate the difference among ILs and the cultivated parent AN-S-26, data for all
morphological traits were subjected to a two-factorial (genotype and environment) analysis of
variance (ANOVA) including the interaction among both main factors. The total sum of
squares was partitioned into sums of squares for genotype, environment, genotype x
environments (G x E), block and residual effect, and expressed in percentage over total sums
of squares. A fixed effects model was used for genotype and environment effect. All statistics
were conducted using the Statgraphics Centurion XVII software (Statpoint Technologies,
Warrenton, USA).

Pearson linear correlation (r) among morphological descriptors were studied. A hierarchical
clustering heatmap displaying numeric differences for morphological descriptors across ILs
and AN-S-26 parent in the two environments was performed using Clustvis (Metsalu and Vilo,

2015; http://biit.cs.ut.ee/clustvis/) with log-transformed data. Both rows and columns were

clustered using correlation distance and average linkage.

2.4. QTL detection

For non-overlapping ILs, QTLs detection was performed by carrying out a Dunnett’s test to
compare the means of each IL, in the open field or screenhouse, with the recipient parent AN-
S-26 (SM). For overlapping ILs a system of linear equations was used to assign a mean value
to each of the introgressed genomic fragments in which the overlapping lines could be divided
and t values for each of the introgressed genomic fragments were calculated according to the
Dunnett’s test procedure. A stable QTL was only reported for the non-overlapping ILs or for

the introgressed genomic fragments in the overlapping ILs if the Dunnett’s test was significant
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(p < 0.05) and of the same nature (i.e., either positive or negative) in both environments. The
relative increase over the recipient parent and allelic effects in each of the environments were
estimated as:
Increase over recurrent parent (%) = (D/SM) x 100
Allelic effect = D/2

Where SM is the average value for the recurrent S. melongena parent AN-S-26 parent and D is
the difference between the mean of the IL and AN-S-26 for non-overlapping lines or the
calculated difference over the mean of AN-S-26 caused by the introgressed genomic fragments

in the case of overlapping lines.

2.5. Analysis of orthologous shape genes located within QTL regions

In order to detect putative eggplant orthologous of tomato genes controlling fruit shape and
determine their physical location on QTL region, the cDNA sequences of 74 genes belonging
to SUN, OVATE and YABBY gene family described in Huang et al. (2013) were retrieved
from the Heinz 1706 tomato reference genome (version SL4.0) in the Sol Genomics Network

database (http://www.solgenomics.net). Tomato cDNA sequences were blasted against the

67/3 eggplant reference genome (version V3) database (http://www.eggplantgenome.org), and

information regarding orthologous eggplant genes as well as their sequence and physical
location on respective chromosomes were obtained. Individual VCF file of parents (Gramazio
et al., 2019), including variant effects predicted according to SnpEff software v 4.2 (Cingolani
et al. 2012), were filtered out for selecting allelic variants of the identified orthologous genes.
Homozygous allelic variants characterized by amino acid substitution or indel between the two
parents and classified by high/moderate impact were submitted to SIFT (Sorting Intolerant

From Tolerant) (Ng and Henikoff, 2001) and PROVEAN (PROtein Variation Effect Analyzer)

10
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(Choi et al., 2012) software in order to predict significant impacts on protein functionality,

using a threshold of 0.05 in SIFT and -2.5 in PROVEAN, respectively.

3. Results

3.1. Parents fruit characterization and heterosis

For the recipient parent AN-S-26, significant differences (p < 0.05) between the two
environments were found only for Ellipsoid, Circular and Asv fruit shape descriptors (Table
2). Since MM557 and the hybrid did not set fruit in the screenhouse, the estimation of
significant differences between parents as well as mid-parent heterosis under screenhouse
conditions was not possible. Eggplant wild relatives and interspecific hybrids often have
specific environmental and weather requirements for each plant stage like germination,
vegetative development, and fruit set, which are frequently unsynchronized and different to
those of the cultivated eggplant. Furthermore, these differences are wider under protected
conditions, like the ones under a screenhouse. Significant differences (p < 0.05) between the
recipient parent AN-S-26 and the donor parent MM557 were found for 24 out of 32 descriptors
in the open field. Descriptors for which no significant differences were found were
P_Blockiness, D_A Micro, D_A Macro, Ovoid, Asov, Eccentricity, P_Eccentricity and
D_Eccentricity (Table 2). Compared to AN-S-26, in the open field MM557 exhibited lower
values for 21 traits, except for Triangle, PA_Micro and PA_Macro (Table 2).

In the open field, the hybrid displayed significant negative values of heterosis over the mid-
parent for three descriptors of Fruit Shape Index (Fruit_Shape E_I, Fruit_Shape E _II,
C_F_Shape), two of Homogeneity (Ellipsoid, Circular), three of Asymmetry (Obovoid, Asob,

Width_WP), and two of Internal Eccentricity (P_Eccentricity and F_Shape_1), ranging from -

11
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0.002 (P_Eccentricity) to -0.573 (Asob) (Table 2). Significant positive values of heterosis were

detected only for PA_Micro (0.093).

3.2. Analysis of variance

For all the descriptors, the ANOVA revealed that the differences among the ILs and the S.
melongena parent were statistically significant (p < 0.05) for at least one of the factors
(genotype, environment and genotype x environment) for all fruit shape descriptors, with the
exception of PA_Micro, DA_Macro, Asv, P_Eccentridicty and D_Eccentricity (Table 3 and
Figure 2). Important differences between genotypes were found, with significant (p < 0.05 or
p < 0.01) or highly significant (p < 0.001) differences for 4 and 23 descriptors, respectively.
The contribution of the genotype factor to the total sums of squares ranged from 16.6%
(DA _Micro) to 49.08% (F_Shape E _1). Moreover, the genotype factor was the greatest
contributor to the sums of squares for 14 descriptors (>30%), of which three corresponded to
descriptors related to Basic Measurements (Height MW, Max_Height, and C_Height), three
to Fruit Shape Index (F_Shape E_I, F_Shape E_IlI and C_F_Shape), three to Blockiness
(P_Blockiness, D_Blockiness and Triangle), two to Homogeneity (Ellipsoid and Circular), one
to Proximal Fruit End Shape (PA_Macro), and two to Internal Eccentricity (F_Shape_ | and
Ec_Area) (Table 3).

Significant differences between environments were detected for all the descriptors, except for
Sh_Height. With a contribution ranging from 1.75% to 20.9% to the total sums of squares, the
environmental factor was not the main contributor to the sums of squares for any of the fruit
shape descriptors evaluated (Table 3).

The G x E interaction was statistically significant for all descriptors, except for P_Blockiness,
Triangle, Asob and Eccentricity. The G x E contribution to the total sums of squares, which

ranged from 10.2% to 24.4% exceed that of the environment contribution for all traits, except

12
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for the seven Basic Measurements descriptors (Perimeter, Area, Width_MH, Max_Width,
Height MW, Max_Height and C_Height). Nevertheless, as for the environment, the interaction
did not represent the predominant contributor to the total sums of squares for any of the
evaluated descriptors (Table 3).

The residual effect had a contribution to the total sums of squares ranging between 28.89% and
61.14% and was the greatest contributor to the total sums of squares for 13 descriptors, of
which four corresponded to Basic Measurement descriptors (Perimeter, Area, Width_MH and
Max_width), one to Homogeneity (Rectangular), one to Proximal Fruit End Shape
(Sh_Height), one to Distal Fruit End Shape (DA_Micro), five to Asymmetry (Obovoid, Ovoid,

Asob, Asov and Width_WP), and one to was Internal Eccentricity (Eccentricity) (Table 3).

3.3. Correlation and hierarchical clustering

To explore the relationships among the fruit shape descriptors, Pearson’s correlation
coefficients were calculated using data of the ILs and AN-S-26 in both environments
(Supplementary data S1) and a hierarchical clustering heatmap analysis (Figure 3) was
performed. Both types of analyses provided congruent results, with the hierarchical clustering
analysis grouping traits into nine main clusters of correlated traits.

The cluster I comprised all the Basic Measurement descriptors and Eccentricity, among which
moderate to strong correlations were found (r = 0.59 to 1.00, p < 0.001) (Supplementary data
S1). Two sub-clusters could be distinguished within the cluster Il. In the first sub-cluster, all
the Fruit shape Index descriptors, F_Shape I, Circular and Ellipsoid resulted strongly
correlated (r = 0.71 to 1.00, p < 0.001) (Supplementary data S1). D_Blockiness, Obovoid,
Width_WP and Asob grouped together in the second sub-cluster, displaying moderate to strong
correlations (r =0.59 t0 0.95, p < 0.001). The cluster V comprised Triangle, PA_Macro, Ovoid

and Asov among which correlations varied from moderate to strong, with r values ranging from

13
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0.37 (p < 0.05) to 0.98 (p < 0.001) (Supplementary data S1). Three descriptors were grouped
in each of the clusters VI (P_Blockiness, Rectangular and Ec_Area) and VIII (DA_Micro,
P_Eccentrcity and D_Eccentricity). In the cluster VI the correlations ranged from moderate to
strong (r = 0.61 to 0.84, p < 0.001) (Table S1). In the cluster VIII, P_Eccentricity exhibited
slight or moderate correlation with D_Eccentricity (r = 0.42, p < 0.05) and DA_Micro (r =
0.51, p <0.01), respectively, while no correlation between D_Eccentricity and DA_Micro was
found (Table S1). Asv, PA Micro, SH Height and DA_Macro showed no significant
correlations with any other descriptors and were placed individually in four separated clusters
(11, 1v, VIl and IX, respectively) (Supplementary data S1).

Hierarchical clustering grouped ILs and parent AN-S-26 in two main branches (Figure 3). The
first branch comprised 4 clusters (A, B, C and D). Although clusters A and B consisted mainly
of ILs grown in the open field, three of them corresponding to the screenhouse conditions
(SMI_3.6_SH, SMI_5.1 SH and SMI_10.1_SH). The values for descriptors of the cluster I
were generally high. In addition, cluster A showed high values for descriptors of cluster II.
Cluster C grouped the recipient parent from both open field and screenhouse (AN-S-26_OF
and AN-S-26_SH), showing high values for descriptors of the clusters 11, VI and VII. Cluster
D consisted mainly of ILs grown in the screenhouse except for one IL grown in the open field
(SMI_8.1_OF), whose corresponding IL in screenhouse (SMI_8.1_SH) was also grouped in
the same subcluster. In cluster D, values were especially high for SMI_3.5 SH and
SMI_4.3_SH for the descriptors Ovoid and Asov of cluster V, while all the other descriptors
were variable within the same cluster. The second branch comprised two clusters (E and F).
Clusters E and F consisted only of ILs grown in screenhouse, except for one IL in cluster E
(SMI_2.4_OF) that has its correspondent in cluster F. Clusters E and F exhibited low values

for descriptors in clusters I and 1, especially for the ILs SMI_2.4 SH, SMI_7.5_SH and

14
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SMI_12.6_SH. In addition, cluster E exhibited low values even for descriptors in cluster VI,

while cluster F showed high values for descriptors of most of the remaining clusters.

3.4. QTL detection

A total of 41 stable QTLs were found for 13 morphometric traits assessed with Tomato
Analyzer in the IL set (Table 4 and Figure 4), with at least one QTL identified for each IL.
Four stable QTLs were detected for Basic Measurement descriptors. Two of these QTLs (wmh3
and mw3) were located on chromosome 3 (SMI_3.6), and the two others (wmh10 and mw10)
on chromosome 10 (SMI_10.1). The QTLs wmh3 and wmh10 accounted for an increase of
Width_MH of 32.09% in OF and of 25.78% in SH, and of 48.96% in OF and of 26.25% in SH,
respectively. In the same way, QTLs mw3 and mw10 displayed considerable effects for
Max_Width, with an increase of 31.64% in OF and 25.52% in SH, and 48.6% in OF and
23.85% in SH, respectively. For Fruit Shape Index descriptors, 12 stable QTLs were detected
on chromosomes 2, 3, 4 and 7. For each of the three descriptors (F_Shape_E_I, F_Shape E 1l
and C_F_Shape) 4 QTLs spread over eight ILs (SMI_2.4, SMI_3.1, SMI_3.5, SMI_4.1,
SMI_4.3, SMI_7.1, SMI_7.2 and SMI_7.5) were identified. These QTLs induced a
considerable decrease over the recipient parent, ranging from -6.66% (fsell3) to -19.12% (cfs7)
in OF, and from -10.71% (fsel3) to -47.57% (fsell7) in SH. For Blockiness descriptors, 4 stable
QTLs were found to be distributed on chromosomes 1, 4, 8 and 12. Two QTLs (pfbland pfb12)
accounted for a decrease of P_Blockiness ranging from -11.45% to -15.45% in OF and from -
18.82% to -22.07% in SH. Two QTLs (dfb4 and dfb8) were involved in D_Blockiness
variation, resulting in a D_Blockiness reduction of 9.37% in OF and 13.53% in SH, and of
16.31% in OF and 17.13% in SH, respectively. For Homogeneity descriptors, 10 stable QTLs
were identified on chromosomes 1, 2, 3, 4, 5, 7, 10 and 12. The QTLs eli4 and eli7, the first

located in SMI_4.1 and SMI_4.3 and the latter in SMI_7.1, SMI_7.2 and SMI_7.5, accounted
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for an Ellipsoid decrease ranging from -22.51% to -33.82% in OF, and from -22.01% to -
39.17% in SH. The QTLs cir2 (SMI_2.4), cir3 (SMI_3.1 and SMI_3.5), cird (SMI_4.1 and
SMI_4.3) and cir7 (SMI1_7.1, SMI_7.2 and SMI_7.5) detected, exhibited large decrease effects
on Circular ranging from -14.08% to -41.40% in OF and from -21.66% to -68.53% in SH. A
considerable decrease over AN-S-26 parent was found for the QTLs recl (SMI_1.1 and
SMI_1.3), rec5 (SMI_5.1), recl0 (SMI_10.1) and recl2 (SMI_12.6) that decreased the
Rectangular descriptor values from -6.3% to -10.16% in OF and from -6.55% to -9.41% in SH.
For Asymmetry descriptors, one QTL was identified on chromosome 8 (obv8). The effect of
obv8 resulted in a change of -35.75% in OF and -44.44% in SH of Obovoid, with a negative
allelic effect between -0.04 and -0.05. For Internal Eccentricity descriptors, 10 stable QTLs
were found spread in all chromosomes except for chromosomes 5, 6 and 11. The QTLs fsi2
(SMI_2.4), fsi3 (SM1_3.1 and SMI_3.5), sfi4 (SMI_4.1 and SMI_4.3) and fsi7 (SMI_7.1,
SMI_7.2 and SMI_7.5) had a considerable decrease effect on F_Shape | (from -7.73% to -
19.86% in OF and from -10.54% to -46.44% in SH). Similarly, the QTLs ecal (SMI_1.1 and
SMI_1.3), eca4 (SMI_4.1 and SMI_4.3), eca8 (SM1_8.1), eca9 (SMI_9.1), eca10 (SMI_10.1)
and ecal2 (SMI_12.6) accounted for a decrease of Ec_Area ranging from -4.16% to -5.96% in
OF and from -8.11% to -10.08% in SH.

QTLs controlling correlated descriptors co-localized in the same genomic region. In fact, the
QTLs detected for Width_Mh and Max_Width co-localized in SMI_3.6 and SMI_10.1. In the
same way, all the QTLs detected for F_Shape_E_I, F_Shape E_II, F_C_Shape, Circular and
F_Shape_| co-localized over eight ILs (SMI_2.4, SMI_3.1, SMI_3.5, SMI_4.1, SMI_4.3,

SMI_7.1, SMI_7.2 and SMI_7.5).

3.5. Analysis of genetic variants in fruit shape related genes
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A total of 118 homozygous allelic variants were identified in 43 out of 74 genes belonging to
three selected gene families that control fruit shape in tomato (SUN, OVATE and YABBY). To
test if a variant has an impact on the biological protein function, the effects of amino acid
substitutions and indels were predicted using SIFT and PROVEAN software. A total of 36
variants with predicted high impact effects on protein function were found in 19 eggplant
genes, of which 11 of them were located within the introgressed fragments of the ILs (Table
5). SIFT and PROVEAN classified as deleterious, respectively, 27 and 9 variants, with only
one variant (L535W) considered deleterious by both software. All the remaining variants were
classified as neutral, according to the prediction of both software (Supplementary data S2).
SIFT predictions were not available for 4 substitutions (T123_A124insA, del354R, Q119dup
and S171del), mainly because the amino acid change involved more than one nucleotide

change within a codon.

4. Discussion

Fruit shape is a relevant morphological trait for eggplant breeding, and, like fruit size and color,
is quantitatively inherited (Page et al., 2019). Despite its importance, compared to tomato, little
information is available about the genetic basis of fruit shape in eggplant. QTLs and genes
controlling traits associated to eggplant fruit shape have been previously detected by linkage
mapping approach in interspecific and intraspecific F2 populations (Doganlar et al., 2002;
Frary et al. 2014; Portis et al., 2014; Wei et al., 2020) and through genome-wide association
studies (Portis et al., 2015). The present study is the first combining the use of an experimental
introgression line population and a phenomics tool to enhance the precision in the detection of
genomic regions controlling this quantitative trait.

As expected, many differences in fruit shape were found between the two parents, the

cultivated S. melongena AN-S-26 and the wild relative S. incanum MM557, confirming that
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diversification from small rounded to more elongated fruit occurred during eggplant
domestication process (Wang et al., 2008). Although the hybrid set fruits only in the open field,
it displayed negative heterosis for most fruit shape descriptors, so that they are skewed towards
that of the wild parent. In this regard, Kaushik et al. (2016) observed that, in the case of crosses
involving cultivated eggplants and wild species, generally, the hybrid fruit is phenotypically
closer to its wild parent than to the cultivated one, probably due to the overall dominance of
wild traits over the domesticated ones (Lester, 1989; Page et al., 2019). The negative heterotic
values of the interspecific hybrid over the mid-parent for fruit shape traits are the opposite of
the positive heterotic values observed for vigour-related traits in Mangino et al. (2020).

Significant differences found in fruit shape between ILs and the recipient parent suggested the
existence of a relevant effect of the introgressions on this trait, even in presence of small wild
donor fragments. This is in contrast with previously reported for morphological traits, for most
of which the ILs showed minimal phenotypic differences compared to the recipient parent,
even in the presence of large S. incanum introgressions (Mangino et al., 2020). This
discrepancy can be explained due to the quantitative nature of both vigour-related traits of
Mangino et al. (2020) and shape-related traits of this study. However, while for fruit shape,
major genes have been described that affect substantially the phenotype, like SUN, OVATE or
FAS in tomato (Liu et al., 2002; Xiao et al., 2008; Cong et al., 2008), no major genes have been
reported so far that impact dramatically the plant vigour or morphology traits like those
assessed in Mangino et al. (2020). Thus, it is likely that introgressions, even small, that carry
some major genes, or with medium effects, on fruit shape can have a significative impact on
fruit phenotype and exhibit significant differences with the recipient parent. Similarly, the same
introgressions can carry genes that are involved in vigour or morphology traits, but their effects
are too low to be considered as significant. Analysis of variance showed wide variations among

fruit shape morphometric traits for the genotype factor contribution, environment, or G x E
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interaction effects. Although the contribution of the environment and the G x E interaction was
significant for almost all descriptors, their effects on fruit shape were relatively low. In fact,
the contribution of genotype factor, in general, was the largest for many descriptors, indicating
that the variation observed in fruit shape is mainly genetically regulated, as previously reported
in tomato (El-Gabri et al., 2014; Monforte et al., 2014; Figas et al., 2018). However, the fact
that the contribution of the residual effect was the largest for many descriptors, might indicate
that the influence of the environment was greater than genetic variability between the two
parents for these specific traits. This is probably caused because for these traits there is little
genetic variation among the ILs for these traits. The use of larger sample sizes might help to
discern if some genetic variation exists among the ILs.

As found in previous studies in eggplant (Hurtado et al., 2013), tomato (Figas et al., 2015;
Mohan et al., 2016) and pepper (Tripodi and Greco, 2018; Colonna et al., 2019), many Tomato
Analyzer descriptors are interrelated, since they measure very similar shape characters. Here,
nine clusters of highly correlated descriptors were observed, suggesting that, although Tomato
Analyzer software can provide a good characterization of eggplant fruit shape (Prohens et al.,
2012; Hurtado et al., 2013; Plazas et al., 2014; Kaushik et al., 2016, 2018), with fewer traits
assessed we could obtain similar comprehensive information on this trait in eggplant.

In total, we identified 41 stable QTLs related to fruit shape, increasing the number of known
QTLs in eggplant, particularly for fruit shape. In agreement with previous studies based on
intraspecific population between eggplant lines ‘305E40” and ‘67/3’ (Portis et al., 2014) and
GWAS analysis (Portis et al., 2015), we detected four QTLs controlling fruit width, among
which two (wmh3.6 and mw3.6) were on chromosome 3 (SMI_3.6) and the two other (wmh10.1
and mw10.1) on chromosome 10 (SMI_10.1). We found that wmh3.6/wmh10.1 and
mw3.6/mw10.1 increased Width MH between 26.3% and 49.0% and Max_Width between

23.9 and 48.7%, respectively, suggesting that S. incanum harbours QTLs which would make
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the fruit wider. QTLs controlling fruit shape index in eggplant have been identified spread over
many chromosomes (Doganlar et al., 2002; Frary et al., 2014; Portis et al., 2014; Portis et al.,
2015; Wei et al., 2020). Using an F2 between S. melongena ‘MM738’ and S. linneanum
‘MM195’, Doganlar et al. (2002) identified two fruit-shape index related QTLs on
chromosome 2 and 7 which explained between 34% to 36% of the variation for this trait. Portis
et al. (2014) detected five major QTLs affecting fruit shape index on chromosomes 1, 3, 7, 11
and 12, and, subsequently, additional QTLs were detected on chromosome 5 and 10 (Portis et
al., 2015). Moreover, a more recent study used an F2 population between S. melongena ‘1836’
and S. linneanum ‘1809’ reported four fruit shape index QTLs on chromosome 1 and 3 (Wei
et al., 2020). In the present study, for each of the three Fruit shape index descriptors
(F_Shape_E_I, F_Shape E Il and C_F_Shape) we detected four stable QTLs spread over
chromosomes 2, 3, 4 and 7, confirming the QTLs locations of previous studies. Moreover,
probably thanks to the higher precision of the phenomic analysis made with Tomato Analyser,
we could also confirm a site-specific and minor fruit shape index QTL identified on
chromosome 4 by Portis et al. (2014), suggesting the importance of high-resolution
morphometric tools and advanced introgressed materials in the detection of minor QTLs for
the explanation of the phenotypic variation.

In addition, we have reported novel QTLs associated with Tomato Analyzer descriptors
(Blockiness, Homogeneity, Asymmetry and Internal Eccentricity) that have not been assessed
before in eggplant. Regarding D_Blockiness and P_Blockiness, we detected four QTLs in our
lines being two of them syntenic to tomato (pfbl and dfb8) (Brewer et al., 2007; Gonzalo and
van der Knaap, 2008). As well, we described novel QTLs on chromosomes 2, 3, 4 and 7 for
F_Shape_I, which describes the shape of the internal ellipse drawn around the seed area, and
on chromosomes 1, 4, 8, 9, 11 and 12 for Eccentricity area index (Ec_area), which explains the

ratio of the ellipse area over total fruit area; some of them are syntenic to those identified in
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tomato on chromosomes 2 and 8 (Gonzalo et al., 2009). We found that QTLs affecting ellipsoid
or circular fruit shape were located on chromosomes 2 (cir2), 3 (cir3), 4 (eli4 and cir4) and 7
(eli7 and cir7), while rectangular fruit shape resulted affected by QTLs located on
chromosomes 1 (recl), 5 (rec5), 10 (rec10) and 12 (rec12). In tomato, long and oxheart fruit
shape are often associated with mutations in SUN gene, mapped on chromosome 7, while
obovoid, rectangular, ellipsoid, heart and pear fruit shape are often associated with mutations
in the OVATE gene, mapped on chromosome 2 (Rodriguez et al. 2011). Our results suggest
that rectangular fruit shape and ellipsoid/circular fruit shape are controlled by QTLs mapped
to different chromosomes in eggplant. Moreover, of the six QTLs controlling ellipsoid and a
circular shape in eggplant, one (cir2) and two (eli7 and cir7) are syntenic to those of tomato on
chromosome 2 and 7, respectively. We detected a QTL influencing obovoid fruit shape located
on chromosome 8 (obv8). Similarly, a major QTL (fs8.1) controlling fruit shape in tomato by
promoting the growth along the proximal-distal axis has been detected on chromosome 8
(Grandillo et al., 1996; Ku et al., 2000). Synteny between tomato and eggplant for the genomic
region harboring fs8.1 have been previously described by Portis et al. (2015). These evidences
indicate the conservation of this QTL among some Solanum crops bearing fruits and suggest
that in eggplant it could be involved in the regulation of obovoid fruit shape.

In general, we observed that QTLs detected for significantly correlated traits (r > 0.9) clustered
within the same genomic regions. This might indicate that, what appear to be QTL clusters,
probably, could be the result of a single pleiotropic locus, or, that different traits measured with
Tomato Analyzer are assessing the same underlying character.

In the genomic regions where stable QTLs were detected, we assessed the presence of
mutations in the genes of SUN, OVATE and FAS families from tomato that could be associated
with the fruit shape variations in eggplant. Deleterious mutations (i.e., high-impact mutations)

have been identified mainly in genes belonging to the SUN and FAS family, while in OFP
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family, deleterious mutations have been identified for genes mapped outside the QTL regions.
In the small QTL regions of the non-overlapping ILs SMI_2.4 and SMI_3.6, we identified
deleterious mutations for the tomato syntenic genes SISUN7 and SISUN11, which could be
proposed as candidate genes involved in the control of fruit shape in eggplant. Although most
candidate genes have been identified in QTL regions covering a broad segment of a
chromosome, we found some congruences with previous studies. In fact, according to Huang
et al. (2013) which proposed SISUN22 as the gene underlying the fs8.1 locus in tomato, in this
study SISUN22 mapped in the QTL region of chromosome 8 (SMI_8.1) and showed two
deleterious mutations (V121 and 1297V). These evidences suggest that, although other
unknown genes located on the same genomic regions may be involved in the regulation of fruit
shape, candidate genes that we have identified could have a great impact on the determination

of fruit shape in eggplant.

5. Conclusions

In the present study, we have demonstrated the utility of combining the use of a powerful
phenomics tool (Tomato Analyzer) with an experimental population (ILs) for a more precise
identification of genomic regions controlling fruit shape in eggplant. This has allowed the
detection of many phenotypic variations for fruit shape traits between ILs and recipient parent
(S. melongena), even in the presence of small introgression from S. incanum parent. New stable
QTLs for fruit shape traits first identified here in eggplant, as well as QTLs syntenic to those
previously reported in tomato and eggplant populations, have been detected. In addition, in
genomic regions underlying QTLs, we identified potential candidate genes syntenic to tomato
ones belonging to the SUN and YABBY families that could have a significant effect on the fruit
shape variations in eggplant. These findings are of great interest for eggplant breeding and

make a relevant contribution to elucidate the genetic basis of fruit shape in this crop.
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Supplementary information

Supplementary data S1. Pearson’s correlation coefficients among the fruit shape descriptors
using data of the ILs and AN-S-26 in both environments.

Supplementary data S2. Effect prediction on protein functionality using SIFT (Sorting
Intolerant From Tolerant) (Ng and Henikoff, 2001) and PROVEAN (PROtein Variation
Effect Analyzer) (Choi et al., 2012) software for the homozygous variants between the two
parents of the IL population in eggplant genes identified as putative orthologous of tomato
genes controlling fruit shape belonging to the SUN, OVATE and YABBY gene families

described in Huang et al. (2013).
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Tables

Table 1. List of the 32 traits with respective codes and descriptions used for morphometric

analysis with Tomato Analyzer v 3.0 software (Rodriguez et al., 2010a) of the 16 ILs, their

parents (S. melongena AN-S-26 and S. incanum MM557) and the interspecific hybrid between

them assessed in this study. Further details on the descriptors are available at the Tomato

Analyzer software webpage (https://vanderknaaplab.uga.edu/tomato_analyzer.html).

Trait (Unit) Code Description
Basic Measurements
Perimeter (cm) Perimeter Perimeter length
Area (cm?) Area Fruit area
Width Mid-Height (cm) Width_MH The width measured at ¥/, of the fruit's height
Maximum Width (cm) Max_Width The maximum horizontal distance of the fruit
Height Mid-Width (cm) Height MW  The height measured at Y/, of the fruit's width
Maximum Height (cm) Max_Height ~ The maximum vertical distance of the fruit
Curved Height (cm) C_Height The height measured along a curved line through the fruit
Fruit Shape Index
Fruit Shape Index External | F_Shape E_|I  The ratio of the maximum height to the maximum width
Fruit Shape Index External 11 F_Shape_E_Il  The ratio of height mid-width to width mid-height
The ratio of curved height to the width of the fruit at mid-curved-height, as
Curved Fruit Shape Index C_F_Shape
measured perpendicular to the curved height line
Blockiness
Proximal Fruit Blockiness P_Blockiness  The ratio of the width at the upper blockiness position to width mid-height
Distal Fruit Blockiness D_Blockiness  The ratio of the width at the lower blockiness position to width mid-height
The ratio of the width at the upper blockiness position to the width at the lower
Fruit Shape Triangle Triangle
blockiness position
Homogeneity
The ratio of the error resulting from a best-fit ellipse to the area of the fruit;
Ellipsoid Ellipsoid
smaller values indicate that the fruit is more ellipsoid
The ratio of the error resulting from a best-fit circle to the area of the fruit;
Circular Circular

smaller values indicate that the fruit is more circular
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Rectangular

Proximal Fruit End Shape

Shoulder Height

Proximal Angle Micro (°)

Proximal Angle Macro (°)

Distal Fruit End Shape
Distal Angle Micro (°)

Distal Angle Macro (°)

Asymmetry

Obovoid

Ovoid

V. Asymmetry

H. Asymmetry. Ob

H. Asymmetry. Ov

Width Widest Pos

Internal Eccentricity

Eccentricity

Proximal Eccentricity

Distal Eccentricity

Fruit Shape Index Internal

Eccentricity Area Index

Rectangular

Sh_Height

PA_Micro

PA_Macro

DA_Micro

DA_Macro

Obovoid

Ovoid

Asv

Asob

Asov

Width WP

Eccentricity

_Eccentricity

D_Eccentricity

F_Shape_|I

Ec_Area

The ratio of the area of the rectangle bounding the fruit to the area of the

rectangle bounded by the fruit

The ratio of the average height of the shoulder points above the proximal
endpoint to the maximum height
Proximal fruit end shape angle at position 1% above the tip from the fruit

Proximal fruit end shape angle at position 5% above the tip from the fruit

Distal fruit end shape angle at position 1% above the tip from the fruit

Distal fruit end shape angle at position 5% above the tip from the fruit

If the area of the fruit is greater below mid-height than above it, a function of
width and height

If the area of the fruit is greater above mid-height than below it, a function of
width and height

The average distance between a vertical line through the fruit at mid-width and
the midpoint of the fruit’s width at each height

If the area of the fruit is greater below mid-height than above it, a function of
width and height

If the area of the fruit is greater above mid-height than below it, a function of
width and height

The ratio of the height at which the maximum width occurs to the maximum

height

The ratio of the height of the internal ellipse to the maximum height

The ratio of the height of the internal ellipse to the distance between the bottom
of the ellipse and the top of the fruit

The ratio of the height of the internal ellipse to the distance between the top of
the ellipse and the bottom of the fruit

The ratio of the internal ellipse’s height to its width

The ratio of the area of the fruit outside the ellipse to the total area of the fruit
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Table 2. Means with standard errors and range values for the recipient parent (S. melongena AN-S-26), the donor parent (S. incanum MM577)
and the interspecific hybrid (F1) of the IL population and hybrid mid-parent heterosis (Hwe) in the open field and screenhouse conditions and

significance of differences of comparisons of screenhouse vs. open field for AN-S-26, MM577 vs. AN-S-26 for open field, and difference from

0 for Hwp.
AN-S-26 MM577 F1
Open field Screenhouse Open field Open field
Trait (Unit) Mean Range Mean? Range Mean® ¢ Range Mean Range Hwmp?
Basic Measurements
Perimeter 18.59 +1.40 15.36-22.99 21.11+1.01" 17.25-23.26 6.40 + 0.35*** 5.41-7.29 12.11+0.44 10.85-13.30 -0.020m
Area 2248 +341 14.73-33.70 28.11 +2.64"™ 18.52-34.45 2.96 + 0.32*** 2.10-3.73 10.24 +0.71 8.00-12.02 -0.140m
Width_MH 4.00£0.34 3.11-5.08 4.20 £0.20™ 3.60-4.77 1.84 £ 0.11*** 1.53-2.07 3.19+£0.10 2.90-3.43 0.108™
Max_Width 4.10+0.35 3.21-5.25 438 £0.21™ 3.70-4.96 1.85 £ 0.11*** 1.54-2.09 3.21£0.09 2.92-3.45 0.094ns
Height MW 6.56 + 0.42 5.69-7.78 7.61 £0.36™ 6.27-8.36 2.00 £ 0.09*** 1.75-2.26 3.93+£0.16 3.44-4.34 -0.072"
Max_Height 6.65 +0.43 5.73-7.90 7.72+£0.37m™ 6.33-8.41 2.02 £ 0.10*** 1.76-2.32 3.96 £0.16 3.46-4.37 -0.078"
C_Height 6.71+0.42 5.8-7.93 7.85+0.34" 6.53-8.48 2.15 + 0.09*** 1.91-2.37 4.08 £0.16 3.62-4.48 -0.071"
Fruit Shape Index
F_Shape_E_|I 1.64 £0.05 15-1.79 1.77 £ 0.05™ 1.65-1.89 1.10 £ 0.03*** 1.02-1.17 1.23+£0.02 1.19-1.28 -0.099*
F_Shape E_lI 1.67 £0.06 1.52-1.85 1.82 +0.06" 1.66-1.97 1.10 £ 0.03*** 1.02-1.18 1.23+£0.02 1.19-1.27 -0.104*
C_F_Shape 1.70 £ 0.06 1.56-1.87 1.87 +£0.06™ 1.72-2.03 1.18 + 0.03*** 1.10-1.28 1.28 £0.02 1.24-1.34 -0.112*
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Blockiness

P_Blockiness 0.61 +0.02 0.55-0.66

D_Blockiness 0.75+0.02 0.70-0.81

Triangle 0.81 £0.02 0.75-0.87
Homogeneity

Ellipsoid 0.05 +0.00 0.04-0.05

Circular 0.16 +0.01 0.14-0.18

Rectangular 0.53+£0.01 0.51-0.55
Proximal Fruit End Shape

Sh_Height 0.04 £0.01 0.00-0.06

PA_Micro 121.7+4.3 110.0-135.8

PA_Macro 111.2+3.9 105.1-125.8
Distal Fruit End Shape

DA_Micro 133.2+£19.0 70.3-175.1

DA_Macro 135.2+54 123.8-154.9
Asymmetry

Obovoid 0.22 £0.02 0.18-0.27

0.63 +0.01™

0.77 £0.02™

0.83 £0.02™

0.06 = 0.00*

0.19 £0.01*

0.52 +0.01™

0.02 +0.01™

129. £11.8™

110.7 £ 2.7™

130.3 +14.3™

1229 +£8.2™

0.24 +0.02™

0.62-0.65

0.71-0.81

0.76-0.89

0.05-0.06

0.16-0.21

0.50-0.54

0.00-0.04

87.0-158.8

105.5121.0

08.8-176.4

91.1-136.4

0.21-0.29

0.57 £0.01™

0.60 = 0.01***

0.95+0.03**

0.02 £ 0.00***

0.04 £ 0.01***

0.48 £ 0.01***

0.00 + 0.00*

156.3 + 4.9%**

1359 + 1.8***

151.3 £10.2™

1419 +2.6™

0.10 £ 0.01***

0.53-0.61

0.57-0.63

0.87-1.02

0.01-0.03

0.02-0.06

0.47-0.50

0.00-0.01

146.4-174.6

130.0-141.1

111.8-170.3

134.8-148.2

0.06-0.12

0.59 +0.01

0.66 = 0.00

0.91+0.02

0.02 +0.00

0.07 £0.00

0.51 +0.00

0.01+0.01

151.7+28

134127

135.1+15.2

1455+0.8

0.11+0.01

0.55-0.61

0.65-0.67

0.83-0.95

0.02-0.02

0.06-0.08

0.50-0.52

0.00-0.04

141.3-157.9

124.6-139.6

108.0-179.0

143.1-148.0

0.08-0.14

0.012m

-0.029™

0.033™

-0.290***

-0.292**

0.008™

-0.375™

0.093*

0.089™

-0.040™

0.053™

-0.264**
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Ovoid
Asv
Asob
Asov

Width_WP

Internal Eccentricity

Eccentricity
P_Eccentricity
D_Eccentricity
F_Shape_|I

Ec_Area

0.00 +0.00

0.06 +0.01

0.24+0.04

0.00 +0.00

0.59 +0.02

0.79 £0.00

0.89 +0.00

0.89 +0.00

1.66 £ 0.06

0.40 £0.01

0.00-0.00

0.04-0.08

0.17-0.38

0.00-0.00

0.54-0.64

0.78-0.79

0.88-0.89

0.88-0.89

1.51-1.85

0.39-0.41

0.00 +0.00™

0.12 £ 0.02*

0.32 +£0.04™

0.00 +0.00"™

0.62 +0.02™

0.78 +0.01™

0.88 £0.01™

0.89 +0.00™

1.79 £0.05™

0.41+0.01™

0.00-0.00

0.06-0.17

0.22-0.42

0.00-0.00

0.58-0.67

0.74-0.80

0.85-0.89

0.88-0.89

1.64-1.97

0.39-0.44

0.02 £ 0.02™

0.02 + 0.00**

0.02 £ 0.00***

0.01+0.01"™

0.48 £ 0.01***

0.79 £ 0.00™

0.89 +0.00™

0.88 +0.00™

1.10 £ 0.03***

0.37 £ 0.00**

0.00-0.08

0.02-0.03

0.02-0.02

0.00-0.03

0.46-0.50

0.78-0.80

0.89-0.90

0.87-0.89

1.02-1.18

0.36-0.38

0.02 £0.02

0.03 £0.00

0.06 +0.01

0.00 +0.00

0.50 £ 0.01

0.79 £ 0.00

0.89 +0.00

0.89 +0.00

1.23+0.02

0.38 £ 0.00

0.00-0.09

0.03-0.04

0.03-0.07

0.00-0.02

0.49-0.52

0.79-0.79

0.89-0.89

0.88-0.89

1.18-1.27

0.37-0.39

0.489m™

-0.111™

-0.573**

0.378™

-0.063*

0.004"

-0.002*

0.001™

-0.106*

-0.011™

bSignificances correspond to the comparison of screenhouse vs. open field conditions for AN-S-26.

Significances correspond to the comparison of MM577 vs. AN-S-26 for open field conditions.

@Rk ** ¥ ns indicate respectively, significant differences at p values <0.001, <0.01, and <0.05 or not significative (p > 0.05).
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Table 3. Percentage and statistical significance of the sums of squares over the total for the

genotype, environment, genotype x environment (G x E), block and residual effects

calculated with a two-way ANOVA to evaluate the differences among ILs and the recurrent

parent AN-S-26.

Sums of squares

Trait Genotype Environment GxE Block Residual
Basic Measurements

Perimeter 28.23*** 18.75*** 18.35*** 578 28.89

Area 27.63*** 18.00*** 15.75*%**  6.48 32.14

Width_MH 33.93*** 13.85*** 10.90** 7.03 34.29

Max_Width 31.37*** 15.75%** 11.36** 7.41 34.11

Height MW 31.52*** 20.90*** 19.69*** 4,73 23.16

Max_Height 30.38*** 20.70*** 19.58*** 503 24.31

C_Height 30.63*** 20.03*** 19.75***  4.89 24.7
Fruit Shape Index

F_Shape E_| 49.08*** 9.65*** 19.11*%**  1.12 21.04

F_Shape E_II 47 45%** 10.32*** 19.79*** (.72 21.72

C_F_Shape 47.85*** 8.20*** 19.28*** 0.6 24.07
Blockiness

P_Blockiness 44, 74%** 4.24** 8.43m 2.21 40.38

D_Blockiness 43.72%** 1.75** 17.31***  1.83 35.39

Triangle 44.06*** 5.99%*** 6.23" 2.44 41.28
Homogeneity

Ellipsoid 39.64*** 2.31%** 24.40*** (.88 32.77

Circular 48.94*** 9.29*** 20.28*** (.78 20.71
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Rectangular 40.17***

Proximal Fruit End Shape

Sh_Height 23.48***
PA_Micro 7.14™
PA Macro 43.99***

Distal Fruit End Shape

DA_Micro 16.64*
DA Macro 13.48™
Asymmetry
Obovoid 38.26***
Ovoid 18.82**
Asv 12.29"
Asob 25.29***
Asov 19.22**
Width_WP 33.22%**

Internal Eccentricity

Eccentricity 17.66**
P_Eccentricity 15.2"
D_Eccentricity 14.19m
F_Shape | 46.1%%*
Ec_Area 39.85***

2.49**

1.25™

0.95"

13.28%**

2.14*

0.13"

7'30***

4,77

0.04"

11.37%**

5'97***

5'42***

10.98***

0.00"

0.18"

10.80***

6'48***

13.04**

14.32*

6.31"™

10.2**

16.70*

12.02"

11.02*

14.96*

15.92"

11.82™

14.62*

13.20*

10.72"

8.78"

11.4m

19.86***

22.98***

2.55

3.02

4.45

1.75

3.38

3.57

2.53

2.57

2.25

2.36

341

2.1

3.73

6.91

5.75

1.01

2.88

41.75

57.93

81.15

30.78

61.14

70.8

40.89

58.88

69.5

49.16

56.78

46.06

56.91

69.11

68.48

22.23

27.81

*xx *k* * nsindicate respectively, significant differences at p values <0.001, <0.01, and

<0.05 or not significative (p > 0.05).
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915 Table 4. List of putative QTLs for the fruit shape traits analyzed found in the ILs and their physical position into the "67/3" eggplant reference

916  genome, along with the increase over the recipient parent AN-S-26 and their allelic effects in the open field (OF) and screenhouse (SH).

Physical Increase over
Allelic effect
Trait QTL  Chr. position lls carrying the QTL AN-S-26 (%)
(Mb) OF SH OF SH
Basic Measurements
wmh3 3 93 -96 SMI_3.6 32.09 25.78 0.64 0.54
Width_Mh?
wmh10 10 0-2 SMI_10.1 48.96  26.25 0.98 0.55
mw3 3 93 -96 SMI_3.6 31.64  25.52 0.65 0.56
Max_Width?a
mw10 10 0-2 SMI_10.1 48.6 23.85 1.00 0.52
Fruit Shape Index
fsel2 2 75-81 SMI 2.4 -15.17 -29.99 -0.12 -0.27
fsel3 3 78 - 86 SMI_3.1, SMI_3.5 -7.79  -10.71  -0.06 -0.09
F_Shape E_I°
fseld 4 4 -85 SMI_4.1, SMI_4.3 -13.01 -19.75 -0.11 -0.17

fsel7 7 129 - 135 SMI_7.1,SMI_7.2,SMI_7.5 -18.44 -44.41 -0.15 -0.39

F_Shape E_IP fsell2 2 75-81 SMI_2.4 -13.8  -32.97 -0.11 -0.30



fsell3

fsell4
fsell7
cfs2
cfs3
C_F_Shape®
cfs4
cfs7
Blockiness
pfbl
P_Blockiness
pfbl12
dfb4
D_Blockiness
dfb8
Homogeneity
eli4
Ellipsoid
eli7
Circular® cir2

12

129 - 135

75-81

78 - 86

4 -85

129 - 135

129 - 135

75-81

SMI_3.1, SMI_3.5
SMI_4.1, SMI_4.3
SMI_7.1, SMI_7.2, SMI_7.5
SMI_2.4
SMI_3.1, SMI_3.5
SMI_4.1, SMI_4.3

SMI_7.1, SMI_7.2, SMI_7.5

SMI_1.1, SMI_1.3
SMI_12.6
SMI_4.1, SMI_4.3

SMI_8.1

SMI_4.1, SMI_4.3
SMI_7.1, SMI_7.2, SMI_7.5

SMI_2.4

-6.66

-13.63

-18.95

-13.31

-7.80

-13.81

-19.12

-15.45

-11.45

-9.37

-13.53

-22.51

-33.82

-25.05

-11.25

-21.84

-47.57

-30.44

-11.64

-22.92

-45.08

-18.82

-22.07

-16.31

-17.13

-39.17

-22.01

-54.96

-0.06

-0.11

-0.16

-0.11

-0.07

-0.12

-0.16

-0.05

-0.03

-0.04

-0.05

-0.01

-0.01

-0.02

-0.10

-0.20

-0.43

-0.28

-0.11

-0.21

-0.42

-0.06

-0.07

-0.06

-0.07

-0.01

-0.01

-0.05
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cir3

cird
cir7
recl
rec5
Rectangular
recl0
recl?2
Asymmetry
Obovoid obv8
Internal Eccentricity
fsi2
fsi3
F_Shape I°
fsi4
fsi7
ecal
Ec_Area
ecad

129 - 135

27 - 36

35-43

0-2

3-109

75-81

78 - 86

4 -85

129 - 135

27 - 36

4 -85

SMI_3.1, SMI_3.5
SMI_4.1, SMI_4.3
SMI_7.1, SMI_7.2, SMI_7.5
SMI_1.1, SMI_1.3
SMI_5.1
SMI_10.1

SMI_12.6

SMI_8.1

SMI_2.4
SMI_3.1, SMI_3.5
SMI_4.1, SMI_4.3

SMI_7.1, SMI_7.2, SMI_7.5
SMI_1.1, SMI_1.3

SMI_4.1, SMI_4.3

-14.08

-27.27

-41.40

-9.36

-6.30

-7.70

-10.16

-35.75

-13.54

-1.73

-13.95

-19.86

-4.40

-5.96

-21.66

-42.00

-68.53

-6.55

-7.65

-7.79

-9.41

-44.44

-31.78

-10.54

-20.82

-46.44

-8.70

-8.58

-0.01

-0.02

-0.03

-0.02

-0.02

-0.02

-0.03

-0.04

-0.11

-0.06

-0.12

-0.17

-0.01

-0.01

-0.02

-0.04

-0.06

-0.02

-0.02

-0.02

-0.02

-0.05

-0.28

-0.09

-0.19

-0.42

-0.02

-0.02



917

918

919

920

921

922

923

924

925

926

927

928

eca8

eca9

ecal0

ecal?2

SMI_8.1
SMI_ 9.1
SMI1_10.1

SMI_12.6

-5.67

-5.75

-4.94

-4.16

-8.11

-8.85

-10.08

-9.44

-0.01

-0.01

-0.01

-0.01

-0.02

-0.02

-0.02

-0.02

48



929

930

931

932

933

934

Table 5. Effect prediction on protein functionality using SIFT (cutoff = 0.05) and PROVEAN (cutoff = -2.5) software for the homozygous

variants between the two parents of the IL population in eggplant genes identified as putative orthologous of tomato genes controlling fruit shape

belonging to the SUN, OVATE and YABBY gene families. The ILs in which the allelic variant of the S. incanum donor parent MM577 is

present in the background of the S. melongena recurrent parent MM577 are indicated for each gene. If not present in any of the ILs it is indicated

by a minus (-) sign.

Gene Eggplant locus  Variant aa Parent SIFT PROVEAN ILs carrying the
type Change alleles Predicted Score Predicted Score variant
effect effect
SISUN2 SMEL_001g148580.1 SNP G317R MM557 Deleterious 0.00 Neutral 0.618 SMI_11
SNP D331H MM557 Deleterious  0.00 Neutral  -0.461
del ins P346S MMb557 Deleterious  0.00 Neutral 0.524
SISUN7 SMEL_002g164780.1 SNP K26N MM557 Deleterious 0.00 Neutral — -2.497 SMI_2.4
SISUN10 SMEL_003g184300.1 SNP S441N MM557 Deleterious 0.00 Neutral ~ -0.545 SMI_3.1, SMI_3.5
SISUN11 SMEL_003g197880.1 SNP L285R MM557 Deleterious 0.00 Neutral  -0.212 SMI_3.6
SISUN13 SMEL_000g044110.1 SNP F452S AN-S-26 Deleterious 0.00 Neutral 0.360 -
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SISUN14

SISUN15

SISUN16

SISUN19

SISUN22

SISUN23

SISUN25

SMEL_0049221920.1

SMEL_010g349640.1
SMEL_0069250960.1

SMEL_0089297530.1

SMEL_008g305570.1

SMEL_008g318520.1

SMEL_009g322090.1

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

P140L

P458S

K763N

D521N

A93V

S304L

T352R

M355L

S364N

C394G

V1zl

1297V

N60T

R445G

E235K

Y242S

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

Deleterious

Deleterious

Deleterious

Neutral

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Neutral

Neutral

0.00

0.00

0.00

0.07

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.86

0.71

Neutral

Neutral

Neutral

Deleterious

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

Deleterious

Deleterious

0.203

0.397

1.032

-3.212

0.749

-1.228

1.839

-0.417

-0.939

1.344

0.010

0.353

1.190

4.057

-3.547

-4.767

SMI_4.1

SMI_8.1

SMI_8.1
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935

SISUN26

SISUN31

SISUN32

SIOFP10

SIOFP22

SIYABBY2b

YABBYla

SMEL_009g331590.1

SMEL_0129g395480.1

SMEL_012g380740.1

SMEL_0059229890.1

SMEL_010g357940.1

SMEL_012g395510.1

SMEL_001g131520.1

SNP

SNP

ins

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

SNP

R20K
ST7A
T123 A
124insA
E454Q
L535W
C215F
S296A
E162V
E240G
M253I
Y274N
H169R

H9Q

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

MMS557

AN-S-26

MMS557

MMS557

MMS557

AN-S-26

MMS557

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Neutral

Neutral

Neutral

Neutral

Neutral

Deleterious

0.00

0.00

0.00

0.00

0.00

0.00

0.70

0.43

1.00

0.85

0.38

0.00

Neutral

Neutral

Neutral

Neutral

Deleterious

Neutral

Neutral

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Neutral

0.367

0.411

1.722

0.306

-3.260

1.106

0.912

-5.967

-3.350

-3.500

-8.900

-6.206

0.150

SMI_ 9.1

SMI_12.6

SMI_12.6

SMI_1.1
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937
938

939

940

941

942

943

944

945

946

947

948

949

950

Figures

Figure 1. Visual representation of Tomato Analyzer descriptors used in this study and
described in Table 1 using eggplant fruit. A) Perimeter (P) and fruit area (As). B) Fruit shape
index external I, the ratio (H/W) of the maximum height (H) to maximum width (W), and Fruit
shape index external 11, the ratio (Hn/Wm) of height mid-width (Wm) to width mid-height (Hm).
C) Proximal fruit blockiness, the ratio (W1/Wm) of the width at the upper blockiness position
(W4) to width mid-height (Wm). D) Distal fruit blockiness, the ratio (W2/Wm) of the width at
the lower blockiness position (W>) to width mid-height (Wm). E) Fruit shape triangle: the ratio
(W1/W?>) of the width at the upper blockiness position (W1) to the width at the lower blockiness
position W>. F) Ellipsoid: the ratio of the error resulting from a best-fit ellipse to the area of
the fruit. Error is the average magnitude of residuals (Res) along the fruit’s perimeter, divided
by the length of the major (longer) axis of the ellipse. G) Circular: the ratio of the error resulting
from a best-fit circle to the area of the fruit. Error is the average magnitude of residuals along

the fruit’s perimeter, divided by the radius of the circle. H) Rectangular: the ratio of the area
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951

952

953

954

955

956

957

958

959

960

961

962

963

(Ar1/Ar2) of the rectangle bounding the fruit (Ar1) to the area of the rectangle bounded by the

fruit (Ar2). Further details on the descriptors are available at the Tomato Analyzer software

webpage (https://vanderknaaplab.uga.edu/tomato_analyzer.html).
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964
965

966

967

968

F1 hybrid

Figure 2. Representation of fruits scanned for the recipient parent (S. melongena AN-S-26),

donor parent (S. incanum MM577), their interspecific hybrid (F1 hybrid) and the 16 ILs used

in this study for the phenomic analysis and QTL detection for fruit shape.
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Figure 3. Hierarchical clustering heatmap for the recipient parent (AN-S-26) and the 16 ILs

under open field (OF) and screenhouse (SH) conditions for the 32 Tomato Analyzer

descriptors assessed in this study.
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978

979  Figure 4. Physical position and size of the ILs (in yellow and/or red), compared to their
980  respective eggplant chromosomes (in black), and genomic regions carrying stable QTLs (in
981 red) identified in each line for the morphometric traits assessed with the phenomics tool

982 Tomato Analyzer. The name of the QTLs carried by each IL is indicated above the



983

984

985

corresponding IL, while an abbreviated QTL code (i.e., “1.1” stands for “SMI_1.1") is

indicated below.
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