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Abstract: Selection and breeding of eggplant (Solanum melongena) materials with good performance
under low nitrogen (N) fertilization inputs is a major breeding objective to reduce environmental
degradation, risks for human health, and production costs. Solanum elaeagnifolium, an eggplant
wild relative, is a potential source of variation for introgression breeding in eggplant. We evaluated
24 plant, fruit, and composition traits in a set of genotyped advanced backcrosses (BC2 and BC3) of
eggplant with S. elaeagnifolium introgressions under low N conditions. Significant differences were
found between the two parents for most traits, and a wide phenotypic diversity was observed in
the advanced backcrosses, with some individuals with a much higher yield, nitrogen use efficiency
(NUE), and phenolics content than the S. melongena parent. In general, the lower the proportion
of S. elaeagnifolium genome introgressed in the advanced backcrosses, the higher was the general
phenotypic resemblance to S. melongena. Putative QTLs were detected for stem diameter (pd4),
presence of prickles in stem (ps6), leaf (pl6) and fruit calyx (pc6), fruit width (fw?7), chlorogenic acid
content (cgb), total phenolic acid peaks area (ph6), chlorogenic acid peak area (cal), and phenolic
acids pattern (cp1). Our results reveal that introgression breeding of eggplant with S. elaeagnifolium
has a great interest for eggplant breeding, particularly for adaptation to low N conditions. These
materials can potentially contribute to the development of improved eggplant varieties for a more
sustainable agriculture.

Keywords: sustainable agriculture; Solanum melongena; S. elaeagnifolium; introgressions; low Nj;
NUE; QTLs

1. Introduction

The use of nitrogen (N) fertilizers is widespread in agriculture, as N has a fundamental
role in increasing plant growth and crop yields and is frequently a limiting factor in
soils [1]. In the past six decades, intensive and generalized use of N fertilizers has resulted
in an increase of global food production and a reduction of world hunger. However,
a continued N over fertilization has a negative impact on the environment, including
surface and groundwater contamination and eutrophication of freshwater and estuarine
ecosystems [2,3]. Contamination of water used for human consumption by nitrates is
also a threat for human health in certain regions. Therefore, reducing N fertilization and
increasing the nitrogen use efficiency (NUE) of crops is one of the main objectives to
decrease environmental degradation while increasing crop productivity [2,4,5]. In addition,
developing new varieties able to grow and give high yields under low N conditions can
extend the range of cultivation conditions suitable for a crop.
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Crop wild relatives (CWRs) are a fundamental resource for plant breeding in order
to develop new varieties more adapted to low input conditions and to climate change-
related stresses [6]. In this respect, many CWRs grow under stressful natural conditions,
including low N levels in the soil. Thereby, introgression breeding from CWRs into the
genetic background of the crops may result in the development of more diverse, resilient,
and resource efficient, including enhanced NUE [7], crops that contribute to a sustainable
agriculture [8].

Eggplant (Solanum melongena L.), also known as aubergine or brinjal, is an Old World
domesticate from subgenus Leptostemonum [9] and it is an important and widely grown veg-
etable crop, especially in South and Southeast Asia, the Middle East, and the Mediterranean
region [10]. In terms of global production, eggplant is the third most widely cultivated
crop in the Solanaceae family, after tomato and potato, being grown on about 1.85 million
(M) ha with a total production of 55.2 M of tons in 2019 [11].

A wide range of CWRs from several clades within subgenus Leptostemonum have been
used to obtain interspecific hybrids and backcrosses of eggplant, particularly Old World
relatives belonging to the primary (GP1) and the secondary (GP2) gene pools [12,13]. New
World eggplant CWRs are included in the tertiary genepool (GP3), and some of them, such
as S. elaeagnifolium Cav., S. sisymbriifolium Lam., and S. toroum Sw., awakened an interest
among breeders for their tolerance to biotic and/or abiotic stresses [10,14]. However, intro-
gression breeding of eggplant with New World CWRs has remained an elusive breeding
goal due to unsuccessful hybridization or high sterility of hybrids [13]. However, recently,
we reported the first successful development of first backcross generations of common
eggplant (S. melongena) with the New World species S. elaeagnifolium [15]. This wild relative
of eggplant is found in deserts and dry forests in North and South America, where N
levels in the soil are low [16], and it is considered a noxious invasive weed in dry areas
worldwide [17,18]. Moreover, S. elaeagnifolium, among other wild species, was reported to
be a potential new source of variation for eggplant quality breeding due to the high levels
of phenolic bioactive compounds [19].

Despite economic and social importance of eggplant, the development and the use
of genetic and genomic tools lags behind other Solanaceae crops such as tomato, potato,
or pepper [10,20]. However, recent efforts of sequencing and resequencing eggplant
accessions [21-25] and the development of high-throughput genotyping platforms specific
for eggplant, such as the 5k probes single primer enrichment technology (SPET) eggplant
platform [26] facilitated eggplant breeding. In this way, in order to improve eggplant
tolerance to abiotic stresses, the development of advanced backcrosses and introgression
lines, the conservation and the study of eggplant crop-wild relatives (CWR,) and the
functional analysis of adaptive traits (QTL) were highlighted as the three priority lines of
introgression breeding research in this crop [10].

In this study, we evaluated advanced backcrosses (AB) obtained after the backcross-
ing for several generations of an S. melongena x S. elaeagnifolium interspecific hybrid [15]
towards the recurrent S. melongena under low N conditions. The analysis of phenotypic
and composition traits provides information of interest for breeding of eggplant materials
with S. elaeagnifolium introgressions for cultivation under low N conditions. The high
throughput genotyping of the AB individuals with the eggplant SPET platform also al-
lowed a preliminary genome association study for the detection of QTLs of agronomic,
morphological, and fruit quality traits under these conditions.

2. Materials and Methods
2.1. Plant Material

The S. melongena MEL3 and S. elaeagnifolium ELE2 accessions and a set of 56 advanced
backcross (AB) individuals towards S. melongena of the interspecific hybrid between S.
melongena MEL3 (recurrent parent) and S. elaeagnifolium ELE2 (donor parent) [15] were used
for the present study. Out of the 56 AB individuals, five were from the second backcross
generation (BC2) and 51 from the third backcross generation (BC3).
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2.2. Genotyping

Genomic DNA of the two parents and the 56 ABs was extracted using the SILEX
DNA extraction method [27] and evaluated for quality and integrity by agarose gel elec-
trophoresis and spectrophotometric ratios 260:280 and 260:230 and for concentration with
a Qubit®® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). After dilution,
the DNA samples were genotyped with the 5k SPET probes eggplant platform, which
comprises 5093 probes [26]. The whole set of 34,570 single nucleotide polymorphisms
(SNPs) was filtered using as criteria a minimum count value of 95% with a minimum allele
frequency (MAF) higher than 5% and a maximum heterozygosity proportion of 70% using
the Tassel software (version 5.0 Standalone, [28]). After filtering, 851 SNPs were retained
and subsequently used for the downstream analysis. The genetic similarities among the
parents and the individuals of the BC2 and the BC3 segregating generations were quanti-
fied with the identity by state (IBS) distance index. Genetic relationships were described
using the neighbor joining clustering method by means of Tassel software (version 5.0
Standalone, [28]).

2.3. Cultivation Conditions

Plants were grown in an open airfield plot in Valencia (Spain) during the summer
season (June to October 2019). The BC2 and the BC3 individuals, together with five plants
of each of the parental lines, were distributed according to a completely randomized
experimental design with 150 cm between rows and 70 cm between plants in each row. One
of the plants of the recurrent parent S. melongena died in the early stages of the experiment
and therefore was not included in the phenotyping. A drip irrigation system was used for
irrigation and fertilization.

A soil physicochemical and composition analysis was performed before the trans-
plant. Five samples consisting of five randomly selected spots of field were considered for
soil analysis. For each sample, five fractions of soil 20 cm deep surrounding the selected
spot were extracted, homogenized, and left to dry at room temperature. For each dried
homogenate sample, 500 g were used for the analyses. Physical and chemical parameters
were evaluated following the procedures described in van Reeuwijk [29]: particle size
analysis, pH in water, and pH in potassium chloride, electrical conductivity, contents in
total nitrogen, carbonates and organic matter, carbon:nitrogen ratio, and mineral contents
of available phosphorus, potassium, calcium, magnesium, iron, zinc, and copper. Data of
soil characteristics are included as Supplementary Table S1. According to the Spanish inter-
pretation scales for each of the different elements evaluated [30], the soil was moderately
basic, non-saline, had low content of nitrogen, high content of carbonates, low presence
of organic matter, and high carbon:nitrogen ratio. A chemical composition analysis of
water was performed before adding fertilizers. Data of water analysis are included as
Supplementary Table S2. The intake water was slightly basic, had low content of nitrates,
phosphates, and ammonium, moderate content of sulphates and magnesium, and high
content of calcium.

Based on the soil composition and the intake water analyses, a low N fertilization
solution was prepared by adding 2.3 mM K,SO4 (Antonio Tarazona SL., Valencia, Spain)
plus 0.025 L/m? of a microelements Welgro Hydroponic fertilizer (Quimica Massé S.A.,
Barcelona, Spain) containing boron (BO3%~; 0.65% p/v), copper (Cu-EDTA; 0.17% p/v),
iron (Fe-DTPA; 3.00% p/v), manganese (Mn-EDTA, 1.87% p/v), molybdenum (MoO42~;
0.15% p/v), and zinc (Zn-EDTA; 1.25% p/v) to the intake water. The pH of the irrigation
solution was adjusted to 5.5-5.8. The only source of N in the irrigation water came from the
intake water N content (0.65 mM N). In total, 116.83 L of irrigation solution were supplied
per plant with a drip irrigation system throughout the growing cycle, corresponding to
1.067 g of N supplied per plant.
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2.4. Traits Evaluated

A total of 24 plant and fruit traits were evaluated (Table 1). The SPAD index was
measured using a SPAD-502Plus chlorophyll meter (Minolta, Osaka, Japan) as the mean
of 10 measurements in five leaves of each plant. For plant traits, plant height, aerial
biomass, and stem diameter were measured at the end of the trial. When plants were
cut at the base of the stem, aerial shoot biomass was immediately weighed with a Sauter
FK-250 dynamometer (Sauter, Balingen, Germany). Subsequently, they were dried at room
temperature, and the dry weight was measured. Stem diameter was measured with a
caliper at the base of the stem. Nitrogen use efficiency (NUE) was calculated as total fruit
yield on a dry weight basis (yield (DM)) divided by N supply per plant [2,31,32].

Table 1. Plant, fruit, and composition traits evaluated in the S. melongena MEL3 recurrent parent, the
S. elaeagnifolium ELE2 donor parent, and in the BC2 and the BC3 advanced backcrosses individuals,
abbreviations used in tables and figures, and units in which they are expressed in the present study:.

Trait Abbreviation Units

Plant traits

SPAD SPAD -

Plant height P-Height cm

Aerial biomass P-Biomass kg FW 2

Stem diameter P-Diam mm

Prickles in stem P-StPrick 0 (absence); 1 (presence)
Prickles in leaf P-LeafPrick 0 (absence); 1 (presence)
Yield Yield g planf1

Nitrogen Use Efficiency NUE -

Fruit traits

Fruit pedicel length F-PedLength mm

Fruit calyx length F-CaLength mm

Fruit length F-Length mm

Fruit width F-Width mm

Prickles in calyx F-CalPrick 0 (absence); 1 (presence)
Total number of fruits per plant F-Number -

Fruit mean weight F-Weight g

Composition traits

Nitrogen content in leaf N-Leaf gkg 1 DMP

Carbon content in leaf C-Leaf gkg~! DM

Nitrogen content in fruit N-Fruit gkg ! DM

Carbon content in fruit C-Fruit gkg~! DM

Total phenolics content TPC gkg ! FW

Chlorogenic acid content CGA gkg ! FW

Total phenolic acid peaks area TP-Area units

Chlorogenic acid peak area CGA-Area Y%

Phenolic acids pattern TP-Pattern 0 (5. melongena pattern);

1 (S. elaeagnifolium pattern)

2 FW: fresh weight. b DM: dry matter.

For fruit traits, pedicel length, calyx length, fruit length, and width were evaluated in at
least three fruits per plant harvested at the commercially mature stage (i.e., physiologically
immature). The traits evaluated as well as their abbreviations and units in which they are
expressed are included in Table 1.

For leaf N and C contents, five leaves per individual were collected, frozen in liquid
N, and stored at —80 °C until lyophilized. For fruit N, C, and phenolic acids analyses, at
least three fruits at the commercial maturity stage per individual plant were harvested,
cleaned, peeled, and chopped, and a sample was immediately frozen in liquid N, and
stored at —80 °C for subsequent lyophilization. Homogenized powdered tissue of leaf and
fruit was used for the composition analyses.

N and C contents were measured in samples of 0.5 g of freeze-dried powder of leaves
or fruit flesh. The analysis of N content was performed using the Dumas method based on a
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complete combustion of the sample at 950 °C in the presence of oxygen using a TruSpec CN
elemental analyzer (Leco, MI, USA). Carbon content was calculated from the measurements
of carbon dioxide (CO,) using an infrared detector [33]. Certificated reference standards of
different N and C concentrations were used for the quantification.

Total phenolics content of fruit flesh was determined using 0.125 g of freeze-dried
powdered material following the Folin—-Ciocalteu method [34] after extraction with acetone
(70% v/v) and acetic acid (0.5% v/v) according to Kaushik et al. [19]. Chlorogenic acid was
extracted using 0.1 g of freeze-dried powdered material by ultrasonic bath according to
Helmija et al. [35]. The subsequent determination of the content of chlorogenic acid (CGA)
was performed by high-performance liquid chromatography (HPLC) using a 1220 Infinity
LC System (Agilent 196 Technologies, Santa Clara, CA, USA) equipped with a binary
pump, an automatic injector, and a UV detector following the procedure of Plazas et al. [36].
The total area of the peaks corresponding to the different eluted phenolic acids as well
as the specific area of the chlorogenic acid peak were obtained from the chromatograms
of each sample. Taking the former parameter as reference, the percentage of the peak
area corresponding to chlorogenic acid was calculated. As two distinct phenolic acid
chromatogram patterns (TP-Pattern) were observed between the donor and the recurrent
parents, plants of the ABs were classified as having a S. melongena or S. elaeagnifolium
phenolic acids pattern (Table 1).

2.5. Data Analysis

For each of the traits measured, the mean and its standard error (SE), range values,
and coefficient of variation (CV; %) were calculated for recurrent and donor parents as
well as for BC2 and BC3 generations. Normality of data within each of the two parents
and BC generations was checked with a Shapiro-Wilk test. Statistical differences among
the means of these four groups were assessed with an analysis of variance (ANOVA) with
the Statgraphics Centurion XVII software (StatPoint Technologies, Warrenton, VA, USA).
Mean separation was performed with the Student-Newman-Keuls multiple range test at
p < 0.05. Due to the wide range of values and a positive relationship between mean and
standard deviation values for P-Biomass, Yield, NUE, F-Length, F-Width, and F-Weight,
these traits were subjected to a logarithmic transformation before analysis [37]. Estimation
of broad-sense heritability (H?) in the ABs population was performed for each trait using
the following formula [38]: H?> = Vg/(Vg + Vg). The environmental variance (Vi) was
estimated as the phenotypic variance of the recurrent parental S. melongena MEL3, while the
genotypic variance (V) was calculated as the difference between the phenotypic variance
of the advanced backcrosses BC2 and BC3 (Vp) and the environmental variance (Vg):
Ve =Vp — V.

A principal components analysis (PCA) with the traits evaluated was conducted in
order to globally evaluate the variation of BC2 and BC3 individuals in comparison to the
recurrent parent as well as to assess the effect of the proportion of the homozygous recurrent
parent genome in the distribution and the relationships of BC2 and BC3 individuals and
the recurrent parent. The PCA was performed on standardized values using pairwise
Euclidean distances of the two parents, BC2 and BC3 individuals, using the R package
stats of R statistical software v3.6.2 [39]. An additional PCA was performed excluding the
S. elaeagnifolium individuals to obtain a more detailed relationship between the recurrent
S. melongena parent and the advanced backcrosses towards it. The PCA score and the
loading plots were drawn using R package ggplot2 [40]. Pearson pair-wise coefficient of
correlation (r) and Spearman correlation among traits, including only the set of 56 advanced
backcrosses (AB), were calculated, and the significance was assessed using a Bonferroni
correction at the 0.05 probability level if significant [41] using R packages psych [42] and
corrplot [43].
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2.6. QTL Detection

The composite interval mapping (CIM) method was used to identify quantitative trait
locus (QTL) for complex traits implemented by the R package R/gtl [44] of R statistical
software v4.0.2 [39]. Putative QTLs with the threshold of LOD score at the 0.05 probability
level were considered as significant. The heterozygous allelic effect of each significant
QTL was calculated as the difference between the mean of the trait values of the ABs
carrying the wild allele in heterozygosis and the mean of the trait values of those ABs
with the homozygous recurrent allele. A t-test (p = 0.05) between the two groups was
performed to confirm that the QTLs effects were statistically significant. Candidate genes
were searched using the Genome browser of Sol Genomics Network [45] with eggplant
genome consortium V4.

3. Results
3.1. Genomic Characterization

After SNP marker filtering, a total of 851 markers out of the initial 34,570 markers
were selected, although the number of markers in each chromosome differed (chr. 1: 150;
chr. 2: 57; chr. 3: 68; chr. 4: 79; chr. 5: 41; chr 6: 99; chr. 7: 33; chr. 8: 71; chr. 9: 60;
chr. 10: 90; chr. 11: 31; and chr. 12: 72). A complete coverage of the S. elaeagnifolium genome
(in heterozygosis) was obtained with the 56 advanced backcrosses (Figure 1). The ABs
had a mean recovery rate of the recurrent parent genetic background in homozygosis of
84.4% with a range of recovery among BC2 and BC3 individuals between 61.0% and 97.6%.
The mean number of introgressions was 6.2 with a range between 1 and 13 (Figure 1).
The frequency of heterozygosis of each marker along each chromosome was variable, the
averages being higher in chromosomes 6 (0.26) and 7 (0.23) and lower in chromosomes 10
(0.06) and 9 (0.07). However, significant differences were observed in the representation
among genomic regions within each chromosome (Figure 1).

CHR3 CHR4 CHRS CHR6 CHR7 CHRS CHR9 CHR 10 CHR11 CHR12
— e e e oo oo B PR —— SR T
- —

—— ==

Figure 1. Graphical genotypes of 56 advanced backcross lines (ABs). The rows indicate ABs codes, and the columns

indicate the chromosomes. The five first rows correspond to BC2 individuals, while the rest correspond to BC3 individuals.

Introgressions of S. elaeagnifolium ELE2 in heterozygosis are depicted in red, and the genetic background of the recurrent

parent (S. melongena MEL3) is depicted in blue.

The dendrogram performed on genetic data clearly separated the recurrent parent
(S. melongena) and the BC2 and the BC3 generation individuals in a set of clusters that largely grouped
individuals sharing common introgressions from S. elaeagnifolium (Supplementary Figure S1). In
this way, BC2 and BC3 individuals were intermingled in the dendrogram grouping with
other, while the recurrent parent plotted close to two BC3 individuals with few introgressed
markers from S. elaeagnifolium.
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3.2. Traits Evaluated

Statistically significant differences (p < 0.05) between parents were detected for all
plant traits (Table 2). The plants of the S. melongena parent were larger than those of
S. elaeagnifolium and had a higher plant height (P-Height; 1.6-fold), aerial biomass
(P-Biomass; 4.9-fold), and stem diameter (P-Diam; 2.6-fold). Additionally, due to their
higher yield, S. melongena plants also had higher yield (Yield; 55.6-fold) and nitrogen use
efficiency (NUE; 31.6-fold) than those of S. elaeagnifolium. In addition, significant differences
were found between parents for all fruit traits, except for the number of fruits per plant
(F-Number). Thus, the recurrent parent had higher mean values for the following traits:
pedicel length (F-PedLength; 2.7-fold), calyx length (F-CaLength; 4.3-fold), fruit length
(F-Length; 9.2-fold), fruit width (F-Width; 4.5-fold), and fruit mean weight (F-Weight;
100.0-fold) (Table 2; Figure 2). For composition traits, S. melongena had significantly higher
N content in leaf than S. elaeagnifolium (N-Leaf; 1.2-fold) and chlorogenic acid peak area
(CGA-Area; 2.6-fold). Solanum elaeagnifolium displayed significantly higher values than S.
melongena in C content in fruit (C-Fruit; 1.1-fold), total phenolics content (TPC; 3.1-fold),
and total phenolic acid peak area (TP-Area; 1.9-fold) (Table 2). Few significant differences
were observed among BC2 and BC3 means. In this way, only C content in fruit (C-Fruit) and
total phenolics content (TPC) displayed higher mean values in BC2, although the relative
differences were limited (4.6% and 32.5%, respectively), and C content in leaf (C-Leaf)
displayed lower mean values in BC2 with a relatively limited difference (20.9%) (Table 2).

Table 2. Mean, range, and coefficient of variation (CV) of every trait analyzed for the donor parent (S. elaeagnifolium; n = 5),

the recurrent parent (S. melongena; n = 4), the BC2 (n = 5) and the BC3 (n = 51) advanced backcrosses towards S. melongena,

and the heritability (H2) of the trait in the advanced backcrosses. The full name of each trait in the first column can be found

in Table 1. For each trait, means with different letters are significantly different according to the Student-Newman-Keuls

multiple range test (p < 0.05).

S. elaeagnifolium (n = 5) S. melongena (n = 4) BC2 (n=5) BC3 (n =51)
Trait H?
Mean Range (CO/X Mean Range (C,,/:/) Mean Range ((E/X Mean Range (Co/:;
Plant traits
SPAD 63.7b 558-71.0 9.1  466a 44.0-47.9 39  442a 41.1-48.1 61  447a 37.0-56.9 90 079
P-Height (cm) 58.8a 50.0-65.0 93  923b 79.0-107.0 128 102.2b 90.0-130.0 163  854b 47.0-136.0 245  0.68
P'B“’lﬁrv‘f}is (kg 027a 0.16-040 354  1.32b 0.85-2.03 382  159b 0.51-3.80 807  142b 0.18-4.96 760 078
P-Diam (mm) 105a 91-11.9 109  274b 19.3-35.4 254  263b 17.9-36.3 288  246b 11.0-46.2 309 0.15
P-StPrick 1.0b 1.0-1.0 0.0 0.0a 0-0 0.0 04a 0-1 1369 02a 0-1 2341 1.00
P-LeafPrick 0.0 0-0 0.0 0.0 0-0 0.0 0.2 0-1 236 02 0-1 2341 1.00
Yield (g) 529a  120-1140 836  2891b 19254020 325  1258b  469.0-2941.0 794  2059b  124.0-8109.0 871 071
NUE 103a 19-223 851 3258b  205.6-4832 371  2005b 6785331 944 272.7b  374-10193 823 0.0
Fruit traits
F'P‘g\ﬁ;‘g&‘ 213a 205225 41 582 ¢ 52.6-61.5 68  284ab 20.1-35.7 28  384b 17.2-63.7 308 0.89
F'C(iﬁ;gth 122a 114132 64  525¢ 49.2-56.7 59 298D 24.3-34.9 154  361b 20.2-52.6 238 087
F-Length (mm)  10.3a 91-113 92  948c 86.4-101.1 66 540D 38.1-71.9 230  66.1b 245-1132 299  0.90
F-Width (mm) 10.1a 89-114 107  458¢ 41.8-53.9 120  299b 22.6-37.7 230  360b 18.9-50.5 19.6 042
F-CalPrick 1.0b 1.0-1.0 0.0 0.0a 0.0-0.0 0.0 04a 0-1 1369 02a 0-1 2182 1.00
F-Number 82.8 23.0-165.0  81.1 485 38.0-57.0 205 572 39.0-87.0 362 568 18.0-1320 461 085
F-Weight (g) 061a 046-082 231 6098c  3377-77.79 316  20.03b 1144-33.8 465 3335b 529-65.88 475 057
Composition traits
N'L‘]’;vagé/ kg 450a 389-488 84  529b 49.4-547 45  531b 50.0-54.7 35 525D 45.0-58.2 53 024
C'Leva(g/ kg 4398a ﬁ%%* 10 4433a 43904480 0.8  4460a  437.04530 16  4555b 42304690 17 078
N'Frgit]v[()g/ kg 26.4 242-303 9.2 24.6 229-255 49 29.3 24.6-33.9 132 257 19.2-40.9 155 091
C’F“Sltvl()g/ k8 4658b 461472 10  4283a 425430 05  4568b 438-477 31 4357a 384-479 37 098
TP(;‘(A%/ kg 6.12 ¢ 41-744 209 199a 1.7-2.34 167  4.09b 3.62-5.0 134  276a 1.48-5.75 308 0.86
CG?V%/ kg 253 179-341  22.8 1.78 1.61-2.09 12.1 253 1.44-3.74 325 227 1.02-5.02 328 092
TP-Area 31,290— 15,639— 19,472~ 11,517-

(units) 32,931b 34898 39  17,603a 20419 121  22,874a 26816 172 20,014a 33,806 242 0.80
CGA-Area (%)  3l4a 275-348 83  804b 76.7-81.5 10 678D 49.1-85.6 217 782b 49.1-88.4 1.7 0.99
TP-Pattern 1.0¢c 1.0-1.0 0.0 0.0a 0.0-0.0 00  0.6bc 0-1 913  02ab 0-1 192.6 1.00
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Figure 2. Fruit size and morphology of fruits of parentals S. melongena (A) and S. elaeagnifolium
(B) and of a representative set of different plants of advanced backcrosses (BC2 and BC3) (C). Scale
in cm.

Regarding the comparison between the advanced backcrosses (BC2 and BC3) and
S. melongena, significant differences were observed for pedicel, calyx, fruit lengths, fruit
width, and fruit weight (F-PedLength, F-CaLength, F-Length, F-Width, and F-Weight,
respectively), with S. melongena displaying higher mean values than the advanced back-
crosses (51.2%, 43.4%, 43.0%, 34.7%, and 67.2% with BC2 and 34.1%, 31.3%, 30.3%, 21.4%,
and 45.3% with BC3, respectively) than the recurrent parent (Table 2). For two composition
traits (C-Fruit and TPC), significant differences between BC2 and the recurrent parent, but
not between the latter and BC3, were observed. The distribution range and the coefficient
of variation (CV) for traits evaluated in the advanced backcrosses were generally greater
than those observed in the parents (Figure 2). For example, yield differences in BC3 were
65.4 times between the lowest (124 g) and the highest yielding (8109 g) plants, while in the
parents, the differences were of only 2.1-fold in S. melongena and 9.5-fold in S. elaeagnifolium
(Table 2).
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A lack of overlap in the range of variation between parents was observed in all traits
except for C content in leaf (C-leaf), N content in fruit (N-fruit), and chlorogenic acid
content (CGA) (Table 2). All distribution ranges of advanced backcrosses overlapped
with those of S. melongena, while with S. elaeagnifolium, they did not overlap for yield,
nitrogen use efficiency (NUE), fruit calyx length (F-CaLength), fruit length (F-Length),
fruit width (F-Width), fruit mean weight (F-Weight), and chlorogenic acid peak area (CGA-
Area). For traits such as plant height (P-height), plant biomass (P-Biomass), yield, or
nitrogen use efficiency (NUE), there were AB individuals with values higher than the
highest for S. melongena, although this was not observed in case of fruit weight (F-Weight)
(Table 2). In general, the coefficient of variation (CV) was higher in the BC3, being only
higher in BC2 for aerial biomass (P-Biomass), nitrogen use efficiency (NUE), fruit width
(F-Width), and chlorogenic acid peak area (CGA-Area) and being higher in the donor
parent S. elaeagnifolium only for SPAD, total number of fruits per plant (F-Number), and
nitrogen content in leaf (N-Leaf) (Table 2).

Broad-sense heritability (H?) values in the BC2 and the BC3 generations ranged
between 0.15 for stem diameter (P-Diam) and 1.00 for the presence of prickles in the stem
(P-StPrick), in the leaf (P-Leafprick), and in the calyx (F-CalPrick) and for the pattern of
phenolic acids (TP-Pattern) (Table 2). In general, heritability values were high (H? > 0.65),
except for P-Diam (H? = 0.15), F-Width (H? = 0.42), F-Weight (H? = 0.57), and N-Leaf
(H? = 0.24) (Table 2).

3.3. Principal Component Analysis

A PCA performed with the traits evaluated and for all individuals of the two parents
and the advanced backcrosses allowed to evaluate the variation within each of the parents
and the two backcross segregating generations as well as to evaluate the relationships among
all individuals evaluated. The PCA clearly separated the donor parent (S. elaeagnifolium) from
the rest of materials, which clustered together (Supplementary Figure S2). In order to obtain
a clearer picture of the relationships between the advanced backcrosses and the recurrent
parent, a PCA was performed excluding the donor parent individuals (Figure 3). The first
and the second principal components (PCs) of this PCA accounted for 33.0% and 16.2%,
respectively, of the total variation observed. The first component displayed high positive
correlations with phenolics content traits (total phenolics content, TPC; chlorogenic acid
content, CGA; and, total phenolic acid peaks area, TP-Area) and negative ones with yield,
NUE, and fruit size traits (fruit pedicel length, F-PedLength; fruit calyx length, F-CaLength;
fruit length, F-Length; fruit width, F-Width; and, fruit weight, F-Weight) (Figure 3). The
second component displayed high correlation values with plant vigor traits (SPAD; plant
height, P-Height; aerial biomass, P-Biomass; plant diameter, P-Diam), total number of
fruits (F-Number), and phenolic acids pattern (TP-Pattern). Some fruit size traits (fruit
pedicel length, F-PedLenght; fruit calyx length, F-CaLength; and, fruit width, F-Width) and
chlorogenic acid peak area (CGA-Area) displayed a high negative correlation with PC2
(Figure 3).

The projection of the individuals in the PCA score plot showed a wide distribution
over the graph area. All the individuals of the recurrent parent clustered in the lower left
quadrant were associated with fruit size traits, while four out of five of the BC2 individuals
plotted in the upper right quadrant were associated with high contents in phenolics and
N content in the fruit. The BC3 individuals were spread over the whole PCA plot. An
association between traits evaluated and percentage of recovered genetic background was
observed, as individuals with higher recovery of the donor parent genetic background
plotted closer to the recurrent parent and individuals with lower proportion of the genome
homozygous for the recurrent parent were situated farther apart from the recurrent parent
(Figure 3).
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Figure 3. PCA loading plot (A) and score plot (B) on the two first principal components of PCA
based on 24 plant, fruit, and composition traits of four individuals of S. melongena and 56 individuals
of advanced backcrosses (five BC2 and 51 BC3) with S. elaeagnifolium introgressions. First and second
components account for 33.0% and 16.2% of the total variation, respectively. The accessions are
represented by different symbols according to the generation (BC2, BC3, and recurrent parent) and
gradient of color according to homozygous proportion from recurrent parent of the 851 SNPs (1: dark
purple to 0.6: yellow). The full name of each trait can be found in Table 1.

3.4. Correlations among Traits in the ABs

Pearson’s and Spearman’s correlations were conducted, and in both analysis, the re-
sults were very similar. Therefore, we displayed Pearson’s correlations (Figure 4). Five traits
(SPAD, N-Fruit, N-Leaf, C-Fruit, and C-Leaf) were not significantly correlated (p < 0.05)
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with any other trait in the BC2 and the BC3 individuals. High positive correlations (r > 0.7)
were observed among several traits related to plant vigor: plant height (P-Height), aerial
biomass (P-Biomass), and stem diameter (P-Diam) (Figure 4). Similarly, yield showed posi-
tive correlations with plant vigor traits (P-Height, P-Biomass, and P-Diam), nitrogen use
efficiency (NUE), and fruit size traits (F-PedLength, F-CaLength, F-Length, and F-Width),
total number of fruits (F-Number), and fruit mean weight (F-Weight) (Figure 4). Nitro-
gen use efficiency (NUE) was positively correlated with plant size (P-Height, P-Biomass,
and P-Diam), yield, fruit size (F-PedLength, F-CaLength, F-Length, and F-Width), total
number of fruits (F-Number), and fruit mean weight (F-Weight) (Figure 4). High positive
correlations were observed among fruit size traits (F-PedLength, F-CaLength, F-Length,
F-Width, and F- Weight) as well as among the three traits related with the presence of
prickles (F-CalPrick, P-5tPrick, and F-LeafPrick). The total number of fruits (F-number)
showed significant correlations with plant size traits (P-Height, P-Biomass, and P-Diam),
yield, and nitrogen use efficiency (NUE) (Figure 4).

P-Biomass [
P-Diam
Yield

NUE
P-StPrick
P-LeafPrick
F-CalPrick
F-PedLength
F-CalLength
F-Length
F-Width
F-Number
F-Weight
TPC

CGA
TP-Area
CGA-Area
TP-Pattern

| B

-1 08 -06 04 -02 0 02 04 06 08 1

Figure 4. Pearson’s correlation among traits evaluated in the 56 individuals of advanced backcrosses
(five BC2 and 51 BC3) of S. melongena with S. elaeagnifolium introgressions. Only traits for which there
was at least a pairwise significant correlation at p < 0.05 according to the Bonferroni test are included
in the figure. Correlation values include only those that are significant. Orange and purple colors
correspond to negative and positive correlations, respectively. The full name of each trait can be
found in Table 1.

Total phenolics content (TPC), chlorogenic acid content (CGA), and total phenolic
acid peaks area (TP-Area) were positively intercorrelated (Figure 4). These three traits also
showed significant negative correlations with fruit size traits (F-PedLength, F-CaLength,
F-Length, F-Width, and F-Weight), except for total phenolics content (TPC), which did
not show significant correlations with fruit length (F-Length) and fruit width (F-Width),
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although it displayed a negative correlation with fruit calyx length (F-CaLength) (Figure 4).
Chlorogenic acid peak area (CGA-Area) was negatively correlated with phenolic acids
pattern (TP-Pattern) (Figure 4).

3.5. QTL Detection

The genomic and the phenotypic information analysis allowed the detection of nine
putative QTLs (Table 3). For plant traits, a QTL was detected for stem diameter (pd4) located
on chromosome 4. For traits related with the presence of prickles (P-StPrick, LeafPrick, and
F-CalPrick), three QTLs were found located in chromosome 6 at the same position (ps6, pl6,
and pc6) with similar allelic effects. For fruit traits, a QTL for fruit width (fw7) was found
on chromosome 7. Four QTLs associated with fruit phenolics traits were identified. They
were located on chromosome 5 (cg5) for chlorogenic acid content, on chromosome 6 (ph6)
for total phenolic acid peak area, and on chromosome 1 (cal and cp1) at the same position
for both chlorogenic acid peak area and phenolic acid pattern (Table 3).

Table 3. Traits for which putative QTLs were detected in advanced backcrosses of S. melongena with S. elaeagnifolium, QTL
name, chromosome, and position (Mb) where they were located, S. elaeagnifolium heterozygous allelic effect (significant for

all traits at p = 0.05 according to a ¢-test), and LOD score.

. o, Heterozygous
Trait QTL Chr. Position (Mb.) Allelic Effect (Units) LOD Score
Plant traits
Stem diameter (P-Diam) pd4 4 21.09-68.11 —8.9 (mm) 5.82
Prickles in stem (P-StPrick) ps6 6 105.06-105.56 0.91 11.10
Prickles in leaf (P-LeafPrick) plé 6 105.06-105.56 0.82 33.08
Fruit traits
Fruit width (F-Width) fw7 7 0-0.52 —9.5 (mm) 6.12
Prickles in fruit calyx (F-CalPrick) pc6 6 105.06-105.56 0.89 447.96
Composition traits
Chlorogenic acid content (CGA) cgd 5 3.94-4.49 226 (gkg~! DM) 7.15
Total phenolic acid peaks area
(TP-Area) ph6 6 99.76-100.78 5105 5.20
Chlorogenic acid peak area o
(CGA-Area) cal 1 1.05-1.42 —20.1 (%) 19.13
Phenolic acids pattern cpl 1 1.05-1.42 0.8 416.14

(TP-Pattern)

4. Discussion

Selecting plant materials that perform better under low N conditions is a main goal for
developing a more sustainable agriculture less dependent on N fertilizers, which require sig-
nificant energy for their synthesis and have a negative environmental impact [2,4]. Increas-
ing nitrogen use efficiency (NUE) is one important pathway to enhance sustainability, and
several strategies and genetic approaches were described for NUE improvement [45—-47].
Several efforts for NUE breeding in cereals and others field crops were published in
rice [7,48-50], wheat [51,52], maize [53-56], barley [57], millet [58], and oilseed rape [59].
In potato, breeding for NUE was also reported [60,61]. For vegetable crops, less efforts
have been made, although recent contributions addressed this issue in tomato [62-64] and
eggplant [65,66].

In this work, advanced backcrosses of eggplant with introgressions of an American
crop wild relative (S. elaeagnifolium) from the tertiary genepool [67] in which the entire
genome of the wild species is represented were evaluated for the first time. Genotyping
with the 5k probes SPET platform [26] allowed us to obtain a good resolution at the genomic
level of the advanced backcrosses with S. elaeagnifolium introgressions, revealing its utility
for eggplant introgression breeding. These introgression materials are a resource of great
interest for improvement of eggplant, as they widen the genetic background of the crop
with exotic variation that has not been used thus far.

Solanum melongena plants developed adequately despite the low amounts of N applied.
In this case, the fertilization irrigation solution did not contain any added N fertilizer, the
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only source of applied N being the intake water with a concentration of 0.65 mM N, much
less than the recommended N concentration of 16.5 mM of N in the watering solutions for
eggplant in soilless cultivation [68]. Aside from the fact that the wild parent S. elaeagnifolium
is a species that grows in poor environments where the N is low [16,18], the evaluation of
the advanced backcrosses allowed us to determine genetic parameters of great relevance
for important traits in eggplant breeding, including the detection of putative QTLs for
some of them. Similar studies were published on QTL detection in tomato under abiotic
stress conditions [69,70] but not under low N conditions.

The results showed a large difference for all plant, fruit, and composition traits be-
tween the two species (S. melongena and S. elaeagnifolium) used as parents in the develop-
ment of the advanced backcrosses. This result was expected due to the high phylogenetic
distance between the two species [18,71]. High phenotypic diversity was observed in the
advanced backcrosses with much higher ranges of variation than the parents for all traits.
This fact demonstrates the interest of these materials, since transgressive individuals were
found for many characters that can contribute to the development of improved materials.
In this way, among the advanced backcrosses, we found materials with much higher yield,
NUE, and phenolics content than the cultivated parent. In fact, despite the low N content
in the soil and the irrigation water [65,68], plants of some advanced backcrosses had yields
over 8 kg/plant, much higher than the recurrent parent S. melongena, suggesting that
materials with S. elaeagnifolium introgressions have a high potential for the development of
new cultivars adapted to low N conditions.

Phenotypes that were not observed in the parents appeared in some advanced back-
crosses, in particular, the presence of prickles in the leaf was observed in some backcrosses
although none of the parents had prickly leaves. This is a phenomenon that was ob-
served in other interspecific crosses in eggplant and was attributed to the presence of
complementary genes in the two parents [12,72]. It was previously reported that some
eggplant wild relatives display higher levels of phenolic acids of interest for human health
than cultivated eggplant [19,73,74]. In our case, we found that the eggplant wild relative
S. elaeagnifolium displayed higher total phenolics content (TPC) as well as a different and
more diverse phenolic acid chromatogram pattern (TP-Pattern). Some advanced back-
crosses had higher total phenolics content than the recurrent parent (S. melongena), and,
in addition, some of them showed the same phenolic acid chromatogram pattern of the
wild parent. These results may be of interest to develop varieties with enhanced bioac-
tive properties. Heritability values, in general, were higher or similar to other studies in
which parental generations of eggplant and relatives, interspecific hybrids, and first back-
crosses of eggplant were evaluated for different traits [72]. Additionally, H? values were
higher than those observed in the evaluation of a set of introgression lines (ILs) which used
S. incanum as donor parent [75]. This fact together with the high ranges of variation indicate
that a high response to selection can be obtained, confirming the interest of these materials.

Most of the correlations among traits observed in the advanced backcrosses were
expected and are in agreement with observations in other eggplant studies [76,77]. In this
way, we found intercorrelations among traits related to plant vigor (plant height, aerial
biomass, and stem diameter) and also their correlation with yield, NUE, total number of
fruits per plant, and fruit mean weight. Moreover, intercorrelations were observed among
the three traits related to the presence of prickles (prickles in stem, in leaf, and in calyx) and
among fruit size traits (fruit pedicel length, fruit calyx length, fruit length, fruit width, and
fruit mean weight). For composition traits, correlations between total phenolics content
(TPC), chlorogenic acid content (CGA), and total phenolic acid peaks area (TP-Area) were
also expected [19,78]. In other cases, relevant correlations for breeding were found, such
as the negative correlations among some fruit size traits with both total phenolics content
(TPC) and chlorogenic acid content (CGA), indicating that a counterbalance between large
fruits and high contents in phenolics may exist in the materials evaluated [78,79].

The PCA showed the wide variation observed and that a higher homozygous propor-
tion from the recurrent parental genome resulted in greater overall phenotypic resemblance
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to the recurrent parent, indicating that large proportions of the S. elaeagnifolium genome in
the genetic background of eggplant result in phenotypes that deviate from the recurrent
parent. Nonetheless, there are individuals with high S. melongena genome recovery propor-
tion that displayed considerable phenotypic differences among themselves, making them
amenable to selection.

The availability of genotyping and phenotyping data allowed the detection of some
putative QTLs for traits of interest. We detected a QTL that influenced stem diameter
(pd4), an important trait related to vigor. Thus far, only a QTL for this trait was detected in
eggplant in chromosome 2 in the ILs population of S. incanum in the genetic background
of S. melongena [75]. For the three traits related to the presence of prickles (P-StPrick, F-
LeafPrick, and F-CalPrick) we detected three QTLs (ps6, pl6, and pcé, respectively) located
at the same position on chromosome 6, indicating a common genetic basis for these three
traits. Previously, QTLs related to prickliness were mapped in chromosome 6 [80] in an
S. linnaeanum x S. melongena F2 population [76,81], in a BC1 population of the ILs of S.
incanum x S. melongena [82], in an F2 intraspecific population [83], and in a panel of 191
accessions of breeding lines, old varieties, and landrace selections of eggplant [77], sup-
porting that a major gene conserved in the eggplant group is present in this region [84,85].
For fruit traits, a QTL was detected for fruit width (F-Width) on chromosome 7 (fw?).
Previously, a QTL for fruit width was also detected in chromosome 7 in an F2 intraspecific
eggplant population [83]. In addition, other QTLs associated with fruit width were detected
scattered over six chromosomes (1, 2, 3, 8, 10, and 11) in several eggplant populations, such
as the ILs of S. incanum [86], an S. linnaeanum x S. melongena F2 population [81,87], and the
191 eggplant accessions panel [77].

For composition traits, we identified a QTL for CGA content (cg5) in chromosome 5.
Two QTLs related with CGA content were previously described, located in chromosomes
4 and 6 [88]. None of these three QTLs contain genes involved in the chlorogenic acid
synthesis pathway [24,82], thus, the genetic basis of CGA related traits needs to be fur-
ther investigated. For total phenolic acid peaks area (TP-Area), we found a QTL on
chromosome 6 (ph6), in which there are two putative genes involved in phenolic path-
ways [89,90]. One of them is a gene described as similar to CCR1, cinnamoyl-CoA reductase
1 (SMEL_006g261420.1.01), and it was reported to play a role in soluble phenolic content
in tomato (S. lycopersicum L.) [91], and the other is a gene described as similar to 4CL2,
4-coumarate-CoA ligase 2 (SMEL_006g261630.1.01), a gene involved in the CGA synthesis
pathway in eggplant [82]. For the highly correlated traits chlorogenic acid peak area (CGA-
Area) and phenolic acids pattern (TP-Pattern), we detected a QTL at the same position
on chromosome 1, which was not previously reported and which is of great interest for
eggplant breeding for bioactive phenolic acids content.

5. Conclusions

Overall, this work shows that introgressions of the phylogenetically distant S. elaeagni-
folium in eggplant may be of interest for eggplant breeding, particularly for adaptation to
low N conditions. These materials pave the way to the use of new exotic variation from a
species that grows under low N conditions in its natural habitat for eggplant breeding. To-
gether with the genomic information obtained from them, these materials can contribute to
the development of new, dramatically improved eggplant varieties for a more sustainable
agriculture. By means of selection and further backcrosses, eggplant introgression lines
with improved agronomic characteristics and composition can be obtained, facilitating
their incorporation in breeding pipelines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091770/s1, Table S1. Mean values and standard error (SE) of the soil chemical
composition before transplant. Table S2. Values of intake water chemical composition. Figure S1.
Neighbor-joining dendrogram based on IBS distances of 56 individuals of advanced backcrosses
(BC2 and BC3), individuals with introgressions from S. elaeagnifolium, and the recurrent parent
(S. melongena). Figure S2. PCA loading plot (A) and score plot (B) evaluated in the present study
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based on the two first principal components of PCA. First and second components account for 40.1%
and 14.7% of the total variation, respectively. The accessions are represented by different symbols
according to the generation (BC2, BC3, and recurrent parent) and the gradient of color according to
homozygous proportion from recurrent parent (1: dark purple to 0: yellow). The full name of each
trait abbreviation can be found in Table 1.
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