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Abstract

Background: Efficient organogenesis induction in eggplant (Solanum melongena L) is required for multiple in vitro culture
applications. In this work, we aimed at developing a universal protocol for efficient in vitro regeneration of eggplant mainly
based on the use of zeatin riboside (ZR). We evaluated the effect of seven combinations of ZR with indoleacetic acid (IAA) for
organogenic regeneration in five genetically diverse S. melongena and one S. insanum L. accessions using two photoperiod
conditions. In addition, the effect of six different concentrations of indolebutyric acid (IBA) in order to promote rooting was
assessed to facilitate subsequent acclimatization of plants. The ploidy level of regenerated plants was studied.

Results: In a first experiment with accessions MEL1 and MEL3, significant (p < 0.05) differences were observed for the
four factors evaluated for organogenesis from cotyledon, hypocotyl and leaf explants, with the best results obtained (9
and 11 shoots for MEL1 and MEL3, respectively) using cotyledon tissue, 16 h light / 8 h dark photoperiod conditions,
and medium E6 (2 mg/L of ZR and 0 mg/L of IAA). The best combination of conditions was tested in the other four
accessions and confirmed its high regeneration efficiency per explant when using both cotyledon and hypocotyl
tissues. The best rooting media was R2 (1 mg/L IBA). The analysis of ploidy level revealed that between 25 and 50% of
the regenerated plantlets were tetraploid.

Conclusions: An efficient protocol for organogenesis of both cultivated and wild accessions of eggplant, based on the
use of ZR, is proposed. The universal protocol developed may be useful for fostering in vitro culture applications in
eggplant requiring regeneration of plants and, in addition, allows developing tetraploid plants without the need of
antimitotic chemicals.
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Background

Common eggplant (Solanum melongena L.), also known
as brinjal eggplant, is one of the most important vegeta-
bles, globally ranking fifth in total production among
vegetable crops [1]. In addition, this crop has a great
interest due to its high content in bioactive compounds,
mostly phenolics, that have multiple properties beneficial
for human health [2]. In vitro culture has been of great
relevance for the genetic improvement of this crop, in-
cluding the development of doubled haploids to obtain
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pure lines [3], or the development of the first commer-
cial transgenic Bt eggplant [4]. However, as it occurs in
other crops such as onion [5-7] or gerbera [8], available pro-
tocols to regenerate eggplants are mostly inefficient or highly
dependent on the genotype [9-11]. Thus, more efficient and
reproducible protocols suitable to a wide range of genotypes
are needed to circumvent the current drawbacks for in vitro
regeneration in eggplant, mainly those related to the strong
effect that the genotype has on regeneration efficiency, and
even more if we take into account that globally over 6600
eggplant accessions are currently available in the germplasm
Genesys database [12].

The development of new genome editing technologies
in plant breeding has generated a growing interest in
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in vitro culture for regeneration protocols [13, 14]. This
is partially due to the difficulties often encountered in
plant regeneration, which is a key step in any transform-
ation protocol and a major bottleneck for applying these
techniques in many species [13, 15]. On the other hand,
other breeding techniques, like the development of poly-
ploids without antimitotic products such as colchicine
[16-19], can benefit from regeneration protocols able to
induce a certain percentage of plants with changes in
ploidy levels. Tetraploids can also be the starting point for
obtaining triploids which, in addition to the lack of seeds,
can exhibit superior quality parameters in the fruit.

Zeatin riboside (ZR; C;5H,1N505), is a cytokinin of interest
for several plant science applications. Since its discovery by
Letham [20] in immature corn kernels, it has revealed as a
useful plant growth regulator in a wide range of crops, par-
ticularly since the 1990s. One of the earliest applications of
ZR for in vitro culture was for protoplasts regeneration in
several species, such as Brassica nigra (L.) W.D.J. Koch [21],
Vigna sublobata Roxb [22]., or Solanum lycopersicum L.
[23]. ZR was also used for regeneration from leaf explants,
such as in potato (Solanum tuberosum L.), where ZR was the
cytokinin that resulted in the greater number of shoots per
explant [24]. In addition, ZR was used for somatic embryo-
genesis induction from cotyledon protoplasts, such as in to-
mato [25], and for shoots induction in axillary buds of bracts
in plants from genera Aloe, Gasteria, and Haworthia [26].
More recently, ZR has been used to circumvent the generally
low percentage of seed germination in the African baobab
(Adansonia digitate L.), where the efficient micropropagation
from axillary buds in a medium supplemented with ZR has
allowed the efficient propagation of plants of this species
[27]. In the olive tree (Olea europaea 1.), ZR has been suc-
cessfully used for micropropagation from nodal segments,
replacing the methodology of hardwood cutting, which is a
very time-consuming technique [28]. These reports reveal
that ZR has proved to be a very effective plant growth
regulator on different in vitro culture applications in several
species.

Two studies suggested that ZR may improve the orga-
nogenic regeneration efficiency in eggplant. Singh [29]
proposed a transformation method of plastids in egg-
plant by using ZR in the culture medium. Muktadir [30]
evaluated the capacity of organogenesis induction in five
varieties of eggplant by comparing the effect of different
growth regulators, obtaining the best results using an
MS medium supplemented with ZR and IAA. More re-
cently, ZR was also used in the production of eggplant
doubled haploids from anthers using a modified medium
proposed by Rotino [31] by adding 1 mg/L of ZR and 3
mg/L of naphthaleneacetic acid (NAA) [32].

Here, we evaluate the effects of ZR at different concen-
trations and in combination with IAA on different plant
tissues (cotyledon, hypocotyl and leaf) of genetically and
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phenotypically diverse eggplant accessions under different
light conditions (photoperiod and dark). In order to obtain
highly reliable estimates of the traits and parameters stud-
ied, around 4300 explants were evaluated. Our study is
aimed at providing relevant information on the ZR effects
in in vitro regeneration in eggplant. As a result, we deve-
loped an efficient regeneration protocol that is not only
useful for genetically and phenotypically distinct eggplant
accessions, but also for a related wild species.

Results

Explant type, induction conditions, accession, and culture
media effects in eggplant regeneration

The formation of non-organogenic friable calli was an
event that, although observed in all the proven culture
media, did not occur in abundance. Nevertheless, meri-
stematic nodes were observed on the surface of the com-
pact organogenic calli of cotyledon tissues (Fig. 1a) and at
one edge of the hypocotyl tissues (Fig. 1b). These struc-
tures had an organized appearance, green colour and in
most cases presented trichomes on the surface (Fig. 1c).
On the other hand, non-organogenic friable calli were ob-
served both in cotyledons and at the edge of some hypo-
cotyl explants (Fig. 1d). These structures consisted of
transparent and disorganized cells that disintegrated easily
when touched with tweezers (Fig. 1e). A relevant morpho-
logical event was the shoots formation after a month in
dark culture conditions (Fig. 1f). These had an elongated
growth habit and presented a pale coloration that turned
green shortly after being transferred into the light.

In the experiment 1, significant differences (P < 0.05)
were observed for the main effects of tissue and culture
medium in the regeneration of shoots, calli and roots,
and for accession in the induction of calli (Table 1).
Overall, the tissue potentially more organogenic for
shoot regeneration was the cotyledon with an average of
2.55 shoots/explant, followed by the hypocotyl with 1.66
shoots/explant, and the leaf with 0.70 shoots/explant.
Although wide ranges of variation were observed for
shoot formation, their median and mode values ranged
between 0 and 2 and between 0 and 1, respectively, indi-
cating that most explants produced a limited number of
shoots. Hypocotyl explants produced more calli, on aver-
age almost 1.5-fold than cotyledons or leaves, while for
root regeneration cotyledon was the one with the highest
average number of adventitious roots generated (0.51
per explant) followed by hypocotyl (0.31) and leaf (0.24),
however, no significant differences were observed for
root formation between the two induction conditions
(photoperiod and darkness). Regarding the accession ef-
fect, the only differences observed in regeneration were
for the formation of calli, which were higher in MEL1
than in MEL3 (Table 1). The incubation in light condi-
tions after a month favoured the appearance of shoots,
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Fig. 1 Initiation of bud formation in cotyledonary tissue of eggplant under 16 h light / 8 h dark photoperiod culture conditions (a); formation of
shoots in hypocotyl tissue (b); organized structure and the formation of the first trichomes in cotyledonary tissue (c); callus formed in hypocotyl
tissue under light culture conditions (d); which, at further magnification can be observed as a disorganized cell structure (e); appearance of the

buds formed in cotyledonary tissue in 24 h dark photoperiod culture conditions, with elongated growth and absence of chlorophyll in the apex

being observed (f). All the images were taken after a month of culture. The size of the bars is T mm

with an average of 1.67 shoots/explant, while incubation
in the dark gave lower values, of 1.07 explants/shoot.
Light had no significant effects on the development of
other types of organs. Many significant differences were
observed among culture media for shoots regeneration,
roots and calli production (Table 1). The media with
higher average values for shoot formation were E4 and
E5, with over 2.2 shoots/explant, followed by E6 and E3
(2.04 and 1.54 shoots/explant). On the other hand, media
E1, E7 and the control EO had the lowest regeneration rate
for shoots, with averages between three and four-fold lower
than the best media. All the media tested displayed a forma-
tion of calli higher than the control medium (EO) while those
without ZR and containing IAA (media E1 and E7) pro-
moted the formation of friable non-organogenic calli (Fig. 1d

and e). Finally, the E1 and E7 media resulted in the highest
rate of root formation, much higher than the control
medium EQO, while the rest of media gave lower ratios than
EO (Table 1). Regarding the percentage of buds of shoots,
100% of the explants cultured in media containing ZR (E2-
E6) formed shoots; however, explants grown in the media
EO, E1 and E7 barely formed shoots (0-3%). Similarly, the
percentage of explants with callus for the E2-E6 media, as
well as for E1 medium (2 mg/L IAA), was 100%. Again the
EO (control) medium and E7 medium (0.1 mg/L IAA) barely
presented 1-5% explants with callus.The combination of
cotyledon explants and light induction was the one that gave
the best performance in shoots formation. For these reason
the data subsets corresponding to the combination of these
two treatments were studied for the best media (E3 to E6)
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Table 1 Mean, median, mode, and range for the organs produced during organogenesis in experiment 1 for each of the different
levels for the four factors evaluated. Three experimental sessions with three replicates for each combination of factors and five

explants per Petri dish were used

Factors Shoots Calli Roots
Mean®  Median  Mode  Range  Mean® Median  Mode  Range  Mean® Median  Mode  Range
Tissue
Cotyledon 255 ¢ 0 0 0-26 113 a 1 0 0-4 051 ¢ 0 0 0-4
Hypocotyl 166 b 1 1 0-14 152 b 2 2 0-2 031b 0 0 0-2
Leaf 070 a 0 0 0-13 1.09 a 1 0 0-4 024 a 0 0 0-4
Accession
MEL1 135a 0 0 0-20 1.16 a 1 2 0-4 030 a 0 0 0-4
MEL3 141 a 0 0 0-26 141 b 2 2 0-4 032a 0 0 0-4
Induction condition
Light/Dark (12/8 h) 167 b 1 0 0-26 128 a 1 2 0-4 031a 0 0 0-4
Dark (24 h) 1.07 a 0 0 0-15 129a 1 2 0-4 030a 0 0 0-4
Medium
EO 045 a 0 0 0-3 044 a 0 0 0-2 024 c 0 0 0-2
E1 039a 0 0 0-5 118 ¢ 1 2 0-3 0.80d 1 0 0-4
E2 1.10b 0 0 0-13 162 e 2 2 0-4 0.14 a 0 0 0-2
E3 154 ¢ 1 0 0-14 147 e 2 2 0-4 023 b 0 0 0-4
E4 221d 1 0 0-22 154 e 2 2 0-4 0.15a 0 0 0-4
E5 254d 2 0 0-21 157 e 2 2 0-4 0.09 a 0 0 0-2
E6 204 c 1 0 0-26 132d 1 2 0-4 012 a 0 0 0-4
E7 056 a 0 0 0-5 085b 1 0 0-3 075d 1 0 0-3

For each factor, means separated by different letters are significantly different at p < 0.05 according to the non-parametric pairwise Wilcoxon test

for the two accessions (MEL1 and MEL3) (Table 2). The
analysis of hypocotyl explants data was repeated following
the same approach (Table 3). By using these combinations,
we observed a clear positive interaction for the number of
shoots, with means higher than those expected for the sum
of the main effects. In the case of cotyledon explants, the

range (0-26) for shoots formation remained similar, how-
ever, the median and the mode increased their values, indi-
cating that in general this combination of factors increased
the number of shoots obtained. For hypocotyls, the changes
were not as dramatic as in the case of cotyledons. The mean
for shoots formation increased slightly while the range

Table 2 Mean, median, mode, and range for the organs produced during organogenesis in experiment 1 for explants grown from
cotyledon incubated under 16 light / 8 h dark photoperiod conditions for the levels of media E3 to E6 in accessions MELT and
MEL3. Three experimental sessions with three replicates for each combination of factors and five explants per Petri dish were used

Medium Shoots Calli Roots

Mean? Median Mode Range Mean® Median Mode Range Mean?® Median Mode Range
MEL1
E3 6.7 a 5 14 0-14 14 a 1 3 0-3 0.1a 0 0 0-1
E4 83a 6 3 0-20 21a 2 1 0-4 04 a 0 0 0-1
E5 7.8 a 7 2 2-17 18a 1.5 3 0-3 01a 0 0 0-1
E6 9a 9 9 2-19 14 a 15 0 0-3 Oa 0 0 0
MEL3
E3 76 a 4 4 0-17 17 a 1 1 1-3 01a 0 0 0-1
E4 10.1 a 4 3 0-22 16a 1 1 0-3 0.1a 0 0 0-1
E5 7.8 a 5 4 0-21 2a 2 3 1-3 03a 0 0 0-1
E6 1Ma 4 4 0-26 16a 1 3 0-3 02a 0 0 0-1

?For each combination of accession (MEL1 or MEL3) and organogenic structure (shoots, calli, or roots), medium means separated by different letters are
significantly different at p < 0.05 according to the non-parametric pairwise Wilcoxon test
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Table 3 Mean, median, mode, and range for the organs produced during organogenesis in experiment 1 for explants grown from
hypocotyl incubated under 16 light / 8 h dark photoperiod conditions for the levels of media E3 to E6 in accessions MELT and
MEL3. Three experimental sessions with three replicates for each combination of factors and five explants per Petri dish were used

Medium Shoots Calli Roots
Mean® Median Mode Range Mean?® Median Mode Range Mean® Median Mode Range

MEL1

E3 23a 2 2 0-8 18a 2 2 1-2 0.1a 0 0 0-2
E4 21a 2 2 0-6 1.7 a 2 2 1-2 0.1a 0 0 0-1
E5 29a 2 1 0-9 16a 2 2 1-2 02a 0 0 0-1
E6 21a 2 2 0-7 15a 2 2 0-2 02a 0 0 0-1
MEL3

E3 27 a 2 2 0-7 17 a 2 2 1-2 0.1a 0 0 0-1
E4 25a 2 2 0-7 18 a 2 2 1-2 00a 0 0 0-1
E5 35a 3 2 0-8 16a 2 2 1-2 00a 0 0 0-1
E6 25a 2 2 0-6 17 a 2 2 0-2 0.1 a 0 0 0-1

#For each combination of accession (MEL1 or MEL3) and organogenic structure (shoots, calli, or roots), medium means separated by different letters are
significantly different at p < 0.05 according to the non-parametric pairwise Wilcoxon test

decreased considerably, the mode and the median were
stable with a value around 2. This shows that hypocotyls
under these conditions produce a limited number of shoots,
significantly lower than those of cotyledons. However, for
both cotyledon and hypocotyl, the values of mean, median,
mode and range for the formation of non-organogenic calli
and of roots were very low. The mode in the case of hypo-
cotyls had a value of two, showing that callus formation in
this type of tissue is more frequent than in cotyledon.

No significant differences for cotyledon (Table 2) or for
hypocotyl (Table 3) explants were observed among the
four culture media when evaluating all the effects together
under these selected conditions. For both genotypes no
significant differences were observed among media for
cotyledon and hypocotyl, although the average of the E6
medium for the formation of shoots was higher for cotyle-
don explants in both genotypes. Given that medium E6
presented a higher average in shoots development in the
case of cotyledon tissue and being the less expensive
medium, it was chosen for the regeneration protocol.

Comparison of media for rooting of shoot explants

The rooting performance of MEL1 shoot explants for the six
culture media was evaluated in the experiment 2. An in-
crease of IBA concentration resulted in a greater formation
of main roots (media R3, R4 and R5), a decrease in the num-
ber of secondary roots, as well as a greater thickness and a
reduction in the length of the main root (Table 4; Fig. 2).
Medium EO (without IBA) presented the lower average of
root formation per shoots, while the highest, with 7.6 main
roots/shoot, was obtained in medium R5 (4 mg/L of IBA).
On the other hand, the number of secondary roots reached
its maximum value (3.8) in the medium R2 (1 mg/L of IBA).
For concentrations of 2mg/L of IBA (medium R3) and
higher, the number of secondary roots decreased reaching its

lowest value in medium R5 with 0.8 secondary roots per ex-
plant. The thickness of the main root varied between 1.1 to
2.6 mm, increasing with higher IBA concentrations in the
medium, while the length varied between 1.1 to 2.5cm
decreasing when the concentration of IBA increased.

Validating the regeneration protocol in different
genotypes

After choosing the best conditions and medium, the
protocol developed was tested in other genetically diverse
materials of common eggplant [[VIA371, black beauty
(BB), MM1597] and in INS1. As hypocotyls are also avail-
able when germinating the seeds for obtaining cotyledons,
their regeneration capacity was also evaluated. The num-
ber of shoots regenerated was high for all genotypes, al-
though significant differences among accessions were
observed in the production of shoots per explant both for
cotyledons and hypocotyls (Table 5). For cotyledons,
IVIA371, BB, and INS1 displayed similar means (around
seven shoots/explant), while MM1597 had the lowest
average (3.1 shoots/explant). In the case of hypocotyls,
IVIA371 displayed the highest number of shoots, with an
average of 6.5 shoots/explant, while BB presented the
lowest shoots number (1.8 shoots/explant).

IVIA371 and MM1597 formed completely compact
organogenic calli (Fig. 3a-b and e-f) while for BB and
INS1 most of the calli were friable and non-organogenic
(Fig. 3c-d and g-h). This occurred for both cotyledon
and hypocotyl tissues. For callus formation, INS1 (Fig.
3g and h) gave the highest number of calli in hypocotyl,
with values significantly higher than those of IVIA371
and MM1597 (Table 5). The formation of roots in this
medium was very limited and, in most explants, no
adventitious roots were formed (Table 5).
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Table 4 Mean, median, mode, and range for the main roots, secondary roots and thickness and length of the main root per plant
produced during rooting of shoot explants in experiment 2 in the accession of common eggplant MEL1. Three experimental
sessions with three replicates and five explants per Petri dish for each medium were used

Medium  Main Roots Secondary Roots Main Roots thickness® Main Roots length®

Mean® Median Mode Range Mean® Median Mode Range Mean® Median Mode Range Mean® Median Mode Range

EO 13a 0 1 0-4 32b 0 1 0-10 11a 1 1 1-2 25¢ 3 3 1-3
R1 32b 3 3 0-7 37¢ 0 3 0-10 12a 1 1 1-2 26c 3 3 2-3
R2 48bc 2 4 0-10 38c 0 3 0-10 14ab 1 1 1-2 25¢ 3 3 1-3
R3 53c 10 55 0-10 16ab O 0 0-8 18b 2 2 1-3 1.7b 2 2 1-2
R4 59c¢ 0 7 0-10 14ab 0 0 0-10 20b 2 2 1-3 12a 1 1 1-2
R5 76c 0 8.5 0-18 08a 0 0 0-10 26c 3 0 1-3 1.1a 1 1 1-2

For each trait, medium means separated by different letters are significantly different at p < 0.05 according to the non-parametric pairwise Wilcoxon test
PMeasured in a scale (1=<0.8mm; 2=0.8 to 1 mm; 3= > 1 mm)
“Measured in a scale (1=<3cm; 2=3 to 45cm; 3= >4.5cm)

Fig. 2 Response in the in vitro formation of roots in common eggplant accession MEL1 in response to different concentrations of IBA in media
EO (0 mg/L; @), R1 (0.5 mg/L; b), R2 (1 mg/L; ©), R3 (2 mg/L; d), R4 (3 mg/L; e) and RS (4 mg/L; f)
.
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Table 5 Mean, median, mode, and range for the organs produced during organogenesis in experiment 3 for explants grown from
cotyledon and hypocotyl incubated under 16 light / 8 h dark photoperiod conditions and using medium E6 in accessions of
common eggplant IVIA371, BB, and MM1597 and INS1. Three experimental sessions with three replicates for each combination of

factors and five explants per Petri dish were used

Accessions Shoots Calli Roots
Mean® Median Mode Range Mean® Median Mode Range Mean?® Median Mode Range

Cotyledon

IVIA371 68 b 7 7 0-12 18 b 2 2 0-2 0.1b 0 0 0-1
BB 6.7 b 6 3 2-13 19b 2 2 1-2 0.1b 0 0 0-1
MM1597 31a 3 0 0-13 12a 1 2 0-2 0.1b 0 0 0-1
INS1 74 Db 7.5 5 1-13 18 b 2 2 1-2 0a 0 0 0-0
Hypocotyl

IVIA371 6.5 ¢ 7 6 0-16 15a 2 2 0-1 02a 0 0 0-2
BB 18a 1 0 0-6 16 ab 2 2 1-2 03a 0 0 0-3
MM1597 44 b 4 6 0-11 15a 2 2 0-2 06 a 0 0 0-2
INS1 5.8 bc 55 9 0-15 1.7 b 2 2 0-2 0.1a 0 0 0-1

For each explant type (cotyledon or hypocotyl), medium means for each trait separated by different letters are significantly different at p < 0.05 according to the

non-parametric pairwise Wilcoxon test

Acclimatizated plants with the selected protocol for
regeneration and rooting

Table 6 summarizes the results of the number of ex-
plants with shoots, acclimated plants, and plants per ini-
tial explant obtained for the different accessions cultured
in vitro using the selected protocol for in vitro regener-
ation of eggplant, which consists of using light condi-
tions, the E6 medium for the induction of shoots, and
the medium R2 for in vitro root induction (Fig. 4). By
using this universal protocol, all the accessions showed
very high yields with percentages of explants with shoots
close to or greater than 70% in all cases. The percentage
of acclimatizated plants by initial explant ranged
between 28.88 and 80.00% for cotyledon explants and
between 20.00 and 46.76% for hypocotyl explants.

Ploidy level analysis

A similar polysomatic pattern was observed in the differ-
ent accesions when cotyledon, hypocotyl and leaf tissue
explants were analized by flow cytometry (Fig. 5). The
cotyledon had between three and five times more cells
than the leaf at G2 phase peak. In the case of hypocotyl,
the number of cells of the G2 peak was between seven
and nine times greater than the peak of the leaf sample.
Both the cotyledon and hypocotyl tissues showed a peak
at the value of 200 arbitrary units of fluorescence, corre-
sponding to tetraploid cells in division, while in the case
of the leaf, no such peak was observed (Fig. 5).

In addition, the ploidy level of regenerated plants was
also evaluated. The results revealed that between 25 and
50% of the regenerated plants were tetraploids (Table 6).
The percentage of polyploid plants was similar for both
cotyledon and hypocotyl as well as among accessions,

except for cotyledons of IVIA371 where 50% of the
regenerated plants were tetraploid.

Discussion

The development of regeneration methods to obtain
plants in vitro is essential for many applications in
micropropagation and plant breeding. To our know-
ledge, up to now there are no universal methods for the
regeneration of eggplant. An example of this is the
plethora of works providing different conditions, growth
regulators and media for eggplant regeneration, but
none of them provides a universal and reproducible
protocol in a diverse group of genetically diverse acces-
sions. Some examples are the protocols based on the use
of thidiazuron (TDZ) [33], NAA or in combination with
benzylaminopurine (BAP) [34, 35], or BAP in com-
bination with IAA [36]. Even explants irradiated with
helium-neon laser were evaluated for organogenesis in
eggplant [37]. However, all these protocols were highly
genotype dependent.

ZR is a plant growth regulator that has been successfully
used for many crops and plant species like Brassica nigra
[21], Solanum lycopersicum [23] or Olea europaea [28],
although it has been much less used than other cytokinins.
In this study, we developed a new universal regeneration
protocol based on the use of ZR that has proven to be
highly efficient in eggplant, which is a genotype dependent
recalcitrant species to in vitro culture [9-11]. Due to the
good results showed by ZR in some crops including two
seminal reports on eggplant [29, 30], we aimed at develop-
ing a universal protocol for regeneration of eggplant based
on the use of ZR. Thus, in our study, we tested genotypes
representative of eggplant diversity [38], including an
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)

Fig. 3 Organogenic response of the different eggplant accessions for the E6 medium cultivated under light conditions for cotyledons (left) and
hypocotyls (right) for common eggplant accessions IVIA371 (a and b), BB (c and d), and MM1597 (e and f), and for INS1 (g and h). Differences
were observed between the two tissues, being the cotyledon the tissue with the best average results in all the cases, except for MM1597. Small
differences between the accessions were also observed, like the larger size and the non-friable aspect of INST callus (g and h)

accession of the wild ancestor INS1 [39], using a large
number of combinations of factors and replicates.
Cotyledon was the most organogenic tissue for all condi-
tions, giving better results under 16 h light / 8 h dark than in
the 24 h dark photoperiod conditions. Similar results were
observed in another study in which the organogenic capacity
of the cotyledon and hypocotyl tissues in the eggplant was
evaluated [36]. This organogenic capacity of the cotyledons
has also been reported in other crops such as melon [40],
tomato [41], or peanut [42]. Regarding the composition for
the culture media, no significant increases in the response
were observed for concentrations over 2mg/L of ZR. In
other studies in eggplant, the concentrations determined to
be optimal for ZR were 1 mg/L in the case of plastid trans-
formation [29] and anthers [32], and 2 mg/L in the case of
hypocotyl culture [30]. These results are in agreement with
those obtained in our study. In other crops, the optimum
concentration of ZR for the induction of organogenesis were
variable, being 0.8 mg/L for potato [24], 1 mg/L for tomato
protoplasts [22], 1.89 mg/L in the case of some succulent
plants [26], and much higher in woody plants such as olive
tree where the optimum concentration was set in 4.77 mg/L
[28]. In general, concentrations higher than 2 mg/L resulted
in a decrease of the organogenic response, as in hypocotyl
protoplasts of Vigna sublobata [22] or tomato cotyledons
[25], where ZR in combination with gibberellic acid (GAz)
and IAA did not show inductive effect on the tissues. Other
works confirmed that ZR presented lower regeneration
results when it is used in combination with auxins. For

example, Rolli [27] reported a decrease in the percentage of
regeneration when ZR was used in combination with IBA
for African baobab. Similar effects were also observed for
brassicas where 2 mg/L of ZR promoted the shoot forma-
tion from organogenic calli, but when ZR was combined
with 0.2 mg/L of IAA, the shoot induction effect was sup-
pressed, resulting in the formation of somatic embryo-
genesis [21]. For IAA, negative effects were observed at
concentrations higher than 0.5 mg/L [25]. Our results are
in agreement with these studies, since the best media
found in our study (E6) lacked IAA.

When comparing the results of the E6 medium with
the rest of the media we observed a higher average num-
ber of outbreaks per explant than the rest of the media.
Medium E6 also showed higher percentages of organo-
genic regeneration compared to the medium proposed
by Muktadir [30] where ZR (2 mg/L) was used in com-
bination with 0.1 mg/L of IAA. This is further evidence
that IAA does not contribute, or even decrease the or-
ganogenesis induction in eggplant.

The rooting medium R2 (1 mg/L IBA) displayed the
highest yield in the formation of secondary roots, pro-
viding a greater number of root nodes for functional
roots ex vitro. In fact, although the roots formed in vitro
are not generally functional ex vitro [43, 44], they may
serve as scaffolds for the new functional secondary roots
that can be formed from their nodes. We also observed
that an increase in the concentration of IBA higher than
2mg/L increased the thickness of the roots, reduced

Table 6 Percentage (£SE) of explants with shoots and number of acclimatized plants from the experiment 3 for the accessions of
common eggplant IVIA371, BB, and MM1597, and for S. insanum INS1 in two different tissues (cotyledon and hypocotyl) using 16 h
light / 8 h dark photoperiod conditions and the E6 medium for organogenesis and the medium R2 for root formation induction.
The percentage (+SE) of the diploid (2x) and tetraploid (4x) regenerated plants in experiment 4 are also reported. The number of
initial explants used for each accession was n =45

Accessions  Explants with shoots (%)  Acclimatized plants  Acclimatized plants / initial explants (%)  2x regenerants (%)  4x regenerants (%)
Cotyledon

IVIA371 96.66 + 0.03 36 80.00 £+ 0.06 50.00 = 0.08 50.00 + 0.08
BB 100.00 + 0.00 15 3333 £ 007 6130+ 0.13 38.70 £ 0.13
MM1597 69.23 £ 0.07 13 28.88 + 0.06 64.71 £ 0.13 3529 +£0.13
INS1 100.00 + 0.00 24 5333 £ 007 75.00 £ 0.09 25.00 = 0.09
Hypocotyl

IVIA371 86.66 = 0.06 13 28.88 = 0.06 65.00 = 0.13 35.00 £ 0.13
BB 70.00 £ 0.08 21 46.76 + 0.07 66.70 = 0.10 3330 £0.10
MM1597 86.66 + 0.06 9 20.00 + 0.06 7692 +0.14 2308 +0.14
INS1 90.00 = 0.05 17 37.77 £ 007 74.80 = 0.11 2520 £ 0.11
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After two weeks of germination, take the hypocotyl and cotyledon
explants and culture it in E6 medium under light conditions

25

First shoots,30days of cultivation

Dissect the shoots and cultivate 2-3 weeks rootedshoots

them in R2 medium

During the following weeks, the vesselis Eggplant plantin process of Eggplant plantafter a month and
drilled toaccustomthe plant toits new acclimatization. A plastic cup is a half of rooting readyfor the
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must be completely acclimated

Fig. 4 (See legend on next page.)
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(See figure on previous page.)
Fig. 4 Proposed universal protocol for the regeneration of eggplant plants from cotyledon and hypocotyl. Starting from tissue of seeds sterilized
and cultivated in vitro in medium EO, the combination of medium E6 and light conditions for both hypocotyl and cotyledon tissue is proposed.

Subsequently, after approximately 1 month of cultivation, the shoots are placed in rooting medium R2 until their root system is ready for the

transplant and the process of acclimatization

their length and promoted the formation of the main
roots while reducing the formation of the secondary
roots. This is not desirable for the subsequent
acclimatization of the plants due to the low number of
nodes formed by the absence of secondary root [43]. In
this experiment the roots formed without problems
under photoperiod conditions, this would reinforce the
results observed in experiment 1 where we did not see
differences in the formation of adventitious roots be-
tween the induction conditions evaluated (photoperiod
and darkness) suggesting that the light does not condi-
tion the in vitro root formation in the case of this crop.
Despite the genetic divergence between MEL1 and MEL3
[38], we did not detect significant differences in the organo-
genic response between these two accessions. In the rest of
accessions, including one of the wild ancestor of eggplant
INS1 [39], the response of cotyledons was very similar,
whereas, in the case of hypocotyls, small differences be-
tween genotypes were observed. These results indicate that
the genotype effect on the regeneration efficiency in this
protocol is low and it can applicable to a wide range of ge-
notypes, including eggplant wild relatives. Although many
shoots per explant were formed with our protocol, the
number of acclimated plants per explant was much lower.

This is because not all shoots were large enough to subcul-
ture them in the rooting media. This step might be easyly
improved by incorporating an elongation step prior to the
rooting. For example, explants with shoots could be subcul-
tured in an growth regulator-free EO medium [11, 45], or in
a medium with a concentration of 1.5 mg/L GAj; [3]. In this
sense it is worth mentioning that the cultivation of small
shoots during one or 2 weeks in continuous darkness pro-
motes their elongation without the weak etiolation harming
the normal future development of the shoots in photo-
period conditions (data not shown).

All accessions had a very similar general polysomatic
profile, in which cotyledons and hypocotyls showed higher
rates of initial polyploid cells than those of the leaf. This is
probably due to the fact that the first endoreplications oc-
curred in the cotyledon and hypocotyl during germin-
ation, while the events of polysomatia in the rest of tissues
occur at later stage [16, 17]. Although cotyledons had a
percentage of polyploid cells lower than the hypocotyl, the
proportion of polyploid plants regenerated from both tis-
sues was similar. This may be due to the greater organo-
genic capacity of the cotyledons that we report in this
work. A significant proportion of the regenerated plants
were stable tetraploids, which indicated that it is a highly
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Fig. 5 Flow cytometry histogram of the relative nuclear DNA contents of different tissues from eggplant accession IVIA371: cotyledon (blue),
hypocotyl (green) and leaf (red). The x-axis represents the proportional fluorescence intensity level to the nuclear DNA quantity. The different

Arbitrary
intensity

polysomatic profiles of the different tissues analyzed can be observed. The peak located at the value 50 correspond to the diploid nuclei in phase
G1, the peak located at the value 100 corresponds to the sum of the diploid nuclei in phase G2 and the tetraploid nuclei in phase G1, while the
one at the value 200 represents tetraploid nuclei in G2 phase. The y-axis indicates the number of nuclei analyzed
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efficient method for the development of tetraploids with-
out the need to use chemical antimitotic agents such as
colchicine. Similar results have been observed in different
studies such as in in vitro culture of tomato hypocotyls
where 42.3% of the plants were tetraploid [46] or in
culture of protocorm-like bodies in Phalaenopsis species,
where an average polyploid production was obtained
between 36.0-74.9% depending on the species [47].

Conclusions

We developed a universal protocol for the eggplant re-
generation. This universal protocol consists in the culti-
vation of cotyledons in a medium (E6) with ZR at 2 mg/
L under light conditions for 1 month, and afterwards
rooting them in medium R2, which contains IBA at 1
mg/L. Taking advantage of the polysomaty displayed by
cotyledon and hypocotyl tissues, this protocol can also
be used to obtain stable non-chimeric polyploid plants
without the need to use antimitotic agents. This proto-
col, based on the use of ZR, and the rest of the informa-
tion provided in this study can foster in vitro breeding,
transformation and genetic editing of eggplant being an
excellent base to start working. It may be necessary to
adapt the protocol depending on the selective agents
used in the transformation process. For this, it would be
convenient to perform toxicity tests of different concen-
trations of antibiotics or other selective agents and assess
whether the regeneration capacity of the transformed
cells is compromised or not. Our approach, in which ZR
proved of great value for developing a highly efficient re-
generation protocol in an otherwise recalcitrant species,
might be of interest in other related recalcitrant crops.

Methods

Plant material

Five S. melongena accessions, namely MEL1, MELS3,
IVIA371, BB, and MM1597, and one of S. insanum
(INS1), the wild ancestor of eggplant and the only wild
species in the primary genepool of eggplant [39, 48],
were used (Fig. 6). Seeds of the six accessions were
kindly provided by the germplasm bank of Universitat
Politécnica de Valéncia (Valencia, Spain; FAO germ-
plasm bank code: ESP026). These materials have differ-
ent origins (Ivory Coast for MEL1 and MEL3, Spain for
IVIA371, Italy for BB, India for MM1597, and Japan for
INS1), have been previously identified taxonomically,
and characterized morphologically and genetically, dis-
playing a wide variation for morphological and agro-
nomic traits, as well as for genetic diversity [38, 49, 50].
MEL1 and MEL3, bearing white and green fruits
respectively, are the recipient parents of backcross pro-
grammes for the development of introgression lines with
wild relatives, and have been used in several breeding
programmes [51-53].
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Experimental layout and workflow

The experimental layout and workflow are presented in
Fig. 7. The first experiment was aimed at evaluating the
effect of different factors in somatic organogenesis in
eggplant. Cotyledon, hypocotyl and leaf tissue from
MEL1 and MEL3 were tested in eight culture media with
different concentrations of ZR and IAA combined with
two induction conditions (light and dark). In parallel, for
the second experiment, six culture media were evaluated
to determine which of them stimulates more efficiently
root induction. This step was carried out only with
MELL. After running the first two experiments and hav-
ing established the best protocols among those tested for
the eggplant regeneration, in the third experiment these
were tested in the other four accessions (IVIA371, BB,
MM1597 and INS1) in order to assess the genotype
effect. Finally, in the fourth experiment, the ploidy of the
plants regenerated from this protocol was evaluated.
Due to the detection of polyploid plants, the polysomatic
pattern of cotyledon, hypocotyl and leaf tissues was also
checked by flow cytometry.

Growth conditions of the starting material

For in vitro germination, seeds were previously surface-
sterilized by immersion in 70% ethanol for 30 s, followed
by 10 min in a solution of 5% w/v sodium hypochlorite
with 0.1% (v/v) of Tween 20, and finally washed three
times with sterilized distilled water. After sterilization,
seeds were germinated in the darkness on solid medium
EO (Table 1). The medium EO was distributed in Petri
dishes of 9 cm diameter and also in plastic pots of 9.7
cm diameter and 11 cm height fitted with a membrane
filter in the lid to allow gaseous exchange (Microbox
containers 0118/120 + OD118/120 #10 (G), SACO02,
Nevele, Belgium). The plastic pots were used for growing
the plantlets to obtain leaf explants. To synchronize the
explants types used in the experiment (cotyledon, hypo-
cotyl and leaf), firstly 50 seeds of each of the MEL1 and
MEL3 accessions were sown in plastic pots to obtain
leaves. Two weeks later other 50 seeds of each of these
two accessions were sown in Petri dishes and kept under
dark culture conditions, to obtain the cotyledons and hy-
pocotyls. The plastic pots were placed in a climatic
chamber, at a temperature of 25°C with a photoperiod
of 16 h light / 8 h darkness. At the same time, 50 add-
itional MEL1 seeds were sown in plastic pots with EO
medium for the rooting protocol experiment (Table 7).
They were kept in the same climatic chamber for 4
weeks under the same conditions.

Experiment 1: somatic organogenesis

Explants were cultured on different organogenic induc-
tion media containing % MS basal salts [54], 1,5% (w/v)
sucrose, 0,7% (w/v) gelrite, and supplemented with one
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Fig. 6 Fruits of the common eggplant (S. melongena) accessions [MEL 1 (a); MEL3 (b); IVIA371(c); BB (d) MM1597 (e)] and of the wild ancestor S.

insanum [INS1 (f)] used in the different experiments, revealing the high phenotypic diversity of the materials studied. The size of the grid cells
isTx1cm

Experiment 1:
Somatic organogenesis i
Accessions: MEL1, MEL3.
Experimental design: 3 R
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Fig. 7 Description of the accessions, the experimental design and the main objectives of the four experiments performed. The flow of the arrows
indicates the order in which the experiments were conducted and their relationships
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Table 7 Zeatin riboside (ZR) and indolacetic acid (IAA)
concentrations of the different induction media for the in vitro
germination of seeds (EO) and somatic organogenesis of
eggplant explants (EO to E7)

Growth Medium
regulator 0 E B2 E3 E4 5 B E7
ZR (mg/L) 0 o0 1 2 3 4 2 0

IAA (mg/L) 0 2 0.5 0.1 0.05 0 0 0.1

of seven different growth regulator combinations (Zr, 0—
4 mg/L; IAA, 0-2 mg/L) (Table 7). From seedlings grown
in Petri dishes in dark conditions, the proximal and distal
parts of the cotyledons were excised while the hypocotyls
were cut into fragments of about 1 cm long. The leaves of
the plantlets grown in plastic pots were cut into fragments
of one square centimetre. Fifteen explants for each of the
three tissues (cotyledon, hypocotyl or leaf) were divided
into three plates (five explants per Petri dish). This was
triplicated for each of the organogenesis media conditions;
thus, 846 Petri dishes and 4320 explants (3 plant tissues x
2 accessions x 8 inductions media x 2 incubation (light/
dark) conditions x 3 plates per plant tissue x 3 experimen-
tal replicas) were evaluated.

Half of the plates of each combination of medium and
type of explant were kept in light conditions (100-
112 pmol m™>S™ ") in the culture chamber at 25°C with
16/8 h light/dark photoperiod. The other half were kept
in dark conditions in the same culture chamber, by
wrapping the plates with aluminium foil. After 1 month,
the number of shoots, calli and roots of each explant
were counted, and the plates that were in dark condi-
tions were transferred to light conditions.

Experiment 2: root induction

For developing a rooting induction protocol of the explants
regenerated with the different combinations of ZR (0—4 mg/
L) and IAA (0-2 mg/L), different IBA concentrations (0—4
mg/L) were used on a medium containing % MS basal salts,
1.5% (w/v) sucrose, 0.7% (w/v) gelrite (Table 8). Five explants
with axillary buds from MEL1 were planted per plastic box.
The plastic pots were taken to the culture chamber and
placed at 25°C and 16h / 8h of light/dark photoperiod.
After 1 month, the number of primary and secondary roots
was counted and the length and thickness (diameter) of the
primary roots were evaluated. This was triplicated for each

Table 8 Indolbutyric acid (IBA) concentrations of different
rooting media evaluated in explants from internodal sections
from MEL1 eggplant accession

Growth Medium
regulator FO RI R R3 R4 RS
IBA (mg/L) 0 05 1 2 3 4
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of the rooting media conditions; thus, 54 Petri dishes and
270 explants (1 accession x 6 inductions mediums x 3 plastic
pots x 3 experimental replicas) were evaluated.

Experiment 3: protocol validation in different accessions
The common eggplant accessions IVIA371, BB,
MM1597 and the INS1 accession were used for this
third experiment. The same seed disinfection protocol
mentioned above for experiment 1 was used, and 50
seeds of each of the four accessions were sown in Petri
dishes of 9cm diameter with medium EO. The plates
were brought to the culture room under the same
temperature conditions used in the former experiments
(25°C) in dark conditions for 2 weeks.

The proximal and distal parts of the cotyledons were
excised, and the hypocotyls were cut into fragments of
about 1 centimetre. For each accession, fifteen cotyle-
dons and hypocotyls explants were distributed over three
plates (five per plate per type of explant), with E6
medium, in three experimental sessions, totalling 1440
explants evaluated in this experiment. The plates were
maintained into the culture chamber under light condi-
tions, at 25 °C and a photoperiod of 16 h/ 8 h light/dark.
After 1 month, the number of shoots, roots and calli of
each individual explant was counted.

Experiment 4: determination of ploidy level

Cell nuclei from different tissues (cotyledon, hypo-
cotyl and leaf) were isolated mechanically according
to Dpoolezel [55]) with modifications. Cotyledon,
hypocotyl, and leaf sections of approximately 0.5 cm?
were chopped with a razor blade in a 6 cm diameter
glass Petri dish containing 0.5ml lysis buffer LBO1
(pH7.5) supplemented with 15mM Tris (hydroxy-
methyl) aminomethane, 2mM NaEDTA and 0.5 mM
spermine, and incubated for 5min. Subsequently, the
suspension containing nuclei and cell fragments was
filtered using a 30 um CellTrics filter (Sysmex, Sant
Just Desvern, Spain). The nuclei in the filtrate were
stained with CyStain UV Ploidy (Sysmex) and incu-
bated for 5min. The fluorescence intensity of the
homogenate was measured using a CyFlow ploidy-
analyzer (Partec, Minster, Germany), measuring at
least 4000 nuclei for each sample. Using young leaves
of a diploid eggplant, the diploid control peak was
established at 50 points of the arbitrary intensity
value of the fluorescence in the histogram (Fig. 5). By
comparison with this peak, the ploidy of the other tis-
sues evaluated was checked. The ploidy of cotyledons,
hypocotyls and leaves was evaluated to verify their
polysomatic pattern. For experiment 3, also young
leaves from regenerated plants were evaluated.
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Statistical analysis

Independence among variables (distribution-plot test),
homoscedasticity — (Bartlett’s test), and normality
(Shapiro-Wilk test) were evaluated for the experiments
1, 2 and 3. Given that for none of these experiments the
three criteria were met, the Kruskal-Wallis
parametric test followed by the pairwise Wilcoxon test
at p <0.05 was used to evaluate statistical significance of
differences. All these analyses were carried out using R
software [56]. The mean, median and the mode of each
factors were calculated to complete the information in
the data sets. For the data from the experiment 4, the
relative percentage for the ploidy levels each genotype
along with its standard error was calculated.

non-
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