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Abstract

The anther culture response in Solanum commersonii (2n = 2x = 24, 1TEBN) and S.
chacoense (2n = 2x = 24, 2EBN), two wild potato germplasm resources was studied
to obtain haploid plants. Three accessions from each of the two species and 3200
anthers from each genotype were cultured. Authors assessed different culture
media; ascorbic acid, L-cysteine and silver nitrate (AgNOs) were included to
prevent browning of anther cultures. Addition of AgNOs was effective to induce
embryogenesis. The clones from S. commersonii showed different embryogenic
response to androgenesis. However, the three accessions from S. chacoense did
not induce any embryo in the same conditions. Ploidy level of the regenerated
clones was estimated by flow cytometry and confirmed by chromosome counts.
This is the first report of haploid plants obtained from anther culture in S.
commersonii, with important implications in sequencing efforts and potato
breeding.

Introduction

Cultivated potato (Solanum tuberosum L. (2n = 4x = 48, 4EBN) is a vegetatively
propagated crop with tetrasomic inheritance and a high level of heterozygosity
(Tai and Xiong 2005). Potato breeding and genetics are also difficult because the
species shows strong inbreeding depression which causes a reduction in viability
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when selfed (De Jong and Rowe 1991, Bradshaw 2007). It also has self-
incompatibility at the diploid level (Bradshaw 2007). Despite the novel
developments in genetic mapping using an inbred line-derived F2 population
(Endelman and Jansky 2016), dihaploids and monoploids are still the tools of
choice for genetic, cytogenetic and evolutionary studies (Rokka 2009). In the
context of the Potato Genome Sequencing Consortium (PGSC 2011), the doubled
monoploid clone (DM1-3 516R44) developed by Veilleux et al. (1995) allowed a
reference assembly, because the DM1-3 clone is a completely homozygous line,
which eliminates the complexity brought into the assembly by heterozygosity
(Visser et al. 2009). The production of haploids and dihaploids provide an
attractive biotechnological technique for breeding purposes (reviewed by
Peloquin et al. 1991) i.e. in a single step a complete homozygous line can be
developed from heterozygous parents, avoiding time-consuming rounds of
selfing (Germana 2011). Potato monoploids can be used in crosses with wild
species (reviewed by Jansky 2006) and also in protoplast fusion to produce
somatic hybrids (Lightbourn and Veilleux 2007).

Potato breeders have used wild species related to S. tuberosum as a source of
resistance against pathogens and abiotic stresses (Jansky et al. 2006) and to
broaden the genetic base of the crop, which is limited because of the few
genotypes that were first introduced in Europe and then used in breeding (Birch
et al. 2012). The use of resistant varieties incorporating valuable traits from wild
diploid species is an interesting approach to achieve higher quality and yield in
potatoes and other crops (Zuluaga et al. 2015).

Solanum commersonii (2n = 2x = 24, 1EBN) and S. chacoense are wild tuber-
bearing species native to Southern South America. They present wide genetic
variability and resistance to different biotic stresses (in the case of S. commersonii,
resistance to the second most important potato disease, bacterial wilt caused by
Ralstonia solanacearum), tolerance to cold and drought conditions, high genetic
diversity and adaptability (Pianzzola et al. 2005). The main bottleneck for their
use in potato breeding is the need for ploidy manipulation to overcome
hybridization barriers.

Ploidy manipulation to produce haploids or monoploids in potato can be
performed through either pollination with haploid inducers or anther culture
(androgenesis). Pollination with haploid inducers is more common in S.
tuberosum using clones of diploid Group Phureja (Hougas et al. 1958, Peloquin
et al. 1996, Panahandeh 2010). This method has its drawbacks because there is
evidence that some chromosomal segments from the Group Phureja pollinator
remain in some aneusomatic genotypes and that there was incorporation of DNA
from the pollinator via somatic translocation, suggesting that the mechanism is
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chromosome elimination instead of parthenogenesis (Wilkinson et al. 1995,
Ercolano et al. 2004). The production of haploids through anther culture has
many advantages since it does not imply the inbreeding depression caused by
selfing and does not involve pollinator genome contamination.

Many factors are involved and interact in the optimization of the anther
culture protocol to produce haploid plants; therefore it is necessary to consider:
pre-treatment of anthers, genotype effects, the stage of pollen development,
culture conditions and induction of embryos and regeneration of plants. These
factors greatly affect the response of the microspores to achieve reprogramming
cells to the sporophytic route (Germana 2011).

Both cultivated and wild potato genotypes differ in their potential for
embryogenesis and regeneration in anther culture (Sonnino et al. 1989, Aziz et al.
1999, Paz and Veilleux 1999). Genotype is the main endogenous factor affecting
regeneration (Germana 2011). Therefore, if haploid plants are to be regenerated
via androgenesis, potato germplasm must be screened for anther culture
response.

Among the different pretreatments described in the literature, cold has been
reported as a stress factor that induces the switch from the gametophytic to the
sporophytic pathway in the male gametophyte (reviewed by Shariatpanahi et al.
2006).

Culture medium composition is a very important aspect to evaluate
embryogenesis response (Canhoto et al. 1990). Among other medium
components, AgNOs acts as an ethylene inhibitor, delaying anther senescence
(Lentini et al. 1995) and blocking its negative effects on embryogenesis (Kumar
et al. 2009) and embryo development (Sarropoulou et al. 2016). This compound
effectively prevents in vitro-cultured explants from ethylene harm avoiding
growth inhibition in Solanum tissue culture (Tiainen 1992) and delays browning
by competing with ethylene for the binding site located predominantly at the
intracellular membrane (Veen and Overbeek 1988), thus allowing the formation
of more haploid plants in anther culture. Exogenous plant growth regulators are
one of the most important keys to successful induction of haploid plants through
microspore embryogenesis using anther culture (Germana 2011). Medium
composition has been assessed for cultivated potatoes of Group Phureja (Paz and
Veilleux 1999) but not for wild tuber-bearing species. There have been successful
attempts and plants have been regenerated in S. chacoense and interspecific
hybrids (Cappadocia et al. 1984) but no studies have been reported for S.
commersonii.

After plant regeneration in anther culture, ploidy level must be checked
because plants may regenerate from mother plant tissues like the anther wall,



162 Castillo et al.

through nuclei fusion or endomitosis (Germana 2011 and references therein).
Several approaches are available to confirm ploidy level, being genome size
quantification through flow cytometry and chromosome counting the most
suitable (Dolezel 1991, Dolezel and Bartds 2005).

The aim of this study was to screen the selected diploid genotypes of
Solanum commersonii and S. chacoense clones for their regeneration response in
anther culture and to evaluate protocols to obtain haploid plants from anther
culture in these species.

Materials and Methods

Plant material was selected from the in vitro germplasm collection of diploid
genotypes of Solanum commersonii and S. chacoense established in the tissue
culture laboratory in INIA “Las Brujas” from field collections of natural
populations in Uruguay. Different genotypes from S. commersonii and S. chacoense
were included in the 3 assays. Shoots were cultured in vitro in MS with 3% (w/v)
sucrose and modified Staba vitamins (1969) in the growth chamber 16/8 hrs
day/night cycle with light intensity of 15 umol/m/s for 4 weeks at 21 + 2°C.
Fifteen rooted plantlets from each clone were acclimated in the greenhouse. All
plants were transplanted to a commercial peat-based growth medium (Tref PP4)
and maintained in a greenhouse to promote active growth and blooming. The
conditions in the greenhouse were 16 hrs photoperiod, 15°C (night) and 20 + 5°C
(day).

Experiment 1: Anther culture response in different liquid media: Clone cnm3 was
used in this experiment. Blooming started after two months under the above
mentioned conditions in the greenhouse (Fig. 1a). Flower buds that were at the
uninucleate pollen stage estimated by their length of 4 - 6 mm (Fig. 1b) after
checking one anther per flower bud size with the acetocarmine method (Fig. 1e)
they were harvested, surface-sterilized in 100 ml of 10% hypochlorite solution
with 2 drops of Tween 20 for 15 minutes followed by three rinses in distilled
sterile water and then cultured.

Flowers were opened in a laminar flow chamber; 1200 anthers were isolated
with a scalpel in aseptic conditions (Fig. 1c,d) and placed in 100 ml glass jars (Fig.
le) containing 20 mL of culture liquid medium with MS mineral salts, Staba
vitamins, 0, 5 mM cysteine and 1, 13 mM ascorbic acid. Two concentrations of
benzil adenine (BA): 2.27 uM, 4.54 uM were tested. Half of the treatments also
contained 11.8 puM AgNO:s (Table 1, grey cells). Each jar contained 50 anthers. The
pH medium was adjusted to 5.8 and then the medium was sterilized by
autoclaving at 121°C and 1.1 kg/cm? for 20 min.
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Fig. 1. Sequence of plant regeneration from anther culture in S. commersonii. a. Immature inflorescence
from one of the donor clones. b. Flower bud sizes selected for anther culture. c. Isolation of
anthers from selected flower buds. d. Anthers from selected flower buds. e. Pollen grains in the
uninucleate state from selected anthers. f. Anthers placed in the liquid induction medium. g. Plant
organogenesis from callus. h. Individual plants growing in jars. i. Morphological differences
observed among different haploid plants (right) obtained from the same diploid donor (left)
j- Albino plants derived from old callus. k. Acclimation of plants. 1. Acclimated plants, left: diploid
donor plant, right: haploid plant.

Experiment 2: Cold pretreatment: In this case, half of the anthers were placed at
4°C for 48 hrs and the other half did not go through this cold pretreatment. We
included cmm1 and cmm?2 clones from S. commersonii in addition to cnm3 and
we added three clones from S. chacoense and we tested the same media as in
Experiment 1 (Table 1, grey cells). Jars with anthers were placed in a shaker at
110 rpm at 28°C in the dark. Fifty anthers were placed per jar with 3 replicates
per treatment. The induction of anther-derived embryos was determined after 4
weeks by counting calli and the number of embryos.

Experiment 3: Media optimization for S. chacoense: Flowers of the donor plants
of S. chacoense were selected as described for S. commersonii in Experiment 1. In
this experiment we evaluated the same medium assayed in Experiment 2 and
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also included three new treatments with 5.75 uM AIA in the culture medium
(Cappadocia et al. 1984) (Table 1, grey and clear cells).

Table 1. All media included MS salts + 0.17 M sacarose + 1.13 mM ascorbic acid and 0.5
mM cysteine. Grey-filled cells indicate treatments that were employed in
experiments 1, 2 and 3 while clear cells indicate treatments only tested in
experiment 3.

Medium AgNO:s BA AIA
(uM) (uM) (uM)
T1 - - -
T2 - 2.27 -
T3 - 4.54 -
T4 11.76 - -
T5 11.76 2.27 -
Té 11.76 4.54 -
7 11.76 - 5.75
T8 11.76 2.27 5.75
T9 11.76 4.54 5.75

Plant regeneration: After 30 days in culture, small calli and embryos grown in
liquid medium were transferred to 300 ml jars with solid medium containing 40
ml MS solidified with 8 g/l plant cell culture tested agar (Sigma, St. Louis, MO).
The culture medium contained MS salts, modified Staba vitamins and no growth
regulators. Jars with plants were placed in the growth chamber, exposed to light
(16/8 hrs day/night cycle with light intensity of 15 pmol/m?/s) at 21 * 2°C. The
final number of plants was recorded after 4 weeks on the regeneration medium.

Ploidy estimation using flow cytometry: A sample of plants obtained from
anther culture was used to determine ploidy level. Nuclear suspensions for flow
cytometry were prepared according to DoleZzel et al. (2007). Briefly, young leaves
from each plant were chopped with a sharp razor blade in a glass Petri dish
containing 0.5 ml ice-cold Otto I buffer (0.1 M citric acid + 0.5% Tween 20), then
filtered through a 50 pum nylon mesh and incubated for at least 1 hr.
Subsequently, 0.5 ml of Otto II buffer (0.4 M Na,HPO4,12H,0O; Otto 1990) were
added. Finally, the nuclear suspensions were treated with RNAase (50 pg/ml)
and stained with PI (50 pg/ml) for 10 min. Flow cytometry measurements were
performed in a FACS Vantage flow cytometer (Becton Dickinson, San José, CA)
with a 70 um nozzle and an Innova 300 laser (Coherent, CA) tuned to emit at 488
nm (100 mW). Three ploidy estimations were done for each genotype (5000
nuclei per analysis) to avoid errors due to instrumental drift or sample
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preparation. One of the diploid S. commersonii donor genotypes (cmm3) was used
as external reference control.

Chromosome counting: In order to confirm ploidy level estimations,
chromosome counts were performed on the clones that were classified as
haploids through flow cytometry. Fast growing root tips were collected from
plants grown in vitro in the above mentioned conditions (see Plant regeneration).
Root tips were pre-treated in 0.002 M 8-hydroxyquinoline for 20 hrs at 4°C, fixed
in Carnoy solution (3:1, 100% ethanol : glacial acetic acid) and stored at —20°C.
Chromosome preparations were obtained following the protocol by Zhong et al.
(1996), with minor modifications. Slides were stained with 4,6-diamidino-2-
phenylindole (DAPI, 2 ug/ml) in Vectashield (Vector Laboratories, California,
USA) and were examined under a Zeiss Axioplan2 Imaging Photomicroscope
equipped with epifluorescence illumination, with filter sets for DAPI. Selected
images were captured using a Photometrics Sensys 1,305 x 1,024 pixel CCD
camera and processed using Photoshop CS4 (Adobe).

Results and Discussion

Optimization of culture medium: In terms of the media used, cmm?2 regenerated
plants in three of the treatments: T3, T5 and T6 (Table 2). Over two hundred
plants derived from cmm2 were regenerated in medium T3, which contained
4.54 uM BA without AgNO:s (Table 1). T5 was the best medium in terms of
number of plants regenerated, with more than 400 for this clone. This medium
did not include BA, but 11, 76 uM AgNOs was added (Table 1). In T6 AgNOsand
BA were combined (Table 1), but the regeneration was low, with 80 plants from
cmm?2 (Table 2). We observed that cmm?2 regenerated some albino plants
associated with old calli (Fig. 1j), which can be related to the response described
as “albino versus green plantlet formation” by Foroughi-Wehr et al. (1982). Our
results confirmed that different species and genotypes require different
concentrations and combinations for optimal growth, as reviewed by Germana
(2011). Genotype cmm3 seemed to be dependent on the presence of BA in the
medium to regenerate plants. This genotype showed regeneration in medium T2
(only 5 plants) and T6 (15 plants). When AgNOs was included, the regeneration
rate increased for both clones, even in the medium without growth regulators,
possibly because of its effects as ethylene inhibitor. Our results showed that the
presence of this component in T5 produced the highest number of regenerated
plants (more than 400); the same medium T1 without AgNOs did not induce the
formation of embryos or calli. We assume that the lack of AgNO:s allowed the
production of ethylene, thereby inhibiting regeneration.
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Table 2. Number of plants obtained per donor genotype and per treatment
after induction and culture media regeneration. Grey-filled cells indicate
treatments that were employed in experiments 1 and 2 while clear cells indicate
treatments only tested in experiment 3. Donor genotypes that did not induce any
regenerants (cmm1, and chcl to 3) are not included in the table.

Plant regeneration

Treatment cmm?2 cmm3
T1 0 0

T2 0 5

T3 239 0

T4 0 0

T5 434 0

T6 80 15
T7 0 0

T8 0 0

T9 0 0

In S. chacoense no regeneration was observed in the media used in these
experiments. In the third experiment, in addition to the media previously used,
the media proposed by Cappadocia (1984) were included as positive
regeneration controls for S. chacoense, but even these media were ineffective to
induce gametic embryogenesis in the three genotypes evaluated.

Pretreatments and genotype screening: Cold pretreatments did not have any
effect on regeneration rates in our experiments. There was no significant increase
of regeneration when anthers were pretreated at 4°C for 48 hrs, neither through
embryogenesis nor organogenesis responses. Similar results were attained by
Wang et al. (2014) working with anther culture of lovage. On the contrary, there
was a higher embryogenesis frequency in anthers cultured at room temperature
compared with low temperature treatments (data not shown), suggesting that
the response of the anthers to cold treatment could vary with different species
and genotypes in different experimental conditions, which is consistent with
reports in the literature (Powell 1988, Osolnik et al. 1993).

We obtained three different responses for the three different S. commersonii
donor genotypes and experiments. In the first experiment we obtained direct
embryo regeneration in induction medium with the cnm3 donor clone. Embryos
floating in liquid medium were cultured in solid medium for further
development. However, in the second experiment including also genotype
cmm?2, plant regeneration was obtained from calli and the development pathway



Gametic Embryogenic Response in Wild Diploid Solanum Species 167

was indirect organogenesis (Fig. 1f). Genotype cmm?2 showed a high response;
more than four hundred plants were obtained from different calli (Table 2, grey
cells). In the case of cmml no regeneration was observed in any of the two
experiments in which it was included; cmm1 did not produce any callus in the
different culture media evaluated. Moreover, despite the vigorous development
displayed under in vitro conditions (Fig. 1i), haploid individuals showed greater
strain to survive during the acclimation phase (Fig. 1k, 1), which can be related
with one of the components of embryogenesis ability, namely the inherited trait
identified as "plantlet regeneration" by Foroughi-Wehr et al. (1982). These results
showed that anther culture in Solanum commersonii is highly dependent on
genotype, although a higher number of genotypes should be evaluated to draw
more robust conclusions. In S. chacoense we evaluated 3 genotypes and none of
them showed regeneration. Cappadocia et al. (1984) found differences in
response among different genotypes and genotype-dependent culture response
differences are well documented (Guha-Mukherjee 1973, Wenzel et al. 1977,
Chaleff and Stolarz 1981, Sonnino et al. 1989, Aziz et al. 1999, Paz and Veilleux
1999). There is also evidence that the ability to undergo embryogenesis from
microspores in potato is a heritable trait, controlled by the recessive alleles of
more than one gene (Sonnino et al. 1989). It is possible that a similar situation is
true for these wild potatoes and that the different clones vary in their genotype
for these genes.

Anther browning was equally observed in the two species assayed but there
were differences in the color changes triggered by oxidation; cmml anthers
became dark brown in liquid medium along the first week in culture. However,
for genotypes cmm2 and cmm3 oxidation was mild. S. chacoense anthers were
oxidized in the three clones evaluated and the induction culture medium was
colored brown, thus the response to anther oxidation was similar to cnm1. These
results point to a relation between oxidation and lack of regeneration, but the
underlying causes should be further investigated.

Characterization of regenerants: We have confirmed the haploid condition of
regenerants by flow cytometry and chromosome counts (Fig. 2). The histogram
peaks (Fig. 2e) were consistent with the haploid condition for all the clones tested
and the chromosome number observed in the selected clones was the expected
2n = x = 12 in all cells and slides analyzed (Fig. 2a-c). Wide morphological
variability was observed among the regenerants (Fig. 1i), which is a great
advantage of this technique. It allows recovery of regenerants that are the
product of recombination, independent assortment and segregation during
meiosis. One of these clones has already gone into the sequencing pipeline,
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leveraging its lack of heterozygosity in order to simplify genome sequence
assembly.
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Fig. 2. Ploidy estimations of regenerants. a-c. Mitotic metaphase complements from three haploid

clones derived from Solanum commersonii genotype cmm3 showing the haploid chromosome
number 2n = x = 12. a. clone 2, b. clone 3, c. clone 9. Scale bars represent 10 um. d-e. Estimation of
DNA content (relative fluorescence of propidium iodide-DNA stain) by flow cytometry. X-axis
represents the channel number and Y-axis gives the frequency of nuclei in each channel. d. diploid
anther donor cmm3. DNA peaks on X-axis observed ca. 220 for diploid nuclei at G1 and ca. 430
for diploid nuclei at G2. e. haploid DNA peaks on X-axis observed ca. 100 for haploid nuclei at G1
and ca. 210 for haploid nuclei at G2.

Importance of anther culture in potato research and breeding: In this study we
have been able to obtain haploid clones through anther culture from different
Solanum commersonii genotypes in optimized culture media and conditions. The
number of plants obtained for each treatment and genotype is described in Table
2. Selected haploid genotypes have been cultivated until the potted plant stage
and are comparable in vigor, flowering and tuberization to the donor diploid
clone (Fig. 1k, 1). These haploid clones are of interest for both genetic and
genomic studies currently underway in our research group as well as for potato
breeding. Haploids plants obtained from Solanum species are useful tools for
breeding and genetic research (Rokka et al. 2009).
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The anther culture technique has allowed us to obtain haploid clones
without the need for repeated selfing. This would not be possible in these self-
incompatible species, and if achieved by using self-compatibility genes from S.
chacoense clones (Birhman and Hosaka 2000), it would have implied inbreeding
depression (De Jong and Rowe 1971). Moreover, our haploid development did
not involve a pollinator species, therefore avoiding the risk of genome
contamination with genomic fragments from the pollinator remaining in the
haploid clones (Wilkinson et al. 1995, Ercolano et al. 2004).

Final considerations: This is the first report of plant regeneration from anthers
in S. commersonii. Our results show that it is possible to induce gametic
embryogenesis in this species and that considerable diversity exists among the
regenerated genotypes obtained, which may be explained via recombination,
independent assortment and segregation during meiosis. In other words, it is
feasible to capture genetic variability through anther culture in this species.

We recommend the use of media T5 (no BA and 11.8 uM AgNOs) and T6
(4.54 UM BA and 11.8 uM AgNO:s) in anther culture of S. commersonii. Although
T5 produced the highest number of regenerants, medium T6 seems to be the
most suitable for plant regeneration across genotypes, because it produced
regenerants in two of the three genotypes tested. Our results confirm that
regeneration capacity of microspores in S. commersonii and S. chacoense is highly
dependent on the genotype. Screening of genotypes is recommended before
considering a breeding program using these species or a study aimed to obtain
haploids by anther culture.
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