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Abstract: Citrus reproductive biology is complex. One of its characteristic features is parthenocarpy
that enables seedless fruit production. Citrus parthenocarpy and self-incompatibility knowledge is
only partial and sometimes discrepant. Increasing such knowledge is relevant for better managing
cultivated varieties and improving the selection of parents in breeding strategies to recover seedless
varieties such as mandarins. This work develops an efficient protocol to characterize self-incompat-
ibility and different parthenocarpy types based on emasculation, hand self-pollination, and hand
cross-pollination. It analyzes fruit setting and seed production coupled with histological pollen per-
formance observations. We analyzed the reproductive behavior of nine mandarin varieties with rel-
evant characteristics as parents for seedless mandarin breeding. ‘Clemenules’ clementine and
‘Moncada’ mandarins were strictly self-incompatible with facultative and vegetative partheno-
carpy; ‘Imperial’ mandarin and ‘Ellendale’ tangor displayed no strict self-incompatibility associated
with facultative and vegetative parthenocarpy; ‘Fortune’ mandarin was self-incompatible with fac-
ultative and stimulative parthenocarpy; ‘Campeona’ and ‘Saltefiita’ mandarins were self-compati-
ble with vegetative parthenocarpy; ‘Serafines’ satsuma was associated with male sterility together
with facultative and vegetative parthenocarpy; and “‘Monreal’ clementine was self-compatible and
nonparthenocarpic. Our protocol can be applied for screening of mandarin germplasm and to char-
acterize new parents. Reproductive behavior knowledge is important for optimizing seedless man-
darin breeding programs based on diploidy, triploidy, or induced mutagenesis.
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1. Introduction

Seedlessness is one of the most important characteristics for citrus fresh-fruit markets
because consumers do not accept seedy fruit. Breeding programs that aim to obtain seed-
less varieties focus mainly on mandarins, which are a large and diverse group with wide
genetic variability [1]. Seedlessness in citrus differs among genotypes, and is sometimes
altered by environmental conditions and cross-pollination success [2].

Two main seedlessness types have been described in plants: (1) parthenocarpy in
sensu stricto, which occurs when the ovary develops directly without fertilization and
produce seedless fruits and (2) stenospermocarpy, in which fruits are seedless because the
ovule/embryo aborts without producing mature seed [3]. In citrus, stenospermocarpy is
uncommon [4] and ovule sterility or lack of its fecundation (self-incompatibility or no
compatible viable pollen) coupled with parthenocarpy is necessary for the production of
seedless fruits.

Ovule sterility, lack of fecundation, or no seed development at early stages often pre-
vents seed formation and different mechanisms have been reported in citrus [2,5]. Ovule
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sterility can be originated in flowers whose pistils do not develop up to the functional
stage [6]. For example, in nonfunctional pistils of lemon (Citrus limon (L.) Burm £.), possi-
ble blocking of further stigma and style development is associated with the presence or
absence of receptive embryo sacs in the ovule [6]. Osawa [7] observed degeneration of the
embryo sac in both navel sweet orange (C. sinensis (L.) Osbeck) and satsuma mandarin (C.
unshiu (Mak.) Marc.) and Wong [8] reported chromosome aberrations into the embryo sac
as the responsible mechanism of low seed number in hand-pollinated flowers of “Valen-
cia’ sweet orange and ‘Marsh’ grapefruit (C. paradisi Macf.). In addition to ovule sterility,
other mechanisms have been described in citrus originating seedless citrus fruits coupled
with parthenocarpy. ‘Mukaku Kishu” mandarin (C. kinokuni hort. ex Tanaka) produces
seedless fruits because the seed development is arrested at the early stage of development
[9,10]. However, for easy reading of the manuscript, hereinafter with the term female ste-
rility we refer to the different mechanisms that prevent seeds formation in citrus fruits: (1)
the failure of the pistil development up to the functional stage, (2) ovule sterility or (3) the
early stage arrest of the seed development.

Male sterility prevents seed formation in the absence of cross-pollination and pre-
vents pollen flow toward neighbor orchards. In citrus, various kinds of male sterility re-
lated to chromosome aberration occur at the diploid level and result in different degrees
of pollen fertility [2]. The most marked male sterility in citrus is due to the gene—cytoplas-
mic interaction, as in satsumas where male sterility is associated with failed pollen grain
development and scant viability [11]. Recently, two QTLs related to male sterility have
been reported; MS-P1, which is a major QTL for reducing the number of pollen grains per
anther and MS-F1, related to lower apparent pollen fertility [12].

Both female and male sterility can be achieved by gamma irradiation [13,14] and trip-
loidy [2,15,16]. In fact, triploid hybrids have very little pollen and poor ovule fertility, and
are generally considered sterile [17], although they can occasionally produce very few
seeds. Triploid citrus plants can be recovered from sexual hybridization between two dip-
loid parents from the union of an unreduced megagametophyte with a haploid pollen
[18,19], or by hybridization between diploid and tetraploid parents [20,21].

Self-incompatibility, also called self-sterility, causes self-pollen rejection and pre-
vents seed formation in the absence of cross-pollination. A recent report indicates that
citrus gametophytic self-incompatibility is based on S-RNases, which act as S genes deter-
minants in inhibiting pollen tube growth [22]. The most important self-incompatible hor-
ticultural citrus groups are pummelos (C. maxima (Burm.) Merr.), clementines (C. clemen-
tina Hort. ex Tan.), and several natural or artificial mandarin hybrids [22-24].

The term ‘Parthenokarpie’ (which literally means ‘virgin fruit’) was introduced in
1902 to refer to seedless fruit production [25]. Seeds are the consequence of fertilization
and embryo development, however most citrus genotypes presents sporophytic apomixis
and produce polyembryonic seeds by adventitious embryony. Even in this case, nucellar
embryos depends on sexual reproduction to produce endosperm for nucellar embryo
growth and development and seed set [26,27]. Apart from their reproductive function,
seeds act as a source of phytohormones required for fruit development [28,29]. The ability
to accumulate sufficient levels of phytohormones in developing ovaries with no need for
seeds is, therefore, a condition for natural seedless fruit production, which is known as
parthenocarpic ability (PA) [30]. Different degrees of PA have been reported in citrus and
PA is associated with high levels of endogenous gibberellins (GAs) measured in nonferti-
lized developing ovaries [31-33].

Four parthenocarpy types have been described in citrus [28]. A distinction is made
between obligatory parthenocarpy for those varieties that always produce seedless fruit,
and facultative parthenocarpy in which seedless fruit is produced when cross-pollination
with compatible sources of pollen is prevented. Moreover, a distinction is made between
vegetative parthenocarpy (also called autonomous or autonomic parthenocarpy) to refer
to seedless fruit developing without requiring any external stimulus, and stimulative par-
thenocarpy that requires the pollination stimulus for seedless fruit set.
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In citrus, the molecular mechanisms controlling parthenocarpy are poorly under-
stood. On the basis of the different ratio of parthenocarpic hybrids obtained for several
progenies of satsuma with different second parents, Vardi et al. [25] suggested that par-
thenocarpy was due to the action of three dominant complementary genes and that two
of these genes were in homozygosity for parthenocarpy and one in heterozygosity in
satsuma. This hypothesis for three dominant genes for parthenocarpy in citrus is in agree-
ment with the conclusion of Sykes [34] based on the parthenocarpic segregation ratio in a
diploid segregating progeny recovered between ‘Imperial’ (C. reticulata Blanco) and “El-
lendale’ (C. reticulata x C. sinensis). However, Vardi et al. [28] proposed that parthenocarpy
in satsuma was controlled by at least two dominant complementary genes, with satsuma
being heterozygous for these genes. These contradictory hypotheses point out that par-
thenocarpy is a character that needs to be studied in more detail to understand how it is
determined in citrus. High-density genotyping of segregating progenies for partheno-
carpy, coming from different genetic pools, should allow us to decipher the genetic deter-
minism of parthenocarpy and to identify candidate genes. In this regard, knowledge of
PA is crucial in selecting parents that could be used to obtain segregating progenies for
parthenocarpy.

Current parthenocarpy information for many genotypes is inaccurate and sometimes
discrepant between authors. All this indicates the complexity of the factors affecting citrus
reproductive biology. This work focuses on nine different varieties selected for their im-
portance as parents for mandarin breeding programs [15]: ‘Clemenules’ and ‘Monreal’
clementines, ‘Campeona’ (C. nobilis Lour.), ‘Imperial’, ‘Saltefiita’ (C. deliciosa Ten.), ‘For-
tune’ (C. clementina x C. tangerina), and ‘Moncada’ [C. clementina x (C. unshiu x C. nobilis)]
mandarins, ‘Ellendale’ tangor, and ‘Serafines’ satsuma.

Clementine, which was recovered from a ‘Common’ mandarin chance seedling, is
the main mandarin varietal group cultivated in the Mediterranean Basin. As a result of
spontaneous budsports mutations from the original ‘Commune’ clementine, many differ-
ent clementine varieties have been selected, with ‘Clemenules’ as the main variety culti-
vated in Spain for its exceptional fruit quality. Discrepancies are found in the literature
between the stimulative parthenocarpy proposed by Vardi et al. [25] and the vegetative
parthenocarpy put forward by Mesejo et al. [33]. Regarding “Monreal’, a self-compatible
natural mutation of the ‘Commune’ clementine, previous research points out the need of
seeds for fruit to set [35]. However, the possibility of seedless fruit setting by a pollination
stimulus without fecundation has not yet been explored in this variety.

‘Campeona’ and ‘Ellendale’ produce fruit with a medium to high caliber and a late
and very late harvesting period, respectively, whereas ‘Imperial” and ‘Saltefiita’ manda-
rins are characterized by their particular fruit flavor and aroma. ‘Fortune” and “‘Moncada’
produce fruits with excellent organoleptical qualities and a very late harvesting period.
Altogether, the seeds of all these varieties, except for ‘Saltefiita’, are monoembryonic,
which facilitates the recovery of new hybrids by sexual hybridization when used as female
parents. These traits make these varieties very interesting breeding parents.

Previous information reports that ‘Fortune’ and ‘Moncada’ mandarins are self-in-
compatible [23], but no information about the requirement of a pollination stimulus for
fruit set has yet been reported. With ‘Campeona’ and ‘Saltefiita’ mandarins, the scientific
literature only reports that they are seedy varieties [36], but knowledge about PA goes
unnoticed. Regarding both the ‘Imperial’ mandarin and ‘Ellendale’ tangor, previous re-
search offers discrepant results about their PA and self-incompatibility [25,34,37-41]

‘Serafines’ is a spontaneous mutation of the ‘Owari’ satsuma characterized by its very
late harvesting period, from January to the end of February, which is an outstanding
satsuma variety feature. Satsumas are characterized by their male and female sterility and
parthenocarpy [2], but no specific information about ‘Serafines’ is available.

Increasing knowledge about the parthenocarpy and self-incompatibility of different
mandarin genotypes to be used as parents in sexual hybridizations is crucial to improve
breeding program efficiency. In this research, we assessed the self-compatibility or self-
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incompatibility system, the PA and the requirement of pollination stimuli for the seedless
fruit production of the aforementioned mandarin varieties to classify them according to
the above-described parthenocarpy types and established a relatively simple protocol to
evaluate these characters in new potential parents. For this purpose, we evaluated the data
obtained for fruit setting, seed production and histological observations of pollen perfor-
mance obtained from emasculated, hand self-pollinated and hand cross-pollinated flow-
ers.

2. Materials and Methods
2.1. Plant Material

Nine mandarin varieties were used to carry out the present study. These varieties
were grown in plots of the Citrus Germplasm Bank of the Instituto Valenciano de Inves-
tigaciones Agrarias (IVIA), located in Moncada, Valencia (Spain) and had the following
accession numbers: ‘Clemenules’ (IVIA-022), ‘Monreal” (IVIA-459), ‘Campeona” (IVIA-
193), ‘Imperial’ (IVIA-576), ‘Saltefiita’ (IVIA-361), ‘Fortune’ (IVIA-080), ‘Moncada’ (IVIA-
421), ‘Ellendale’ (IVIA-194), and ‘Serafines’ (IVIA-256). Four trees of each variety were
used, and all were healthy [42] and cultivated following the same agronomic practices in
a Mediterranean climate.

2.2. Experimental Procedure

Terminal flowers in pre-anthesis from shoots bearing one flower and leaves were
used to perform the following treatments: emasculation (E), emasculation and hand self-
pollination (SP), and emasculation and hand cross-pollination (CP). To avoid any unde-
sired pollination, flowers were bagged after treatments. For the CP treatment, ‘Fortune’
was used as apollen source for its high pollination aptitude and ‘Clemenules’ was utilized
to cross-pollinate ‘Fortune’. To perform hand-pollination, pollen grains from flowers in
pre-anthesis were harvested by covering all the flowering period. Anthers were removed
from stamens and placed in Petri dishes on silica gel at room temperature until dehis-
cence. Then pollen was used for pollination. Ten days after treatment, five SP and five CP
flowers per tree from each variety were fixed in FAA solution (formalin, glacial acetic acid,
70% ethanol, 1:1:18, v/v) [43] and stored at 4 °C until histological observations were made.
The other flowers were left for fruit set. Fruits were collected when ripe. The data for fruit
setting and number of seeds per fruit were recorded.

In order to ensure consistent results, a large number of treated flowers were needed,
which involved using four trees per variety to carry out our study. Once tree effect in the
obtained results was discarded, treated flowers were analyzed together. The number of
flowers employed in each treatment per variety and the number of fruits obtained are
shown in Supplementary Table S1. In all, 6792 flowers (320 for histological observations,
plus 6472 for fruit set) were used in this work. The results obtained from the above-de-
scribed treatments enabled us to assess the self-compatibility or self-incompatibility and
the PA in eight of the studied varieties. For ‘Monreal’, an additional CP treatment with
the pollen of the ‘Oroblanco’ (C. grandis x C. paradisi) triploid hybrid was necessary to
assess PA.

2.3. Histological Observations

The pistils fixed in FAA 10 days after SP and CP treatments were used for histological
observations. Pollen performance in planta, including pollen germination and pollen tube
growth, was analyzed under a Leica MZ16FA epifluorescence stereomicroscope equipped
with GFP1 filter (excitation filter 395-455 nm and barrier filter 480 LP). For that purpose,
pistils were submerged 3 times in water for 1 h. Afterward, pistils were sliced into 14
cross-sections using a sharp blade. Stigmas were sliced into two sections, styles into eight
sections, and ovaries into four sections following the methodology described by Montalt
et al. [44]. Sections were stained with 0.1% aniline blue in 0.1 N KsPOs [45]. Pollen
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germination was observed on the stained stigma surfaces and pollen tubes identified by
its callose plugs fluorescence [46].

2.4. Statistical Analysis

In order to evaluate self-incompatibility, the average number of seeds per fruit be-
tween treatments for each variety was compared. The data of the dependent variable
number of seeds per fruit were confirmed to fit the normal distribution, and outlier values
based on box plots were removed prior to further analyses. Analyses of variance and LSD
multiple range tests were performed for comparisons using the Statgraphics Centurion
XVI statistical software package, version 16.1.03. To evaluate PA, a fruit setting compari-
son between treatments was analyzed in each genotype. To this end, the proportions of
fruit setting obtained in each treatment were compared by pairs. Each proportion was a
binomial variable with two possible outcomes: ‘successful fruit setting’ and ‘failed fruit
setting’. The 95% confidence interval obtained for the differences between treatments is
shown in Supplementary Table S2.

2.5. Genetic Analysis with Simple Sequence Repeat (SSR) Markers

The plants recovered from the SP treatment performed in ‘Imperial’ and ‘Ellendale’
were genotyped using 13 heterozygous SSR markers located on the reference Clementine
genetic map [47]. Of them, height heterozygous markers for each variety were selected to
characterize their progenies. Detailed information about all the used markers is given in
Supplementary Table S3.

Genomic DNA was extracted from leaves of the samples described above using a
Plant DNeasy kit from Qiagen Inc. (Valencia, CA, USA) following the manufacturer’s pro-
tocol and measured using a spectrophotometer (NanoDrop 2000C, Thermo Fisher Wal-
tham, MA, U.S.). The samples were diluted with sterile water (Sigma-Aldrich, Co., Gil-
lingham UK) at a concentration of 10 ng/mL and stored at 20 °C until use. Polymerase
chain reactions (PCRs) were performed using SSR markers with a Thermocycler rep gra-
dient S (Eppendorf©. Hamburg, Germany) according to the following protocol: reaction
volume, 15 pL containing 0.5 uL of 1 U/uL of Taq DNA polymerase (Fermentas© Wal-
tham, MA, U.S.), 3 uL of citrus template DNA (10 ng/uL), 1.5 uL of 2 pM welled (Sigma®©
Burlington, MA, U.S.) dye-labeled forward primer, 1.5 uL of 2 uM non-dye-labeled re-
verse primer, 0.2 uM of each dNTP, 1.5 uL of PCR reaction buffer 10x, and 0.45 pL of 50
mM MgCla. The cycling program was set as follows: denaturation for 5 min at 94 °C fol-
lowed by 40 cycles of 30 s at 94 °C, 30 s at 50 °C or 55 °C, 30 s at 72 °C; and a final elongation
step of 8 min at 72 °C. Separation was carried out by capillary gel electrophoresis using a
Genetic Analysis System 8000 (Beckman Coulter Inc. Brea, CA, U.S.). PCR products were
initially denatured at 90 °C for 2 min, injected at 2 kV for 30 s, and separated at 6 kV for
35 min. Alleles were size-based on a DNA size standard (400 bp). The GenomeLabTM
v.10.0 (Beckman Coulter Inc.) genetic analysis software was used for data collection.

3. Results and Discussion

We first analyzed whether self-incompatibility prevented self-fertilization in each va-
riety. Next, we assessed if the studied varieties had PA and if a pollination stimulus was
required for seedless fruit to set. Based on the obtained results, we discuss the self-com-
patibility or self-incompatibility reactions observed, the parthenocarpy type in each stud-
ied variety and their implications in breeding programs aimed to obtain seedless varieties
by triploidization or induced mutagenesis.

3.1. Self-Incompatibility

In order to determine self-compatibility or self-incompatibility, we observed the
presence or absence of pollen tubes reaching the ovaries in the histological sections of the
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flowers fixed 10 days after SP (Figure 1), as well as the production of seeded or seedless
fruit from SP (Table 1).

(b)

(a) (d) (e) (h)

Figure 1. Histological sections of self-pollinated pistils. (a—d) Self-incompatible pistil 10 days after self-pollination. (a)
Longitudinal section of the entire pistil in which high quantity pollen tubes were observed thorough the stigma whose
growth further stopped in the upper style. (e-h) Self-compatible pistil 10 days after self-pollination. (e) Longitudinal sec-
tion of the entire pistil in which high quantity pollen tubes were observed throughout the stigma, along the entire style
and reached ovaries. The white lines on the longitudinal pistil sections indicate the transversal section that corresponds to
the middle stigma (b,f), upper style (c,g), and ovary (d,h). Pollen tubes are marked by an arrow; va: vascular axis; sc: stylar
canal; ov: ovule. Scale bars are depicted by blue lines: (a,e) 1 mm; (b—g) 0.5 mm. Pictures of ‘Fortune’ mandarin and ‘Mon-
real’ clementine are shown as examples of self-incompatible and self-compatible varieties, respectively.
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Table 1. Self-compatibility (SC) or self-incompatibility (SI) classification based on pollen tube growth and number of seeds
per fruit obtained from hand self-pollination (SP) and hand cross-pollination (CP) treatments in each variety.

Pollen Tubes Growth Number of Seeds per Fruit
SC/SI SP CP SP CP
‘Clemenules’ SI 0 100 0 243+26
‘Monreal’ SC 100 100 22.5+3.6 (a) 21.0+4.4 (a)
‘Campeona’ SC 100 100 49+1.8(a) 9.9+29 (b)
‘Imperial’ SI 15 100 0.8+1.4(a) 9.3+2.5 (b)
‘Saltenita’ SC 100 100 11.0+£4.3 (a) 16.5+4.1 (b)
‘Fortune’ SI 0 100 0 204 +5.6
‘Moncada’ SI 0 100 0 11.6+5.2
“Ellendale’ SI 10 100 0.7 +1.0 (a) 33.1+5.8 (b)
‘Serafines’ NA 0 100 0 53+2.1

Pollen tubes growth is expressed as the percentage of pistils in which pollen tubes were observed reaching the ovaries.
Number of seeds per fruit are given as the mean + SD (n = 16 to 40 depending on the number of fruits obtained in the
treatment). For each variety, significant differences (p = 0.05 Fisher LSD) between treatments are indicated by different

letters in brackets.

In ‘Monreal’, ‘Campeona’ and ‘Saltefiita’, the histological sections of SP flowers
showed pollen tubes growing through the pistil and reaching the ovaries in all the ana-
lyzed flowers of the three varieties (Figure 1 and Supplementary Figure S1) and all the
recovered fruits contained seeds (Table 1). No differences were seen in ‘Monreal” when
comparing the average seed number between SP (22.5 seeds per fruit) and CP (21 seeds
per fruit) treatments. With ‘Campeona’ (4.9 seeds per fruit from SP vs. 9.9 seeds per fruit
from CP) and ‘Saltefiita’ (11 seeds per fruit from SP vs. 16.5 seeds per fruit from CP), the
fruits obtained from the SP flowers presented lower seed numbers than those from the CP
flowers (Table 1). Taking together, the results obtained for seed production and pollen
tubes growth in the pistils of the self-pollinated flowers, we concluded that ‘Monreal’,
‘Campeona’ and ‘Saltefita’ are self-compatible.

Regarding ‘Clemenules’, ‘Fortune’ and ‘Moncada’, the histological observations of
the self-pollinated flowers showed high pollen grain germination on stigma surfaces and
pollen tube growth in the bottom half of the stigma. Nevertheless, pollen tubes stopped
growing in the upper style part and no pollen tubes were identified in ovaries (Figure 1
and Supplementary Figure S1). All the recovered fruits from the SP treatment were seed-
less (Table 1). These results testify a self-incompatible system in ‘Clemenules’, ‘Fortune’
and ‘Moncada’.

Clementines have been studied in detail for their self-incompatibility reaction using
histological approaches [23,48-50]. ‘Monreal’ display different features than other clem-
entines. Distefano et al. [49] already observed that it was self-compatible, with similar re-
sults to those obtained in the present work. ‘Monreal’ was obtained from a spontaneous
mutation of ‘Commune’ clementine later known as ‘Fina’ clementine which is a self-in-
compatible variety [49]. Liang et al. [22] identified the S-RNase gene and eleven S-locus F-
box (SLF) genes on scaffold 7 of C. clementina reference genome implicated on self-incom-
patibility system. These findings suggest that the self-compatibility reaction in ‘Monreal’
may result from a mutation or epigenetic variation on these genes. A frameshift mutation
in one S-RNase has been described to result in a loss of self-incompatibility in the genus
Citrus [22]. With ‘Fortune’, our results coincide with the SI previously reported by Yama-
moto et al. [23] and Distefano et al. [50].

In ‘Imperial” and ‘Ellendale’, the histological observations displayed similar results
in both varieties (Supplementary Figure S2). Pollen tubes were observed throughout the
stigma, and the growth of most of them stopped in the upper style, although some pollen
tubes reached ovaries in small percentages (15% for ‘Imperial’, 10% for ‘Ellendale’) of the
self-pollinated flowers (Table 1). Unlike the other varieties studied, ‘Imperial’ and
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‘Ellendale’ produced both seedless and low-seeded fruits from SP. The percentage of low-
seeded fruit was 23% for ‘Imperial’ and 54% for ‘Ellendale’ and the seed number per
seeded fruit was 2.3 + 1.6 and 5.7 + 6.2 respectively. This resulted in the values of 0.8 and
0.7 seeds per fruit shown on Table 1 for ‘Imperial’ and ‘Ellendale’ respectively. When tak-
ing into account both histological observations and poor seed production from the self-
pollinated flowers, we demonstrated that some pollen tubes were able to reach ovaries,
fertilize ovules and then produce seeds, which suggests no strict self-incompatibility in
these two varieties under our field conditions. To rule out any uncontrolled pollination
hypothesis, 12 seeds obtained from the SP treatment of each variety were cultivated under
greenhouse conditions [20], and six and 11 plantlets were recovered from ‘Imperial’ man-
darin and ‘Ellendale’ respectively. The progenies of each variety were analyzed with eight
heterozygous markers for the female parent [19,51-55] and all plantlets displayed only
alleles from the female parent in either heterozygosity or homozygosity (Figure 2, Sup-
plementary Tables S3 and S4). These results indicate that the obtained plantlets originated
from selfing.

Our results are in line with the low-seeded fruits obtained from self-pollinated flow-
ers in ‘Ellendale’ reported by Vithanage [40] even though this author considered ‘Ellen-
dale’ as a highly self-compatible variety. However, Vardi et al. [25] considered ‘Ellendale’
as self-incompatible variety. Based on the ratio 1:1 (SC:SI) of the hybrids obtained from
Satsuma x ‘Ellendale’ cross, this author suggested two different self-incompatible alleles
(Sv and Sz) in “Ellendale’” which differs from the Sx allele proposed for Satsuma. Recently,
based on segregation distortion for male parents in high density genetic maps from recip-
rocal crosses between ‘Ellendale” and ‘Fortune’, Ollitrault et al. [56] concluded that “Ellen-
dale’ and ‘Fortune’ share a common self-incompatible allele and confirmed the location of
the S locus at the beginning of the chromosome 7 of the Clementine reference genome.
From the haplotype sequence analysis on the surrounding genomic region the same au-
thors concluded that ‘Ellendale’ share the same two self-incompatible alleles as Clemen-
tine as already proposed by Kim et al. [57] from crosses with homozygous lines for self-
incompatible alleles.

In ‘Imperial’, based on the observation of pollen tube growth and the production of
seeded or seedless fruit, discrepant results have been reported regarding SI. On the one
hand, Wallace and Lee [41] recorded some pollen tubes (0.2 + 0.1) at the basis of the style
and low-seeded fruits (less than one seed per fruit) form selfed flowers. However, these
authors considered ‘Imperial’ to be self-incompatible since almost all pollen tubes were
arrested in the stigma and upper style of self-pollinated flowers and very low number of
seeds were obtained. On the other hand, Vithanage [39] and Sykes [34] concluded this
variety was self-compatible since pollen tubes were observed growing into the self-polli-
nated styles and seeded fruits were obtained from self-pollinated flowers. In this regard,
Sykes [37] suggested that the environment might affect self-pollination in ‘Imperial” be-
cause these experiments were performed in different locations.

Taking advantage of staining techniques to observe pollen tubes growth inside pis-
tils, different authors have demonstrated that in citrus, self-incompatibility reaction takes
place from the stigma to the ovary [23,58] although in mandarin and mandarin hybrids
several authors agreed that self-incompatibility reaction is originated in the first half of
the style [23,48-50]. These studies have been carried out in different years and in different
countries with different environmental conditions (Catania, Italy; Adana, Turkey; Kago-
shima, Japan; Moncada, Spain) and all of them coincided with the SI classification of clem-
entines and ‘Fortune’. Taking into account that environment may affect self-pollination in
‘Imperial’, as has been suggested by Sykes [37], and the stability of the self-incompatibility
reaction in clementines and ‘Fortune’ reported in the different locations mentioned above,
it seems plausible to hypothesize that the impact of environmental change on the SI reac-
tion is dependent on the considered genotype. Beyond the stability of the SI reaction dis-
played in clementines and ‘Fortune’ under field conditions at different locations, previous
research performed in these two varieties under controlled environmental conditions
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indicate that constant high and low temperatures appear to have an effect on the self-
incompatibility reaction by affecting the place where pollen tubes are arrested [59]. Re-
cently, Aloisi et al. [60] indicated that temperature contributed to a different activation of
the self-incompatibility reaction in C. clementina, occurring at an optimal temperature of
25 °C and bypassed at 15 °C. The incompatible reaction resulted in enhancement of both
transglutaminase enzyme activity and levels of conjugated polyamines when compared
to cross-pollination [60]. However, more research is needed to understand how environ-
mental conditions can influence the self-incompatibility reaction in citrus.
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Figure 2. Electropherograms obtained using the mCrCIR05A05 (black) and mCrCIR03GO05 (green) SSR markers for ‘Impe-
rial’ mandarin (a), a diploid hybrid recovered from the self-pollination of ‘Imperial’ (b), the MEST15 (black) and Ci02D04
(blue) loci for “Ellendale’ tangor (c), and a diploid hybrid recovered from the self-pollination of ‘Ellendale’ tangor (d).
Numbers indicate the size of alleles in nucleotides (nt) for each variety.

In “Serafines’, pale-colored anthers were obtained, which produced very scant pollen
with very poor viability. Notwithstanding, we used these anthers to perform the SP treat-
ment. We observed very few pollen tubes at the bottom of the stigma (Supplementary
Figure S1), which is in line with the reduced pollen germination of satsuma reported by
Vithanage [40]. However, in our observations, no pollen tubes were found in the upper
style (Supplementary Figure S1). The seedless fruit set obtained from SP was, therefore, a
consequence of poor pollen performance. Therefore, the self-incompatibility of ‘Serafines’
could not be assessed. Vardi et al. [25] considered satsuma as self-compatible and
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heterozygous with a self-compatible allele and a self-incompatible one. However, the au-
thors did not give information on the variety used for their study.

In those varieties that produced seedless fruits from SP treatment, the seedy fruit
production obtained from CP treatment indicates the potential to produce both seedless
and seeded fruits, indicating that parthenocarpy itself is independent from the fertiliza-
tion process and seed formation. This uncoupling of the reproductive and fruiting pro-
cesses has been reported previously in ‘Fortune’ by Distefano et al. [61].

3.2. Assessing Parthenocarpic Ability (PA) and Testing the Pollination Stimulus Requirement
for Fruit to Set

Under natural conditions, PA in self-incompatible genotypes is easily identified by
avoiding cross-pollination. However, in self-compatible genotypes, PA can only be ascer-
tained by emasculating and bagging (treatment E). As emasculating and bagging prevent
pollination stimulus, the fruit set obtained from E (which is mandatory seedless) was as-
sessed to check the pollination stimulus requirement for fruit to set. The fruit setting per-
centage from E obtained in ‘Clemenules’ (15%), ‘Campeona’ (9%), ‘Imperial’ (19%), ‘Salt-
enita’ (5%), ‘Moncada’ (34%), ‘Ellendale’ (5%) and ‘Serafines’ (64%) (Table 2) indicated
that these varieties had PA and pollination stimulus was not required for fruit to set.

Table 2. Fruit setting percentage obtained in each treatment.

E SP CP
‘Clemenules’ 15 (a) 16 (a) 84 (b)
‘Monreal’ 0 68 (a) 74 (a)
‘Campeona’ 9 (a) 42 (b) 56 (c)
‘Imperial’ 19 (a) 33 (b) 67 (c)
‘Saltenita’ 5 (a) 58 (b) 70 (c)
‘Fortune’ 0 9 (a) 63 (b)
‘Moncada’ 34 (a) 33 (a) 72 (b)
‘Ellendale’ 5 (a) 5 (a) 60 (b)
‘Serafines’ 64 (a) 66 (a) 65 (a)

E: Emasculation; SP: hand self-pollination; CP: hand cross-pollination. For each variety, significant
differences (95% confidence interval for fruit setting proportions) between treatments are indi-
cated by different letters in brackets.

In the self-incompatible varieties ‘Clemenules’, ‘Ellendale’, and ‘Moncada’, the fruit
setting comparison between treatments E and SP did not show any statistical differences
(Table 2). This similar fruit setting obtained from treatments E and SP indicated not only
that no pollination stimulus was required for fruit set, but also pollination stimulus did
not increase fruit setting. In ‘Fortune’, no fruit was obtained from E, but the fruit setting
from SP was 9% (Table 2) and all the recovered fruit was seedless (Table 1). This scenario
indicated that ‘Fortune’ had PA and pollination stimulus was necessary for fruit to set.

‘Monreal” was unable to produce fruit from emasculated flowers. Due to its self-com-
patibility, we used pollen from the ‘Oroblanco’ triploid hybrid to evaluate the ability of
‘Monreal’ to produce seedless fruit when seed formation was avoided and pollination
stimulus was maintained. We pollinated 140 emasculated flowers and bagging. Ten of
them were fixed in FAA 10 days after hand-cross pollination and were used to perform
histological observations. High quantity pollen grains were observed on the stigmatic sur-
face, which resulted in poor pollen germination and pollen tube growth. Only in two of
the 10 observed pistils a few pollen tubes reached ovaries (Figure 3). The remaining 130
flowers were left for assessing fruit setting and seed content. Eight fruit were obtained
and they all contained seeds with an average of three seeds per fruit. The fact that no
seedless fruit was obtained by any treatment suggests lack of PA in “‘Monreal’.
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(a)

Apart from identifying PA based on the ability to produce seedless fruit or not, as
discussed above, a high or low degree of PA was assessed by comparing the fruit setting
percentages between treatments E that produced only seedless fruit and CP that produced
only seeded fruit.

(b)

Figure 3. Histological observations in the ‘Monreal’ clementine x ‘Oroblanco’ triploid hybrid 10 days after pollination. (a)
Large quantity of pollen grains observed on the stigma surface displaying poor pollen germination; (b) very low quantity
pollen tubes growing throughout the bottom half of the stigma; (c) one pollen tube reached ovules. Pollen tubes marked
by an arrow; pg: pollen grain; va: vascular axis; ov: ovule. Scale bars are denoted by blue lines: (a) 100 um; (b) and (c) 1

mm.

In ‘Clemenules’, ‘Campeona’, ‘Imperial’, ‘Saltefiita’, ‘Fortune’, ‘Moncada’, and “Ellen-
dale’, the fruit setting percentages obtained from CP were higher than those obtained from
E (and SP in ‘Fortune’) (Table 2), which indicates that the presence of fertilized ovules
strongly influenced fruit set.

In contrast, ‘Serafines’ showed no differences in the fruit setting percentages between
E (64%) and CP (65%) (Table 2), which implies greater PA in this variety. When comparing
satsuma and clementine, previous research has associated high levels of endogenous GAs
in developing ovaries of the satsuma with greater PA, whereas clementine produced
lower GA levels and less PA [31,32]. Our results displayed ‘Serafines” as the variety with
greater PA in which seed production did not appear crucial for fruit set. Therefore, the
comparison of fruit setting between E and CP offers a methodology to identify citrus gen-
otypes with different PA levels.

In citrus, competition between flowers results in a marked drop of flowers and fruit-
lets [62]. Together with several factors that affect fruit setting, such as floral load, inflo-
rescence typeb and flower position [63], conducting more work using a large quantity of
flowers on different trees is necessary to assess reliable PA data. The results presented
herein are supported by the large quantity of treated flowers and, thus, provide consistent
PA data.

3.3. Parthenocarpic Classification

We classified the parthenocarpy of each variety according to the four types described
in citrus by Vardi et al. [28]. To classify each variety as either vegetative parthenocarpy,
which allows seedless fruit to set with no external stimuli, or stimulative parthenocarpy,
we tested whether pollination stimulus was necessary for seedless fruit to set. Regarding
the distinction made between facultative and obligatory parthenocarpy, the conditions
under which seedless fruit production occurs are crucial. Facultative parthenocarpy pro-
duces seedless fruit when cross-pollination with compatible pollen is avoided, and corre-
sponds to self-incompatible or male sterility varieties. Obligatory parthenocarpy always
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produces seedless fruit regardless of pollination conditions and, therefore, corresponds to
varieties with female sterility. Beyond the poor pollen performance displayed by ‘Ser-
afines’, all the studied varieties are male and female fertile ones and bear seeded fruit
when cross-pollinated. Therefore, self-incompatibility for these varieties is key to produce
seedless fruit under natural conditions.

‘Clemenules” and ‘Moncada’ have self-incompatibility and produced seedless fruit
from SP treatment (Table 1), which reveals facultative parthenocarpy. In both varieties,
fruit setting percentage obtained when pollination stimulus was removed (E treatment)
was similar to those obtained from SP treatment (Table 2) and consequently, displayed
vegetative parthenocarpy. Therefore, we classified ‘Clemenules’ and ‘Moncada’ as facul-
tative and vegetative parthenocarpic. With ‘Clemenules’, this result agrees with the polli-
nation-independent proposed by Mesejo et al. [33] but challenges the classification of stim-
ulative parthenocarpy, as proposed by Vardi et al. [25].

‘Fortune’, as ‘Clemenules’ and ‘Moncada’, displayed a self-incompatibility reaction
and produced seedless fruits from SP treatment (Table 1). In contrast, no fruit was ob-
tained when the pollination stimulus was removed (E treatment in Table 2). This denotes
that ‘Fortune’ requires a pollination stimulus to set fruit. Therefore, apart from the facul-
tative parthenocarpy related to self-incompatibility, we classified ‘Fortune’ as having
stimulative parthenocarpy. To the best of our knowledge, we are the first to report the
requirement of a pollination stimulus for fruit to set in ‘Fortune’.

‘Imperial” and ‘Ellendale’ produced 19% and 5% of fruit setting respectively after re-
moving the pollination stimulus (E treatment in Table 2), and all fruits were seedless. The
percentage of fruit setting after SP treatment was 33% and 5% respectively (Table 2). In
‘Imperial’, 23% of fruits recovered from SP treatment contained seeds and the other 77%
were seedless. Regarding ‘Ellendale’, 54% of fruits recovered from SP treatment contained
seeds and the rest were seedless. The average number of seeds per fruit was 0.8 and 0.7
for ‘Imperial’ and ‘Ellendale’ respectively (Table 1). Therefore, we classified ‘Imperial” and
‘Ellendale’ as facultative and vegetative parthenocarpic, but point out that low-seeded
fruit can be produced even if cross-pollination is avoided. With ‘Imperial’, previous stud-
ies [37-39,41] coincided with our results and reported PA in this variety. Furthermore,
Sykes [37] reported vegetative (autonomic) parthenocarpic fruit development. In contrast,
‘Ellendale” has been studied by different authors who reached quite opposite conclusions.
Vithanage [40] classified it as nonparthenocarpic, Vardi [25] as stimulative parthenocar-
pic, and Sykes [37] reported vegetative (autonomic) parthenocarpic fruit development.
Our results obtained under environmental conditions of Valencia and from more than 800
flowers enabled us to classify ‘Ellendale’ with facultative and vegetative parthenocarpy,
which rules out the hypotheses proposed by the first two authors, but agrees with Sykes
[37].

For ‘Campeona’ and ‘Saltefiita’ fruit setting percentages from SP treatment were re-
spectively 42% and 58% (Table 2). Given their self-compatibility, all fruits recovered were
seeded with an average of 4.9 seeds per fruit in ‘Campeona’ and 11 seeds per fruit in ‘Salt-
enita’ (Table 1). However, we found that they were able to produce seedless fruit when
self-pollination was avoided by emasculating and bagging (E treatment), with a fruit set-
ting percentage of 9% and 5% for ‘Campeona’ and ‘Saltenita’ respectively (Table 2), which
means that they possess PA and do not need a pollination stimulus to set seedless fruit.
As the term parthenocarpy is used to refer to seedless fruit production, self-compatible
varieties can be classified as nonparthenocarpic. However, as ‘Campeona’ and ‘Saltefiita’
possess PA, classifying these varieties as nonparthenocarpic can be confusing. The fact
that in natural conditions, self-compatible genotypes produce seedy fruit even if cross
pollination is avoided and seedless fruit can be recovered only from emasculation, which
has to be performed by hand, explains why the scientific literature only reports them as
seedy varieties [36], but information about PA goes unnoticed. We classify ‘Campeona’
and ‘Saltefiita’ as self-compatible varieties with PA, which, therefore, provides relevant
information on the parthenocarpy of these varieties.
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For ‘Serafines’, we obtained practically the same fruit setting percentage after E, SP,
and CP treatments, with values of 64, 66, and 65% respectively. Seedless fruits were ob-
tained in all treatments except for CP, recovering an average of 5.3 seeds per fruit (Table 1).
By taking into account the strictest meaning of obligate and facultative parthenocarpy, it
must be considered to be facultative parthenocarpy because ‘Serafines’ is not female-ster-
ile. As for requiring a pollination stimulus for fruit to set, ‘Serafines” was able to produce
seedless fruit from the E flowers with similar percentage values to those obtained from
the CP flowers (Table 2). Considering the results herein obtained, we classified ‘Serafines’
as a facultative and vegetative parthenocarpic variety. Vegetative parthenocarpy has been
reported in other satsuma varieties generally considered to be male and female sterile [2].
However, satsumas have been used in breeding programs as parents in different coun-
tries, particularly in Japan [64]. Extremely interesting new hybrid varieties have been re-
covered, such as ‘Kiyomi’ tangor (C. unshiu x C. sinensis) [65], ‘Queen” mandarin (C. unshiu
x unknown) [66], ‘Primosole’ mandarin (C. unshiu x C. reticulata) [67], among others. These
indicate that the viability of ovules and pollen grains of satsumas is strongly influenced
by not only environmental conditions but also by genotype.

Male and female gametophytes (from meiosis to zygote formation) are exposed plant
structures, which potentially makes them especially susceptible to environmental condi-
tions [68,69]. Temperature is one of the main environmental conditions that influences the
success of plant sexual reproduction [70,71] and several studies report the impact of tem-
perature on gametophytic generation and the progamic phase [44,69,72-75]. To the best
of our knowledge, influence of environmental conditions in PA is unnoticed in citrus.
However, previous research performed under controlled environmental conditions coin-
cided in the influence of temperature in the self-incompatibility reaction, as we have dis-
cussed previously in this work.

The results in this work were obtained from a large number of flowers to ensure their
robustness and consistency, although it was not been carried out in consecutive years, for
which we cannot determine the effect of environmental conditions over data reproduci-
bility. However, in a preliminary study carried out during 2013 and 2014 within this
framework, we evaluated the seed production in SP flowers and the fruit setting from E,
SP, and CP flowers [76]. A summary of the results obtained in our preliminary study is
shown in Supplementary Table S5. Both the number of seeds per fruit obtained from SP
treatment and fruit setting percentage comparison between E and CP treatments are in
line with those obtained in the present work suggesting that SI and PA in the studied
varieties are stable under our Mediterranean field conditions.

Regarding the methodology used in our study, we identified the PA by testing the
ability of each genotype to produce seedless fruits. In addition, we assessed the PA degree
by comparing the percentages of fruit setting between emasculated (E treatment) and
cross-pollinated (CP treatment) flowers (Table 2). In order to ensure the robustness of the
results presented in Table 2, a large number of treated flowers was needed (Supplemen-
tary Table 51) and we used four trees per variety. Supplementary Table 56 displays the
number of treated flowers, recovered fruits, and percentage of fruit setting from E and CP
treatments in each of the four trees used per variety. Data shown from the E treatment
(Supplementary Table S6) suggest that PA can be identified in most of the varieties by
performing E treatment in 50 flowers. Regarding the assessment of the PA degree, the
comparison between E-CP treatments displayed the same differences in each replicate
separately (Supplementary Table S6) and in merged data (Table 2). ‘Serafines’ displayed
similar fruit set percentage from E and CP treatments in each of the four replicates (Sup-
plementary Table 56) and also in merged data (Table 2). In the rest of varieties with PA, E
treatment produced lower fruit set than CP treatment in all four replicates (Supplemen-
tary Table S6) and in merged data (Table 2). With these results, we suggest that PA can be
assessed by utilizing 50 flowers in E and CP treatments, making this protocol more feasi-
ble to identify those varieties with higher PA.
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Seedlessness is a major characteristic in citrus and a lot of breeding work has been
accomplished to develop new seedless cultivars [2]. Diploid and triploid breeding pro-
grams and mutation breeding are different approaches followed to produce new seedless
varieties. Increasing knowledge about self-incompatibility and parthenocarpy is relevant
for improving the selection of parents that will be used in sexual hybridizations or muta-
genesis.

Mutation breeding by gamma irradiation has been used in citrus to reduce seed pro-
duction in diploid seedy hybrids [77]. Notwithstanding, the recovery of complete seed-
lessness or very low seedy genotypes is a very difficult issue but helpful to point out the
importance of having strong parthenocarpic traits in breeding progenies [78]. Therefore,
it is a key step to acquire prior knowledge of the parthenocarpic aptitude and the parthe-
nocarpy type of the candidate diploid seedy varieties for irradiation since only those with
these characteristics, and therefore capable to produce seedless fruits, will be suitable for
being irradiated. Mutant lines from low or no PA varieties might require cultural practices
such as girdling or GA treatments to stimulate fruit set and seedless fruit production [79].

4. Conclusions

Parthenocarpic ability is a key reproductive biology component because it enables
seedless fruit production when combined with other reproductive features such as male
and female sterility or self-incompatibility. We developed an efficient protocol to charac-
terize the self-incompatibility and different types of parthenocarpy. It is based on emas-
culation, hand self-pollination, and hand cross-pollination and the analysis of fruit setting,
seed production, and histological observations of pollen performance. We applied this
protocol to analyze the reproductive behavior of nine important citrus varieties used as
parents for seedless mandarin breeding. Of the four parthenocarpy types previously de-
scribed for citrus, we found that ‘Clemenules’ and ‘Moncada’ were strictly self-incompat-
ible with facultative and vegetative parthenocarpy, ‘Imperial’ and ‘Ellendale’ displayed
no strict self-incompatibility associated with facultative and vegetative parthenocarpy,
‘Fortune’ was self-incompatible with facultative and stimulative parthenocarpy, and
‘Campeona’ and ‘Saltefiita” were self-compatible but with vegetative PA. ‘Serafines’ asso-
ciated male sterility with facultative and vegetative parthenocarpy, while ‘Monreal’ clem-
entine was not parthenocarpic. Our protocol can be applied for screening particular par-
ents with previously identified interesting horticultural traits (e.g., production of nonap-
omictic seeds, resistance to Alternaria fungus, production of red fruit color, organoleptical
qualities, etc.) and candidate-selected seedy diploid varieties with the objective to remove
seeds by irradiation. A good reproductive behavior knowledge is important for optimiz-
ing seedless mandarin breeding programs.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/agronomy11102023/s1, Table S1: Number of the treated flowers and recovered fruits in
the performed treatments (E, SP, and CP) in each variety; Table 52: 95% confidence interval in the
paired comparison of fruit setting obtained in the performed treatments (E, SP, and CP) in each
variety; Table S3: SSR markers used for the genetic analysis of the recovered plants from the self-
pollinated flowers of ‘Imperial’ mandarin and “Ellendale’ tangor; Table S4: Observed alleles with
the SSR markers used for the genetic analysis of the diploid hybrids recovered from the self-polli-
nation of ‘Imperial’ mandarin and “Ellendale’ tangor; Table S5. Number of seeds per fruit (nsp) from
SP treatment and fruit setting percentage (fsp) from E, SP, and CP treatments obtained in the pre-
liminary study; Table S6. Number of treated flowers, recovered fruits and fruit set percentage from
treatments E and CP in each of the four replicates R1, R2, R3, and R4, and for each studied variety;
Figure S1. Histological sections of pistils after 10 days of self-pollination. Self-incompatible varieties:
(a-c) 'Clemenules’ clementine and (d-f) 'Moncada” mandarin; Self-compatible varieties: (g-i)
‘Campeona’ mandarin and (j-1) "Saltefita” mandarin; Male sterile "Serafines’ satsuma (m-o) with no
pollen tubes growing through the middle stigma. Left side of the figure represent a pistil with red
lines indicating the transversal sections observed that corresponds with middle stigma (a), (d), (g),
(), (m), upper style (b), (e), (h), (k), (n), and ovary (c), (f), (i), (1), (0). Pollen tubes are marked by an
arrow; va: vascular axis; sc: stylar canal; ov: ovule. Scale bars are depicted by blue lines: (a), (d), (g),
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(), (m) 0.5 mm; (b), (e), (h), (k), (n) 0.25 mm; (c), (f), (i), (1), (0) 1 mm. Figure S2. Histological sections
of pistils after 10 days of self-pollination. (a-f) ‘Imperial” mandarin: (a-c) showing self-incompatibil-
ity reaction with no pollen tubes growing into the upper style and ovary. (d-f) ‘Imperial” mandarin
displaying pollen tubes into the style and ovary indicating partial self-incompatibility. (g-1) "Ellen-
dale’ tangor: (g-i) showing self-incompatibility reaction with no pollen tubes growing into the upper
style and ovary. (j-1) "Ellendale” tangor displaying pollen tubes into the style and ovary indicating
partial self-incompatibility. Left side of the figure represent a pistil with red lines indicating the
transversal sections observed that corresponds with middle stigma (a), (d), (g), (j), upper style (b),
(e), (h), (k) and ovary (c), (), (i), (I). Pollen tubes are marked by an arrow; va: vascular axis; sc: stylar
canal; ov: ovule. Scale bars are depicted by blue lines: (a), (b), (d), (e), (g), (h), (j) and (k) 0.25 mm; (f)
and (1) 0.5 mm; (c) and (i) 1 mm.
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