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Definitions 

Apomictic seed: seed developed without male fertilization. Germination of the seed 

results in a maternal clone.  

Apomixis: asexual seed formation. 

Centroid: The centroid of a group of points is equivalent to the average position of all 

the points, calculated by adding up the coordinates of all points and dividing the result by 

the total number of points. 

Complete penetrance: all the individuals (e.g., plants) which have a mutation manifest 

it.  

Corymbose: It is a type of inflorescence characterised by a flattened top. 

Cross success: Number of seedlings obtained divided by number of crosses completed.  

Cultivar: refers to a cultivated plant variety produced by selective breeding. 

E-Brida: E-Brida is a software designed to centralise breeding information and 

processes, making them easily accessible. 

Embryo sac: It is an egg-producing structure also known as female gametophyte. It 

contains four types of cells: synergids, antipodals, egg cell, and central cell. 

Endosperm: It is a triploid tissue situated within the seed, enveloping the embryo of 

angiosperms. This tissue emerges following the fertilization of the central cell. 

Endosperm balance number: it is a theory which states that for embryo development, 

the maternal to paternal genome ratio needs to be 2 :1 (Ortiz & Ehlenfeldt, 1992). 

Fertility restoration rate:  Number of fertile polyploids divided by the number of 

polyploids produced. 

Germination rate: number of zygotes germinated in vitro divided by number of zygotes 

obtained (rescued). 
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Unreduced pollen: pollen grains with plan area at least 1.2 times the average size for the 

species and twice the nuclear DNA content of normal pollen. 

Zygote: It is a cell formed when a sperm cell fertilises an egg cell. 

Zygote success: number of zygotes obtained between 15 and 30 days after pollination 

divided by the number of crosses completed. 
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Figure 1-3  A. Limonium sinuatum inflorescences showing the main constituent parts. B. Detailed 

raceme. Photos taken by Cordoba-Sanchez, J. 
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Figure 1-2 Mature recently open Limonium sinuatum florets with dehiscent anthers showing some of their 

constituent parts. Photos taken by Cordoba-Sanchez, J. 
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1.2.3. Reproductive biology 

Eighty five percent of the species from this genus present pollen/stigma dimorphism, 

displaying two flower types (Baker, 1948b); the first flower type presents a cob stigma 

(COB) (Figure 1-4C) and pollen type A (A) (Figure 1-4A) while the other displays a 

papillate stigma (PAP) (Figure 1-4D) and pollen type B (B) (Figure 1-4B) (Baker, 1948b). 

Dimorphic species are self-incompatible, but cross-compatible, meaning that flowers that 

are PAP can only be pollinated by pollen A, arising from a flower that has a COB stigma 

(Zhang, 1995). Morphological distinctions between COB and PAP stigmas primarily 

arise from differences in the wall structure at the apical region of the papilla (Dulberger, 

1975). Specifically, in PAP stigmas, the papillae exhibit minute protuberances, whereas 

COB stigma displays a smooth surface (Dulberger, 1975; Erdtman & Dunbar, 1966). 

Additionally, Pollen B features a coarsely reticulate pattern, while Pollen A displays a 

less coarse reticulation (Erdtman & Dunbar, 1966). For a more in-depth understanding of 

both pollen and stigma types, refer to Erdtman and Dunbar (1966). 

Both Limonium species used in this research (L. sinuatum and L. perezii) present 

pollen/stigma dimorphism and are self-incompatible. 
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chromatids will not separate between the daughter cells and the two new cells will contain 

either double the number of expected chromosomes (e.g., tetraploid) or no chromosomes 

(i.e., nullisomic cell; Walczak et al. (2010)). All chromosome sets of the cell with the 

doubled number of chromosomes are genetically the same which contrasts with polyploid 

induction during meiosis as explained below (refer to Section 1.2.5.2.3). Hence, mitotic 

production of polyploids is useful when pure lines obtained from haploids need to be 

induced as in maize (Kato & Geiger, 2002); to restore or increase fertility (Kato & Geiger, 

2002; Morgan et al., 2001); and to facilitate the crossing between plants with different 

ploidy levels (Carputo & Barone, 2005; Dewitte et al., 2012; Kato & Geiger, 2002).  

 

1.2.5.2.3 Ploidy manipulation during meiosis 

Ploidy manipulation during meiosis aims to induce unreduced gametes. The disruption 

could take place in meiosis I (i.e., First Division Restitution (FDR); Dewitte et al. (2012)) 

or during meiosis II (i.e., Second Division Restitution (SDR); Dewitte et al. (2012); Nukui 

et al. (2011); refer to Section 1.3.1.2). If the disruption of the meiotic spindle occurs in 

Figure 1-5 Phases of the mitosis susceptible to be affected by a spindle disruptor e.g., nitrous oxide 

(N2O). The red arrows point to the mitosis phases which can be affected be a spindle disruptor. The most 

common consequence of the spindle disruption is the chromosome missegregation with one daughter cell 

having a double chromosome number while the other having zero chromosomes (nullisomic cell). Modified 

from Walczak et al. (2010) 
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prophase I, it prevents the movement of the meiotic chromosomes to the opposite ends of 

the cells, being retained in the cell plate or scattered within the cell. Therefore, the 

homologous chromosomes are not equally distributed between the two nascent cells 

during telophase I (Dewitte et al. (2012); Nukui et al. (2011); Figure 1-6 left). In contrast, 

spindle inhibition during meiosis II (SDR) allows for normal meiosis I. However, during 

telophase II, the sister chromatids remain together and cannot be separated to migrate to 

opposite poles of the cell. As consequence, the daughter cell contains half of the parental 

chromosomes, but each chromosome is formed by two identical sister chromatids (Figure 

1-6 right; Dewitte et al. (2012); Oleszczuk et al. (2019)).  

 

 

Ploidy manipulation during meiosis also has consequences over the number of 

microspores or megaspores produced which becomes evident in the type of polyads 

produced. For example, in interspecific Wheat-Rye hybrids, FDR results in two 

Figure 1-6 Phases of the meiosis susceptible to be affected by a meiotic spindle disruptor i.e., nitrous oxide 

(N2O). The red arrows point to the meiosis phases which can be affected be a spindle disruptor. If either 

prophase I, metaphase I or anaphase I, is affected First Division Restitution (FDR) occurs. However, if the 

meiotic spindle disruptor disturbs either prophase II, metaphase II or anaphase II, Second Division 

Restitution (SDR) occurs. In any case, the main consequence is missegregation of chromosomes. Modified 

from https://celldivisionandreproduction.weebly.com/meiosis.html (date of retrieval 06/03/2024) 

https://celldivisionandreproduction.weebly.com/meiosis.html
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for the Protection of New Varieties (UPOV) increased 7% between 2005 and 2019 

(UPOV, 2019), both reflecting the importance of Limonium in the ornamental 

plant market and the sustained market demand for new, genetic diversity.  

1.3. Reproduction and development 

1.3.1. Cell division 

Cell division is the biological process that allows a cell to duplicate and produce either 

two identical cells with the same number of chromosomes (i.e., mitosis; Gilchrist 

(2023b)) or cells with half of the total number of chromosomes i.e., haploid number (i.e., 

meiosis; Gilchrist (2023a)). For better study and understanding of mitosis and meiosis, 

both have been divided in phases and sub-phases which will be briefly reviewed below.  

1.3.1.1 Mitosis 

Mitosis is the cell division process that results in the production of somatic cells that are 

genetically identical to the mother cell (Walczak et al., 2010). Even though mitosis occurs 

in all somatic cells, within the present PhD research, the focus was on the mitotic division 

that follows the fertilization of the ovule by the sperm cell, as explained below in Section 

1.2.5.2.2. Irrespective of the type of cell being in mitotic division, the following are the 

main events within each mitotic phase (Table 1-1; Figure 1-8). 
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1.3.1.2 Meiosis 

Meiosis is the cell division process that results in the gametes or reproductive cells with 

only half the chromosome set (reviewed by Mercier et al. (2015)), and is the key driver 

underlying genetic variation (reviewed by Fan et al. (2019); Mercier et al. (2015)). In the 

current research, one of the objectives is to induce the production of unreduced gametes 

(refer to Section 1.6), implying meiosis must to be disrupted to restore the somatic 

chromosome number in the gametes (Oleszczuk et al. (2019); refer to Section 1.2.5.2.3). 

The principal events occurring in each phase are presented in (Table 1-2 and Figure 1-9). 

Figure 1-8 Main phases of mitosis. Assembly of the mitotic spindle during interphase and prophase. 

Alignment chromosomes in the spindle equator starting at prometaphase and finishing at metaphase. 

Movement of chromosomes toward the poles in anaphase and rebuild of the nuclear envelope in telophase.  

Modified from (Walczak et al., 2010) 
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Meiosis occurs in Pollen Mother Cells (PMC) and in Megaspore Mother Cells (MMC) 

(Shi et al., 2015) and give rise to a polyad constituting by four haploid microspores 

(tetrad; Figure 1-9; Figure 1-11) or four haploid megaspores, respectively. Use of meiotic 

spindle disruptors (e.g., colchicine or nitrous oxide (N2O)) and meiotic abnormalities 

Figure 1-9 Phases of meiosis. DNA is already duplicated, bivalents formed, and synapsis and 

recombination occur during prophase I. In metaphase I, the meiotic spindle assembles, and homolog 

chromosomes align at the spindle equator. In anaphase I, homologous chromosomes separate and migrate 

to opposite poles of the spindle. In telophase I, nuclear envelope is rebuild, and cytokinesis occurs. In 

prophase II, meiotic spindle is assembled. In metaphase II, chromosomes align at the spindle equator and 

sister chromatids separate and migrate to opposite poles during anaphase II. In telophase II, cytokinesis 

occurs. Taken from https://celldivisionandreproduction.weebly.com/meiosis.html  (date of retrieval 

06/03/2024) 
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could result in polyads with variable number of microspores / megaspores (further detail 

in Section 1.2.5.2.3). 

After formation and individualization of the four haploid microspores, for pollen 

development, each microspore undergoes two mitotic divisions (further detail in Section 

1.3.2; Figure 1-11) resulting in two sperm cells and one vegetative nucleus (Gómez et al., 

2015; Halbritter et al., 2018a). The development of the ovule in Limonium is explained 

in more detailed below (refer to Section 1.3.3). 

Meiosis can be synchronous between PMC and MMC as reported in Liriope spicata (Shi 

et al., 2015) or asynchronous as suspected in Limonium (Rois, 2014; Siregar, 2021) and 

reported for other species where meiosis in MMC is delayed in comparison with meiosis 

in PMC (Chang & Sun, 2020; Koul et al., 2020; Yao et al., 2020). Meiotic asynchrony 

has been established in Limonium, revealing that various meiotic stages unfold 

concurrently within distinct PMCs (Siregar, 2021). Determination of the momentum of 

occurrence of meiosis in Limonium for experimental purposes (i.e., induction of 

unreduced gametes) could be difficult, due to the asynchrony and the small floret size. 

However, an association between floret size and meiosis in PMC has been reported in L. 

sinuatum (Siregar, 2021) and L. perezii (Figure 1-10). In L. sinuatum, ca. 80% of PMC 

undergo meiosis in unopened florets with diameters no wider than 0.8 mm and calyces 

protruding no more than 0.2 mm above the bract (Siregar, 2021). In the case of MMC of 

Limonium, meiosis occurs in unopened florets less than 2.5 mm length (Rois, 2014).  

The time interval between male meiosis in Limonium and anther dehiscence is longer than 

14 days with floret opening lasting just one day (Siregar, 2021). Time differences between 

male meiosis and floret opening occurs between florets of the same spikelet and delays 

between the first opened floret and the next floret in the spikelet varies between 3 and 14 

days (Siregar, 2021). Each Limonium floret produces between 100 and more than 300 

pollen grains (Siregar, 2021) and only one ovule (Rois, 2014). This means that each floret 

could be fertilized only once during its lifetime (24 h). 
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1.3.2. Pollen development, morphology, and viability 

Meiosis in the PMC, as explained above, results in tetrads containing four microspores 

that are individualized by a callose wall which precedes the pollen wall formation (Figure 

1-11; Halbritter et al. (2018a)). The pollen cell wall distinguishes species by the number 

of apertures and the ornamentation of its external wall, known as exine, besides pollen 

shape and polarity (Halbritter et al., 2018b) 

Post-meiosis development of the microspores starts after their individualization and 

release from the tetrads (Figure 1-11; McCormick (2004)). Microspores grow, develop a 

large vacuole, and go into an asymmetric pollen division i.e., pollen mitosis I (PMI) to 

produce one vegetative (larger cell) and one generative smaller cell. At this point the fate 

of both cells splits with only the generative cell going into pollen mitosis II (PMII) to 

Figure 1-10 Flower and pollen development in Limonium perezii. A-C. Flower developmental stage 1. A. 

Immature flowers with only the bracts evident. B. Division of a sporogenous cell to produce two Pollen 

Mother Cells (PMC) C. Two PMC. D-F. Flower developmental stage 2. D. Immature flowers with 

elongated bracts which display their characteristic colour E. Tetrads of haploid microspores F. Released 

microspores G-H. Flower developmental stage 3 G. Immature flower with protruding sepals H. Pollen 

grains I.  Flower developmental stage 4. Immature flowers with sepals fully extended. Photo taken by 

Cordoba-Sanchez, J. 
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form the two sperm cells (Park et al., 1998). The occurrence (moment and place) of PMII 

differs between families and is associated with pollen type (i.e., binucleate or trinucleate; 

Figure 1-11; Halbritter et al. (2018a); Honys et al. (2006); McCormick (2004)). 
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Figure 1-11 Schematic diagram illustrating key phases of pollen development, beginning with the microsporocyte formation and 

culminating in pollination. Trinucleate pollen, depicted on the right side of the figure, consists of one vegetative nucleus and two 

sperm cells. On the left side, binucleate pollen is characterized by one vegetative nucleus and one sperm cell.  Modified from Honys 

et al., 2006 
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1.3.4. Double fertilisation 

Double fertilisation is a process characteristic of angiosperms involving two female and 

two male gametes, first reported by Nawashin (1898) and further reviewed by several 

authors (e.g. Berger et al. (2008), Friedman and Floyd (2001)).  Double fertilisation 

occurs between one sperm cell and the egg cell to produce the diploid zygote and between 

the other sperm cell and the central cell to produce the triploid endosperm (Nawashin, 

1898).  

Double fertilisation involves several steps other than the sperm cells fusion. The 

pollination process begins with the adherence of pollen on the stigma followed by the 

pollen germination and pollen tube growth to reach and penetrate the ovary (Zhang, 

1995). After reaching the ovary, the pollen tube discharges two sperm cells which remain 

immobile between the two female gametes, and then each sperm cell fuses with one of 

the two female gametes as observed in Arabidopsis thaliana (i.e. egg cell or central cell) 

(Hamamura et al., 2012; Hamamura et al., 2011) and in Nicotiana tabacum (Sun et al., 

2000). 

Figure 1-14. Schematic diagram illustrating the main steps of double fertilisation in Arabidopsis 

thaliana, starting with the discharge of the sperm cells (number 1 in the figure), followed by 

immobilisation phase during which the sperm cells remain between the two female gametes (i.e. egg 

cell and central cell) (number 2 in the figure), and finalising with the migration and fusion with the 

female gametes.  Taken from Hamamura et al., 2012 
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Gametic fusion involves the fusion of the cytoplasm and nuclei of the male and female 

gametes. The cell cycles of both gametes must be synchronised for the harmonious 

initiation of embryo and endosperm development (reviewed by Berger et al. (2008)). It 

has been shown in tobacco that released sperm cells are in phase S, when DNA replicates, 

so that their DNA content varies between 1C and 2C. As soon as the pollen tube enters 

the ovary, the egg cell duplicates its DNA and 48 hours later its DNZ content is also 

between 1C and 2C. Therefore, fusion of the egg with a sperm results in a zygote with a 

DNA content of 4C, which is maintained until the first mitotic division of the zygote 

occurs (Tian et al., 2005). 

In the case of the endosperm, there are fewer studies on how the process takes place. 

However, it has been reported in N. tabacum that the fusion between the sperm cell and 

the central cell is faster than the fusion between the egg cell and the sperm cell (Sun et 

al., 2000). Similarly, in A. thaliana the first nuclear division was observed to occur within 

the first hour after the fusion between the sperm cell and the central cell, whereas in the 

fertilised egg cell it started 7 to 8 hours later (Faure et al., 2002). In addition, endosperm 

could develop without fertilisation, as observed in A. thaliana (Nowack et al., 2006). 

1.3.5. Embryo development 

Studies of the fertilization and zygote development in Limonium (Zhang, 1995) and in 

Arabidopsis (Faure et al., 2002; Gooh et al., 2015) show that the pollen tube penetrates 

the embryo sac to perform the double fertilization and reaches its final position between 

2 h (Zhang, 1995) and 8 h (Faure et al., 2002) after pollination. Between 24 h and 72 h 

after pollination, the first mitotic divisions from the establishment of the apical-basal axis 

of the zygote (ten Hove et al., 2015) to the 32-cell pro-embryonic stage (Figure 1-15) 

occur; and after 72 h, the embryo is in the globular stage (Faure et al., 2002; Zhang, 1995).  

The mitotic divisions of the pro-embryo (before globular stage) are not synchronous with 

time differences observed between sister cells (Gooh et al., 2015). After the globular 

stage, the embryo continues its development through all the phases (globular, triangular, 

heart, torpedo, and mature cotyledon). In the case of A. thaliana, the seed development is 

completed in approximately 20 days (Baud et al., 2002) while in Limonium, seeds could 

be harvested after nine weeks (Conceição et al., 2018). The embryo development timing 

could be affected by different factors e.g., season of the year (Przyborowski & 
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In addition to the above referenced chapters (i.e., CHAPTER 2 to CHAPTER 8), the 

present document includes a general discussion and perspectives (CHAPTER 9), 

presenting a summary of the main findings and their importance, conclusions and future 

opportunities in the breeding of Limonium. This thesis document also includes appendices 

documenting additional experiments required for the success of the research, but do not 

necessarily address the above listed objectives. 

1.6.1. Experimental design and data analysis 

Three experimental designs were used throughout the PhD experimentation: completely 

randomized design (CRD), randomized complete block design (RCBD), and a mixture-

amount design. For any of the designs, replications (i.e., treatments which are repeated at 

least two times) are compulsory to estimate the experimental error (Compton, 1994). Each 

unit which receives the treatment (e.g., culture vessel, day when pollinations are 

performed) is known as experimental unit. In any of the experimental designs, sub-

Figure 1-18 Schematic representation of the experiments (light grey highlight) performed using L. 

sinuatum, L. perezii, and/or L. sinuatum × L. perezii hybrids, for production of unreduced gametes using 

nitrous oxide (N2O) with different treatment duration and time intervals between the N2O treatment and 

the planned pollination followed by intra or interspecific crosses performed to target polyploid production 

of seedlings (first three (light grey highlight boxes from left to right), or for fertility restoration in hybrids 

(right most light grey highlight box) 
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sampling could be used when within an experimental unit there is more than one 

observational unit (Compton, 1994). In the current research, for example, if 10 planned 

crosses are performed daily for three days, the days are the replicates, and the crosses are 

the sub-samples.  

The CRD is the simplest design, and is recommended when little variation occurs between 

experimental units (Compton, 1994). In this design, the factor under evaluation has 

different levels. For example, in this research the factor use of nitrous oxide has two 

levels: treated and untreated (i.e., control). When differences between experimental units 

occur (e.g., leaves from plants from different species), it is recommended to use a RCBD 

as the statistical precision decreased (Compton, 1994). In the RCBD the blocks represent 

homogenous groups (e.g., germplasm groups (i.e., L. sinuatum, L. perezii-white, L. 

perezii-purple, interspecific hybrids)) to which the experimental units are randomly 

assigned. For CRD and RCBD, the levels of the factors under assessment could be 

arranged in a factorial design allowing the evaluation of all possible combinations 

between the levels (Compton, 1994).  

The other experimental design used in the research was a mixture-amount design which 

allows to separate the effects of proportion (i.e., ratio) and concentration (Evens & Niedz, 

2010). This experimental design is recommended when the aim is to standardize e.g., a 

culture medium which is composed of different nutrients, plant growth regulators, etc 

with varying concentrations and ratios between the components. In this case, the amount 

of each component as well as the interaction between them affects the response variable 

e.g., shoot induction (Nezami-Alanagh et al., 2017).  

The selection of the model to analyse the data depends on the data distribution (e.g., 

normal, binomial, Poisson). In this PhD research, the response variables evaluated 

followed one of three distributions: binomial, Poisson, or normal. Variables with values 

with only two possible outcomes e.g., callus induction (yes/no) follow a binomial 

distribution; variables with values corresponding to a count (e.g., number of roots per 

explant) follow a Poisson distribution; and variables with a continuous distribution follow 

a normal distribution if the data close to the mean is more frequent in comparison with 

data distant from the mean (i.e., bell shape). So as to confirm continuous data follow a 
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normal distribution at least two assumptions need to be validated: normal distribution of 

the residuals and that observations are independent of each other. 

Modelling of data with either binomial distribution or Poisson distribution results in an 

estimated mean with a confidence interval calculated from theory without need of 

replications (Daniel & Chad, 2018). However, if replications are available, they allow to 

check whether the data behaves in that way or if other source of variability could be 

involved. The mean in a binomial distribution represents the probability of occurrence of 

a success (e.g., induced callus) while in a Poisson distribution the probability calculated 

is for the average count (e.g., 10 roots per explant). 

In the case of normally distributed data, modelling results in a calculated mean and a 

confidence interval for that mean, but unlike Poisson and binomial distributions, 

replicates are compulsory for those calculations. In the current research, for data 

following a normal distribution (e.g., pollen size), the estimated effect (e.g., mean size 

for pollen grain) and the estimated variability (e.g., standard deviation for pollen size 

calculated from reps) are used for performing a t-test on whether the means of two 

samples are equal. Probability of the t-value (calculated in the t-test) being higher than 

0.05 represent no differences between means. That is the reason for selecting a p-value 

equal to 0.05 to discriminate between two sample means being equal or not. 















CHAPTER 2. Nitrous oxide treatment after pollination induces ploidy changes in 
Limonium sp. 

88 

 

diploid L. sinuatum plant. One thousand events were counted for each sample peak. The 

software Flowmax flow cytometry (CyPAD WindowsTM-based software, Sysmex, United 

States) was used for data acquisition and analysis.  

2.4.6. Statistical analysis 

Data analysis was conducted using the software R (R Core Team, 2018) with ggplot 2 

(Wickham, 2016) utilized for graphic outputs.  

The response variable zygote success followed a binary distribution while stomatal 

density followed a Poisson distribution. In both cases a generalized linear model (glm 

function from the stats package; R Core Team (2018)) with the relevant distribution was 

used to model the effects of seed-bearing genotype and DAP. The other response 

variables were analyzed with linear models (lm function from the stats package R; R Core 

Team (2018)).  

Pairwise differences between means were tested using Least Significant Difference ( 

LSD; Mendiburu and Yaseen (2020)) adjusting the p-values by the Bonferroni method 

(Lyman & Longnecker, 2001). For the generalized linear models (glm), pairwise 

likelihood ratio tests were used to compare between the levels of factors (similar to 

LRPAIR in Goedhart (2018)). For all analyses the p-value used was 0.05. 

To visualize the effect of higher ploidies on plant morphology, a Principal Component 

Analysis (PCA) was completed for the variables ploidy and the seven morphological 

characteristics evaluated. The PCA utilized the software R (R Core Team, 2018) using 

the packages FactoMineR (Sebastien et al., 2008) and factoextra (Kassambara & Fabian 

Mundt, 2020). The classical means of data summarizing, dimensionality reduction and 

visualization for a multi-component analysis were used. 

2.5. Results 

2.5.1. Plants obtained 

The proportion of embryos/ovules rescued varied from seven to 53 for the treated plants 

(APPENDIX A), representing between 10% and 75% cross success. A lower number of 

zygotes occurred for L. perezii in comparison with L. sinuatum. In tissue culture, embryo 

mortality was between 15% for L. sinuatum and 85% for L. perezii genotypes.  
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2.5.2. Effect of N2O treatment on ploidy 

 

The treatment of L. sinuatum with N2O for 24 h after pollination resulted in the production 

of one tetraploid progeny when the treatment was applied 2 DAP, and three mixoploid 

progeny when applied 4 and 5 DAP (Figure 2-1). Pollinations in the control plants 

resulted in no tetraploid progeny, though one triploid progeny was produced, presumably 

as the result of fertilization of an unreduced gamete (data not presented). 

The success of zygotes being regenerated as plants (mean 0.72 ± 0.13 per flower) was not 

affected by the seed-bearing genotype (sin16 or sin18; p> 0.05) nor by the N2O treatment 

(p> 0.05).  

In the case of L. perezii, N2O treatment for 24 h induced WGD (five plants) when it was 

applied between 1 and 3 DAP, with only diploids (five plants) and mixoploids (three 

plants) resulting when applied at other days after pollination (Figure 2-2). The cumulative 

Figure 2-1 Number of diploid, tetraploid or mixoploid progeny obtained in two crosses between  

Limonium sinuatum genotypes for each Day After Pollination (DAP) when N2O was applied  
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the tetraploid genotypes were 1.4 times larger in comparison with the diploids, displaying 

a mean value of 39.47 ± 7.65 versus 27.37 ± 4.15 (Table 2-1).  

Across genotypes, stomatal density varied between 2.32 and 10.5 stomata per mm2, and 

the differences observed were associated with both ploidy and genotype (p< 0.05). The 

average density of stomata was 0.6 times lower in tetraploid plants in comparison with 

diploids, showing densities between 1 and 1.72 stomata per mm2, while the densities for 

diploids ranged between 1.27 and 2.22 stomata per mm2 (Table 2-1). Nevertheless, some 

diploid and tetraploid genotypes displayed similar stomatal densities regardless of their 

ploidy (Table 2-1; e.g., sin192 (diploid) and sin202 (tetraploid)). 

2.5.3.3 Morphological comparison of diploid and tetraploid plants 

The morphological characteristics leaf thickness and area, diameter of the main floral 

stem and width of main floral stem wings were all increased in the tetraploid genotypes 

in comparison with their diploid counterparts (p< 0.05; Figure 2-3). As a result, in the 

tetraploids, the leaves were 1.5 times thicker and 1.6 times larger in area, the diameter of 

the main floral stem was 1.4 times greater, and the main floral stem wings were 2.5 times 

wider.  



CHAPTER 2. Nitrous oxide treatment after pollination induces ploidy changes in 
Limonium sp. 

93 

 

 

The PCA revealed two components or dimensions, which explained 85% of the observed 

variance in morphological measures (Figure 2-3). There were two groups of 

measurements, which correlated with each other. Leaf area, pollen grain plan area, 

diameter of the main floral stem, and width of the main floral stem wings were one group. 

Figure 2-3 Principal Component Analysis (PCA) of the morphological-response variables evaluated 

(pollen area, guard cell length, stomata density, leaf thickness and area, main floral stem diameter and main 

floral stem wings width) in diploid and tetraploid Limonium sinuatum genotypes. The arrows represent the 

eigenvectors for each variable and point in the direction of increasing magnitude of the measurement. The 

small dots represent the individual genotypes while the bigger dots represent the centroid of either the 

diploid genotypes (light grey) or the tetraploid genotypes (black). The dimensions are described as Dim1 

(Dimension 1) and Dim2 (Dimension 2) 
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hybrida (Bhattarai et al., 2021) and Brassica (Kumar & Yadav, 2020). In the case of 

pollen size, the increase in size with increased ploidy here in L. sinuatum agrees with 

previous reports on L. sinuatum (Siregar, 2021), but contrasts to L. ovalifolium and L. 

multiflorum, which did not display the direct ploidy-pollen size relation observed in our 

study (Róis et al., 2012).  

The consistency of the morphological changes observed in polyploid plants provides a 

simple screening protocol to minimize the number of plants that require testing using flow 

cytometry to confirm ploidy status. Although all the morphological variables evaluated, 

except stomata density, showed a direct positive association with ploidy, because of the 

ease of measurement, measuring pollen size and guard cell length offers the potential to 

be used for pre-selection of polyploid plants in L. sinuatum, hence reducing the resource 

costs within a breeding programme. 
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Ploidy determination of the seedlings was performed as reported in CHAPTER 2, 

comprising the application of flow cytometry.  

3.2.3. Whole genome duplication 

L. perezii plants with hand-pollinated florets were treated with N2O in a pressure tolerant 

cylinder for 24 h, at 608 kPa (Barba-Gonzalez et al., 2006). After treatment, plants were 

moved back to the above mentioned greenhouse conditions, with embryo rescue of the 

pollinated florets with developing embryos conducted four weeks after pollination 

(CHAPTER 2; Cordoba-Sanchez et al. (2023a)). This experiment did not include control 

plants (i.e., plants not treated with N2O). 

3.2.4. Data analysis 

The statistical software package R was used for data analysis (R Core Team, 2018) and 

ggplot 2 (Wickham 2016) utilised for producing the resulting graphics. The response 

variables zygote success and proportion of polyploids were analysed using a generalized 

linear model (glm function from the stats package (R Core Team 2018)) with the binary 

distribution used to model the effects of seed-bearing genotypes (mother) and HAP. 

Comparison between the levels of the factors was conducted with pairwise likelihood 

ratio tests (similar to LRPAIR in (Goedhart, 2018)). The p-value for determining a 

treatment effect was set as 0.05 in all cases. 

3.3. Results 

Treatment with N2O for 24 h of proembryos of both genotypes of L. perezii, induced 

WGD in the resulting seedlings when applied between 8.5 and 80.5 HAP (Figure 3-1), 

with mixoploids also appearing for Y19.027.002 at 80.50 HAP. The proportion of 

polyploids was between 28% and 63% with no differences detected across HAP (Figure 

3-2B) or seed-bearing genotypes (p>0.05). 

 The total proportion of polyploids obtained in this experiment for L. perezii was between 

42% and 22% for Y19.027.001 and Y19.027.002, respectively (Table 3-1). 
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Figure 3-2 Predicted probabilities after data modelling with a generalized linear model (glm) A. Zygote 

success (number of zygotes obtained divided by the number of crosses completed) and B. proportion of 

polyploids (number of polyploids obtained divided by number of seedlings obtained (excluding 

mixoploids)) pooled for both Limonium perezii genotypes (i.e., Y19.027.001 or Y19.027.001) for each 

Hour After Pollination (HAP) when the nitrous oxide (N2O) treatment was applied. Grey strip represents 

95% confidence interval 

Figure 3-1 Number of diploid, tetraploid, pentaploid, or mixoploid seedlings obtained in two crosses 

between Limonium perezii genotypes for each Hour After Pollination (HAP) when the nitrous oxide (N2O) 

treatment was applied  
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The zygote success was similar across genotypes (p>0.05) but increased from 36% to 

81% with the time elapse (i.e., HAP) between pollinations and the N2O treatment 

(p<0.05; Figure 3-2A).  

3.3.1. Comparison between experiments 

Comparison between the results of WGD in L. sinuatum and L. perezii using N2O 24 h 

(CHAPTER 2 and present chapter) or 48 h (APPENDIX F; Table 3-1) allowed for the 

determination of an increase in the polyploidization rate when the time elapsed between 

pollination and treatment with N2O decreases from 10 DAP to 3 DAP (i.e., 80.5 HAP). 

Analysis of the number of mixoploid seedlings produced did not show a trend with values 

different from zero for both treatment durations and time windows between pollination 

and treatment with N2O (i.e., DAP or HAP). 
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3.4. Discussion 

In the current study, treating proembryos younger than 80 h (~3 days) with N2O for 24 h 

resulted in an increase of the proportion of polyploids and polyploidization rate in 

comparison with proembryos treated older i.e., starting at 2 DAP (~48 h) (Table 3-1). A 

possible explanation is that treating proembryos as young as 8.5 HAP resulted in the 

disruption of the mitotic spindle during the first embryonic divisions (Kato & Geiger, 

2002) without adversely compromising them.  

The impact of N2O treatment on zygote survival (i.e., zygote success) was observed. The 

24 h treatment resulted in a lower impact and higher zygote success (36% at 8.5. HAP) 

compared to 48 h treatment, which resulted in less than 9% embryo success before 1 DAP 

(24 HAP) (APPENDIX F). Then, the embryonic divisions demonstrated resilience, with 

the ability to either proceed without arrest or recover after arrest (Komaki & Schnittger, 

2017). As a result, the proportions of polyploids increased (Table 3-1). 

As evidenced here by comparing the results of inducing WGD with N2O for 24 h (this 

chapter and CHAPTER 2) and 48 h (APPENDIX F) there is an inextricable link between 

the time interval between the pollination and the treatment with N2O and the time of 

exposure to the N2O. Longer time exposures (48h vs 24h) require zygotes to be older to 

be able to survive i.e., longer time intervals between the planned pollination and the N2O 

treatments. In Lilium, for example, 72h N2O treatment induces tetraploids from 9 and 13 

DAP (Sato et al., 2010), 48h N2O treatment in L. sinuatum results in tetraploids between 

3 and 5 DAP (Figure A-5), and 24h N2O treatment in L. perezii produces tetraploids 

between 8 HAP (< 1DAP) and 80 HAP (~ 3DAP; Figure 3-1).  

Comparison between Figure 3-2A and Figure 3-2B confirmed that as the time elapse 

between pollination and treatment with N2O increases, the zygote success increases and 

the proportion of polyploids decreases. The no significant effect of HAP over the 

proportion of polyploids (p<0.5) was unexpected and could be attributed to the number 

of seedlings obtained (i.e., between 0 and 8) more than to a biological effect. The increase 

in zygote success and decrease in proportion of polyploids could be associated with the 

embryo development with older proembryos being more tolerant to the mitotic disruption 

resulting in higher survival. As the proembryos develop, more cells are originated (Figure 
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1-15) through asynchronous mitotic divisions (Gooh et al., 2015) meaning that treatment 

with N2O would affect only cells under division, but not the whole proembryo. As 

consequence, the chromosomic constitution of the proembryo is not duplicated resulting 

in a decrease in proportion of polyploids.  

Despite the expected decrease in the proportion of mixoploids by treating proembryos 

younger than 80 h (~3 days) with N2O, it was not possible to confirm this hypothesis and 

the information obtained in the experiments for WGD (Table 3-1) is insufficient to 

identify the possible reasons or factors involved.  

3.5. Conclusions 

The use of N2O for 24-hours in proembryos between 8.5 HAP and 80.5 HAP is advisable 

to induce WGD in L. perezii with a higher number of polyploids produced per number of 

crosses completed (i.e., polyploidization rate).
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CHAPTER 4. Nitrous oxide treatment 
increases the proportion of viable pollen and 

pollen size in Limonium perezii 

This chapter has been submitted for publication and was orally presented in 2023. Citations: 

Córdoba J., Roskruge N., Funnell K, Hedderley D, Morgan E. Nitrous oxide treatment increases the 
proportion of viable pollen and pollen size in Limonium perezii. XXVII International EUCARPIA 
Symposium Section Ornamentals-From Nature to Culture: Breeding Ornamentals for Sustainability. 
Genoa-Italy. 2nd-5th July 2023. 

Córdoba J., Roskruge N., Funnell K, Hedderley D, Morgan E. Nitrous oxide treatment increases the 
proportion of viable pollen and pollen size in Limonium perezii. 2023. Acta Hortic. (accepted). 

4.1. Abstract 

Interspecific crosses between L. sinuatum and L. perezii have produced hybrids 

(Limonium siNZiiTM) utilized by the ornamental industry. The inclusion of genotypes as 

parents in the breeding programme depends, among other factors, on their fecundity. Two 

L. perezii genotypes, per11 and per275 with comparatively low male fertility (zygote 

success <40% ± 16% for both genotypes when used as pollen donors in intraspecific 

crosses), were selected for this study. We had observed that pollen viability and the 

number of zygotes obtained from the two genotypes improved after nitrous oxide (N2O) 

treatment. The aim of this study was to evaluate and to understand the effect of N2O on 

pollen viability, pollen size, and number of zygotes produced per number of crosses 

completed (zygote success) when used as pollen parents following treatment of immature 

inflorescences. The proportion of stained (viable) pollen increased up to 1.7 times in 

per11 and up to three times in per275; the size of pollen grains also increased between 

1.2 and 1.5 times in both genotypes; and the zygote success was 20% higher when per11 

was used as a pollen parent. These findings support the hypothesis that the improvement 

in zygote success following N2O treatment is associated with an improvement in pollen 

viability, and an increase in pollen size. It is proposed that, when pollen viability is an 

issue, changes in proportions of pollen stained (viable) and size can be used to identify 

the optimum stage of inflorescence development to apply N2O treatment for best pollen 

viability and higher zygote success. 
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brown coloured) and presenting the exine pattern characteristics of the species, were 

documented as being aborted (Impe et al., 2020; Peterson et al., 2010).  

The experimental design was completely randomized (Compton, 1994) with treatments 

consisting of DAT when pollen was either collected or used for crosses (from 13 DAT to 

30 DAT) or their equivalent for untreated (control) plants (days 17, 18, 22, 23, 27). For 

the pollen analysis the experimental unit was one pollen grain with 100 replicates per 

treatment. In the case of zygote success, the experimental unit was each pollinated floret, 

and the replicates were the daily pollinated florets (i.e., 10). Each genotype (i.e., per11 

and per275) was analysed separately, as initial analysis showed considerable differences 

between both. The response variables evaluated were pollen viability, pollen plan area 

and zygote success defined as the number of zygotes obtained two weeks after 

pollinations divided by the number of crosses completed. 

Data analysis was conducted using the software R (R Core Team, 2018) with ggplot 2 

(Wickham, 2016) utilized for graphic outputs. The response variable, plan area, was 

analysed with linear models (lm function from the stats package R (R Core Team, 2018)) 

followed by a Least Significant Difference (LSD; Mendiburu and Yaseen (2020)) test to 

detect pairwise differences between means. For the proportion of viable pollen and zygote 

success, a generalized linear model (glm function from the stats package (R Core Team, 

2018)) with a binary distribution was used. A p-value of 0.05 was utilized for all analyses. 

A receiver operating curve (ROC curve; Kumar and Indrayan (2011)) was calculated to 

identify a threshold plan area to discriminate between aborted and viable pollen collected 

between 13 and 30 days after treatment with N2O, or the equivalent day in untreated 

(control) plants. The threshold was selected based on the highest sensitivity (i.e., 

probability of classifying a viable pollen grain as viable) and specificity (i.e., probability 

of classification an aborted pollen grain as aborted) possible for the data set. 

4.5. Results and discussion 

In the present study, the proportion of viable pollen sampled from plants of L. perezii 

within the control treatment was lower (29% ± 45% for per11 and 32% ± 47% for per275) 

in comparison with plants treated with N2O (36% ± 48% for per11 for florets 20 DAT 

and 84% ± 45% for per275 for florets 14 DAT) (Figure 4-1A-B; p<0.05), being indicative 
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DAT onwards, including up to 96% ± 27% on 29 DAT (Figure 4-1A). For per11, in 

comparison with the control, the positive effect of N2O on pollen viability was observed 

after 21 DAT, with a maximum viability of 47% ± 50% at 25 DAT (Figure 4-1B). Unlike 

per275 however, not all sample periods after 20 DAT resulted in a significant increase in 

pollen viability compared with the control (Figure 4-1A). 

 

 

The aborted pollen identified in this study was significantly smaller in plan area than 

viable pollen (p<0.05), with average plan areas between 1200 µm2 ± 352 µm2 (per11) 

Figure 4-1 Proportion of viable pollen (%) (A and B) and zygote success (%) when pollen of treated plants 

were used in interspecific crosses (C and D) observed in two Limonium perezii genotypes per275 (A and 

C) and per11 (B and C)) at different times after treatment with nitrous oxide (N2O) and in untreated plants 

(CTL). The data presented for the untreated plants represent five specific days (17, 18, 22, 23 and 27) 

relative to the period extending from 13 DAT to 30 DAT. In A and B, columns represent the predicted 

mean values for the proportion of viable pollen. Vertical lines (error bars) represent the 95% confidence 

interval. Horizontal dashed lines limit the confidence interval of the proportion recorded from plants within 

the CTL. Error bars of the treated plants that overlap with the error bars from CTL indicate no statistical 

differences at p<0.05; n=100 pollen grains. * p-value = 0.06, ** p-value= 0.04. In C and D, the box 

represents the interquartile range, the horizontal line is the median, and the whiskers indicate the minimum 

and maximum values. The single point is an extreme datum. n=10 planned crosses for the treated plant and 

5 planned crosses per day for the untreated plants 
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4.6. Conclusions 

N2O increased the zygote success following pollination using pollen from genotypes with 

low male fertility. This improvement is associated with the increase in pollen viability 

and size observed when immature inflorescences of genotypes of L. perezii with low male 

fertility were treated with N2O.  

When evaluating the effect of N2O on pollen and optimizing the timing for crosses, we 

found it best to consider effects on all pollen rather than just viable pollen. 

Further cytological studies are required to understand the mechanism(s) giving rise to the 

effect of N2O treatment on male meiosis in L. perezii genotypes with low male fertility.
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polyploids. Although this unreduced pollen is viable, it is prevented from producing 

hybrid polyploids.  

5.2. Key words 

Hybridisation, interspecific crosses, intraspecific crosses, meiotic doubling, pollen size, 

sexual polyploidization 

5.3. Introduction  

Limonium is typically grown as a cut flower crop, with ca. Eu$29 million in sales at 

wholesale auctions in Europe in 2021 (International Association of Horticultural 

Producers, 2022). There is thus considerable interest in developing new cultivars. Two of 

the fastest ways of generating variation are interspecific hybridisation and induction of 

polyploids (Van Tuyl & Lim, 2003). Interspecific crosses between L. sinuatum and L. 

perezii have resulted in hybrids which combine disease tolerance, strong colours, 

unwinged stems, and large panicles (BallSB, 2021). Despite the desire to combine traits 

from other species, hybrid breeding is frequently limited by low hybridisation rates, 

hybrid weakness and mortality, and sterility (Chen et al., 2016). As utilized in other 

breeding programmes, and explored within the current research, some of these limitations 

can be addressed through ploidy manipulation (Barba-Gonzalez et al., 2006). 

In the case of L. perezii and L. sinuatum, and their genotypes selected in the present study, 

both were diploid, but with different numbers of chromosomes (Morgan et al., 1998). As 

a consequence L. perezii (2n=2x=14)×  L. sinuatum (2n=2x=16) hybrids have an odd 

chromosome number (2n=2x=15) and are sterile (Morgan et al., 1998). Somatic 

chromosome doubling has been demonstrated to restore fertility in F1 interspecific 

hybrids in other genera (Zhang et al., 2017) and this was shown to apply in Limonium 

hybrids (Morgan et al., 2001) though this can add significant time to the breeding cycle 

and limits the number of progeny. An alternative approach is to induce the production of 

increased numbers of unreduced gametes for use in controlled pollinations (Barba-

Gonzalez et al., 2006; Dewitte et al., 2010; Nukui et al., 2011). The use of unreduced 

gametes for production of polyploid hybrids has the potential to speed the breeding 

programme as instead of producing hybrids in one breeding cycle and then inducing the 

duplication of the genome in other breeding cycle, both hybridisation and 
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polyploidization could be done at once increasing numbers of fertile progeny for 

evolution of further crossing (Barba-Gonzalez et al., 2006). 

Plants produce unreduced gametes at varying rates influenced by genetics and the 

environment (Sora et al., 2016; Zeng et al., 2020). However, these rates are typically too 

low, usually less than 4%, and their practical use is species-specific (Gao et al., 2019; 

Sora et al., 2016; Zeng et al., 2020). Limonium is known to produce unreduced gametes, 

occasionally resulting in polyploid (3x) progeny, but consistent 2n gamete-producing 

individuals have not been identified (Conceição et al., 2018). It is possible to treat plants 

to increase the frequency of unreduced gametes e.g., (Luo et al., 2016; Qu et al., 2019). 

The induction of unreduced gametes is usually focused on the disruption of the meiotic 

spindle (Akutsu et al., 2007) with a polyploid inductor (e.g., N2O, trifluralin; Dewitte et 

al. (2010); Qu et al. (2019)). However, meiosis is not the only cell cycle susceptible to 

disruption by a polyploid inductor during anther and pollen development. Studies on 

anther and pollen development in Arabidopsis recognized 15 developmental stages, 

starting with mitotic division of an archesporial cell, followed by multiple mitotic 

divisions to produce the anther and finishing with meiosis of pollen mother cells (PMC; 

Gómez et al. (2015)). In Lilium, for example, N2O treatment instead of inducing meiotic 

polyploidization, induced mitotic polyploidization in the somatic cells of the anthers 

(Nukui et al., 2011). Similarly, mitotic polyploidization was assumed to have occurred 

when Agapanthus plants with very immature flower buds were treated with N2O before 

crossing resulting in multiple triploid progeny (Ed Morgan pers. comm.). There is a 

cascade of cell divisions that give rise to anther and pollen development (Cai & Zhang, 

2018) and there is potential for N2O treatment to disrupt any of the mitotic or meiotic 

spindles as cells divide and differentiate. In the current study we have focused on 

identifying and treating florets undergoing meiosis to induce an increased frequency of 

unreduced pollen grains. An optimal treatment time for meiotic disruption with N2O has 

been proposed based on a previously developed association between floral organ 

development and progression of meiosis (Akutsu et al., 2007; Siregar, 2021). In L. 

sinuatum, ca. 80% of pollen mother cells (PMC) undergo meiosis in unopened florets 

with diameters no greater than 0.8 mm and with a calyx protruding no more than 2 mm 

above the bract (Siregar, 2021).  
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N2O treatments in L. sinuatum for inducing unreduced gametes and then verifying the 

resulting unreduced gametes were functional through evaluation of pollen viability and 

production of polyploid seedlings. The results from L. sinuatum were also applied to 

interspecific crosses with L. perezii with the aim of generating polyploid hybrids that do 

not require doubling to restore fertility as needed for progeny from conventional crosses. 

5.4. Materials and methods 

5.4.1. Plant material and cultivation 

Two diploid L. sinuatum (2n = 16) (identified as sin16 and sin18) and two L. perezii (2n 

= 14) (identified as per11 and per275) were selected as parents. These genotypes were 

selected as they had contrasting stigma types (Baker, 1953a), synchronous flowering 

times, and had been shown to give seed production following intraspecific pollinations at 

rates greater than 50% for the L. perezii and 70% for the L. sinuatum genotypes. Clonally 

propagated plants of each parental genotype were grown in plastic pots using a 

commercially available bark based growing medium (Cordoba-Sanchez et al., 2023b) 

under greenhouse conditions in Palmerston North, New Zealand. The greenhouse was 

heated from 18 °C with venting from 21 °C, and plants were grown under natural 

photoperiod conditions for Palmerston North, New Zealand (40.9006 °S, 174.8860 °E). 

The photoperiod was between 11 h and 12 h in spring and autumn, when pollinations 

were undertaken. When the resulting seedlings were transplanted to the greenhouse in 

summer, the photoperiod was 14.30 h. 

5.4.1. N2O treatment 

Parental genotypes (i.e., seed-bearing and pollen-donor) were treated with N2O during 

early inflorescence development when some of the florets had diameters no wider than 

0.8 mm and calyces protruding ~ 2 mm above the bract (Cordoba-Sanchez et al., 2023b). 

Plants were placed inside a pressure-tolerant cylinder for treatment with N2O for 24 h at 

608 kPa (Nukui et al., 2011). After completion of the treatment with N2O (day zero), the 

plants were returned to the greenhouse where the untreated plants had remained. Crosses 

(i.e., intra- or inter-specific) were performed daily as flowers opened, depending on the 

experiment. Ovule/embryo rescue was done 15 days after pollination, following the 

methodology described by Morgan et al (1998). The resulting seedlings were initially 
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grown under tissue culture conditions and were transplanted to the greenhouse when they 

had roots and at least a 2 cm length of foliage. 

5.4.2. Pollinations 

Daily five freshly open florets were pollinated in the untreated plants and 10 for treated 

plants, respectively. Hand pollination consisted of rubbing one dehiscent anther from the 

pollen-donor parent on the stigmas (i.e., five) of one floret from the seed-bearing 

genotype trying to ensure as much pollen transfer as possible. Emasculation prior to 

anther dehiscence was not undertaken due to the self-incompatibility reported in these 

Limonium species (Baker, 1953a).  

5.4.3. Experimental design 

5.4.3.1 Intraspecific crosses in L. sinuatum 

Reciprocal intraspecific crosses using the L. sinuatum parents were undertaken. The 

window in developmental time between the treatment with N2O and the planned 

pollination extended from 12 Days After Treatment (DAT) through to 42 DAT. For the 

treated plants, ten florets (replicates) were crossed per DAT, and per seed-bearing 

genotype. As an experimental control, five florets (replicates) from untreated plants were 

pollinated per day, and per seed-bearing genotype, on 17, 18, 22, 23, 27, 33, 34, 38, and 

42 DAT.  

The experimental design was completely randomized with a factorial arrangement of the 

factors (Compton, 1994): pollen-donor genotype (i.e., sin16, sin18) and treatment. The 

treatment levels were either N2O (all DATs together) and control, or each DAT (i.e., from 

12 to 42 DAT plus control). 

5.4.3.2 Interspecific crosses 

In the interspecific crosses comprising L. sinuatum × L. perezii, the timing for when the 

crosses were performed was determined by the results from the intraspecific pollinations 

in L. sinuatum, and was between 13 DAT and 30 DAT. In that window of developmental 

time, differences in pollen size had been detected (Figure 5-1) indicating higher 

probabilities of occurrence of unreduced pollen. In this experiment, L. sinuatum was used 

as the seed parent, while L. perezii was the pollen parent. Three identical plant pairs, 
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5.4.5. Seedling ploidy and hybrid status determination  

Ploidy of parents and seedlings was confirmed by flow cytometry, utilizing the 

methodology of Otto (1990). Confirmation of interspecific hybrid status was based on the 

expected changes in DNA content of seedlings arising from crossing L. sinuatum × L. 

perezii (Morgan et al., 1998). 

5.4.6. Statistical analysis 

Data analysis of measured and calculated variables, from both intra- and inter-specific 

crosses, was conducted using the software R (R Core Team, 2018) with ggplot 2 

(Wickham 2016) and the package sjPlot (Lüdecke et al., 2021), for the graphic outputs. 

Variables with values with only two possible outcomes, e.g., viable pollen (yes/no), were 

analysed using a binomial regression model, and other data were analysed using linear 

models. The residuals were checked to ensure assumptions were valid. Explanatory 

factors were: treated vs control, DAT, and pollen-donor genotype. For comparison 

between the levels of the factors for data corresponding to proportions, pairwise 

differences between means were tested using a pairwise likelihood ratio test (similar to 

LRPAIR in Goedhart (2018)). For the other data, estimated marginal means were 

calculated (Russell (2019); R package emmeans). Pairwise differences between means 

were tested; the Sidak method was used to adjust for multiple comparisons (i.e., to ensure 

a p = 0.05 family-wise error rate; Russell (2019)). For all analyses, the p-value was set as 

0.05. 

For the intraspecific pollinations, an initial statistical analysis of pollen plan area from 

untreated plants of L. sinuatum indicated differences between DAT (p < 0.05), grouping 

into either; 12 to 22 DAT, 23 to 33 DAT, or 34 to 42 DAT. Subsequent data analysis 

utilised these groups. 

5.5. Results 

5.5.1. Effect of N2O over the plan area of pollen 

In L. sinuatum plants treated with N2O, pollen grains, collected between 12 to 22 DAT 

were 0.87 times (mean pollen area 1510 ± 364 µm2) the size of pollen collected from the 

control treatment (mean pollen area 1730 ± 329 µm2; p < 0.05; Figure 5-1A), with no 
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difference between the two genotypes (i.e., sin16 and sin18) (p > 005). Pollen grains 

collected between 23 and 33 DAT, were 1.26 times (mean plan area 1929 ± 452 µm2) 

larger than pollen from the control plants (1535 ± 301 µm2; p < 0.05; Figure 5-1B). During 

this range of DAT, there was also an interaction between the N2O treatment and the 

genotype, with the increase in pollen size of sin18 being 10% smaller than those observed 

in sin16 (p = 0.06; Figure 5-1B). Additionally, pollen grains from plants treated with N2O, 

but collected more than 33 DAT (Figure 5-1C), had a similar area (1617 ± 330 µm2) to 

those from control plants (1593 ± 285 µm2; p > 0.05).  

 

  

In L. perezii, differences in pollen grain size were observed between the two genotypes 

in untreated control plants (p < 0.05; Figure 5-2). When pollen size was compared, pollen 

collected 13 and 17 DAT was smaller in comparison to pollen from untreated plants (p < 

0.05). For per11, the pollen size of treated plants was 0.77 times (1104 ± 458 µm2) that 

Figure 5-1 Plan area (µm2) of the pollen grains collected from Limonium sinuatum parents used in the 

intraspecific crosses either from plants treated with nitrous oxide (N2O) or in the control plants (untreated). 

Dots represent the predicted mean values for the pollen grain area after data modelling using linear models, 

and the vertical lines represent the 95% confidence interval. n = 100 pollen grains. p=0.05 A. Area of pollen 

grains from control plants obtained on day 17, 18, or 22 and from plants treated with N2O and crossed 

between 12 and 22 days after treatment (DAT). B. Area of pollen grains from control plants obtained on 

days 23, 27, or 33 and from plants treated with N2O and crossed between 23 DAT and 33 DAT. C. The 

plan area of pollen grains from plants in the control treatment were obtained on days 34, 38, or 42, and 

from plants treated with N2O and crossed between 34 DAT and 42 DAT 
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of the control plant pollen (1432 ± 495 µm2), and for per275 treated pollen was 0.92 times 

(1552 ± 485 µm2) the size of pollen from the control plants (1684 ± 393 µm2). Pollen 

grain size increased for pollen collected more than 18 DAT for per275 and more than 21 

DAT for per11. Pollen from per11 was 1.14 times (1638± 542 µm2) larger than control 

pollen (1432 ± 495 µm2) while for per275 it was 1.28 times larger (2142 ± 446 µm2) than 

control pollen (1684 ± 393 µm2). 

 

 

5.5.2. Proportion of unreduced pollen 

With the genotypes of L. sinuatum used in the intra-specific pollinations, the proportion 

of unreduced pollen was not the same at each DAT, nor for both pollen-donor genotypes. 

The exception being before 22 DAT, with the proportion of unreduced pollen being lower 

than 7% for both genotypes (Figure 5-3). Between 23 and 33 DAT, an increase was 

observed in the proportion for both genotypes, however the increase was higher for sin16 

Figure 5-2 Plan area (µm2) of the pollen grains collected from Limonium perezii parents used in the 

interspecific crosses either from plants treated with nitrous oxide (N2O) or in the control plants (untreated). 

Dots represent the predicted mean values for the pollen grain area after data modelling using linear models, 

and the vertical lines represent the 95% confidence interval. n = 100 pollen grains. p=0.05. A. Area of 

pollen grains from plants treated with N2O between 13 and 17 days after treatment (DAT) and from control 

plants B. Area of pollen grains plants treated with N2O and crossed between 18 DAT and 30 DAT and 

from control plants 
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with an averaged proportion of 32% in comparison with sin18 (14%). Immediately after 

33 DAT the proportions of unreduced pollen dropped in both genotypes presenting an 

average of 15% for sin16, and 6% for sin18 (Figure 5-3). 

 

 

In L. perezii (interspecific pollinations), the proportion of unreduced pollen, while being 

variable, generally followed an increasing trend with increasing DAT (Figure 5-4). This 

increasing trend was more pronounced for per275, with a mean probability of 41% for all 

DAT, in comparison with a 29% for per11. In the period between 15 DAT and 20 DAT 

lower proportions occurred (average probability of 18% for per11, and average 

probability of 13% for per275).  

Figure 5-3. Probability of occurrence (%) of unreduced pollen in two genotypes of Limonium sinuatum, 

sin16 and sin18, at each Day After Treatment (DAT) with nitrous oxide (N2O) 
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5.5.3. Pollen viability and size 

Treatment of L. sinuatum with N2O did not alter the proportion of viable pollen grains (p 

> 0.05). The proportion of viable pollen from the control plants was at least five times 

higher (83%) than aborted pollen (17%) (p < 0.05). 

Across both treated and untreated plants, aborted pollen was 30% smaller (1309 µm2 ± 

341 µm2) than viable pollen (1868 µm2 ± 396 µm2; p < 0.05). Nitrous oxide treatment 

increased the size of both aborted and viable pollen between 25% and 30%, for pollen 

collected between 23 and 30 DAT (p < 0.05), but N2O did not affect size of pollen 

collected between 12 and 22 DAT (p > 0.05; Figure 5-3). 

 

Figure 5-4. Probability of occurrence of unreduced pollen in two genotypes of Limonium perezii (per11 

and per275) for each Day After Treatment (DAT) with nitrous oxide (N2O) 
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5.5.3.1 Production of intraspecific polyploids 

The N2O treatment negatively affected zygote success rate (number of zygotes obtained 

divided by the number of crosses completed) for crosses performed between 23 DAT and 

33 DAT. Within this period 68% ± 20% of the pollinated flowers from plants treated with 

N2O produced seedlings, in comparison with 87% ± 16% from those in the untreated 

control (Figure 5-5B; p < 0.05). There was also a difference between seed-bearing 

genotypes observed for crosses performed between 23 DAT and 33 DAT, with ~30% 

more embryos being formed when the seed-bearing parent was sin18 (84% ± 9%) in 

comparison with sin16 (53% ± 15%; Figure 5-5B; p < 0.05). 

 

 

The number of expected polyploids (product of the proportion of unreduced pollen and 

the number of seedlings obtained) for intraspecific L. sinuatum seedlings was between 2 

Figure 5-5. Zygote success (%) for intraspecific crosses performed in Limonium sinuatum treated with 

nitrous oxide (N2O) or untreated (control) as affected by either: treatment (i.e., control, N2O) or seed-

bearing genotype (i.e., sin16 and sin18). Dots represent the predicted mean values for the zygote success 

after data modelling using generalized linear models, and the vertical lines represent the 95% confidence 

interval. n=5 pollination for control plants and 10 pollination for treated plants. p = 0.05. A. Zygote success 

for control plants on days 17, 18, and 22 of the experiment and for plants treated with N2O collected  

between 12 and 22 DAT. B. Zygote success for control plants obtained on days 23, 27, and 33 and for 

plants treated with N2O between 23 DAT and 33 DAT. C. Zygote success for plants in the control treatment 

obtained on days 34, 38, or 42, and for plants treated with N2O between 34 to 42 DAT 
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and 3 (i.e., sin18 and sin16, respectively) for florets pollinated between 12 and 22 DAT; 

for florets pollinated between 23 and 33 DAT was between 10 and 15 expected polyploids 

(i.e., sin18 and sin16, respectively); and for florets pollinated after 34 DAT, the number 

of expected polyploids was 4 for sin18 and 9 for sin16 (APPENDIX G). The number of 

expected polyploid in the control plants was below 1 for both seed-bearing genotypes. 

The number of polyploids obtained comprised one triploid at 15 DAT for sin16 as seed-

bearing genotype, and one tetraploid at 40 DAT for sin18. By comparison two triploids 

were recovered developed from sin16 plants within the control treatment (APPENDIX 

G).  

5.5.4. Production of interspecific polyploids 

In terms of a treatment response to N2O, zygote success in the interspecific L. sinuatum 

× L. perezii crosses was influenced by the L. perezii genotype used as the pollen-donor. 

In the case of per11, the use of N2O increased zygote success from 2% ± 4% in the control 

to 22% ± 32%, between 23 and 30 DAT (p < 0.05). In contrast, in the case of per275, the 

N2O treatment caused a significant drop in zygote success from 88% ± 10% (control) to 

66% ± 20% (N2O-treated) at random DAT (i.e., 14, 18, 19, 23, 27, 28 and 30; p < 0.05).  

The interspecific hybridisation rate increased between 160% and 500% after treatment 

with N2O of the pollen-donor genotypes (i.e., per275 and per11, respectively). For the 

crosses between sin18 × per11, the interspecific hybridisation rate increased from 0% 

(control) to 5.5% (N2O-treated). For the crosses sin16 × per275 the increment was from 

3% (control) to 5% (N2O-treated). All the hybrids were diploid.  

5.6. Discussion 

The N2O-induced increment of the hybridisation rate between 160% and 500% for per275 

and per11as pollen-donor parents, respectively, resulted in 84% of seedlings obtained 

(51) being diploid interspecific L. sinuatum × L. perezii hybrids. These results agree with 

the positive effect of N2O over interspecific hybridisation and fertility restoration reported 

in Begonia (Dewitte et al., 2010) and in Lilium (Nukui et al., 2011) where they reported 

increases in hybridisation rate from 0% to 100% and 0% to 59%, respectively. While the 

current research does not directly allow elicitation of the mechanism involved, it could 

be associated with the increase in proportion of viable pollen (i.e., 6% in per 11 and 54% 
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in per275; Cordoba-Sanchez et al. (2023b)) after treatment with N2O in pollen donor 

genotypes (i.e., per11 and per275) used. Therefore, even though it was not tested, 

treatment with N2O could have led to the normalisation of meiosis with the duplication 

and balance of chromosome number in PMCs, resulting in: restitution of homologous 

chromosome pairing (Luo et al., 2016; Nukui et al., 2011) and re-establishment of 

intergenomic recombination. As a result, development of viable pollen occurs as reported 

for Lilium (Luo et al., 2016; Nukui et al., 2011) and suggested for L. perezii (Cordoba-

Sanchez et al., 2023b) with subsequent increase in zygote success (Impe et al., 2020; 

Oleszczuk et al., 2019) and hybridisation rate. The increases in the hybridisation and 

pollen viability after the use of a spindle disruptor such as N2O, support the hypothesis 

that in control (i.e., untreated) of L. perezii plants there is an imbalance in the chromosome 

composition of cells with a negative effect on meiosis, as also suggested for Actinia 

(Wang et al., 2017), pollen viability, zygote success, and hybridisation rate.  

N2O treatment induced the production of putative unreduced pollen in both L. sinuatum 

(Figure 5-1) and L. perezii (Figure 5-2), when applied between 23 and 30 DAT, inducing 

at least a 30% increment in their plan area, as similarly reported for Lilium (Barba-

Gonzalez et al., 2006; Nukui et al., 2011). The occurrence of potentially unreduced pollen, 

but only after 23 DAT, could have arisen from either meiosis or mitotic divisions within 

the somatic cells of the anther (Gómez et al., 2015). As reported for Lilium (Nukui et al., 

2011) disruption of a mitotic spindle, rather than disruption of the meiotic spindle is 

suspected. Supporting evidence of a mitotic disruption is evident from the association 

between smaller pollen grains arising in L. sinuatum and meiotic disruption occurring 15 

DAT (Siregar, 2021). In the present study this association was also observed when N2O 

was applied between 12 and 18 DAT for both L. sinuatum (Figure 5-1) and L. perezii 

(Figure 5-2). Regardless of when the spindle disruption happens, the occurrence of pollen 

grains with plan area at least 1.2 times greater than the average plan area of the species, 

between 23 and 30 DAT, agrees with previous observations in L. perezii (Cordoba-

Sanchez et al., 2023b). Cytological studies are still required however, so as to offer 

supporting evidence on the mechanism of action of N2O in Limonium. 

In the present study, as reported in Lilium (Akutsu et al., 2007) and Tulipa sp. (Okazaki 

et al., 2005), treatment with N2O before pollination resulted in a mixture of viable, 
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with an increase in the proportion of viable pollen in pollen-donor parent (i.e., L. perezii) 

and restitution of normal meiosis in PMC. 
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Chromosome counts were carried out specifically on plants exhibiting discrepancies in 

guard cell length between samples. To clarify, these discrepancies refer to instances 

where the guard cell length in one sample resembled the control, while in another sample, 

it was notably larger. This analysis took place prior to the application of flow cytometry. 

The protocol for counting chromosomes followed that of Morgan et al. (1995), wherein 

roots tips were harvested from eight-month-old, greenhouse grown plants, with samples 

kept in ice for 24 hours. Root samples were subsequently fixed in a solution of 

chloroform:ethanol:acetic acid (6:3:1) for one hour, with subsequent double staining 

using Feulgen stain and later 2% lactic-propionic orcein (Grant et al., 1984). The stained 

samples were observed using a Zeiss microscope Imager.Z2 (Carl Zeiss Microscopy, 

Axio Imager Z2, Germany) recording the number of condensed chromosomes present in 

at least three cells. 

The response variables evaluated were ploidy, hybrid status, proportion of polyploids 

(number of polyploids obtained divided by number of adventitious shoots obtained 

(excluding mixoploids)); and proportion of mixoploids (number of mixoploids obtained 

divided by number of adventitious shoots obtained). 

6.2.4. Fertility assessment 

6.2.4.1 Backcrosses 

Assessment of the fertility and morphology of the interspecific hybrids was achieved by 

conducting backcrosses between the confirmed tetraploid hybrids and the L. sinuatum 

parent (i.e., Y19.018.001; heteroploid backcrosses). As a comparative control, 

backcrosses were also performed between the diploid hybrids, originally derived from the 

control treatment in vitro, and the L. sinuatum parent (i.e., Y19.018.001; i.e., homoploid 

backcrosses). The backcrossing parent was selected based on compatible floret 

morphology. As all the hybrid seedlings had cob stigmas, the parent selected for 

backcrossing was L. sinuatum (i.e., Y19.018.001) with papillate stigmas. In both 

backcross types, the hybrid genotypes were used both as seed-bearing as well as pollen-

donor parent to evaluate female and male fertility.  

Eight hybrid genotypes were evaluated, of which four were diploids (i.e., Y19.026.001, 

Y19.026.002, Y19.026.003, and Y19.026.004) and four were confirmed tetraploids (i.e., 
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Y19.026.006, Y19.026.009, Y19.026.010, and Y19.026.013). To conduct the 

backcrosses, for each hybrid genotype ten crosses (sub-samples) were conducted daily on 

each of three days (reps). The experimental design was completely randomized 

(Compton, 1994) with sub-sampling (i.e., 10 crosses), with the seed-bearing genotype as 

a factor (i.e., nine seed-bearing genotypes). A month after the backcrosses were 

completed, the zygotes still enclosed in the ovules were cultured in vitro (i.e., 

ovule/embryo rescue) as described previously (refer to Section 2.4.2).  

The response variables evaluated were: zygote success (number of zygotes obtained 

divided by the number of crosses completed), germination rate (number of zygotes 

germinated in vitro divided by number of zygotes obtained (rescued)), cross success 

(number of seedlings obtained divided by number of crosses completed); fertility 

restoration rate (number of fertile polyploids divided by the number of polyploids 

produced); and ploidy and hybrid status determined by flow cytometry.  

For data analysis the information corresponding to seedlings that were not hybrids was 

removed from the evaluation of reproductive performance, to avoid bias caused by 

potential apomictic events (refer to Section 1.3.6). Likewise, variables with zero as a 

value were excluded from the analysis, so as to avoid zero-inflated data (McCracken & 

Looney, 2017). 

6.2.4.2 Assessment of pollen viability and germination 

Pollen characterisation was performed in November 2022 and included pollen viability 

analysis using the tetrazolium test (Shivanna and Rangaswamy (1992); refer below to 

Section 6.2.4.2.2), and in vitro germination (refer below to Section 6.2.4.2.3). 

6.2.4.2.1 Plant material 

Pollen was characterized for the L. sinuatum parent (Y19.018.001), two diploid L. 

sinuatum × L. perezii hybrids (Y19.026.001 and Y19.026.003) and four tetraploid L. 

sinuatum × L. perezii hybrids (Y19.026.006, Y19.026.008, Y19.026.010, and 

Y19.026.013). 

6.2.4.2.2 Pollen viability  
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The viability of pollen derived from florets of the parental (Y19.018.001) and hybrid 

genotypes (Y19.026.001, Y19.026.003, Y19.026.006, Y19.026.010, and Y19.026.013), 

was evaluated utilising a tetrazolium test (Shivanna & Rangaswamy, 1992). Briefly, a 30 

µl drop of 0.2% tetrazolium solution consisting of 2,3,5-Triphenyltetrazolium Chloride 

(Sigma-Aldrich®, >98.0% (HPLC)) prepared in a 20% sucrose solution, was applied to 

a microslide. Pollen from 10 anthers taken from two florets was uniformly distributed 

within the droplet. A cover slide was placed on the top of the sample and the whole 

preparation put inside a humid chamber and incubated at 30°C for an hour (Shivanna & 

Rangaswamy, 1992). One hundred pollen grains were observed, measured, and 

photographed, following the protocol described previously (refer to Section 2.4.4.1). 

Viability was determined visually with pollen grains displaying a strong red colour 

counted as viable, while those either not coloured or with colour gradations, were 

assumed to be aborted (Shivanna & Rangaswamy, 1992). 

For the purposes of evaluating the viability of pollen, the experimental design was a 

randomized complete block, with ploidy as the treatment (i.e., diploid or tetraploid), 

germplasm group blocks (i.e., L. sinuatum or L. sinuatum × L. perezii hybrid), utilising 

100 replicates (pollen grains). The response variable was viability (yes/no). 

Data was analysed with a generalized linear model (glm function from the stats package 

(R Core Team 2018)), with binomial distribution, utilising a p-value of 0.05 as a cut-off 

value to determine if  the observed differences between treatments or blocks are due by 

change and not by treatment effect. 

6.2.4.2.3 Pollen germination  

The ability of pollen to germinate in vitro was assessed using a protocol developed by 

Boyd et al. (2022). The dialysis tubing method, modified for Limonium (Zhang et al., 

1997), was used. The method involved constructing a pile of seven squares of Whatman 

paper N°1 (approximately 40 mm x 40 mm each) and inserting a square of dialysis tubing 

(SERVA, SERVAPOR dialysis tubing, MWCO 12000-14000, RC diameter 16 mm) 

measuring 40 mm x 40 mm between the top two layers. The pile is placed in a petri dish, 

and the germination media is poured over it until it is moistened. After 15 minutes, the 

top piece of filter paper is removed, and any excess medium is carefully wiped away from 

the dialysis tubing with a tissue paper. Then, dehiscent anthers are rubbed against the 
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potentially tetraploid plants confirmed: 5 tetraploid, 3 mixoploid and 4 diploid plants 

(Table 6-1). 

The proportion of tetraploids (i.e., number of tetraploids obtained divided by number of 

adventitious shoots obtained) was 23%, and the proportion of mixoploids (i.e., number of 

mixoploids obtained divided by number of adventitious shoots) was 14%. 
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Table 6-1 Flow cytometry results for the 12 adventitious plants, potential tetraploids, obtained in culture medium supplemented with oryzalin and 4 adventitious plants 

obtained in the control medium without oryzalin. Trifolium repens was used as an internal reference (IR) and its DAPI relative fluorescence peak was used to compare 

the peak of each sample and to estimate the ploidy of the sample by calculating of the ratio between each sample peak and the peak of the IR. To determine the hybrid 

status of the genotypes, the peak of each sample was compared with the peak produced by the known genotypes Limonium sinuatum (Y19.016.001) and Limonium perezii 

(Y19.001.001). 

Genotype Treatment 
Peak IR 

(T. 
repens) 

Peak 1 
Sample 

Ratio 
Peak 1 

sample/Peak 
IR 

Estimated 
ploidy 

Peak 2 
Sample 

Ratio 
Peak 

2/Pear 
IR 

Estimated 
ploidy 
Peak 2 

Ploidy Hybrid status 

Y19.016.001 None 102 200 1.96 2.0    Diploid 
No hybrid 

L. sinuatum 

Y19.001.001 None 62 180 2.9 2.0    Diploid 
No hybrid 
L. perezii 

Y19.026.001 Control 53 128 2.42 2.01    Diploid Confirmed 
Y19.026.002 Control 53 126 2.38 1.98    Diploid Confirmed 
Y19.026.003 Control 53 127 2.40 2.00    Diploid Confirmed 
Y19.026.004 Control 53 123 2.32 1.93    Diploid Confirmed 
Y19.026.005 Oryzalin 53 130 2.45 2.04    Diploid Confirmed 
Y19.026.006 Oryzalin 55 252 4.58 3.82    Tetraploid Confirmed 
Y19.026.007 Oryzalin 53 120 2.26 1.89 244.00 4.60 3.84 Mixoploid Confirmed 
Y19.026.008 Oryzalin 56 229 4.09 3.41    Tetraploid Confirmed 
Y19.026.009 Oryzalin 56 258 4.61 3.84    Tetraploid Confirmed 
Y19.026.010 Oryzalin 55 256 4.65 3.88    Tetraploid Confirmed 
Y19.026.011 Oryzalin 56 130 2.32 1.93    Diploid Confirmed 
Y19.026.012 Oryzalin 52 127 2.44 2.04 258.00 4.96 4.13 Mixoploid Confirmed 
Y19.026.013 Oryzalin 52 265 5.10 4.25    Tetraploid Confirmed 
Y19.026.014 Oryzalin 56 130 2.32 1.93    Diploid Confirmed 
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Y19.026.015 Oryzalin 55 126 2.29 1.91    Diploid Confirmed 
Y19.026.016 Oryzalin 52 127 2.44 2.04 249.00 4.79 3.99 Mixoploid Confirmed 
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6.3.2. Backcrosses 

Two out of the five tetraploid hybrids obtained by induction of WGD utilising oryzalin 

produced zygotes after backcrossing.  

As confirmed by flow cytometry (APPENDIX K), the backcrosses using Y19.018.001 as 

seed-bearing genotype resulted in one confirmed triploid hybrid, and five diploid 

Figure 6-1 Transparent impressions, made with polyvinyl acetate wood glue (PVA), of guard cells from 

the abaxial surface of leaves and chromosomes from root tips of Limonium sinuatum × Limonium perezii 

hybrids of different ploidy. A. and C. Guard cells and chromosomes, respectively, of the original diploid 

hybrid (Y19.026.003), B. and D. Guard cells and chromosomes, respectively, of a tetraploid plant obtained 

after treatment with oryzalin (Y19.026.008)  
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seedlings. In contrast, when Y19.018.001 was the pollen-donor, backcrosses resulted in 

15 triploid hybrid plants with all plants produced testing as triploid. 

Based on zygote success, the performance of each hybrid tetraploid as a seed-bearing 

parent was at least 9 times higher for both Y19.026.006 (0.46 ± 0.40) and Y19.026.009 

(0.50 ± 0.10), in comparison with the diploid hybrids, Y19.026.004 (0.01 ± 0.02) and to 

L. sinuatum genotype Y19.018.001 (0.05 ± 0.08; p<0.05; Table 6-2).  

The proportion of zygotes initially obtained (i.e., zygote success), which then germinated 

(i.e., germination rate) and developed into plants, decreased once the zygotes were 

rescued into tissue culture, with only 54% (21/39) of the seeds coming from Y19.018.001 

(L. sinuatum), Y19.026.006, or Y19.026.009 (both hybrid tetraploids) germinating and 

developing into plants (Table 6-2).  

As a pollen-donor, the zygote success for L. sinuatum was 2.4 times higher (p<0.05) in 

comparison with the diploid and tetraploid hybrids whose performance as pollen-donors 

was similar between them independently of the ploidy (0.05 ± 0.07 zygote success; 

p>0.05; Table 6-2). 
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6.3.3. Pollen viability and germination 

Pollen viability was 18 times higher for L. sinuatum (74% ± 45%; p<005) in comparison 

with the four tetraploid L. sinuatum × L. perezii hybrids evaluated (in average 4% ± 20% 

viable pollen) without significant differences between tetraploid hybrids (p>0.05; Figure 

6-2). A similar trend was observed for in vitro germination of pollen with pollen 

germination in L. sinuatum being five times higher in comparison with tetraploid hybrids 

(25% ± 43% and 5% ± 21% germinated pollen, respectively; p>0.05; Figure 6-2). The 

viability and germination of pollen from diploid hybrids was zero.  

 

 

The fertility restoration rate (number of fertile polyploids divided by the number of 

polyploids produced) was 100% as confirmed by at least one of the following: zygote 

Figure 6-2 Proportion in percentage of viable pollen stained with tetrazolium (A) or pollen germinated in 

vitro (B) of the Limonium sinuatum parent used for backcrossing (Y19.018.001),  L. sinuatum × Limonium 

perezii diploid hybrids (Y19.026.001, Y19.026.003), or tetraploids hybrids (Y19.026.006, Y19.026.008, 

Y19.026.010, Y19.026.013). Dots represent the predicted mean values for pollen plan area after data 

modelling using a generalized linear model. Vertical lines (error bars) represent the 95% confidence 

interval. 
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Oryzalin is an alternative to N2O to induce WGD and produce polyploid L. sinuatum × 

L. perezii hybrids which required longer time and resources in comparison with WGD 

using N2O.
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meiosis are responsible for aneuploidy and apospory in Arabidopsis (Cao et al., 2021), 

and failure in the production of megaspores in Ranunculus auricomus (Barke et al., 2020). 

For hybridisation to be successful, there must be partial or total compatibility between 

genotypic combinations in terms of pollen-pistil, embryo and endosperm (Larrosa et al., 

2012). This partial compatibility has already been confirmed in diploid interspecific 

crosses between L. sinuatum and L. perezii (Morgan et al., 1998; Zhang, 1995) which 

have resulted after advanced breeding in commercial cultivars (BallSB, 2021). 

Nevertheless, the first generation of L. sinuatum × L. perezii hybrids are infertile, likely 

as a consequence of meiotic disruption associated with an odd chromosome number 

(2n=2x=15; Morgan et al. (1998)). Fertility of those hybrids could be restored in 

interspecific hybrids from tetraploid parents (refer to CHAPTER 6), as homologous 

chromosome pairing could be re-established and normal meiosis could then occur (Nukui 

et al. (2011); refer to CHAPTER 4). 

In this study, having previously failed to produce fertile interspecific hybrids by induction 

of unreduced gametes (refer to CHAPTER 5), it is proposed to cross tetraploid L. 

sinuatum and L. perezii plants instead of diploid plants. In doing so the logic is to increase 

the interspecific hybridisation rate and produce fertile interspecific hybrids. The research 

hypothesis was that tetraploid plants produce 2n gametes which, when used in 

interspecific crosses, rehabilitate the paring during meiosis of homolog chromosomes 

facilitating the production of fertile distant hybrids (Dewitte et al., 2012; Eeckhaut et al., 

2018; Younis et al., 2014).  

In this chapter, the effect of higher ploidy over morphological and reproductive 

characteristics of two Limonium species: L. sinuatum and L. perezii, and their 

interspecific hybrids, was evaluated and compared with their diploid counterparts. In 

addition, the behaviour of tetraploid L. perezii, L. sinuatum, or interspecific tetraploid L. 

sinuatum × L. perezii hybrids, all used in intraspecific, interspecific, and backcrosses was 

evaluated. The intraspecific and backcrosses aimed to verify the fertility/crossability of 

the tetraploid genotypes, while the interspecific crosses intended to produce fertile 

tetraploid hybrids and evaluate if interspecific tetraploid crosses resulted in a higher 

number of zygotes per crosses completed in comparison with interspecific diploid 

crosses. 
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Table 7-1 Germplasm group and ploidy of the Limonium genotypes used in the morphological evaluation 

and pollen characterisation 

Genotype Germplasm group Ploidy 
Y18.011.001 L. perezii-white Diploid 
Y21.005.002 L. perezii-white Diploid 
Y21.005.004 L. perezii-white Tetraploid 
Y21.004.002 L. perezii-white Tetraploid 
Y21.005.006 L. perezii-white Tetraploid 
Y19.027.001 L. perezii-purple Diploid 
Y19.027.005 L. perezii-purple Diploid 
Y21.008.008 L. perezii-purple Diploid 
Y21.009.010 L. perezii-purple Diploid 
Y21.008.004 L. perezii-purple Tetraploid 
Y21.009.001 L. perezii-purple Tetraploid 
Y21.008.010 L. perezii-purple Tetraploid 
Y19.015.001 L. sinuatum Diploid 
Y19.016.001 L. sinuatum Diploid 
Y21.003.001 L. sinuatum Diploid 
Y21.003.009 L. sinuatum Diploid 
Y19.020.004 L. sinuatum Tetraploid 
Y19.020.003 L. sinuatum Tetraploid 
Y21.001.003 L. sinuatum Tetraploid 
Y21.007.001 L. sinuatum Tetraploid 
Y19.026.001 L. sinuatum × L. perezii hybrid Diploid 
Y19.026.003 L. sinuatum × L. perezii hybrid Diploid 
Y21.010.015 L. sinuatum × L. perezii hybrid Diploid 
Y19.026.006 L. sinuatum × L. perezii hybrid Tetraploid 
Y21.011.009 L. sinuatum × L. perezii hybrid Tetraploid 
Y19.026.013 L. sinuatum × L. perezii hybrid Tetraploid 
Y19.026.008 L. sinuatum × L. perezii hybrid Tetraploid 
Y19.026.010 L. sinuatum × L. perezii hybrid Tetraploid 

7.2.1.2 Experimental design 

The experimental design was a randomized complete block design (Compton, 1994) with 

the treatments corresponding to ploidy (diploid or tetraploid) and blocks represented by 

the germplasm group (i.e., either L. perezii-white, L. perezii-purple, L. sinuatum, or L. 

sinuatum × L. perezii hybrid). 



CHAPTER 7. Morphological and reproductive characterisation of tetraploid Limonium 
plants 

159 

 

The response variables evaluated were: guard cell length, stomatal density, leaf thickness 

and area, floral stem diameter, and stem wing width. The methods used for measurement 

of each trait comprised: 

For leaf thickness and leaf area, three fully expanded leaves (replicates) for each genotype 

were sampled. Leaf thickness measures for all genotypes, and the leaf area for the L. 

sinuatum were done according to CHAPTER 2. However, the leaf area determination of 

L. perezii and the L. sinuatum × L. perezii hybrids, was done with an area meter LI-3100/1 

± .01 (LI -COR inc. Lincoln, Nebraska-United States). 

For guard cell length and stomatal density, the sample size was calculated at p=0.05 and 

99% power using the information about mean and standard deviation calculated for guard 

cell length and stomatal density for L. sinuatum and reported in CHAPTER 2. For the 

guard cell length, 30 guard cells were measured per leaf (sub-samples) in three leaves 

(replicates). For the stomatal count 10 different regions of each leaf were measured (sub-

samples) in three leaves (replicates). 

Measurement of floral stem diameter and stem wing width was conducted immediately 

below the first branch node (from bottom to top) on the main axis of the inflorescence, 

using a Vernier calliper (0-150 mm, Protect, New Zealand, TD2082). Three stems with 

at least 80% of the calyces open (Karis, 2004) were evaluated per plant (replicates) 

(Figure 7-1).  
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7.2.2.2 Pollen size, viability, germination, and bursting 

Pollen viability was conducted as described in Section 6.2.4.2.2 using tetrazolium. Pollen 

grains stained dark red were recorded as viable while pollen grains colourless or with 

doubtful coloration were recorded as aborted (Shivanna & Rangaswamy, 1992). Two 

samples were done per genotypes (replicates) with 100 pollen grains (sub-samples) 

evaluated per sample. 

Pollen germination was performed as described in Section 6.2.4.2.3 using the modified 

dialysis tubing method (Zhang et al., 1997) with Brewbaker and Kwack medium 

(Brewbaker & Kwack, 1963) amended with 20% PEG-20,000 (APPENDIX J). As the 

same time as evaluating pollen germination, bursting of pollen grains were recorded. Both 

response variables were mutually exclusive. Three samples were done per genotype (reps) 

with 100 pollen grains (sub-samples) evaluated per sample. 

The same samples (i.e., three) prepared for pollen germination were used for 

measurement of pollen size. One hundred pollen grains (sub-samples) per sample were 

Figure 7-2 Diagrammatic illustration of a hemocytometer, showing the gridlines. The red coloured 

squares were those used for counting the number of pollen grains. Each square measured 1 mm2. Modified 

from (UCDavis, 2021) 
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The ROC curves were calculated per germplasm group, as significant differences 

were noted during preliminary evaluation. 

7.2.3. Reproductive performance 

7.2.3.1 Plant material 

The 21 genotypes used for evaluation of reproductive performance (Table 7-2) were 

selected based on their: ploidy, contrasting stigma, and synchronous timing of flowering. 

As a result, the genotypes selected differed from those listed in Table 7-1. The selected 

genotypes were either diploid or tetraploid plants, of either L. perezii, L. sinuatum, or L. 

sinuatum × L. perezii hybrids (Table 7-2).  
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Table 7-2 Information about the germplasm group, ploidy, and breeding method used for ploidy increase (i.e., in tetraploid genotypes) for the genotypes included in the 

reproductive performance evaluation 

Genotype Germplasm group Ploidy Breeding method used for ploidy increase  Reference 

Y21.009.001 L. perezii Tetraploid WGD with N2O CHAPTER 3 

Y21.008.010 L. perezii Tetraploid WGD with N2O CHAPTER 3 

Y21.008.009 L. perezii Tetraploid WGD with N2O CHAPTER 3 

Y21.008.004 L. perezii Tetraploid WGD with N2O CHAPTER 3 

Y21.005.004 L. perezii Tetraploid WGD with N2O CHAPTER 3 

Y19.019.009 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y19.019.017 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y19.019.018 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y19.020.003 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y19.020.004 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y19.020.014 L. sinuatum Tetraploid WGD with N2O APPENDIX F 

Y21.007.001 L. sinuatum Tetraploid WGD with N2O CHAPTER 2 

Y17.006.001 L. sinuatum × L. perezii hybrids Tetraploid WGD with oryzalin (Morgan et al., 2001) 

Y19.026.006 L. sinuatum × L. perezii hybrids Tetraploid WGD with oryzalin CHAPTER 6 

Y21.008.008 L. perezii Diploid None CHAPTER 3 
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Genotype Germplasm group Ploidy Breeding method used for ploidy increase  Reference 

Y21.009.010 L. perezii Diploid None CHAPTER 3 

Y21.001.002 L. sinuatum Diploid None CHAPTER 2 

Y21.001.005 L. sinuatum Diploid None CHAPTER 2 

Y21.003.007 L. sinuatum Diploid None APPENDIX F 

Y21.011.009  L. sinuatum × L. perezii hybrids Diploid None CHAPTER 5 

Y21.010.015 L. sinuatum × L. perezii hybrids Diploid None CHAPTER 5 
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confirmed by flow cytometry analysis after zygotes germinated in vitro, meaning it was 

not possible to exclude non-hybrid zygotes from the zygote success calculation and, 

therefore, it could be over-estimated.  

7.3. Results 

7.3.1. Morphological characterisation 

A ploidy increase was associated with 1.4 times increase in guard cell length, and a 0.5 

times reduction in stomatal density for all genotypes (p<0.05; Table 7-3). In contrast, 

only L. sinuatum increase in ploidy was associated with tetraploid leaves 1.5 times thicker 

and 1.8 times larger in area, stem diameter 1.5 times longer, and stem wings 2.4 times 

wider in comparison with those of the diploids (p<0.05; Figure 7-3; Figure 7-4; Table 

7-3). 

The differences observed for the morphological characteristics were also associated with 

the germplasm group. Diploid L. perezii and diploid L. sinuatum differed for all the 

morphological variables other than floral stem diameter and guard cell length (p<0.05; 

Table 7-3). The diploid hybrids exhibited intermediate values compared to the parental 

plants for leaf thickness and area; for the other morphological variables evaluated were 

similar to either of the parents. For tetraploid plants, differences between L. perezii, L. 

sinuatum, and hybrids occurred only for stem wing width (Table 7-3). 
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Figure 7-3 Diploid (left) and tetraploid (right) plants of interspecific Limonium sinuatum × Limonium 

perezii hybrids (A and B), L. sinuatum (C and D), and L. perezii (E and F). Tetraploid plants (B, D, and 

F) in comparison with diploid (A, C, and E) have thicker leaves and floral stems, stronger colours, and 

wider stem wings 

A B 

C D 

E F 

10 cm 

10 cm 10 cm 

10 cm 1 cm 
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7.3.2. Pollen characterisation 

7.3.2.1 Pollen area 

The plan area of pollen grains, including viable and aborted pollen, ranged for diploids 

between 185 µm2 and 4174 µm2; and for tetraploids between 150 µm2 and 5798 µm2. 

Differences in plan area were associated with ploidy (p<0.05), germplasm group 

(p<0.05), and their interaction i.e., ploidy: germplasm group (p<0.05). Pollen from 

tetraploid plants was at least 1.3 times larger in comparison with pollen from diploid 

plants (p<0.05; Table 7-4).  

 

Table 7-4 Plan area (µm2) of pollen from 21 genotypes representing diploid or tetraploid plants of 

Limonium sinuatum, Limonium perezii (white or purple), or L. sinuatum × L. perezii hybrids. Means 

followed by a common letter were not significantly different by the LSD test at the 0.05% level of 

significance. 

Germplasm 
group 

Plan area (µm2) 
Ratio of 

plan area 
between 

tetraploid 
and 

diploid  

Ratio of 
standard 
deviations 
for plan 

area 
between 

tetraploid 
and diploid  

Diploid  Tetraploid 

L. sinuatum 1526.1 ± 424.6b 2461.8 ± 727.3e 1.6 1.7 
L. perezii-white 1576.4 ± 399.2b 2211.5 ± 1044.4d 1.4 2.6 
L. perezii-purple 1926.9 ± 501.9c 2431.0 ± 1045.4e 1.3 2.1 
L. sinuatum × L. 

perezii hybrid 
1068.6 ± 285.2a 1781.3 ± 658.6c 1.7 2.3 

 

The differences between germplasm groups and ploidies were also observed in the 

distribution pattern and dispersion of the data for the plan area of pollen (Figure 7-5). For 

the diploid genotypes of all germplasm groups, with exception of Y21.009.010, the pollen 

area followed a unimodal distribution with a main peak (Figure 7-5). In comparison, the 

pollen plan area from the tetraploid genotypes of all germplasm groups followed a 

bimodal distribution with a small peak around 500 µm2 and a main peak around 2200 
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7.3.2.3 Pollen viability 

Pollen viability was 250% higher for all diploid germplasm groups, except for L. sinuatum 

× L. perezii hybrids, in comparison with tetraploids (35% ± 48% and 10% ± 30% pollen 

viability for diploids and tetraploids, respectively; p<0.05; Figure 7-6). In contrast, L. 

sinuatum × L. perezii hybrids had a viability increase from 0% in diploids to 4% ± 18% 

in tetraploids (Figure 7-6). 

 An association between pollen plan area and viability was also identified with aborted 

pollen being between 0.8 and 0.5 times smaller in comparison with the plan area of viable 

pollen for diploids as well as for tetraploids (p<0.05; Table 7-7).  

Figure 7-6 Viable pollen (%) after tetrazolium test as influenced by ploidy (diploid, tetraploid), 

germplasm group (Limonium sinuatum, Limonium perezii (white or purple), or L. sinuatum × L. perezii 

hybrid). Columns represent the predicted mean values for the proportion of viable pollen (%). Vertical 

lines (error bars) represent the 95% confidence interval. A l ikelihood ratio test was performed for the 

pairwise comparison between levels of the factors. Letters above the error bars in the figure denote mean 

groups, with different letters indicating statistically significant differences (p-value = 0.05). n= 100 pollen 

grains 







CHAPTER 7. Morphological and reproductive characterisation of tetraploid Limonium 
plants 

178 

 

 

 

Table 7-9 Pollen grains germinated in vitro (%) by ploidy (diploid, tetraploid) and germplasm group 

(Limonium sinuatum, Limonium perezii (purple or white), or L. sinuatum × L. perezii hybrids). n = 100 

pollen grains. Means followed by a common letter are not significantly different at the 0.05% level of 

significance after the likelihood ratio test was performed 

 

For all germplasm groups and irrespective of ploidy, except for those of diploid L. perezii-

purple, a relation between germination and plan area of pollen grains was identified with 

the plan area of ungerminated pollen being between 0.6 and 0.8 times the plan area of 

germinated pollen (p<0.05; Figure 7-8). Diploid L. perezii-purple exhibited no size 

differences between germinated and ungerminated pollen (p>0.05; Figure 7-8). 

Ploidy increase produces an increment in pollen size for all the germplasm group with 

tetraploid germinated pollen being 1.6 times larger than germinated diploid pollen 

Germplasm group 
Pollen germination (%) 

Diploid  Tetraploid 
L. sinuatum 16 ± 37d  10 ± 30c 

L. perezii-white 16 ± 37d  16 ± 37d 
L. perezii-purple 27 ± 44e 13 ± 33cd 

L. sinuatum × L. perezii hybrid 0 ± 0a  5 ± 21b 

Figure 7-7 In vitro pollen germination. A. Pollen from diploid pollen from Limonium perezii-purple 

(Y19.027.005). B. Pollen from tetraploid pollen from Limonium sinuatum (Y21.007.001) 
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(p<0.05; Figure 7-8). In the case of ungerminated pollen, tetraploid pollen was at least 

1.3 times larger than ungerminated diploid pollen (p<0.05; Figure 7-8). 

 

Distribution of the pollen plan area and size variability, separately analysing for viable 

and unviable, as well as germinated and ungerminated, followed similar trends as 

described above for all the germplasm groups (refer to Section 7.3.2.1), with lower 

dispersion in diploid than in tetraploids, and unimodal distribution of pollen plan area for 

diploid genotypes (Figure 7-5). However, in the case of tetraploid genotypes, the separate 

analysis of viable and unviable, or germinated and ungerminated pollen, also revealed a 

unimodal distribution of the pollen plan area for viable or germinated pollen for most 

genotypes (Figure 7-9). 

Bursting of pollen grains during in vitro germination was also observed in most genotypes 

(< 5% bursting), with exception of the diploid L. sinuatum × L. perezii hybrids (0% 

bursting). 

Figure 7-8 Pollen grain area after data modelling using linear modelling by ploidy (diploid or tetraploid) 

and germination (yes or no) for each of the germplasm groups evaluated (i.e., Limonium perezii (white or 

purple), Limonium sinuatum, or L. sinuatum × L. perezii hybrids) . Dots represent the predicted mean 

values for pollen plan area and vertical lines (error bars) represent the 95% confidence interval. n=100 

pollen grains 
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Pollen from diploid and tetraploid plants also showed morphological differences, with 

pollen from the diploid plants presenting three germ pores, while pollen from tetraploid 

plants either displayed four germ pores or no pores at all. 
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Figure 7-9 A. Density plot for the pollen size (µm2) of viable (yes) and unviable (no) diploid pollen or B. germinated (yes) and ungerminated (no) 

tetraploid pollen collected from Limonium perezii (purple or white), Limonium sinuatum or L. sinuatum × L. perezii hybrids 
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Limonium neo-polyploids produced in this research are an obvious next step for future 

research, should resources permit. 

The lack of differences in the pollen count between diploid and tetraploid plants could 

suggest that meiosis of the pollen mother cell (PMC) results mainly in tetrads and not in 

dyads or polyads. Occurrence of dyads and polyads would be expected as a consequence 

of some meiotic abnormalities occurring during meiosis I, which could force the cells to 

exit the cell cycle before meiosis II (Lukaszewski, 2022) as reported in Limonium (Róis 

et al., 2012; Siregar, 2021). However, the occurrence of tetrads does not ensure the 

viability of pollen, as confirmed with the viability and in vitro germination results 

discussed above. 

The frequency of pollen grains bursting during in vitro germination was low, as expected 

when using a standardized protocol, and supports the hypothesis that the sucrose 

concentration could be further adjusted to compensate for the water potential of the pollen 

grain for each of the species involved (Firon et al., 2012; Zhang, 1995). However, pollen 

grain bursting also provides important information about the pollen grain structure and 

physiology (refer to Section 1.3.2). For instance, the non-bursting of pollen from the 

interspecific hybrids could suggest an absence of metabolic activity and/or an alteration 

of the exine and/or vacuoles (Firon et al., 2012; Williams & Brown, 2018) which are the 

processes and structures directly involved in the regulation of the water status within the 

pollen grain (Williams & Brown, 2018). In addition, pollen grains with such alterations 

are unable to increase their water content, and vacuolation during the development of the 

pollen walls. As consequence, the pollen grains do not have a gain in size which would 

also further explain its smaller size in comparison with the average size of the species ( 

Table 7-7; Table 7-9; Firon et al. (2012)). If so the occurrence of bursting during pollen 

germination could indirectly suggest the pollen grains were not dead but might be just 

unable to germinate under the conditions given. In this case, evaluation of the pollen 

viability through germination could be more appropriate under natural conditions (i.e., in 

vivo germination) than in vitro. While in the current research programme some attempts 

were made to develop a reliable protocol for monitoring germination in vivo, resources 

did not permit this strategy to be explored further. 
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The occurrence of an additional germ pores in potentially unreduced pollen has 

previously been observed in this research after treating immature inflorescences with N2O 

(refer to APPENDIX N). Thus, the increase in the number of chromosomes, regardless 

of the cause of the increase (N2O treatment or neo-polyploid), seems to be associated with 

the development of an additional germ pore. The role of the additional germ pore on the 

competitiveness of pollen during in vivo germination and fertilization in Limonium 

remains to be studied, but could give insights into favouring germination and pollination 

as observed in Rosa hybrida (Gao et al., 2019) and in fireweed (Chamerion angustifolium; 

Husband et al. (2002)). However, the additional pore could also represent disadvantages 

such as short viability (Dajoz et al., 1991).  

7.4.3. Reproductive performance 

7.4.3.1 Backcrosses 

Interspecific crosses between tetraploid L. sinuatum and L. perezii were unsuccessful; 

however, backcrosses between the tetraploid L. sinuatum and a tetraploid L. sinuatum × 

L. perezii hybrid were successful (Table 7-10). This difference in success now opens a 

possible strategy to produce interspecific, polyploid, hybrids which was one of the 

specific objectives of this programme of research (refer to Section 1.6). In addition to the 

successful achievement of the backcrosses (i.e., cross success), it also allows the 

elimination of hybrid weakness (i.e., necrosis, wilting, yellowing), as well as 

accumulation of the desirable characteristics of the parent or genotype used for 

backcrossing (i.e. plant with the form of L. perezii, but with the palette colours of L. 

sinuatum (Morgan et al., 2001)). With successive backcrossing it would be possible to 

reduce the genetic differences between the chromosomes coming from each one of the 

parental genotypes (i.e., L. sinuatum and L. perezii) (Husband, 2004). This reduction in 

genetic differences would be expected to result in a decrease in the number of mismatches 

and the meiotic abnormalities (Sora et al., 2016) which would have a direct impact on 

hybrid fitness, pollen viability (Oleszczuk et al., 2019), and potentially hybrid 

crossability. In the current study, diploid L. sinuatum × L. perezii hybrids were sterile and 

did not produce functional gametes, being unable to produce seedlings. However, the 

WGD of those hybrids restored pollen viability and pollen germination (Figure 7-6; Table 

7-9) permitting their inclusion in planned crosses for further advance in breeding. 
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By achieving a 81% increase in zygote success, the homoploid crosses of this part of the 

research were more successful than heteroploid backcrosses (refer to Section 6.3.2) in the 

production of zygote (in average 27.9% versus 15.4% average zygote, respectively; 

APPENDIX M). A possible explanation for the higher success of homoploid backcrosses 

over heteroploidy lies in the interaction between the embryo and endosperm, with 

tetraploid by tetraploid crosses keeping the maternal to paternal ratio as 2:1 or equivalent 

to it, preventing the occurrence of a partial triploid block and endosperm failure (Morgan 

et al., 2021) as occurs in heteroploid crosses. In diploid by tetraploid crosses (i.e., 

heteroploid crosses) the maternal to paternal ratio would be the opposite (i.e., 1:2), 

altering the EBN and resulting in aborted hybrid seeds or less viable seeds (Lafon-Placette 

& Köhler, 2016; Morgan et al., 2021) as confirmed in this research with 6.2% ± 8.8% 

zygote success and only 1 viable seed (refer to APPENDIX M).  

Backcrosses were successful (i.e., seed germination and cross success; Table 7-10) to 

produce hybrid polyploids only toward L. sinuatum potentially increased the germplasm 

diversity evidence in progeny with ploidies different from the parents (refer to 

APPENDIX O genotypes: Y22.002.001 to Y22.002.009; Y22.003.001 to Y22.003.006; 

Y22.004.001; and Y22.008.001 to Y22.008.007). The cross success only when L. 

sinuatum was the seed-bearing suggest a total incompatibility between L. perezii and the 

L. sinuatum × L. perezii hybrids and a unidirectional incompatibility when L. sinuatum × 

L. perezii hybrid was the seed-bearing parent and L. sinuatum the pollen-donor. 

Incompatibilities between parental genomes cause hybrid failure and impede gene flow 

(review by Chen et al. (2016)). In this research the mentioned incompatibilities resulted 

in a zygote success lower than 8% and seed germination equal to 0% (APPENDIX M). 

The observation of at least 8% zygote success when suspected incompatibilities occur 

opens the option to develop or implement techniques complementary to ovule/embryo 

rescue to understand the causes of the hybrid inviability and increase the performance of 

the crosses (e.g., in vitro pollination). 

7.4.3.2 Intraspecific crosses 

The tetraploid genotypes obtained in this research were fertile, as demonstrated by the 

zygote success achieved in intraspecific tetraploid crosses and backcrosses (Table 7-10). 

This generation of fertile tetraploids was also supported by the pollen germination and 
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The interspecific crosses between tetraploid genotypes are possibly restricted, first, by 

the pre-zygotic and post-zygotic barriers already identified in interspecific crosses 

between diploid genotypes such as abnormalities in the pollen tube growth (Zhang, 1995) 

and arrest of the embryo growth (Morgan et al., 1998). Second, by the meiotic 

abnormalities reported for neo-tetraploid genotypes (Bomblies, 2020; Potapova & 

Gorbsky, 2017) and suspected in this study as responsible for the low proportion of viable 

gametes (refer to Section 7.4.2; Figure 7-6). In addition, those barriers could be 

accompanied by new pollen-pistil and /or embryo-endosperm incompatibilities (Larrosa 

et al., 2012; Zhang, 1995), and incompatibilities between nuclear and/or cytoplasmatic 

genes of the male and female gametes with increased ploidy (Larrosa et al., 2012).  

Occurrence of incompatibilities in plants not only reduces the number of zygotes obtained 

(i.e., zygote success), but also the hybrids could cease development during embryogenesis 

(i.e., 0% zygote germination; APPENDIX M) or, if established as a seedling may be 

infertile (refer to Section 6.3.2 and 6.3.3). Genetic incompatibilities in plants could be 

unidirectional (review by Chen et al. (2016)), as observed in diploid interspecific crosses 

between L. sinuatum and L. perezii (APPENDIX M) with higher zygote success when L. 

sinuatum was the seed-bearing genotype. Multiple genes and loci are involved in genetic 

incompatibility (review by Chen et al. (2016)) and the presence of only one of the alleles 

is enough for limiting the compatibility and crossability between species of other genera 

(Kuligowska et al., 2016; Zuellig & Sweigart, 2018). In contrast however, within the 

tetraploid plants produced in this research the alleles potentially associated with 

incompatibilities have obviously been duplicated. This duplication of alleles associated 

with incompatibility potentially would explains the higher interspecific incompatibility 

and subsequent hybrid lethality (i.e., lower zygote success) observed in tetraploid 

interspecific crosses of Limonium. Further genetic studies in Limonium crosses could 

determine to what level maternal and paternal genes are involved in determining 

incompatibility, with a view to alleviate the hybrid lethality via biotechnological tools. 

The question about the mechanisms involved in the hybrid incompatibility between 

tetraploid L. sinuatum and L. perezii plants, and how to mitigate them, will remain open 

until incompatibility systems in Limonium are studied in detail. Developing an 

understanding of those systems and their mode of action (e.g., production of a cytotoxin 
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CHAPTER 8. Physically induced mutations 
(Radiation) 

8.1. Preface 

This chapter outlines the research associated with the second research strategy undertaken 

within this thesis (refer to Section 1.2.5). The preceding chapters of this thesis which 

report on experiments, were focussed on ploidy manipulation, while this chapter is 

focussed on physically induced mutations. At the outset of this PhD both research 

strategies carried equal merit, but conjoint with COVID-19 related responses, technical 

roadblocks reported in the following sections resulted in a halt to developing this strategy 

to its full potential. The results of the experiments presented within this chapter will 

however provide a useful resource for those following.  

8.2. Introduction  

As reported previously in Limonium, the induction of mutations is a breeding tool which 

simulates the spontaneous/natural mutagenic process (refer to Section 1.2.5.3), increasing 

its rate of occurrence (Ogawa et al., 2014; Yuan et al., 2015). Mutations can be induced 

using radiation, i.e., x-rays, gamma-rays or ion beams, to produce changes in the 

chromosome structure which, if not lethal, may produce changes in gene function 

resulting in morphological or physiological variations (Lang et al., 2018; Liu et al., 2017; 

Thu et al., 2019). In the present research, with the objective of increasing germplasm 

diversity (refer to Section 1.6), gamma-radiation was selected as this is available in New 

Zealand and, compared to x-rays, has been reported to induce more stable DNA breakages 

(Ibrahim et al., 2018). Moreover, gamma irradiation has shown the highest efficiency in 

producing flower colour changes (Yamaguchi et al., 2008), which is one of the key 

phenotypic traits for the breeding programme. 

Radiation could be used to treat almost any part of a plant, with seeds being the most 

commonly used explant in seed propagated species (Ari et al., 2015; Honda et al., 2006; 

Samatadze et al., 2019; Spencer-Lopes et al., 2018). However, the selection of the most 

suitable explant depends on the phenotypic trait the researcher wants to mutate, together 

with the regeneration protocols available. In Limonium, while irradiation of seed has been 

unsuccessfully trialled (Ranjith Pathirana, pers. comm) in vitro shoots have been used for 
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the recommended concentrations for BAP range between 0.2 and 2 mg/L, for TDZ 

between 0.01 and 0.25 mg/L (Bhojwani & Dantu, 2013) and for NAA is 0.5 mg/L (Das 

et al., 2018; Raju et al., 2022). Concentrations of TDZ higher than 0.025 mg/L and 0.25 

mg/L have been reported to induce callus in Echinacea purpurea (Jones et al., 2007) and 

Spirodela polyrhiza (Yang et al., 2018), respectively. In L. perigrinum, shoot regeneration 

was obtained after culture of leaf discs on medium containing 3 mg/L TDZ for 48 hours 

(Seelye et al., 1994). In these experiments to induce indirect shoot organogenesis, TDZ, 

BAP, and NAA were selected for study. 

After shoots have regenerated, roots need to be induced, in preparation for the plants to 

be transferred to and established for growth within a greenhouse. The PGRs commonly 

used for root induction in different plant species are the auxins: indol-3-acetic acid (IAA), 

indole-3-butyric acid (IBA) and NAA, in concentrations ranging from 0.2 mg/L to 1.5 

mg/L (Bhojwani & Dantu, 2013). In L. cordatum, 0.2 mg/L of IBA increased the rooting 

rate by 13%, but the roots were shorter in comparison with media without PGR (Casazza 

et al., 2002). By comparison, in L. perigrinum Bergius × L. purpuratum L. hybrids root 

initiation was induced by cultivation on a medium with 12mg/L IBA for either 24 h 

(Morgan et al., 1995) or six days (Morgan et al., 1998). The PGR evaluated in this 

research for induction of roots, included not only different concentrations of IBA, but also 

the PGR: IAA.  

The standardization of protocols for plant tissue culture in general (e.g., shoot induction, 

root induction) has mainly been based on modifying the type and concentration of PGRs. 

More recently, the optimization of protocols for micropropagation has started to explore 

the effect of the macro- and micro-nutrients of the medium (Nezami-Alanagh et al., 2018; 

Nezami-Alanagh et al., 2017). Statistical methods for plant tissue culture data include 

completely randomized designs, or randomized complete block design, with a factorial 

treatment design when needed (Compton, 1994; Jones et al., 2007; Takagi et al., 2011). 

These statistical methods analyse the effect of the factors (e.g., PGRs) and their 

interaction over the response variable. As used in the current experiment, for a better 

understanding of the relation between PGR concentration and ratios, a mixture-amount 

design could be more convenient as it is useful for solving proportional and concentration 

effects (Niedz & Evens, 2016) and allows separation of the effects of proportion (i.e., 

ratio) and concentration (Evens & Niedz, 2010).  
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The experimental design was completely randomized, with one factor (treatment) 

corresponding to the irradiation doses (i.e., 0, 10, 20, 30, 40, 50 Gy). Each treatment 

would be applied to 10 Petri dishes (replicates) and each Petri dish contained three calli 

(sub-samples). A control treatment comprising un-irradiated callus was also included. 

The response variables proposed were: callus regeneration through shoot development 

(yes/no), time required until the first shoot was 1 mm long, and shoot number.  

8.3.5.2 Irradiation and evaluation for mutation  

After standardizing the appropriate tissue culture protocol for plant regeneration through 

indirect shoot induction and rooting, and identifying the LD50, 500 calli would be 

irradiated under the treatment identified as optimum. Shoots recovered from independent 

calli would be regenerated to be rooted plants in vitro and transferred into the greenhouse 

facility for morphological evaluation. 

8.3.6. Data analysis 

Across all experiments within this chapter (i.e., Experiment 1 to Experiment 7) data 

analysis comprised modelling the effect of the factors (e.g., PGR concentration, explant 

source, duration of induction). For modelling effects of factors on the response variables 

with a binary distribution (i.e., callus, shoot and root, induction (yes/no)) or a Poisson 

distribution (i.e., number of shoots and number of roots) a generalized linear model (glm 

function, R Core Team 2018) with the relevant distribution was used. For data with either 

binomial or Poisson distribution, pairwise likelihood ratio tests were used to compare 

between the levels of factors (similar to LRPAIR in (Goedhart, 2018)).  

For the response variables that were normally distributed (i.e., ratio of callus area to 

explant area and root length), a linear model (lm function (R Core Team, 2018)) was used 

to model the effects of the factors. The residuals were checked to ensure assumptions 

were valid (i.e., normal distribution of the residuals, observations are independent of each 

other), and Least Significant Difference was used for comparison between the levels of 

the factors (LSD.test function, Agricolae (Mendiburu & Yaseen, 2020)). For all the 

analyses, the p-value was set at 0.05.  
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8.4.1.2 Shoot induction 

Experiment 3. Cultivation of callus for 48 h on medium amended with TDZ for induction 

of shoots resulted in zero shoots, but multiple roots. 

 

 

Roots were observed in most explants, including those in the control treatment for shoot 

induction with 0 mg/L TDZ. The occurrence of roots depended on interactions between 

callus induction media, shoot induction media, and the duration on the callus induction 

medium (p<0.05; Figure 8-5). The use of 2,4-D alone in the callus induction media and 

absence of TDZ from the shoot induction media (i.e., control for shoot induction) doubled 

the proportion of explants forming roots (i.e., 0.99%) in comparison with the use of 2,4-

D alone in the callus induction media and TDZ (i.e., 3 mg/L) in the shoot induction 

medium (p<0.05; Figure 8-5). In contrast, when the callus induction medium was 

amended with 2,4-D and BAP, the use of TDZ in the shoot induction medium did not 

affect the proportion of explants forming roots (p>0.05; Figure 8-5).  

Explants transferred from callus induction medium with 2,4-D (1 mg/L) to medium with 

TDZ (3 mg/L) had reduced the percentage of explants forming roots between 93% and 

Figure 8-5 Proportion of explants forming roots by callus induction medium and thidiazuron concentration 

(i.e., shoot induction medium with either 0 mg/L (control) or 3 mg/L thidiazuron). Dots represent the 

predicted mean values for the proportion of explants forming roots after data modelling using a generalized 

linear model. Vertical lines (error bars) represent the 95% confidence interval. n = 5 culture vessels. p = 

0.05 
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7% depending on the duration in the callus induction medium (p<0.05; Figure 8-6). In 

contrast, in callus induction medium amended with 2,4-D and BAP, the percentage of 

explants forming roots was not affected by either time in the callus induction medium or 

TDZ concentration in the shoot induction medium (p>0.05; Figure 8-6). 

 

 

Experiment 4. Evaluation of different concentrations of BAP and NAA and ratio of BAP 

to NAA (Table 8-1) resulted in shoots in one explant from medium amended with 0.94 

mg/L BAP and 0.06 mg/L NAA and one explant from medium with 0.5 mg/L BAP and 

0.05 mg/L NAA. In comparison, in all the media evaluated, including the control without 

Figure 8-6 Percentage of explants forming roots by callus induction medium (i.e., callus induction medium 

was amended with either 2,4-D alone or 2,4-D plus BAP), duration in the callus induction medium and 

Thidiazuron (TDZ) concentration used in the shoot induction medium (i.e., either 0 mg/L (control) or 3 

mg/L). Dots represent the predicted mean values for the proportion of explants forming roots after data 

modelling using a generalized linear model. Vertical lines (error bars) represent the 95% confidence 

interval. n = 5 culture vessels. p = 0.05 
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PGRs, explants formed roots. However, the data collected for the number of explants 

forming roots and/or forming shoots was insufficient to perform any data analysis. 

Experiment 5. Shoots and even roots were seen after 70 days on media containing the 

combination of 1 mg/L BAP and 0.5 mg/L NAA or the combination of 2 mg/L BAP and 

1 mg/L NAA (Figure 8-7). Due to the long time in the same media a lot of information 

was lost about the explant used (either in vitro or greenhouse leaves) and less than 5% of 

the explants/shoots were still alive, so data was again insufficient to perform any 

statistical analysis. 

 

 

8.4.1.3 Root induction 

Shoots developed roots in all culture media, including both controls (0 mg/L or 12 mg/L 

IBA; p>0.05; Figure 8-8). 

Figure 8-7 Development of shoots from callus (indirect caulogenesis) in a L. sinuatum × L. perezii hybrid 

grown on media supplemented with different concentrations and proportions of 6- benzyl amino purine 

(BAP) and 1- naphthaleneacetic acid (NAA). A. 0.5 mg/L BAP: 0.5 mg/L NAA (1:1). B-D. 1 mg/L BAP: 

0.5 mg/L NAA (2:1). E-F. 2 mg/L BAP: 1 mg/L NAA (2:1) 
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The number of roots per shoot ranged between 0 ± 0 (medium with either 0.1 AIA or 0.1 

IBA) and 50 ± 0 (12 mg/L IBA). The number of roots per shoot was between 7 and 33 

times higher in the control-1 medium without PGRs and in control-2 medium amended 

with 12 mg/L IBA, respectively in comparison with all the other evaluated media 

(p<0.05). The corresponding values were 50 ± 0 (i.e., control-2 with 12 mg/L IBA), 11 ± 

10 (control-1 with no PGRs), and an average 1.5 ± 2.1 roots per shoot for the other media 

amended with different concentrations of either IAA or IBA. 

 

 

With regard to root length, the only medium with a significant positive effect over root 

length was the control treatment without PGR (i.e., control), achieving 8.2 ± 1.2 cm 

compared with an average of 1.7 ± 1.9 for other treatments (p<0.05). Compared to the 

control treatment without PGR (i.e., control), plants on media supplemented with PGR 

Figure 8-8 Development of roots in treatment media with different concentrations of the Plant Growth 

Regulators (PGR): Indole Acetic Acid (IAA) or Indole Butyric Acid (IBA). A. 0.3 mg/L IBA B. 1 mg/L 

IBA  C. 12 mg/L IBA (control) D. 0.3 mg/L IAA E. 1 mg/L IAA 
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In contrast, the decrease in the percentage of explants forming roots after 28 days in the 

callus induction medium could be explained by depletion of the auxins in the medium as 

well as in the tissue (Figure 8-6) also causing the auxin to cytokinin ratio to trend toward 

cytokinins.  

The addition of the cytokinin BAP to the callus induction media was considered an 

appropriate strategy to adjust the auxin to cytokinin ration toward shoot development, and 

against root development, as shown by the decreased percentage of explants with roots 

when BAP was present, with or without TDZ (Figure 8-6). While BAP presence 

presumably adjusted the ratio of auxin to cytokinin, it was still insufficient to induce shoot 

development, with the remaining auxin concentration within the tissue possibly limiting 

the action of cytokinin at the levels applied (Coenen & Lomax, 1997; Kurepa et al., 2019).  

The auxin concentration used in the callus induction media (i.e., 1 mg/L 2,4-D) interfered 

with the efficacy of the shoot induction medium. Possible mechanisms involved include 

reduction of the cytokinin levels by oxidative breakdown (Coenen & Lomax, 1997) or 

limiting the effect of the cytokinin over the cells directly (Ahmad & Faisal, 2018). 

However, detailed studies are needed, so as to offer supporting evidence on the 

mechanism of action of auxins in Limonium and the concentrations naturally present in 

the explants. 

Based on the results of in Experiment 3, the next alternatives were proposed to promote 

shoot induction by restricting the effect of the callus induction medium on subsequent 

shoot induction by using a lower 2,4-D concentration (< 1 mg/L) in the callus induction 

medium and reducing the exposure time below 28 days; by extending the duration in 

callus medium beyond 28 days; by using a cytokinin such as BAP in the callus induction 

medium, or by replacing 2,4-D with another auxin. 

The decision to change the TDZ in the induction medium for a combination of BAP and 

NAA was based on previous studies of success of BAP and NAA in shoot induction 

(Bhojwani & Dantu, 2013; Das et al., 2018; Raju et al., 2022). The results obtained in the 

current research with development of shoots in at least one replicate per treatment, in 

comparison with Experiment 3 where 3 mg/L TDZ did not result in shoots, suggest a 

possible positive effect of the BAP and NAA. However, these results did not provide the 
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information sought making it necessary to propose a new experiment (i.e., Experiment 

5).  

Experiment 5 focussed on shoot induction, by replacing 2,4-D with NAA, instead of 

lowering the 2,4-D concentration, and reflected an analysis of the reported differences in 

the mechanism of action between both auxins (i.e., 2,4-D and NAA). The auxin 2,4-D 

promotes cell division because it binds to the nuclear auxin receptors and promotes the 

degradation of the transcription factors responsible for the repression of the auxin-

responsive genes (Peterson et al., 2016). In contrast, NAA binds to different receptors 

than those which bind 2,4-D (i.e., ABP1) and promotes cell elongation (Campanoni & 

Nick, 2005).  

The replacement of 2,4-D with NAA (Experiment 5) and the use of the same media for 

callus and root induction, resulted in callus induction as well as shoot induction (Figure 

8-7), revealing at least three situations that could be taking place in the current 

experiments: 

1. The auxin 2,4-D might be interfering with shoot development.  

2. The interaction between 2,4-D and TDZ, in both the concentrations and explant 

used, is antagonistic. However, the cytokinin concentration used was too low for 

the shoot induction requirements or both PGR act synergistically favouring root 

development (Coenen & Lomax, 1997; Kurepa et al., 2019). 

3. The contrasting effect over shoot induction when using 2,4-D versus NAA 

when on the callus induction media, could be associated with differences in 

signalling, biosynthesis, metabolism, transport and inactivation of auxins and 

cytokinins, as reported for 2,4-D in comparison with IAA (Coenen & Lomax, 

1997; Kurepa et al., 2019; Peterson et al., 2016). 

With regard to the unsuccessful development of shoots when using TDZ, the results 

obtained in the current series of experiments, are in contrast to previous studies using 

Limonium perigrinum (Seelye et al., 1994). In their results TDZ induced shoot 

development directly (no previous callus formation). The contrasting results might 

suggest a possible genotype by TDZ interaction, as reported for Limonium in other studies 
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(Chamorro et al., 2007). In addition, other factors might also have contributed to the lack 

of shoot induction from callus with TDZ, including the concentration of TDZ used, 

duration of exposure, light conditions, and the concentration of other PGRs naturally 

present in the explant (Ahmad & Faisal, 2018). Therefore, the differences observed in our 

experiments could suggest species or genotype differences in the mode of action of the 

cytokinin TDZ. 

With regard to root induction, a culture medium amended with auxins is recommended, 

and IAA or NAA were preferred (Bhojwani & Dantu, 2013; Casazza et al., 2002; Hsu et 

al., 2000). In the experiment done here for evaluation of root induction, longer and more 

roots were produced in the absence of PGRs, indicating the PGR naturally occurring 

within the in vitro plant material was adequate. The explants used in Experiment 6 for 

root induction were considered equivalent to the plants obtained by indirect shoot 

induction (i.e., under a scenario of successful shoot induction). Nevertheless, some 

interactions between the PGR used for shoot induction and root induction might occur 

when rooting shoots induced from callus. For example, an antagonistic effect on rooting 

between auxin and cytokinins could occur, with the auxins stimulating the cell division 

in the lateral root primordia followed by elongation (Campanoni & Nick, 2005), and 

cytokinins repressing the division and favouring the elongation (Coenen & Lomax, 1997). 

As consequence, if the explants used for root induction came from a cytokinin-enriched 

medium (as would be the case in indirect shoot induction) a possible addition of auxin to 

the root-induction medium would be required to change the ratio of auxin to cytokinin 

toward auxins and, therefore, to root development. Unfortunately, the resources (and 

time) available did not permit evaluation of the possible interactions occurring but 

remains a valid area for future research.  

8.6. Conclusions 

The interaction between auxin and cytokinin is complex and depends not only on the 

concentrations in the culture media but also the relative ratios between PGRs. In the case 

of the L. sinuatum × L. perezii hybrid evaluated in this study, the use of 2,4-D in the callus 

induction media is not recommended if  the aim is to later produce shoots from the callus. 

Instead, the use of BAP, in combination with NAA, is supported, but detailed experiments 

are still required. 
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opening/planned cross is longer in comparison with time span between planned cross and 

mitosis in WGD (Figure 9-2). As consequence, the induction of unreduced gametes is 

more susceptible to the influence of external factors which affect the floret development 

and ontogeny (Mason et al., 2011) as well as the production of unreduced gametes (Sora 

et al., 2016). 
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The increase in germplasm diversity is faster with the induction of WGD than with the 

induction of unreduced gametes because the time between the application of doubling 

treatments (i.e., treatment with N2O plus planned crosses) and the recovery of a new plant 

is shorter and involves fewer steps for WGD. In WGD, planned crosses are performed 

during a smaller time window (i.e., between 8 and 72 hours after pollination (~ 3 days of 

crossing) before the 24 h N2O-treatment (CHAPTER 3; Figure 9-2). This is in comparison 

with at least 10 days (between 20 and 30 Days Before pollination; Figure 9-2) of crossing 

required for recovery of plant from induced unreduced gametes (CHAPTER 5, 

APPENDIX N). 

The selection of the breeding method, i.e., WGD induction or unreduced gamete 

induction, depends mainly on the advantages and disadvantages of each. Studies 

comparing the meiotic and mitotic polyploidization revealed that meiotic polyploids 

present larger genetic variability, fitness, and heterozygosity, in comparison with the 

mitotic polyploids (reviewed by Dewitte et al. (2012); Younis et al. (2014)). However, in 

the current research, no polyploid seedlings were produced by using unreduced gametes 

in crosses, so comparison of the diversity produced by WGD and unreduced gametes is 

still pending for Limonium. The inability to produce polyploid seedlings has been 

problematic for investigations requiring a detailed study of the conception and 

development of seedlings using unreduced gametes. Further research is needed with 

particular emphasis on the processes of pollination, fertilization, and embryo 

development. This follow-up investigation is essential to determine the underlying 

mechanisms or processes behind the failure to produce polyploid seedlings using induced 

unreduced gametes. 

Figure 9-2 Diagram of the moments during the plant development when treatment with an inducer of 

polyploidy such as oryzalin or nitrous oxide (N2O) could be used to disrupt either the mitotic or meiotic 

spindle. The time lapse between either mitosis in the archesporial cells or meiosis in the pollen mother cell 

and the pollination is shown as well as the time elapsed between pollination/fertilization and first 

developmental stages of the embryo (i.e., zygote and proembryo). E: Epidermis; PPC: PMC: Pollen mother 

cells; Ar: Archesporial cell; En: Endothecium; M: middle layer cell; T: Tapetum; Sp: Sporogenous cell; V: 

vasculature. Modified from Cai and Zhang (2018); Chaturvedi et al. (2021); Honys et al. (2006); ten Hove 

et al. (2015) 
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The increase in hybridisation rate observed could in first place be a result of correcting 

some imbalance of the chromosome number in the pollen mother cells (PMC) of the L. 

perezii genotypes used as the pollen-donor (i.e., per275 and per11). As discussed in 

CHAPTER 4, the average proportion of viable pollen in treated (with N2O) plants of 

per275 and per11 not treated with N2O was ca. 30%. The proportion of viable pollen 

increased up to 36% ± 48% for per11 and 84% ± 45% for per275 after treatment with 

N2O (refer to Section 4.5). Those increments in pollen viability after the use of N2O 

support the hypothesis that the low pollen viability in untreated plants may be due to the 

occurrence of some form of meiotic aberration resulting in an imbalance in the 

chromosome composition of the cells, i.e., an odd number of chromosomes. An 

imbalance in the number of chromosomes in plants negatively affect meiosis, with regular 

meiosis being the exception in such plants (J. Wang et al., 2017). As consequence of this 

imbalance, an unbalanced segregation of chromosomes occurs in microspores, and later 

in pollen grains (refer to Sections 1.3.1.2 and 1.3.2), with some pollen grains containing 

the expected number of chromosomes and therefore being potentially viable, while other 

grains are aneuploid and potentially non-functional or aborted (J. Wang et al., 2017). 

Supporting the proposed hypothesis in the current research was that aborted pollen was 

observed to be smaller than viable pollen (refer to CHAPTER 4 and Section 7.3.2.1). The 

smaller pollen size has been associated in other crop species with chromosome losses or 

aneuploidy in the aborted pollen (Oleszczuk et al., 2019; Tatum et al., 2015), as well as 

the occurrence of a balanced number of chromosomes in the potentially viable pollen. 

Future investigations of this nature would confirm the association between pollen 

viability and the restoration of a balanced chromosome number in genotypes with a low-

male fertility, such as per11 and per275.  

The restitution of the balanced chromosome number in PMC suggested in Limonium after 

treatment with N2O (refer to CHAPTER 4) could also be associated with restitution of 

homologous chromosome pairing (Luo et al., 2016; Nukui et al., 2011) and/or re-

establishment of intergenomic recombination during meiosis in the unreduced gametes 

(Barba-Gonzalez et al., 2005; Luo et al., 2016). Both of these processes would lead to 

normal meiosis in PMC and subsequent development of viable pollen as observed here 

with significant increases in the proportion of viable pollen (CHAPTER 4) and as reported 

for Lilium (Luo et al., 2016; Nukui et al., 2011). 
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small non-dehiscent anthers, low pollen production; Defani-Scoarize et al. (1995)) 

associated with gametophytic lethality and/or low male fertility.  

The occurrence of other pre- and post-zygotic barriers besides pollen viability could be 

confirmed by hybridisation rates less than 5% and similar for some interspecific crosses 

(i.e., sin18 × per11 and sin16 × per275; CHAPTER 5). The similarly low hybridisation 

rate was unexpected after obtaining embryo successes of 22% ± 32% for sin18 × per11 

and 66% ± 20% for sin16 × per275, when both treated with N2O before anthesis 

(CHAPTER 5). Those barriers could be associated with pollen-pistil compatibility or 

endosperm-embryo compatibility (Larrosa et al., 2012), with future investigations 

focussed on pollination, fertilization and embryo development in addition to an earlier 

determination of ploidy (i.e., when the embryo/ovule rescue is done) needed. Those 

investigation would offer the opportunity to confirm the proportion of hybrids produce 

before abortion occurs in case of endosperm-embryo incompatibilities and explore the 

causes associated with the difference in observed hybridisation rates.  

This section focused on the use of Limonium as a model to evaluate strategies for 

increasing the hybridisation rate between species in the same genus, with restoration of 

the fertility in pollen grains being the main contributing factor to the increase. This finding 

is potentially applicable to crops important to New Zealand such as kiwifruit and apples 

with recognized low male fertility or sterility (Asakura & Hoshino, 2018; Dar et al., 2020; 

Qin et al., 2017; S. Wang et al., 2017) limiting the planned crosses within both these 

breeding programmes. In such cases consideration should be given to improving or 

restoring of male fertility using N2O. 

9.4. Restore the fertility of interspecific hybrids 

Fertility restoration in L. sinuatum × L. perezii hybrids was possible following by WGD 

induced using oryzalin (CHAPTER 6) and by treatment with N2O of young unopened 

inflorescences (APPENDIX N). 

The mechanism involved in fertility restoration of the interspecific hybrids could be 

associated with restoring the balance of the number of chromosomes as discussed in 

Section 9.2.1. The occurrence of an even number of chromosomes in the tetraploid L. 

sinuatum × L. perezii hybrids (2n=4x=30) would have allowed chromosome pairing (i.e., 
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4. Asynchrony between male and female sporogenesis and/or gametogenesis. 

This section centred on the use of Limonium for testing strategies for restoring the fertility 

in interspecific hybrids. The two approaches used: induction of WGD with oryzalin or 

induction of unreduced gametes with N2O are applicable to other crops with hybrids, or 

even genotypes, displaying sterility. Hybrid sterility is frequent in wide hybridisation 

crosses between different species, as seen in this research, different genera and and/or 

different ploidies such as in Brassicas (Chen et al., 2020) and kiwifruit (Asakura & 

Hoshino, 2018). 

9.4.1. The triploid block in Limonium 

The occurrence of the triploid block in Limonium has previously been suspected, but not 

yet confirmed, as impeding the production of polyploid seedlings (Siregar, 2021). If the 

triploid block mechanism does occur in Limonium, as has been reported for other plant 

species (Akutsu et al., 2007; Morgan et al., 2021), only polyploid crosses between 4x 

plants and unreduced pollen (bilateral sexual polyploidization) could potentially be 

successful. In that case, an endosperm balance number (EBN) 4 maternal genome: 2 

paternal genome would be equivalent to an EBN 2 maternal genome:1 paternal genome, 

as observed in some potato species (Ortiz and Ehlenfeldt (1992); refer to Section 1.3.7) 

and maize (Lin, 1984). Then the resultant seedlings would be tetraploids. In this research, 

after induction of unreduced gametes followed by intraspecific crosses, only one 

tetraploid seedling was obtained (CHAPTER 6, APPENDIX P), supporting either the 

hypothesis of the triploid block, and that a maternal to paternal endosperm ratio of 4 to 2 

displays a low viability in Limonium compared to potato and maize, or pollen competition 

with unreduced pollen being less fit than reduced pollen (discussed below in Section 

9.4.2).  

In Limonium, if the triploid block occurs, any resulting triploid zygotes would mostly be 

unviable. The viability of the zygotes depends on the interploidy crossing direction 

(Carputo et al., 1999; Morgan et al., 2021). In the present research, ovule/embryo rescue 

was used to produce triploid seedlings after heteroploid backcrosses (CHAPTER 6). 

Contrary to what would be expected if the triploid block occurs (Morgan et al., 2021), the 

phenotype of the triploid seedlings did not display any visual signs of low fitness, such 

as necrosis, wilting, or yellowing (i.e., hybrid weakness). Triploid hybrid plants may not 
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exhibit hybrid weakness due to transgressive variation, as observed in A. thaliana 

(Duszynska et al., 2013). However, additional research is required to include a 

morphological characterisation of triploid hybrid plants and assess their fertility, such as 

zygote success and pollen production, in both F1 and F2 seedlings. It is important to 

consider that the triploid block effect may be long-lasting (Morgan et al., 2021) and may 

also be influenced by the parent-of-origin (Duszynska et al., 2013). 

The results of the current research programme support the hypothesis that if the triploid 

block does occur in Limonium, it is just partial or its effect over embryos produced by 

interploidy crosses depends on the parent-of-origin, i.e., with an EBN with maternal to 

paternal genome ratio with maternal excess (i.e., greater than 1) being better tolerated 

than an EBN with maternal to paternal genome ratio with paternal excess (i.e., lower than 

1), as reported for A. arenosa (Morgan et al., 2021) and in maize (Lin, 1984). The 

observations of the occurrence of failures of the endosperm development (i.e., precocious 

or delayed cellularization (Lafon-Placette & Köhler, 2016)), and arrest of the embryo 

development (APPENDIX H), also contribute to the hypothesis of the occurrence of the 

triploid block in Limonium, with a parent-of-origin effect. Future research undertaking 

detailed studies of embryo and endosperm development with Limonium may, therefore, 

enable confirmation of how relevant consideration of the triploid block may be with 

Limonium.  

Currently the information presented in this thesis is not enough to confirm or deny the 

occurrence of the triploid block in Limonium. In addition, occurrence of the triploid block 

by itself is insufficient to explain the significant increase (i.e., between 200% and 800%) 

in the number of diploid seedlings, and a significant decrease (between 44% and 100%) 

in the number of tetraploid seedlings (APPENDIX P), observed after induction of 

unreduced gametes with N2O. If not the triploid block being involved, other areas of 

future research someone may wish to explore may include pollen competition and 

incompatibility systems which will discussed below (refer to Section 9.4.2 and Section 

9.4.2).  

9.4.2. Pollen competition 

Pollen competition could explain the low number of polyploids produced and the higher 

number of diploids obtained in intraspecific crosses (APPENDIX P). In Limonium, 

treatment with N2O before pollination results in a mixture or an overlap in the presence 
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identification of the genes/alleles responsible for incompatibility in Limonium and their 

modus operandi may provide further insights as to whether this is a source of the failure 

to produce polyploid seedlings reported in this thesis.  

9.4.4. Bilateral sexual polyploidization 

The last proposed hypothesis for the absence of sexually produced polyploids through 

bilateral sexual polyploidization i.e., crosses involving an unreduced ovule and unreduced 

pollen, are asynchronous development between pollen and ovule. Sexual bilateral 

polyploidization, originally targeted for production of tetraploid seedlings, could have 

failed due to pollen and ovule development (i.e., microsporogenesis and 

megasporogenesis respectively) being separated by an amount of time longer than 24 h 

(i.e., shortest duration of N2O treatment applied in the current research). If these two 

developmental processes (i.e., microsporogenesis and megasporogenesis) are 

asynchronous in Limonium to this extent, then when the N2O treatment was applied, it 

would potentially have affected just one of these processes and, in the case of interploidy 

crosses (i.e., either tetraploid × diploid or vice versa) seedling development could be 

prevented by the triploid block (refer to Section 1.3.7). The absence of studies in the 

current research to evaluate the temporal relation between microsporogenesis and 

megasporogenesis or to establish the relation between megasporogenesis and floral 

development in the species used (i.e., L. perezii and L. sinuatum) became essential for the 

success of bilateral sexual polyploidization. Moreover those studies would complement 

the studies done for the microsporogenesis in Limonium (Siregar, 2021). Studies done in 

other plant species indicate that the temporal relationship between microsporogenesis and 

megasporogenesis differ between plant species and even between flower types in the 

same plant (Wang et al., 2022). Megasporogenesis could occur synchronously with 

microsporogenesis (Shi et al., 2015; Wang et al., 2022), be delayed (Koul et al., 2020) by 

even up to a couple of days (~ 5; Chang and Sun (2020)), or even occur at different 

development stages in different flower buds (Yao et al., 2020). The information available 

in Limonium sp. was that pollen and ovule meiosis occurs in young and as yet unopened 

florets (refer to Section 1.3.1.2), with meiosis in PMC occurring mainly in florets with an 

average diameter of 0.8 mm (Siregar, 2021) and in MMC in florets with a length under 

2.5 mm (Rois, 2014). As both these previous studies were conducted using different 

Limonium species, it is not possible to infer the extent to which microsporogenesis and 



CHAPTER 9. General discussion and future research 

239 

 

megasporogenesis are synchronous in the Limonium species used in the present study. 

This highlights a remaining need for detailed studies to be undertaken at this level of 

investigation.  

9.5. Physically induced mutations 

The breeding strategy involving physically induced mutations, was not able to be 

completed. However, some progress was made toward the development of protocols for 

in vitro production of callus, shoots, and roots (refer to CHAPTER 8). The investigations 

into root induction proved useful in the current research for inducing roots on the 

polyploid plants obtained after ploidy manipulation (oryzalin and/or N2O). The 

information provided will also be useful for those investigating callus and shoot induction 

and as a documented background for any continued development of this research strategy 

of physical induction of mutations in Limonium sp. 

The development of callus in vitro after induction of unreduced gametes using N2O after 

48 h (APPENDIX I) or 24 h treatment (CHAPTER 5) when the rescued embryo was in 

the heart stage, presents an opportunity to evaluate other tissue culture techniques, such 

as achieve shoot development from callus. As noted in the current research, the growth 

cessation in embryos arising from crossing L. sinuatum and L. perezii has previously been 

documented, with successful shoot induction using TDZ (Morgan et al., 1998). The 

induction of shoots from callus arising from those embryos, could open the opportunity 

to obtain more interspecific hybrids and, if the callus was first irradiated, open the 

opportunity for even more mutagenesis-induced diversity. The interspecific hybrids 

produced could be diploid, triploid, or tetraploid, depending on the effect of the earlier 

applied N2O treatment (refer to Section 1.3.7).  

The usefulness of the advances made in the induction of shoot from calluses in the further 

development of the breeding strategy of ploidy manipulation rely on the fact that tissue 

culture is genotype and organ specific. If TDZ is unsuccessful, as reported within the 

current research (refer to Section 8.4.1.2), an amount-concentration experiment could be 

set up using BAP and NAA, similar to experiment 5 presented in Section 8.3.3.1.2, the 

one with more promising results (refer to Section 8.4.1.2).  
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APPENDIX C. Supplementary information from Section 2.5.1 
Table A-1 Number of crosses completed, embryos/ovules rescued, and seedlings resulting from genotypes of L. sinuatum or L. perezii treated with nitrous oxide (N2O) or 

untreated (control). Zygote success (i.e. number of zygotes obtained divided by the number of crosses completed) and the cross success (i.e. number of seedlings obtained 

divided by number of crosses completed) was also calculated 

Genotype Treatment Crosses 

completed 

Embryo/ovules 

rescued 

Zygote success 

(%) 

Seedlings after 

tissue culture 

Cross success 

(%) 

sin16 N2O 70 49 70 49 70 
sin18 N2O 70 53 75 45 64 
sin16 control 5 4 80 4 80 
sin18 control 5 3 60 3 60 

per273 N2O 70 27 38 11 16 
per11 N2O 70 7 10 2 2.8 
per11 control 5 1 20 1 20 
per273 control 5 1 20 1 20 
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APPENDIX D. Selection of parental genotypes 

INTRODUCTION  

Identification of the most suitable parents for crossing among the available genotypes is 

one of the key decisions plant breeders need to make, so as to ensure the success of a 

breeding programme. The selection of the parental genotypes depends on the aim of the 

breeding programme, i.e., genetic distance (Georgieva et al., 2016; Harlan & De Wet, 

1971), the genetic gene pool to which the genotypes belong, and their combinatory ability 

if available (Fasahat et al., 2016). However, independent of the criteria used for the 

parental selection, the goal is that genotypes cross well with each other, producing viable 

seedlings (Kuligowska et al., 2016).  

In this programme of research, the adequate selection of the parents was found necessary 

for consideration after the results presented in Section APPENDIX F and APPENDIX I, 

where production of hybrids and zygotes, respectively, were negatively affected by the 

parental genotypes used. As consequence, the evaluation of the effect of nitrous oxide 

(N2O) over polyploid induction, zygote success (number of zygotes obtained divided by 

the number of crosses completed) or hybridisation rate (number of hybrids obtained by 

number of crosses completed) was initially jeopardized. To subsequently limit the factors 

affecting the response variables selected for the evaluation of the effectiveness of N2O 

over ploidy, an experiment for conducting preselection of the genotypes to be used as 

parents was done.  

The selection of parental genotypes for crosses was done taking various aspects into 

account:  

First, Limonium is a plant genus exhibiting pollen-stigma dimorphism and self-

incompatibility (Baker, 1953a), so the first criterion to be used when planning crosses 

was the pollen/stigma type.  

Second, as interspecific crosses were intended in some of the experiments, the 

identification of the gene pool for a given species was considered so as to detect levels 

of infertility between taxa, given that the closer species are the easier their crossing 

(Harlan & De Wet, 1971; Kuligowska et al., 2016).  



APPENDIX D. Selection of parental genotypes 

251 

 

Finally, the performance of previously used genotypes in the production of hybrids 

and/or commercialized Limonium varieties was contemplated. 

 MATERIALS AND METHODS  

Plant material 

In the year 2020, information about the genotypes available in Plant and Food Research, 

which could be potentially used in crosses for the PhD, was collected and is presented in 

Table A-2. 
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Table A-2 Information about the taxonomic classification, number of genotypes available at The New Zealand Institute for Plant & Food Research Ltd, and reference 

for the Limonium species available at the beginning of the research project 

Genus Subgenus Clade Sect. Subsect. Species 
Number of 
available 
genotypes 

Reference 

Limonium Pteroclados Pteroclados Pteroclados Odontolepidae sinuatum 28 Karis (2004) 

Limonium Pteroclados Pteroclados Pteroclados Nobiles perezii 10 Karis (2004) 

Limonium Pteroclados Pteroclados Pteroclados unknown 
sinuatum × perezii / 

perezii × sinuatum 
42 

E-Brida within The New Zealand Institute for 

Plant & Food Research Ltd 

Limonium   Limonium Genuinae latifolium 1 Koutroumpa et al. (2018) 

Limonium Limonium reniforme Limonium  caspium (caspia) 5 Akhani et al. (2013); Lledó et al. (2005) 
 

Limonium Limonium Limonium Limonium Genuinae gmelinii 8 
Akhani et al. (2013); Koutroumpa et al. (2018); 

Malekmohammadi et al. (2017) 

Goniolimon   Arthrolinum  

tartaricum 

(Goniolimon 

tartaricum) 

9 

https://www.owairakaseeds.co.nz/product/Limo

nium-tartaricum-Limonium-dumosum-german-

statice/ (date of retrieval 06/03/2024), 

https://cpvo.europa.eu/sites/default/files/docum

ents/limonium_1.pdf (date of retrieval 

06/03/2024) 

 






















































































































































































