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Microscopy picture showing the major cell types found in Cochlearia seeds. A seed coat, surrounding free 

floating endosperm nuclei, which in turn surrounds the growing heart shaped embryo.  
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Abstract 

 

The establishment of reproductive barriers plays an important role in speciation processes. 

Reproductive isolation can be established before and after the formation of a zygote. For 

angiosperms, developmental abnormalities during seed development may result in fatal 

consequences for the next generation of offspring. Seed based hybridization barriers have 

been studied in different angiosperm taxa, and it is proposed that gene expression in the 

typically triploid endosperm tissue is altered in hybrid backgrounds, resulting in embryonal 

arrest and death. Endosperm development is seen to be affected differentially depending on 

the cross direction. Typically, when the maternal parent is of higher ploidy than the paternal 

parent, endosperm development is impaired and smaller seeds are found. In the opposite 

direction, endosperm development proliferates and a seed size increase is observed. Gene 

expression in the hybrid endosperm can potentially be influenced by differing expression of 

transcription factors in MADS-box gene family, which have been shown to regulate the 

transition from free floating syncytial endosperm nuclei to cellularized endosperm nuclei, in 

addition to many other functions.  

 

The motivation for this thesis was to investigate seed based hybridization barriers in the non-

model genus Cochlearia. The genus is of relative recent origin and seems as a good candidate 

for research on speciation processes. In addition, the species show variability in ploidy and 

are known to hybridize in nature. Two main questions were addressed: a) whether seed based 

hybridization barriers are found between different Cochlearia species, and if so, whether they 

are dependent on cross direction; and b) whether developing Cochlearia seeds express any 

MADS-box genes, and if so, whether the genes show temporal expression patterns during 

stages of seed development.  

The Cochlearia interspecies crosses conducted in this thesis suggest that, seed development in 

hybrid backgrounds are affected and in particular, that the ploidal levels of the parental 

species seem to impact hybrid seed development. To investigate the mechanistical basis for 

hybridization barriers that occur during seed development, a pilot transcriptomics study of 

seed development in two morphologically differentiated populations of C. groenlandica from 

south-western and western Greenland was conducted to obtain deeper insights into what type 

of gene regulation is ongoing during normal development. The pilot analysis have focused on 

the MADS-box gene family of mainly transcription factors, which are known regulators of 

seed developmental tissues. In the differential expression analysis conducted, the MADS-box 

genes show an interesting pattern of expression in the developmental stages before and after 

endosperm cellularization, where gene expression is higher after endosperm cellularization. 

This can further indicate that these genes play a role in the genetic networks responsible for 

embryogenesis and seed development. A natural follow up would be to study expression 

patterns of Cochlearia hybrid seeds that show abnormal phenotypes to establish the 

mechanistic basis for seed based postzygotic barriers.
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1 Introduction 

1.1 Species, speciation and species barriers  

 

Many would argue that species are more than subjective human classifications of organisms 

(Coyne and Orr, 1998). If compared, species form gradients in their relatedness implying that 

at some point during evolution two species arouse from the divergence of one common 

ancestor. The processes that enable and facilitate divergence and speciation are numerous and 

often intertwined. Clines in biotic and abiotic factors shape the way natural selection can act 

on the living species. We observe that many species interbreed and form hybrid swarms, and 

following, additional speciation may occur or the dynamics of gene flow between parental 

species can be affected (Mallet, 2007; Abbott et al., 2013; Payseur and Rieseberg, 2016) .  

 

Speciation and the species concept lie at the heart of biological knowledge and theory. More 

than 25 explanations for what makes up a species have been proposed, yet most seem to be 

lacking - to some extent - the essential point being that species diverge and converge in a 

continuum (Coyne and Orr, 2004; Mallet, 2007; Abbott et al., 2013). Dependent upon which 

criteria (species concepts) used, conflicting taxonomical treatments can arise (De Queiroz, 

2007). De Queiroz (2007) argued that in a unified species concept, secondary species criteria 

(species concepts) should be considered together, as they assess speciation at different time 

points during the ‘grey zone of speciation’. One of these species concepts, the biological 

species concept suggests that sister lineages become reproductively isolated over an 

evolutionary time scale by natural selection and genetic drift (Dobzhansky, 1937; Mayr, 

1942), and furthermore, that reproductive isolation is a major criterion for defining distinct 

species. Many speciation biologists today think about speciation in sexually reproducing 

organisms as a continuum with an accumulation of reproductive isolation over time. Whether 

or not one agrees that reproductive isolation should be used to define species, there is no 

doubt that it plays an important role in speciation processes. Still to this day, the underlying 

mechanisms that cause reproductive isolation are to a large extent unknown.  
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1.2 Postzygotic species barriers during seed development 

 

Typically, reproductive isolation is characterized by pre- and postzygotic barriers(Rieseberg 

and Willis, 2007). In angiosperms, prezygotic barriers include also postpollination barriers, 

where pollen fails to fertilize the egg (after pollination, but before fertilization). Postzygotic 

barriers act after fertilization, and may be manifested in a vast landscape, such as hybrid 

inviability, sterility, breakdown (failure of successful reproduction in progeny) or minority 

cytotype exclusions. Studies of the mechanisms underlying hybridization barriers in the plant 

kingdom have successfully been able to address prezygotic barriers, whilst there currently is 

less knowledge concerning postzygotic barriers (Rieseberg and Willis, 2007). 

A postzygotic species barrier that is found in diverse angiosperm linages, both in monocots 

and dicots, is related to developmental abnormalities during seed development resulting in 

embryonal arrest and death (Carputo et al., 1997; Sekine et al., 2013; Lafon-Placette et al., 

2017; Piosik et al., 2019). 

Seed development and pattern formation during embryogenesis in the angiosperm lifecycle is 

a conserved and shared trait, though a vast amount of variation is observed in different 

angiosperm families, both in terms of development and mature seed morphology (Geeta, 

2003; Linkies et al., 2010). In an ultimate perspective, the vast amount of variation between 

different plant groups is still variation within the same theme, as the developmental tissues are 

homologous.  

 

Figure 1:  Schematic overview of seed development. Image adapted from (Meinke, 1991) and published in 

(Linda A. Castle, 1993) with access provided through the SeedGenes website (www.SeedGenes.org).  

http://www.seedgenes.org/
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Baud et al. (2002) suggested that seed development can be ordered in three maturation stages 

based on the contents of fats, sugars, amino acids and water. During the first maturation 

phase, early embryogenesis is characterized by high quantities of starch (sugars). Following, 

the second phase, seed maturation, is characterized by increasing fat and protein contents at 

the expense of starch content. The final phase, late maturation, is described by acute loss of 

water content, before obtaining desiccation tolerance (eg. internal drought tolerance).  

 

Seed development is initiated when gametes from the male and female reproductive organs 

fuse. A pollen grain tube elongates through the pistil (floral organ) into an ovule, where two 

fertilization events occur. A haploid pollen nucleus fertilizes the haploid egg cell forming the 

diploid embryo, and another pollen nucleus fertilizes the typically diploid central cell forming 

the precursor of the triploid endosperm tissue. Following, an onset of programmed cell 

divisions governed by spatial temporal gene expression patterns and signalling molecules 

leads to the formation of the developing embryo (Fig. 1) and surrounding endosperm cells 

(Peris et al., 2010). Interestingly, the endosperm cells proliferate in a syncytial manner before 

cellularizing and transition from an energy sink to energy source for the growing embryo (in 

Arabidopsis thaliana). The developing dicot embryo undergoes a range of morphological 

stages, globular-heart-torpedo-bent cotyledon (Fig. 1), in which gene expression differs 

(Hofmann et al., 2019).  

 

After developing, the seed transitions into a mature typically dormant, low metabolism state. 

Bewley (1997) defined seed dormancy as preventing germination in temporarily favourable 

conditions in an otherwise unfavorable season. Furthermore, seed dormancy is in itself a 

highly complex trait that is effected by abiotic factors in addition to genetic factors (Graeber 

et al., 2012). Seed dormancy seems to be correlated with seed coat color in Fabaceae crop 

plants such as beans, peas and soybean, where dark seeds typically are more dormant than 

brighter seeds (Mohamedyasseen et al., 1994). Momhamed-Yasseen et al. (1994) further 

suggested that variation in seed coat coloration (hence also seed dormancy) was related to the 

amounts of phenolic compounds in the seed coat.  

 

Concerning postzygotic seed-based barriers in interspecies crosses, there are some key 

observations and hypotheses, which attempt to address the mechanistic and proximate cause 
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of developmental abnormalities resulting in embryonal arrest and death. It is hypothesized 

that gene expression in the developing (typically) triploid endosperm tissue is altered in 

interspecies crosses, causing embryonal arrest and death (Baroux et al., 2007; Sekine et al., 

2013; Rebernig et al., 2015; Lafon-Placette et al., 2017; Batista et al., 2019).  

In interspecies A. thaliana crosses, a mutant causing unreduced male gametes, tetraspore tes, 

was used to investigate intraspecies crosses at different ploidies (Scott et al., 1998). Scott et 

al. observed that there was a delay in the cell cycles of endosperm cells in interploidy crosses, 

which in turn altered the transition from syncytial to cellularized endosperm. This effect was 

shown to be clearly cross-direction dependent, where low ploidy maternal x high ploidy 

paternal intraspecies crosses led to the formation of endosperm proliferation and enlarged 

‘swollen’ seeds, whereas the reciprocal cross direction led to precautious endosperm 

cellularization and small seeds. Furthermore, as ploidal levels increased, the phenotypes were 

even more extreme. In interspecies Arabidopsis crosses, A. arenosa and A. lyrata species with 

different ploidies are affected in a similar manner (Lafon-Placette et al., 2017). However, in 

rice interspecies crosses the cell cycle rate for endosperm cells does not appear to be affected, 

even when similar phenotypes (larger or smaller) seeds are observed (Ishikawa et al., 2011).  

 

In the Brassicaceae genus Capsella, similar interspecies phenotypes are observed and the 

endosperm cell cycle and cellularization are affected (Lafon-Placette et al., 2018). Parental 

conflict, gene dosage and genomic imprinting (parent of origin-dependent gene expression) 

are suggested as key components in the establishment of the barrier in Capsella and 

Arabidopsis. For instance, Kang et al. (2008) showed that a transcription factor belonging to 

the MADS-box class I gene family, AGL62, is a suppressor of the endosperm nuclei 

transition from syncytial to cellularized state. 

 

Interestingly, Batista et al. (2019) showed that auxin transport is altered in the event of 

developmental arrest of heart stage embryos and further, that translocation of hexoses (sugar) 

from the endosperm to the embryo is a potential causative agent of arrest and embryo death. 

A hypothesis originally used to predict seed viability in interspecies crop-crosses, called the 

endosperm balance number (EBN) hypothesis, was purposed in the 1980ies (Johnston et al., 

1980). Following the EBN hypothesis, a prerequisite for normal seed development is a 2:1 

maternal:paternal ratio in the endosperm. One limitation of the hypothesis is that the species 

and crosses investigated are given a predicted EBN a posteriori, that is after crosses has been 



5 

 

conducted. In some instances, for instance diploid A. arenosa x A. lyrata where a seed based 

species barrier is established at similar ploidal levels and rescued at variable ploidal levels, it 

is suggested that the ‘effective EBNs’ of the parental species are different leading to different 

genomic contributions from the two parental species (Lafon-Placette et al., 2017). The EBN 

hypothesis provides a framework for predicting hybridisation outcomes, especially when 

variable ploidal levels are incorporated.  

 

1.3 The MADS-box transcription factor gene family and its role in 

seed development  

 

Many MADS-box transcription factors have shown to be functionally important regulators of 

tissues during seed development, and are therefore of particular interest in regards to 

investigating the mechanistic basis for reproductive barriers, manifested during seed 

development (Masiero et al., 2011). The MADS-box gene family is recognized by a 

conserved M motif (a DNA-binding homeobox) and is involved in controlling diverse 

morphogenetic processes in different taxa (Gramzow et al., 2010). In metazoans, the genes 

affect cell proliferation and partially provide cell-identity, and in fungi the genes are involved 

in pheromone responses. In the organisms Drosophilla melongaster, Homo sapiens and 

Saccaromyces serviceae less than five genes from the gene family are present (Gramzow et 

al., 2010). On the contrary, the gene family has acquired a wide range of functions and has 

another pattern of differentiation in the angiosperm lineage. For instance in A. thaliana, the 

gene family consists of more than 100 gene members, and similar numbers are found in other 

plant families (Grimplet et al., 2016).  

 

In angiosperms, the MADS-box gene family is involved in some broad biological processes 

including regulating floral organ development, regulating vegetative tissues and regulating 

tissues during seed development. Homeotic transformation mutants of the floral organ identity 

genes (type II MADS-boxes, MIKC and Mδ) provided the background for the ABC(DE)-

model for floral organogenesis, even prior to the genomic era (Bowman et al., 1989; Prunet 

and Meyerowitz, 2016). However, the larger more differentiated class of (type I) MADS-box 

genes (Mα, Mβ, and Mγ) contains members, which show tissue specific expression in 

developmental tissues such the embryo and endosperm, many of which are imprinted genes in 
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A. thaliana (Airoldi and Davies, 2012). 

 

Interestingly, the trends in function of type I and type II MADS-box genes in angiosperms are 

also reflected by synteny investigations in A. thaliana, due to variable gene duplication 

mechanisms underlying the differentiation of type I and II MADS-box genes (Martinez-

Castilla and Alvarez-Buylla, 2003). Type II MADS-box genes are associated with whole 

genome duplication events, and are distributed across multiple chromosomes, whilst type I 

genes are associated with more local and recent duplications and are found in clusters or in 

close proximity on chromosomes (Martinez-Castilla and Alvarez-Buylla, 2003).  

1.4 Cochlearia as a study system for investigating seed based 

hybridization barriers 

 

The phylogenetic relationship within the plant genus Cochlearia has since its taxonomical 

inception been a topic of uncertainty. The genus shows a high degree of variation in 

ecological adaptation and spatial distribution and, as already noted by Crane and Gairdner 

(1923), contains variation in chromosome numbers. The chromosomal evolution within the 

genus does not resemble similar evolution of morphological traits – i.e. plant species of 

similar ploidal levels may show greater morphological variation than what is found between 

ploidal levels. This observation, coupled with a high tendency of hybridization between taxa, 

has led to conflicting taxonomical treatments (Gill, 1973, 1990; Nordal and Stabbetorp, 1990; 

Koch et al., 1998).  

 

Recent investigations conducted on chloroplast and mitochondrial whole genome DNA 

indicate that Cochlearia diverged from its most recent common ancestor approximately 

700,000 years ago (Wolf, 2017). The genus is further separated into two subgroups with 

distinct diploid karyotypes of 2n = 12 and 2n = 14, coupled with auto-/allopolyploidy events 

within these linages (Gill, 1971; Nordal and Stabbetorp, 1990; Wolf, 2017). The only reported 

geographical area of overlap between the two diploid karyotypes is in Iceland (Gill, 1971; 

Nordal and Stabbetorp, 1990; Olsen, 2015). Based on cytological studies, (Gill, 1971, 1973) 

suggested that the 2n = 14 karyotype is most likely derived from 2n =12 by primary tetrasomy 

(doubling of one chromosome set). However, based on a phylogenetic data, Wolf (2017) 

suggested that Cochlearia has a 2n = 14 origin, with a subsequent chromosomal reduction 
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event resulting in the 2n = 12 karyotype (Wolf, 2017). In any case, Cochlearia seems as a 

good candidate for research involved in speciation processes, as the genus is of relative recent 

origin, and the species hybridize in nature (Saunte, 1955; Nordal and Stabbetorp, 1990).   

 

Cochlearia interspecies crosses have been performed in several previous studies (e.g. Crane 

and Gairdner, 1923; Saunte, 1955; Gill, 1971, 1973). Crane and Gairdner (1923) crossed 

tetraploid C. officinalis, hexaploid C. danica and octoploid C. anglica. Crosses between C. 

danica and C. anglica failed, but otherwise F1 seeds were freely obtained with germination 

rates varying between approximately 50 and 85 %. Saunte (1955) crossed diploid (2n = 14) C. 

groenlandica, tetraploid C. officinalis, hexaploid C. danica and octoploid C. anglica. All 

attempts to cross 2n = 14 plants into plants with other chromosome numbers failed in 

producing germinating seeds (e.g. C. groenlandica x C. officinalis). However, crossings 

between tetraploid and hexaploid plants and crossings between hexaploid and octoploid plants 

were largely successful. Saunte (1955) in addition successfully backcrossed a supposedly 

natural hybrid (2n = 36) between C. officinalis and C. anglica to both parental species, and 

well as the hexaploid C. danica. Gill (1971) crossed a series of diploid species (representing 

both basic karyotypes, 2n = 12 and 2n = 14). No sterility barriers between any of the taxa 

were apparent and in all cases hybrid seeds were raised to maturity and the fertility of the 

hybrid (pollen stainability) was high. The only exception was crosses in which C. 

groenlandica was the female parent because of cultivation problems in keeping the parental 

plants alive until the hybrid seeds were ripe. Gill (1973) investigated interspecies 

hybridization between diploid, tetraploid and octoploid species. The only inter-species cross 

that failed to produce mature plants was diploid C. groenlandica crossed to tetraploid C. 

officinalis. 

Despite most Cochlearia interspecies crosses that have been investigated so far resulted in 

viable seed formation (Crane and Gairdner, 1923; Saunte, 1955; Gill, 1971), some cross 

combinations may show promise to contain seed developmental defects. For instance, 

maternal C. officinalis crossed with paternal C. groenlandica resulted in non-germinating 

seeds in the experiment by Saunte (1955). The opposite cross direction (C. groenlandica x C. 

officinalis) did not produce any seeds. However, when the same crosses were performed by 

Gill (1973), hybrid seeds failed to germinate when C. groenlandica was mother, whereas 

hybrids were raised to maturity when C. officinalis was mother. Another possible candidate 
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for seed developmental defects in the experiment by (Saunte, 1955) was the cross between C. 

groenlandica and C. anglica which resulted in non-germinating seeds in both directions.  

 

To establish Cochlearia as a study system for investigating reproductive isolation, a 

representative selection of Cochlearia species were selected for reciprocal interspecies 

crosses. Two diploid species, C.pyrenaica (2n = 12) and C. groenlandica (2n = 14), one 

tetraploid species C. officinalis (2n = 24), one hexaploid species C. danica (2 = 42) and one 

octoploid species C. anglica (2n = 48). Most of the selected species are reported to be biennial 

or perennial, though C. danica is annual (Saunte, 1955; Gill, 1990).  

 

The first aim of this thesis is to investigate whether seed based hybridization barriers are 

found between different Cochlearia species, and if so, whether they are dependent on cross 

direction. To achieve this, reciprocal interspecies crosses between species representing 

different ploidal levels and basal karyotypes is performed to investigate morphology and 

germination of hybrid seeds. When interspecies crosses show abnormal seed phenotypes or 

low germination rates, seed development is further investigated with microscopy.  

The second aim is to investigate whether developing Cochlearia seeds express MADS-box 

genes, and if so, whether the genes show temporal expression patterns during seed 

developmental stages. To achieve this, seed transcriptomes were produced from two 

developmental timepoints of the diploid C. groenlandica.  
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2 Materials and methods 

2.1 Plant material and growth conditions 

 

Seeds of different Cochlearia species obtained from multiple collaborators (Table 1) were 

grown under similar conditions in growth chambers at the University of Oslo. Seeds were 

sown directly in pots with seeding soil, and 2-4 weeks old seedlings were later transferred to 

and grown in individual pots containing Sphagnum soil mixed with sand and perlite.  

Table 1: Overview of Cochlearia plant material used in this study with population and collection information. 

 

The duration of the initial (vegetative) growth season was set to three months, in accordance 

with Nordal (1990), followed by a minimum 3-month winter. During simulated summers, the 

day and night cycle was set to 18h day/6h night at a constant temperature of 22 °C (in-

chamber temperature measurements showed that small daily fluctuations of +/- 1°C  were 

common). During simulated winter, the cycle was set to 12h day/12h night at a constant 

temperature of 9 °C.  

Disregarding C. danica, which is an annual plant in the wild (Saunte, 1955; Gill, 1990), all 

species acted as perennials under these growth conditions and flowered through multiple 

summer seasons. Towards the end of a flowering season, plants were trimmed before 

transferred to simulated winters. On a related note, both C. groenlandica populations 

continuously had some mortalities (<10%) after each flowering season. In the case of C. 

pyrenaica, >10% of the plants did not flower in subsequent summers, which has also been 

noted by (Abs, 1999). 

Species Abbr. Chromosom

e no. (ploidy) 

Location (latitudes/longitudes) Collection info. 

C. pyrenaica DC. PY 12 (2x) Deutschland, Baden-Württemberg, Bergatreute, 

Weissenbronnen (47.832520/9.761570)  

2017-07-04, E. Wolf (HEID 

919781) 

C. groenlandica L. GR-1 14 (2x) Greenland, Nuuk (64.112681/-51.414359) 2017-08-22, I.B.D. Jacobsen 

(COCARC) 

C. groenlandica L. GR-2 14 (2x) Greenland, Disko Island, Mudderbugten 

(69.730856/-51.931056)  

2018-08-04, E. Bruholt, C.S. 

Bjorå, A.K.  Brysting (BBB3) 

C. officinalis L. OF 24 (4x) Norway,  Telemark, Kragerø, Skåtøy, 

Ødegårdskilen (58.861400/9.515370) 

2015-07-22, M.K. Brandrud 

(MKB15-4) 

C. danica L. DA 42 (6x) Denmark, Kerteminde, Fynshoved 

(55.613500/10.587387) 

2018-05-28, A.K. Brysting 

(AKB18-1) 

C. anglica L. AN 48 (8x) Sweden, Scania, Vellinge, Skanör with 

Falsterbro (55.425000/12.839910)  

2013-08-25, M.K. Brandrud & 

K.H. Brandrud (MKB13-10) 
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2.2 Cochlearia seed development 

 

To visualize seed development in Cochlearia, developing seeds of the investigated species 

(Table 1) were examined using microscopy. Developing siliques were harvested at different 

time points representing newly fertilized ovules to mature and fully developed embryos. The 

siliques were manually dissected and seeds from one silique were placed on a microscopy 

slide and chloral hydrate solution was added. This solution has the rapid effect of enabling 

transparency, without damaging structures in plant cells and tissues. Within a period of 2-6 

hours, microscopy pictures were taken. Images were taken with a AxioCam HRc mounted on 

a Zeiss Axioplan 2 imaging microscope with the software AxioVision version 4.8.  

2.3 Crossing experiments 

 

A crossing scheme was set up to capture different ploidal levels of both basal karyotypes (n = 

6 and n = 7) in Cochlearia (Gill, 1971; Koch et al., 1998). It included 2x reciprocal crosses of 

five Cochlearia species: C. pyrenaica (2n = 12), C. groenlandica (2n = 14), C. officinalis (2n 

= 24), C. danica (2n = 42) and C. anglica (2n = 48) (Table 1). Two genetically and 

morphologically differentiated populations of C. groenlandica (Bruholt, 2019) were included, 

which in sum made up a 6 x 6 crossing scheme. Different plant individuals were used as 

mothers and fathers in the two biological replicates of each cross combination. A biological 

replicate consisted of 1-5 pollinated flowers of one maternal inflorescence. 

 

Initial crosses included negative controls in the form of emasculated, non-pollinated flowers. 

As no maturation of seeds and siliques was observed in these flowers, negative controls were 

not included in later crosses. As for positive controls, within-species crosses were always 

outcrossed, even for self-compatible plant species.  

 

Under the given growth conditions, the different Cochlearia species showed variation in 

flower and inflorescence maturation rates and it turned out to be a challenge to coordinate 

simultaneous flowering of all species in the crossing scheme. Simultaneous flowering for 

intra- and interspecies crosses was achieved by placing plants into summer conditions at 

different dates. The rule of thumb used was that C. danica and C. officinalis were in the 
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appropriate flowering stage earlier (approx. 21 days after being moved to summer conditions) 

than C. pyrenaica, C. groenlandica and C. anglica (approx. 25 days). As C. danica is annual, 

multiple cohorts were sown out in an attempt to synchronize flowering with the remaining 

species. Summer conditions lasting 3-4 weeks turned out to be a sufficient duration for the 

inflorescences to be suitable for crosses.  

Two rounds of crossings within the full crossing scheme were set up with the purpose of 

analysing 1) seed morphology and germination rate of mature hybrid seeds, and 2) seed 

phenotypes of developing hybrid seeds. To further investigate phenotypes of developing 

hybrid seeds, reduced crossing schemes were used to produce microscopy pictures after 

treatments of the seeds with chloral hydrate solution and Feulgen stain. 

In this thesis, standard notation is used for cross combinations: maternal species x paternal 

species. 

2.3.1 Mature hybrid seeds 

 

Seed morphology 

The main crossing scheme was used to identify seed morphology in mature hybrid seeds. To 

confirm the observed patterns, some additional crossings were done involving C. 

groenlandica, C. officinalis and C. anglica (the GR-2 population was only used as father due 

to poor flowering). Seeds were harvested after silique maturation.  

Following successful crosses, seed and silique pictures were acquired with a Leica S9 stereo 

microscope, using a constant magnification, white background and contrasting (black) 

reference frame. Since measurements of the contrast frame were known, accurate 

measurements of individual seeds and siliques within the frame were made possible with 

Fiji/ImageJ software (Schneider et al., 2012). For each biological replicate, siliques were 

opened and individual seeds manually distributed within the contrast frame to minimize the 

chance of seeds sticking together, which could generate false size measurements and be 

problematic in downstream analyses. The seeds from a biological replicate were 

photographed together. Thereafter, Fiji/ImageJ-software macros were used in a pipeline to 

generate relevant data for each seed, measuring continuous variables such as area, roundness, 

and color variables (see Supplementary script 1). Prior to generating data from the seed 
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pictures, some pictures required a manual watershed (splitting of seeds in close proximity) in 

Adobe Photoshop CS6 version 13.0 x32. 

 

Seed size was also scored in three classes within a cross direction based on whether;  

there was a combination of small and normal seed size classes (-1), one seed size class (0) or 

a combination of large and normal seed size classes (1). In addition, two other phenotypes 

were scored as present/absent. Aberrant shape phenotype was scored as present (1) if 

wrinkled/distorted seed coats were observed. Aberrant color phenotype was scored as present 

(1) if more than one seed had a red or orange tint to the seed coat color (the most abundant 

color was dark brown).  

2.3.2 Germination assay  

 

To establish a standardized, predictable and reproducible germination assay for the 

Cochlearia hybrid seeds, a pilot germination assay including multiple pre-treatments was 

tested on a selection of non-hybrid seeds from C. groenlandica (both populations, GR-1 and 

GR-2) and C. officinalis. Cochlearia groenlandica seeds were acquired from selfing plants 

and were of fresh (<6 months) origin. Due to lack of fresh seed stock of C. officinalis, 4-year-

old seeds were used.   

Two scarification methods and three stratification periods were tested in combination. For 

GR-1, three replicates were subjected to a combination of either mechanical or chemical 

scarification and one of three stratification periods (altogether 18 agar plates). For GR-2 and 

C. officinalis, a reduced setup was used with 12 and 6 agar plates, respectively. One agar plate 

contained approximately 30 seeds. Seeds were sown out on MS-II agar plates and kept in 

growth chambers with 24 h /day light at a constant temperature of 22 °C.  

For the mechanical scarification, sandpaper and seeds were sterilized with HCl(g) in a closed 

compartment overnight. The work area was thoroughly cleaned with EtOH, in order to 

minimize chances of biological contaminants. Seeds were scraped on sandpaper, gently yet 

firm in a circular motion for ca. 5 sec before being distributed in MS-II agar plates with 1-2 

mL of liquid agar, sealed with tape and labelled. For the chemical scarification, the work area 

was thoroughly cleaned with EtOH. Seeds were soaked in a bleach solution for 30 min, 

decant, then soaked in EtOH for 1 min, decant, followed by soaking in a washing solution for 
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1 min, decant, and thereafter added to 1-2 mL of liquid agar, which were distributed in MS-II 

agar plates, sealed with tape and labelled. For the stratification treatments, seeds on MS-II 

agar plates were kept for 1, 3 or 6 weeks in a dark fridge (4 °C) before exposure to growth 

chamber conditions. 

 

Agar plates with low germination rates were additionally treated with gibberellic acid. A 

volume of 1 mL 10 μM gibberellic acid diluted in dH2O was added to the agar plate. 

Germination rates of seeds subjected to a stratification period of 3 weeks were measured prior 

to and after the gibberellic acid treatment.  

Finally, embryo dissections were carried out on non-germinating seeds to differentiate 

dormancy related issues from aborted or dead seed phenotypes when seed germination was 

unsuccessful. Embryo dissection was tested on C. groenlandica (GR-2, n=14) and C. 

officinalis (OF, n=10) seeds. Syringe needles were used to dissect the seed, carefully 

penetrating and removing the seed coat layer, without damaging the embryo. The naked 

embryo was squeezed out and transferred to a fresh MS-II agar plate, in combination with a 1 

mL 10 μM sucrose:dH2O (1:10) solution. The pilot experiment showed success for GR-2 

(14/14 successful transfers), but not for OF (0/10), probably a result of the different seed age. 

In summary, embryo dissections were perceived to be a successful method for detecting 

dormancy related biases. 

 

Hybrid seeds from the full crossing experiment were sown out and treated with the 

combination of pre-treatments that resulted in the highest germination rates in the pilot 

germination assay; 1 week stratification period and addition of gibberellic acid. The chemical 

scarification method was perceived to provide a more uniform (reproducible) treatment to 

individual seeds and was therefore chosen for all hybrid seeds, since both scarification 

treatments resulted in comparable germination rates. As germination rates were still quite low, 

a total of 467 seeds from hybrid crosses, which did not show signs of germinating, were 

chosen for embryo dissection and rescue as described above.  
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2.3.3 Developing hybrid seeds 

 

A second experiment using the full crossing scheme was set up to investigate seed 

morphology in developing hybrid seeds. Only the largest and healthiest silique per 

inflorescence was harvested and seed size measurements were performed as described for 

mature seeds. In addition, seed phenotypes were scored during opening of individual siliques 

as unfertilized, tiny, small or wildtype (normally developed) seeds, based on size comparisons 

with wildtype-looking seeds. Due to logistical constraints, seeds from different maternal 

plants were harvested at different DAP (days after pollination), 7-15 days, so seed size-

comparisons could only be made within a maternal cross.  

 

To further investigate the phenotypes of developing seeds, two reduced crossing schemes 

were set up: 1) maternal C. officinalis was crossed to paternal C. pyrenaica, C. officinalis, C. 

danica and C. anglica, and 2) maternal C. anglica was crossed to paternal C. pyrenaica, C. 

officinalis, C. danica and C. anglica. Sufficient inflorescences were pollinated per cross 

combination to allow silique harvest at 3, 7 and 11 DAP for each of the crossing schemes. 

Chloral hydrate solution was used to visualize tissue and cell types in the developing seeds 

from all cross combinations and timepoints. After harvesting, seeds from one healthy looking 

silique were placed on a microscopy slide. Chloral hydrate solution was added, and within a 

period of 2-6 hours, microscopy pictures were taken with a AxioCam HRc mounted on a 

Zeiss Axioplan 2 imaging microscope with the software AxioVision version 4.8.   

 

For in depth characterization of developing seeds using Feulgen stain, a reduced crossing 

scheme involving reciprocal crosses between C. groenlandica (GR-1), C. officinalis (OF) and 

C. anglica (AN) was set up (GR-2 was included as father). Cochlearia pyrenaica and C. 

danica were not included in the experiment due to poor flowering resulting in insufficient 

number of flowers and available pollen. 

 

Tissue was harvested from three week old seeds from three siliques and treated with Schiff’s 

reagent (Sigma-Aldrich S5133). Schiff's reagent reacts with aldehydes and produces a red 

stain, which is utilized in Feulgen staining. In plant tissues, the stain readily reacts with cell 

walls and enables cell-wall visualization in confocal microscopes. Fixation and embedding of 

seeds was conducted with London Resin White. The protocol described by Braselton et al. 
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(1996) was used as a template, though modified slightly. Due to the age (6 year) of the 

available Schiff’s reagent, a 12 hour, instead of a 2-3 hour, staining period was allowed. 

Confocal microscopy pictures were taken with a OLYMPUS FluoView 1000 BX61Wi model 

with the software OLYMPUS FLUOVIEW version 3.1. 

2.4 Differential gene expression analysis in 

developing C. groenlandica seeds 

 

Cochlearia groenlandica (GR-1 and GR-2) were chosen for the differential gene expression 

study based on the plants’ ability to self-pollinate and their diploid chromosome count (2n = 

14), as selfing reduces the amount of allelic variation per sample and low ploidy simplifies the 

genetic background. Early and late developmental stages were aquired from three biological 

replicates of GR-1 and GR-2. A biological replicate refers to one mother plant (due to 

insufficient flowering, one biological replicate of GR-2 was pooled from two individuals). 

Figure 2: Two timepoints of seed development investigated for differential gene expression. Microscopy 

pictures of early and late C. groenlandica (GR-1 and GR-2) seeds showing representative embryos (and 

surrounding seed tissue). Early pictures were taken 7 days after pollination (DAP). Late pictures are taken at 11 

DAP. Seeds were cleared in chloral hydrate solution.  

 

Two timepoints of seed development were chosen to be investigated for gene expression (Fig. 

2). The early developmental stage correlated with the embryo’s transition from globular:heart 

to heart stages, and the late developmental stage correlated with the embryo’s transition from 

heart:torpedo to torpedo:bent cotyledon stages. The early stage included three major cell 

types; embryo cells prior to or at the onset of a cell-proliferation period, endosperm cells 
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during a proliferation period and in addition, cells from the maternal seed coat. The later stage 

included three major cell types; embryo cells during a cell-proliferation period, endosperm 

cells post proliferation and during or after cell wall-cellularization and in addition, cells from 

the maternal seed coat.  

2.4.1 Tissue harvest 

 

Tissue harvest was performed in two different ways, with rough and precise harvesting. The 

rough harvest approach was based on the assumption that C. groenlandica inflorescences 

grow in a counter-clockwise spiral (Smyth et al., 1990) and that each individual flower 

appears to self at the similar stage (after flower maturation). A series of chloral hydrate 

microscopy slides was prepared to investigate whether developing Cochlearia seeds could be 

targeted in two categories, early (from the embryo’s four-cell stage into the transition to heart 

stage) and late (after the embryo’s transition into torpedo and torpedo stage). For the rough 

harvesting method, counting from the youngest open flower, silique number 2-3 (GR-1) and 

4-5 (GR-2) contained embryos in the early category. For both populations, this was roughly 

the stage when the silique had grown to double the size of the largest anthers. Embryos in the 

‘late’ category were harvested from silique number 7-8 and from silique number 9-10, 

respectively.  

 

For the precise harvesting method, a selfing-cross scheme was set up. Seeds were harvested 

from the same plants at early and late developmental timepoints. Early seeds were harvested 

at 7 DAP and late seeds were harvested at 11 DAP.  

 

For each biological sample, 8-12 siliques (≈ 80-120 seeds) were opened and seeds were 

manually dissected from the septum, placed into MagNA Lyser Green Bead tubes (Roche) 

and stored at -80 °C. In total, eight samples were harvested with the rough approach and 10 

samples with the precise approach.  
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2.4.2 RNA isolation and sequencing 

 

RNA was isolated according to an adjusted protocol from Spectrum Plant Total RNA Kit 

(Sigma Aldrich). On-column DNase digestion was performed and the adjustment included 

that 750 μL (instead of 500 μL) binding solution was added to the flow-through lysate upon 

binding to the column. Samples were examined by measuring concentrations with a Qbit 

RNA HS Assay, a Nanodrop-1000 spectrophotometer and more in depth with a Bioanalyzer 

2100, by following the Agilent RNA 6000 Nano kit Quick starter guide. On the basis of 

results from the quality measurements, all ten samples acquired with the precise harvest and 

one biological replicate of rough harvest from the GR-1 population were chosen for 

sequencing.  

 

Total RNA was converted to cDNA with a NEXTFLEX® Rapid Directional RNA-Seq Kit 

2.0 at the Norwegian Sequencing Centre (NSC). Sequencing of the cDNA was conducted on 

an Illumina HiSeq 4000 sequencer at NSC, in a 150 bp pair-end run with 350 bp insert size. In 

total, the twelve Cochlearia samples yielded approximately 290 mill. 150 bp pair-end reads. 

The raw output was processed with TrimGalore (version 0.4.4, 

https://github.com/FelixKrueger/TrimGalore) with default settings to remove adaptors and 

trim low-quality sequences. 

2.4.3 Transcriptome assemblies and direct comparisons of 

population specific transcriptomes 

 

A reference genome/transcriptome was needed for the downstream analyses and due to the 

lack of an available C. groenlandica genome, two de novo reference transcriptomes were 

assembled based on the sequences acquired from this experiment. The six GR-1 and GR-2 

samples were used separately to assemble population specific reference transcriptomes.   

 

The two reference transcriptomes were assembled in a similar manner. First, the trimmed 

Illumina reads were coverage-normalized with BBNORM version 37.32 (Bushnell, 2017) 

with default settings. The software reads ‘kmers’ (default 31mers) from sequences and uses 

the counts of kmers to normalize sequences of low or high frequency. Thereafter, the de novo 

transcriptome assembler rnaSPAdes (Bushmanova et al., 2019) was used to assemble the 

https://github.com/FelixKrueger/TrimGalore
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transcripts from the normalized reads. The AUGUSTUS-gene prediction software (Stanke 

and Morgenstern, 2005) was run with default settings on both reference assemblies, followed 

by a clustering of the AUGUSTUS predicted genes at 99% similarity. The final assembly 

yielded two reference transcriptomes of varying transcript numbers; GR-1 with 28,312 

transcripts and GR-2 with 29,553 transcripts.  

 

In order to enable direct comparisons between the two reference transcriptomes, an 

Orthofinder approach was used. The Orthofinder software is a tool for finding orthologous 

genes in the field of comparative genomics (Emms and Kelly, 2015). Both reference 

transcriptomes from this study and the A. thaliana Genome Annotation Official Release 

(Araport11) were added to the input. In addition to finding orthologous transcripts for the two 

populations, the approach has an added benefit in the form of providing candidate gene names 

and providing clues to the biological function of each transcript (if there is support for an 

orthogroup with an Araport11 entry).  

 

The Orthofinder output returned 17,466 transcripts, which were found to be orthologous 

transcripts for both reference transcriptomes. In downstream analyses the sequences from the 

Orthofinder output were used, unless specified otherwise.  

2.4.4 Differential gene expression analysis in edgeR 

 

The software edgeR (Robinson et al., 2009) takes transcript counts from a series of samples as 

input, and computes whether there is statistically significant differential expression (DE) 

between contrasts (sample subsets) of interest. In this thesis, the focus is whether early (n = 6 

samples) and late (n = 6 samples) Cochlearia seeds contain DE transcripts.  

The edgeR user’s guide was followed and the orthofinder output (17,466 transcripts) in 

combination with transcript counts was used as input to create a DGE (differential gene 

expression) list object. In total 991 transcripts were filtered out. The filtered transcripts 

included those, which had expression in less than 3 of 12 samples, in addition to transcripts 

that had very low expression in all samples. Thereafter a normalisation factor was calculated 

for each sample. Tagwise and common dispersions were estimated, followed by a GLMQfit 

(Quasi-likelihood methods with empirical Bayes shrinkage) model. With the GLMQfit model, 

it was possible to extract the DE genes (minimum 1 log-fold change) and with a p-value of 
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less than 0.05 between early and late seed samples (7682 DE transcripts) (see Supplementary 

script 2).  

 

An investigation of whether differential expression biases were present due to variation in 

biological replicates, harvest method or single plants vs pooled sample was also conducted. 

This was done by computing Predictive log-fold changes (predFC) with different contrasts 

(subsets of samples), which separated the potential bias samples from comparable groups. A 

correlation matrix was thereafter computed per contrast, which was further visualized with 

heatmap plots (Supplementary Fig. 1 and script 3). 

  

The DGE list object created in the differential gene expression analysis with edgeR was 

plotted in a multidimensional scaling (MDS) plot (see Supplementary script 2).  

2.4.5 MADS-box-like sequences in the transcriptomes of C. 

groenlandica seeds 

 

To screen for possible regulators of seed development, the MADS-box transcription factor 

family of genes were investigated in gene-phylogeny terms and in a differential expression 

context.  

Two different approaches were used to identify MADS-box sequences in C. groenlandica 

seeds. The first approach involved using BLAST (Basic Local Alignment Search Tool), 

which is a tool that finds similarities between sequences. Both assembled reference 

transcriptomes were blasted against a sequence database of 107 TAIR annotated MADS-box 

genes (Supplementary table: 1). The program blastp (Camacho et al., 2009), which compares 

sequences at amino acid level, was used with the following settings; a BLOSUM62-matrix, 

gap cost opening: 11, gap cost extension: 1, max hits: 1, max E value: 1e-5,  word size: 6. 

Dotplots of hits and annotated sequences were manually investigated in Geneious Prime 

(version 2019.2.3) in an attempt to screen for outliers; e.g. short alignments or alignments 

with distorted inversions and/or repeats, though no sequences were filtered out by this 

method. During investigations of the MADS-box gene phylogeny (see below), three GR-2 

transcripts were outliers and removed from the analysis as they were lacking a M-domain 

(MADS-box homeodomain).  
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The second approach involved evolutionary genealogy of genes using Non-supervised 

Orthologous Groups (EggNOG), which is a tool that suggests functional annotations of 

transcripts based on orthologs (Jensen et al., 2007). The needed input is a fasta file and the 

output contains information about purposed gene-ontology (GO) terms, KEGG-pathways and 

more. EggNOG returns sequence information if an orthogroup is found, so transcripts without 

orthogroup support are removed. The software was used to obtain GO-annotations and the 

description tab from the output. Searches in the description tab for “homeodomain”, 

“homeobox”,”mads”,”agl” and “gamous” (Supplementary script 4) resulted in 101 GR-1 and 

70 GR-2 transcript hits. However, the overall quality of these lists were somewhat mediocre, 

as many off-targets were captured (e.g. not MADS-box transcription factors). The BLAST 

lists of MADS box candidates were compared to the EggNOG hits, and for each population, 

37 GR-1 and 24 GR-2 transcripts were shown to be MADS-box like transcripts by both 

approaches. 

Gene phylogeny of MADS-box like sequences 

 

To visualize the gene phylogeny of MADS-box like sequences in the C. groenlandica seed 

transcriptomes, a multiple sequence alignment of the annotated MADS-box genes and blastp 

hits from both reference transcriptomes was produced using MUSCLE (Edgar, 2004), with 

default settings, in Geneious Prime (version 2019.2.3). A masking of the multiple alignment 

was conducted and sites with presence in less than 10% of the alignment were filtered out. A 

phylogenetic maximum likelihood tree was made with RAxML (Randomized Axelerated 

Maximum Likelihood) version 8.2.11, with the following settings; GAMMA JTT protein 

model, Rapid Bootstrapping and search for best-scoring ML tree algorithm, 200 Bootstrap 

replicates, and for the Parsimony random seed settings: 1. The GAMMA JTT protein model 

was chosen based on it being the best fitting substitution model for a comparable setup in the 

Arabidopsis background (Johannessen, 2019)). 

 

The gene phylogeny was analyzed in FigTree (version 1.4.4), and the A. thaliana MADS-box-

gene phylogeny made by (Parenicova et al., 2003; de Folter et al., 2005) was used as a 

template to separate and colorize clades that MADS-box group clades were a part of (Mα, 

Mβ, Mγ MIKC and Mδ). Nodes (individual genes/transcripts) were also colorized in five 
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groups by population (GR-1 and GR-2), A. thaliana gene or Orthogroup transcript (GR-1 and 

GR-2). The Orthogroup sequences were separated from population sequences due to being 

used in the differential expression analysis. Furthermore, three branches were halved in size 

and marked (with ½) for better visualization, in Adobe Photoshop CS6 version 13.0 x32. 

Finally the gene phylogeny revealed that three MADS-box sequences from the GR-2 

population were lacking a M-domain (MADS-box homeodomain) and was therefore 

excluded.  

Differential expression pattern of MADS-box like sequences 

 

Based on the Orthofinder output and sequence list of MADS-box like sequences in the two 

population specific transcriptomes of developing C. groenlandica seeds, 34 sequences were 

considered to be direct orthologs. All together 32 of the 34 direct orthologs showed a 

differential expression pattern (minimum 1 log fold change, p value <0.05) when comparing 

the early and later developmental timepoints investigated. The relationship of differential 

expression data acquired from the edgeR differential gene expression analysis was further 

illustrated by a heatmap plot.  
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3 Results 

3.1 Cochlearia seed development 

 

A prerequisite for investigating seed based hybridisation barriers in the Cochlearia 

background was to get an overview of how seed tissues normally develop. Following, seed 

development was examined in order to confirm whether development and tissue types were 

comparable to the Arabidopsis model of development (Windsor et al., 2000; Baud et al., 

2002; Belmonte et al., 2013). Indeed, the growing embryo in all Cochlearia species 

investigated underwent a comparable stage-wise differentiation after fertilization. The 

growing embryo divided, forming stages similar to globular-heart-torpedo-bent cotyledon 

embryos (Fig. 3). The endosperm nuclei were in a proliferation-syncytial state before 

cellularization was initiated, approximately at same developmental timepoint as the embryo 

transitions to the heart stage (≈ 7 DAP in C. groenlandica), similar to what is found in 

Arabidopsis (Batista et al., 2019). Seed coat development was also comparable to that of 

Arabidopsis (Moise et al., 2005). In Cochlearia precursors forming a papillose seed coat 

started to develop approximately at late globular stage (a microscopy picture of the papillose 

seed coat structure can be seen in Supplementary Fig. 2.  

 

 

Figure 3: Cochlearia seed development is in morphological and cell-fate terms directly comparable to 

Arabidopsis development. Picture series of developing Cochlearia seeds, with embryos highlighted in red. 

From left to right, a four-cell stage embryo, a globular stage embryo, a heart stage embryo and a torpedo/walking 

stick embryo. Seeds were prepared in chloralhydrate-medium and photos taken with a light microscope; scalebar 

100 μm. 
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3.2 Mature hybrid seeds from crossings between 

Cochlearia species 

 

Mature seeds obtained from the full (6 x 6) crossing scheme involving reciprocal crosses 

between all six Cochlearia species/populations showed variable seed phenotypes (Figs. 4, 5). 

All cross combinations produced seeds, except for the cross combination C. anglica x C. 

groenlandica (GR-2). Intraspecies crosses generally produced more seeds per silique (mean 

6.6  ± 3.5) than interspecies crosses (mean 5.6 ± 3.8). About half (16/30) of the interspecies 

crosses resulted in a 33-100 % relative reduction in number of seeds per silique when 

compared to maternal intraspecies (control) crosses (Table 2, 3), as for instance seen in the 

C.anglica x C.groenlandica (GR-1 and GR-2) crosses, suggesting that leaky postpollination 

prezygotic barriers are present to some degree. All species were involved in cross 

combinations that showed reduction in number of seeds per silique, both as mothers and 

fathers, which further implies that seed set reduction was a result of admixture of gametes and 

not a result of biases, which could be the case if the observed variation was an effect of low 

number of biological replicates. Only two cross combinations had a relative increase of 133 % 

or higher in number of seeds per silique when compared to the maternal intraspecies (control) 

crosses; C. pyrenaica x C. danica and C. groenlandica GR-2 x C. danica (Table 2).  
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Figure 4: Seeds from interspecies crosses in Cochlearia show variation in size, shape and color. Reciprocal 

crosses involved five species shown with paternal species on x-axis and maternal species on y-axis: PY – C. 

pyrenaica, GR – C. groenlandica, OF – C. officinalis, DA – C. danica and AN – C. anglica (2n – chromosome 

number). Two GR populations were used (see Table 1 for population information). The green diagonal outline 

highlights control (intraspecies) crosses. Seeds were harvested from 1-5 flowers from one inflorescence (one 

biological replicate). Photos of seeds were taken at comparable scales; scalebar in bottom-right picture: 1 mm. 

See Supplementary Fig. 3 and Supplementary table 2 for full picture series and summary statistics.  
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Figure 5: Seed size variation is greater in Cochlearia interspecies than intraspecies crosses. Combined box- 

and violin plots of seed size (area, mm2) from a 2x reciprocal crossing scheme including five species, shown 

with paternal species on x-axis and maternal species on y-axis: PY – C. pyrenaica, GR – C. groenlandica, OF – 

C. officinalis, DA – C. danica and AN – C. anglica. Two GR populations were used (see Table 1 for population 

information). The green diagonal outline highlights control (intraspecies) crosses. Seed size measurements were 

gathered from a picture series of species crosses and individual jitter points represent individual seeds. See 

Supplementary Fig. 3 and Supplementary table 2 for full picture series and summary statistics.  
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Table 2: Percentwise reduction in seeds per silique for Cochlearia intraspecies cross (mother x father), 

compared to maternal intraspecies control cross, see Supplementary table 2 for extended summary table. 

Percent reduction Interspecies cross  

seeds per silique   

100.0 C. anglica x C. groenlandica GR-2 

93.7 C. officinalis x C. pyrenaica 

81.2 C. officinalis x C. groenlandica GR-2 

79.2 C. danica x C. groenlandica GR-2 

71.9 C. officinalis x C. danica 

68.7 C. officinalis x C. groenlandica GR-1 

57.7 C. anglica x C. pyrenaica 

57.7 C. anglica x C. groenlandica GR-1 

48.1 C. pyrenaica x C. groenlandica GR-2 

47.1 C. anglica x C. danica 

40.7 C. pyrenaica x C. officinalis 

39.4 C. groenlandica GR-2 x C. anglica 

36.2 C. groenlandica GR-1 x C. groenlandica GR-2 

35.4 C. officinalis x C. anglica 

33.3 C. pyrenaica x C. groenlandica GR-1 

33.3 C. danica x C. pyrenaica 

26.4 C. danica x C. anglica 

22.2 C. danica x C. officinalis 

12.5 C. danica x C. groenlandica GR-1 

11.3 C. groenlandica GR-1 x C. anglica 

11.2 C. anglica x C. officinalis 

11.1 C. pyrenaica x C. anglica 

2.2 C. groenlandica GR-1 x C. officinalis 

-2.3 C. groenlandica GR-2 x C. groenlandica GR-1 

-6.8 C. groenlandica GR-2 x C. officinalis 

-11.7 C. groenlandica GR-2 x C. pyrenaica 

-12.6 C. groenlandica GR-1 x C. pyrenaica 

-15.6 C. groenlandica GR-1 x C. danica 

-33.3 C. pyrenaica x C.danica 

-51.0 C. groenlandica GR-2 x C. danica 

 

 

Seed size measurements from intraspecies crosses showed that C. pyrenaica and C. anglica 

intraspecies (control) crosses had the largest mean seed size (Table 3). For the remaining 

species (C. groenlandica, C. officinalis and C. danica) seed sizes from control crosses were 

more uniform. However, between the two C. groenlandica populations, a mean seed size 

difference of 0.32 mm2 was observed, which implies that seed size is a trait with plasticity 

within species. See Fig. 4 for a visual representation of seeds from all cross combinations. 
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Table 3: Summary statistics of seed size from intraspecies (control) crosses. 

Intraspecies cross  Mean seed Standard 

 size (mm2) deviation 

C. pyrenaica 2.3 ±0.412 

C. groenlandica (GR-1) 1.4 ±0.192 

C. groenlandica (GR-2)  1.08 ±0.196 

C. officinalis 1.22 ±0.24 

C. danica 1.26 ±0.0919 

C. anglica  1.86 ±0.451 
 

Seed based hybridisation barriers usually alter seed morphology. Therefore, seed phenotypes 

of mature hybrid seeds were captured by estimating size and by scoring shape and color (Fig. 

5, Supplementary table 3). Out of all cross combinations, 22 combinations produced seeds 

with at least two out of three size classes, small, medium and large. Seed size measurements 

showed larger size variation in interspecies than intraspecies crosses, illustrated by broader 

spread in the violin plots in Fig. 5. However, the seed size measurements did not 

diagnostically capture the mix of seed size classes that was observed in single crosses, as for 

instance seen in C. groenlandica x C. officinalis, C. pyrenaica x C. danica and C. anglica x 

C. groenlandica (Fig. 5, Supplementary table 3).  

All together 16 cross combinations produced seeds with some degree of distorted shape, seen 

as a wrinkled surface with the seed coat warped inwards, as for instance in C. groenlandica x 

C. officinalis and C. danica x C. anglica. Altogether 15 cross combinations produced seeds 

with a mixture of seed coat colors. The most abundant seed color was dark brown, but the 15 

combinations included seeds which had a tint of red or orange in the seed coat color, as seen 

in for instance C. groenlandica x C. anglica and C. danica x C. pyrenaica. Additionally, 

when comparing the seed coat color of the C. groenlandica GR-1 and GR-2 populations, GR-

2 seeds were in general darker than GR-1 seeds (Fig. 4, Supplementary figure: 3). 
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3.2.1 Germination 

 

In order to further examine if seed based barriers were present, germination success in 

Cochlearia seeds from interspecies crosses was evaluated in a germination experiment. 

However, as there was no established methods for inducing germination in Cochlearia, a pilot 

experiment was conducted before attempting to trigger germination in hybrid seeds. The pilot 

germination assay using non-hybrid seeds from two C. groenlandica populations and one C. 

officinalis population showed variation in germination rate when seeds were exposed to 

similar treatments, including combinations of either mechanical or chemical scarification and 

different length of stratification period, and subsequent addition of gibberellic acid (Fig. 6, 

Supplementary table 4 and 5). A combination of a short stratification period and addition of 

gibberellic acid appeared to positively affect germination in most cases. Additionally, embryo 

dissections were performed on non-germinated seeds and successfully distinguished 

dormancy related issues from dead and aborted seed phenotypes (described in materials and 

methods), suggesting that the treatments could be improved upon to induce germination in 

dormant seeds. 
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Figure 6: Addition of gibberellic acid has the net strongest germination effect of the tested treatment types 

for Cochlearia seeds. Boxplots showing germination rates of seeds from intraspecies crosses of C. groenlandica 

(GR) and C. officinalis (OF) measured after different treatments: A) chemical and mechanical scarification 

combined with different stratification periods on x-axis; B) different stratification periods (1, 3 or 6 weeks) 

combined with Chemical and mechanical scarification; C) addition of 1 mL 10 μM gibberellic acid (GA) : dH2O 

solution on subsets of plates from A and B with low germination. 
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The germination assay of hybrid seeds from the full crossing scheme resulted in variable 

germination responses for different crosses, but with an overall low germination rate (Fig. 7). 

A maternal effect resulting in lower germination was present for crosses where the C. 

groenlandica GR-2 and C. officinalis populations were included (Fig. 7). After embryo 

dissections of the non-germinating hybrid seeds (Fig. 8), it was apparent that the pre-

treatment (a short stratification period and addition of gibberellic acid) used during the full 

germination assay had failed to capture the difference between dormancy related issues and 

lethal (dead) seeds. The embryo dissections were successful in showing that some cross 

combinations had low germination due to dormancy related issues and that other cross 

directions did not germinate due to aborted or dead seeds. The dormancy related issues could 

be attributed to the experimental conditions not triggering the onset of germination for many 

seeds, but when individual embryos were dissected and transferred under appropriate 

conditions, living embryos could develop normally (Supplementary Fig. 4). 

The strength of the seed based hybridisation barriers found varied. The strongest barrier was 

found between tetraploid C. officinalis as mother and octoploid C. anglica as father, and the 

weakest barrier was found in C. danica x C. anglica and C. groenlandica x C. anglica crosses 

(Figs. 7, 8). Lethal (aborted and dead) seed phenotypes were found in cross combinations 

where low ploidy mothers were crossed with higher ploidy fathers (Fig. 8, e.g. cross 

combinations with high proportions of ‘Expected_dead’). However, not all low-maternal 

high-paternal ploidy crosses resulted in aborted seeds (e.g. tetraploid C. officinalis x 

hexaploid C. danica had high germination rate; Fig. 8). Interestingly, the reverse cross 

direction of the lethal seed phenotypes (e.g. high ploidy mothers x low ploidy fathers) resulted 

in germinating hybrid seeds. Furthermore, the conducted crosses did not suggest that there are 

any barrier to gene flow between diploid species of the two karyotype linages (n = 6 and n = 

7), i.e. seeds from reciprocal C. pyrenaica x C. groenlandica showed high viability after 

embryo dissections (Fig. 8). It should be noted that the maternal C. pyrenaica crosses had a 

smaller sample size (less biological replicates; Supplementary table 2) than other crosses and 

should therefore be interpreted more carefully. 
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Figure 7: Seed germination rates indicate seemingly low hybrid success in Cochlearia interspecies crosses, 

and an effect of the maternal background. Germination rate of Cochlearia seeds after gibberellic acid 

treatment on y-axis, visualized with stacked barplots (se legend for barplot classes) from reciprocal crosses of 

five species, shown with paternal species on x-axis and maternal species on y-axis: PY – C. pyrenaica, GR – C. 

groenlandica, OF – C. officinalis, DA – C. danica and AN – C. anglica. Two GR populations were used (see 

Table 1 for population information). The green diagonal outline highlights control (intraspecies) crosses. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Abnormal and aborted seed phenotypes are distinguished from dormancy related issues in 

Cochlearia interspecies crosses by embryo dissections of non-germinated seeds. Expected germination rates 

after 467 embryo dissections (Supplementary fig.4) of non-germinated hybrid Cochlearia seeds (from Fig. 7). 

The expected germination rates are visualized with stacked barplots (see legend for barplot classes) from 

reciprocal crosses of five species, shown with paternal species on x-axis and maternal species on y-axis: PY – C. 

pyrenaica, GR – C. groenlandica, OF – C. officinalis, DA – C. danica and AN – C. anglica. Two GR 

populations were used (see Table 1 for population information). The green diagonal outline highlights control 

(intraspecies) crosses. 
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3.3 Developing hybrid seeds from crossings 

between Cochlearia species 

 

Given the presence of seed based hybridisation barriers as seen by low germination rate of 

mature seeds from certain interspecies crosses, it was expected that seed morphology also was 

altered in developing seeds. Therefore, the full crossing experiment was repeated and 

developing seeds were harvested at 7-15 DAP. The seeds were characterized by size 

measurements and scored as unfertilized, tiny abort, small and wildtype (normally 

developed). For some of the cross combinations that produced mature seeds with low 

germination rate, corresponding lethal seed phenotypes (delayed and underdeveloped seeds) 

were found in developing seeds (Fig. 9), e.g. the cross combinations C. officinalis x C. 

anglica and C. danica x C. anglica. However, this was not the case for other cross 

combinations with low germination rate, e.g. C. groenlandica (GR-1) x C. anglica. 
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Figure 9: Developing seeds from Cochlearia interspecies crosses show variable seed phenotypes. Reciprocal 

crosses involved five species shown with paternal species on x-axis and maternal species on y-axis: PY – C. 

pyrenaica, GR – C. groenlandica, OF – C. officinalis, DA – C. danica and AN – C. anglica. Two GR 

populations were used (see Table 1 for population information). The green diagonal outline highlights control 

(intraspecies) crosses. Size comparisons can only be made within a maternal cross, due to harvest at different 

time-points during development; for each picture, bottom-left text contains information about developmental 

timepoints in DAP (days after pollination). Scalebar 1 mm (in bottom right picture).  
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Cochlearia officinalis and C. anglica mothers produced a higher degree of unfertilized and 

abnormally developed ovules than the other species (Fig. 10). These observations did not 

indicate the presence of species barriers but rather highlighted problems with the maternal 

background, since intraspecies (control) crosses also contained the phenotypes. To investigate 

this further, microscopy investigations of developing (3, 7 and 11 DAP) seeds from 

interspecies crosses with C. officinalis and C. anglica as mothers were performed using 

chloral hydrate solution to visualize tissue and cell types in the developing seeds (Fig. 11, 12).   

Unfertilized ovules and abnormal ovule development were seen in crosses with C. officinalis 

and C. anglica as mothers, and also in control (intraspecies) crosses (Figs. 11F, 12H) in 

similar ratios to that of the interspecies crosses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Developing seeds from maternal C. officinalis and C. anglica crosses contain higher proportions 

of unfertilized and aborted seeds per silique. Proportions of seed phenotypes, observed in developing (7-15 

DAP) seeds, visualized with stacked barplots (see legend for barplot classes) from reciprocal crosses of five 

species, shown with paternal species on x-axis and maternal species on y-axis: PY – C. pyrenaica, GR – C. 

groenlandica, OF – C. officinalis, DA – C. danica and AN – C. anglica. Two GR populations were used (see 

Table 1 for population information). The green diagonal outline highlights control (intraspecies crosses). 

Phenotypes were scored in the largest silique per biological replicate.  
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Figure 11: Low fertility in the maternal C. officinalis background is related to unfertilized and abnormal 

ovules and is not an indication of postzygotic species barriers. Microscopy slides (A-H) of maternal C. 

officinalis seeds with different paternal contributors: PY – C. pyrenaica, OF – C. officinalis, DA – C. danica and 

AN – C. anglica. A, B, C and D show wildtype seeds with normal development, and E, F, G and H show 

unfertilized and abnormal ovules. Pictures are taken at 3, 7 or 13 DAP and seeds were prepared in 

chloralhydrate-medium. Below a series of barplots with seed phenotype counts per silique on y-axis and days 

after pollination (DAP) on x-axis (see legend for phenotype classes.) The Delayed_dev phenotype includes 

fertilized and growing embryos, which are delayed in development relative-to-wildtype seeds. 

Unfertilized_ovules include abnormal and unfertilized ovules. Scalebar 100 μm.  
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Figure 12: Low fertility in the maternal C. anglica background is related to unfertilized 

and abnormal ovules and is not an indication of postzygotic species barriers. Microscopy 

slides (A-H) of maternal C. anglica seeds with different paternal contributors: PY – C. 

pyrenaica, OF – C. officinalis, DA – C. danica and AN – C. anglica. A, B, C and D show 

wildtype seeds with normal development, and E, F, G and H show unfertilized and abnormal 

ovules. Pictures are taken at 3, 7 or 13 DAP and seeds were prepared in chloralhydrate-

medium. Below a series of barplots with seed phenotype counts per silique on y- axis and 

days after pollination (DAP) on x-axis (see legend for phenotype classes). The Delayed_dev 

phenotype includes fertilized and growing embryos, which are delayed in development 

relative-to-wildtype seeds. Unfertilized_ovules include abnormal and unfertilized ovules. 

Scalebar 100 μm. 

 

To further confirm that the crosses resulting in underdeveloped seed phenotypes contained 

aborted and abnormal embryos, a reduced crossing scheme involving reciprocal crosses 

between C. groenlandica (GR-1), C. officinalis (OF) and C. anglica (AN) was set up to 

investigate developing (21 DAP) seeds using Feulgen stain. In depth characterization of the 

seeds showed large phenotypic variation ranging from fully sized embryos to heart stage 

embryos. The endosperm was almost completely degraded in seeds with fully sized embryos, 

A      B                C         D 

E      F                G         H 
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while non-cellularized endosperm cells were seen in seeds with heart stage embryos (Fig. 13). 

The intraspecies (control) crosses were in late embryo developmental stages (bent cotyledon-

fully mature embryo stages; Fig. 13). Some variation between species was, however, also 

seen, as C. anglica seeds seemed to mature at a slower rate than seeds from the other 

intraspecies crosses.  

The microscopy pictures confirmed that interspecies cross combinations resulting in non-

germinating seeds (Fig. 8, Expected_dead) contained arrested embryos, further implying that 

arrested embryos can explain the mechanistic basis for the non-germinating seeds. Seeds from 

the cross combination C. groenlandica x C. officinalis showed two seed phenotypes, one 

phenotype which was similar to the control cross and one phenotype which was 

developmentally premature and arrested in its development at the transition from the embryo 

heart-torpedo stage (Fig. 13). Premature and arrested embryos were also observed when 

dissecting mature seeds from this cross combination (Supplementary Fig. 4), further 

suggesting that the phenotypes were indeed arrested and not developmentally delayed in 

comparison to control crosses. Similar seed phenotypes were observed in the C. groenlandica 

x C. anglica cross (Fig. 13), though the frequency of developed embryos was higher for this 

cross combination (Fig. 8). Interestingly, in the reciprocal cross direction, a clear seed size 

reduction was apparent in C. officinalis x C. groenlandica but all seeds contained fully 

developed embryos (the seed size difference is also noticeable in Fig. 5 by comparing 

boxplots). For C. anglica x C. groenlandica hybrid seed size was also reduced with normally 

developed embryos in the smaller seeds, but one abort was found, which could be an earlier 

abort than heart stage embryo. For C. officinalis x C. anglica only heart stage embryos were 

found, and in the reciprocal cross direction, seed size reduction was observed with fully 

developed embryos inside.  
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Figure 13: Characterization of 21 DAP (days after pollination) hybrid seeds reveals arrested embryos 

present in cross combinations with low seed germination rates. Confocal microscopy pictures sorted with 

paternal species on x-axis and maternal species on y-axis: GR – C. groenlandica, OF – C. officinalis and AN – 

C. anglica (2n chromosome number in parenthesis). The crosses GR x OF, GR x AN, OF x AN , AN x GR 

contain arrested embryos. Pictures were taken with a confocal microscope and seed samples Feulgen stained; 

scalebar 100 μm.  
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3.4 Differential gene expression analysis in 

developing C. groenlandica seeds 

 

The transcriptome analysis involving three biological replicates of seeds from two 

populations of C. groenlandica (GR-1 and GR-2) at two timepoints of development (early and 

late) showed that the gene expression pattern for each sample was dependent on both harvest 

timepoint and population (Fig. 14). The leading MDS x-axis (dim 1) was drawn out by the 

early timepoint samples of GR-1 and GR-2, respectively, which were found at each end of the 

axis, whereas late timepoint samples of both populations had intermediate values along this 

axis. The y-axis (dim 2), on the other hand, was drawn out by the late timepoint samples of 

GR-1 and GR-2, respectively, whereas the early timepoint samples had intermediate values 

along this axis. The observed differential expression levels could potentially also be 

influenced by biases introduced during harvesting, RNA-isolation, sequencing and separate 

transcriptome assemblies. However, the clear structuring of gene expression patterns 

according to developmental timepoint in combination with population (Fig. 14) validates that 

expression levels are not a result of random sampling patterns. Additionally, potential bias-

samples were investigated and had expression patterns most similar to that of non-bias 

comparable samples (Supplementary Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: RNA-samples used in the differential expression analysis of developing Cochlearia groenlandica 

(GR) seeds cluster by developmental timepoints (early and late) in addition to population (GR-1 and GR-

2). MDS (multidimensional scaling) plot of distances between gene expression profiles clusters the samples in 
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four groups: GR-1 early, GR-1 late, GR-2 early and GR-2 late. The two dimensions (y and x axis) in the plot are 

based on Euclidean distances, which highlights the overall similarity between each sample in the gene 

expression profile.  

3.4.1 MADS-box like sequences in the transcriptomes of C. 

groenlandica seeds 

 

The transcriptome analysis further revealed an abundance of MADS-box like transcripts in 

the Cochlearia seed tissues. Generally, the MADS-box gene family are transcription factors 

and regulate gene expression, and many MADS-box members show spatial and temporal 

expression patterns during seed development in other angiosperms (Becker and Theissen, 

2003; Airoldi and Davies, 2012; Yoshida and Kawabe, 2013; Grimplet et al., 2016). 

The developmental timepoints investigated were specifically chosen to capture developing 

seed cells in different developmental contexts. The early timepoint was expected to capture 

embryo cells prior to or at the onset of the cell-proliferation period, whereas the late timepoint 

was expected to reflect the cell-proliferation period. Similarly, for endosperm cells, the early 

timepoint was expected to reflect the proliferation period, whereas the late timepoint was 

expected to represent post proliferation, during or after the cell wall-cellularization period.  

A total of 78 MADS-box like transcripts were shown to be present in the GR-1 transcriptome 

and 70 in the GR-2 transcriptome (Fig. 15). Some were interpreted as A. thaliana gene 

orthologs, while there also appeared to be gene diversification and evolution within the C. 

groenlandica linage (or loss in A. thaliana). The orthofinder output proposed 34 MADS-box 

orthogroups found in both transcriptomes, of which 32 showed differential expression at the 

different timepoints of development (Fig. 16). Interestingly, the MADS-box transcripts, which 

showed the strongest change in expression (highest logFC), were all downregulated at the 

early developmental timepoint and upregulated at the late timepoint. Furthermore, an 

interesting aspect was that many of the Cochlearia-specific (‘novel’) MADS-box transcripts 

also showed a differential expression pattern during seed development, further implying the 

gene family’s role as developmental regulators.  
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Figure 15: A gene tree consisting of MADS-box-like sequences found in the C. groenlandica (GR) seed 

transcriptomes gives insights into potential MADS-box gene diversification within Brassicaceae. Gene 

phylogeny of MADS-box sequences inferred from a multiple sequence alignment using RAxML with MADS-

box predicted amino acid sequences from both C. groenlandica populations (GR-1, n=78) (GR-2, n=70), in 

addition to A. thaliana genes (n=107). Clades are colored based on which group of MADS-box sequences the A. 

thaliana genes associate with (see legend for details). Labels are colored based on the origin of individual 

MADS-box sequences; GR-1 or GR-2, Orthogroup transcript GR-1 or GR-2, or A. thaliana gene (se legend for 

color details). The labels ‘Orthogroup transcript GR-1’ and ‘Orthogroup transcript GR-2’ are given unique colors 

because they are further analysed in Fig. 16. Furthermore, three branches were halved in size and marked (with 

½) for better visualization. Branch labels refers to the bootstrap support value, scalebar is found in the legend (2 

amino acid substitutions).  
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Figure 16: Many MADS-box-like transcripts have variable expression in developing C. groenlandica seeds. 

The heatmap plot consists of pseudo-normalized expression levels of MADS-box-like transcripts found in all C. 

groenlandica (GR) seed samples (n=12). Transcripts from the two GR populations are grouped if they share 

orthogroups defined by orthofinder. Labels which include the prefix CG… are MADS-box–like orthogroups that 

are shared between the two GR populations but are too different to cluster with A. thaliana sequences. Several 

transcripts show higher expression at the early developmental timepoint (row number 10-29) whereas other  

show lower expression at the early developmental timepoint (row 1-9 and 30-34). On the horizontal axis, first 

letter refers to GR population; N = GR-1, B = GR-2 and suffix refers to early (7 DAP) or late (11 DAP) 

developmental timepoints. logFC refers to the strength of differential expression and is measured in relative 

transcript abundances (mean-square 1< logfold change) in the comparison between early and late developmental 

timepoints.  
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4 Discussion 

4.1 Cochlearia seed development 

 

No previous publications known to this author have investigated seed development in 

Cochlearia in detail (Fig. 3). It is apparent that Cochlearia seeds have a similar 

developmental profile to that of Arabidopsis and other Brassicaceae members (Peris et al., 

2010), specifically in terms of the developing embryo, endosperm and seed coat. The 

endosperm cells appear to transition from a syncytial to a cellularized state at similar 

developmental timepoints, approximately when heart stage embryos are found (Batista et al., 

2019). Still, some differences are apparent in terms of size (Cochlearia seeds are bigger than 

Arabidopsis seeds) and the Cochlearia seed coat has a papillose seed coat surface.  

4.2 Postzygotic species barriers in Cochlearia 

 

One of the main objectives of this thesis was to investigate whether hybridization between 

Cochlearia species are affected by seed based reproductive barriers. The genus is relatively 

young and during a period of 700 ka, supposedly multiple speciation events have occurred 

(Crane and Gairdner, 1923; Saunte, 1955; Gill, 1971; Wolf, 2017). Interspecies crosses 

conducted in this thesis suggest that deterministic reproductive isolation has not yet been 

achieved within the genus, as most crosses resulted in germinating hybrid progeny (Fig. 8). 

Furthermore, the crosses conducted in this thesis show a similar pattern to what previous 

interspecies Cochlearia cross experiments have shown, that is – an overall trend of hybrid 

success (Crane and Gairdner, 1923; Saunte, 1955; Gill, 1971, 1973).  

 

Still, some interspecies crosses showed a reduction both in seed production and in 

germination rate of the seeds, suggesting that gene flow between the species appear to be 

influenced both by post-pollination prezygotic factors (reduced fertilization of ovules, or 

potential immediate zygote abort; Table 2) and by postzygotic factors (abnormal development 

and reduced germination rate of hybrid seeds; Fig. 8). Post-pollination prezygotic barriers 

could for instance be attributed to inviability of foreign pollen, though this has not been 
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explicitly investigated here. It is also possible that some of the variation in seed set observed 

in this thesis is a stochastic effect from the experimental setup and that a higher number of 

biological replicates would have been needed to quantitatively measure post-pollination 

prezygotic barriers. As to the postzygotic seed based hybridization barriers that were observed 

in the Cochlearia interspecies crosses, the strength and effect of the barrier varied according 

to the exact cross combination (Figs. 7, 8, 13, Supplementary Fig. 4). All cross combinations 

that led to lethal seed phenotypes and embryonal arrest occurred in crosses where lower 

ploidy mothers were crossed to higher ploidy fathers.  

Reciprocal crosses between C. groenlandica (2n = 14) and C. pyrenaica (2n = 

12) 

Without any prior knowledge one could expect that a difference in basal chromosomal 

constitution would lead to interspecies incompatibilities, however this does not seem to be the 

case. Diploid crosses between the two karyotype linages (n = 6 and n = 7) (e.g. reciprocal C. 

groenlandica x C. pyrenaica) showed no signs of lethal developmental defects, and seeds 

germinated at high rates (Figs. 4,5, 8). Before the germination assay, seeds from the C. 

groenlandica x C. pyrenaica cross direction were candidates for containing developmental 

abnormalities, as a swollen and collapsed seed phenotype was observed (Figs. 4, 5, 

Supplementary Fig. 3). A similar phenotype is typically found in seed based hybridization 

barriers in other species and is an indication of embryonal arrest (Ishikawa et al., 2011). 

However, the successful germination observed here corresponds with previous crossing 

experiments (Gill, 1971, 1973) that did not indicate any interspecies incompatibilities at the 

diploid level either.  

Reciprocal crosses between C. officinalis (2n = 24) and C. anglica (2n = 48) 

The seemingly strongest seed based hybridization barrier found was in crosses between 

tetraploid C. officinalis and octoploid C. anglica (Figs. 7, 8, 12D, 13), seen as abnormal seed 

development in fertilized seeds. In addition there was a high degree of unfertilized seeds and 

deformed ovules which turned out to be related to the maternal background in both species 

rather than a reproductive barrier. The presence of a seed based barrier in this cross 

combination is in contrast to the successful crosses that Saunte (1955) observed for these two 

species. Saunte (1955) did not go into explicit detail of the rate of successful germination in 

her crosses. The C. officinalis x C. anglica seed based hybridization barrier described in this 
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thesis is leaky, as a smaller proportion of seeds (ca. 25%) germinated (Fig. 8), implying that a 

minority phenotype could very well be characterized as successful hybrid progeny. Still, 

results from this thesis demonstrates that seed development in ca. 75% of the seeds is altered 

to such an extent that arrested lethal embryo phenotypes are observed (Figs. 8, 13). In the 

reciprocal cross direction (C. anglica x C. officinalis), a smaller seed size phenotype was 

observed than in interspecies C. anglica seeds (Figs. 4, 5, 8, 13). Developed embryos were 

found in the smaller hybrid seeds (Fig. 13), which germinated at high rate after embryo 

dissections (Fig. 8, Supplementary Fig. 4). An interpretation of the findings is that endosperm 

development is affected in this cross direction in terms of less cell divisions, resulting in a 

smaller seed, yet overall endosperm tissue function is adequately maintained and enables 

support to the growing embryo (Figs. 4, 5, 13). Saunte’s (1955) also reported that seeds from 

C. anglica x C. officinalis led to viable offspring.  

Reciprocal crosses between C. groenlandica (2n =14) and C. officinalis (2n = 

24) 

Another interspecies cross candidate for containing a seed based hybridisation barrier was C. 

officinalis x C. groenlandica. A clear seed size reduction was seen when comparing hybrid C. 

officinalis x C. groenlandica seeds to the seed size of intraspecies C. officinalis seeds (Figs. 4, 

5, 13), similar to what was observed in C. anglica x C. officinalis. Fully developed embryos 

were found in the smaller seeds (Figs. 5, 13) and further germinated at high rates after embryo 

dissections (Fig. 8, Supplementary Fig. 4). In the crossing experiment by Gill (1973)  hybrids 

from C. officinalis x C. groenlandica were raised to maturity, but the same cross did not 

produce germinating seeds in the experiment by Saunte (1955). Results from this thesis 

indicate that in the reciprocal cross direction, C. groenlandica x C. officinalis, two clear 

mature seed phenotypes could be distinguished (Figs. 4, 5). A roughly equal distribution of 

germinating seeds and an arrested heart stage embryo seed phenotype was present (Figs. 4, 8, 

13). In the experiment by Gill (1973) seeds from C. groenlandica x C. officinalis crosses did 

not germinate, whereas in the experiment by Saunte (1955), this cross direction did not 

produce any seeds. One possibility is that population specific behaviors tied to hybrid seed 

development could explain the differing results between studies but this would require more 

through investigations, for instance by conducting reciprocal crosses with multiple 

populations from both species. 
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Reciprocal crosses between C. officinalis (2n = 24) x C. danica (2n = 42) 

 

The C. officinalis x C. danica crosses was the only exception to the observation that a low 

ploidy mother crossed with a higher ploidy father resulted in developmental arrest, as this 

cross combination (in both directions) produced a high degree of germinating seeds (Fig. 8). 

Saunte (1955) reported that the same cross did not succeed while the reciprocal cross (C. 

danica x C. officinalis) did.  

Cochlearia interspecies crosses and seed based hybridisation barriers 

 

What typically is seen in crosses with seed developmental arrest is that, seed size and 

endosperm development is impaired in one cross direction, whilst in the opposite cross 

direction, endosperm and seed proliferation and enlargement is observed (Scott et al., 1998; 

Ishikawa et al., 2011; Lafon-Placette et al., 2017; Lafon-Placette et al., 2018; Batista et al., 

2019; Piosik et al., 2019). Indeed a similar mechanism seem to be present in reciprocal C. 

groenlandica x C. officinalis and C. officinalis x C. anglica crosses with reduced seed size in 

on cross direction and lethal embryo phenotypes in the other direction. However, in this case, 

the small hybrid C. officinalis x C. groenlandica and C. anglica x C. officinalis seeds manage 

to germinate, in contrast to reciprocal seed based hybridization barriers investigated in other 

species, where both cross directions result in arrested embryo phenotypes (Rebernig et al., 

2015; Lafon-Placette et al., 2017).  

It is not possible to conclude with the current line of evidence that the observed 

developmental defects (arrested embryos) are homologous traits for all Cochlearia 

interspecies crosses (or for all angiosperms) (Lafon-Placette et al., 2017; Lafon-Placette et al., 

2018; Batista et al., 2019; Piosik et al., 2019). One possibility is that different developmental 

gene-networks are affected in different interspecies crosses, yet they still result in the same 

phenotype (developmental arrest). For instance in a hypothetical scenario, if translocation of 

sugars from endosperm to the developing embryo is a common mechanistical basis for hybrid 

angiosperm embryo death (Batista et al., 2019), multiple pathways and genetic networks 

could be responsible for abnormal function in a hybrid offspring context, and different 

abnormalities in different species could still result in the same lethal phenotype.  
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It is apparent from the Cochlearia interspecies crosses conducted that most crosses involving 

low ploidy mothers and higher ploidy fathers result in aborted seeds and lethal phenotypes 

(Figs. 7, 8 13, Supplementary Fig. 4). However, the rate at which the lethal seed phenotypes 

occur is specific to cross-combination. A natural follow up question to the observation is 

which explanatory variables can explain the lethal phenotypes? From other interspecies 

crosses in Arabidopsis (Lafon-Placette et al., 2017), rice (Sekine et al., 2013), tomato (Piosik 

et al., 2019), potato (Carputo et al., 1997), it is apparent that the aborted embryo phenotypes is 

a reoccurring theme for hybridizing angiosperms. The endosperm balance number (EBN) 

hypothesis states that a 2:1 maternal:paternal ratio is required for normal endosperm 

development and that species contain different intrinsic EBNs, which in turn result in skewed 

maternal:paternal ratios in problematic crosses (Johnston et al., 1980). Recall that the 

endosperm is typically a triploid tissue (diploid set of chromosomes from the mother, and a 

haploid set of chromosomes from the father). In the problematic cross direction between C. 

officinalis x C. anglica, a simplified version of the EBN based on the chromosome number of 

the species suggests that the maternal:paternal ratio is approximately 1 (24:(48/2)). However, 

in the intraspecies C. officinalis crosses, a similar simplified EBN suggests a 

maternal:paternal ratio of approximately 2 (24:12), which in theory should fulfill the 

requirements of a successful cross. The EBN number is not informative in as to describe the 

mechanistical basis for the lethal phenotypes, but provides a model for expected hybridization 

outcomes and appears to be a good fit for targeting problematic crosses in the Cochlearia 

background. 

 

Following the EBN hypothesis, it is suggested that mis-regulation and altered gene-dosages in 

endosperm tissue is the causative agent for the aborted embryos (Johnston et al., 1980; 

Schatlowski and Kohler, 2012; Lafon-Placette et al., 2017). Gupta (1981) induced polyploidy 

in both C. pyrenaica (2n = 12) and C. officinalis (2n = 24) and measured DNA, RNA and 

protein contents in young leaves. He showed that, indeed, higher ploidal level plants contain 

higher contents of DNA, RNA and protein, though the increase is not a linear function of to 

the ploidy doubling. The point is that measuring EBN merely as a product of the chromosome 

number is simplifying the cellular developmental background, as the effective-EBN (here 

meaning the ratio of actual endosperm gene expression levels from the maternal:paternal 

contributors) is also under regulation by factors such as DNA methylation, histone 

modifications, chromatin remodeling, genomic imprinting and transcription factor activities 
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(Pfluger and Wagner, 2007; Kohler et al., 2012; Klemm et al., 2019). Interestingly, Baroux et 

al. (2007) showed that A. thaliana endosperm nuclei are 2-4 times larger in comparison to 

embryo nuclei in the earliest stages of seed development (prior to globular-stage embryos) 

and also remain larger at later stages. The nuclei size differences are attributed to the 

chromatin state of the cells and following, endosperm cells are less densely packed in 

chromatin. In addition Baroux et al. (2007) investigated the heterochromatin state of 

endosperm cells in A. thaliana in crosses with variable EBN numbers; maternal:paternal 2:2 

(lethal cross combination) showed a similar heterochromatin state to that of control (2:1) 

seeds, while the reverse cross direction of the lethal cross combination (4:1) showed 

approximately 25% relative increase in heterochromatin, in comparison to control seeds. 

Layers of genomic regulation (such as heterochromatin regulation) in addition to genome size 

contributes to the effective EBN, and it is an interesting aspect that genomic regulation 

appears to be affected in reciprocal cross directions of low ploidal mothers and higher ploidy 

fathers.   

4.3 Differential expression analysis in developing C. 

groenlandica seeds  

 

The other main objective of this thesis was to investigate whether developing Cochlearia 

seeds express MADS-box transcription factors, and whether the genes show temporal 

expression patterns during seed development.  

 

Whether all or most of the underlying genetical networks that shape seed morphology are 

homologous between Cochlearia and Arabidopsis is a complex issue, yet a matter of 

biological interest. The differential gene expression analysis (Fig. 16) conducted on 

developing Cochlearia seeds indeed suggests that there is a degree of shared gene expression 

for the MADS-box class of transcription factors and one may speculate that the transcription 

factors’ function is to regulate downstream gene expression of homologous targets and/or 

functional-homologs.  

 

The developmental timepoints investigated were specifically chosen to capture developing C. 

groenlandica seeds at different developmental stages. From other species, we know that 
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genetic regulation and variable gene activity is ongoing during embryogenesis (Peris et al., 

2010; Hofmann et al., 2019). Many layers of genetic regulation exist and transcription factor 

activity is a necessary component (Klemm et al., 2019). MADS-box class I transcription 

factors have shown to be active in a certain temporal state in developing seed tissues, for 

instance the gene AGL-62, which suppresses endosperm cells transition from proliferation to 

cellularization, when expressed in A. thaliana (Kang et al., 2008; Masiero et al., 2011). No 

direct AGL-62 ortholog was found in the seed transcriptomes acquired in this experiment, but 

many other MADS-box genes were found to be transcribed mRNAs in the C. groenlandica 

seed tissues (Fig. 15).  

The differential expression analysis conducted on C. groenlandica seeds show some 

interesting expression patterns for MADS-box sequences (Fig. 16). Out of the 34 directly 

comparable MADS-box orthogroup sequences from the two population-specific de novo 

assembled reference transcriptomes, 32 showed a minimum 1 logfold change in expression (p 

>0.05), when comparing early developmental timepoint samples to late (Fig. 16), most of 

which showed higher expression at the early developmental timepoint. Transcripts with the 

strongest change in expression were all downregulated in the early developmental timepoints 

and upregulated in the later. Unfortunately, it is not possible to identify these differentially 

expressed transcripts based on which tissue type(s) the transcripts are expressed in (e.g. 

embryo, endosperm or seed coat). Information on tissue type(s) expression would be an 

interesting addition and would further validate a general function of the individual transcripts, 

if they show similar expression patterns to A. thaliana orthologs. There is also a possibility 

that some of the differentially expressed MADS-box transcripts are influenced by seed coat 

contamination effects, which are known to impact transcript abundances in seed 

transcriptomes (Schon and Nodine, 2017; Hofmann et al., 2019). Either way, it is striking that 

the majority of the comparable MADS-box transcripts show temporal expression patterns 

during C. groenlandica seed development.  

 

An advantage of assembling two separate reference transcriptomes, followed by finding 

orthologous transcripts, and further validating the ortholog sequences by investigating the 

expression levels is that, even though some transcriptomic information is lost in that process, 

the output is thoroughly tested. There is always the possibility that individual transcripts may 

be ‘false positives’ due to biases in for instance transcriptome assemblies or a result of 

sequencing errors. By screening for orthologous sequences and analyzing them in multiple 
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samples, it is possible to deduct whether a functioning transcript is captured or not, even when 

the genomic background is not known, as is the case for C. groenlandica.   

 

Additionally, some of the Cochlearia-specific (‘novel’) MADS-box transcripts (Fig. 16) also 

showed a differential expression pattern during seed development, further implying the gene 

family’s role as seed developmental regulators (Riechmann and Meyerowitz, 1997; Martinez-

Castilla and Alvarez-Buylla, 2003; Masiero et al., 2011; Airoldi and Davies, 2012; Grimplet 

et al., 2016). It is also possible that the Cochlearia-specific (‘novel’) transcripts are a 

consequence of gene loss in A.thaliana. 

 

Conclusion 

 

The interspecies crosses conducted suggest that Cochlearia seed development is affected in a 

reciprocal manner; in most cases seed size is reduced when high ploidy mothers are crossed to 

low ploidy fathers, and in the reciprocal cross direction (low ploidy mothers crossed to high 

ploidy fathers) abnormal and lethal arrested embryos are found. Whole genome duplications 

is a recurring theme in angiosperm linages and results from this thesis suggest that, when 

considering pollination and seed viability in isolation, there is a tendency for high ploidal 

level Cochlearia species to acquire gene flow from lower ploidal level species. This is a cross 

direction-dependent effect, implying that a high ploidal level species would be expected to 

function as better hybrid mother, if two Cochlearia species were to be found in sympatry.  

The differential expression analysis conducted on developing C. groenlandica seeds suggests 

that many MADS-box genes are active during C. groenlandica seed development, and almost 

all of the compared transcripts show a differential expression pattern, which further implies 

that most of the putative and expected transcription factors could be involved in and regulate 

distinct genetic networks during embryogenesis and seed development. The differential 

expression analysis was intended as a pilot project and did not include the investigation of 

MADS-box genes in developing hybrid seeds from interspecies crosses. A natural follow up 

would be to extend these analyses to hybrid seeds from interspecies crosses that are 

candidates for a seed based postzygotic barrier (for instance C. groenlandica x C. officinalis). 

An interesting experimental design would be to investigate whether it is possible to separate 

developing C. groenlandica x C. officinalis seeds in the two phenotype classes found in this 
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thesis (that is, germinating seeds and arrested embryos), at multiple developmental timepoints 

during early seed development. Then, RNA-seq of the two seed phenotypes at multiple 

developmental timepoints would further allow for precise screening of genes that are 

differentially expressed in the surviving and arrested embryos.  

Establishing Cochlearia as a study system for the investigation of reproductive isolation has 

been challenging for instance with regard to adapting different flowering times to the crossing 

scheme and setting up a comparable germination assay. The results from this thesis and 

previous studies suggest that population specific effects might influence the outcome from 

interspecies crosses. Also, issues relating to the in the maternal background of the C. 

officinalis and C. anglica populations used in this thesis crosses added an additional challenge 

in the interpretation of the interspecies crosses conducted. Ideally, more populations of each 

species should have been included in the crossing scheme to draw more general conclusions. 

Still, this is an inherent problem when investigating plants from natural populations compared 

to inbred homozygous strains. 

Nevertheless the results from thesis provides a background for further studies on reproductive 

isolation between Cochlearia species with the potential to provide deeper insights in to the 

evolutionary forces that shape angiosperm linages. 
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Supplementary tables 

Supplementary table 1: Arabidopsis thaliana MADS-box gene list, original list obtained from (Johannessen, 

2019). 

TAIR-locus-identifier TAIR_identifier and gene name 

BAA06465 BAA06465_PI_protein 

AAA32740 AAA32740_APETELA3 

CAA78909 CAA78909_AP1 

NP_196084 NP_196084_AGAMOUS-like_99 

NP_198797 NP_198797_AGAMOUS-like_98 

NP_175144 NP_175144_AGAMOUS-like_97 

NP_196268 NP_196268_AGAMOUS-like_96 

NP_179168 NP_179168_AGAMOUS-like_95 

NP_177113 NP_177113_AGAMOUS-like_94 

AAN52792 AAN52792_MADS-box_protein_AGL93 

NP_174445 NP_174445_AGAMOUS-like_92 

NP_187320 NP_187320_AGAMOUS-like_91 

AAN52813 AAN52813_MADS-box_protein_AGL90 

AAB67832 AAB67832_AGL9 

AAN52790 AAN52790_MADS-box_protein_AGL89 

AAO74631 AAO74631_MADS-box_protein_AGL88 

AAN52814 AAN52814_MADS-box_protein_AGL87 

NP_174444 NP_174444_AGAMOUS-like_86 

NP_175874 NP_175874_AGAMOUS-like_85 

AAN52803 AAN52803_MADS-box_protein_AGL84 

NP_199760 NP_199760_AGAMOUS-like_83 

NP_200697 NP_200697_AGAMOUS-like_82 

AAN52789 AAN52789_MADS-box_protein_AGL81 

NP_199678 NP_199678_AGAMOUS-like_80 

AAA97403 AAA97403_AGL8 

AAN52802 AAN52802_MADS-box_protein_AGL79 

AAN52788 AAN52788_MADS-box_protein_AGL78 

NP_198690 NP_198690_AGAMOUS-like_77 

AAN52786 AAN52786_MADS-box_protein_AGL76 

NP_198936 NP_198936_AGAMOUS-like_75 

AAN52818 AAN52818_MADS-box_protein_AGL74 

AAN52801 AAN52801_MADS-box_protein_AGL73 

AAN52785 AAN52785_MADS-box_protein_AGL72 

AAN52784 AAN52784_MADS-box_protein_AGL71 

AAO65310 AAO65310_MADS_affecting_flowering_3_variant_I 

AAO65315 AAO65315_MADS_affecting_flowering_4_variant_I 

AAO65320 AAO65320_MADS_affecting_flowering_5_variant_I 

NP_177918 NP_177918_AGAMOUS-like_67 
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AAN52806 AAN52806_MADS-box_protein_AGL66 

AAN37407 AAN37407_MADS-box_protein_AGL65 

AAN52808 AAN52808_MADS-box_protein_AGL64 

AAN52807 AAN52807_MADS-box_protein_AGL63 

AAN52800 AAN52800_MADS-box_protein_AGL62 

NP_850058 NP_850058_AGAMOUS-like_61 

AAN52799 AAN52799_MADS-box_protein_AGL60 

AAA79328 AAA79328_transcription_factor 

NP_174168 NP_174168_AGAMOUS-like_59 

NP_174167 NP_174167_AGAMOUS-like_58 

NP_187060 NP_187060_AGAMOUS-like_57 

NP_176285 NP_176285_AGAMOUS-like-56 

NP_176288 NP_176288_AGAMOUS-like_55 

AAN52782 AAN52782_MADS-box_protein_AGL54 

AAN52781 AAN52781_MADS-box_protein_AGL53 

AAN52780 AAN52780_MADS-box_protein_AGL52 

AAN52779 AAN52779_MADS-box_protein_AGL51 

NP_176190 NP_176190_AGAMOUS-like_50 

AAA32735 AAA32735_AGL5_transcription_factor 

NP_176212 NP_176212_AGAMOUS-like_49 

NP_181550 NP_181550_AGAMOUS-like_48 

AAN52778 AAN52778_MADS-box_protein_AGL47 

NP_180438 NP_180438_AGAMOUS-like_46 

AAN52815 AAN52815_MADS-box_protein_AGL45-I 

CAB09793 CAB09793_ANR1_MADS-box_protein 

AAN52787 AAN52787_MADS-box_protein_AGL43 

AAN52777 AAN52777_MADS-box_protein_AGL42 

AAN52817 AAN52817_MADS-box_protein_AGL41 

AAN52798 AAN52798_MADS-box_protein_AGL40 

AAA32734 AAA32734_AGL4_transcription_factor 

NP_198065 NP_198065_AGAMOUS-like_39 

AAN52809 AAN52809_MADS-box_protein_AGL38 

NP_176712 NP_176712_PHE1_MADS-box_transcription_factor_family_protein 

AAN52811 AAN52811_MADS-box_protein_AGL36 

AAN52810 AAN52810_MADS-box_protein_AGL35 

AAN52812 AAN52812_MADS-box_protein_AGL34 

AAN52797 AAN52797_MADS-box_protein_AGL33 

CAC85664 CAC85664_AGL32_putative_MADS-domain_transcription_factor 

AAG37904 AAG37904_MADS-box_protein_AGL31 

AAN52796 AAN52796_MADS-box_protein_AGL30 

AAB38975 AAB38975_MADS_box_protein 

NP_180991 NP_180991_AGAMOUS-like_29 

AAN52795 AAN52795_MADS-box_protein_AGL28 

AF342808 AF342808_1_MADS_affecting_flowering_1 
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AAN04056 AAN04056_flowering_locus_C_protein 

AAC63139 AAC63139_MADS-box_Protein 

AAN52794 AAN52794_MADS-box_protein_AGL23 

AF211171 AF211171_1_short_vegetative_phase_protein 

AAL73213 AAL73213_MADS-box_protein_AGL21 

AAG16297 AAG16297_MADS_box_protein_AGL20 

AAA32732 AAA32732_AGL2_transcription_factor 

AF312664 AF312664_1_MADS-box_protein_AGL19 

AF312663 AF312663_1_MADS-box_protein_AGL18 

NP_179848 NP_179848_AGAMOUS-like_17 

NP_191282 NP_191282_AGAMOUS-like_16 

AAC49083 AAC49083_MADS-box_protein_AGL15_partial 

AAC49082 AAC49082_MADS-box_protein_AGL14_partial 

AAC49081 AAC49081_MADS-box_protein_AGL13 

AAC49085 AAC49085_MADS-box_protein_AGL12 

AAC49080 AAC49080_MADS-box_protein_AGL11 

AAN52791 AAN52791_MADS-box_protein_AGL105 

NP_173632 NP_173632_AGAMOUS-like_104 

NP_188495 NP_188495_AGAMOUS-like_103 

AAN52805 AAN52805_MADS-box_protein_AGL102 

NP_198057 NP_198057_AGAMOUS-like_101 

AAN52804 AAN52804_MADS-box_protein_AGL100 

AAA64789 AAA64789__AGL10_CAL_amino_acid_feature 

AAA32730 AAA32730_AGL1_transcription_factor 

CAA37642 CAA37642_AG_unnamed_protein_product_partial 
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Supplementary table 2: Summary statistics of seed area and seed-silique measurements from interspecies 

crosses. Rows are sorted by species combination (lowest ploidy mothers first). Seed area was measured from 

picture series with a Fiji/ImageJ script (Supplementart script 1).  See Table 1 for species abbreviations. 

Cross Seed area Seed area Mature Number of  Seeds per 

_ID mean (mm2) standard deviation seeds siliques silique 

PYxPY_1 2.30 0.41 9 4 2.25 

PYxGR-1_1 1.76 0.05 8 2 4 

PYxGR-1_2 1.72 NA 1 4 0.25 

PYxGR-2_1 0.95 0.08 6 3 2 

PYxGR-2_2 1.21 NA 1 3 0.33 

PYxOF_1 0.90 NA 1 1 1 

PYxOF_2 1.61 0.39 3 2 1.50 

PYxDA_1 1.52 0.61 6 2 3 

PYxDA_2 1.68 0.38 9 3 3 

PYxAN_1 0.81 0.35 6 4 1.50 

PYxAN_2 0.82 0.36 6 2 3 

GR-1xPY_1 1.87 0.38 40 4 10 

GR-1xPY_2 1.61 0.40 27 3 9 

GR-1xPY_3 1.87 0.26 17 2 8.50 

GR-1xPY_4 1.87 0.25 28 3 9.33 

GR-1xGR-1_1 1.45 0.18 40 4 10 

GR-1xGR-1_2 1.36 0.21 19 2 9.50 

GR-1xGR-1_3 1.49 0.07 6 1 6 

GR-1xGR-1_4 1.48 0.18 15 3 5 

GR-1xGR-1_5 1.42 0.16 20 2 10 

GR-1xGR-1_6 1.19 0.14 16 2 8 

GR-1xGR-2_1 1.22 0.15 18 2 9 

GR-1xGR-2_2 1.29 0.14 5 1 5 

GR-1xGR-2_3 1.35 0.12 14 4 3.50 

GR-1xOF_1 1.33 0.39 10 2 5 

GR-1xOF_2 1.61 0.45 19 3 6.33 

GR-1xOF_3 1.49 0.31 31 4 7.75 

GR-1xOF_4 1.32 0.13 36 3 12 

GR-1xOF_5 1.21 0.42 39 5 7.80 

GR-1xOF_6 1.34 0.60 11 1 11 

GR-1xDA_1 1.53 0.32 41 4 10.25 

GR-1xDA_2 1.61 0.31 23 3 7.67 

GR-1xDA_3 1.64 0.35 29 3 9.67 

GR-1xDA_4 1.41 0.25 22 2 11 

GR-1xAN_1 1.28 0.12 28 3 9.33 

GR-1xAN_2 1.21 0.15 23 2 11.50 

GR-1xAN_3 1.16 0.34 18 3 6 

GR-1xAN_4 0.97 0.26 21 4 5.25 

GR-1xAN_5 1.08 0.31 28 4 7 

GR-1xAN_6 1.14 0.09 7 1 7 

GR-2xPY_1 1.29 0.45 45 3 15 

GR-2xPY_2 1.60 0.61 14 3 4.67 
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GR-2xGR-1_1 1.31 0.26 30 2 15 

GR-2xGR-1_2 1.25 0.21 15 3 5 

GR-2xGR-2_1 1.10 0.11 18 2 9 

GR-2xGR-2_2 1.07 0.24 26 3 8.67 

GR-2xOF_1 1.31 0.29 32 3 10.67 

GR-2xOF_2 1.22 0.16 15 2 7.50 

GR-2xDA_1 1.24 0.31 66 5 13.20 

GR-2xDA_2 1.13 0.15 27 2 13.50 

GR-2xAN_1 0.76 0.25 4 2 2 

GR-2xAN_2 1.07 0.20 28 4 7 

OFxPY_1 1.10 0.06 2 2 1 

OFxPY_2 0 NA 0 4 0 

OFxGR-1_1 0.74 0.21 8 2 4 

OFxGR-1_2 0.21 0.06 2 2 1 

OFxGR-1_3 0 NA 0 3 NA 

OFxGR-1_4 0.87 0.03 5 2 2.50 

OFxGR-2_1 0.60 0.04 3 3 1 

OFxGR-2_2 0 NA 0 1 0 

OFxGR-2_3 1.11 0.67 2 1 2 

OFxOF_1 0.40 0.23 2 3 0.67 

OFxOF_2 1.28 0.41 7 3 2.33 

OFxOF_3 1.21 0.18 35 4 8.75 

OFxOF_4 1.26 0.16 36 5 7.20 

OFxDA_1 0.98 0.65 4 3 1.33 

OFxDA_2 1.33 0.12 5 3 1.67 

OFxAN_1 1.31 0.52 6 3 2 

OFxAN_2 0 NA 0 3 0 

OFxAN_3 1.20 0.23 25 3 8.33 

DAxPY_1 1.10 0.19 32 3 10.67 

DAxPY_2 1.20 0.15 8 2 4 

DAxGR-1_1 1.15 0.24 14 2 7 

DAxGR-1_2 0.93 0.25 28 2 14 

DAxGR-2_1 1.14 0.34 5 2 2.50 

DAxOF_1 1.29 0.13 33 4 8.25 

DAxOF_2 1.42 0.17 16 2 8 

DAxOF_3 1.37 0.15 35 3 11.67 

DAxDA_1 1.30 0.11 18 2 9 

DAxAN_1 1.13 0.29 28 3 9.33 

DAxAN_2 1.15 0.25 25 3 8.33 

ANxPY_1 0.54 0.12 7 5 1.40 

ANxPY_2 1.05 0.01 2 3 0.67 

ANxPY_3 0.51 0.12 17 4 4.25 

ANxPY_4 0 NA 0 1 0 

ANxGR-1_1 0.91 0.37 6 3 2 

ANxGR-1_2 0.34 0.18 6 3 2 

ANxGR-2_1 0 NA 0 4 0 

ANxGR-2_2 0 NA 0 1 0 

ANxOF_1 1.23 0.11 3 2 1.50 
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ANxOF_2 2.08 0.36 3 4 0.75 

ANxOF_3 1.25 0.17 17 2 8.50 

ANxOF_4 1.28 0.19 19 2 9.50 

ANxDA_1 0.99 0.03 2 4 0.50 

ANxDA_2 1.06 0.22 18 4 4.50 

ANxAN_1 1.90 0.49 20 3 6.67 

ANxAN_2 1.81 0.51 9 3 3 

ANxAN_3 2.01 0.19 2 1 2 

ANxAN_4 1.83 0.43 21 4 5.25 

DAxDA_2 1.23 0.07 30 2 15 
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Supplementary table 3:  List of seed phenotype classes, showing whether variation in seed size, shape or color 

was observed in mature seeds for each cross combination. Observations were scored as follows; if there was a 

combination of small and normal seed size classes (-1), one seed size class (0) or a combination of large and 

normal seed size classes (1). Aberrant shape phenotype was scored as present (1) if wrinkled/distorted seed coats 

were observed. Aberrant color phenotype was scored as present (1) if more than one seed color was observed. 

See Table 1 for species abbreviations.  

mother father shape color size 

PY PY 0 0 0 

PY GR-1 1 1 -1 

PY GR-2 1 1 -1 

PY OF 1 1 -1 

PY DA 1 1 -1 

PY AN 1 1 -1 

GR-1 PY 1 0 1 

GR-1 GR-1 0 0 0 

GR-1 GR-2 0 0 0 

GR-1 OF 1 1 1 

GR-1 DA 1 1 0 

GR-1 AN 0 1 1 

GR-2 PY 1 0 1 

GR-2 GR-1 0 0 0 

GR-2 GR-2 0 0 0 

GR-2 OF 1 1 1 

GR-2 DA 1 0 1 

GR-2 AN 0 1 1 

OF PY 1 0 1 

OF GR-1 1 0 0 

OF GR-2 0 0 0 

OF OF 1 1 -1 

OF DA 0 0 1 

OF AN 0 1 1 

DA PY 0 1 1 

DA GR-1 0 0 1 

DA GR-2 0 0 1 

DA OF 0 1 0 

DA DA 0 0 0 

DA AN 1 1 1 

AN PY 0 0 0 

AN GR-1 NA NA NA 

AN GR-2 1 1 1 

AN OF 0 0 0 

AN DA 0 1 0 

AN AN 0 0 0 
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Supplementary table 4: Germination rate of seeds from intraspecies crosses, measured after a combination of 

pre-treatments including different stratification periods (days) and scarification treatment (chemical/mechanical). 

See Table 1 for species abbreviations.    

Intraspecies  Stratification Scarification Germination Seed Replicates 

cross period treatment rate count   

GR-1 1 Chemical 0.85 88 3 

GR-1 1 Mechanical 0.77 77 3 

GR-1 3 Chemical 0.20 90 3 

GR-1 3 Mechanical 0.01 90 3 

GR-1 6 Chemical 0.25 85 3 

GR-1 6 Mechanical 0.17 84 3 

GR-2 1 Chemical 0.30 35 2 

GR-2 1 Mechanical 0.69 56 2 

GR-2 3 Chemical 0.25 64 2 

GR-2 3 Mechanical 0.04 58 2 

GR-2 6 Chemical 0.06 64 2 

GR-2 6 Mechanical 0.23 56 2 

OF 1 Chemical 0.50 30 1 

OF 1 Mechanical 0.00 10 1 

OF 3 Chemical 0.00 30 1 

OF 3 Mechanical 0.07 30 1 

OF 6 Chemical 0.24 25 1 

OF 6 Mechanical 0.03 33 1 

 

 

Supplementary table 5: Germination rate of seeds from intraspecies crosses after pre-treatment with 

chemical/mechanical scarification, three weeks stratification and gibberellic acid, measured prior to and after 

(post) gibberellic acid treatment. See Table 1 for species abbreviations.   

    Prior to gibberellic acid treatment Post gibberellic acid treatment 

Intraspecies  Scarification Stratification Germination Seed Replicates Germination Seed Replicates 

cross treatment period rate count   rate count   

GR-1 Chemical 3 0.20 90 3 0.92 80 3 

GR-1 Mechanical 3 0.01 90 3 0.87 88 3 

GR-2 Chemical 3 0.25 64 2 0.67 30 1* 

GR-2 Mechanical 3 0.04 58 2 0.48 63 2 

OF Chemical 3 0.00 30 1 0.07 28 1 

OF Mechanical 3 0.07 30 1 0.00 25 1 
* ½ became contaminated with bacterial growth. 
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Supplementary figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 1: Three correlation matrixes based on predictive log-fold changes (predFC) 

of gene expression levels for different subsets of C. groenlandica seed RNA samples, investigated to 

visualize if gene expression biases were present due to variation in biological replicates (A), harvest 

method (B) and single plants vs pooled sample (C). For A, the prefix Ind refers to plant individual, and 

the suffix -E refers to early, whereas -L refers to late developmental timepoint samples. For B, prefix 

refers to population, and suffix refers to precise or rough harvest method. For C, the prefix refers to C. 

groenlandica population. -E or -L refer to developmental timepoint; early or late, respectively. The 

suffix -ind refers to individual while -pool refers to pooled sample. See Table 1 for species 

abbreviations. 

 

A 

B 

C 
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Supplementary figure 2: Microscopy picture of a 13 DAP (days after pollination) old hybrid C. 

officinalis x C. danica seed. A papillose seed coat structure can be seen in the bottom right corner. 

Chloralhydrate solution was used to prepare the microscopy slide. Scalebar 100 µm. 
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Supplementary figure 3: Full picture series of mature seeds from interspecies crosses. Maternal 

species is mentioned first, followed by and paternal species. Species abbreviations are as follows: PY 

– C. pyrenaica, NUUK – C. groenlandica GR-1, BBB - C. groenlandica, GR-2, MKB and OF – C. 

officinalis, DA – C. danica and AN – C. anglica. See Table 1 for more detailed species information.  

The figure is continued on next page. 
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Supplementary figure 3 continued: Full picture series of mature seeds from interspecies crosses. 

Maternal species is mentioned first, followed by and paternal species. Species abbreviations are as 

follows: PY – C. pyrenaica, NUUK – C. groenlandica GR-1, BBB - C. groenlandica, GR-2, MKB 

and OF – C. officinalis, DA – C. danica and AN – C. anglica. See Table 1 for more detailed species 

information. The figure is continued on next page. 
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Supplementary figure 3 continued: Full picture series of mature seeds from interspecies crosses. 

Maternal species is mentioned first, followed by and paternal species. Species abbreviations are as 

follows: PY – C. pyrenaica, NUUK – C. groenlandica GR-1, BBB - C. groenlandica, GR-2, MKB 

and OF – C. officinalis, DA – C. danica and AN – C. anglica. See Table 1 for more detailed species 

information. The figure is continued on next page. 
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Supplementary figure 3 continued: Full picture series of mature seeds from interspecies crosses. 

Maternal species is mentioned first, followed by and paternal species. Species abbreviations are as 

follows: PY – C. pyrenaica, NUUK – C. groenlandica GR-1, BBB - C. groenlandica, GR-2, MKB 

and OF – C. officinalis, DA – C. danica and AN – C. anglica. See Table 1 for more detailed species 

information. The figure is continued on next page. 
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Supplementary figure 3 continued: Full picture series of mature seeds from interspecies crosses. 

Maternal species is mentioned first, followed by and paternal species. Species abbreviations are as 

follows: PY – C. pyrenaica, NUUK – C. groenlandica GR-1, BBB - C. groenlandica, GR-2, MKB 

and OF – C. officinalis, DA – C. danica and AN – C. anglica. See Table 1 for more detailed species 

information. 
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AN x OF AN x AN
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Supplementary figure 4: Embryo dissections of non-germinated seeds revealing that low germination 

rates are presumably caused by dormancy related issues and abnormal seed development. The barplots 

show counts (y-axis) of observed seed phenotypes after embryo dissections (see legend for details). 

The phenotype ‘germinated’ refers to successful embryo dissections and transfers, while the 

phenotype ‘missing_or_damaged_embryo’ includes seeds where no embryo was found after dissection 

(early developmental abort) but also embryos that were damaged during transfers. The phenotype ‘not 

germinated’ refers to embryos that were successfully transferred but did not germinate. See Table 1 for 

species abbreviations. 
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Supplementary scripts 

 

#################################################################### 

Supplementary script 1 – Fiji:ImageJ pipeline/macro for seed 

size measurements.  
 

# Input: (pictures of developing seeds from 73 intra and interspecies crosses at 7-

15 DAP) & (92 pictures of mature seeds from 92 intra and interspecies crosses= 

Supplementary figure 3) 

#Mature_seeds_Fiji_ImageJ_script_cochlearia 

//run("Channels Tool..."); 

run("Make Composite"); 

Stack.setDisplayMode("grayscale"); 

Stack.setChannel(1); 

setMinAndMax(0, 145);  

run("Set Scale...", "distance=2391.0169 known=22 pixel=1 unit=mm");  

run("Set Measurements...", "area mean standard modal min shape feret's limit 

display redirect=None decimal=3"); 

//run("Threshold..."); 

setThreshold(0, 130); 

run("Analyze Particles...", "size=0.15-4.00 display exclude add") 

####### 

#Developing_seeds_Fiji_ImageJ_script_cochlearia_dark_light 

run("Set Scale...", "distance=2592 known=24.4 pixel=1 unit=mm"); 

run("Set Measurements...", "area mean min shape feret's display redirect=None 

decimal=3"); 

//run("Brightness/Contrast..."); 

run("Enhance Contrast", "saturated=0.35"); 

run("Gaussian Blur...", "sigma=2"); 

run("8-bit"); 

setOption("BlackBackground", false); 

setThreshold(0, 120); 

run("Convert to Mask"); 

run("Analyze Particles...", "size=0.30-4.00 show=Masks exclude"); 

run("Analyze Particles...", "size=0.30-4.00 show=Masks exclude include"); 

run("Watershed"); 

run("Analyze Particles...", "size=0.30-4.00 display exclude add"); 

roiManager("Show All with labels"); 

setForegroundColor(255, 255, 0); 

roiManager("Draw"); 

#Developing_seeds_Fiji_ImageJ_script_cochlearia_bright_light 

run("Set Scale...", "distance=2592 known=24.4 pixel=1 unit=mm"); 

run("Set Measurements...", "area mean min shape feret's display redirect=None 

decimal=3"); 

//run("Brightness/Contrast..."); 

run("Enhance Contrast", "saturated=0.35"); 

run("Gaussian Blur...", "sigma=2"); 

run("8-bit"); 

setOption("BlackBackground", false); 

setThreshold(0, 120); 

run("Convert to Mask"); 

run("Analyze Particles...", "size=0.30-4.00 show=Masks exclude"); 

run("Analyze Particles...", "size=0.30-4.00 show=Masks exclude include"); 

run("Watershed"); 

run("Analyze Particles...", "size=0.30-4.00 display exclude add"); 

roiManager("Show All with labels"); 

setForegroundColor(255, 255, 0); 

roiManager("Draw"); 
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#################################################################### 

Supplementary script 2 – Differential expression analysis in 

edgeR (R-studio version 1.2.5001).  
## Script does several things, 

#First; merge MADSBOX blast hits from GR-1 and GR-2 transcriptomes.   

#Second; run Differential expression (DE) analysis to aquire "quasi-likelihood 

negative binomial generalized log-linear model to count data" matrix, and MDS-plot 

#Third, merge First and Second.  

#Fourth, relabel 'Orthofinder-output-id' with common gene names (If AT..is present) 

#Fifth, heatmap plot  

#############################FRIST################################################# 

blast <- read.table("70 documents from Batch search - 

ecotype_B_transcripts.fasta.augustus.aa.99 - MADS-TAIR-107seq-Ida071019 blastp 

3.csv", header= T , sep="," , stringsAsFactors = F) 

blast1 <- read.table("81 documents from Batch search of 28312 - 

ecotype_N_transcripts.fasta.augustus.aa.99 - MADS-TAIR-107seq-Ida071019 

blastp.csv", header= T , sep="," , stringsAsFactors = F) 

Ortho_id <- read.table("cochlearia_Orthogroups_gene_ids_V1_edit.csv", header=TRUE, 

sep=";") 

##merging each each ecotype to orthogroups 

MADShitsB99_ID <- (merge(Ortho_id, blast, by.x = "eco_B.aa.99" , by.y ="Query") ) 

MADShitsN99_ID <- (merge(Ortho_id, blast1, by.x = "eco_N.aa.99" , by.y ="Query") ) 

###Merging ecotype-ecotype-hits 

test <- merge(MADShitsB99_ID, MADShitsN99_ID, by.x = "gene_id" , by.y ="gene_id")  

#########################SECOND#################################################### 

Experiment_factors <- data.frame(Sample_id= c("Sample_01.NUUK3.4LA2r", 

"Sample_02.NUUK3.5EA4r","Sample_03.NUUK2.7EA10e","Sample_04.NUUK2.7LA11e","Sample_0

5.NUUK3.1EA12e","Sample_06.NUUK3.1LA13e", "Sample_07.B11.1EA14e", 

"Sample_08.B11.1LA15e","Sample_09.B11.2EA16e","Sample_10.B11.2LA17e","Sample_11.BPO

OL.EA18e", "Sample_12.BPOOL.EA19e"), 

                                 Stage= c("2", "1" , "1", "2" , "1" , "2" , "1", 

"2", "1", "2","1", "2"), 

                                 Ecotype= 

c("N","N","N","N","N","N","B","B","B","B","B","B"), 

                                 Plant_id = c("N3", "N3", "N1", "N1" , "N2" , "N2" 

, "B1", "B1", "B2", "B2","B3", "B3")) 

Group <- factor(paste(Experiment_factors$Ecotype, Experiment_factors$Stage , 

sep=".")) 

design <- model.matrix(~ 0 + Group) 

colnames(design) <- levels(Group) 

NBmer_id_1 <- read.table("NBmer_rearranged", sep = "\t", row.names = 1, header = 

TRUE) 

NBmer_id <- DGEList(counts=NBmer_id_1 , group=Group) 

keep <- filterByExpr(NBmer_id) 

NBmer_id <- NBmer_id[keep, , keep.lib.sizes=FALSE] 

NBmer_id <- calcNormFactors(NBmer_id) 

NBmer_id <- estimateDisp(NBmer_id, design, robust=TRUE) 

NBmer_id$common.dispersion 

sqrt(NBmer_id$common.dispersion) # #biological coefficient of variation  

############################### MDS PLOT########################################### 

plotMDS(NBmer_id, col=Experiment_factors$Ecotype, pch=(c(2,1,1,2,1,2,2,1,2,1,2,1))) 

legend("bottomleft", legend= c("GR-1 early", "GR-1 late","GR-2 early","GR-2 late"), 

pch=points[c(2,3,2,3)], col= c("black","black","red","red") , ncol=2) 

####################Rerunning-DE-script for heatmap plot########################### 

Experiment_factors <- data.frame(Sample_id= c("Sample_01.NUUK3.4LA2r", 

"Sample_02.NUUK3.5EA4r", "Sample_03.NUUK2.7EA10e",  

                                              "Sample_04.NUUK2.7LA11e", 

"Sample_05.NUUK3.1EA12e","Sample_06.NUUK3.1LA13e", 

                                              "Sample_07.B11.1EA14e", 

"Sample_08.B11.1LA15e", "Sample_09.B11.2EA16e",  

                                              "Sample_10.B11.2LA17e", 

"Sample_11.BPOOL.EA18e", "Sample_12.BPOOL.EA19e"), 

                                 Stage= c("late", "early"   , "early", 

                                          "late" , "early" , "late" , 

                                          "early", "late", "early", 

                                          "late","early", "late"), 

                                 Ecotype= c("N","N","N","N","N","N", 
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                                            "B","B","B","B","B","B"), 

                                 Plant_id = c("N3", "N3", "N1", "N1" , "N2" , "N2" 

, 

                                              "B1", "B1", "B2", "B2","B3", "B3")) 

Group <- factor(paste(Experiment_factors$Ecotype, Experiment_factors$Stage , 

sep=".")) 

design <- model.matrix(~ 0 + Group) 

colnames(design) <- levels(Group) 

rownames(design) <- Experiment_factors$Sample_id 

NBmer_id <- DGEList(counts=NBmer_id_1 , group=Group) 

keep <- filterByExpr(NBmer_id) 

table(keep) 

NBmer_id <- NBmer_id[keep, , keep.lib.sizes=FALSE] 

NBmer_id <- calcNormFactors(NBmer_id) 

NBmer_id <- estimateDisp(NBmer_id, design, robust=TRUE) 

NBmer_id$common.dispersion 

my.contrasts <- makeContrasts( 

  stage_NUK = N.late - N.early, 

  stage_BBB = B.late - B.early, 

  ecotype_early  = B.early - N.early, 

  ecotype_late  = B.late - N.late, 

  stage = (B.late + N.late)/2 - (B.early + N.early)/2, 

  ecotype = (B.late + B.early)/2 - (N.late + N.early)/2, 

  interaction = (B.late - B.early) - (N.late - N.early), 

  levels=design) 

fit <- glmQLFit(NBmer_id, design, robust=TRUE, contrast=my.contrasts[,"stage"]) 

##############################THIRD################################################ 

MADShitsB99_ID <- inner_join(Ortho_id, blast, by = c("eco_B.aa.99" = "Query"))  

MADShitsN99_ID <- inner_join(Ortho_id, blast1, by = c("eco_N.aa.99" = "Query")) 

MADS_blast <- inner_join(MADShitsB99_ID, MADShitsN99_ID, by = "gene_id") 

MADS1 <- merge(test,fit$fitted.values , by.x = "gene_id" , by.y ="row.names") # is 

the differentially expressed MADS-box orthogroup 

##############################FORTH################################################ 

MADS <- MADS_blast %>% as_tibble() %>%  

  select(gene_id, starts_with("Sample_")) 

MADS <- MADS %>% mutate(AGI = str_extract(gene_id, "A\\w*"), 

                        modifier = str_extract(gene_id, "-[:graph:]*")) 

Gene_symbol_list <- read.table("Locus_identifier_primary_gene_symbol", header= T , 

sep="\t" , stringsAsFactors = F) 

colnames(Gene_symbol_list) <- c("AGI","Primary_gene_symbol") 

MADS_g <- left_join(MADS,Gene_symbol_list) 

 

MADS_g$symbol <- ifelse(is.na(MADS_g$modifier), MADS_g$Primary_gene_symbol, 

paste0(MADS_g$Primary_gene_symbol, MADS_g$modifier)  ) 

MADS_g$gene_id <- as.character(MADS_g$gene_id) 

MADS_g$label <- if_else(is.na(MADS_g$Primary_gene_symbol), MADS_g$gene_id, 

MADS_g$symbol) 

###Merging Differentially expressed MADS-box transcripts and orthofinder-gene-names 

MADS_matrix <- merge(MADS1,MADS_g , by.x = "gene_id" , by.y ="gene_id") # is the 

differentially expressed MADS-box orthogroup transcripts 

##############################FIFTH################################################ 

aba <- cbind(MADS_matrix$Sample_01.NUUK3.4LA2r , 

MADS_matrix$Sample_02.NUUK3.5EA4r,MADS_matrix$Sample_03.NUUK2.7EA10e,MADS_matrix$Sa

mple_04.NUUK2.7LA11e,MADS_matrix$Sample_05.NUUK3.1EA12e,MADS_matrix$Sample_06.NUUK3

.1LA13e,MADS_matrix$Sample_07.B11.1EA14e,MADS_matrix$Sample_08.B11.1LA15e,MADS_matr

ix$Sample_09.B11.2EA16e,MADS_matrix$Sample_10.B11.2LA17e,MADS_matrix$Sample_11.BPOO

L.EA18e,MADS_matrix$Sample_12.BPOOL.EA19e) 

colnames(aba) <- as.character(Group) 

row.names(aba) <- MADS_matrix$label 

aba1 <- aba[,c(2,3,5,7,9,11, 1,4,6,8,10,12)] #rearringing sample order, for more 

meaningful comparison in heatmap.  

# making LogFC scalebar for heatmap plot 

qlf <- glmQLFTest(fit, contrast = my.contrasts[,"stage"])   

 

FC_stage_sig <- topTags(qlf,n = Inf, p.value = 0.05)$table %>% as_tibble(rownames = 

"gene_id") 
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FC_stage <- topTags(qlf,n = Inf, p.value = 1)$table %>% as_tibble(rownames = 

"gene_id") 

MADS_FC <- MADS_matrix %>% select("gene_id", "label") %>%  

  left_join(FC_stage) %>% as.data.frame() 

rownames(MADS_FC) <- MADS_FC$label 

# 

library(pheatmap)   

library(RColorBrewer) 

heat_colors <- rev(brewer.pal(n = 6, name = "RdBu")) #"YlOrRd" 

####Heatmap plot 

pheatmap(aba1,  

         color = heat_colors, 

         cluster_rows = TRUE, 

         cluster_cols = FALSE, 

         show_rownames = TRUE, 

         annotation_row = MADS_FC["logFC"], 

         scale = "row") 

 

################################################################################### 

Supplementary script 3 – Correlation matrixes, predictive log-

fold changes (predFC) of gene expression levels for samples 
 

# Supplementary script, investigating potential biases caused by - 1) harvest type, 

2) Plant_id , 3)single indiviual or pooled sample 

Experiment_factors <- data.frame(Sample_id= c("Sample_01.NUUK3.4LA2r", 

"Sample_02.NUUK3.5EA4r","Sample_03.NUUK2.7EA10e","Sample_04.NUUK2.7LA11e","Sample_0

5.NUUK3.1EA12e","Sample_06.NUUK3.1LA13e", "Sample_07.B11.1EA14e", 

"Sample_08.B11.1LA15e","Sample_09.B11.2EA16e","Sample_10.B11.2LA17e","Sample_11.BPO

OL.EA18e", "Sample_12.BPOOL.EA19e"), 

                                 Stage= c("2", "1" , "1", "2" , "1" , "2" , "1", 

"2", "1", "2","1", "2"), 

                                 Ecotype= 

c("N","N","N","N","N","N","B","B","B","B","B","B"), 

                                 Harvest = 

c("R","R","E","E","E","E","E","E","E","E","E","E"), 

                                 Plant_id = 

c("1","1","2","2","3","3","4","4","5","5","6","6"), 

                                 single_plant_or_pool = 

c("1","1","1","1","1","1","1","1","1","1","2","2")) 

Group <- factor(paste(Experiment_factors$Ecotype, Experiment_factors$Stage, 

Experiment_factors$Harvest , sep=".")) 

NBmer_id_1 <- read.table("NBmer_rearranged", sep = "\t", row.names = 1, header = 

TRUE) 

NBmer_id <- DGEList(counts=NBmer_id_1 , group=Group) 

str(NBmer_id_1) 

##4.4.4 

keep <- filterByExpr(NBmer_id) 

NBmer_id <- NBmer_id[keep, , keep.lib.sizes=FALSE] 

NBmer_id <- calcNormFactors(NBmer_id) 

design <- model.matrix(~ 0 + Group) 

colnames(design) <- levels(Group) 

#4.4.7 

NBmer_id <- estimateDisp(NBmer_id, design, robust=TRUE) 

NBmer_id$common.dispersion 

### 

logFC1 <- predFC(NBmer_id,design,prior.count=1,dispersion=0.05) 

colnames(logFC1) <- c("GR-2-E","GR-2-L", "GR-1-E-precise", "GR-1-E-rough", "GR-1-L-

precise","GR-1-L-rough") 

cor(logFC1[,1:6])  

### 

Group_plant <- factor(paste(Experiment_factors$Plant_id, Experiment_factors$Stage, 

sep=".")) 

design_plant <- model.matrix(~ 0 + Group_plant) 

logFC2 <- predFC(NBmer_id,design_plant,prior.count=1,dispersion=0.05) 

colnames(logFC2) <- c("ind1-E","Ind1-L", "Ind2-E", "Ind2-L", "Ind3-E","Ind3-L", 

"Ind4-E", "Ind-4-L", "Ind-5-E", "Ind-5-L", "Ind6-E", "Ind-6-L") 

cor(logFC2[,1:12]) # Ind1-3 are GR-1 and Ind4-6 are GR-2 
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### 

Group_pool <- factor(paste(Experiment_factors$Ecotype, Experiment_factors$Stage, 

Experiment_factors$single_plant_or_pool , sep=".")) 

design_pool <- model.matrix(~ 0 + Group_pool) 

logFC3 <- predFC(NBmer_id,design_pool,prior.count=1,dispersion=0.05) 

colnames(logFC3) <- c("GR-2-E-ind","GR-2-E-pool", "GR-1-L-ind", "GR-1-L-pool", "GR-

2-E-ind","GR-2-L-ind") 

cor(logFC3[,1:6])  

### heatma plots  

library(pheatmap) 

pheatmap(cor(logFC1[,1:6]), cluster_rows=FALSE, cluster_cols=FALSE, main = 

"Correlation matrix - harvest") 

pheatmap(cor(logFC2[,1:12]), cluster_rows=FALSE, cluster_cols=FALSE, main= 

"Correlation matrix - plant_id") 

pheatmap(cor(logFC3[,1:6]), cluster_rows=FALSE, cluster_cols=FALSE, main = 

"Correlation matrix - single-plant-or-pooled") 

###################################################################################

Supplementary script 4 – Eggnogg 
 

N99egg <- read.table("ecotype_N_transcripts.fasta.augustus.aa.031219.tsv", 

header=FALSE, sep="\t") 

B99egg <- read.table("ecotype_B_transcripts.fasta.augustus.aa.031219.tsv", 

header=FALSE, sep="\t")  

##B&N eggnogg output as filter for- MADS-candidates # 

B99egg$candidate <- ifelse(grepl("homeodomain",B99egg$V22), "MADS-candidate", 

                           ifelse(grepl("HOMEODOMAIN",B99egg$V22), "MADS-

candidate",  

                                  ifelse(grepl("homeobox",B99egg$V22), "MADS-

candidate", 

                                         ifelse(grepl("HOMEOBOX",B99egg$V22), 

"MADS-candidate",   

                                                ifelse(grepl("mads",B99egg$V22), 

"MADS-candidate", 

                                                       

ifelse(grepl("MADS",B99egg$V22), "MADS-candidate",  

                                                              

ifelse(grepl("AGL",B99egg$V22), "MADS-candidate", 

                                                                     

ifelse(grepl("agl",B99egg$V22),"MADS-candidate", 

                                                                            

ifelse(grepl("gamous",B99egg$V22),"MADS-candidate", 

                                                                                   

ifelse(grepl("GAMOUS",B99egg$V22),"MADS-candidate","No-hit")))))))))) 

summary(as.factor(B99egg$candidate)) #70 

N99egg$candidate <- ifelse(grepl("homeodomain",N99egg$V22), "MADS-candidate", 

                           ifelse(grepl("HOMEODOMAIN",N99egg$V22), "MADS-

candidate",  

                                  ifelse(grepl("homeobox",N99egg$V22), "MADS-

candidate", 

                                         ifelse(grepl("HOMEOBOX",N99egg$V22), 

"MADS-candidate",   

                                                ifelse(grepl("mads",N99egg$V22), 

"MADS-candidate", 

                                                       

ifelse(grepl("MADS",N99egg$V22), "MADS-candidate",  

                                                              

ifelse(grepl("AGL",N99egg$V22), "MADS-candidate", 

                                                                     

ifelse(grepl("agl",N99egg$V22),"MADS-candidate", 

                                                                            

ifelse(grepl("gamous",N99egg$V22),"MADS-candidate", 

                                                                                   

ifelse(grepl("GAMOUS",N99egg$V22),"MADS-candidate","No-hit")))))))))) 

summary(as.factor(N99egg$candidate)) #101 

 

ecoNEGGmads <- subset(N99egg, candidate== "MADS-candidate") 

ecoBEGGmads <- subset(B99egg, candidate== "MADS-candidate") 
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#reading Blast-hits into eggnogg format 

MADShitsN99 <- read.table("N99aa_blastP_idaTAIR-031219.tsv", header = TRUE, 

sep="\t") 

MADShitsB99 <- read.table("B99aa_blastP_idaTAIR-031219.tsv", header = TRUE, 

sep="\t") 

BLASThitsN99eggtable<- (merge(N99egg ,MADShitsN99, by.x = "V1" , by.y ="Name") ) # 

IE. BLAST hits in eggnogg format 

BLASThitsB99eggTable<- (merge(B99egg, MADShitsB99, by.x = "V1" , by.y ="Name") )  

 

#Q: how many similar sequences does the blast and eggnogg output have? ## eggnogg-

format 

N_merge <- (merge(ecoNEGGmads, BLASThitsN99eggtable, by.x = "V1" , by.y ="V1") ) 

#101 to 37  

B_merge <- (merge(ecoBEGGmads, BLASThitsB99eggTable, by.x = "V1" , by.y ="V1") ) 

#70 to 24 

 


