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ABSTRACT 
 

The anther-specific chalcone synthase-like (ASCL) gene of Physcomitrella 

patens, PpASCL, has been implicated in the biosynthesis of sporopollenin, the main 

constituent of exine and perine, the two outermost layers of the moss spore cell wall. 

Targeted knockouts of PpASCL were produced and the resulting mutants characterized. 

Knockout plants developed normally until late in sporophytic development, when the 

spores produced were aberrant and non-viable. The development of the spore cell wall 

appeared to be arrested early in microspore development, resulting in small, collapsed 

spores with irregular surface morphology. These results suggest that PpASCL plays an 

important role in the proper formation of the exine layer, and is required for the 

maturation and viability of moss spores. 
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1. INTRODUCTION 
 

In order for plants to begin the colonization of land, the evolution and adaptation 

of a number of important structural features and processes were required to allow for 

survival in this new environment. The transition from an aquatic to a terrestrial 

environment presented plants with a variety of harsh new challenges to overcome, 

including having to defend themselves against ultraviolet (UV) irradiation, desiccation, 

and physical damage. The earliest evidence of these ancient land plants are fossilized 

spores dating back 475 million years (Wellman et al. 2003; Brown and Lemmon 2011).  

Fossilization of these cells is possible due to the robust chemical and structural 

resistant characteristics of their cell walls. These ancient cells have a large diversity of 

preserved structural features similar to the highly sculpted cell walls of extant pollen and 

spores. The study of the preserved characteristics of fossilized spore and pollen samples, 

palynology, combines both geology and biology to determine taxonomic relationship 

between the fossil samples and extant plant species (Punt et al. 2007). The origins and 

nature of development of these robust cell walls, which are considered to be essential for 

early land plant survival and success, are still unknown and remain a topic of great 

interest in the study of land plant evolution. It is commonly accepted that the earliest land 

plants would have been most similar to members of the extant Bryophyte lineage, which 

diverged early in land plant evolution. To better understand the history of the 

development of these diverse cell walls, studies with the Bryophyta model moss species 

Physcomitrella patens may be beneficial.  
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1.1  Sporopollenin 

Sporopollenin is a resilient biopolymer that provides the necessary protection that 

would have been required by early land plant spores (Wellman 2004). This outer cell wall 

material is found to be highly resistant to harsh chemical treatments, most notably that of 

acetolysis (Erdtman 1960). Incubation of pollen and spores with the acetolysis mixture of 

sulphuric acid and acetic anhydride at high temperatures destroys most other biological 

compounds, but leaves the sporopollenin containing layers structurally intact (Erdtman 

1960). This highly resistant sporopollenin is found in the cell wall exine layer of extant 

and fossilized land plant spores and pollen grains (Zetzsche et al. 1937; Heslop-Harrison 

1968). 

A sporopollenin-like material, algaenan, has similar chemical characteristics to 

sporopollenin and is found specifically in the reproductive cells in a number of species of 

green algae such as in the cell walls of Coleochaete zygotes and Chlamydomonas 

zygospores (Delwiche et al. 1989; Blokker et al. 1999). Algaenan is thought to be the  

precursor to sporopollenin found in land plants. For this evolutionary jump to have  

occurred, the green algal ancestors of the first land plants would have had to undergo 

developmental changes to shift the deposition of the resistant, algaenan containing cell 

wall from the diploid zygote to the meiospores (meiotically derived, haploid cells) during 

land plant evolution. This has been hypothesized to be possible by a more rapid meiosis 

and a delay in the sporopollenin deposition until after meiospore tetrad formation, where 

the resistant cell wall is then deposited onto the four meiospores (Brown and Lemmon 

2013). The presence of resistant sporopollenin-like material in green algae, and 
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sporopollenin in the majority of land plants, indicates that it is a conserved adaptation 

that originated prior to land plant evolution and was advantageous for the colonization of 

land. 

1.1.1 Sporopollenin composition 

The chemically robust nature of sporopollenin has hindered attempts at using 

traditional analytical techniques to determine its chemical structure since its initial 

discovery and early attempts at characterization (Zetzsche et al. 1937). It was believed 

that sporopollenin was composed of a polymer formed from carotenoid precursors 

(Brooks and Shaw 1968), but this hypothesis was contradicted by subsequent analyses 

using alternative extraction methodologies and analytical techniques. Analyses with 1H 

NMR, 13C NMR, and Fourier transform infrared spectroscopy (FTIR) support a now 

generally accepted composition of sporopollenin consisting mainly of medium- to long-

chain and/or very-long chain fatty acids with some oxygenated, aromatic monomers 

(Guilford et al. 1988; Ahlers et al. 1999; Scott et al. 2004; Blackmore et al. 2007; Kim 

and Douglas 2013). This combination of sporopollenin monomers are polymerized 

together, forming a network of ester and ether linkages which results in the robust 

sporopollenin biopolymer (Morant et al. 2007; de Azevedo Souza et al. 2009). 

1.2 Comparison of plant pollen and spores 

The pollen of angiosperms and gymnosperms are considered to be homologous to 

the spores of non-flowering plants (Wallace et al. 2011). The haploid meiospores of 

flowering plants, bryophytes, and pteridophytes, produced through meiosis of a spore 

mother cell (sporocyte), are nourished by, and develop within, the surrounding diploid 
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sporophytic tissue. Despite the more complex development of mature trinucleate pollen 

compared to the relatively simple non-flowering plant spore, both pollen and spore cell 

wall structures share a large degree of similarity. Spores and pollen show a wide variety 

of species-specific variations in size, shape, and complexity of their ornamentation, 

which can be revealed in great detail with the use of scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) (Heslop-Harrison 1968; Estébanez et al. 

1997; Paxson-Sowders et al. 1997). This large variety of morphological characteristics 

allows for the differentiation and identification of plant species from samples of their 

spore and pollen grains (Heslop-Harrison 1968). 

1.2.1 Pollen cell wall composition 

Mature pollen cell walls are organized into two main layers: the inner intine 

composed mainly of cellulose, pectin and protein, and the exterior exine layer consisting 

mainly of sporopollenin. The exine is further subdivided into two layers, a uniform and 

thin base layer, the nexine, and the sculpted sexine layer which forms the outer wall 

ornamentation (Heslop-Harrison 1968). The columellae are pillar-like structures which 

support the reticulated tecta above the surface of the pollen (Fig 1a). 

1.2.2 Spore cell wall composition 

The cell wall of moss spores is comprised of three distinct layers, as described by 

McClymont & Larson (1964), from interior to exterior, are the intine, exine, and perine 

(Fig 1b). The intine layer is a fibrillar, electron-translucent layer, that is multilayered in 

some species of moss. To the outside of this is the uniform exine layer, which is  
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Figure 1. Pollen and spore cell wall diagrams. 
 
Diagram of the cell wall layers of mature (a) Arabidopsis pollen and (b) Physcomitrella 
patens spores. Pm – Plasma membrane, In – Intine, Ex – Exine, Ne – Nexine, Se – 
Sexine, Co – Columella, Te – Tectum, Pe – Perine, Sp – Spine 
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non-fibrillar, unstratified, and consists mainly of sporopollenin. The moss exine layer has 

an electron density similar to that in seed plants at a similar osmium tetroxide 

concentration (McClymont and Larson 1964). Depending on the genera of moss spores 

the exine has a varying role in its contribution to the outer ornamentation. The outermost 

layer is the perine, which also consists mainly of sporopollenin and has the same 

ultrastructure as the exine, but is more electron opaque. While in most species, the 

sculptural elements are composed entirely of perine, some species have a diminished 

perine contribution where it forms only a thin layer over the exine dominated elements 

(McClymont and Larson 1964; Estébanez et al. 1997). In Physcomitrella spores observed 

by TEM, the cell wall is composed of a thick, non-lamellar, fibrillar intine, a thinner 

exine, and the perine layer which completely covers the exine layer and composes the 

entirety of the echinate ornamentation (Schuette et al. 2009). 

1.3 Genetic involvement in sporopollenin biosynthesis 

1.3.1 Genetic involvement in sporopollenin biosynthesis in Arabidopsis 

Looking for an alternative approach to elucidate the structure and development of 

pollen cell walls, biochemical and genetic studies using Arabidopsis thaliana mutants, 

with altered pollen cell walls and reduced male fertility, have revealed a number of 

potential candidate genes involved in pollen cell wall development and exine deposition. 

These genes are expressed after meiosis in pollen development, when the microspore cell 

walls are being deposited. The first gene discovered to be involved in pollen wall 

formation was the Arabidopsis MALE STERILITY2 (MS2) gene (Aarts et al. 1993). 

Mutant ms2 plants show greatly reduced fertility and their pollen completely lack an 
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exine layer (Aarts et al. 1997; Dobritsa et al. 2009). The MS2 gene encodes a putative 

fatty acyl-CoA reductase that produces long-chain fatty alcohols when expressed in 

E. coli (Doan et al. 2009). The Arabidopsis mutant, no exine formation (nef1), does not 

produce mature pollen grains. Developing nef1 pollen is aborted starting in the tetrad 

stage, with sporopollenin aggregates forming in the anther locule instead of being 

deposited on the microspore plasma membrane (Ariizumi et al. 2004). The encoded 

NEF1 enzyme is predicted to be a plastid envelope membrane protein involved in 

membrane integrity or potentially act as a transporter (Ariizumi et al. 2004). MALE 

STERILITY1 (MS1) is a gene expressed in the tapetum during tetrad and microspore 

release, and is a PHD-finger class transcriptional regulator, responsible for both tapetum 

and exine development (Wilson et al. 2001; Ito et al. 2007; Yang et al. 2007). These 

studies have shown that a number of genes involved in male plant fertility are also 

responsible for pollen cell wall formation. 

Expression of a group of genes in Arabidopsis has been found to be very tightly 

regulated, both temporally and spatially, in the developing anther. This expression is 

restricted to the tapetum, the inner cell wall of the anther, with some also expressed in the 

microspores (Morant et al. 2007; Quilichini et al. 2014). Expression begins at the tetrad 

and free microspore stages of pollen development, which coincides with the deposition of 

the exine layer. Two cytochrome P450 enzymes, CYP703A2 and CYP704B1, catalyze 

the in vitro in-chain and ω-hydroxylation, respectively, of medium- to long-chain fatty 

acids (Morant et al. 2007; Dobritsa et al. 2009). ACOS5 encodes an acyl-CoA synthetase 

with in vitro activity against medium- to long-chain fatty acids, with a preference for 

their in-chain and ω-hydroxylated derivatives (de Azevedo Souza et al. 2009). PKSA and 
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PKSB are two genes encoding anther-specific chalcone synthase-like enzymes (ASCLs) 

which show an in vitro preference for the production of hydroxyalkyl α-pyrones from the 

condensation of long-chain, hydroxyacyl-CoAs with two or three malonyl-CoA 

molecules (Mizuuchi et al. 2008; Kim et al. 2010). The gene dihydroflavonol 

4-reductase-like1 (DRL1), encodes another anther-specific enzyme necessary for male 

plant fertility (Tang et al. 2009). Its recent in vitro characterization reveals a strong 

preference for the reduction of tetraketide α-pyrones, which has led it and its paralog to 

be renamed tetraketide α-pyrone reductases (TKPR1 and TKPR2) (Grienenberger et al. 

2010). The similar gene expression pattern and strong in vitro substrate preference of 

these enzymes has led to a proposed biosynthetic pathway in which the modification of 

fatty acids through the sequential activity of CYP703A2/CYP704B1, ACOS5, PKSA/B, 

and TKPR1/2 produce hydroxylated tetraketide α-pyrone sporopollenin monomers (Kim 

and Douglas 2013) (Fig 2). 

The sporopollenin monomers produced in the tapetum are secreted into the anther 

locular fluid for polymerization and incorporation onto the developing microspores, 

though the exact mechanism is not fully understood. In Arabidopsis, the ATP-BINDING 

CASSETTE26 (ABCG26) encodes an enzyme proposed to play a role in tapetal monomer 

secretion, while various lipid transfer proteins have also been implicated in transporting 

sporopollenin monomers through the locular fluid (Quilichini and Friedmann 2010; 

Quilichini et al. 2014). 
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Figure 2. Proposed sporopollenin monomer biosynthetic pathway.  

Medium- to long-chain fatty acids are produced in plastids and then translocated out to be 
used for the consecutive action of the enzymes in the proposed sporopollenin biosynthetic 
pathway. This proposed pathway produces sporopollenin monomers that are polymerized 
along with fatty alcohols and phenylpropanoid acids on the surface of the spore or pollen 
wall by ester and ether linkages. Arabidopsis enzymes are listed on the right with their 
corresponding reactions on the left. Corresponding Physcomitrella enzymes are included 
in brackets (Colpitts et al. 2011).  
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Figure 3. Spore and pollen cell wall developmental models.  
 
Schematic diagrams of (a) proposed spore wall development in Physcomitrella and (b) 
pollen exine formation in Arabidopsis. Scheme based on Wallace et al. (2011). 
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Initiation of the Arabidopsis pollen exine layer formation begins in the tetrad 

stage with the elongation of column-like probaculae/procolumellae, upon which 

microspore derived sporopollenin is deposited. In comparison, the development of the 

Bryopsida type moss spore wall, such as that found in Physcomitrella, the initial 

deposition of the exine layer is thought to occur using microspore derived material during 

the tetrad stage of development (Fig 3a, b) (Wallace et al. 2011). 

1.3.2 Genetic involvement in sporopollenin biosynthesis in Physcomitrella 

Putative orthologs of a number of Arabidopsis sporopollenin monomer 

biosynthetic genes have been found in the genome of Physcomitrella (Fig 2). A list of the 

moss gene orthologs of ACOS5, CYP703A2, CYP704B1, PKSA, PKSB, and TKPR1/2, 

has been previously compiled by Colpitts et al. (2011). Expressed sequence tag (EST) 

data reveal that many of the moss orthologs are expressed in the green sporophyte stage 

of development. Sporophyte-specific expression of PpASCL, PpDRL1, and CYP704B6 

(orthologs of PKSA/B, TKPR1/2, and CYP704B1, respectively) is supported by 

microarray data showing no detected expression in either protonema or gametophore 

tissues (Colpitts et al. 2011). In vitro analysis of recombinant PKSA and PpASCL 

enzymes show that both produce the same tri- and tetraketide α-pyrone products, with a 

preference for hydroxy acyl-CoA starter substrates, which suggests a similar in planta 

enzymatic function (Colpitts et al. 2011). 

ASCLs are a subset of plant type III polyketide synthases (PKSs) which are 

highly expressed in the anthers of a number of plant species, including Brassica napus, 

Oryza sativa, Silene latifolia, Nicotiana sylvestris, and Hypericum perforatum (Shen and 
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Hsu 1992; Hihara et al. 1996; Barbacar et al. 1997; Atanassov et al. 1998; Jepson et al. 

2014). They share a 40-50% amino acid sequence identity with other plant type III PKSs, 

and form their own distinct phylogenetic cluster (Atanassov et al. 1998; Koduri et al. 

2010).  

To support the conservation of this proposed sporopollenin biosynthetic pathway 

in land plants, in planta Physcomitrella studies are necessary. Physcomitrella’s dominant 

haploid life cycle and unique amenability for homologous recombination events facilitate 

targeted gene knockout experiments (Schaefer and Zrÿd 2001; Quatrano et al. 2007; 

Singer et al. 2007). Although the in planta function of PpASCL has not yet been 

elucidated, expression data and in vitro enzyme reaction studies have supported its role in 

this putative biosynthetic pathway in Physcomitrella (Colpitts et al. 2011).  

1.4 Objective 

The presence of sporopollenin in the outer cell wall layers of pollen and spores of 

land plants indicates that the development of this resistant biopolymer occurred early in 

land plant evolution. The characterization of a number of Arabidopsis anther-specific 

genes involved in pollen wall formation has led to the compilation of a putative 

sporopollenin monomer biosynthetic pathway. The discovery of a number of orthologous 

genes in the Physcomitrella patens genome, with many shown to have a similar spatial 

and temporal expression pattern, suggests that a similar pathway may exist in 

Physcomitrella. The anther-specific chalcone synthase-like gene, PpASCL, and its 

Arabidopsis orthologs, have been shown to have a similar expression pattern, substrate 

preference, and enzyme activity. This suggests that the encoded enzyme PpASCL may 
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play a similar, and important role in the production of sporopollenin in Physcomitrella 

patens. An ascl loss-of-function mutant is expected to have altered spore wall formation, 

similar to the pollen phenotype of pksa and pksb single and double mutants. 

To elucidate the in planta function of PpASCL, and its proposed role in the 

synthesis of sporopollenin monomers, targeted PpASCL knockout transformants were 

created. Phenotypic characterization of the Physcomitrella ascl mutants in this study 

supports PpASCL’s proposed involvement in an evolutionarily conserved sporopollenin 

biosynthetic pathway.   
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2. MATERIALS AND METHODS 
 

2.1 Plant material, media and culture conditions 

The source plant material strain used in this study was pabB4, a p-aminobenzoic 

acid (paba) auxotrophic mutant of the wild type strain of Physcomitrella patens (Hedw.) 

(Ashton and Cove 1977). This strain was favoured due to its high fecundity, ease of 

growth under constant illumination, and fast life cycle (Ashton and Cove 1977; Courtice 

et al. 1978). By contrast, contemporary wild type lines, derived by repetitive subculturing 

of the original wild type Physcomitrella isolate, produce few sporophytes under these 

conditions, or require short day cycles (8 h light/day) to restore fecundity to original 

levels (Singer et al. 2007).  

Moss growth media used was NO3TPN media which contained the following 

compounds at their final concentrations: Ca(NO3)2·4H2O (5.0 × 10-3 M), FeSO4·7H2O 

(4.5 × 10-5 M), MgSO4·7H2O (1.0 × 10-3 M), KH2PO4 (1.84 × 10-3 M, pH 6.5), thiamine-

HCl (1.48 × 10-6 M), para-aminobenzoic acid (1.82 × 10-6 M), nicotinic acid 

(8.12 × 10-6 M), CuSO4·5H2O (2.2 × 10-7 M), ZnSO4·7H2O (1.9 × 10-7 M), H3BO3 

(9.93 × 10-6 M), MnCl2·4H2O (1.97 × 10-6 M), CoCl2·6H2O (2.3 × 10-7 M), KI (1.7 × 10-

7 M), Na2MoO4·2H2O (1.0 × 10-7 M). Gametophytic cultures of the moss were grown 

axenically on solid NO3TPN media, as either 15 mL slant cultures in 30 mL glass culture 

tubes (1.5% agar) or as point inocula in Petri plates (1.2% agar). Cultures were 

maintained through vegetative propagation by the aseptic transfer of a small portion of 

gametophytic tissue onto fresh, solid medium. All plated cultures were grown under a 

sheet of clear resin (Roscolux, No.114; MacPhon Industries, Calgary, Canada) to 
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decrease the rate of evaporation (Ashton et al. 1985). Filter-sterilized antibiotic, G418 

(50 µg mL-1), was added to autoclaved medium as required. All cultures in this study 

were grown at 25 °C under 24 h illumination supplied by cool-white fluorescent tubes 

(Sylvania), with a measured photon flux of 25 – 50 µmol cm-2 s-1 at the surface of the 

medium. 

Protonemal tissue cultures were created by mechanically disrupting source tissue 

in sterile distilled water (dH2O) using an Omni-Mixer with micro attachment (Sorvall). 

The mixture was pipetted under sterile conditions onto solid NO3TPN medium 

supplemented with 5 mM ammonium tartrate overlaid with a sterile cellophane disc 

(Grimsley et al. 1977). These cultures produce primarily protonemal cells and allow 

tissue to be harvested free of agar for gDNA isolation and protoplast production. 

2.2 PpASCL linear knockout construct preparation 

The knockout construct was produced using the pTN182 plasmid (Sakakibara et 

al. 2008), provided to us by the Hasebe laboratory (NIBB, Japan). The plasmid contains a 

resistance cassette with a neomycin phosphotransferase II (nptII) gene for antibiotic 

resistance to kanamycin and G418. The cassette includes a modified Cauliflower Mosaic 

Virus (CaMV) 35S promoter for expression in both Escherichia coli and Physcomitrella, 

as well as a CaMV 35S terminator (Sakakibara et al. 2008). 

Polymerase chain reactions (PCRs) were used to amplify two locus-specific 

regions from the PpASCL locus to be used for sites of homologous recombination. All 

PCR primer sequences used are listed in Table 1. The designed primers contained 5′-tail 

restriction sites for ligation into the two multiple cloning sites which flank the pTN182 
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resistance cassette. The 995 base pair (bp) 5′ locus-specific sequence (in relation to the 

gene orientation) was amplified using the 5′F- and 5′R-pTNCHS10-ClaI primers and 

included 549 bp of the 5′ upstream region and 446 bp of coding sequence. A 757 bp 

portion of gene sequence for the 3′ locus-specific sequence was amplified with the 3′F- 

and 3′R-pTNCHS10-NdeI primers. The PCR products and the pTN182 vector were 

restricted with the appropriate enzyme and purified by gel extraction (SpinPrep Gel DNA 

Kit, Novagen). The two PCR amplified, locus-specific sequences were then 

consecutively ligated into the plasmid to produce the knockout vector, 

pTN182-PpASCL-KO. The final knockout construct effectively replaced 249 bp of the 

PpASCL coding sequence with the G418 resistance cassette to ensure that there would be 

no latent enzyme activity when inserted into the genome. 

Restriction and PCR analyses, as well as sequencing, were used to confirm the 

proper insertion and orientation of the two locus-specific regions into pTN182 (data not 

shown). The linear knockout construct for transformation was PCR amplified from the 

pTN182-PpASCL-KO plasmid using the outermost primer set, 5′F-pTNCHS10-ClaI and 

3′R-pTNCHS10-NdeI (Fig 4a). The amplified construct was gel purified, ethanol 

precipitated, resuspended in sterile ddH2O, and then used directly for protoplast 

transformation. 

2.3 Physcomitrella protoplast isolation, transformation and selection of 

transformants 

To produce protoplasts for transformation, pabB4 tissue was grown for five to 

seven days on cellophane overlaid on ammonium tartrate-supplemented NO3TPN 
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Table 1. Primer list 
 
Primer Name Sequence (5′ – 3′)1 
5′F-pTNCHS10-ClaI GCACGGATCGATTAATGTTGGAAGTTGTGATTGGAAT 
5′R-pTNCHS10-ClaI GCACGGATCGATGCTCGTCCAAAATTTCTTTGTT 
3′F-pTNCHS10-NdeI GGAATTCCATATGCTACGGGGGCGCTTCT 
3′R-pTNCHS10-NdeI GGAATTCCATATGACACCAGGACCGAAGGCAA 
PpASCL-gDNA-F CTTACACATCACTCACTTATTCTGCTGCTT 
PpASCL-gDNA-R GAGAATAATACGATCCCTCTCTCAGTTTGA 
pTN182-5′-R TTGAAAAGTGTCAATAGCCCTTTGG 
pTN182-3′-F ATTGGTATCAGGGCCATGAATAGGT 
pTN182-G418-F GTGGAGAGGCTATTCGGCTATGACT 
pTN182-G418-R AACTCGTCAAGAAGGCGATAGAAGG 
 
1 PpASCL locus-specific regions underlined and the restriction sites are highlighted. 
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medium, digested with a solution of Driselase (Kyowa Hakko Kogyo Co. Ltd., Tokyo, 

Japan) and osmotically balanced with 0.44 M mannitol. The PEG-mediated heat shock 

transformation of the protoplasts was performed with approximately 20 µg of linear 

knockout construct, and the subsequent selection of stable transformants as described by 

Ashton et al. (2000). Stable transformants are those that retained their G418-resistant 

phenotype when plated on selective media after two successive rounds of culturing on 

non-selective media (Singer et al. 2007). 

2.4 PCR and Southern blot analyses of PpASCL knockouts to confirm single 

targeted insertion 

2.4.1 gDNA extraction 

Small scale gDNA extractions for PCR analyses were accomplished using the 

DNeasy Plant Mini Kit (Qiagen) as per the manufacturer’s instructions, with 7–14 day 

old agar-free protonemal tissue, ground into a fine powder under liquid nitrogen. For 

large scale gDNA extractions, protonemal tissue was grown for 3–4 weeks, ground in 

liquid nitrogen, and stored at - 80 °C until needed. Large scale gDNA extractions for 

Southern blotting combined the extracted gDNA from four individual purification 

columns from the DNeasy Plant Mini Kit (Qiagen). 

2.4.2 Polymerase chain reaction analysis 

Stable transformants were analysed to ensure the proper insertion of the knockout 

construct via double homologous recombination into the target locus. The overall size of 

the locus was visualized by PCRs using the primers ASCL-gDNA-F and 
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ASCL-gDNA-R, which targeted the gDNA outside of the locus-specific regions used for 

homologous recombination (Fig 4a). To verify the targeted insertion (TI) by homologous 

recombination of the individual 5′ and 3′ locus-specific ends of the knockout construct, 

these primers were used along with primers specific to the G418 resistance cassette 

(Fig 4b). These PCRs used ASCL-gDNA-F with pTN182-5′-R for the confirmation of the 

5′ TI, and pTN182-3′-F with ASCL-gDNA-R for the 3′ TI (Table 1). 

2.4.3 Southern blot analysis 

For Southern hybridization, approximately 10 µg of isolated gDNA was digested 

with the restriction enzyme AclI, precipitated with ethanol, and resuspended in sterile 

ddH2O. The restricted gDNA was electrophoretically resolved using a 1.2% agarose gel, 

denatured, neutralized, and then transferred to a Hybond-N+ positively charged, nylon 

membrane (Amersham Biosciences). The DNA was UV cross-linked to the membrane 

(UV Stratalinker, Stratagene) which was then used for hybridization of the probe. 

A probe targeted to the knockout construct was produced by PCR amplification of 

a 743 bp region specific to the G418 resistance cassette, using the primers 

pTN182-G418-F and pTN182-G418-R (Table 1). Probe digoxigenin(DIG)-labelling, 

hybridization, and immunological detection were performed using the DIG High Prime 

DNA Labeling and Detection Starter Kit II (Roche Life Science) as per the 

manufacturer’s instructions. The PCR product was gel purified and DIG-labelled 

overnight, after which the labelling efficiency was determined. Overnight hybridization 

of the DIG-labelled probe and membrane at 55 °C was followed by two high stringency 

washes with 0.5 × SSC at 65 °C. The membrane was rinsed briefly with dH2O and treated 
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for immunological detection as per the kit instructions. The membrane was then sealed in 

a development folder with the CSPD substrate used for chemiluminescence visualization 

(λmax = 477 nm) and exposed to Lumi-Film Chemiluminescent Detection Film (Roche 

Life Science). Length of exposure time was varied to obtain good contrast, which was 

typically 30 minutes to one hour, after which the film was developed and fixed (GBX 

Developer & Fixer, Kodak). 

2.5 Phenotypic analyses 

Sporophyte production was induced in culture tubes containing two to four month 

old gametophytes by irrigation with 5 mL sterile water and incubation at 16 °C (Engel 

1968) with constant illumination. Due to the auxotrophic nature of pabB4 and its derived 

knockouts, this water was supplemented with 18 µM paba to adequately nourish the 

developing sporophytes (Courtice et al. 1978). Initial sporophytic growth was visible 

approximately one week after irrigation. 

For observation of the sporophytes, gametophores with their developing 

sporophytes were removed from the culture tubes and placed on a Petri plate in sterile 

dH2O. The sporophytes were separated from the gametophores, counted, and their 

developmental stage was recorded. For spore isolation, a sporophyte was placed into a 

drop of sterile dH2O where it was gently and sterilely ruptured with fine forceps to 

release the spores and separate them from the sporophytic coat. 
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2.5.1 Microscopy sample preparation 

Acetolysis of the spores was performed similarly to Dobritsa et al. (2009). Spore 

suspensions were centrifuged and decanted off into a minimal volume of water. A large 

excess volume (>10 ×) of freshly prepared 9:1 (v/v) acetic anhydride and sulfuric acid 

solution was added to the spores and incubated at 70 °C for 20 minutes. Treated spores 

were washed twice with sterile dH2O, pipetted onto a slide, overlaid with a coverslip, 

with the edges sealed with nail polish. 

Untreated spore samples for scanning electron microscopy (SEM) were fixed with 

formaldehyde and air dried on a coverslip overnight. Acetolysed spores were first washed 

using a graded ethanol series, with the final two washes at 100% ethanol, after which 

they were air dried on a coverslip overnight. The individual coverslips were mounted to 

SEM stubs with double-sided carbon tape and the samples were grounded with copper 

tape. They were then sputter-coated with gold for 2 minutes, with argon under vacuum, at 

a current of 7-8 milliamperes (SC7620 Sputter Coater, Quorum Technologies). 

Staining with Simplified Alexander’s stain, a stain used to distinguish between 

aborted and non-aborted spores, was performed according to Peterson et al. (2010). 

Samples for Toluidine Blue O (TBO) (Sigma-Aldrich) staining were incubated in a drop 

of 0.05% TBO solution in water for two minutes, rinsed three times with dH2O, wet 

mounted on a slide, overlaid with a coverslip, and sealed with nail polish. Spore 

suspensions for staining with Fast Blue B (ZnCl2 salt) (Sigma-Aldrich) were placed into a 

1.5 mL microcentrifuge tube, centrifuged, and excess water removed. A 100 µL aliquot 

of 0.1% Fast Blue B solution in dH2O was added to the spores and left at room 
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temperature for 24 h. Spores were rinsed three times with dH2O, pipetted onto a slide, 

covered, and sealed with nail polish. 

2.5.2 Light and scanning electron microscopy 

SEM samples were analysed at 5 kV and a spot size of 25, with the secondary 

electron detector fitted to a Jeol JSM-6360 SEM housed in the Department of Geology, 

University of Regina. Light microscopy images were taken using a DS-Ri1 or DS-Fi1 

digital camera, mounted to either a Nikon Eclipse 80i upright microscope or Nikon 

SMZ1500 stereo microscope. 
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3. RESULTS 
 

3.1 Molecular analysis of stable transformants 

Three stable, G418-resistant transformants were obtained after transformation 

with the PpASCL knockout construct. PCRs were used to confirm the targeted insertion 

of the knockout construct into the PpASCL locus via double homologous recombination. 

Insertion of the knockout construct into the PpASCL locus resulted in a larger PCR band 

from the recombined locus than was produced from the pristine locus in pabB4 

corresponding to the predicted lengths of 4319 bp and 2482 bp, respectively (Fig 4a-c). 

To determine that there were legitimate, homologous recombination events at 

both ends of the knockout construct, the gDNA specific primers were used together with 

G418 resistance cassette-specific primers (Fig 4b). Two PCRs, one specific to the 5′ 

locus-specific end, and the other for the 3′ locus-specific end, resulted in DNA bands 

from ascl mutant gDNA, with sizes consistent with the predicted 1361 bp and 1188 bp, 

respectively, while pabB4 gDNA produced no bands (Fig 4d). 

3.2 Southern blot analysis of a stable ascl transformant  

One ascl mutant, ascl2, was analysed using Southern hybridization to confirm the 

presence of a single knockout insertion at the target locus, and determine the presence of 

any illegitimate recombination events. With AclI restricted gDNA from pabB4 and the 

ascl2 mutant, high stringency Southern blotting was performed using a DIG-labelled 

probe specific to the knockout construct’s G418 resistance cassette. A single band 

hybridized to the ascl2 gDNA around 6000 bp, with the predicted size of 5991 bp, while 
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Figure 4. PCR analyses of PpASCL targeted knockout.  
 
(a) Schematic diagram of the linear knockout construct insertion via double homologous 
recombination into the PpASCL locus. 35S-P – CaMV 35S promoter, nptII – neomycin 
phosphotransferase II gene, 35S-T – CaMV 35S terminator. (b) Schematic diagram of 
recombined gene locus after successful insertion. Black arrows denote locus-specific 
primer locations, and white arrows denote the locations of the primers specific to the 
G418 resistance cassette. Expected PCR product sizes based on sequence information are 
as shown. (c) PCR products using locus-specific primers showing size difference of the 
pabB4 and targeted knockout loci. Samples separated on a 1.2% agarose gel and 
visualized with ethidium bromide. (d) PCRs for 5′ and 3′ recombined ends using a 
combination of primers specific to the locus and the G418 resistance cassette. As 
expected, no product from pabB4 and two bands from each stable transformant were 
evident. 
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Figure 5. Southern blot analysis of PpASCL targeted knockout.  
 
Southern blot of AclI restricted pabB4 and ascl2 gDNA, hybridized with a DIG-labelled 
probe specific to the G418 resistance cassette. Position and size (in kb) of ladder bands 
indicated. Probe hybridization denoted by arrowhead. 
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no band was present in the pabB4 gDNA (Fig 5). The Southern hybridization data and 

PCR analyses together indicated that the stable transformant ascl2 contained a single 

targeted insertion, after having undergone allele replacement by the ASCL knockout 

construct, and was thus used for all of the remaining experiments. 

3.3 Gametophytic morphology of pabB4 and ascl2 

Vegetatively propagated colonies of both pabB4 and ascl2, inoculated using a leaf 

from a mature gametophore, appeared to have typical, radial protonemal development, 

bud formation, gametophore growth, and overall colony morphology (Fig 6). Gametangia 

production was not affected and it was not until the late stages of sporophytic 

development that there were any noticeable differences between ascl2 and pabB4 

cultures. 

3.4 Promotion of sporophytic development 

Eight or more weeks after tube inoculation, sporophytic development was 

promoted by the irrigation of moss culture tubes and temperature down-regulation to 

16 °C. Sporophytic growth was observed within the first week after irrigation.  

3.5 Sporophytic morphogenesis in pabB4 

Images of the various sporophytic developmental stages of pabB4 described 

below are found in Figure 7. In pabB4, the “initial development” stage began after 

irrigation, which facilitated the motile sperm to fertilize the egg within an archegonium. 

It was typical that only one fertilized archegonium on each gametophyte underwent 

sporophytic development. During this stage, the growth of the zygote, and then young 
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Figure 6. Light microscopy images of pabB4 and ascl2 gametophytes.  
 
Vegetatively propagated colonies of pabB4 and ascl2 after six weeks of growth, left and 
right, respectively. Scale bars = 5 mm. 
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embryo, was still contained within the archegonial tissues, causing the archegonia to 

expand. This initial sporophytic developmental stage began after irrigation and lasted 

about 7 to 10 days. 

The “expanding capsule” stage began around day 10 with formation of the 

reddish-brown seta at the base of the gametophyte-dependent sporophyte, connecting it to 

the gametophore. As the embryonic capsule expanded out of the archegonia, the calyptra, 

a remnant of the archegonial tissue, remained loosely attached to the top of the capsule. 

This calyptra was easily removed and is not included in the majority of the sporophyte 

images in Figure 7. As this growth progressed, the capsule became more spherical and an 

evacuated space was observed within. The majority of sporophytes completed this stage 

by day 15. 

Spores became visible within the evacuated space of the sporophyte around 

day 15, and marked the beginning of the “green” stage which lasted approximately until 

day 20. In backlit capsules, developing spores appeared to be a slightly opaque mass in 

the relatively transparent sporophyte. As the spores matured, they became more opaque 

and appeared through the sporophyte wall as a white mass filling the previously 

evacuated space by the end of this stage. During the green stage, the developing spore 

mother cell underwent meiosis to form a tetrad of meiospores within, where they 

developed and were released as free microspores at the end of this stage. Following the 

green stage, a relatively short “yellow” stage was observed from days 21 to 24, as spores 

began to develop pigmentation visible through the sporophyte walls. Spores from the 
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yellow stage were seen to further increase in size and the formation of the initial cell wall 

patterning was observed. 

The sporophytes then moved into the mature “orange” developmental stage at 

day 25. This was the last stage observed in pabB4 sporophytes and persisted for around 

48 days, after which the sporophytes were found to rupture naturally. The spores reached 

their maximum size by the early orange stage, while pigmentation continued to darken 

throughout the orange stage. Dehiscence occurred as a tearing of the sporophyte wall, 

perpendicular to its longitudinal axis, which released the mature spores into the 

environment. Data for developmental stage timing are provided in Appendix A. 

3.6 Sporophytic morphogenesis of ascl2 mutant 

Images of the various sporophytic developmental stages of ascl2 described below 

are found in Figure 7. Sporophytic growth in the knockout mutant, ascl2, began normally 

from irrigation through to the green sporophytic developmental stage, with the timing and 

appearance of these stages indistinguishable from pabB4. Morphological differences 

between pabB4 and ascl2 only became apparent at the end of the green stage of 

development. The ascl2 spore capsule showed a less distinct inner spore outline within 

the sporophyte and did not fill the inner space of the sporophyte to the same extent as 

pabB4 (Fig 7, white arrowheads). This appeared to be due to the size difference of the 

spores, where the pabB4 spores continued to grow after the free microspores were 

released, ascl2 spores did not. This resulted in a larger space between the outer and inner 

walls of the ascl2 sporophytes, which persisted through their remaining development. 
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Figure 7. Developmental timeline of pabB4 and ascl2 sporophytes and spores. 
  
Light microscopy images of the typical morphology of the sporophyte and spores are 
shown for each developmental stage. The number of days post irrigation is listed with the 
corresponding name for each stage. Some stages have been divided further to better 
characterise changes in spore development that occurred during the stage. White 
arrowheads denote the outline of the spores within the capsule. No spores are seen during 
the initial growth and expanding capsule stages. pabB4 does not undergo the brown 
sporophytic stage. Sporophyte scale bars = 500 µm; Spore scale bars = 10 µm. 
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The general colouration of the spores, used to define the sporophytic developmental 

stages, did not appear to be altered compared to those of pabB4. While the overall 

developmental timing of sporophytic stages coincided with pabB4, a unique brown stage 

was observed in ascl2 cultures which formed from a subset of orange sporophytes late in 

sporophytic development, after around 48 days of growth. 

Free spores were almost never released naturally from ascl2 sporophytes, 

compared to pabB4 where the majority of sporophytic capsules dehisced at maturity and 

released their spores freely in water. Disintegration of the outer sporophytic walls of 

aged, orange and brown, ascl2 sporophytes typically did not result in a release of the 

spores. Some of these sporophytes contained an amorphous material of unknown 

composition that caused the spores to stick together and hindered their ability to disperse 

in water. 

3.7 Spore morphology 

pabB4 spores were spherical with an echinate surface covered with spines, perine 

elements with a tapering end which are taller than 1 µm (Punt et al. 2007). The abnormal 

phenotype of the ascl2 spores was first observed in free microspores after their release 

from tetrad, occurring late in the green sporophytic stage (Fig 7). For consistent 

comparison among similarly aged spores, all spores were isolated from the orange stage. 

All three stable ascl mutants’ spores were smaller in size and had a distinctive, abnormal 

morphology. The mutant spores appeared to have a disrupted cell wall which appeared to  
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Figure 8. Morphological comparison of mature pabB4 and ascl spores.  
 
Images of typical spores isolated from mature orange sporophytes imaged with light 
microscopy (a–d) and SEM (e–l). Spores from the pabB4 (a, e, i), and the three stable 
mutants, ascl1 (b, f, j), ascl2 (c, g, k), and ascl3 (d, h, l) show a consistent phenotype 
between all three mutants. Scale bars = 10 µm. 
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have collapsed, with many spores having a biconvex spore outline (Fig 8). The diameter 

of the pabB4 spores, excluding ornamentation, measured 27.9 ± 2.04 µm (n = 132) (mean 

± standard deviation) while ascl2 spores, at their longest, had a length of 18.3 ± 1.87 µm 

(n = 146). The mutant spores had a highly irregular surface with globular, granulose 

protrusions, and lacked the characteristic perine spines found on the spore coat of pabB4. 

The morphological differences were very distinct in SEM images, where the spines were 

completely absent from the mutant spores, instead being replaced with granulose 

protrusions covering the spore surface (Fig 8e-l). 

Acetolysis of spores revealed that both the pabB4 and mutant spore walls were 

resistant to the chemical treatment. After treatment, a slightly yellow-coloured remnant of 

the spore coat remained, with the spines of pabB4 and the irregular surface of ascl2 left 

intact (Fig 9c, d). SEM images of acetolysed spores of the mature early and late orange 

stages revealed intact echinate and granulose surface patterns of the pabB4 and ascl2 

spores, respectively (Fig 10f, h). Untreated spores samples when observed by SEM, with 

and without fixation, were comparable, with no spores observed to collapse (Fig 8e, i; 

data not shown). In contrast, the intact but acetolysis weakened, unfixed pabB4 spores 

had collapsed in the vacuum of the SEM, while those of ascl2, which had a compromised 

and leaky cell wall were unaffected (Fig 10). Triradiate ridges also appeared to be visible 

in the collapsed structure of the pabB4 spores (Fig 10a, b).  
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Figure 9. Light microscopy images of acetolysed spores.  
 
Spores of pabB4 (a, c) and ascl2 (b, d) after mock treatment in water (a, b) or acetolysis 
treatment (c, d). Scale bars = 10 µm. 
  



36 
 

 

 

 

 

 

 
 
Figure 10. SEM images of acetolysed spores. 
 
SEM images of gold coated spores after acetolysis treatment. Spores from pabB4 
(a, b, e, f) and ascl2 (c, d, g, h, i, j) isolated from orange and brown sporophytic 
developmental stages. Triradiate ridges are observed in some collapsed pabB4 spores (b). 
Scale bars (a, c, e, g, i) = 10 µm; (b, d, f, h, j) = 5 µm. 
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3.8 Spore viability and cytochemistry 

Germination of pabB4 spores from the yellow and orange stages was observed 

after 4 days when plated on standard NO3TPN medium. By the fourth day, a large 

percentage of orange spores had begun to germinate and the majority had started by 

day 7. Spores from the younger, less mature, yellow sporophytes appeared to have a 

similar overall germination frequency as orange stage spores, but showed a delay in their 

germination, with only a few beginning to grow by the fourth day. Under identical 

conditions, no ascl2 spores from any stage of development began germination. 

To determine if the spores had been developmentally arrested through abortion of 

the spore, they were stained with Simplified Alexander’s stain, an alternative to the more 

toxic Alexander’s stain (Alexander 1969; Peterson et al. 2010). This differential staining 

of the spore cell wall and cytoplasm in pabB4 showed that the cytoplasm filled most of 

the spore interior. The majority of ascl2 stained spores revealed a comparatively irregular 

distribution of cytoplasm (Fig 11a, b). 

Spores of both pabB4 and ascl2 were found to be stained well by both TBO and 

Fast Blue B (Fig 11c–f), with no noticeable difference seen in the staining pattern 

between the two strains. The TBO staining of the spores was still observed after 

acetolysis treatment (data not shown).  
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Figure 11. Cytochemical comparison of orange stage spores.  
 
Light microscopy images of pabB4 (a, c, e,) and ascl2 (b, d, f) spores after cytochemical 
treatment. Spores stained with (a, b) Simplified Alexander’s stain, (c, d) Toluidine Blue 
O, and (e, f) Fast Blue B. Scale bars = 10 µm.  
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4. DISCUSSION 
 

4.1 Rationale for PpASCL knockout and confirmation of targeted gene knockout 

Molecular analyses by PCR and Southern blotting have confirmed the targeted 

knockout of PpASCL (Fig 4, 5). Phenotypic analyses of an ascl knockout line, ascl2, 

shows that PpASCL plays a specific and necessary role in the proper maturation and 

development of viable spores in Physcomitrella. 

Genes implicated in sporopollenin monomer biosynthesis, including the 

Arabidopsis PpASCL orthologs PKSA and PKSB, are tightly regulated both temporally 

and spatially in developing anthers of flowering plants. Gene expression and protein 

accumulation are localized primarily to the tapetal cell layer of the anther during the 

tetrad and/or free microspore stages of pollen development (Aarts et al. 1997; Morant et 

al. 2007; de Azevedo Souza et al. 2009; Dobritsa et al. 2009; Kim et al. 2010; Wang et al. 

2013). PpASCL expressed sequence tags (ESTs) were previously found to be located 

primarily in the green sporophyte EST library (Colpitts et al. 2011). This expression 

coincides with the timing of exine layer and sporopollenin deposition in spore 

development (Wallace et al. 2011). Consistent with these findings, this study shows that 

the initial development of both pabB4 and ascl2 are indistinguishable, with the mutant 

phenotype beginning at the late green stage of sporophytic development.  

4.2 Sporophytic development in ascl2 

The general pattern of ascl2 sporophytic development does not initially vary from 

that seen in pabB4. Fertilization occurs shortly after irrigation, and sporophytic growth is 
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indistinguishable between the two strains until late in the green stage of development. As 

pabB4 spores mature, they fill the majority of the sporophyte leaving little room between 

the inner capsule and the outer sporophytic wall, contrasting with ascl2 sporophytes 

having a much smaller inner spore containing capsule (Fig 7, white arrowheads). The 

number of spores is not expected to be different between the mutant and pabB4 as the 

initial spore development, including meiosis and tetrad formation, appears to be 

unaffected in ascl2. The sporophytes of pabB4 and ascl2 look similar up until the free 

microspore stage, after which the pabB4 spores increase in size to fill the majority of the 

sporophyte, while the ascl2 spores stay the same size as they were initially in the free 

microspore stage. This indicates that the smaller inner spore capsule of ascl2 is likely due 

of the non-spherical shape and much smaller size of the ascl2 spores, and not because of 

a difference in the number of spores. 

The changes in spore colouration as they develop are visible through the 

sporophyte wall and, thus, the exterior sporophyte colour can be used to determine spore 

developmental stage (Singer and Ashton 2007). When illuminated under the microscope, 

maturing sporophytes from both ascl2 and pabB4 appeared to have a similar colouration, 

suggesting that the pigmentation present in the spore walls continues to be deposited in a 

similar manner in both strains. The ascl2 brown sporophytic stage is an extra stage of 

development, or potentially a stage of spore deterioration, that is seen only in a subset of 

mature ascl2 sporophytes after the orange stage, and is not observed in pabB4 cultures.  

These brown ascl2 sporophytes contain aged spores with dark spore wall 

pigmentation as well as unknown, extracellular, adhesive material that causes the spores 



41 
 

to stick to one another and to the sporophytic tissue. This clumping of the spores makes 

them difficult to separate, whereas the pabB4 spores disperse readily in water. A similar 

extracellular material has been described in Arabidopsis ASCL and TKPR mutant anthers. 

Pollen from single mutants of pksa (lap6) and pksb (lap5) were described as adhering 

tightly to the anther (Dobritsa et al. 2010) and double mutant anthers contained an 

electron-dense material in the anther locule when observed with TEM (Kim et al. 2010). 

Anthers from the tkpr1 mutant contain what is thought to be cell wall and protoplast 

remnants from degraded pollen grains, causing the remaining pollen to aggregate (Tang 

et al. 2009; Grienenberger et al. 2010). The material found in the aforementioned 

Arabidopsis mutants, as well as the amorphous, sticky material found in the ascl2 brown 

stage sporophytes could potentially be composed of unpolymerized sporopollenin 

precursors and/or other copolymerizing compounds that form the normal pollen and 

spore cell wall. 

Compared to pabB4 spores, ascl2 spores have an irregular, granulose patterning 

over the cell wall surface, which has replaced the echinate patterning of the perine layer 

on pabB4 spores (Fig 8i, k). The abnormal spore cell wall patterning and collapsed, 

biconvex shape of the ascl2 spores suggest that the absence of the PpASCL enzymatic 

product results in an abnormal formation of the exine and perine layers that causes a 

reduction in structural stability of the spore cell wall. Functional orthologs of PpASCL in 

higher plants are necessary for the formation of the exine layer and normal male plant 

fertility. Single mutants of PKSA and PKSB produce collapsed pollen with an abnormal 

exine layer and overall reduced fertility, while double mutants have mature anthers 

mostly devoid of pollen grains (Dobritsa et al. 2010; Kim et al. 2010). Different 
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homozygous mutant alleles of Arabidopsis PKSB show varying degrees of abnormal 

exine patterning (Dobritsa et al. 2010; Kim et al. 2010). The few pollen grains obtained 

from double mutants of PKSA and PKSB develop a highly irregular but relatively smooth 

surface, which is devoid of an exine layer (Kim et al. 2010). In tobacco, an RNAi 

knockdown of NtPKS1 is completely male sterile, producing abnormal and non-viable 

pollen (Wang et al. 2013). Alternatively, an insertion mutant of the rice gene OsPKS1 

develops a reduced number of small, abnormally shaped pollen and remains partially 

male fertile (Wang et al. 2013). The formation of globular masses on the pollen surface, 

particularly those seen in the PKSB mutant lap5-1 (Dobritsa et al. 2010), is similar to the 

surface patterning of the ascl2 spores. These various ASCL mutants consistently show 

morphological defects in the exine layer in both pollen and spore cell walls. 

It is not currently known which sporophytic cells express PpASCL. Most 

characterized sporopollenin monomer biosynthetic genes from angiosperms are 

preferentially expressed in the anther tapetal cells, with a small number also expressed in 

the developing microspores. CYP703A2, and in-chain hydroxylase, is expressed in both 

the tapetum and the developing microspores (Morant et al. 2007). The cyp703a2 mutant 

pollen development is indistinguishable from the wild type until after release from the 

tetrad, after which two sizes of pollen are observed, one of similar size to the wild type, 

and another much smaller size that appears to have been arrested soon after free 

microspore release (Morant et al. 2007). PKSA and PKSB are also expressed in the 

tetrads of developing microspores but single or double mutants do not show a reduced 

pollen size, which may be due to the observed minimal tetrad gene expression (Kim et al. 

2010). The smaller size of the ascl2 spores is not typical of other mutants of 
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sporopollenin biosynthetic genes, where the mature pollen grains are similar in size to 

their wild type. This smaller ascl2 spore size may be due to premature arrest of spore 

development and indicates an earlier expression of PpASCL in spore development 

compared to the other biosynthetic genes in Arabidopsis pollen.  

4.3 Spore viability 

A common technique to determine the viability of pollen grains is to use a 

differential stain of the cell wall and cytoplasm, such as Alexander’s or Simplified 

Alexander’s stain, to visualize the differences between aborted and non-aborted pollen 

(Alexander 1969; Peterson et al. 2010). The Nicotiana plant NtPKS1i, an RNAi mutant of 

NtPKS1, a PpASCL ortholog, is found to be completely male sterile. Pollen from mature 

anthers reveal that the pollen grains do not contain cytoplasm when stained with 

Alexander’s stain (Wang et al. 2013). The loss of cytoplasm is postulated to result from 

cytoplasmic leakage through the structurally compromised cell wall during microspore 

development (Wang et al. 2013). Similarly, the mutant ascl2 spores were non-viable as 

they did not germinate on solid NO3TPN medium under standard culture conditions, 

whereas growth from pabB4 spores was seen within four days. Simplified Alexander’s 

staining of ascl2 spores reveals that the majority have a non-intact cytoplasm compared 

to those of pabB4 (Fig 11a, b). While the majority of mutant spores have an irregular 

cytoplasm, some do appear to be intact, and it cannot be ruled out that the spores 

exhibiting a regular staining pattern may be viable. This possibility should be 

investigated using different conditions for spore germination. Overall, these observations 

are consistent with those of NtPKS1i pollen, suggesting that the spore cell wall may be 
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similarly compromised, early in free microspore development, causing the developmental 

arrest and abortion of the spores from the cytoplasm leaking.  

4.4 Acetolysis of pabB4 and ascl2 spores 

Acetolysis treatment is used to determine the chemical resistance of the 

sporopollenin in spore and pollen walls. Acetolysis experiments with pollen from 

Arabidopsis mutants of MS2, CYP704B1, PKSA and PKSB genes reveal varying levels of 

chemical sensitivity. Mutant ms2 pollen grains are moderately sensitive to acetolysis as 

they are mostly lysed, but still appear to have some remnant of the pollen cell wall after 

treatment (Aarts et al. 1997). Pollen grains from a cytochrome P450 mutant, cyp704b1, 

lack a distinguishable exine layer and are completely destroyed by the acetolysis 

treatment (Dobritsa et al. 2009). Single mutants of PKSA (LAP6) and PKSB (LAP5) 

produce pollen that are resistant to acetolysis and retain their shape and overall structure 

after treatment (Dobritsa et al. 2010). The ascl2 mutant spore wall is found to be as 

resistant to acetolysis pabB4 spore cell walls (Fig 9, 10), with the distinct spore 

morphologies of both pabB4 and ascl2 remaining intact after treatment. Specifically, the 

spines of pabB4 and the irregular granula of ascl2 spores are easily seen in SEM images 

of acetolysed spores (Fig 10). This indicates that, while the structural integrity and 

organization of the ascl2 spore cell wall is compromised, it still contains a defective 

sporopollenin that is as chemically resistant as the sporopollenin of pabB4. The 

production of an irregular exine layer and the acetolysis resistance of ascl2 spores, a 

knockout of the only ASCL gene in Physcomitrella, contrasts with the Arabidopsis double 

mutant of the PKSA and PKSB paralogs, which develops few mature pollen grains, all of 
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which are devoid of an exine layer. This suggests that the combined role of Arabidopsis 

PKSA and PKSB and their ASCL products (presumed to be tri- and tetraketide α-pyrones) 

appear to have a more integral role in Arabidopsis exine formation than PpASCL has in 

Physcomitrella.  

4.5  Cytochemistry of pabB4 and ascl2 spores 

Both pabB4 and ascl2 spores are readily stained by the cationic stain Toluidine 

Blue O (TBO) (Fig 11c, d). While the specific staining of sporopollenin by TBO has not 

been reported, the dye has been used to stain exine layer, as well as the polysaccharides 

of the spore intine layer (Olesen and Mogensen 1978; Ríos et al. 2013). After acetolysis, 

TBO is observed to stain pabB4 and ascl2 spores, indicating that sporopollenin, and the 

defective sporopollenin, the only compound to survive acetolysis treatment, may be 

specifically stained by TBO. Pollen cell walls from peach also show a strong blue 

staining by TBO attributed to the exine layer, although this may be due to other 

compounds in the cell wall and not necessarily due to the presence of sporopollenin (Ríos 

et al. 2013).  

Fast Blue B is known to stain the exine of pollen (Ahokas 1975; Ahokas 1978) as 

well as staining compounds containing pyrone rings a bright orange-yellow in thin layer 

chromatography (Kim et al. 2013). If this staining is specific to the pyrone ring proposed 

to be produced by PpASCL, Fast Blue B staining should be absent or reduced in ascl2 

spores, but it was observed that spores from pabB4 and ascl2 stained a similar orange-red 

colouration (Fig 11e, f). It appears as though Fast Blue B staining does not distinguish 
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between the pabB4 and mutant spores, potentially due to the presence of unrelated pyrone 

rings, or non-specific staining of similar compounds. 

These staining results do not allow for any conclusions to be made about the 

differences between the sporopollenin of ascl2 and pabB4. These data have shown that 

with the stains used, the defective sporopollenin of ascl2 is indistinguishable from the 

sporopollenin found in pabB4, and more targeted studies are needed to determine the 

cytochemical differences between them.  

4.6 Conclusion and future work 

This study is the first phenotypic characterization of an ASCL knockout 

mutant, ascl2, in the moss Physcomitrella. PpASCL’s involvement in the sporopollenin 

biosynthetic pathway and exine layer production, proposed from previous in vitro 

reactions and phylogenetic and expression data, is supported by the resulting ascl2 

mutant phenotype. The mutant shows similar overall growth and development compared 

to the untransformed pabB4 strain, and it is not until late in the green sporophytic stage of 

development that morphological differences are observed. The spores of ascl2 are 

non-viable, biconvex in shape, and appear to be arrested early in development after 

release of the free microspores. Irregular granula cover the spore cell walls, which are 

composed of a defective, acetolysis-resistant sporopollenin. Mature pabB4 sporophytes 

dehisce and release their spores while ascl2 sporophytes do not. Some mutant 

sporophytes also develop an additional brown stage in which a dark, extracellular, 

adhesive material sticks to the aged spores within. 
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More detailed information about the expression of PpASCL, the chemistry of the 

PpASCL pathway, and the morphology of the ascl2 mutant sporophytes and spores is 

required to illuminate the functions of PpASCL and the relationship between PpASCL 

and its homologues in higher plants. RNA in situ hybridization and immunoblotting 

experiments can be used to determine the location and timing of PpASCL expression and 

the protein accumulation in the sporophyte. Thin-sectioning of sporophytes at varying 

stages of development, along with TEM imaging, would reveal more detail in the 

structural and developmental differences observed in the ascl2 spores. The composition 

of the extracellular material found in the ascl2 sporophytes may be determined through 

chemical analyses using NMR and FTIR. Similar studies with samples of acetolysed 

sporopollenin from pabB4, and the defective sporopollenin from ascl2, may help 

determine the chemical identity of the in planta products of PpASCL. Together, these 

data will help to determine a more complete and detailed morphological and chemical 

description of the ascl mutant to elucidate the in planta role of PpASCL in the 

sporopollenin biosynthetic pathway.   
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APPENDIX A – Raw Sporophytic Development Data 
 

1.  ascl2 culture tubes 
ascl2 (n = 32) Percentage of sporophytes in each stage 
Days 
after 
irrigation 

Total 
SP 

Initial 
develop-
ment 

Expanding 
capsule Green Yellow Orange Dehisced Brown 

6 53 96.2 0.0 1.9 0.0 1.9 0.0 0.0 
7 31 93.5 0.0 0.0 3.2 0.0 0.0 3.2 
10 17 58.8 41.2 0.0 0.0 0.0 0.0 0.0 
12 24 20.8 79.2 0.0 0.0 0.0 0.0 0.0 
12 6 50.0 50.0 0.0 0.0 0.0 0.0 0.0 
12 45 44.4 44.4 2.2 4.4 4.4 0.0 0.0 
14 65 12.3 67.7 20.0 0.0 0.0 0.0 0.0 
15 37 45.9 35.1 18.9 0.0 0.0 0.0 0.0 
17 85 5.9 18.8 69.4 0.0 3.5 2.4 0.0 
17 32 18.8 25.0 56.3 0.0 0.0 0.0 0.0 
18 15 20.0 20.0 60.0 0.0 0.0 0.0 0.0 
19 76 1.3 5.3 89.5 1.3 2.6 0.0 0.0 
20 58 6.9 22.4 56.9 13.8 0.0 0.0 0.0 
21 20 10.0 45.0 10.0 35.0 0.0 0.0 0.0 
21 57 1.8 12.3 45.6 26.3 3.5 3.5 7.0 
22 19 15.8 10.5 31.6 42.1 0.0 0.0 0.0 
22 56 3.6 8.9 42.9 41.1 3.6 0.0 0.0 
25 66 1.5 3.0 7.6 15.2 72.7 0.0 0.0 
25 58 3.4 10.3 22.4 17.2 41.4 0.0 5.2 
26 46 8.7 17.4 10.9 17.4 45.7 0.0 0.0 
27 54 3.7 3.7 24.1 5.6 55.6 0.0 7.4 
30 58 3.4 0.0 3.4 8.6 75.9 0.0 8.6 
33 37 29.7 2.7 8.1 5.4 54.1 0.0 0.0 
37 70 4.3 2.9 1.4 0.0 87.1 1.4 2.9 
48 57 7.0 7.0 5.3 1.8 47.4 0.0 31.6 
52 47 0.0 0.0 0.0 0.0 78.7 0.0 21.3 
52 41 2.4 4.9 17.1 7.3 39.0 2.4 26.8 
59 89 10.1 6.7 3.4 1.1 52.8 2.2 23.6 
60 63 12.7 0.0 0.0 0.0 58.7 6.3 22.2 
65 54 5.6 7.4 1.9 1.9 66.7 1.9 14.8 
68 47 19.1 0.0 2.1 0.0 55.3 6.4 17.0 
68 25 0.0 0.0 4.0 0.0 52.0 4.0 40.0 
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2.  pabB4 culture tubes 
pabB4 (n = 38) Percentage of sporophytes in each stage 
Days 
after 
irrigation 

Total 
SP 

Initial 
develop-
ment 

Expanding 
capsule Green Yellow Orange Dehisced Brown 

6 53 96.2 1.9 0.0 1.9 0.0 0.0 - 
7 53 77.4 1.9 1.9 3.8 11.3 3.8 - 
10 18 55.6 44.4 0.0 0.0 0.0 0.0 - 
12 63 36.5 57.1 0.0 0.0 6.3 0.0 - 
12 22 22.7 72.7 4.5 0.0 0.0 0.0 - 
13 61 52.5 39.3 4.9 0.0 0.0 3.3 - 
14 57 14.0 73.7 12.3 0.0 0.0 0.0 - 
15 13 30.8 23.1 46.2 0.0 0.0 0.0 - 
15 68 14.7 42.6 39.7 1.5 1.5 0.0 - 
17 82 7.3 19.5 70.7 0.0 2.4 0.0 - 
18 16 12.5 31.3 56.3 0.0 0.0 0.0 - 
18 18 11.1 16.7 72.2 0.0 0.0 0.0 - 
19 52 13.2 15.1 66.0 0.0 3.8 0.0 - 
19 77 3.9 9.1 83.1 0.0 3.9 0.0 - 
20 29 6.9 27.6 65.5 0.0 0.0 0.0 - 
21 47 2.1 12.8 34.0 51.1 0.0 0.0 - 
21 22 0.0 22.7 54.5 22.7 0.0 0.0 - 
21 91 4.4 9.9 37.4 26.4 8.8 12.1 1.0 
22 23 13.0 17.4 30.4 39.1 0.0 0.0 - 
22 46 4.3 17.4 37.0 37.0 4.3 0.0 - 
24 31 12.9 6.5 25.8 54.8 0.0 0.0 - 
25 77 3.9 2.6 19.5 37.7 36.4 0.0 - 
25 91 3.3 5.5 9.9 37.4 40.7 3.3 - 
27 65 1.5 4.6 3.1 21.5 69.2 0.0 - 
27 84 4.8 1.2 9.5 15.5 69.0 0.0 - 
30 71 2.8 5.6 4.2 7.0 80.3 0.0 - 
31 88 6.8 0.0 10.2 12.5 70.5 0.0 - 
31 34 5.9 5.9 0.0 14.7 73.5 0.0 - 
33 48 29.2 6.3 10.4 4.2 47.9 2.1 - 
39 87 13.8 5.7 4.6 8.0 67.8 0.0 - 
44 56 17.9 5.4 1.8 3.6 69.6 1.8 - 
46 94 4.3 1.1 2.1 4.3 80.9 7.4 - 
48 64 6.3 10.9 21.9 14.1 46.9 0.0 - 
52 82 11.0 4.9 3.7 6.1 34.1 40.2 - 
52 37 0.0 0.0 2.7 8.1 32.4 56.8 - 
53 29 0.0 10.3 10.3 24.1 34.5 20.7 - 
65 47 0.0 0.0 0.0 0.0 12.8 87.2 - 
95 31 9.7 3.2 3.2 3.2 32.3 48.4 - 
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APPENDIX B – Publication 
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