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                                                        Abstract 

2ʹ-Oxoalkylresorcinol synthase from Physcomitrella patens (PpORS) is basal to all plant 

type III polyketide synthases in phylogenetic trees, and may resemble closely their most 

recent common ancestor. PpORS knockouts were previously generated and partially 

characterized (Li et al., Planta, 2018, 247: 527–541). This study aimed to investigate 

further the in planta functions and evolutionary roles of PpORS. Ors-3 (an ors knockout 

line) was first subjected to dehydration stress. The ability of ors-3 to recover after 

dehydration is significantly compromised in contrast to the control strain. Ors-3 also 

loses water faster than the control strain. These results together with the previous data 

suggested that ors mutants possess a defective cuticle (Li et al., 2018). In ors-3, the 

expression of two putative paralogs of PpORS was also examined to reveal that their 

expression levels did not appear to be up-regulated in ors-3 as compared to those in the 

control. Chemical rescue of ors-3 has been achieved. Thus, the ability of ors-3 to survive 

dehydration is restored in a dose dependent manner by in vitro PpORS products, purified 

oxoalkylresorcinol, and also by long chain alkylresorcinol analogs. Exogenous 
14

C-

labelled in vitro PpORS products are incorporated as an insoluble biopolymer, and most 

of the radoioactivity was recovered after acid hydrolysis. Taken together, these data 

indicate that PpORS-produced 2ʹ-oxoalkylresorcinols are constituents of the moss 

cuticular biopolymer that confer resistance to dehydration, and imply that an ancestral 

ORS in early land plants may have contributed to their successful colonization of the 

land. 
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1.  Introduction 

1.1. Plant type III polyketide synthases 

Polyketide synthases (PKSs) are a group of enzymes involved in the production of 

structurally diverse polyketides. PKSs fall into three groups as type I, II, and III on the 

basis of their domain structure and catalytic mechanism (Yu et al., 2012). Type I and II 

PKSs are commonly found in fungi and bacteria. In contrast, type III PKSs are found 

only in selective species of microorganisms, while ubiquitous in plants (Katsuyama and 

Ohnishi, 2012). The first characterized type III PKS was chalcone synthase (CHS), the 

key enzyme of flavonoid biosynthesis in plants. CHS accepts a phenylpropanoid-CoA 

(e.g., p-coumaroyl-CoA) as starter substrate, condenses it with three ketide 

(CH2C(=O)) units from malonyl-CoA molecules, and then cyclizes the linear 

tetraketide intermediate to produce a chalcone, the precursor of flavonoids (Fig. 1a). 

At least 25 functionally different plant type III PKSs producing a diverse range of 

secondary metabolites with important biological functions have been characterized until 

now. For example, flavonoids are involved in UV protection, act as signalling molecules 

and give colour to flowers and fruits, while alkylresorcinols are involved in antimicrobial 

defense and flavonols are involved in stress responses. The metabolic diversity of type 

III PKSs in plants is the consequence of gene duplication and functional adaptation 

(Jiang et al., 2008). This suggests that type III PKSs successfully co-evolved with land 

plants, and brings the question about the role of ancestral plant type III PKSs during the 

course of early land plant evolution. Insight into this question may be gained by studying   
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Fig. 1 Evolution and diversity of plant type III polyketide synthases. (a) PpORS-

catalyzed production of 2′-oxoalkylresorcinol. PpORS iteratively condenses a very long-

chain fatty acyl-CoA ester (C20, C22, C24) with four ketide units derived from malonyl-

CoA and decarboxylatively cyclises the intermediate to produce 2′-oxoalkylresorcinol 

(1). The reaction catalyzed by chalcone synthase, a representative plant type III 

polyketide synthase (PKS) is shown for comparison. (b) Abbreviated phylogram of plant 

type III PKSs and their products. Evolutionary relationships of plant type III PKSs are 

shown in a schematic phylogram adapted from Kim et al., (2013). PpORS and its two 

paralogs constitute the basal clade. The rest are divided into two subclades, one of 

anther-specific chalcone synthase-like enzymes (ASCLs) and the other of non-ASCL 

enzymes. ASCLs produce hydroxyl-2′-oxoalkylpyrones (2). Representative polyketides 

produced by non-ASCL type III PKSs are shown. 3, 2,4,6-Trihydroxybenzophenone; 4, 

5-dihydroxybiphenyl; 5, triacetic lactone; 6, phlorisovalerophenone; 7, resveratrol, 8; 

benzalacetone; 9, naringenin chalcone; 10, 5-nonadecylresorcinol; 11, 5-

nonadecylresorcylic acid; 12, 1,3-dihydroxy-N-methylacridone; 13, curcumin. In 

chemical structures shown, the ketide (C2) units derived from malonyl-CoA molecules 

are indicated by thick lines. After decarboxylative ring formation, for example, in the 

PpORS reaction, only one carbon unit from malonyl-CoA is incorporated in the product, 

and is indicated by a dot (Adapted from Li et al., 2018). 
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the evolution of plant type III PKSs and functions of ancient (i.e. basal in phylogenetic 

trees) members of this family of enzymes. Bryophytes, including mosses, liverworts and 

hornworts, are the earliest-diverging lineages of all land plants, and offer an optimal 

model for studying early land plant evolution. Physcomitrella is considered as a 

transitional plant during the course of evolution between aquatic algae and land plants 

(Rensing et al., 2008). As such, it can be used to study the evolution and functional 

analysis of type III PKSs in plants. 

1.2. Type III PKSs in Physcomitrella 

The genome of Physcomitrella contains 21 putative type III PKS genes, of which 16 

genes are closely related (more than 90% sequence identity) and are likely to encode 

chalcone synthases (Jiang et al., 2006; Koduri et al., 2010). PpORS from Physcomitrella 

encodes a 2ʹ-oxoalkylresorcinol synthase (Kim et al., 2013) and, together with the two 

putative paralogs from Physcomitrella, it forms the earliest diverging basal clade in 

phylogenetic trees of plant type III PKSs (Jiang et al., 2008; Kim et al., 2013). Anther-

specific chalcone synthase-like enzymes (ASCLs) form the second earliest diverging 

clade in the phylogenetic trees. ASCLs are involved in the evolutionarily conserved 

biosynthesis of sporopollenin, which is found in an outer exine layer of spore and pollen 

walls (Kim et al., 2010; Colpitts et al., 2011). Together with cutin (the main polymer in 

cuticle), sporopollenin played a critical role during successful colonization of the land by 

early plants by providing protection against dehydration and UV radiation (Wallace et 

al., 2011). Accordingly, it can be surmised that products of the enzymes in the PpORS 

clade might have played a similar protective role during early evolution of terrestrial 



5 

 

plants. Subsequently, in vitro enzymatic properties of PpORS were studied and knockout 

lines were constructed (Kim et al., 2013; Li et al., 2018).           

1.3. Enzymatic properties and expression profile of PpORS 

1.3.1. In vitro and in planta functions of PpORS 

PpORS preferentially selects very long chain fatty acyl-CoA esters as substrates. It 

condenses a very long chain fatty acyl (C22–C24)-CoA with four molecules of malonyl-

CoA and cyclizes the pentaketide intermediate to yield, e.g., from C24-CoA, 2ʹ-oxo-

pentacosylresorcinol (2ʹ-oxo-C25-RL) (Fig. 1a) (Kim et al., 2013). Alkylresorcinols (AR) 

are amphiphilic polyketide-derived phenolic lipids. Their amphiphilic properties are due 

to a combination of a hydrophobic alkyl chain and a polar resorcinol ring. ARs (e.g., 10 

in Fig. 1b) form an extensive family of bioactive compounds from plants and 

microorganisms (Kozubek & Tyman, 1999). ARs are synthesized by plants during 

regular development and also when responding to stress situations (infection, lesions, 

and UV radiation) (Stasiuk and Kozubek, 2010). AR-producing type III PKSs have also 

been described from several microorganisms, including Azotobacter vinelandii, 

Streptomyces griseus and Neurospora crassa (Funa et al., 2006; Goyal et al., 2008). In 

particular, AR homologs are major components of the outer layer of cysts in Azotobacter 

and Pseudomonas. They are produced during encystment which is a process to transform 

vegetative cells into dormant cells for protection against dehydration (Reusch and 

Sadoff, 1983).  

In plants, ARs and their 2ʹ-oxo- and 2ʹ-hydroxy derivatives are found in the epicuticular 

layer of cereals, suggesting that ARs and their derivatives accumulate at or near the plant 



6 

 

surface (Seitz, 1992; Garcia et al., 1997; Ross et al., 2003; Ciccoritti et al., 2015). For 

example, a significant accumulation of ARs is found within grains of cereals such as 

wheat and rye, and also within a thin cuticular layer external to the seed coats of wheat 

and rye (Landberg et al., 2008). Extracts of thin fruit peels of Mangifera indica (mango) 

contain ARs in concentrations twelve times higher than those of the flesh and confer 

resistance to the fungus, Alternaria alternate (Droby et al., 1987). Root systems of Oryza 

sativa excrete an AR mixture (Bouillant et al., 1994). Similarly, Sorghum bicolor 

seedling exudates contain the AR derivative sorgoleone, which is considered to be an 

allelopathic agent (Cook et al., 2010). ARs are also found in the seed covers of an ever 

green tree, Myristica fragrans and confer antimicrobial activity against Staphylococcus 

aureus and Candida albicans (Orabi et al., 1991). ARs were also reported to constitute 

2% of the intracuticular wax of rye and were not detectable in the epicuticular wax (Ji 

and Jetter, 2008). 

PpORS exclusively produces 2ʹ-oxoAR in vitro but does not produce ARs (Kim et al., 

2013). All plant 2ʹ-oxoARs identified until now can be extracted as monomers, with the 

exception of Physcomitrella (Kim et al., 2013). It was suggested that in planta products 

of PpORS may exist as a part of polymeric structure(s) by binding through alkaline-

resistant linkages (for example, ether bonds in the cuticle) (Kim et al., 2013). Exclusive 

synthesis of 2ʹ-oxoARs in vitro also suggests that the oxo group is important for in 

planta functions of the PpORS products. ASCL produces 2ʹ-oxohydroxyalkyl pyrones in 

vitro and the oxo group was shown to be reduced to a hydroxyl group by tetraketide α-

pyrone reductases in vitro (Grienenberger et al., 2010). The hydroxyl group formed by 

enzymatic actions of ASCL and tetraketide α-pyrone reductase can be used to link  
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sporopollenin monomers through ester or ether bonds with other molecules involved in 

sporopollenin biosynthesis (Kim and Douglas, 2013). Similarly, it is plausible that the 

PpORS-produced 2ʹ-oxoARs are incorporated in the moss cuticle after a combination of 

putative downstream reactions which may include reduction, O-methylation, O-

glycosylation and coupling with other phenolics. 

1.3.2. Expression profile of PpORS 

The transcriptome atlas of Physcomitrella and our own RT-PCR data have shown that 

PpORS is expressed in gametophores and sporophytes of Physcomitrella, which are 

covered with a cuticle, but is not expressed in cuticle-less protonemata (Fig. 2) (Ortiz- 

Ramirez et al., 2016; Li et al., 2018). Based on these observations, it was proposed that 

PpORS can be involved in the synthesis of polymeric cuticular constituents in non-

protonemal tissues of the moss (Kim et al., 2013). 

1.4. Plant cuticle 

In land plants, the outer surface of all primary aerial organs is covered by a hydrophobic 

layer, the cuticle. It is biosynthesized by epidermal cells and provides essential 

protection against biotic and abiotic stresses. It has two major structural components, 

polyester cutin and cuticular wax (Buda et al., 2013). 

Cuticular waxes typically include very long chain fatty acids, alkanes, fatty ketones and 

aldehydes, primary and secondary fatty alcohols along with wax esters. In addition, 

cuticular waxes also contain other constituents such as flavonoids, triterpenoids, and 

phenylpropanoids. 

 



8 

 

 

 

Fig. 2 Expression of PpORS in different tissues of Physcomitrella patens. (a) Adapted 

from the transcriptome atlas of Physcomitrella (Ortiz-Ramirez et al., 2016), the graph 

shows the expression profile of PpORS in different tissues of Physcomitrella. Higher 

RMA value corresponds to higher gene expression. (b) Adapted from Li et al., (2018), 

the DNA gel shows the results from RT-PCR of PpORS in different tissues of 

Physcomitrella. Actin3 (act) was used as an internal reference gene. 
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Cutin is a polymer that contributes 4080% of the cuticle mass. It consists of ω- and mid 

chain hydroxy and epoxy C16 and C18 fatty acids joined by ester bonds and also through 

glycerol bridges (Heredia, 2003). Within the cuticle (Fig. 3), from inside out, cutin and 

cuticular waxes are arranged such that the outer layer is called the cuticle proper. It 

consists of epicuticular wax deposited on the outside of cutin. The inner layer is called 

the cuticular layer, which is made up of cutin and polysaccharides of the cell wall along 

with intracuticular waxes (Pollard et al., 2008). The main function of the cuticle is to 

prevent non-stomatal water loss, and this role is mainly played by the cuticular waxes. 

For example, in tomato fruit, aliphatic wax constitutes the transpiration barrier (Vogg et 

al., 2004).  The cuticle also acts as a defensive barrier to protect plants from pathogens 

and pests, and mediates interactions with insects (Barthlott and Neinhuis, 1997; Yeats 

and Rose, 2013). Moreover, the cuticle protects plants from the physical damage caused 

by UV radiation, which seems to be more crucial to early land plants due to the relatively 

high levels of potentially damaging UV radiation at that time. Recent studies have shown 

that cuticle plays a critical function in Physcomitrella development by establishing 

boundaries between developing organs and prevents organ fusion (Javelle et al., 2011; 

Renault et al., 2017). 

The fossilized cuticles provide strong evidence for the evolution of cuticle in bryophytes. 

Additionally, the occurrence of cuticle on mosses has been demonstrated in several 

studies. For example, the cuticular waxes were identified on the leaves of Physcomitrella 

(Wyatt et al., 2008), and on leaves of two desert mosses, Polytrichum commune and 

Syntrichia caninervis (Potter et al., 1996; Xu et al., 2009). A thin cuticle (~50 nm) 
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Fig. 3 A hypothetical model of a cross-section through the cuticle in higher plants. Red 

dots represent phenolic compounds present in cuticle. (Adapted and modified from 

Bargel et al., 2006; Domínguez et al., 2011) 
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thin cuticle (~50 nm) protects the unistratose leaves of Physcomitrella, which is 

approximately of similar thickness as the cuticle found in Arabidopsis, and is observed 

on both surfaces of leaves (Buda et al., 2013). Physcomitrella sporophytes are covered 

with a thick cuticle (~400 nm). Further, the cuticle in Physcomitrella possesses similar 

structural features as those of the moss, Funaria hygrometrica.  More than 50% of cutin 

monomers in Physcomitrella are phenolic compounds, specifically m- and p-coumaric 

acid and caffeic acid (Buda et al., 2013). 

1.5. Desiccation tolerance 

Desiccation tolerance is considered to be an adaptive evolutionary trait for successful 

colonization of land by early embryophytes. Somatic or vegetative desiccation tolerant 

species can be classified in two groups based upon their sensitivity to water loss. 

Drought tolerant species can tolerate a medium level of dehydration, which corresponds 

to about 23% water loss on a fresh-weight basis and absence of bulk of cytoplasmic 

water (Hoekstra et al., 2001). The other group comprises of desiccation tolerant species, 

which are able to recover from the air-dried state, during which the hydration shells of 

molecules are gradually lost, but cells are able to establish normal metabolic functions 

upon rehydration (Hoekstra et al., 2001; Proctor et al., 2007). Several phylogenetic 

analyses have revealed that the somatic desiccation tolerance is found in some 

prokaryotes and some basal plants which include algae, lichens, and some bryophytes, 

but was lost in the earliest vascular plants (Oliver et al., 2000).  

Drought tolerant bryophytes have evolved various mechanisms to cope with dehydration, 

which include (1) morphological and metabolic adaptations (ultraviolet screens, 

antioxidants and precursors for structural biopolymers) to limit water loss to a 
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repairable stage, (2) constitutive expression of protective mechanisms, (3) maintaining 

physiological integrity during periods of dehydration, and (4) extensive induction of 

repair mechanisms upon rehydration and after drying (Bewley, 1979; Oliver et al., 

2000; Renault et al., 2017). Drought tolerance exhibited by bryophytes was suggested 

to be a constitutively expressed trait (Oliver and Bewley, 1997; Oliver et al., 2005), 

and the gametophytic stage is expected to have more drought tolerance as compared to 

the sporophytic stage (Stark et al., 2007). Also, it has been found that one specific 

mechanism does not confer tolerance on its own, but that the interplay of various 

mechanisms is necessary for plants to be drought tolerant. 

Among bryophytes, the moss Tortula ruralis is considered as desiccation tolerant 

because it can survive a prolonged dehydration (Oliver et al., 2005). Physcomitrella 

has been classified as a drought tolerant moss since it has high ability to regenerate 

after dehydration stress (Frank et al., 2005). Physcomitrella protonemata (the juvenile 

growth form) are more susceptible to dehydration and cannot tolerate dehydration 

under any circumstances (Oldenhof et al., 2006; Koster et al., 2010; Xiao et al., 2018), 

but gametophores are more able to recover after a water loss up to 92% on a fresh-

weight basis (Frank et al., 2005; Wang et al., 2009; Guan et al., 2018). During 

dehydration, the breakdown of chloroplasts and the vacuole takes place and the 

cytoskeleton is degraded (Wang et al., 2009; Wang et al., 2012). The cell shrinks 

dramatically due to excessive water loss but the integrity of the plasma membrane is 

maintained, which appears to be crucial for surviving dehydration. 

Comprehensive proteomic analyses have revealed major dynamic changes taking place 

during the drying stage of Physcomitrella. Significant changes in the production of 
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metabolic proteins have been observed as the anabolic genes related to photosynthesis 

are down-regulated while the catabolic genes (for example, metabolism of 

carbohydrates, fatty acids, and amino acids, etc) are up-regulated (Frank et al., 2005; 

Wang et al., 2009, 2010; Cui et al., 2012). It was suggested that an increase in 

carbohydrate metabolism provides energy for the cell and facilitates building the carbon 

skeletons for osmotic adjustment. Sugars also help in stabilizing the membrane function 

and structure by replacing water molecules via hydrogen bonding (Hoekstra et al., 2001; 

Koster et al., 2010).   

Proteomics analyses during dehydration have also revealed up-regulation of anti-

oxidative genes to help lower the damage from reactive oxygen species and to preserve 

the cellular integrity (Wang et al., 2009). A high number of late embryogenesis abundant 

(LEA) proteins were strongly induced upon prolonged dehydration stress (Oliver et al., 

2004; Cuming et al., 2007; Cui et al., 2012). LEAs also accumulate during dehydration 

in seeds. Physcomitrella has orthologs of LEA genes (Khraiwesh et al., 2015). 

Interestingly, most LEA genes maintained a detectable basal level of expression in 

untreated gametophores of Physcomitrella (Cui et al., 2012), which agrees with the 

hypothesis that desiccation tolerance in bryophytes is likely to be regulated under the 

constitutive cellular protection mechanism. LEA proteins have also been found to be 

responsive to desiccation in non-plant organisms such as the bacterium Deinococcus 

radiodurans (Makarova et al. 2001), during encystment of Azotobacter 

vinelandii (Chowdhury-Paul et al., 2018) and in other plants including 

Arabidopsis (Nylander et al., 2001), citrus (Sanchez-Ballesta et al., 2004), and the 

moss T. ruralis (Wood and Oliver, 2004).  

https://www.sciencedirect.com/science/article/pii/S1874391918301325#!
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It has been observed that the concentration of cytoplasmic amphiphilic metabolites 

increases after excessive water loss and results in partitioning of amphiphillic 

metabolites into the lipid phase of membranes (Hoekstra et al., 2001). It may increase the 

fluidity of membranes and facilitate the insertion of amphiphilic antioxidants into 

membranes for additional protection, for example, glycosylated flavonols and 

hydroquinones that are present in most dehydration tolerant plants (Hoekstra and 

Golovina, 2000; Oliver et al., 1996). Recently, it has also been shown that the induction 

of desiccation resistant cyst in Azatobacter involves the replacement of membrane 

phospholipids by phenolic alkylresorcinols and alkylpyrones (Chowdhury-Paul et al., 

2018). 

1.6. PpORS knockout and observed phenotype 

Based on the expression profile of PpORS and the possible localization of ARs and their 

derivatives, it was proposed that products of the PpORS, 2ʹ-oxoARs may be involved in 

the synthesis of polymeric cuticular constituents in non-protonemal tissues of the moss 

(Kim et al., 2013). Subsequently, PpORS was knocked out and the mutants were 

phenotypically characterized (Li et al., 2018).  

Ors mutants grew similar to control plants in protonematal stage; however, in the 

gametophytic stage, ors produced a significant number of malformed leaves as compared 

to the control (11% in ors gametophores in contrast to 1.5% in control). Observed 

malformations included grossly misshapen leaves, missing or abnormal midribs, 

multicellular protuberances and localized necrosis in individual leaf. These combined 

malformations were often found in a single leaf (Li et al., 2018). Cytochemical analysis 

revealed that ors leaves, particularly the abnormal ones were more permeable to the 

https://www.sciencedirect.com/science/article/pii/S1874391918301325#!
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hydrophilic dye toluidine blue O (TB). TB does not stain tissues covered by a 

hydrophobic cuticle and has been used to evaluate partially compromised cuticle 

(Tanaka et al., 2004). These experimental data led to a conclusion that ors gametophores 

possess a defective or partially discontinuous cuticle (Li et al., 2018). 

1.7. Hypotheses 

1. PpORS may be involved in the synthesis of polymeric cuticular constituents in non-

protonemal tissues of Physcomitrella. 

2. PpORS products, as a part of the Phycomitrella cuticle, may contribute to protection 

from dehydration. 

1.8. Objectives 

This study aims to gain further insight in the metabolism and physiological roles of the 

PpORS products in the moss cuticle. The objectives of this study are: 

1. To attempt chemical rescue, using PpORS products, of the increased susceptibility of 

ors-3 to dehydration  

2. To determine metabolic fates of the PpORS products  

3. To characterize chemically compound X that is absent in the cuticle of ors-3. 
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2.  Materials and Methods 

2.1. Strains of Physcomitrella and culture conditions 

The control strain used in this study was pabB4, which is a mutant derived from wild 

type Physcomitrella (Hedw.) Bruch, Schimp & W. Gümbel and obtained from the 

culture collection of Dr. N. W. Ashton (University of Regina, Regina, Canada) (Ashton 

and Cove 1977). It is an auxotrophic mutant strain of Physcomitrella that requires the 

addition of para-aminobenzoic acid (paba) to the growth medium, and it produces a 

large number of sporophytes. The strain used for phenotypic characterization was ors-3 

(Li et al., 2018), which is a PpORS knockout derived from pabB4. 

Gametophytic tissues of the plant were grown axenically on solid ABC medium (Knight 

et al., 1988) supplemented with paba in glass culture tubes (1.5% agar) or in Petri plates 

(1.2% agar) covered by a sheet of clear resin (Roscolux, No.114; MacPhon Industries, 

Calgary, Canada) to reduce the evaporation rate. The ABC medium supplemented with 

paba contained the following: FeSO47H2O (45 µM), Ca(NO3)24H2O (5.0 mM), 

MgSO47H2O (1.0 mM), KH2PO4 (1.8 mM, pH 6.5), paba (1.8 µM), thiamine-HCl (1.5 

µM), nicotinic acid (8.1 µM), H3BO3 (9.9 µM), MnCl24H2O (2.0 µM), CuSO45H2O 

(0.22 µM), ZnSO47H2O (0.19 µM), CoCl26H2O (0.23 µM), KI (0.17 µM) and 

Na2MoO42H2O (0.1 µM). All cultures were grown in this medium at 25C under 24 h 

illumination supplied by cool-white fluorescent tubes (Sylvania) with photo flux of 

2550 mol cm
-2 

s
-1

. 
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2.2. Dehydration stress treatment   

Four to six month old cultures of control and ors-3 were used for dehydration stress 

experiment. Shoots were taken from culture tubes using sterile forceps and extra agar 

was removed by sterile scissors. Shoots of control were subjected to dehydration stress 

by putting in a Petri dish which was placed in a biosafety cabinet (BM4-2A-49, 

Canadian Cabinets, Ottawa, Canada). The lid was removed for 30 min for dehydration 

(Gao et al., 2014). The air flow was ensured to be constant before the stress and it was 

checked using an alcohol lamp. Shoots of ors-3 were placed at the same location inside 

the biosafety cabinet for dehydration stress. Relative humidity was between 1830%. 

After 30 min of dehydration stress, shoots were floated in sterile water for 60 min (Frank 

et al., 2005). Shoots were gently depressed between layers of sterile guaze to remove the 

surface water before inoculation on fresh ABC medium supplemented with 1.8 M paba. 

Shoots were allowed to grow under standard growth conditions and in relative humidity 

of 5055%. In the case when ambient relative humidity was lower than 5055%, Petri 

dishes containing sub-cultured shoots of plants were put into a desiccator with cotton 

swabs soaked in de-ionized water to maintain the relative humidity. During the time 

course of 21 days, recovery of shoots from dehydration stress was scored as the 

maintenance of the green color by the control or ors-3 tissues and/or the beginning of 

the further protonemal growth of shoots. The shoots were observed using a DS-Fi1 

digital camera, mounted on a Nikon SMZ1500 stereoscopic microscope. 
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2.3. Water loss measurement 

Three month old colonies of ors-3 and the control strain were recovered, without agar, in 

pre-weighed weighing boats. Relative humidity was between 5560%. Excess water on 

the leaf surface was removed by pressing the gametophores between layers of filter 

paper. Fresh weights were recorded using an analytical balance (MS205DU, Meter 

Toledo). To monitor changes in weight, dried weights were manually recorded using the 

same analytical balance for 3 h at intervals of 15, 30, 45, 60, 120 and 180 min. Data were 

expressed as a percentage of the initial fresh weight. 

2.4. RT-PCR of PpORS paralogs and restriction enzyme analysis 

Total RNA was extracted from two month old gametophytic tissues using the E.Z.N.A 

Total RNA Kit I (Omega-biotek) following the manufacturer’s protocol with some 

modifications. One μg of total RNA was reverse transcribed into cDNAs using an 

Omniscript Reverse Transcription kit (Qiagen). About 50100 ng of cDNA was used as 

a template and PCR experiments were performed using DreamTaq Hot Start DNA 

polymerase (Thermo-Fisher) with gene specific primers for paralogs listed in Table 1. 

Physcomitrella Actin3 was used as a reference gene. The touchdown PCR program 

initially started with a 95°C denaturation for 4 min, followed by 5 cycles of 95°C for 15 

s, 65°C for 30 s, and 70°C for 1.5 min. The annealing temperature was lowered to 60°C 

for the next 5 cycles, lowered again to 55°C for another 5 cycles and then to 50°C for the 

final 25 cycles. 

For restriction enzyme analysis of PpORS paralogs, ethanol precipitation of PCR 

products was performed first. Sodium acetate (pH 5.2) was mixed in a ratio of 1:10 with   
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Table 1: List of Primers used in RT-PCR 

     

   Primer                         Sequence (5́ → 3́)                                                   Binding site
a
 

Phypa126819-F      AGCCCCTTCATTTTCGTGGCGATGATGTCGA      170…..191
b
 

Phypa126819-R      CGCATACCACCAGGACGCGG                                  816….835 

Phypa72618-F        GCTCATGGCAACAGCAAGTCGC                             109….130
b
 

Phypa72618-R        CAGCAGGGTTGAGGGGCTGC                                  819….838 

Actin3-F                  ATGGCTGGAGAGGGTGAGGATGTCC                    1…….25
c
 

Actin3-R                 CCACATCTGCTGGAACGTACTCAGCG                  1236…1261 

a 
Nucleotide numbering is in relation to the translation start codon, starting with number    

1 at the A of the ATG. 

b 
Phypa126819 and Phypa72618 sequences are available in the Phytozome database.  

 (http://phytozome.jgi.doe.gov/pz/portal.html). 

c
 Gene accession number of Physcomitrella Actin3 is AY382283. 

 

 

 

 

 

 

 

 



20 

 

PCR products and centrifuged at 13,800 g. The sample was mixed thoroughly with 2.5% 

volume of 100% ethanol before incubation on ice for 20 min. The mixture was 

centrifuged again and supernatant was discarded. The wash step was repeated with 1 mL 

of 100% ethanol and the pellet of PCR products was vacuum dried to remove any 

residual ethanol before resuspending in 12 µL of sterile H2O. The restriction enzymes 

used to digest the PCR products were XbaI and EcoRI for Phypa126819 and 

Phypa72618 respectively. 

2.5. Chemical rescue of ors-3 using in vitro PpORS products and their analogs  

2.5.1. PpORS purification 

Escherichia coli cells harbouring the plasmid for expression of PpORS (Kim et al., 2013) 

were cultured at 37°C in LB medium until A600 = 0.6. The medium contained 100 µg/mL 

of ampicillin. Recombinant protein expression was induced by adding isopropyl β-D-1-

thiogalactopyranoside to a final concentration of 1 mM. The induction period was for 30 

h at 20°C to allow the protein overproduction. The E.coli cells were harvested by 

centrifugation at 5,000 g for 10 min. Pellets were stored at 80°C for subsequent protein 

purification. 

Cell pellets were suspended in 1/10 culture volume of 20 mM sodium phosphate buffer 

(pH 7.5) containing 200 mM NaCl and 10 mM imidiazole (buffer A). The resulting 

solution was sonicated (3 × 10 s) and centrifuged at 12,000 g for 20 min at 4°C. The 

supernatant (soluble fraction) was applied to a column of Ni
2+

-nitrilotriacetic acid 

Sepharose (Chelating Sepharose Fast Flow; Pharmacia) which was equilibrated with 

buffer A (Yamazaki et al., 2001). The column was washed with 80 mM imidiazole in 
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buffer A. The enzyme was then eluted with 300 mM imidiazole in buffer A and 

concentrated to a volume of ~1 mL at 5,000 g in an ultra-centrifugation filter (Pall 

Corporation). The resultant enzyme solution was buffer changed to 100 mM potassium 

phosphate buffer (pH 7.6) using a PD-10 column (Pharmacia). The enzyme was 

concentrated again as described above. Protein purity was assessed by 10% SDS-PAGE 

and protein concentration was estimated by the Bradford protein assay (Bio-Rad) using 

bovine serum albumin (BSA) as standard.  

2.5.2. Enzyme reaction of PpORS 

In vitro enzyme reaction (1.5 mL) contained 1 mg of enzyme, 50 µM starter-CoA (C24-

CoA) (Avanti Polar Lipids, AL), 100 µM malonyl-CoA (Sigma-Aldrich) in 100 mM 

potassium phosphate buffer (pH 7.6). The reaction mixture was incubated at 30°C 

overnight and reaction was stopped by acidification (7.5 µL of 1 N HCL per 100 µL of 

reaction mixture) to pH 3 to obtain total PpORS products. For selective extraction of 2ʹ-

oxo-C25-RL, enzyme reaction was purified as described above except that the reaction 

was stopped by adding 0.1 N NaOH to pH 9. The products were extracted using equal 

volume of ethyl acetate (×3) and the organic extracts were vacuum dried. Products were 

dissolved in methanol and 5% of total products were applied on silica 60 TLC plate and 

developed using toluene/acetone/acetic acid (75/25/1, v/v/v) as mobile phase. Staining 

was done using 0.05% Fast Blue B (FBB, ZnCl2 salt) in 5% acetic acid. PpORS products 

were quantified and estimated using the known amounts of wheat bran alkylresorcinols 

(WBARs) as a standard (see below). 
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2.5.3. Alkylresorcinol extraction from wheat bran 

Wheat bran alkylresorcinol (WBARs) were isolated according to the method of Seitz 

(1992) with minor modifications. Wheat bran (250 g) of a hard red spring variety (Old 

Fashion Foods, Regina, Canada) was extracted with acetone (450 mL) overnight at room 

temperature. The solvent was evaporated under reduced pressure and remaining non-

evaporable material was mixed with 150 mL of methanol. The methanol suspension was 

titrated to pH 10 with 0.5 M KOH (~7 mL) and washed with hexane (2 × 50 mL). The 

aqueous portion was then acidified (pH 2) with 6 N HCl (~2.5 mL) and extracted with 

hexane (3 × 50 mL). The hexane extracts were washed with brine (10 mL), dried over 

anhydrous Na2SO4 and concentrated to give an AR rich fraction (4.4 g, brown liquid). A 

portion (2.2 g) of the AR rich fraction was further fractionated by silica column 

chromatography (Silica 60, 70~230 mesh) with hexane:ethyl acetate (3:1, v/v) as the 

solvent to obtain crude AR extract (1.5 g). During chromatography, fractions were 

analyzed by silica TLC using previously purified WBARs rich fraction as a standard. 

The volume of fractions were adjusted and 0.5 µL of each fraction was applied to a silica 

TLC plate and developed using toluene/acetone/acetic acid (75/25/1; v/v/v) as mobile 

phase. TLC plates were stained with 0.05% FBB in 5% acetic acid to get quantitative 

estimates of WBARs in each fraction. About 1.5 g of AR rich fraction was further 

purified by second silica column chromatography with a gradient elution of 

CH2Cl2:MeOH (50:1 to 20:1) to obtain 0.50 g of purified WBARs. WBARs were 

quantified by a colorimetric micromethod using FBB dye (0.05% in 5% aqueous acetic 

acid) and olivetol (C5-RL) was used as a standard (Tluscik et al., 1981).  
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2.5.4. Feeding of control and ors-3 with in vitro PpORS products and WBARs  

Solid medium supplemented with paba was made in small glass vials (17 mm i.d. × 60 

mm). Total in vitro PpORS products were first dissolved in HPT buffer (5 mM HEPES 

buffer, pH 8, 1.8 µM paba, and 0.25% (v/v) Tween 80) (Chodok et al., 2012). After 

autoclaving the vials which contained 3 mL of medium, the total in vitro PpORS 

products were added into medium to the final AR concentrations of 0.1 µM and 1.0 µM, 

and thoroughly mixed before the medium solidified. Purified 2ʹ-oxo-C25-RL (0.1 µM) 

was also fed to plants after dissolving in the HPT buffer as described. WBARs stock 

solution (100 µM) was made in the HPT buffer and was added to the final AR 

concentration of 0.1, 0.5, 1, 5, and 10 µM. Controls without the PpORS products or 

WBARs were also included. Single leaf inoculations were performed in these vials and 

grown for six to eight week under the standard growth conditions. 

2.5.5. Dehydration stress treatment of control and ors-3 plants fed with in vitro 

PpORS products or WBARs 

Control and ors-3 were grown in medium supplemented with PpORS products (total or 

purified) or WBARs for six to eight week and subjected to dehydration stress using the 

same protocol as described in section 2.2. Blank controls were also included in 

dehydration stress treatment. 

2.6. Metabolic fate of 
14

C-labelled PpORS products in planta 

2.6.1. In vitro PpORS enzyme reaction and preparative TLC 

The in vitro enzyme reaction mixture contained 1 mg of enzyme, 50 µM starter-CoA 
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(C24-CoA), 100 µM malonyl-CoA and 8.2 µM [2-
14

C]malonyl-CoA (NEN/PerkinElmer 

Life Sciences) in 100 mM potassium phosphate buffer (pH 7.6). The enzyme reaction 

was performed as described in section 2.5.2 to obtain the total in vitro PpORS products 

and purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL. To further purify the [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-

RL, the residues containing the total PpORS products were partitioned into 0.5 mL each 

of dichloromethane and 10% brine solution. The dichloromethane layer was collected 

and vacuum dried to afford crude [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL. To purify, the crude 

[2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL was applied on preparative silica TLC plates (Sigma-

Aldrich) and developed using toluene/acetone/acetic acid (75/25/1, v/v/v) as mobile 

phase. The portion of silica TLC plate containing [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL was 

scraped and washed with methanol (×5). A portion of purified product was applied on a 

silica TLC plate (Merck #1.11798, Germany) and quantified using [2-
14

C]malonyl-CoA 

(1.74 GBq/mmol) as a standard using a Storm860 Phosphorimager and ImageQuant 

(V5.2) software (Molecular Dynamics, Sunnyvale, CA, USA).  

2.6.2. Feeding of the radiolabelled PpORS products  

Two different experiments were designed. In one case, the total PpORS products 

[2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL (57 molar %), 4-hydroxy-6-(2ʹ-oxo-pentacosyl)-2-pyrone 

(~25 molar %), and 4-hydroxy-6-tricosyl-2-pyrone (~25 molar %) were fed to the plants 

in ~1 mL medium after dissolving in the HPT buffer. In another experiment, only 

[2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL was fed to the plants in ~1 mL medium. A known amount 

of radioactivity was fed to the plants in both experiments to determine in planta 

metabolism. Plant tissues were allowed to grow until there was no agar left. The shoots 

were immersed in dichloromethane for 30 min (×2) to extract the cuticle. The shoots 
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were then submerged in acetone for 5 days. Plant tissues were exposed to a phosphor 

screen for 2 h to determine the residual amount of radioactivity trapped in tissues after 

dichloromethane and acetone treatments. To recover the radioactivity from the plant 

tissues, delipidation (to obtain solvent-extractable lipids or monomers) was performed 

according to the published protocol of Li-Beisson et al. (2010) with slight modifications. 

Plant tissues were boiled in isopropanol (80 ̊C for 20 min) and vortexed for 1 h (×2) at 

room temperature. Two additional extractions were performed by vortexing the plant 

tissues for 1 h with dichloromethane:methanol (2:1, v/v) followed by 

dichloromethane:methanol (1:2, v/v) at room temperature. All solvents were recovered 

and estimation of total radioactivity recovered was made by dot analysis on silica TLC 

and by liquid scintillation counting. Next, to depolymerize the lipid polyesters, the plant 

tissues were subjected to acid catalysis by immersing in 5% conc. H2SO4 in methanol 

(v/v) at 80 ̊C for 2 h. The solution mixture was titrated to pH 7 with 1 N NaOH. 

Dichloromethane was added to the mixture and the organic layer was collected (×3). The 

pH of the aqueous layer was again altered to ~3 and the acidified solution was extracted 

sequentially with solvents in the following order, dichloromethane (×3), ethyl acetate 

(×3), and butanol (×3). All fractions were applied on a silica TLC plate and quantified 

using [2-
14

C]malonyl-CoA (1.74 GBq/mmol) as a standard. The silica TLC plate was 

developed using toluene/acetone/acetic acid (75/25/1, v/v/v) as mobile phase. The plant 

tissues recovered after all fractionation were exposed to a phosphor screen to estimate 

the left-over radioactivity trapped in the tissues. 
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2.7. Cuticle analyses of control and ors-3  

2.7.1. Cuticle extraction 

First, to find out the minimum time required to remove the extracellular cuticle and 

waxes, three month old culture of control and ors-3 grown under the standard growth 

conditions were used. Agar was removed from gametophytic tissues and shoots were 

pressed between the layers of a filter paper to remove extra water. Shots were immersed 

in 10 ml of dichloromethane for 30 Sec, 2, 5, 10, 15, 20, 25, 30 and 60 min in a glass 

beaker, covered with aluminum foil. Shoots were subsequently stained by dipping in 40 

µL drop of 0.05 % TB solution (Tanaka et al., 2004) on a glass slide for two min. Care 

was taken to keep the rhizoids away from the staining solution. Shoots were washed 

twice with distilled water for 2 min to remove extra dye. Images of leaves were captured 

using a DS-Fi1 digital camera, mounted on a Nikon SMZ1500 stereoscopic microscope. 

About 80 g (fresh weight) each of control and ors-3 was immersed in dichloromethane. 

Dichloromethane was dried overnight and residual un-evaporated extract was partitioned 

with ethyl acetate and H2O. The organic layer was dried up and the extract obtained was 

weighed. The extracts were suspended in 200 µL of methanol and TLC was done using 

the WBARs as standard. 

2.7.2. HPLC analysis of crude cuticular extracts 

HPLC analyses were performed using an Agilent 1200 HPLC system equipped with a 

Zobrax ODS (octadecylsilyl) C18 column (4.6 × 250 mm i.d., 5 µm; Agilent 

Technologies, USA). The composition of solvents used were solvent A (0.1% 

trifluroacetic acid in H2O) and solvent B (0.1% trifluroacetic acid in methanol). All 



27 

 

solvent solutions were vacuum degassed prior to use. A mixture of olivetol and WBARs, 

filtered using nylon membrane filters (N-4-4, 0.45 µm), was purified first to develop a 

solvent system for purification of crude cuticle extracts. It commenced with 10% solvent 

A and 90% solvent B, which switched to 10% solvent A and 90% solvent B at 5 min, 

and completed the remainder of 30 min with 100% solvent B. The peaks were detected 

using a UV detector at 254 nm. Silica TLC was performed to confirm the presence of 

compounds for respective peaks. For purification of compound X, which is absent in ors-

3 and thought to be a metabolite of PpORS products, the crude cuticle extract of the 

control strain (pabB4) was dissolved in 100% methanol and filtered using the nylon 

membrane filters. A 90 µL aliquot was injected for purification using the solvent system 

as described above. All peaks were collected, dried and silica TLC was performed to 

confirm the isolation of compound X. Crude cuticle extract of ors-3 was purified in the 

same manner as for the control. 

2.8. Statistical analysis 

A pairwise comparision logistic regression model was developed to analyze the efficacy 

of different treatments (i.e. in vitro total PpORS products, purified 2ʹ-oxo-C25-RL, and 

WBARs) for rescuing control and ors-3 gametophores subjected to dehydration stress. 

All P-values were calculated under the null hypothesis that there are no differences 

between control and ors-3 strains after different treatments. All the statistical analyses 

were performed using R software (V3.5.1, R foundation for statistical computing, 

Vienna, Austria). 
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3.  Results 

3.1. Dehydration stress test and water loss measurement 

Physcomitrella is able to recover and regenerate gametophytes under the conditions 

where it loses up to 8090% of fresh weight (Frank et al., 2005; Wang et al., 2009). In 

this study, the control and ors-3 mutant were subjected to certain conditions where they 

lost ~50% of fresh weight. After the initial stress was applied, the gametophores became 

chlorotic (yellow-white) within 2436 h. Almost half of control gametophores retained 

some green cells (Fig. 4a, upper panel) from which subsequent regeneration of 

gametophores took place. In several control gametophores, which first appeared to be 

chlorotic, a few cells turned green on the second day and produced new tissues during 

the course of 21 days (Fig. 4a, lower panel). By contrast, all ors-3 gametophores 

underwent complete chlorosis and failed to recover and regenerate gametophores (Fig. 

4b). Combining the results from three independent experiments performed under same 

conditions, 49% of control gametophores were able to recover in contrast with 2.8% of 

ors-3 gametophores (Fig. 4c). Therefore, it was concluded that ors-3 gametophores were 

not able to recover after the desiccation stress under the conditions used.  

When tested for higher rate of transpiration, ors-3 gametophores lost water at a faster 

rate compared to control gametophores (Fig. 5). Plants possessing a defective cuticle are 

more susceptible to increased rate of transpiration and to dehydration stress. Therefore, 

data obtained from these experiments further supported the premise that ors-3 mutants 

possess a defective or discontinuous cuticle. 
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Fig. 4 Representative gametophores after dehydration stress. Control (a) and ors-3 (b) 

gametophores were dehydrated and left to recover on ABC medium for 21 days as 

described in section 2.2. (a) The majority of control gametophores retained green cells 

after dehydration treatment and recovered (upper section), while a few underwent 

chlorosis before regeneration took place from the chlorotic gametophore (lower section, 

boxed area enlarged in Day 21 image). (b) Ors-3 gametophores became chlorotic 2 days 

after dehydration treatment and were not able to recover from initial stress. (c) The 

percentages of gametophores recovering at 21 days after dehydration stress are shown. 

The fractions indicate the number of recovering gametophores over the total number of 

gametophores treated in each trial. The values above bars are mean ± SE of triplicates 

(Li et al., 2018). 
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Fig. 5 Water loss rates of control and ors-3 gametophores. Percentage loss of fresh 

weight due to transpiration was calculated based on the initial weight of the 

gametophores. Data are mean ± SE (n = 5). Significantly different with *P = 0.003 and 
#
P = 0.01 (ANOVA) (Li et al., 2018). 
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3.2. RT-PCR of PpORS paralogs 

Expression of the two putative paralogs of PpORS was examined by RT-PCR using the 

gene specific primers (Table 1). The putative paralogs of PpORS are Phypa126819 and 

Phypa72618. Phypa72618 was proposed to be a pseudogene in an early study (Kim et 

al., 2013). RT-PCR data showed that both putative paralogs are expressed at lower levels 

than PpORS in gametophores of the control and ors-3. Under the PCR conditions 

employed, the transcripts of Phypa126819 and Phypa72618 produced 666 and 730 bp 

PCR products respectively (Fig. 6a). Further, the RT-PCR analysis showed that although 

both putative paralogs are expressed in control and ors-3 gametophores, the expression 

of paralogs was not upregulated in ors-3 to compensate the loss of PpORS. Therefore, it 

was concluded that the observed phenotype after PpORS knockout was not affected by 

expression level (upregulation) of its putative paralogs, but it resulted from the lack of 

PpORS in ors-3 (Li et al., 2018). Restriction enzyme analysis was done to confirm that 

the transcripts amplified in RT-PCR are those of the two paralogs. The Phypa126819 

amplicon was digested with XbaI at 512/516 bp and yielded a band of approximately 500 

bp. Digestion of the Phypa72618 amplicon by EcoRI produced two bands, one of 277 bp 

and the other of 453 bp (Fig 6b).  

3.3. Chemical rescue of ors-3 using in vitro PpORS products and their analogs 

3.3.1. PpORS protein purification and enzyme reaction 

Recombinant PpORS protein was purified (Fig. 7) and used for synthesis of 2ʹ-oxo-C25-

RL, which were fed to the plants. In vitro enzyme reaction for 1 h using 1 mg of PpORS  
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Fig. 6 RT-PCR analysis of putative PpORS paralogs. (a) Phypa126819 (666 bp) and 

Phypa72618 (730 bp) were weakly expressed in gametophores of control and ors-3. 

Actin3 was used as an internal control. (b) Restriction enzyme analysis of Phypa126819 

and Phypa72618 using XbaI and EcoRI restriction enzymes. The Phypa126819 amplicon 

was digested at 512/516 bp. The band 250 bp in the lane of Phypa126819 was non-

specific and present before the enzyme digestion was performed. The Phypa72618 

amplicon was digested by EcoRI to give two bands of predicted sizes, as indicated by the 

arrows.  
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yielded approximately 1 nmol of 2ʹ-oxo-C25-RL. In this study, in vitro enzyme reaction 

was allowed to proceed overnight and the enzyme reaction products were estimated 

using silica TLC (Fig. 8). When the reaction products were extracted at pH 3 with ethyl 

acetate, the yield of 2ʹ-oxo-C25-RL (5a) and the two by-products, 4-hydroxy-6-(2ʹ-oxo-

pentacosyl)-2-pyrone and 4-hydroxy-6-tricosyl-2-pyrone, were extracted as total in vitro 

PpORS products (Fig. 8, pH 3). At elevated pH, these pyrones are ionized (and some are 

alkaline-hydrolyzed) to become water-soluble free carboxylic acid derivatives 

(Yamazaki et al., 2001). Therefore, when the extraction was performed at pH 9, the 

amount of extractable derailment products, i.e. pyrones was low or below the detection 

limit of silica TLC (Fig. 8, pH 9) and only 2ʹ-oxo-C25-RL was extracted.  

3.3.2. AR extraction from wheat bran 

Column chromatography of crude ARs extracted from wheat bran was done to obtain 

purified WBARs. A violet band characteristic to ARs was detected on silica TLC in 

fraction 6 to fraction 18. Under UV, no or little impurities were visible in the fractions 

618 (Fig. 9). Consequently, fractions 618 were pooled together and concentrated. 

Total WBAR content was determined following the protocol of the FBB-based 

colorimetric micromethod (Tluscik et al., 1981).         

3.3.3. Dehydration stress treatment applied to the plants treated with the in vitro 

PpORS products or WBARs 

To provide further evidence that the increased dehydration susceptibility of ors-3 is due 

to the lack of in planta PpORS products, ors-3 and control lines were grown in the 

presence of the in vitro PpORS products as well as WBARs. The plants grown in the   
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Fig. 7 Analysis of different steps of PpORS purification. E. coli protein extracts were 

prepared and purified. Fractions obtained during the purification were analysed by 

electrophoresis on a 10% SDS-polyacrylamide gel followed by Coomassie blue staining. 

Lane 1, soluble protein fraction from induced bacteria; lane 2, breakthrough; lane 3, 

wash 1 with 10 mM imidiazole; lane 4, wash 2 with 80 mM imidiazole; lane 5, purified 

PpORS; lane 6, bovine serum albumin (66 kDa). Lane M shows protein molecular mass 

markers, and their respective molecular masses are indicated on the left. 
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Fig. 8 In vitro enzyme reaction products of PpORS using C24-CoA as a starter substrate. 

In vitro enzyme reaction products of PpORS extracted at pH 3 were quantified using 

silica TLC plate. Silica TLC plate was stained with 0.05% Fast Blue B (ZnCl2) salt in 

5% acetic acid. Lane 1, known amount of WBARs (2 nmol) was applied; lane 2, 5% of 

PpORS reaction products were applied. The bands in descending order represent the 

products 2ʹ-oxo-pentacosylresorcinol (2ʹ-oxo-C25-RL) (5a), 4-hydroxy-6-tricosyl-2-

pyrone (3a) and 4-hydroxy-6-(2-oxo-pentacosyl)-2-pyrone (4a) respectively based upon 

their Rf values (left). At pH 9, only 2ʹ-oxo-C25-RL (5a, right) was extracted. Origin, 

position on silica TLC where sample were spotted; front, the furthest point reached by 

the solvent. 
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Fig 9. Silica TLC analysis of fractions obtained after column chromatography of crude 

WBARs. The numbers represent the fraction 4, 6, 8, 10, 12, 14, 16, 17, 18 and 19. The 

fractions shown inside the black rectangle were pooled together. Known amount of 

previously purified WBARs was used as a standard (c) (Rf, 0.66).  
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presence of total in vitro PpORS products or 2ʹ-oxo-C25-RL showed increased resistance 

to dehydration stress. A majority of the treated gametophores did not suffer chlorosis in 

contrast to the earlier dehydration stress experiments in which untreated plants were used 

(Figs. 4, 10). Total in vitro PpORS products containing 2ʹ-oxo-C25-RL (0.1 and 1 µM) 

and the two pyrone by-products successfully rescued the ors-3 phenotype of dehydration 

susceptibility (Fig. 10A). When ors-3 was grown on the in vitro PpORS products-

supplemented media (0.1 µM), the percentage recovery of ors-3 was increased as 

compared to ors-3 grown on blank medium (Fig. 10A(d)). Combining the results of the 

two trials, in the case of control, 42 of 87 (48%) gametophores recovered, which was 

similar to the untreated control (8 of 18, 44%) (Fig. 10A(a,c,g)). In contrast, the survival 

rate of ors-3 markedly increased from 0% (0 of 18) to 46% (33 of 72) when treated with 

0.1 µM of the total PpORS products (Fig 10A(b,d,g)). When the control and ors-3 were 

grown on the media supplemented with the in vitro PpORS products at 1 µM, the 

percentage recovery was further increased (Fig. 10A(e,f,g)). Almost all gametophores of 

control and ors-3 were able to survive the dehydration stress and recover. Combining the 

results of the two experiments, in the case of control, 30 of 31 (97%) gametophores 

recovered (Fig. 10A(e)) and for ors-3, the survival rate was 34 of 34 (100%) (Fig. 

10A(f)). The ability of ors-3 to cope with dehydration was successfully restored and the 

control strain became more resistant against the stress.  

In order to test if 2ʹ-oxo-C25-RL alone is sufficient to rescue the phenotype of ors-3 (and 

to find out the role of the pyrone by-products in the rescue of the ors-3 phenotype), 

control and ors-3 were fed with purified 2ʹ-oxo-C25-RL (0.1 µM) and subjected to the 

dehydration stress. 2ʹ-Oxo-C25-RL alone significantly improved the dehydration 
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resistance of control and ors-3 (Fig. 10B(a, b)). In case of control, 33 of 38 

gametophores (87%) survived dehydration, and 34 of 45 ors-3 (76%) gametophores 

recovered after dehydration (Fig. 10B(c)). The ability of ors-3 to cope with dehydration 

was successfully restored. 

When the control and ors-3 were treated with WBARs (structural analogs of 2ʹ-oxo-C25-

RL), the ors-3 phenotype was also rescued in a dose dependent manner. Combining the 

results from two trials, when control was treated with 0.1 and 0.5 µM WBARs, the 

recovered gametophores were 22 of 67 (36%) and 11 of 31 (35%) respectively. 

Representative gametophores are shown in Fig. 10C(a,c). When ors-3 was fed with 0.1 

µM WBARs, 17 of 67 (26%) gametophores were able to recover and regenerate new 

gametophores (Fig. 10C(b)). Similarly, in the case of ors-3 grown on 0.5 µM WBAR-

supplemented media, 11 of 27 (41%) gametophores were able to recover (Fig. 10C(d)). 

Combining the results from three trials, when the control strain was treated with 1, 5 and 

10 µM WBAR media, recovered gametophores were 77 of 100 (77%), 62 of 103 (60%), 

and 19 of 43 (44%) respectively (Fig. 10C(e,g,i)). When ors-3 was fed with 1 µM 

WBARs, 82 of 106 (77%) gametophores were able to recover and regenerate new 

gametophores (Fig. 10C(f)). Similarly, in the case of ors-3 grown on 5 µM WBARs 

supplemented media (Fig. 10C(h)), 64 of 108 (59%) gametophores were recovered over 

the course of 21 days, while, in the case of ors-3 treated with 10 µM WBARs, 37 of 76 

(49%) gametophores were recovered (Fig. 10C(j)). The lower recovery rates of ors-3 

observed at higher concentrations of WBARs may indicate toxicity of WBARs (Fig. 

10C(i)), although no abnormality was found during the feeding with the higher 

concentrations of WBARs. Control and ors-3 were grown in the presence of 10 µM  
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Fig. 10 Chemical rescue of ors-3 using total in vitro PpORS products, purified 2ʹ-oxo-

C25-RL or WBARs. (A) Plants treated with total PpORS products are shown after the 

dehydration stress. Control and ors-3 grown on media containing no PpORS products 

(a,b), or the total PpORS products at 0.1 µM (c,d) or at 1 µM (e,f) are shown. (B) (a,b) 

Control and ors-3 treated with purified 2ʹ-oxo-C25-RL are shown after dehydration stress. 

(C) Control (a,c,e,g,i) and ors-3 (b,d,f,h,j) were treated with 0.1, 0.5, 1, 5, or 10 µM 

WBARs and subjected to dehydration stress. (D) (a,b) Control and ors-3 treated with 

behenic acid (10 µM) are shown. (A(g)), (B(c)), (C(k)), (D(c)) Bar graphs show the 

percent recovery of gametophores on day 21 after the dehydration stress. The fraction on 

the top of bar represents the number of gametophores survived after dehydration over 

total gametophores tested. P-values indicated on bars are calculated after pairwise 

comparisons using logistic regression in R. 
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behenic acid (a saturated fatty acid, C21H43COOH) and subjected to the dehydration 

stress treatment (Fig. 10D(a,b)) in order to test if the long alkyl chains in the PpORS 

products and WBARs contributed in any way to the increased survival rates in control 

and ors-3. The recovery rates of control and ors-3 fed with behenic acid were 8 of 30 

(27%) and 1 of 24 (4.1%), respectively, similar to those of untreated plants (Fig. 

10D(c)). 

Summarizing the results of the chemical rescue experiments, it is evident that the 

phenotype observed in ors-3 was successfully rescued in dose dependent manners with 

the in vitro PpORS products, purified 2ʹ-oxo-C25-RL, and WBARs. The enhanced 

resistance of ors-3 against dehydration when grown in the presence of 2ʹ-oxo-C25-RL 

alone supports the hypothesis that PpORS-produced long chain 2ʹ-oxo-RLs are novel 

components of the moss cuticle and protect the plants from dehydration. 

3.4. Metabolic fate of 
14

C-labelled PpORS products in planta 

3.4.1. Purification of [
14

C]-2ʹ-oxo-C25-RL 

During the PpORS reaction with C24-CoA and [2-
14

C]malonyl-CoA, four 
14

C atoms are 

incorporated into a 2ʹ-oxo-C25-RL molecule to produce [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL 

(Fig. 11). Most type III PKSs produce pyrones as in vitro derailment products when 

subjected to non-physiological conditions, therefore, the pyrones produced by the in 

vitro PpORS enzyme reaction may be considered as derailment by-products (Fig. 11, 

Kim et al., 2013). When the reaction products were extracted at pH 3 with ethyl acetate, 

the yield of [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL (5a in Fig. 11) was approximately 57 molar % 

of total PpORS products and the two by-products, 4-hydroxy-6-(2ʹ-oxo-pentacosyl)-2-
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pyrone (4a) and 4-hydroxy-6-tricosyl-2-pyrone (3a), accounted for 43 molar % (Fig. 12, 

pH 3). At pH 9, [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL was the only product extracted from the 

enzyme reaction mixture as shown on silica TLC plate. Preparative TLC was used to 

further remove impurities and purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL was recovered (Fig 

12, pH 9, right). 

3.4.2. Metabolic fate of 2ʹ-oxo-C25-RL 

As mentioned in section 2.6.2, two different experiments were performed to study the 

metabolism of the in vitro PpORS products in planta. In one experiment, plants were fed 

the total in vitro PpORS products. In another experiment, only purified [2,4,6,1ʹ-
14

C]-2ʹ-

oxo-C25-RL was fed to plants. In both experiments, when the cuticle was extracted and 

plants tissues were submerged in acetone for 5 days, no significant amount of 

radioactivity was recovered judging from silica TLC dot analysis. On exposure of plants 

to a phosphor screen, 98% of radioactivity was estimated to be trapped in plant tissues 

(Fig. 13A). Plant tissues were gently crushed and sequentially extracted with solvents of 

increasing polarity (Fig. 13B). When plants were fed with the total in vitro PpORS 

products ([2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL plus the two pyrones), ~20% of total radioactivity 

was recovered after delipidation (Fig. 13C). In contrast, when plants were fed with 

purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL, only 1.8% of total radioactivity was recovered 

after delipidation as solvent extractable lipids (Fig. 13D). After the delipidation, the plant 

tissues were subjected to a chemical depolymerisation to recover any radioactivity still 

trapped in the plants in non-extractable polymer forms. Interestingly, acid hydrolysis 

released a major portion of radioactivity into organic extracts. 
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Fig. 11 In vitro PpORS reaction products using C24-CoA as a starter substrate. 

Incubation of PpORS with C24-CoA and [2-
14

C]malonyl-CoA yields [2,4,6,1ʹ-
14

C]-2ʹ-

oxo-C25-RL (5a) as a major product. Two pyrones (3a and 4a) are also produced as 

derailment by-products of the in vitro enzyme reaction. Asterisks indicate 
14

C-atoms 

originated from [2-
14

C]malonyl-CoA. 
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Fig. 12 Thin-layer chromatograms of the in vitro PpORS products extracted at two 

different pHs. When the in vitro PpORS products were extracted at pH 3, [2,4,6,1ʹ-
14

C]-

2ʹ-oxo-C25-RL (5a) and two by-products (3a and 4a) were obtained (left). When 

extraction was performed at pH 9, 5a was the major product obtained (middle). The 

impurities present at the origin (middle lane) were removed by preparative TLC to obtain 

purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL (5a) (right).  
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When plants were fed with the total in vitro PpORS products (Fig. 13C), organic solvent 

extractions at pH 7 after acid hydrolysis and neutralization recovered about 30% of the 

radioactivity incorporated in the polymeric fraction and 44% of the total radioactivity 

remained in the aqueous phase. After the neutral extraction, the remaining aqueous phase 

was acidified to pH 3 and extracted again with organic solvents to obtain acidic non-

polar components (32% of the total radioactivity incorporated) (Fig. 13C). About 11% of 

total radioactivity remained in the aqueous phase. 

In contrast, when plants were fed with purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL, almost all 

(97%) of radioactivity was incorporated into polymeric forms and only <3% was 

recovered during cuticle extraction and delipidation (Fig. 13D). Organic solvent 

extractions at pH 7 after acid hydrolysis and neutralization recovered about 16% of the 

radioactivity incorporated in the polymeric fraction, and the other 78% of the total 

radioactivity remained in the aqueous phase. After the neutral extraction, the remaining 

aqueous phase was acidified to pH 3 and extracted again with organic solvents to obtain 

acidic non-polar components (43% of total radioactivity incorporated) (Fig. 13D). About 

35% of total radioactivity remained in the aqueous phase. Only a small fraction of 

radioactivity (1.5 ̶ 3%) remained in the plant tissues after acid hydrolysis and extraction. 

This may represent experimental errors or a portion of [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL that 

was converted into polymers through chemical linkages which are not acid -labile (e.g. C ̶ 

C, ether). Collectively, the results from both experiments indicate that most [2,4,6,1ʹ-

14
C]-2ʹ-oxo-C25-RL is incorporated as a polymer in planta through acid-labile linkages 

(e.g. ester bonds), and suggest possible structural modifications before polymerization. 

Silica TLC analysis showed no band with Rf value similar to [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-
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RL from organic fractions before and after acid hydrolysis (Fig. 13E). In comparison, a 

significant amount of radioactivity was recovered as solvent extractable lipids in the 

delipidation step when plants were fed with total in vitro PpORS products, suggesting 

that the alkylpyrones produced by PpORS in vitro are not in planta products of PpORS 

and the major products 2ʹ-oxo-RLs are incorporated as polymer in planta. 

3.5. Cuticle extraction and purification 

3.5.1. Cuticle extraction 

Cuticle extraction was performed by dipping agar free gametophores of control and ors-3 

in dichloromethane for different time intervals. The shoots were stained with TB 

afterwards and it was found that dipping in dichloromethane for 30 min was enough for 

extraction of cuticular materials (representative leaves shown in Fig. 14A). Silica TLC 

analysis of cuticle extracts using FBB dye revealed that, under the same experimental 

conditions, a violet band characteristic of resorcinolic ring was present in control crude 

cuticle extracts while missing in ors-3 extract as per reported earlier (Kim et al., 2013) 

(Fig. 15B). The dye, FBB is suggested to be highly specific to 5-n-alkyl derivatives of 

the resorcinols found in cereals and grains (Tluscik et al., 1981; Kulawinek and 

Kozubek, 2008). When observed under UV light, two bands were visible, a band with Rf  

value of 0.63 which was present in control but missing in ors-3, and a band with Rf value 

of 0.56 which was present in both control and ors-3 but was not stained with FBB.   
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Fig. 13 Metabolic fate of 
14

C-labelled PpORS products in planta. (A) A representative 

image of how a phosphor screen was exposed to the radioactive gametophytes (left) for 

the estimation of total radioactivity. The exposed phosphor screen was scanned, and the 

image was magnified to identify the individual gametophytes (right). (B) Flow chart of 

all chemical steps performed on plant tissues after feeding with 
14

C-labelled PpORS 

products. (C) Control was fed with total in vitro PpORS products. About 77% of 

radioactivity was incorporated as a polymer and 20% radioactivity incorporation was 

solvent-extractable. Acid catalysis released the majority of radioactivity. (D) Control was 

fed with purified [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL. About 97% of radioactivity was 

incorporated as a polymer and 1.8% was recovered as solvent-extractable lipids. 

Chemical depolymerisation through acid catalysis released most of the radioactivity. (E) 

Silica TLC of all fractions obtained after feeding control with purified 2ʹ-oxo-C25-RL 

and after all chemical steps as shown in (B). Lane 1, cuticle extract; lane 2, isopropanol 

fractions; lane 3, CH2Cl2:methanol (2:1, v/v) and CH2Cl2:methanol (1:2, v/v) combined 

together; lane 4, CH2Cl2 extraction at pH 7 after acid hydrolysis and neutralization; lane 

5, CH2Cl2 extraction at pH 3 after acid hydrolysis; lane 6, ethyl acetate extraction at pH 3 

after acid hydrolysis; lane 7, butanol extraction at pH 3 after acid hydrolysis; lane 8, the 

remaining aqueous layer. All the organic extractions were performed three times.  
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3.5.2. Purification and structural analysis of compound X 

Using the HPLC conditions as described in section 2.7.1, compound X was eluted at 23.4 

min and the respective peak was absent in the ors-3 cuticle extract (Fig. 14C). The 

presence of a FBB positive band was also confirmed by silica TLC analysis (Fig. 14C). 

About 0.2 mg of compound X was purified and used for structural analysis. Based upon 

the pattern of staining and Rf values similar to those of WBARs on silica TLC, a 

possibility of having a resorcinol ring in the structure of compound X was suspected. 

Considering this, UV-Vis spectrum analysis (220–320 nm) of compound X was 

performed and compared to that of olivetol (C5-RL) as a standard chemical having the 

resorcinol ring. Acid dissociation constants (pKa) of resorcinols are between 8.4 ̶ 9.6 for 

the first ionization (Ka1, resorcinol monoanionate) and 10.6–11.4 for second inonization 

(Ka2, resorcinol dianionate). It has been suggested in the literature that neutral and 

dianionic species of resorcinol show maximum absorption at 273.8 and 290.0 nm 

respectively and the monoanionic form of resorcinol has intermediate absorption 

between those of neutral and dianionate of resorcinol (Blanco et al., 2004). In this study, 

olivetol (C5-RL) showed a bathochromic shift (from 281 to 295 nm) at a higher pH (pH 

11), which was not found in compound X (Fig. 15). 

The lack of bathochromic shift in the compound X spectrum at a higher pH and the 

lower λmax suggested that compound X does not have a resorcinol moiety. Therefore, 

compound X is unlikely to be either an (oxo)alkylresorcinol or its immediate derivative. 

Compound X was earlier found to be, and confirmed in this study, alkaline-labile, which 

is also uncharacteristic of a resorcinol derivative (Kim et al., 2013). Taken together, it 
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was concluded that the compound X is not a product of PpORS. The question why it is 

not detected in the ors-3 extracts remains unanswered.  
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Fig. 14 Cuticle extraction from control and ors-3 gametophores and HPLC purification. 

(A) Representative images after TB staining of untreated and dichloromethane-treated 

leaves. Untreated control and ors-3 leaves are shown in upper panel, while lower panel 

shows control and ors-3 leaves taken from shoots that were stained with TB after 30 min 

in dichloromethane. (B) Silica TLC analysis of control and ors-3 cuticle extracts. (a) 

Lane 1, 200 ng of WBARs (Rf , 0.66); lane 2, 5 µL of the cuticle extracts from control; 

lane 3, 5 µL of the cuticle extracts obtained from ors-3. A violet band was present in the 

control extracts but missing in the ors-3 extracts (b) Silica TLC of control and ors-3 

cuticle extracts observed under UV light. Rectangles represent the bands as observed 

under UV. (C) HPLC analysis of crude cuticle extracts from control and ors-3. The 

compound X eluted at 23.4 min (arrow) and a corresponding peak was missing in the 

ors-3 extract. Silica TLC and FBB staining were performed to confirm the elution of 

compound X as shown. 
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Fig. 15 UV-Vis spectra of olivetol (C5-RL) and compound X at two different pH values. 

Aliquots of 100 µM olivetol solution at pH 7 and pH 11 were used. At pH 7, λmax of 

olivetol was 281 nm, while two maxima were seen in the compound X spectrum at 268 

and 273 nm. At pH 11, λmax of olivetol was shifted to a higher wavelength (295 nm) and 

this bathochromic shift, a characteristic of resorcinols, was not seen in the spectrum of 

compound X.  

 

 

 

 



63 

 

4.  Discussion  

Desiccation tolerance is an ancestral trait common in bryophytes. Considering this trait 

from an ecological perspective, a tissue, organ or organism may be considered 

desiccation tolerant if it can regenerate new tissues or resume growth upon rehydration. 

This could happen despite the fact that a majority of the cells in a tissue may have 

undergone extreme water loss or irreparable cellular damage during dehydration. Due to 

the differences in desiccation sensitivity among tissues within the same organism or due 

to differences among cells in actual water loss through the cuticle, partial regeneration 

may take place from those cells. Physcomitrella, as observed in this study, can 

regenerate new cells from damaged tissues, thereby allowing the recovery of stressed 

colonies by replacing the damaged cells (Frank et al., 2005; Saaverdra et al., 2006). 

Ors gametophores lost water at a faster rate than control gametophores, providing further 

support that ors mutants lacking PpORS-produced 2ʹ-oxo-ARs possess a defective 

cuticle. When the control and ors-3 were treated with purified 2ʹ-oxo-C25-RL or the total 

in vitro PpORS products containing 2ʹ-oxo-C25-RL (~50 molar %) and two pyrones (~50 

molar %), or WBARs, dehydration tolerance was further enhanced possibly by providing 

additional protection against water loss through the moss cuticle. The susceptibility of 

ors-3 to dehydration stress was restored and the control was more resistant than 

previously to dehydration stress. At least three different types of regeneration patterns 

were observed in gametophores after the dehydration stress; (i) protonemal growth 

starting from leaves, leaf axils, or shoot, which could be dependent or independent of 

physical contact with the medium, (ii) buds starting from leaf axils, and (iii) re-greening 

of once chlorotic cells over the course of 21 days. The growth resumption mostly took 
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place from stems, and less frequently from leaves which could be attributed to the 

structural and morphological differences between the stem and leaves. The leaf cells in 

Physcomitrella are one layer thick and are covered with a cuticle to prevent water loss, 

but it has to be permeable enough to allow the gas exchange. However, the stem in 

Physcomitrella gametophore is several layers thick. A study reported that after an 

exposure of Physcomitrella gametophores to UV-B radiation, the gametophores became 

chlorotic and re-greening of plant tissues started from the bottom of gametophytic 

colonies or from the stems of the gametophores (Wolf et al., 2010). The pattern of 

regeneration was taken to suggest a possible reprogramming of differentiated 

gametophore cells into apical stem cells which generate filamenteous protonemata and 

develop later into gametophores (Wolf et al., 2010). It can be argued that cuticle 

thickness might be different on stem cells, even in different parts of the stem. For 

instance, the Arabidopsis stem has a much higher wax deposition than leaves (more than 

30 times higher in the Arabidopsis ecotype Columbia). Furthermore, in Arabidopsis 

stems, the load of polyester monomers per unit surface area increases more than 2-fold 

from the lower (3 mg/cm
2
) portion of stem to upper portion (8 mg/cm

2
), although the 

compositional difference is minor (Suh et al., 2005). This could be an explanation for 

why regeneration of the dehydrated gametophores was observed in this study to start 

from stems in Physcomitrella. Moreover, Physcomitrella forms dehydration tolerant 

vegetative reproductive cells at the tips of protonemal filaments and on gametophores 

when it is ageing, stressed or treated with ABA; these brood cells or brachycytes can 

regenerate new colonies (Pressel and Duckett, 2010). Recently, orthologs of PpORS 
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were reported in an antaractic moss, Pohlia nutans, and the PpORS orthologs were 

upregulated after drought stress treatment (Yao et al., 2019).  

(Oxo)resorcinolic lipids are found in microorganisms and plants (Kozubek and Tyman 

1999) and protect against desiccation and pathogens. In ARs, there are two hydroxyl 

groups substituted at the C1 and C3 positions of the aromatic ring, and a very long alkyl-

chain attached at the C5 position of the aromatic ring. Therefore, ARs have amphiphilic 

properties with one end being hydrophilic and the other end being hydrophobic. In 

Azotobacter, ARs replace the phospholipid contents of the cell membrane during cyst 

formation, and in vitro modelling studies showed that ARs offer more protection to 

bacterial cysts as compared to typical phospholipids (Reush and Sadoff, 1983). In 

addition, these ARs displayed inhibitory effects on membrane-bound enzymes, e.g. 

enzymes involved in respiration, and played a role in suppressing the metabolic activity 

of bacterial cells during the cyst stage (Bitkov et al., 1992). It was suggested that the 

location of the alkyl chain at C5 and the absence of substitutions at C2, C4 and C6 of the 

aromatic ring favour ARs being involved in bonding with phospholipids of Azotobacter. 

Exogenous application of C15-RL to Azotobacter for four days increased the endogenous 

contents of synthesized ARs by 15-fold, and it was found that as the lengths of the AR 

treatment increased, the chain length of the endogenous ARs and the number of dormant 

cells also increased (Rejman and Kozubec, 1994). This could be a possible explanation 

for why the control strain in this study showed more resistance against dehydration when 

it was treated with purified 2ʹ-oxo-C25-RL or with the total in vitro PpORS products (2ʹ-

oxo-C25-RL and two pyrones), or WBARs (Fig. 10). The amount of endogenous 2ʹ-oxo-

ARs may have increased after the treatment to make the plants more resistant. By 
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contrast, the high intake of WBARs may have interfered with normal cellular 

metabolism and functioning of cellular structures leading to a negative dose dependency 

when the control and ors-3 were treated with higher concentrations of WBARs.  

Most of the microbial and plant type III PKSs produce pyrones as derailment products 

when subjected to non-physiological conditions except a few enzymes that produce 

pyrones as their major products, for example, ASCL, Azotobacter ArsC, and 

Mycobacterium tuberculosis PKS18 (Funa et al., 2006; Abe and Morita, 2010; Colpitts 

et al., 2011). In vitro, PpORS produces 4-hydroxy-6-(2ʹ-oxo-pentacosyl)-2-pyrone (a 

tetraketide pyrone) and 4-hydroxy-6-tricosyl-2-pyrone (a triketide pyrone) along with the 

major product, 2ʹ-oxo-C25-RL (Kim et al., 2013). The possibility of PpORS producing 

the pyrones in planta cannot be excluded. However, the dehydration stress results 

obtained in this study using the total in vitro PpORS products (0.1 and 1.0 µM of 2ʹ-oxo-

C25-RL) and purified 2ʹ-oxo-C25-RL (0.1 µM) provide a strong indication that 2ʹ-oxo-

C25-RL is a major functional product of PpORS in planta, and required for dehydration 

stress resistance in Physcomitrella.  

When [
14

C]-labelled 2ʹ-oxo-C25-RL was fed to Physcomitrella, it was not extracted with 

organic solvents and rather incorporated in polymeric structures. The plant cuticle is 

divided into two structural components, wax which is made up of organic solvent-

extractable compounds, and cutin, a highly complex polymer derived from hydroxyl-

fatty acids that are cross-linked by ester bonds (Yeats and Rose, 2013). In general, cutin 

monomers are derived from C16 or C18 fatty acids containing a hydroxyl group at the ω-

position and more midchain functional groups (hydroxy, epoxy, oxo) (Pollard et al., 

2008). Unsubstituted fatty acids, dicarboxylic acids, primary alcohols, and glycerol are 
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also present in cutin. A small proportion of phenolic compounds (e.g. ferulic acid, p-

coumaric acid) that could be esterified with other cutin monomers are also present (Fich 

et al., 2016). The composition of cutin varies across different plant species and tissues, 

and at different developmental stages.  

In cutin, the chemical structures of different monomers allow the overall different 

arrangements. It could be linear, branched or dendrimeric (Pollard et al., 2008). This 

complex matrix is deposited over the outer epidermal cell wall which provides some of 

the cell wall polysaccharides in the cutin polymeric structure. Sugars are potential sites 

for ester and ether linkages with cutin monomers (Fich et al., 2016).  

In plant cuticles, different phenolic compounds, e.g. low-molecular weight phenolics, 

methylated flavonoids and phenolic molecules having long aliphatic chains, exist either 

in native forms or are covalently linked to the cutin or wax through ether or ester bonds. 

A major amount (48%) of p-coumaric acid was released after partial alkaline 

depolymerisation of cutin in tomato, which indicated that p-coumaric acids were 

covalently bound with cutin (Riley and Kolattuudy, 1975). Flavonoids were also trapped 

inside the polymeric matrix of cutin in tomato (Luque et al., 1994). The silencing of CHS 

genes led to decrease in cutin, polysaccharides, and phenolic contents in tomato fruits 

(Heredia et al., 2015). It was proposed that these flavonoids could be randomly 

distributed in the cuticle or clustered together with molecules of similar acid strength or 

with similar hydroxyl groups. Another possibility could be that these flavonoids are 

cross-linked with other cutin monomers (Lauque et  al., 1994). Keeping in line with 

these studies and the experimental results of this study, it can be suggested that PpORS- 
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produced 2ʹ-oxo-RL molecules are polymerized with other cutin monomers in the 

Physcomitrella cuticle mainly through ester bonds and provide additional chemical 

robustness to the cutin matrix necessary to cope with dehydration and other stresses. In 

Physcomitrella, the composition of cutin is in most respects similar to that of vascular 

plants. An approximately 50 nm thick cuticle is present on leaves (Buda et al., 2013). In 

the Physcomitrella cuticle, 5-hydroxytetradecane dioic acid was the most abundant 

aliphatic monomer and 10,16-dihydroxyhexadecanoic and 16-hydroxyhexadecanoic 

acids and a small amount of C18-triols were also present. A large amount of aromatic 

monomers, i.e. caffeic acid and m- and p-coumaric acid, are also present in the moss 

cutin (Buda et al., 2013). In the Physcomitrella cuticle, ferulic acid, which is reported to 

be covalently linked with cutin and suberin in apple, pear, peach, and tomato along with 

p-coumaric acid, and accounts for 1% of the cutin polymer, was not found (Railey and 

Koltattukudy, 1975; Pollard et al., 2008). Based upon the contents of oxygenated 

phenolics and fatty acids present in the Physcomitrella cutin, it was suggested that this 

lipidic and phenolic matrix may represent a common ancestor of the suberin, cutin and 

lignin polymers that are fully differentiated in higher plants (Renault et al., 2017). 

Recently, it was shown that caffeic acid is necessary for cutin development in 

Physcomitrella and loss of function of PpCYP98, which is responsible for the formation 

of caffeoyl threonate esters, resulted in decreased levels of oxygenated and 

unoxygenated C16 and C18 fatty acid monomers in the cutin (Renault et al., 2017). 

CYP98 is a cytochrome P450 enzyme involved in the synthesis of phenolics in the moss 

cuticle and catalyzes the first committed step in the biosynthesis of monolignols in 

angiosperms. The cutin matrix is highly complicated in nature and 2ʹ-oxo-RLs can 
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potentially bind to the cutin matrix through ester linkages or can also be involved in 

glycosidic bonding with sugars. Inability to recover PpORS products in planta with 

organic solvent extraction suggests that the in planta products of PpORS are 

incorporated into the cutin matrix and do not exist there as monomers. Depolymerization 

of [2,4,6,1ʹ-
14

C]-2ʹ-oxo-C25-RL embedded in the cutin matrix resulted in detection of a 

few major bands using silica TLC. The nature of polymerization of 2ʹ-oxo-C25-RL in 

cutin is unresolved. Thus, the identities of the cutin monomers to which they may be 

linked and the types of chemical bonds involved, other than ester linkages, are yet to be 

discovered.  
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5.  Conclusion and future work 

In planta functions of PpORS and its possible role in early plant evolution were 

investigated. A loss-of-function mutant of PpORS, ors-3, was subjected to abiotic 

stresses. The phenotype found in ors-3, increased susceptibility to dehydration, was 

successfully rescued by purified 2ʹ-oxo-C25-RL, the main in vitro product of PpORS. 

Metabolic fates of [
14

C]-labelled in vitro PpORS products were studied to show that 2ʹ-

oxo-C25-RL is mainly incorporated into polymeric cuticular structures through acid-

labile chemical bonds.  

For further studies on PpORS, the following experiments can be performed. Firstly, ors-

3 can be subjected to a variety of biotic stresses (bacterial and fungal pathogens) to 

determine antimicrobial functions, if any, of the PpORS products. Secondly, downstream 

modifications of 2ʹ-oxo-RLs before being incorporated into cuticular polymers can be 

studied. Thirdly, since a PpORS ortholog is upregulated after dehydration stress in an 

Antarctic moss, it should be determined whether or not PpORS in Physcomitrella is also 

upregulated after dehydration stress. With further investigation on in planta roles of 

PpORS, it could be proposed as a novel approach to improve resistance to dehydration 

and possibly microbial infections in higher plants. 
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Appendix  

Increased susceptibility of ors-3 to Botrytis cinerea infection 

Materials and Methods 

The Botrytis cinerea strain used in this study was isolated from infected strawberries and 

kindly provided by Dr. Yangdou Wei (Department of Biology, University of 

Saskatchewan, Canada). B. cinerea was cultured in Petri dishes on potato dextrose agar 

at 37°C. Three day old colonies of B. cinerea were used to infect the plants. Control and 

ors-3 protonemata were grown for a week and a plate full of protonemata of each strain 

was crushed in 10 mL of 0.25% sterilized agar according to the protocol of Decker et al., 

(2017). To avoid the possibility of any difference between growth conditions, control 

and ors-3 colonies were grown in same Petri plates by inoculating a drop of crushed 

protonemata (100 µL) to grow four colonies. After eight weeks of growth under the 

standard conditions, Petri plates were inoculated with approximately 5 mm disc of a 

fungal culture in the centre of each Petri plate. Petri plates containing plant colonies and 

fungal culture plug were grown under the standard moss growth conditions. 

Observations were recorded and images were captured over the course of 4 weeks using 

a digital camera and a Nikon SMZ1500 stereoscopic microscope.  

Results and Discussion 

In the course of five days post inoculation (dpi), the fungal disc produced hyphal tissues 

on the agar medium. First symptoms of infection, characterized as colonization of 

hyphae on plant tissues, were visible at 9 dpi. While stems of the control strain 

maintained their green color, browning of stems and midribs was apparent in ors-3 
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colonies. At 15 dpi, hyphal tissues covered whole moss colonies leading to excessive 

browning of stems and midribs in ors-3 (Fig. A1(c), arrows), but only slightly brown 

midribs and stems were visible in control colonies (Fig. A1(d), arrows). By 21 dpi, 

fungal mycelium grew on ors-3 colonies leading to necrosis, and signs of tissue 

maceration were apparent. Infected necrotic tissues were soft, macerated and easily 

separated from the rest of the ors-3 colony. By 28 dpi, ors-3 tissues were covered with 

fungal mycelium and heavily macerated as compared to the control colonies (Fig. 

A1(f,h)). Control and ors-3 were clearly susceptibile to B. cinerea, showing the 

characteristic proliferation of mycelium, the appearance of necrotic gametophytic tissues 

and the browning of stems. However, the onset of fungal infection was more rapid and 

severe in ors-3 leading to cell decay earlier than in the control colonies, thus making it 

more susceptible to B. cinerea infection. The number of infected shoots was counted in 

control and ors-3 colonies at 21 dpi. The maintenance of green color was counted as 

healthy and browning of stems and midribs, and necrosis were counted as signs of 

infection or plant death (Fig. A2).  

Although the results are preliminary, ors-3 appears more susceptible to B. cinerea 

infection, possibly due to its defective cuticle. Further studies with different plant 

pathogens are warranted. 
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Fig. A1 Infection of control and ors-3 by B. cinerea on various days post inoculation 

(dpi). Representative images are shown. (a) Control and (b) ors-3 colonies inoculated 

with 5 mm B. cinerea fungal culture disc. At 15 dpi (c) the browning of midribs was 

observed in control gametophores, and excessive browning of stems in ors-3 (d). At 28 

dpi, control gametophores had severe browning of stems and leaves with initial signs of 

tissue necrosis (e,g), and ors-3 colonies were heavily covered by fungal mycelium and 

macerated (f,h). Scale bar, (a, b, c, d) = 5 mm; (e, f) = 1 mm. 
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Fig. A2 Incidence of infected gametophores on 21 days post inoculation of B. cinerea. 

The percentage of gametophores with infected tissues in control and ors-3 colonies are 

shown. In ors-3, infection was more severe as compared to control. Error bar represents 

standard error of mean. Data was analyzed using student’s t-test. 

 

 

 

 

 

 

 




