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Introduction 

Peroxisomes are single membrane bound multifunctional organelles which are found in most 

eukaryotes except the Apicomplexa and the amitochondrial parasites [1]. The specific feature 

of this organelle is the presence H2O2 producing oxidases; along with catalase to detoxify this 

toxic by-product. Peroxisomes also contain many other metabolic enzymes which sometimes 

form electron-dense crystalloid cores. These micro bodies are 0.1-1µm in diameter. Their 

function, number and shape vary depending on the organism, cell type and the environmental 

conditions. The most common and evolutionarily conserved functions of these organelles 

include the β-oxidation of fatty acids and detoxification of H2O2 [2]. The specialized functions 

are species specific. These include metabolism of unusual carbon and nitrogen sources like D-

amino acids, purines, oleic acid in Saccharomyces cerevisiae, methanol in methylotrophic 

yeast, penicillin production in Pencillium chryosogenum [3], Woronin body biogenesis in 

filamentous fungi [4], photorespiration in plants [5], synthesis of plasmalogen and short term 

anti-viral protection during viral infection in humans [6, 7]. The metabolic processes shared 

between peroxisomes and other cellular compartments like mitochondria, chloroplast and 

cytosol are responsible for maintaining cellular homeostasis [8].  

Biogenesis of peroxisomes 

Like, chloroplast and mitochondria peroxisomes were initially considered as autonomous 

organelles which are formed from pre-existing ones by fission. Later studies proved that they 

can also be derived from endoplasmic reticulum (ER) by de novo formation when the cells are 

devoid of them [9]. In yeast there are 31 genes, termed PEX which are important for 

biogenesis and division of peroxisomes. Extensive research in different organisms were 

conducted in order to understand the mechanism of peroxisome biogenesis, but they often led 

to many discrepancies and they haven’t answered all the questions regarding the molecular 

details of peroxisomes formation. Currently there are two models – the vesicle fusion model 
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and growth and division model (reviewed in [10]). According to the vesicle fusion model 

there are two distinct ER-derived vesicles in S. cerevisiae, one type of vesicle has the docking 

complex proteins (Pex13, Pex14, Pex17) and other vesicle contains the RING-finger complex 

proteins (Pex2, Pex10 and Pex12). These two heterotypic vesicle fuse to form import 

competent peroxisomal structure [11]. Growth and division model proposes that peroxisomes 

form by fission from pre-existing ones and peroxisomal membrane proteins (PMPs) 

containing vesicles from the ER fuse with them to form functional peroxisomes which can 

grow  further and divide [12].  

Matrix protein import 

Peroxisomes are devoid of DNA and protein synthesis machinery. Peroxisomal matrix 

proteins are synthesized on free ribosomes in the cytosol and imported in folded, oligomeric 

and cofactor-bound form. The peroxisomal matrix proteins usually have either one of the two 

known Peroxisomal Targeting Signals (PTS1 or PTS2). The import mechanism of PTS1 

containing matrix proteins is well understood. The PTS1 signal peptide is about 12 amino 

acids long present at the C-terminus of the protein [13]. The last three amino acids have a 

consensus sequence (S/A/C)-(K/R/H)-(L/M). PTS1 is recognized and bound by Pex5. The 

PTS2 signal peptide is located within the N-terminal part of the protein. It has a consensus 

sequence (R/K)-(L/V/I)-X5-(H/Q)-(L/A) [14]. Matrix proteins having PTS2 signal binds to 

Pex7 with the help of co-receptors Pex18 and Pex21 in S. cerevisiae [15] or Pex20 in                      

H. polymorpha [16]. The receptor-cargo complex binds to a docking complex present at the 

peroxisomal membrane. The docking complex in yeast is made of peroxisomal membrane 

proteins (PMPs) Pex13, Pex14 and Pex17 [17]. The receptor-cargo complex interacts with 

docking complex to form a transient pore and translocate the cargo to the peroxisomal matrix 

[18]. Planar lipid layer studies have also shown that Pex5 along with Pex14 integrates into 

membrane to form ion-conducting channel [19]. After the cargo release, Pex5 is              
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mono-ubiquitylated by the RING-finger complex proteins (Pex2, Pex10 and Pex12) along 

with Pex22 and Pex4 [20]. This enables Pex5 to be recycled back to the cytosol where the 

ubiquitin moiety is removed [21]. When receptor recycling is dysfunctional Pex5 is poly-

ubiquitylated by Ubc4 and Pex2 which directs it to the proteasome for degradation [21].This 

pathway is known as RADAR (Receptor Accumulation and Degradation in the Absence of 

Recycling) pathway. Mono-ubiquitylated or poly-ubiquitylated Pex5 is removed from the 

membrane by AAA (ATPase Associated with various cellular Activities family) peroxins 

Pex1 and Pex6 in a ATP dependent manner[22]. Pex1 and Pex6 are associated with 

membrane via Pex15 in S. cerevisiae and Pex26 in H. polymorpha. In mammalian cells the 

PTS2 mediated translocation depends on Pex5 (known as Pex5L) which associates with Pex7. 

This shows that at least in mammalian cells PTS2 containing matrix proteins are imported 

through same mechanism as PTS1 containing matrix proteins. 

Membrane protein insertion  

Import mechanism of membrane proteins is not well understood. PMPs are divided into two 

classes: class I PMPs which can be directly targeted to peroxisomes and class II PMPs which 

could also be targeted to the peroxisomes with the assistance of endoplasmic reticulum (ER). 

Class I PMPs are synthesized on the free ribosomes in the cytosol and are recognized by the 

soluble receptor, Pex19. The C-terminal of the Pex19 has an α-helical domain which binds 

with the membrane PTS (mPTS) [23, 24].  Pex19-cargo PMP complex binds to the membrane 

bound Pex3 and the cargo PMP is inserted into the membrane. In yeast, class II PMPs are 

thought to be inserted into the ER by the Sec61 translocon[25, 26] and the GET complex [26, 

27], which then buds from the ER to form vesicles. These vesicles are thought to fuse with 

pre-mature peroxisomes to form functional peroxisomes.  
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Peroxisome proliferation  

Peroxisomes are usually spherical in shape, but they can change to even form reticula 

structure in certain cell types [28, 29]. In yeast, the number and size of the peroxisomes vary 

according to the environmental conditions. Growth of the cells in peroxisome inducing 

conditions like medium containing oleic acid (S. cerevisiae) and methanol (H. polymorpha), 

results in up regulation of PEX genes and proliferation of these organelles. H. polymorpha 

cells usually contain 1 small peroxisome when cells are grown in glucose containing medium. 

Growth in methanol medium results in higher number of bigger crystalline core containing 

organelle. Similar induction is observed when S. cerevisiae is grown in oleic acid. Deletion of 

PEX genes doesn’t result in a lethal phenotype in yeast. These attributes makes them a good 

model organism to study the biogenesis of peroxisomes.  

The regulation of peroxisome number is highly complex and coordinated with other process 

like fission, de novo formation, segregation and degradation. The molecular mechanism of 

peroxisome fission in yeast and mammalian cells is thought to be conserved. First step of this 

process involves tubulation/elongation of the organelle by Pex11 family members. Based on 

the in vitro studies Opalinski et al showed that the N-terminal amphipathic helix is 

responsible for tubulation [30]. This step is followed by anchoring of the Dynamin related 

proteins (DRP) interacting proteins like Fis1 to the membrane [31, 32]. The final step of 

membrane scission is mediated by GTPases from DRP family like Vps1 and Dnm1 in S. 

cerevisiae [33, 34] and Dnm1 in H. polymorpha. Fission results in formation of small 

daughter peroxisome. The daughter peroxisome incorporates lipids and PMPs to grow into a 

mature functional peroxisome with a specific set of peroxisomal matrix proteins.  
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Table 1. Phospholipid composition of peroxisomal membrane in different organisms 

Organism Medium Mol% of Total Phospholipids Ref. 

  PC PE PI PS CL PA Others  

S.cerevisiae 

FY1679 
Glucose 39·8 17·4 22·0 2·5 2·7 6·1 Nd [35] 

S.cerevisiae  

(D273-10B) 
oleate 48.2 22.9 15.8 4.5 7.0 1.6 Nd [36] 

Castor bean - 54 29 10 2 2 - - [37] 

Rat liver cells - 56.4 27.5 4.7 3.0 - - Nd [38] 

Trypanosomac

ruzi 

Glycosomes 

- 13.75 61.1 0.15 22.91 - - Nd [39] 

P.pastoris Methanol 54.4 27.6 6.3 3.7 3.9 1.8 0.7 [40] 

P.pastoris Oleate 52.4 26.6 6.1 6.7 2.3 3.2 0.1 [40] 

S.cerevisiae 

FY1679 
YPO 49 17 21 5 1 - 7 [41] 

 

PC, Phosphatidylcholine; PE, Phosphatidylethanolamine;PI, Phosphatidylinositol; PS, Phosphatidylserine; CL, 

Cardiolipin; PA, Phosphatidic acid; others, other phospholipids such as lyso-phosphalipids, 

phosphatidylglycerol, Phosphatidylmethylethanolamine 

Lipid composition of peroxisomes 

The most abundant phospholipids in the peroxisomal membrane include phosphatidylcholine 

(PC), phosphatidylethanolamine (PE) and phosphatidylinositol (PI) (Table. 1). In yeast, the 

phospholipid composition of the peroxisomal membrane as well as the fatty-acid composition 

of their corresponding acyl chains strongly depends on carbon source used for growth [40]. 

Remarkably yeast peroxisomes were found to contain substantial amount of cardiolipin (CL) 

[40]. CL was not found or was under the detection limit in peroxisomes isolated form 

Candida tropicalis[42]. Analysis of rat liver peroxisomes also did not reveal the presence of 

CL [38, 43]. A careful examination of A. thaliana cells stained with a CL specific dye 
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nonylacridine orange (NAO) did not reveal peroxisomal staining [44], but CL was detected in 

peroxisomes isolated from castor bean [37]. Cardiolipin is synthetized and predominantly 

localized in mitochondrial membranes (for review see [45, 46]). The presence of cardiolipin 

in yeast peroxisomes is controversial as obtaining pure fractions of peroxisomes by density 

gradient centrifugation without mitochondrial contamination is difficult. Hence, different 

experimental approach is needed to confirm the presence of CL in the peroxisomal 

membranes.  

Cardiolipin and its molecular functions 

Cardiolipin is a special negatively charged lipid composed of two 1,2 diacylphosphatidate 

moieties that are connected to 1 and 3–hydroxyl groups of a single glycerol head group     

(Fig. 1A). The cross-sectional area of the hydrophilic head group is smaller than the 

hydrophobic tail group which makes this lipid cone shaped. In water CL forms aggregates 

with a negative curvature called inverted hexagonal phase (HII) (Fig. 1D). This membrane 

structure can be formed only when the repulsive force between the two phosphate group is 

balanced by the presence of divalent metal ions or proteins (at low pH) [47]. This makes the 

CL to switch between lamellar and non-lamellar structure, which is thought to help in 

mitochondrial fission and fusion [48, 49]. CL helps in maintaining the stability and activity of 

the respiratory complexes [50]. It helps in import and assembly of inner membrane proteins 

[51]. Additionally, CL plays a major role in apoptosis [52]. Deficiency of CL also results in 

change in membrane potential of the inner mitochondrial membrane [53–55]. The deleterious 

effects of CL deficiency outside the mitochondria include perturbation of the PKC-Slt2 cell 

integrity and high osmolarity glycerol (HOG) signaling pathways and decreased vacuolar 

function [56–59]. CL deficiency has been found to decrease the longevity in yeast cells [59]. 

The importance of CL in man is highlighted by the fact that the loss of CL synthesizing gene 

results in Barth syndrome. 
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Figure 1. Structure of cardiolipin (CL) (A). Structure of phosphatidylethanolamine (PE) (B). the structure of CL 

and PE varies with the length of fatty acid chain. The above mentioned structure is just an representative 

structure of CL and PE. Bilayer formation by cylindrical lipids (C). Inverted hexagonal structure formed by CL 

and PE (D). 

PE and its molecular functions 

PE is also a non-bilayer forming lipids, which forms inverted hexagonal (HII) membrane 

structure in the hydrated environment (Fig. 1AD). Akin to CL, propensity of PE to form this 

structure depends on the number of double bonds and length of the acyl chains. The longer the 

acyl chain and the more the number of double bonds, the easier to form inverted hexagonal 

structure [60, 61]. PE has the ability to stabilize respiratory protein complexes and acts as 
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chaperone during protein import [62, 63]. Additionally, PE plays an important role in 

autophagy. Atg8 is lipidated by the addition of PE in a reversible manner to control the 

membrane dynamics during autophagy [64].  Depletion of PE results in loss of mitochondrial 

DNA and altered morphology in yeast and mammalian cells [62, 63]. 

Remarkably, lack of CL is balanced by increasing the production of PE and PG inside the 

cell. PG is negatively charged like CL and PE has the ability to form non-lamellar structure 

[61, 65]. Similarly lack PE is compensated by CL and phosphatidic acid (PA). Deletion of 

both CRD1 and PSD1 results in lethal phenotype which indicates that CL and PE have 

overlapping functions[49].  

Biosynthesis of CL and PE 

The biosynthesis of glycerophospolipids in yeast is similar to higher eukaryotes. PA serves as 

the central metabolite in de novo synthesis of all the phospholipids (Fig. 2). Glycerol-3-

phosphate(G3P) and dihydroxyacetone phosphate (DHAP) is converted to lyso-PA, catalyzed 

by acyl-transferases (Gat1, Gat2, Sct1, Gpt2) and reductase (Ayr1p) [66, 67]. Lyso-PA is 

converted to PA by the transfer of acyl group from acyl-CoA by the action of Slc1p, Slc4p, 

Loa1p and Ale1 [68]. 

PA is converted into cytidine phosphate diacyl glycerol (CDP-DAG) by Cds1p present in both 

mitochondria and ER, with cytidine triphosphate (CTP) as CDP donor [69, 70]. 

Phosphatidylglycerolphosphate synthase (Pgs1p), localized to mitochondria uses CDP-DAG 

and G3P as substrates to synthesize phosphatidylglycerolphosphate (PGP) [71]. Furthermore 

phosphate group is removed from PGP by PGP phosphatase Gep4 to synthesize 

phosphatidylglycerate (PG) [72]. PG is further converted to cardiolipin by CL synthase (Crd1) 

[73]. The acyl chain in the CL can be trimmed according to the requirement by the enzyme 

Taz1.  
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Figure 2. Biosynthesis of cardiolipin and phosphatidylethanolamine in Yeast. The different branches of 

biosynthesis, the lipid products and the enzymes involved are described in the text. G3P, glycerol-3-phosphate; 

DHAP, dihydroxyacetone phosphate; acyl-DHAP, acyl dihydroxyacetone phosphate; Lyso-PA, lysophosphatidic 

acid; PA, phosphatidic acid; CDP-DAG, cytidinediphosphatediacylglycerol; PS, phosphatidylserine; PGP, 

phosphatidylglycerolphosphate; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PME, 

phosphatidylmethylethanolamine; CL, cardiolipin; PDME, phosphatidyldimethylethanolamine; MLCL, 

monolysocardiolipin; PC, phosphatidylcholine; Cho, Choline; Cho-P, phosphocholine; CDP-Cho, 

cytidinediphosphatecholine; Etn, ethanolamine; Etn-P, phosphoethanolamine; CDP-Etn, 

cytidinediphosphateethanolamine. 
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PE is synthesized by three different pathways. Phosphatidylserine (PS) synthesized from 

CDP-DAG by Cho1p is used as substrate for PE synthesis [74]. PE is synthesized by 

decarboxylation of PS, catalyzed by phosphatidylserine decarboxylase 1 (Psd1) present in the 

inner mitochondrial membrane and phosphatidylserinedecarboxylase 2 (Psd2) in the Golgi 

complex [75, 76]. Psd1 is the major route of PE synthesis in S. cerevisiae as it represents 80% 

of the total cellular Psd activity. psd1 cells display severe growth defect when grown on      

non-fermentable carbon sources [62]. The third pathway that contributes to PE synthesis is the                               

CDP-ethanolamine/choline pathway also known as Kennedy pathway. Ethanolamine taken up 

from the medium is converted to  phosphoethanolamine (Etn-P) by Eki1 [77]. Etn-P is 

converted to CDP-ethanolamine by Ect1 [78]. Phosphoethanolamine moiety is transferred 

from CDP-ethanolamine to DAG by Ept1 to from PE [79]. The CDP-ethanolamine branch of 

Kennedy pathway is redundant with the CDP-choline branch. Eki1 and Ect1 share 

overlapping substrate specificity with the Cki1 and Cpt1 of CDP-Choline branch [77, 80]. 

Sphingolipid metabolism contributes to a minor fraction of PE biosynthesis. 

Phytosphingosine-P and dihydroxysphingosine-P, products of sphingolipid degradation are 

converted to Etn-P and hexadecanal by dihydroxysphingosine-1-phosphate lyase Dpl1p [81, 

82]. This Etn-P enters the Kennedy pathway to produce PE. The contribution of Dpl1p to PE 

synthesis is very low since the double deletion psd1 psd2 cells are not viable without the 

exogenous choline or ethanolamine [62]. Thus, the catalytic function of all these enzymes 

localized to different cellular compartments are necessary to maintain the lipid composition in 

all the membranes. 

Transport of lipids to peroxisomes 

Peroxisomes lack the ability to synthesize lipids and therefore rely on lipid transport from 

other cellular compartments. The mechanism of phospholipids transport from the site of 

synthesis (ER, mitochondria and Golgi complex) to the peroxisomes is still unknown. Both 
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vesicular and non-vesicular (protein dependent and independent) mechanism of lipid transport 

has been thought to be suggested in lipid transport to these organelles. Lipids could be 

transported to the peroxisomes along with the PMPs in vesicles. In S. cerevisiae Sec16 and 

Sec18 dependent vesicular transport pathway was not required to transport lipids from the ER 

to peroxisomes [83]. In yeast cytosolic Lipid Transfer Proteins (LTPs) can transport PI, PC, 

PS and PE between compartments [84]. In mammalian cells vesicular transport pathway was 

also described between mitochondria and peroxisomes [83]. Apart from vesicular transport 

routes, also contact sites between the organelles has been implicated in lipid transport [86]. 

Proximity of 2 membrane bilayers facilitates flipping of lipids from one membrane to another. 

Mitochondria-ER contact sites have been known for more than 50 years through the ultra-

structural electron microscopy and its role in lipid transport and the proteins required for 

functioning of the contact sites has been elucidated (reviewed by[87–89]). In S. cerevisiae 

existence of ER-Mitochondria contact sites also known as MAMs (Mitochondria Associated 

Membrane) were clearly shown with the help of fluorescent microscopy and computer aided 

3D reconstruction of electron tomographs[90]. Based on computer aided 3D reconstruction of 

electron tomographs Rosenberger et al have shown that peroxisomes were in close contact 

with other cell organelles like ER and mitochondria. The distance between the membranes in 

the contact sites as 4-45 nm [41]. Existence of contact sites between ER, Mitochondria and 

peroxisomes is highly relevant for the exchange of fatty acids during the β-oxidation and 

transport of phospholipids. Further studies on the contact sites will shed light on their roles in 

lipid transport and other functions. 

In this study we investigated the highly speculative role of CL in the peroxisomal membrane 

by analyzing peroxisome abundance in CL deficient yeast strains. Furthermore, we analyzed 

the effect of PE depletion on the peroxisome abundances in the yeast.  
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Materials and methods 

Strains and growth conditions 

The S. cerevisiae strains used in this study are listed in Table 2. Cells were grown at 30˚C 

either in mineral medium (w/o yeast extract) containing 0.5% glucose or 0.1% glucose, 0.1% 

oleate and 0.05% tween 80. Whenever required medium was supplemented with leucine (30 

µg/ml), histidine (20 µg/ml), uracil (30 µg/ml) or lysine (30 µg/ml). Selection of yeast 

transformants was performed on YPD agar plates supplemented with 300 µg/ml hygromycin 

B, 100 µg/ml gentamycin, 100 µg/ml nourseothricin or 200 µg/ml zeocine. 

The H. polymorpha strains used in this study are listed in Table 3. Cells were grown in 

mineral medium [91] supplemented with either 0.5% glucose or 0.5% methanol as carbon 

sources and 0.25% ammonium sulphate as a nitrogen source. For chemostat experiments, cells 

were pre-cultivated in mineral medium containing 0.25% glucose and 0.25% ammonium 

sulphate. Culture conditions for chemostat: temperature 37˚C, pH 5 and dilution rate of 0.1. 

The feed medium contained mineral medium with 0.5% methanol and 0.25% ammonium 

sulphate. When required leucine was added to a final concentration of 60 µg/ml. Selection of 

yeast transformants was performed on YPD agar plates supplemented with 300 µg/ml 

hygromycin B, 200 µg/ml zeocine. For cloning purposes, E. coli DH5α was used. 

Transformed bacteria were screened on LB agar plates supplemented with 100 µg/ml 

ampicillin or 50 µg/ml kanamycin. For plasmid isolation, bacteria were grown in LB media at 

37˚C supplemented with appropriate antibiotics. 

Cloning and construction of yeast strains 

The plasmids and primers used in this study is listed in Table S3, Table S4 and Table S5. All 

the cloning for H. polymorpha was performed using Gateway technology (Invitrogen). 

Transformation of H. polymorpha by electroporation as described previously [92]. 
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Transformation of S. cerevisiae was performed by Li-Ac method [93]. All deletions and 

integrations in H. polymorpha were confirmed by PCR and southern blotting. 

Table 2. S. cerevisiae strains used in this study 

Strain Description Reference 

Wild-type (WT) 

 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 

 
EUROSCARF 

crd1 BY4742 CRD1::kanMX4 EUROSCARF 

crd1 GFP-SKL crd1 PMET25 GFP-SKL This study 

psd1 BY4742 PSD1::kanMX4 This study 

psd1 GFP-SKL psd1 PMET25 GFP-SKL This study 

psd2 BY4742 PSD2::kanMX4 EUROSCARF 

psd2 GFP-SKL psd2 PMET25 GFP-SKL This study 

cki1 eki1 dpl1 BY4742 EKI1::kanMX4 CKI1::HPHDPL1::NAT This study 

cki1 eki1 dpl1 GFP-SKL cki1 eki1 dpl1 PMET25 GFP-SKL This study 

 

Construction of S. cerevisiae deletion strains 

PCR based deletion strategy was used and primers were designed to have a tail of 50 

nucleotides homologous to the desired gene of interest. The yeast deletion mutant psd1 was 

constructed by replacement of chromosomal PSD1 gene. Primers ScPSD1_del_F and 

ScPSD1_del_R were used to amplify the gentamicin cassette using pUG6 as the template. 

This was amplified using primers ScPSD2_del_F and ScPSD2_del_R and pENTR221_NAT 

as a template. cki1 eki1 dpl1 mutant was constructed by replacing the chromosomal EKI1, 

CKI1 and DPL1 gene with gentamicin resistance cassette, hygromycin resistance cassette and 

nourseothricin resistance cassette, respectively. Gentamicin resistance cassette was amplified 

by using primers ScEKI1_del_F and ScEKI1_del_R and pUG6 as the template. 

Hygromycinresistance cassette was amplified by using primers ScCKI1_del_F and 

ScCKI1_del_R and pENTR_221_HPH as the template. Nourseothricinresistance cassette was 
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amplified by using primers ScDPL1_del_F and ScDPL1_del_F and pENTR_221_HPH as the 

template. These cassettes were transformed into respective strains and colonies were selected 

on YPD plates and colony PCR was done to confirm the deletion. 

Table 3. H. polymorpha strains used in this study  

Strain Description Reference 

Wild-type (WT) NCYC 495 KU80::URA3 [94] 

WT. PMP47-mGFP WT PPMP47PMP47-mGFP This study 

WT. PMP47-mGFP/GFP-SKL WT PPMP47PMP47-mGFP/PTEF1 GFP-SKL This study 

crd1 NCYC 495 KU80::URA3 CRD1::HPH This study 

crd1 PMP47-mGFP crd1 PPMP47PMP47-mGFP This study 

crd1 PMP47-mGFP/GFP-SKL crd1 PPMP47PMP47-mGFP/PTEF1 GFP-SKL This study 

psd1 NCYC 495 KU80::URA3 PSD1::HPH 
  This study 

psd1 PMP47-mGFP psd1 PPMP47PMP47-mGFP 
This study 

psd1 PMP47-mGFP/GFP-SKL psd1 PPMP47PMP47-mGFP/PTEF1 GFP-SKL This study 

psd2 NCYC 495 KU80::URA3 PSD2::HPH 
This study 

psd2 PMP47-mGFP psd2 PPMP47PMP47-mGFP 
This study 

psd2 PMP47-mGFP/GFP-SKL psd2 PPMP47PMP47-mGFP/PTEF1 GFP-SKL This study 

 

Construction of H. polymorphacrd1 deletion strain 

Crd1 protein sequence was obtained from Saccharomyces genome database (SGD) and 

blasted in Hansenulapolymorpha genome database to find the corresponding gene 

homologues. Due to dense ORF distribution in CRD1 homologue (protein ID: 16899) map 

only 50bp was deleted and replaced by hygromycin B resistance cassette (HPH), start codon 

was changed to stop codon. To this end the first region -1234 to 0 of the CRD1 gene was 

amplified by performing two PCRs, using primers CRD1_del5F and CRD1_OL_R and 

CRD1_OL_F and CRD1_del5R. These two products were gel extracted and overlap PCR was 
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performed using primers CRD1_del5F and CRD1_del5R containing attB sites. This was 

recombined with pDONR41 yielding pENTR_41_5’CRD1. At the same time the region +50 

to +840 was amplified using primers CRD_del3F  and CRD_del3R and recombined with 

pDONR41 yielding pENTR_23_3’CRD1. A deletion cassette containing 5’ and 3’ fragments 

of CRD1 gene and HPH marker was assembled in pDEST43 with a Gateway LR reaction 

using plasmids pENTR_41_5’CRD1, pENTR_221_HPH and pENTR_23_3’CRD1. The 

resulting plasmid pDEST_NAT_CRD1_DEL_HPH was used as a template to amplify the 

deletion cassette of 3727 bp in a PCR reaction using primers CRD1_del_F and CRD1_del_R. 

The purified PCR product was transformed into H. polymorpha ku80 strain and colonies were 

selected on YPD plates with hygromycin B. 

Construction of H. polymorphapsd1 deletion strain 

Psd1 protein sequence was obtained from Saccharomyces genome database (SGD) and 

blasted in Hansenulapolymorpha genome database to find the corresponding homologues. 

PSD1 homologue (protein ID:15833) comprising nucleotides -296 to +355was replaced by 

hygromycin B resistance cassette (HPH). To this end the first region -296 to 0 of the PSD1 

gene was amplified using primers PSD1_del5F and PSD1_del5R with attB sites and 

recombined into pDONR41 yielding pENTR_41_5’PSD1. At the same time the region +356 

to +1192 was amplified using primers PSD1_del3F and PSD1_del3R and recombined with 

pDONR41 yielding pENTR_23_3’PSD1. A deletion cassette containing 5’ and 3’ fragments 

of PSD1 gene and HPH marker was assembled in pDEST43 with a Gateway LR reaction 

using plasmids pENTR_41_5’PSD1, pENTR_221_HPH and pENTR_23_3’PSD1. The 

resulting plasmid pDEST_NAT_PSD1_DEL_HPH was used as a template to amplify the 

deletion cassette of 3370 bp in a PCR reaction using primers PSD1_del_F and PSD1_del_R. 

The purified PCR product was transformed intoH. polymorpha ku80 strain and colonies were 

selected on YPD plates with hygromycin B. 
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Construction of H. polymorphapsd2 deletion strain 

Psd2 protein sequence was obtained from Saccharomyces genome database (SGD) and 

blasted in Hansenulapolymorpha genome database to find the corresponding homologue. 

PSD2homologue (protein ID:17465) comprising nucleotides -298 to +635was replaced by 

hygromycin B resistance cassette (HPH). To this end the first region -298 to 0 of the PSD2 

gene was amplified using primers PSD2_del5F and PSD2_del5R with attB sites and 

recombined into pDONR41 yielding pENTR_41_5’PSD2. At the same time the region +636 

to +1455 was amplified using primers PSD2_del3F and PSD2_del3R and recombined with 

pDONR41 yielding pENTR_23_3’PSD2. A deletion cassette containing 5’ and 3’ fragments 

of PSD2 gene and HPH marker was assembled in pDEST43 with a Gateway LR reaction 

using plasmids pENTR_41_5’PSD2, pENTR_221_HPH and pENTR_23_3’PSD2. The 

resulting plasmid pDEST_NAT_PSD2_DEL_HPH was used as a template to amplify the 

deletion cassette of 3568 bp in a PCR reaction using primers PSD2_del_F and PSD2_del_R. 

The purified PCR product was transformed into H. polymorpha ku80 strain and colonies were 

selected on YPD plates with hygromycin B. 

Growth curve  

The S. cerevisiae strains were pre-cultivated using mineral medium (w/o yeast extract) 

containing 0.5% glucose and 0.25% ammonium sulphate as sole carbon and nitrogen sources. 

Exponential growing cultures were subsequently shifted to media containing 0.5% glucose or 

0.1% glucose, 0.1% oleate and 0.05% tween 80. OD was measured periodically to quantify 

the doubling time and growth rate. 

The H. polymorpha strains were pre-cultivated using mineral medium containing 0.25% 

glucose and 0.25% ammonium sulphate as sole carbon and nitrogen sources. Exponential 

growing cultures were subsequently shifted to media containing 0.5% glucose or 0.5% 

methanol. OD was measured periodically to quantify the doubling time and growth rate. 
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Fluorescence microscopy 

Fluorescent microscopy (FM) images were captured using Zeiss confocal microscope 510. 

GFP fluorescence was analysed by excitation of the cell with a 488 nm argon ion laser, 

emission was detected using a 500-550 nm bandpass emission filter. For peroxisome 

quantification in S. cerevisiae strains were fixed using 4% formaldehyde in 0.1 M sodium 

phosphate buffer pH 7.2. In H. polymorpha live cells were used to capture image for 

quantification. 

Peroxisome quantification 

Image analysis was carried out using Image J. Peroxisome quantification for H. polymorpha  

was done using plugin. In case of S. cerevisiae it was done manually. 

Results 

Cardiolipin deficiency does not reduce the peroxisome number in yeast  

To check the impact of cardiolipin deficiency on peroxisomes we analyzed the abundance of 

these organelles in S. cerevisiae and H. polymorpha strains deficient in cardiolipin synthase 

(Crd1).  

 

Figure 3. Growth properties of S. cerevisiae WT and crd1 cells. WT and crd1 cells were grown in medium 

containing 0.5% glucose (A) and 0.1% glucose/0.1% oleate (B). The optical density was measured at 600 nm. 

Data represent mean ± standard deviation from 3 independent cultures. 
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CRD1 deletion in S. cerevisiae did not result in drastic growth defect in the medium 

containing 0.5% glucose (non-inducing condition) and 0.1% glucose and 0.1% oleate 

(peroxisome inducing condition) (Fig. 3AB). Maximum optical density reached by the crd1 

cells was reduced in the glucose containing medium, accompanied by slightly longer doubling 

time when compared to wild type cells (Table. S1). Doubling time on oleic acid was similar 

to wild type cells (Table. S1). To investigate the effect of CL deficiency on peroxisome 

number, S. cerevisiae WT and crd1 cells containing peroxisomal marker GFP-SKL under 

PMET25 promoter were grown for 16 hours in the medium containing 0.5% glucose and for 24 

hours in peroxisome inducing medium (0.1% glucose/0.1% oleate). Fluorescence microscopy 

analysis revealed that the GFP spots in crd1 cells were slightly bigger and more intense when 

compared with the wild type (Fig. 4AB). Peroxisome quantification (counting GFP spots) 

revealed no differences in the average number of peroxisomes per cell in the crd1 strain in 

comparison with wild type(Table. 4). Also similar distribution of peroxisome abundance in 

crd1 and WT cells was observed (Figure. 4C). 

Similar analysis with WT and crd1 cells grown on 0.1% glucose / 0.1% oleate for 24 hours 

revealed that the average number of peroxisomes in crd1 cells was slightly higher than in the 

wild type cells (Table. 4). The distribution of peroxisomes in crd1 strain was characterized by 

increased number of cells with 6 and 7 peroxisomes when compared to wild type (Fig. 5C). 

Our data indicate that CL deficiency triggered by CRD1 deletion in S. cerevisiae does not 

reduce the peroxisome number. 

Previously, CL was also detected in the peroxisomal fraction of methylotrophs [40]. To 

analyze the effect of CL deficiency in the methylotrophic yeast H. polymorpha we analyzed 

the strain lacking CRD1 homologue. H.polymorpha crd1 cells did not show drastic growth 

defect in the medium containing 0.5% glucose (Fig. 6A). The maximum OD reached by this 

strain on glucose was slightly lower when compared to the wild type cells (Table. S2). 
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Figure 4. FM analysis of S. cerevisiae WT and crd1 cells. WT and crd1 expressing GFP-SKL cells were grown for 

16 hours in medium containing 0.5% glucose.Fluorescence images of WT  (A) and crd1 cells (B). Peroxisome 

distribution in WT and crd1 cells (C). The above images shown are representative image of WT and crd1 cells. 

Data represent average number of peroxisomes ± standard deviation from 7 independent WT and 5 

independent crd1 cultures. The scale bar represents 5 µm. 

Remarkably, the doubling time of crd1 cells was similar to wild type in both 0.5% glucose 

and 0.5% methanol containing media (Table. S2). The growth of crd1 cells on 0.5% methanol 

was characterized by longer lag phase and lower maximum OD compared to wild type cells 

(Fig. 6B). To avoid the influence of growth differences on peroxisome quantification WT and 

crd1 cells with Pmp47-mGFP were grown in a methanol limited chemostat at equal dilution 

rate (D=0.1). 
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Figure 5. FM analysis of S. cerevisiae WT and crd1 cells. WT and crd1 cells expressing GFP-SKL were grown for 

24 hours in medium containing 0.1% glucose/0.1% oleate.Fluorescence images of WT  (A) and crd1 cells (B). 

Peroxisome distribution in WT and crd1 cells (C). The above images shown are representative image of WT and 

crd1 cells. Data represent average number of peroxisomes ± standard deviation from 4 independent WT and 

crd1 cultures.The scale bar represents 5 µm. 

FM analysis and peroxisome quantification revealed that the average number of peroxisomes 

per cell and the distribution of peroxisome number in crd1 strain was same as for wild type 

(data not shown). Remarkably around 15% of the WT and crd1 cells did not display Pmp47-

mGFP fluorescence (Fig. 7AB). To enhance the fluorescent signal and facilitate peroxisome 

quantification these cells were further transformed with PTEF1-eGFP-SKL. Subsequent growth 

in methanol limited chemostats and FM analysis of strains expressing 2 peroxisomal markers 

also did not reveal drastic differences in the average number of peroxisome per cell between 
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WT and crd1 cells (Table. 5). Similarly, the distribution of peroxisomes in crd1 cells was 

similar to wild type (Fig. 7C) and 10-15% of the cells did not display GFP fluorescence and 

thus were considered as peroxisome deficient. 

 

Figure 6. Growth properties of H. polymorpha WT and crd1 cells. WT and crd1 cells were grown in medium 

containing 0.5% glucose (A) and 0.5% methanol (B). The optical density was measured at 600 nm. Data 

represent mean ± standard deviation from 2 independent cultures. 

In order to check whether the cells with no GFP signal are viable or represent dead cells, 

chemostat grown WT cells containing Pmp47-mGFP/PTEF1-eGFP-SKL were stained with 

propidium iodide (PI) and analyzed by FACS. Analysis of non-stained (control) cells revealed 

the presence of two populations of cells with a low and a high GFP intensity (Fig. 8A). Upon 

staining, the population with low GFP signal became PI positive (Fig. 8B). These data 

indicate that the cells without no GFP fluorescence in our analysis are mostly likely 

representing dead cells. The amount of such cells was similar in WT and crd1 chemostats, 

thus their presence is not affecting the outcome of peroxisome quantification. Hence, similar 

to S. cerevisiae, CRD1 deletion in H. polymorpha does not reduce peroxisome abundance.  
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Figure 7. FM analysis of chemostat grown WT and crd1 cells. WT and crd1 cells expressing PMP47-mGFP and 

GFP-SKL were grown in methanol limited chemostat. Fluorescence images of WT  (A) and crd1 cells (B). 

Peroxisome distribution in WT and crd1 cells (C). The above images shown are representative image of WT and 

crd1 cells. Data represent average number of peroxisomes ± standard deviation obtained from 2 different time 

points for WT and crd1 strain.The scale bar represents 5 µm. 

PE depletion reduces the peroxisome number in S. cerevisiae 

To investigate the effect of PE depletion on peroxisomes in S. cerevisiae, PE synthesis was  

disturbed by deleting the genes from three different PE synthesis pathways. Deletion of PSD1, 

PSD2 and CKI1 EKI1 DPL1 did not result in drastic growth defect in medium containing 

0.5% glucose (non-inducing condition) (Fig. 9A). However, PSD1 deletion resulted in a 
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severe growth defect in the medium containing 0.1% glucose and 0.1% oleate (peroxisome 

inducing condition) (Fig. 9B). 

Figure 8. Viability staining for WT cells. Distribution of cell population in WT-non stained (control) and WT-
stained cells based on GFP intensity (A) and GFP intensity/PI staining (B). Y-axis represents the intensity of GFP 
signal. X-axis represents the PI stain intensity. 

Maximum OD reached by psd1, psd2 and cki1 eki1 dpl1 cells was significantly lower than the 

WT cells in the inducing as well as in the non-inducing condition (Table. S1). This was 

accompanied by significantly longer doubling time for psd1 and psd2 cells in both the 

conditions (Table. S1). However cki1 eki1 dpl1 cells had longer doubling time only in 

peroxisome inducing condition. 

To study the effect of PSD1, PSD2 and CKI1 EKI1 DPL1 deletion on peroxisome numbers, 

WT, psd1, psd2 and cki1 eki1 dpl1 cells having peroxisomal marker GFP-SKL under the 

PMET25 promoter were grown in medium containing 0.5% glucose for 16 hours or 0.1% 

glucose and 0.1% oleate medium for 24 hours. Due to severe growth defect, psd1 cells were 

also analyzed at 45 hours (the time they reach equal OD as WT cells). Subsequent 

fluorescence microscopy analysis revealed the presence of bigger and more intense GFP spots 

in psd1 cells when compared to WT cells (Fig. 10B and Supplementary Fig. 1B). 
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Peroxisome quantification revealed that the average number of peroxisomes in psd1 cells was 

reduced when compared to the WT cells (Table. 4).  

Figure 9. Growth properties of S. cerevisiae WT, psd1, psd2 and cki1 eki1 dpl1 cells. WT , psd1, psd2 and cki1 
eki1 dpl1 cells were grown in medium containing 0.5% glucose (A) and 0.1% glucose/0.1% oleate (B). The 
optical density was measured at 600 nm. Data represent mean ± standard deviation from 2 independent 
cultures. 

 

Analysis of the distribution of peroxisomes in the psd1 cells clearly showed increased number 

of cells with one and two peroxisomes when compared to WT cells (Fig. 10E). Furthermore, 

exponentially growing psd1 cells were examined under the microscope to check for drastic 

phenotype. Exponentially growing psd1 cells were not able to import GFP-SKL 

(Supplementary Fig. 10B). More than 50% of cells had strong cytosolic GFP signal. In 

contrast to psd1, GFP spots in psd2 and cki1 eki1 dpl1 cells were similar to that of WT cells 

(Fig. 10CD). Quantification of peroxisome in psd2 and cki1 eki1 dpl1 cells grown on 0.5% 

glucose revealed no difference relative to the WT in neither the average number of 

peroxisomes per cell nor in the distribution of peroxisomes number in the population of cells 

(Fig. 10FG). 
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Figure 10. FM analysis of S. cerevisiae WT, psd1, psd2 and cki1 eki1 dpl1 cells. WT, psd1, psd2 and cki1 eki1 

dpl1 cells expressing GFP-SKL were grown for 16 hours on medium containing 0.5% glucose. Fluorescence 

images of WT (A), psd1(B), psd2(C), cki1 eki1 dpl1(D) cells. Peroxisome distribution psd1(E), psd2(F), cki1 eki1 

dpl1 cells (G) compared with WT. Data represent average number of peroxisomes ± standard deviation from 7 

independent WT, 4 independent psd1 and psd2 and 2 independent cki1 eki1 dpl1 cultures.The scale bar 

represents 5 µm. 
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Figure 11. FM analysis of S. cerevisiae WT, psd1, psd2 and cki1 eki1 dpl1 cells. WT, psd1, psd2 and cki1 eki1 

dpl1 cells expressing GFP-SKL were grown for 24 hours on medium containing 0.1% glucose/0.1% oleate. 

Fluorescence images of WT (A), psd1(B), psd2(C), cki1 eki1 dpl1(D) cells. Peroxisome distribution psd1(E), 

psd2(F), cki1 eki1 dpl1 cells (G) compared with WT. Data represent average number of peroxisomes ± standard 

deviation from 4 independent WT and 2 independent psd1, psd2 and cki1 eki1 dpl1 cultures. Scale bar : (A-D)5 

µm. 
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Table 4. Peroxisome quantification of S. cerevisiae WT, crd1, psd1, psd2 and cki1 eki1 dpl1 

cells 

Growth conditions Strain 
Average number of 

peroxisomes per cell 
Repeats 

 

 

 

0.5% Glucose  

(16 Hours) 

 

 

WT 4,4 7 (200-330 cells) 

crd1 4,5 5 (200-340 cells) 

psd1 3,5 4 (160-390 cells) 

psd2 4,5 4 (180-200 cells) 

cki1 eki1 dpl1 4,3 2 (270-370 cells) 

 

0.1% Glucose 

& 

0.1% oleate 

(24 Hours) 

 

 

WT 7,0 4 (190-360 cells) 

 

crd1 

 

7,6 4 (160-350 cells) 

psd1 5,5 2 (210-260 cells) 

psd2 5,8 2 (140-230 cells) 

cki1 eki1 dpl1 6,2 2 (190-280 cells) 

0.1% Glucose 

& 

0.1% oleate 

(45 Hours) 

WT 7,1 2 (280-345 cells) 

psd1 4,9 2 (190-220 cells) 

 

Since psd1 cells had severe growth defect while growing in medium containing 0.1% glucose 

and 0.1% oleate we quantified peroxisome numbers at same time point as well as at same OD. 

Peroxisome quantification at the same time point (24 hours) and upon reaching similar OD 

(45 Hours) revealed reduced average peroxisomes number in psd1 cells relative to WT cells 

(Table. 4).  
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Analysis of the peroxisome distribution also showed higher percentage of cells with one and 

two peroxisomes (Fig. 11E and Supplementary Fig. 2). Unlike for psd1 cells, intensity of 

GFP spots was not altered in psd2 and cki1 eki1 dpl1 cells when compared with WT cells 

(Fig. 11CD). Peroxisome quantification in psd2 cells showed reduced average number of 

peroxisomes per cell (Table. 4). Average number of peroxisomes per cell was also slightly 

reduced in cki1 eki1 dpl1 cells when compared with WT cells (Table. 4). Interestingly, in 

both psd2 and cki1 eki1 dpl1 cells we observed more number of cells having 2 and 3 

peroxisomes in the peroxisome distribution when compared to WT cells (Fig. 11FG). 

Altogether, these data suggest that depletion of PE by deleting genes involved in three 

different pathways results in reduced number of peroxisomes in S. cerevisiae. 

PE depletion does not affect the peroxisomes number in H. polymorpha 

To study the effect of PE depletion on other yeast PSD1 and PSD2 homologues were deleted 

in the methylotrophic yeast H. polymorpha. psd1 cells had severe growth defect in the 

medium containing 0.5% (glucose non-inducing condition) and 0.5% methanol (peroxisome 

inducing conditions) (Fig. 12AB).  

Figure 12. Growth properties of H. polymorpha WT, psd1 and psd2 cells. WT , psd1 and psd2 cells were grown 
in medium containing 0.5% glucose (A) and 0.5% methanol (B). The optical density was measured at 600 nm. 
Data represent mean ± standard deviation from 2 independent cultures. 
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The deletion of PSD2 did not result in growth defect (Table. S2) Maximum OD reached by 

the psd1 cells was lower than WT cells in both the conditions (Table. S2). Doubling time for 

psd1 cells was significantly longer than WT cells in both the conditions. To avoid the 

influence of growth difference on peroxisome quantification, WT and psd1 cells having 

PMP47-mGFP were grown in methanol limited chemostats at equal dilution rate (D=0.1). 

WT and psd1 cells expressing two peroxisomal markers Pmp47-mGFP/ GFP-SKL were 

grown in  methanol limited chemostats. FM analysis and peroxisome quantification showed 

no difference in the average number of peroxisomes in psd1 cells when compared with WT 

cells (Table. 5). Similar peroxisome distribution was observed in psd1 cells when compared 

to WT cells  (Fig. 13C). Since psd2 cells did not display any growth defects, they were grown 

in flasks containing 0.5% methanol for 24 hours.  

Table 5. Peroxisome quantification of H. polymorpha WT, crd1, psd1 and  psd2 cells 

Experimental Setup Strain 
Average number of 

peroxisomes per cell 

 

 

Chemostat 1 

 

 

WT 

 

 

 

3,0 

 

crd1 2,9 

Chemostat 1 

 

WT 

 

2,9 

psd1 3,2 

Batch culture 

 

WT 

 

3,8 

psd2 3,8 

 

Data from peroxisome quantifications represents average number of peroxisomes for chemostats at two 

different time points and two independent batch cultures. About 800 to 1200 cells were analyzed for each 

quantification 
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FM analysis and peroxisome quantification clearly showed that there is no significant 

difference in the average number of peroxisomes per cell and peroxisome distribution when 

compared to WT cells (Table. 5 and Fig. 14C). These data clearly shows that depletion of PE 

by deleting PSD1 and PSD2 in H. polymorpha does not have any drastic effect on the number 

of peroxisomes. 

 

Figure 13. FM analysis of chemostat grown WT and psd1 cells. WT and psd1 cells expressing PMP47-mGFP and 

GFP-SKL were grown in methanol limited chemostat. Fluorescence images of WT (A) and psd1 cells (B). 

Peroxisome distribution in WT and psd1 cells (C). The above images shown are representative image of WT and 

psd1 cells. Data represent average number of peroxisomes from a chemostat.The scale bar represents 5 µm. 
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Figure 14. FM analysis of batch flask grown WT and psd2 cells. WT and psd2 cells expressing PMP47-mGFP 

and GFP-SKL were grown for 24 hours in the medium containing 0.5% methanol. Fluorescence images of WT  

(A) and psd2 cells (B). Peroxisome distribution in WT and psd2 cells (C). The above images shown are 

representative image of WT and psd2 cells. Data represent average number of peroxisomes ± standard 

deviation from 2 independent WT and psd2 cultures.The scale bar represents 5 µm. 

Discussion 

Cardiolipin is a special phospholipid localized to mitochondria. Presence of cardiolipin in 

peroxisomal membrane and its putative function is highly speculated [40]. Studies in yeast 

indicated presence of that phospholipid in the peroxisomal fraction, however its role at that 

location has not been elucidated [36, 40]. Here we studied the effect of CL deficiency on 

peroxisome abundance by deleting CRD1 gene in S. cerevisiae and H. polymorpha.  
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Surprisingly, peroxisome quantifications did not reveal any drastic phenotype in the crd1 

strain of S. cerevisiae and H. polymorpha. Previous studies have shown that CL consists of 

less than 7% of the total phospholipids in the peroxisomal membrane. Recently it has been 

shown that peroxisomes are juxtaposed to mitochondria at specific mitochondrial domains 

suggesting tight association between these 2 organelles [96]. It is therefore possible that CL is 

not present in the peroxisomes and the presence of CL in the peroxisomal fraction reported so 

far might be an artifact of mitochondrial membrane contamination during organelle isolation. 

Alternatively, the functions of CL may be compensated by other phospholipids, including PE. 

It has been shown that mitochondrial phenotypes occurring in crd1 strain of  S. cerevisiae are 

compensated by PE [49, 55]. Remarkably, strains deficient in both CL and PE are not viable 

suggesting partial overlapping functions of these phospholipids [49]. Surprisingly, in 

peroxisomes inducing conditions, slightly increased number of peroxisomes in crd1 cells of S. 

cerevisiae was observed. This might be due to secondary effect of CL deficiency, like altered 

phospholipid metabolism or induction of the retrograde response.   

PE is a cone shaped phospholipid required for vesicle formation, membrane fusion and 

maintaining mitochondrial morphology [49]. Events involving membrane fusion are also 

thought to be involved in peroxisome biogenesis. For instance last step of peroxisomal fission 

in S. cerevisiae involves the Vps1/Dnm1 dependent division and separation of small 

organelle. Furthermore, vesicles carriers containing lipids and certain PMPs have to fuse with 

peroxisomes to deliver its contents.In yeast, PE is synthesized by three pathways at distinct 

cellular locations.  Remarkably, only the PSD1 deletion reduced the peroxisome number in 

the cells in both peroxisome inducing conditions and non-inducing condition. The result is not 

surprising as Psd1 has been shown to responsible for 80% of the total cellular Psd activity 

[62]. Notably, the intensity of fluorescent spots in psd1 cells producing GFP from PMET25 

promoter was higher than in WT cells.The GFP intensity was also slightly increased in crd1 S. 
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cerevisiae cells, pointing to non-specific mechanism, likely to be associated with 

mitochondrial function. The nature of that induction remains unclear, however we speculate 

that it might be related to the disturbance of the sulphur containing amino acid biosynthetic 

pathways and a transcriptional response. The higher GFP intensity in psd1 cells is unlikely to 

affect the results of peroxisome quantification as S. cerevisiae peroxisomes are rarely 

clustering and thus the chance of 2 organelles in close proximity to each other counted as one 

GFP spot is low. To completely rule out this possibility, another promoter for GFP-SKL 

expression could be used or peroxisome abundance should be analyzed by electron 

microscopy. The EM analysis would also provide information about the morphology and size 

of the organelles.   

Previous studies have shown that PE produced through Kennedy pathway and Psd2 is only a 

minor fraction of total PE present [62]. Interestingly, psd2 cells of  S. cerevisiae had normal 

GFP spots, but reduced peroxisome numbers in peroxisome inducing conditions.                 

cki1 eki1 dpl1 cells of  S. cerevisiae also had normal GFP spots, but slightly reduced 

peroxisome numbers in peroxisome inducing conditions. We speculate that either PE 

synthesized through three different pathways are not the same or the efficiency and the spatial 

separation of the enzymes present in the three different pathways might be responsible for the 

observed phenotype. The PE synthesized might have different fatty acid side chains and might 

contribute differently to the peroxisomes due to spatial separation. Furthermore, PE is 

converted to PC by two methylating enzymes, so it is important to consider that the phenotype 

observed in all the three strains of S. cerevisiae might be also due depletion of PC. Analysis of  

psd1 psd2 strain supplied with external choline to avoid PC depletion would dissect the effect 

of PE depletion alone on peroxisome abundance. Previously, Rosenberger et al studied all 

these three PE mutants in S. cerevisiae and found smaller peroxisomes in psd1 cells [41]. 

However, reduced peroxisome abundance after depleting PE was not observed. It has to be 
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taken into account that the medium used in both the case are different which might the reason 

for not observing reduced peroxisome numbers in these mutant strains. The relationship 

between impaired PE production and reduced peroxisome numbers remains highly 

speculative. PE was shown to be involved in mitochondrial fission and fusion processes [49]. 

Presence of PE is important for formation of non-lamellar lipid structure during fission 

process. We speculate that the reduced number of peroxisomes might be due to a partial 

inhibition of the peroxisomal fission machinery. Since the GFP spots in the FM images of 

psd1 cells were too intense, we couldn’t conclude anything regarding the size of the 

peroxisomes. If they happen to be bigger then, the hypothesis of partial fission block can be 

proved by depleting PE in pex11 or dnm1 strains. 

In contrast to these results psd1 and psd2 cells of H. polymorpha did not have any effect on 

peroxisome number. Fast growth of H. polymorpha in mineral medium requires addition of 

0.05% yeast extract. We speculate that this component might contain small amounts of 

ethanolamine and choline and this might be the reason for not observing an effect of PE 

depletion in these H. polymorpha strains.  

Overall, our studies indicate that PE depletion may reduce peroxisome abundance in yeast. 

Further studies should focus on how this phospholipids is transported to the organelle and 

how does it contribute to the organelle biogenesis. 
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Supplementary data. 

Table S1. Maximum optical density and Doubling time of S. cerevisiae WT, crd1, psd1, 

psd2 and cki1 eki1 dpl1 cells 

Growth conditions Strain Maximum optical density 
Doubling time 

(Hours) 

 

 

 

0.5% Glucose 

 

 

 

WT 1,59 ± 0,05 

 

2,07 ± 0,06 

 

crd1 

 

1,22 ± 0,13 

 

 

1,27 ± 0,06 

 

psd1 1,17 ± 0,12 2,91 ± 0,44 

psd2 1,12 ± 0,20 2,56 ± 0,52 

cki1 eki1 dpl1 1,30 ± 0,08 1,85 ± 0,00 

 

 

0.1% Glucose  

& 

0.1% oleate 

 

 

WT 1,21 ± 0,02 

 

7,99 ± 0,32 

 

 

crd1 

 

1,34 ± 0,04 7,47 ± 0,49 

psd1 1,10 ± 0,01 15,73 ± 0,12 

psd2 1,10 ± 0,04 9,54 ± 0,21 

cki1 eki1 dpl1 1,14 ± 0,01 9,68 ± 1,32 
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Table S2. Maximum optical density and Doubling time of H. polymorpha WT, crd1, psd1 

and  psd2 cells 

Growth conditions Strain 
Maximum optical 

density 

Doubling time 

(Hours) 

 

 

 

 

0.5% Glucose 

 

 

 

WT 

 

4,61 ± 0,01 

 

 

1,52 ± 0,03 

 

 

crd1 

 

 

 

4,10 ± 0,13 

 

 

1,42 ± 0,05 

 

psd1 1,91 ± 0,12 1,89 ± 0,19 

psd2 4,68 ± 0,21 1,55 ± 0,20 

 

0.5% Methanol 

 

WT 3,35 ± 0,04 3,94 ± 0,08 

crd1 2,50 ± 0,11 3,88 ± 0,21 

psd1 2,38 ± 0,10 4,62 ± 0,50 

psd2 3,26 ± 0,09 3,91 ± 0,23 
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Table S3. Plasmids used in this study 

Plasmid Description Reference 

pDONR-P4-P1R Standard Gateway vector Invitrogen  

pDONR-P2R-P3 Standard Gateway vector Invitrogen 

pENTR_41_5’CRD1 pDONR-P4-P1R containing 5’ region of 

CRD1, kan
R
 

This study 

pENTR_23_3’CRD1 pDONR-P2R-P3 containing 3’ region of 

CRD1, kan
R
 

This study 

pENTR_41_5’PSD1 pDONR-P4-P1R containing 5’ region of 

PSD1, kan
R
 

This study 

pENTR_23_3’PSD1 pDONR-P2R-P3 containing 3’ region of 

PSD1, kan
R
 

This study 

pENTR_41_5’PSD2 pDONR-P4-P1R containing 5’ region of 

PSD2, kan
R
 

This study 

pENTR_23_3’PSD2 pDONR-P2R-P3 containing 3’ region of 

PSD2, kan
R
 

This study 

pENTR-221-HPH pENTR-221 containing hygromycin 

marker, kan
R
 

[97] 

pDEST-R4-R3-NAT pDEST-R4-R3 containing nourseothricin 

marker, amp
R
 

[98] 

 

pDEST_NAT_CRD1_DEL_HPH pDEST-R4-R3 containing CRD1 deletion 

cassette with hygromycin marker, amp
R
 

This study 

pDEST_NAT_PSD1_DEL_HPH pDEST-R4-R3 containing PSD1 deletion 

cassette with hygromycin marker, amp
R
 

This study 

pDEST_NAT_PSD2_DEL_HPH pDEST-R4-R3 containing PSD2 deletion 

cassette with hygromycin marker, amp
R
 

This study 

pENTR_221_NAT pENTR-221 containing nourseothricin 

marker, kan
R
 

[97] 

pUG6 pUG6 containing gentamicin resistance 

marker 

[99] 

pHIPX7 pHIP containing eGFP-SKL under the 

control of PTEF1; leucine marker; kan
R
 

[100] 

pMCE7 Plasmid containing PMP47-mGFP under 

the control of endogenous promoter 

[101] 
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Table S4. Primers used for cloning S. cerevisiae strains in this study 

Primer name Sequence 

ScCRD1_selF 
ATCATTGTGCGGCGACTATT 

 

ScCRD1_selR 

 
GCGTCTGAATGTGTTAAATCCA 

ScPSD1_del_F 
GCCAGTTAAGAACGCCTTGGCGCAAGGGAGGACGCTCCTCATGGGGAGGAC

AGCTGAAGCTTCGTACGC 

 

Sc_PSD1_del_R 
CAGGTATGTGGTTCCAAGTGTTTGTCGCTCTTTGAATTTGTCACAAATTCGCA

TAGGCCACTAGTGGATCTG 

ScPSD1_selF 
CCAGCACCTTTTTGGTGTTT 

 

ScPSD1_selR AAGGGGTACATGACATGGCTA 

ScPSD2_del_F 
GTATCAATTGGTAAAGAATCCTCGATTTTCAGGAGCATCCAACGACGAAGCC

CACACACCATAGCTTCAA 

ScPSD2_del_R 
TACTCATCCCGACTTTGACTAACGTTTCAATGCGTTCTGAAGAGTTTTTCACG

TTTTCGACACTGGATGG 

ScPSD2_selF GCCCTAACGCATGTGCTACT 

ScPSD2_selR TTCCTGGTATGAAACCATTGC 

ScEKI1_del_F 
TACGAAAGTAGTAGCAGAAATTAACAGATACAGATCTGCAATTTGGCATAC

AGCTGAAGCTTCGTACGC 

Sc_EKI1_del_R 
TAACTCCCAATGTAATTAAATCGCCCCAAAAGACAGACATTTTTTCTTTACG

CATAGGCCACTAGTGGATCTG 

ScEKI1_selF GGCCACTAGACAGCATGTGA 

ScEKI1_selR TCCATTGACCTAACATGTTGAAA 

ScCKI1_del_F 
ACTGATGTCACAGATAGTTTGGGTTCGACTTCGTCGGAATATATTGAGATTC

CCACACACCATAGCTTCAA 

ScCKI1_del_R 
GAACTTGAAAGAGCTGAAATTTTTGCATTCTTCTTCGGTGATTATGCCTAAC

GTTTTCGACACTGGATGG 

ScCKI1_selF GCTCTGTGGCTGTAAGTAAGGA 

ScCKI1_selR GCTTTATTTCCTTGGCCTTTG 

ScDPL1_del_F 
TACCGAGCAAGTAGGCTAGCTTCTGTAAAGGGATTTTTCCATCTAATACACC

CACACACCATAGCTTCAA 

ScDPL1_del_R 
ACATTGCACTCTCGTTCTTTAAATTATGTATGAGATTTGATTCTATATAGCGT

TTTCGACACTGGATGG 

ScDPL1_selF TGCCTATCGTTTATCGCCTTA 

ScDPL1_selR CTTTCTCATCCCCTCGTGAA 

KanC TGATTTTGATGACGAGCGTAAT 

KanB CTGCAGCGAGGAGCCGTAAT 

 



- 42 - 
 

Table S5. Primers used for cloning H.polymorpha strains in this study 

Primer name Sequence 

CRD1_OL_F GAAATATTTTTTGTTGAGAATAGCTCATCAGGGCTGGTATTG 

CRD1_OL_R CAATACCAGCCCTGATGAGCTATTCTCAACAAAAAATATTTC 

CRD1_del5F GGGGACAACTTTGTATAGAAAAGTTGTTTCTCGAGGAGAGTAGGGTTG 

CRD1_del5R GGGGACTGCTTTTTTGTACAAACTTGCCCGGCCAGTAGCAGCATTA 

CRD_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAATTGGGACTTCTCGCTCATC 

CRD_del3R GGGGACAACTTTGTATAATAAAGTTGTAGAATGTCACGCAGCCAACT 

CRD1_del_F 
TCTCGAGGAGAGTAGGGTTG 

 

CRD1_del_R AGAATGTCACGCAGCCAACT 

CRD1_sel5_F GCATCGTGTTCTTTCAGCAC 

CRD1_sel3_R ACCGCAGACCTAGTGGAAGA 

CRD1_TGA_F CATGGAAATATTTTTTGTTGAGAATAG 

PSD1_del5F GGGGACAACTTTGTATAGAAAAGTTGTTAACGAAAACTGGTGGCAAAG 

PSD1_del5R GGGGACTGCTTTTTTGTACAAACTTGCGAAGTCAACGTGAACCACGA 

PSD1_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAACACTTGTCGGCGCTGAAG 

PSD1_del3R GGGGACAACTTTGTATAATAAAGTTGTCAGTGAGCAGAGCTTGATGG 

PSD1_del_F AACGAAAACTGGTGGCAAAG 

PSD1_del_R CAGTGAGCAGAGCTTGATGG 

PSD1_sel5_F GACACTGTGGTCGAAAGCAA 

PSD1_sel3_R GCTGAATTCCACGGTGCTA 

PSD2_del5F GGGGACAACTTTGTATAGAAAAGTTGTTGCGATAATAGAGTGACGAGAGGA 

PSD2_del5R GGGGACTGCTTTTTTGTACAAACTTGCGGTCTGCGACACTGAAGGTT 

PSD2_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAGCAGATTGTCGATGCTGTGT 

PSD2_del3R 
 

GGGGACAACTTTGTATAATAAAGTTGTCGTGCCTGTTGCTGCTACTA 

 

PSD2_del_F GCGATAATAGAGTGACGAGAGGA 
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PSD2_del_R CGTGCCTGTTGCTGCTACTA 

PSD2_sel5_F CATTGAGTGGTTTCGGGTTT 

PSD2_sel3_R GTAAAGCTGCGGTTCTTTCG 

Universal primer 27 GGGTGTTTTGAAGTGGTACG 

Universal primer 28 TCATCTGCCCAGATGCGAAG   

 

Supplementary Figure 1. 

 

SupplementaryFigure 1. FM analysis of S. cerevisiae WT and psd1 cells. WT and psd1 cells expressing GFP-SKL 

were grown for 45 hours in the medium containing 0.1% glucose/0.1% oleate. Fluorescence images of WT  (A) 

and psd1 cells (B). Peroxisome distribution in WT and psd1 cells (D). The above images shown are 

representative image of WT and psd1 cells. Data represent mean from 2 independent WT and psd1 

cultures.The scale bar represents 5 µm. 
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Supplementary Figure 2. 

 

SupplementaryFigure 2. FM analysis of S. cerevisiae WT and psd1 cells. WT and psd1 cells expressing GFP-SKL 

were grown for 7 hours in the medium containing 0.5% glucose. Fluorescence images of WT  (A) and psd1 cells 

(B). Fluorescence image of psd1 cells showing cytosolic GFP in exponentially growing cells. The above images 

shown are representative image of WT and psd1 cells. More than 50% psd1 cells had cytosolic GFP.The scale 

bar represents 5 µm. 
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