
 

 

 University of Groningen

Peroxisome homeostasis and ageing in yeast
Kawalek, Adam

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kawalek, A. (2015). Peroxisome homeostasis and ageing in yeast. [Thesis fully internal (DIV), University of
Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/395acd7c-4a94-4459-b5e3-00269a518793


 

141 

Chapter 6 

 

 

 

 

 

Impaired biosynthesis of the non-bilayer lipids 

phosphatidylethanolamine or cardiolipin does not affect 

peroxisome biogenesis and proliferation in Saccharomyces 

cerevisiae 

 

Adam Kawałek, Chandhuru Jagadeesan, Ida J. van der Klei 

  



Chapter 6 

142 

Abstract 

The non-bilayer forming lipids cardiolipin (CL) and phosphatidylethanolamine (PE) modulate 

membrane curvature, facilitate membrane fusion and affect the stability and function of 

membrane proteins. Analyses of yeast peroxisomal membranes revealed the presence of 

significant amounts of CL and PE. 

Here we analysed the effect of CL deficiency and the reduction of PE biosynthesis on 

peroxisome biogenesis and proliferation in the yeast Saccharomyces cerevisiae. Our data 

indicate that deletion of CRD1, the gene encoding cardiolipin synthase, does not affect 

peroxisome biogenesis and abundance, both when cells were grown at peroxisome repressing 

(glucose) or inducing (oleate) growth conditions.  

Analysis of S. cerevisiae mutant strains deficient in one of the three PE biosynthesis pathways 

(the single deletion strains psd1 and psd2 and the triple deletion strain eki1 cki1 dpl1) revealed 

that in all three mutants peroxisome numbers were reduced upon growth of cells on oleic acid. 

Deletion of the gene encoding the mitochondrial phosphatidylserine decarboxylase, PSD1, 

resulted in the most drastic reduction in peroxisome abundance and was accompanied by a 

partial growth defect in media containing oleic acid. Moreover, in psd1 cells, but not in psd2 or 

eki1 cki1 dpl1 cells, a decrease in peroxisome numbers was observed when cells were grown on 

glucose. Because PE is an intermediate of the phosphatidylcholine (PC) biosynthesis pathway, 

PE depletion indirectly affects PC formation. PC however can be synthesized by an alternative 

pathway when choline is supplemented to the growth medium. Addition of choline to the 

medium resulted in suppression of the all observed phenotypes. This suggests that the effects of 

PE depletion on peroxisome biogenesis and proliferation were indirectly caused by impaired 

biosynthesis of PC. Overall, our data indicate that peroxisome biogenesis and proliferation are 

not crucially dependent on the presence of CL or PE. 
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Introduction 

Peroxisomes are cell organelles present in almost all eukaryotic cells. Enzymes localized in 

peroxisomes are involved in a variety of metabolic processes including β-oxidation of fatty 

acids and hydrogen peroxide detoxification [1,2]. Peroxisomes display a very simple 

morphology: a single membrane encloses a proteinaceous matrix.  

Biogenesis of peroxisomes involves import of peroxisomal matrix proteins and sorting and 

incorporation of peroxisomal membrane proteins (PMP) and lipids. The molecular mechanisms 

of matrix protein import have been intensively studied [3,4]. Recent studies also have shed light 

on the synthesis and trafficking of PMPs [5,6]. In contrast, the origin of the lipids in 

peroxisomal membranes, lipid transport to the organelle and the significance of the lipid 

composition in peroxisomal processes are largely unexplored. 

The main phospholipid constituents of Saccharomyces cerevisiae peroxisomal membranes are 

phospatidylcholine (PC) (48%), phosphatidylethanolamine (PE) (23%) and phosphatidylinositol 

(16%) [7]. In addition, these membranes contain substantial levels (up to 7%) of cardiolipin 

(CL) [7]. A similar observation was made for peroxisomal membranes of the yeast Pichia 

pastoris [8]. 

CL and PE are non-bilayer forming lipids, which have an inverted cone shape. These lipids 

have been reported to modulate membrane curvature, facilitate membrane fusion [9,10] and 

affect binding of peripheral membrane proteins and formation of membrane protein complexes 

[11]. In mitochondria CL and PE were shown to play crucial roles in various aspects of 

organelle function and dynamics [10,12–14]. So far, the functions of CL and PE in the 

peroxisomal membrane are unknown.  

In S. cerevisiae CL biosynthesis occurs solely in mitochondria (Fig 1A) [15]. The biosynthesis 

of PE is more complex and involves 3 pathways with distinct cellular locations (Fig 1B) [16]. 

Phosphatidylserine (PS) can be decarboxylated by phosphatidylserine decarboxylase 1 (Psd1) at 

the inner mitochondrial membrane [17,18] or by phosphatidylserine decarboxylase 2 (Psd2) in  
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Figure 1 Biosynthesis of cardiolipin, phosphatidylethanolamine and phosphatidylcholine in S. cerevisiae. 
(A) Schematic overview of cardiolipin synthesis. Phosphatidic acid (PA) is converted to cytidine diphosphate - 

diacylglycerol (CDP-DAG) and further to phosphatidylglycerolphosphate (PGP). PGP is dephosphorylated to 

phosphatidylglycerol (PG). PG is condensed with CDP-DAG to form unremodeled CL. Acyl-chains in CL can 

be remodelled by the deacylase Cld1p and the transacylase Taz1p with monolysocardiolipin (MLCL) as an 

intermediate. (B) Pathways involved in synthesis of phosphatidylethanolamine (PE) and phosphatidylcholine 

(PC). CDP-DAG is condensed with serine to form phosphatidylserine (PS). PS can be decarboxylated by 

mitochondrial PS decarboxylase (Psd1) or PS decarboxylase localized to the vacuole / Golgi apparatus (Psd2) to 

form PE. Alternatively, ethanolamine (Etn) can be incorporated into PE by the Kennedy pathway. An 

intermediate of this pathway – ethanolamine phosphate (Etn-P) can also derive from degradation of 

sphingolipids. PE can be methylated to form PC. Alternatively, PC can be formed by incorporation of choline 

via the Kennedy pathway. Cho – choline, Cho-P – choline phosphate, CDP-Cho - CDP - choline. 

vacuole / Golgi membranes [19]. Additionally, PE can be formed by incorporation of 

ethanolamine through the Kennedy pathway localized to microsomes [20]. Ethanolamine 

utilized in this route can be taken up from the growth medium or be released within the cell by 

phospholipases, which is followed by phosphorylation by ethanolamine kinase 1 (Eki1) [21]. 

Ethanolamine can also be phosphorylated by choline kinase 1 (Cki1) [22]. Additionally, 

ethanolamine phosphate can derive from degradation of sphingolipids by dihydrosphingosine-1-

phosphate lyase (Dpl1) [23].  

All 3 pathways were previously shown to contribute to PE abundance in peroxisomal fractions 
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of S. cerevisiae [24]. Moreover, PE depletion was reported to result in a slight decrease in 

peroxisome size and defects in growth on oleic acid, a substrate that is metabolized by 

peroxisomal β-oxidation [24].  

Here we analysed the role of the non-bilayer lipids CL and PE on peroxisome biogenesis and 

proliferation in S. cerevisiae. We demonstrate that both non-bilayer lipids are not crucial for 

peroxisome biogenesis or proliferation. 

 

Figure 2 Impact of impaired CL and PE synthesis on growth of S. cerevisiae cells. WT, crd1, psd1, psd2 and 

eki1 cki1 dpl1 cells were grown in medium containing 0.5% glucose (A) or a mixture of 0.1% oleate and 0.1% 

glucose (B). Data represent mean optical density at 600nm ±SD (n=3). 

Results 

Reduction in PE biosynthesis or CL depletion does not have a major effect on peroxisome 

biogenesis or proliferation in S. cerevisiae 

We started our studies with the analysis of the effect of CL deficiency and reduced PE 

biosynthesis on peroxisome biogenesis. To this purpose we used S. cerevisiae mutant cells 

lacking cardiolipin synthase (crd1) or genes involved in one of the three PE biosynthetic 

pathways (psd1, psd2 and eki1 cki1 dpl1) (Fig 1B). Deletion of CRD1 results in a complete 

block in CL biosynthesis [25], whereas deletion of PSD1, PSD2 or EKI1 CKI1 DPL1 

significantly reduces the cellular PE content [24]. 

As opposed to an earlier study [24], we used defined mineral medium lacking complex 

components like yeast extract to prevent the presence of lipid precursors (ethanolamine, 
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choline) or lyso-lipids, including lyso-phosphatidylethanolamine in the growth medium [26–

28]. 

Cells were grown in medium containing 0.5% glucose (peroxisome repressing conditions) or a 

mixture of 0.1% oleate and 0.1% glucose (peroxisome inducing growth conditions). No 

difference in growth between wild-type (WT) and mutant strains was observed in glucose 

medium (Fig 2A). However, when cells were grown on medium containing oleate, deletion of 

PSD1 resulted in an increase in the doubling time, but the final ODs of the cultures were similar 

for all strains (Fig 2B). 

 

Figure 3 Intracellular localization of GFP-SKL in S. cerevisiae cells impaired in biosynthesis of CL or PE. 
Fluorescence microscopy of WT, crd1, psd1, psd2, eki1 cki1 dpl1 cells producing GFP-SKL, growing 

exponentially in medium containing 0.5% glucose or a mixture of 0.1% oleate and 0.1% glucose. Scale bar 

represents 5µm 



Chapter 6 

147 

 

Figure 4 Quantification of peroxisomes in S. cerevisiae cells impaired in biosynthesis of CL or PE. 

Peroxisomes were visualized by the fluorescent peroxisomal matrix marker GFP-SKL. Cells were grown for 6h 

in medium containing 0.5% glucose (A) or for 12h in medium containing 0.1% oleate and 0.1% glucose (B). For 

each strain, the fluorescent spots were quantified in 2-4 independent cultures, thereby counting at least 150 non-

dividing cells per culture. Data represent the average frequency of cells with a distinct number of peroxisomes 

±SD and mean number of peroxisomes ±SD. The significance of differences in peroxisome numbers relative to 

WT was calculated with Student T-test. P<0.05 or P<0.01 represent significant differences. NS - not significant 

(P>0.05). 

Fluorescence microscopy analysis of WT and mutant cells exponentially growing on glucose or 

oleic acid containing media did not reveal mislocalisation of the peroxisomal matrix marker 

protein GFP-SKL, indicating that no major defect occurred in peroxisome biogenesis (Fig 3). 

Quantification of peroxisome numbers revealed that both upon growth on glucose or oleic acid, 
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the cells lacking cardiolipin synthase displayed similar numbers of peroxisomes as WT control 

cells (Fig 4AB). Interestingly, deletion of PSD1 resulted in a reduction of peroxisome numbers 

both when cells were grown on glucose or on oleic acid (Fig 4AB). Deletion of PSD2 or EKI1 

CKI1 DPL1 had no effect on peroxisome abundance when cells were grown on glucose, but the 

organelle numbers were slightly decreased when cells were grown on medium containing oleate 

(Fig 4B).  

Addition of choline to the growth medium supresses the impact of phosphatidylserine 

decarboxylase deficiency on peroxisome proliferation 

PE may also be methylated to form phosphatidylcholine (PC) (Fig 1B). Thus impaired PE 

biosynthesis indirectly affects the formation of PC. To allow PE independent formation of PC, 

media were supplemented with choline, which can be used in the Kennedy pathway for the 

formation of PC (Fig 1B). Addition of 2mM choline to the growth medium largely suppressed 

the growth defect of psd1 cells in oleate containing medium (Fig 5A, compare Fig 2B). 

Concomitantly, no significant reduction in peroxisome numbers in psd1 cells relative to WT 

was observed anymore both upon growth on glucose or oleic acid (Fig 5BC). This suggests that 

the observed effects of PE biosynthesis reduction in fact are indirectly caused by a reduction in 

PC biosynthesis. 

Previously, the simultaneous deletion of PSD1 and PSD2 was shown to enhance the depletion 

of cellular PE relative to that observed in PSD1 or PSD2 single deletion strains [24]. Growth of 

psd1 psd2 cells in medium containing glucose or oleate supplemented with choline was not 

altered relative to psd1 cells (data not shown). Furthermore, peroxisome abundance was not 

reduced in psd1 psd2 cells relative to psd1 or WT control cells (Fig 5BC).  

These data indicate that the effect of impaired PE synthesis on peroxisomes and oleic acid 

growth is likely to be associated with hampered synthesis of PC. 
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Figure 5 Impact of choline supplementation on growth and peroxisome numbers in phosphatidylserine 

decarboxylase deficient S. cerevisiae cells. (A) WT and psd1 cells were grown in medium containing 0.1% 

oleate and 0.1% glucose and 2mM choline. Data represent mean optical density at 600nm ±SD (n=3). WT, psd1 

and psd1 psd2 cells producing GFP-SKL were grown for 6h in medium containing 0.5% glucose (B) or for 12h 

in medium containing 0.1% oleate / 0.1% glucose (C) and supplemented with 2mM choline. For each strain, the 

fluorescent spots were quantified in 2 or 3 independent cultures, thereby counting at least 150 non-dividing cells 

per culture. Data represent the average frequency of cells with a distinct number of peroxisomes ±SD and mean 

number of peroxisomes ±SD. The significance of differences in peroxisome numbers relative to WT was 

calculated with Student T-test. P<0.05 or P<0.01 represent significant differences. NS - not significant (P>0.05). 
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Discussion 

Recent reports indicated the presence of CL in peroxisomal membranes isolated from S. 

cerevisiae, Pichia pastoris and castor bean [7,8,24,29]. Our data show that deletion of the 

cardiolipin synthase gene, CRD1, in S. cerevisiae, which results in a complete absence of CL in 

the cells, does not affect the capacity of peroxisomes to import the peroxisomal matrix marker 

protein GFP-SKL. Also, the abundance of peroxisomes was not affected upon CRD1 deletion 

(Fig 4). Moreover, the absence of CL did not affect growth of cells on oleic acid, indicating that 

CL is also not required for peroxisome function. A similar analysis with another yeast species, 

Hansenula polymorpha, also revealed that lack of cardiolipin synthase does not influence the 

abundance of peroxisomes (Fig S1).  

Our data are consistent with studies in plants which revealed no effect of CL deficiency on 

peroxisome morphology [30]. However, our observations raise the question as to why CL is 

present in peroxisomal membranes. Possibly, CL deficiency is compensated by other non-

bilayer forming lipids, such as PE. In mitochondria CL and PE are playing partially overlapping 

roles and only a simultaneous block in mitochondrial PE and CL synthesis (by deletion of PSD1 

and CRD1) is lethal [10,13]. Alternatively, the reported presence of CL in peroxisomal 

membrane fractions is due to contamination with other, CL containing membranes. Indeed, CL 

was not detected in peroxisomes isolated form Candida tropicalis [31] and rat liver [32,33]. 

Mitochondrial contamination could be due to artificial association of both organelles occurring 

during the peroxisome isolation procedure [34], but both organelles may also form physical 

contacts in vivo [35]. 

In contrast to CL, PE represents a major fraction of the peroxisomal phospholipids, which is 

unlikely due to contamination by other organelles [7,8,31]. Our data indicate that lack of PSD1 

resulted in a growth defect on media containing oleic acid, a substrate that requires functional 

peroxisomes. Importantly, PSD1 has also been shown to be essential for growth of cells on 

lactate or ethanol, indicating a more stringent requirement of mitochondrial PE synthesis for 

growth of the cells on non-fermentable carbon sources [16,36]. Similarly, retarded growth of 
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the psd1 mutant on oleic acid could be related to impaired biogenesis and function of 

mitochondria rather than peroxisomes. 

PE is an intermediate of PC biosynthesis which can be circumvented by the addition of choline 

to the growth medium. The retarded growth of psd1 cells in oleic acid containing medium could 

be largely supressed by the addition of choline to the medium. Similarly, addition of 

ethanolamine or choline to the medium was reported to allow growth of S. cerevisiae psd1 cells 

in lactate or ethanol containing medium [16]. Importantly, external choline also inhibits the 

expression of the PSD1 gene, thus reducing the involvement of this pathway in total PE 

synthesis in choline containing medium [17,37]. 

The analysis of organelle abundance revealed that in oleate containing medium blocking each 

of the three individual PE synthesis pathways resulted in reduced peroxisome numbers relative 

to the WT cells, whereas in glucose containing medium only psd1 cells displayed reduced 

numbers of these organelles. However, supplementation of psd1 cultures with external choline 

abolished the decrease in peroxisome numbers both when glucose or oleate where used for 

growth. Also the peroxisome abundance in psd1 psd2 cells in choline containing medium was 

not altered relative to the WT cells. Similarly, recent data also indicate that peroxisome 

numbers are not changed in S. cerevisiae psd1 and psd1 psd2 cells grown on rich YPO (yeast 

extract, peptone, oleate) medium, which contains trace amounts of ethanolamine and choline 

[24]. Hence, we speculate that the decrease in peroxisome numbers in S. cerevisiae PE 

biosynthesis mutants in the absence of choline is indirectly caused by impaired PC formation, 

which is considered as essential in yeast [16]. 

Overall, our data indicate that a reduced content of CL or PE, does not affect peroxisome 

biogenesis or proliferation. 

Materials and methods 

Strains and growth conditions 

The S. cerevisiae strains used in this study are listed in Table 1. S. cerevisiae cells were grown 

at 30˚C in mineral medium [38] containing 0.5% glucose or a mixture of 0.1% glucose, 0.1% 
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oleic acid and 0.05% Tween 80. Culture medium was supplemented with leucine (30µg/ml), 

histidine (20µg/ml), uracil (30µg/ml) and lysine (30µg/ml). 

Table 1 S. cerevisiae strains used in this study.  

S. cerevisiae Description Reference 

Wild-type (WT) BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 EUROSCARF 

crd1 BY4742 CRD1::kanMX4 EUROSCARF 

psd1 BY4742 PSD1::kanMX6 this study 

psd2 BY4742 PSD2::kanMX4 EUROSCARF 

eki1 cki1 dpl1 
BY4742 EKI1::kanMX6 CKI1::HPH 

DPL1::NAT 
this study 

psd1 psd2 BY4742 PSD1::kanMX6 PSD2::NAT this study 

WT GFP-SKL WT PTDH3-GFP-SKL this study 

crd1 GFP-SKL crd1 PTDH3-GFP-SKL this study 

psd1 GFP-SKL psd1 PTDH3-GFP-SKL this study 

psd2 GFP-SKL psd2 PTDH3-GFP-SKL this study 

eki1 cki1 dpl1 GFP-SKL cki1 eki1 dpl1 PTDH3-GFP-SKL this study 

psd1 psd2 GFP-SKL psd1 psd2 PTDH3-GFP-SKL this study 

All S. cerevisiae strains listed here require leucine, lysine, histidine and uracil for growth. 

Cloning and construction of yeast strains 

The plasmids and primers used in this study are listed in Table 2 and Table 3.  

Plasmid pTDH3_GFPSKL was constructed by amplification of the GFP_SKL open reading 

frame with additional HindIII, SalI sites in a PCR reaction using primers TDH3_GFPSKL_F 

and TDH3_GFPSKL_R and plasmid pHIPX7_eGFPSKL as a template, followed by HindIII / 

SalI digestion and ligation with HindIII / SalI digested pTDH3_mcherrysfGFP. Transformed E. 

coli DH5α were selected on LB agar plates supplemented with 100µg/ml ampicillin. 
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Transformation of S. cerevisiae cells was performed by the Li-Ac method [39]. Selection of 

yeast transformants was performed on YPD agar plates supplemented with 200 µg/ml 

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

Table 2 Primers used in this study. 

Primer name Sequence 

ScPSD1_del_F 
GCCAGTTAAGAACGCCTTGGCGCAAGGGAGGACGCTCCTCATGGGGA

GGACAGCTGAAGCTTCGTACGC 

ScPSD1_del_R 
CAGGTATGTGGTTCCAAGTGTTTGTCGCTCTTTGAATTTGTCACAAATT

CGCATAGGCCACTAGTGGATCTG 

ScPSD2_del_F 
GTATCAATTGGTAAAGAATCCTCGATTTTCAGGAGCATCCAACGACGA

AGCCCACACACCATAGCTTCAA 

ScPSD2_del_R 
TACTCATCCCGACTTTGACTAACGTTTCAATGCGTTCTGAAGAGTTTTT

CACGTTTTCGACACTGGATGG 

ScEKI1_del_F 
TACGAAAGTAGTAGCAGAAATTAACAGATACAGATCTGCAATTTGGCA

TACAGCTGAAGCTTCGTACGC 

ScEKI1_del_R 
TAACTCCCAATGTAATTAAATCGCCCCAAAAGACAGACATTTTTTCTTT

ACGCATAGGCCACTAGTGGATCTG 

ScCKI1_del_F 
ACTGATGTCACAGATAGTTTGGGTTCGACTTCGTCGGAATATATTGAG

ATTCCCACACACCATAGCTTCAA 

ScCKI1_del_R 
GAACTTGAAAGAGCTGAAATTTTTGCATTCTTCTTCGGTGATTATGCCT

AACGTTTTCGACACTGGATGG 

ScDPL1_del_F 
TACCGAGCAAGTAGGCTAGCTTCTGTAAAGGGATTTTTCCATCTAATA

CACCCACACACCATAGCTTCAA 

ScDPL1_del_R 
ACATTGCACTCTCGTTCTTTAAATTATGTATGAGATTTGATTCTATATA

GCGTTTTCGACACTGGATGG 

TDH3_GFPSKL_

F 
TGACAAGCTTATGGTGAGCAAGGGCGA 

TDH3_GFPSKL_

R 
TGACGTCGACTTACAGCTTCGACTTGTACAGC 

Construction of S. cerevisiae deletion strains 

S. cerevisiae psd1 deletion strain was obtained by replacement of nucleotides +1 to +1185 from 

the start codon of the PSD1 gene (YNL1696) by the gentamycin resistance cassette. To this 

end, primers ScPSD1_del_F and ScPSD1_del_R were used to amplify the gentamicin resistance 

cassette using plasmid pUG6 as the template. The obtained PCR product was used for 

transformation of WT (BY4742) cells. 
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The psd1 psd2 double deletion strain was constructed by deletion of PSD2 (YGR170W) in psd1 

cells. Nucleotides +1 to +3180 from the start codon of PSD2 were replaced by a nourseothricin 

resistance cassette. To this end, primers ScPSD2_del_F and ScPSD2_del_R were used to 

amplify the nourseothricin resistance cassette using plasmid pENTR-221_NAT as the template. 

The obtained PCR product was used for transformation of psd1 cells. 

The eki1 cki1 dpl1 triple deletion strain was constructed by replacing nucleotides +1 to +1492 

of EKI1 (YDR147W) gene with a gentamicin resistance cassette, followed by replacing 

nucleotides +310 to +1677 of CKI1 (YLR133W) gene with a hygromycin resistance cassette 

and subsequent replacement of nucleotides +1 to +1770 (whole open reading frame) of the 

DPL1 (YDR2943) gene with a nourseothricin resistance cassette. The corresponding deletion 

cassettes were amplified by PCR using primers ScEKI1_del_F and ScEKI1_del_R and pUG6 

plasmid, primers ScCKI1_del_F and ScCKI1_del_R and pENTR-221_HPH plasmid, primers 

ScDPL1_del_F and ScDPL1_del_F and pENTR-221_NAT plasmid, respectively. 

Table 3 Plasmids used in this study. 

Plasmid Description Reference 

pUG6 pUG6 containing gentamicin resistance marker [41] 

pENTR-221-HPH pENTR-221 containing hygromycin marker, kanR [42] 

pENTR-221_NAT 
pENTR-221 containing nourseothricin marker, 

kanR 
[42] 

pHIPX7_eGFPSKL 

contains eGFP-SKL under the control of H. 

polymorpha PTEF1 promoter; contains S. cerevisiae 

LEU2 gene for complementation of leucine 

auxotrophy; kanR 

[43] 

pTDH3_mcherrysfGFP 

Contains tandem protein (mcherry + sfGFP) 

expressed from S. cerevisiae PTDH3 promoter, 

contains zeocine resistance cassette, ampR 

Sanjeev Kumar 

(unpublished) 

pTDH3_GFPSKL 

Contains eGFP-SKL under the control of S. 

cerevisiae PTDH3 promoter, contains zeocine 

resistance cassette, ampR 

this study 
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Fluorescence microscopy and image analysis 

Fluorescence microscopy images were captured using a Carl Zeiss confocal microscope 

LSM510 equipped with photomultiplier tubes (Hamamatsu Photonics). The GFP signal was 

visualized using a 488 nm argon ion laser (Lasos) and a 500-550 nm bandpass emission filter. 

Images we acquired using ZEN 2012 software (Carl Zeiss). Before analysis, S. cerevisiae cells 

were fixed for 1h with 4% formaldehyde in 0.1 M sodium phosphate buffer pH 7.2. The 

presented fluorescence microscopy images represent maximum intensity projections in the GFP 

channel. Additionally, bright field images were false coloured in blue to mark cell edges. 

Peroxisome quantification in S. cerevisiae was performed manually by counting GFP spots in 

individual cells throughout the Z-stacks. 
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Supplementary figure 

 

Figure S1 Quantification of peroxisome numbers in H. polymorpha cells impaired in CL biosynthesis. (A) 

Growth of H. polymorpha WT and crd1 cells in medium containing 0.5% methanol as carbon source. Data 

represent mean optical density at 600nm ±SD (n=3). Due to the minor growth defect of crd1 cells relative to the 

WT control, peroxisome quantifications were performed in cells grown at equal dilution rate in chemostats. (B) 

Frequency of cells with different peroxisome numbers in WT and crd1 cells grown in methanol limited 

chemostats at D=0.1 h
-1

. Peroxisomes were visualized using combined fluorescence of the matrix marker GFP-

SKL and the peroxisomal membrane marker Pmp47-mGFP. Fluorescent structures were counted in 800-1200 

cells from 2 independent chemostats per strain. Data represent the average frequency of cells with a distinct 

number of peroxisomes ±SD and mean number of peroxisomes ±SD. The significance of differences in 

peroxisome numbers relative to WT was calculated with Student T-test. NS-not significant (P>0.05). 

Supplementary materials and methods 

H. polymorpha strains and growth conditions 

H. polymorpha strains used in this study are listed in Table S1. Cells were grown in methanol 

limited chemostats in a culture volume of 1l in a 2l fermenter (Applikon, The Netherlands) at 

37˚C, 300rpm stirring, aeration rate of 0.4L/min and a dilution rate of 0.1 h
-1

. pH was kept at 

5.0 by the addition of 1M NaOH. Mineral medium [38] with 0.5% methanol was used as a feed 

medium. Live cells were used for fluorescence microscopy. Peroxisome quantification in H. 

polymorpha cells was performed using an ImageJ plugin.  
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Cloning and construction of H. polymorpha strains 

The H. polymorpha plasmids and primers used in this study are listed in Table S2 and Table S3. 

For cloning purposes, E. coli DH5α was used. Transformed bacteria were selected on LB agar 

plates supplemented with 100µg/ml ampicillin or 50µg/ml kanamycin.  

Construction of the deletion cassette for H. polymorpha was performed using Gateway system 

(Invitrogen). Transformation of H. polymorpha by electroporation was performed as described 

previously [40]. Selection of H. polymorpha transformants was performed on YPD agar plates 

supplemented with 200 µg/ml hygromycin B or 300 µg/ml zeocine. 

Construction of the H. polymorpha crd1 strain 

The cardiolipin synthase gene CRD1 (protein ID 97158 in the H. polymorpha JGI database, 

http://genome.jgi-psf.org/Hanpo2/Hanpo2.home.html) was disrupted by deletion of nucleotides 

+501 to +550 from the start codon. Additionally, the start codon was changed into a stop codon. 

To this end the region -678 to +500 of the CRD1 gene, containing the start codon mutation 

(ATG to TAG) was amplified in 2 steps. First primers CRD1_del5F and CRD1_OL_R as well 

as CRD1_OL_F and CRD1_del5R were used to amplify parts of the fragment and to mutate the 

start codon. Obtained PCR products were used in an overlap PCR using primers CRD1_del5F 

and CRD1_del5R, followed by recombination with pDONR-P4-P1R, yielding 

pENTR_41_5’CRD1. Similarly, the region +551 to +1255 was amplified using primers 

CRD1_del3F and CRD1_del3R and recombined with pDONR-P2R-P3 yielding 

pENTR_23_3’CRD1. The deletion cassette containing 5’ and 3’ fragments of CRD1 gene and 

hygromycin resistance cassette was assembled in a Gateway LR reaction using plasmids 

pENTR_41_5’CRD1, pENTR_221_HPH, pENTR_23_3’CRD1 and pDEST-R4-R3-NAT, 

yielding plasmid pDEST_CRD1_DEL_HPH. The deletion cassette was subsequently amplified 

using primers CRD1_del_F and CRD1_del_R and transformed into H. polymorpha ku80 strain. 

Correct integration and the mutation of the start codon were confirmed by colony PCR and 

southern blotting. 
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Table S1 H. polymorpha strains used in this study.  

H. polymorpha Description Reference 

Wild-type (WT) NCYC 495 KU80::URA3, leu- [44] 

crd1 NCYC 495 KU80::URA3 CRD1::HPH, leu- this study 

WT PMP47-mGFP/GFP-SKL WT PPMP47-PMP47-mGFP / PTEF1-GFP-SKL this study 

crd1 PMP47-mGFP/GFP-SKL crd1 PPMP47-PMP47-mGFP / PTEF1-GFP-SKL this study 

 

Table S2 Primers used in this study. 

Primer name Sequence 

CRD1_OL_F GAAATATTTTTTGTTGAGAATAGCTCATCAGGGCTGGTATTG 

CRD1_OL_R CAATACCAGCCCTGATGAGCTATTCTCAACAAAAAATATTTC 

CRD1_del5F GGGGACAACTTTGTATAGAAAAGTTGTTTCTCGAGGAGAGTAGGGTTG 

CRD1_del5R GGGGACTGCTTTTTTGTACAAACTTGCCCGGCCAGTAGCAGCATTA 

CRD1_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAATTGGGACTTCTCGCTCATC 

CRD1_del3R GGGGACAACTTTGTATAATAAAGTTGTAGAATGTCACGCAGCCAACT 

CRD1_del_F TCTCGAGGAGAGTAGGGTTG 

CRD1_del_R AGAATGTCACGCAGCCAACT 
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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 H. 

polymorpha CRD1 gene, kanR 
this study 

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

polymorpha CRD1 gene, kanR 
this study 

pENTR-221-HPH pENTR-221 containing hygromycin marker, kanR [42] 

pDEST-R4-R3-NAT 
Gateway destination vector, contains additional 

nourseothricin resistance cassette, ampR 

[45] 

 

pDEST_CRD1_DEL_HPH 
pDEST-R4R3_NAT containing CRD1 deletion 

cassette with hygromycin marker, ampR 
this study 

pMCE7 
for C terminal fusion of PMP47_mGFP, contains 

zeocine resistance cassette, ampR 
[46] 

 


