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ABSTRACT Excess fatty acids and sterols are stored as triacylglycerols and sterol esters in 
specialized cellular organelles, called lipid droplets. Understanding what determines the cel-
lular amount of neutral lipids and their packaging into lipid droplets is of fundamental and 
applied interest. Using two species of fission yeast, we show that cycling cells deficient in the 
function of the ER-resident CDP-DG synthase Cds1 exhibit markedly increased triacylglycerol 
content and assemble large lipid droplets closely associated with the ER membranes. We 
demonstrate that these unusual structures recruit the triacylglycerol synthesis machinery and 
grow by expansion rather than by fusion. Our results suggest that interfering with the CDP-
DG route of phosphatidic acid utilization rewires cellular metabolism to adopt a triacylglycer-
ol-rich lifestyle reliant on the Kennedy pathway.

INTRODUCTION
Lipid droplets (LDs), the cellular neutral lipid storage organelles, are 
present in most eukaryotes. Triacylglycerols (TGs) and sterol esters 
(SEs) that constitute the LD core are mobilized to produce precur-
sors for membrane lipid synthesis and to provide energy. The impor-
tance of LDs and LD-associated proteins is underscored by a host of 
human diseases related to abnormalities in neutral lipid storage. 
Furthermore, understanding the mechanisms underlying TG 
metabolism and storage in microorganisms and plants is crucial for 
biofuel and food security applications (reviewed in Fujimoto and 
Parton, 2011; also see Walther and Farese, 2009).

The organelle’s central core is surrounded by a phospholipid 
monolayer (Tauchi-Sato et al., 2002; Bartz et al., 2007). A number of 
proteins localize to the outer lipid layer, with a subset of associated 
proteins executing the LD-specific functions, from neutral lipid bio-
synthesis to utilization (Athenstaedt et al., 1999; Buhman et al., 
2001; Beller et al., 2006; Daum et al., 2007; Goodman, 2009). The 
LDs also appear to function as storage depots for cellular proteins 
that are not directly involved in lipid metabolism (Cermelli et al., 
2006). Specific surface-associated proteins operate in LD trafficking 
(Savage et al., 1987; Welte et al., 2005) and promote interactions 
with other cellular organelles, including the endoplasmic reticulum 
(ER), peroxisomes, mitochondria, and vacuoles (Beller et al., 2006; 
Binns et al., 2006; Sturmey et al., 2006; Murphy et al., 2009; van 
Zutphen et al., 2014).

It is generally believed that LDs are generated at the ER, although 
the exact mechanism of their biogenesis is debated. A popular 
model proposes that neutral lipids accumulate as discrete “lenses” 
between the leaflets of the ER membrane bilayer, eventually bud-
ding outward into the cytoplasm and forming mature LDs coated 
with a phospholipid monolayer originating from the outer leaflet 
(Murphy and Vance, 1999). Alternative hypotheses envisage LD bio-
genesis through a “bicelle” intermediate, with both inner and outer 
membrane leaflets contributing to the phospholipid shell (Ploegh, 
2007), or LD budding from the ER with the involvement of the vesicle 
trafficking machinery (Guo et al., 2008; Walther and Farese, 2009).
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Using the fission yeast species Schizosaccharomyces japonicus 
and Schizosaccharomyces pombe as a model, we show that defi-
ciency in CDP-DG synthase function triggers a pronounced increase 
in TG abundance and formation of unusually large LDs exhibiting 
abnormal morphology. We investigate dynamics and possible 
mechanisms underlying biogenesis of these structures and discuss 
our data in light of current hypotheses of LD formation and 
expansion.

RESULTS
Isolation of the S. japonicus mutant exhibiting high 
triacylglycerol content and abnormal lipid droplets
The fission yeast S. japonicus, an emerging model system, differs 
from a related species, S. pombe, in several important aspects of 
cellular physiology, including mitotic nuclear envelope (NE) re-
modeling (Aoki et al., 2011; Yam et al., 2011, 2013; Gu et al., 2012; 
Niki, 2014). We set out to obtain a collection of mutagenized 
S. japonicus strains conditionally exhibiting a wide range of NE/ER 
structure- and mitotic progression–related phenotypes. The het-
erothallic S. japonicus fission yeast strain that was “wild type” ex-
cept for a uracil biosynthesis auxotrophic marker was modified to 
express the ER marker Tts1 mCherry and the actomyosin division 
ring marker Rlc1-GFP under the control of their native regulatory 
elements.

The resulting strain was mutagenized using ultraviolet light and 
screened for a wide range of temperature-sensitive phenotypes 
(see Materials and Methods for details).

One of the mutants, #185, exhibited unusually large spherical ER 
structures after incubation at the restrictive temperature of 36°C, 
prompting us to name it bubble1 (bbl1; Figure 1A). By backcrossing 
the #185 bbl1 strain to the wild-type strain and scoring segregation 
of phenotypes of progeny, we verified that the bbl phenotype was 
due to a mutation at a single genomic locus. On shift to the restric-
tive temperature, bbl1 colonies exhibited an increase in phloxine B 
staining suggestive of some cell death, but most cells growing in 
liquid cultures were able to divide normally in the rich, yeast extract–
based medium at both 24°C (2.1 vs. 2 h for wild-type and bbl1 cells, 
respectively) and 36°C (2.2 vs. 2.1 h for wild-type and bbl1 cells, 
respectively).

We noticed that unusual bubble-like structures were visible 
by phase contrast microscopy, appearing as highly refractile 
bodies (Supplemental Figure S1A and Figure 1B). The lipid drop-
let—a neutral lipid storage organelle—is known to be the only 
organelle in yeast capable of considerable light refraction. In-
deed, these structures stained intensely for the neutral lipid 
probe BODIPY 493/503, suggesting that bbl1 cells accumulated 
large, neutral-lipid–containing bodies at the restrictive tempera-
ture (Figure 1B). Whereas the LD size dramatically increased in 
bbl1 cells, their number per cell dropped, as compared with the 
wild-type control (Supplemental Figure S1B). Abnormal LDs in 
bbl1 cells were found in proximity to ER membranes (Figure 1B; 
the ER is visualized by a luminal marker mCherry-ADEL; and Sup-
plemental Figure S1, C and D). Furthermore, we observed the ER 
close to LDs using transmission electron microscopy (Figure 1C; 
n = 10 cells).

We did not observe large neutral lipid deposits surrounded by 
the ER in bbl1 cells at 24°C, although the BODIPY 493/503–stained 
LDs exhibited some degree of clustering (Figure 2A). Thin-layer 
chromatography (TLC) analysis indicated that the amount of TGs 
was higher in bbl1 cells than in the wild-type control even at 24°C 
but increased further after shifting to 36°C (Figure 2B). Direct mea-
surements of the TG content by mass spectrometry showed an 

At least two mechanisms could account for LD enlargement: fu-
sion of smaller LDs and de novo expansion of an individual LD. The 
former mechanism has been proposed to depend on the phospho-
lipid content of the droplet shell, with higher levels of phosphatidic 
acid (PA) or lower amounts of phosphatidylcholine (PC) promoting 
fusion events (Guo et al., 2008; Fei et al., 2011; Krahmer et al., 2011; 
Penno et al., 2013). However, LD growth by expansion appears to 
be a more commonly realized scenario, with neutral lipids synthe-
sized directly at the sites of the LD-ER contact or delivered into the 
lipid core of LDs after being produced in the ER (Fujimoto et al., 
2007; Kuerschner et al., 2008; Jacquier et al., 2011; Xu et al., 2012). 
Although the molecular details of this process have not been worked 
out in sufficient detail, recent evidence suggests that enzymes re-
sponsible for neutral lipid production could relocate from the ER to 
LDs and synthesize neutral lipids in situ (Jacquier et al., 2011; Xu 
et al., 2012; Wilfling et al., 2013). Of interest, the emergence and 
dynamics of LDs appear to depend on the cell cycle stage (Long 
et al., 2012).

Work on the model budding yeast Saccharomyces cerevisiae 
has contributed greatly to our understanding of LD biogenesis 
and metabolism (for review, see Kohlwein et al., 2013). Yeast LD 
core consists of virtually equal amounts of TGs and SEs (Czabany 
et al., 2008; Connerth et al., 2009), with dynamic distribution of 
fatty acid species that vary depending on carbon source, growth 
conditions, and the presence of externally supplemented fatty 
acids (Connerth et al., 2009; Klose et al., 2012). Electron micros-
copy (EM) studies showed that budding yeast LDs exhibit a nar-
row size distribution centering around 400 nm in diameter, al-
though they often deviate from this size in mutants defective in 
various aspects of lipid metabolism (Czabany et al., 2008; Fei 
et al., 2008, 2011; Wolinski et al., 2011). In budding yeast, neutral 
lipids accumulate toward the end of the logarithmic phase of 
growth, and the neutral lipid content is particularly high in sta-
tionary phase. TGs are synthesized by the two acyltransferases, 
the acyl-CoA-dependent Dga1 (Oelkers et al., 2002) and Lro1, 
which uses phospholipids as an acyl donor (Oelkers et al., 2000). 
The individual contributions of the two enzymes may depend on 
growth conditions. Conversion of sterols to SEs is carried out by 
two paralogous acyltransferases, Are1 and Are2 (Yang et al., 
1996). The storage lipids are rapidly mobilized when cells are re-
turned to growth in fresh glucose-containing medium (Kurat et al., 
2006). Although lipolysis is not required during the exponential 
phase of growth, yeast cells lacking TG lipases exhibit defects in 
sporulation, transition to growth from the stationary phase, and 
synthesis of phosphatidylinositol (PI) and sphingolipids (Kurat 
et al., 2009; Rajakumari and Daum, 2010; Rajakumari et al., 2010; 
Gaspar et al., 2011).

Triacylglycerols, one of the two main components of the LDs, are 
synthesized from the precursor lipid diacylglycerol (DG), which is 
also utilized in the so-called Kennedy pathway for production of PC 
and phosphatidylethanolamine (PE). DG, in turn, is synthesized 
from PA, a precursor for all major phospholipid species. Thus PA 
and the enzymes controlling its utilization may regulate the balance 
between production of storage lipids and phospholipids: PA could 
be either dephosphorylated by the PA phosphatases to yield DG or 
used to produce CDP-diacylglycerol (CDP-DG) by condensation 
with cytidine triphosphate (reviewed in Carman and Han, 2009). 
The enzyme that catalyzes the latter reaction, the CDP-DG synthase 
(also known as phosphatidate cytidylyltransferase), was first discov-
ered in Escherichia coli and later identified in all major domains of 
life (Carter, 1968; Carman and Kelley, 1992; Saito et al., 1997; Zhou 
et al., 2013).
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Loss-of-function mutation in CDP-DG synthase triggers 
abnormal lipid droplet biogenesis and triacylglycerol 
accumulation in S. japonicus bbl1 mutant cells
We sought to identify the mutation underlying the bbl1 pheno-
type using a whole-genome resequencing approach (see 
Materials and Methods for experimental details). Two adjacent 
CC nucleotides in the SJAG_00426.4 open reading frame (ORF) 
were found mutated to TT, which resulted in substitution of the 
evolutionarily conserved proline 363 residue to serine (P363S; 
Figure 3A and Supplemental Figure S3A). SJAG_00426.4 en-
codes a lipid biosynthesis enzyme from the CDP-DG synthase 
family highly conserved across all domains of life (Figure 3A 
and Supplemental Figure S3B). The budding yeast S. cerevisiae 
orthologue of SJAG_00426.4 is known as Cds1 (Shen et al., 
1996).

To confirm that the SNP located in SJAG_00426.2/cds1 was 
responsible for the bbl1 phenotype, we attempted complemen-
tation of bbl1 by replacing the mutant cds1 with its wild-type 
allele. The resulting bbl1::cds1+ strain was phenotypically wild 
type with respect to LD formation at all temperatures tested 
(Figure 3B, top). Conversely, we used targeted mutagenesis to 
introduce the bbl1-specific C1226T and C1227T mutations into 
the wild-type Cds1 ORF, thus causing the P363S amino acid sub-
stitution. The resulting wt::cds1bbl1 strain indeed exhibited abnor-
mal LDs at 36°C, similar to the original bbl1 mutation (Figure 3B, 
bottom). We concluded that the P363S mutation in cds1 was re-
sponsible for accumulation of TGs and abnormal LD biogenesis 
in bbl1 cells.

The cds1bbl1 mutation was recessive, since introduction of the 
wild-type gene as an extra copy fully rescued the phenotype of 
bbl1 cells (Figure 3C, top). In line with this, an additional copy of 
the mutated gene in an otherwise wild-type genetic background 
failed to induce abnormal LDs (Figure 3C, bottom). The cds1bbl1 
mutation did not lead to aberrant protein localization or changes 
in its overall abundance (Figure 3D and Supplemental Figure 
S3C). Both wild-type and mutant Cds1 proteins tagged with GFP 
and expressed from the native chromosomal locus localized to 
the ER membranes at 24 and 36°C (Figure 3D). In Cds1bbl1-GFP 
cells grown at 36°C, the mutant protein was also found at the ER 
domains surrounding the abnormal LDs, similar to other ER pro-
teins (Figure 3D; compare with Figure 1 and Supplemental 
Figure S1).

CDP-DG synthase is responsible for a rate-limiting step in the 
production of phospholipids. It catalyzes condensation of PA and 
cytidine triphosphate, releasing the CDP-diacylglycerol and pyro-
phosphate products (Figure 3E, top). Measurements of phosphati-
date cytidylyltransferase activity at 36°C in wild-type and bbl1 cell 
lysates (determined as transfer of radioactively labeled CDP to PA) 
showed that the bbl1 mutant enzyme was catalytically deficient 
(Figure 3E and Supplemental Figure S3D).

It was previously shown that the loss of the Cds1 function in 
budding yeast triggered an approximately twofold increase in the 
cellular amount of its substrate PA (Fei et al., 2011). We did not 
observe an increase in cellular PA levels in S. japonicus cells defi-
cient in Cds1 function (Figure 4A). However, we detected a notice-
able increase in the levels of diacylglycerols in these cells, likely 
due to rapid dephosphorylation of available PA (Figure 4B and 
Supplemental Figure S4).

Together with the genetic data, these results suggest that the 
P363S mutation in the Cds1 enzyme leads to a reduction in its CDP-
DG synthase activity and potential shunting of a bulk of cellular PA 
into TG biosynthesis through the DG pathway.

approximately twofold increase in the amount of the entire spectrum 
of TGs but not sterol esters in bbl1 cells as compared with the con-
trol (Figure 2C and Supplemental Figure S2). On the basis of these 
observations, we concluded that bbl1 mutant cells exhibited a con-
siderable increase in TG abundance and abnormal LD morphology.

FIGURE 1: S. japonicus bbl1 mutant exhibits large LDs associated 
with the ER. (A) The S. japonicus bbl1 mutant cells expressing 
Tts1-mCherry exhibit large circular ER structures at the restrictive 
temperature (36°C). Scale bar, 5 μm. (B) BODIPY 493/503–stained 
neutral lipid deposits (green) are surrounded by the ER (mCherry-
ADEL, red). Also shown is a corresponding phase contrast image. 
Scale bar, 5 μm. (C) ER is associated with large LDs in bbl1 mutant 
cells, as shown in this transmission electron microscopy image (n = 10 
cells). (A–C) Cells grown in rich yeast extract–based medium. Scale 
bar, 100 nm (overview), 50 nm (magnification).
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content showed that cds1-9 cells grown in 
the minimal medium accumulated lipid spe-
cies containing stearic acid (C18:0) at the 
restrictive temperature of 36°C. Similar rise 
in FA content mirroring an increase in total 
TG was previously observed for S. pombe 
cells lacking several TG lipases (Yazawa 
et al., 2012). Choline supplementation 
brought absolute quantities of stearic acid 
in cds1-9 cells close to the wild-type values 
and also decreased the abundance of other 
major FAs (Table 1).

These results suggested that the CDP-
DG–dependent phospholipid production 
route was inhibited in the cds1-9 genetic 
background and that these mutant cells re-
lied on the Kennedy pathway to generate 
phospholipids required for their growth.

ER-associated lipid droplets in 
S. pombe cells deficient in CDP-DG 
synthase activity are functional
Similar to the cds1bbl1 mutant in S. japoni-
cus, cds1-9 S. pombe cells formed large 
LDs associated with the ER membranes 

upon shift to the restrictive temperature of 36°C (Figure 6A). In the 
rich yeast extract–based medium, the average droplet volume dra-
matically increased, whereas the number of droplets decreased 
(Figure 6B; number of LDs per cell at 36°C was 23 ± 4 and 6 ± 2 for 
the wild type and cds1-9 mutant, respectively). Of note, we ob-
served higher number of LDs when cells were grown in minimal 
medium (number of LDs per cell at 36°C was 34 ± 5 and 29 ± 7 for 
the wild type and cds1-9 mutant, respectively). Of interest, the over-
all abundance of TG in both wild-type and cds1-9 cells also strongly 
depended on growth conditions, with cells grown in the rich yeast 
extract medium showing considerably higher TG content (Supple-
mental Figure S6A).

It has been proposed that abnormal LD morphology and ER-LD 
association could result in changes to metabolic state of LDs 
and deficient lipolysis (Guo et al., 2008; Wolinski et al., 2011). We 
wondered whether TGs contained in the mutant LDs could be 
mobilized to yield fatty acids and DG, supporting membrane bio-
synthesis and viability, when de novo fatty acid synthesis was inhib-
ited. The major TG lipase Tgl4 (Kurat et al., 2009) was enriched at 
the periphery of these structures, similar to the wild type (Supple-
mental Figure S6B). Wild-type S. pombe cells treated with the fatty 
acid synthase inhibitor cerulenin exhibited progressive reduction in 
LD number and Tgl4-GFP fluorescence intensity and ceased growth 
after one or two rounds of division, presumably after the available 
reservoir of fatty acids had been exhausted (Figure 6C; n = 4 cells). 
On the other hand, cds1-9 cells continued dividing for considerably 
longer periods of time (Figure 6D; n = 8 cells), showing progressive 
shrinkage and eventual disappearance of Tgl4-GFP–marked abnor-
mal LDs (Figure 6D). Thus the TG stores in cds1-9 cells can be used 
and promote survival of cells in the absence of fatty acid 
biosynthesis.

TG synthases function at the sites of persistent TG 
production in S. pombe cells deficient in CDP-DG function
Fission yeast genomes encode orthologues of the two bud-
ding yeast TG synthases, Dga1 and Lro1. Both proteins contrib-
uted to TG synthesis in exponentially growing S. pombe 

Genetic modification of the Cds1 orthologue in S. pombe 
yields a large number of mutants exhibiting abnormal 
accumulations of neutral lipids
S. japonicus is highly photosensitive, which complicates long-term 
live-cell imaging approaches required to probe formation of abnor-
mal LDs (Okamoto et al., 2013). With this in mind, we decided to 
transfer our research to the sister organism, S. pombe, a well-stud-
ied model system with an extensive experimental toolbox. We ran-
domly mutagenized the C-terminus of the S. pombe Cds1 ortho-
logue and screened for mutants with abnormal LD biogenesis and 
accumulation of neutral lipids (see Materials and Methods for ex-
perimental details). We readily identified a series of S. pombe bbl1-
like mutants, both conditional (temperature sensitive) and constitu-
tive, containing large refractile circular structures (Supplemental 
Figure S5).

The cds1-9 allele was chosen for further characterization because 
it had a single amino acid substitution, changing cysteine at position 
287 to arginine (C287R), and because it exhibited a tight conditional 
phenotype with respect to abnormal LD formation (Supplemental 
Figure S5 and Figure 5A). The CDP-DG synthase activity was mark-
edly decreased in cds1-9 cells at 36°C (Figure 5B). The mutant pro-
tein appeared to bind PA nearly as well as the wild-type enzyme but 
exhibited a strongly decreased rate of catalysis (Figure 5C).

Cells carrying the cds1-9 allele grew normally in the rich yeast 
extract–based medium at both 24°C (3.5 vs. 3.1 h for wild-type and 
cds1-9 cells, respectively) and 36°C (2.5 vs. 2.7 h for wild-type and 
cds1-9 cells, respectively), yet they showed a vastly decreased 
growth rate in the chemically defined minimal medium in a temper-
ature-sensitive manner (Figure 5D). Supplementing the minimal me-
dium with choline or ethanolamine, the precursors required for 
phospholipid biosynthesis through the de novo Kennedy pathway 
(reviewed in Carman and Han, 2009), restored the doubling time of 
cds1-9 cultures at 36°C to almost wild-type levels (Figure 5D). Of 
interest, supplementation with choline also alleviated abnormal ac-
cumulation of TG in the absence of Cds1 activity (Figure 5E), sug-
gesting that it permitted rerouting of the bulk lipid synthesis away 
from the storage pathway. Analysis of total cellular fatty acid (FA) 

FIGURE 2: S. japonicus bbl1 mutant cells accumulate triacylglycerols. (A) LDs in bbl1 mutant 
cells are considerably larger than that in the wild type at the restrictive temperature of 36°C. 
Scale bar, 5 μm. (B) TLC shows that bbl1 mutant cells contain higher amounts of triacylglycerols 
than the wild type (WT) at both permissive (24°C) and restrictive temperatures (36°C). (C) Mass 
spectrometry analysis of the triacylglycerol content in WT (blue) and bbl1 (red) mutant cells is 
consistent with TLC data. Error bars, SDs (n = 5). (A–C) Cells grown in rich yeast extract–based 
medium.
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FIGURE 3: The proline 363-to-serine (P363S) mutation in the ER-resident CDP-DG synthase Cds1 is responsible for bbl1 
phenotype. (A) Cds1 is an evolutionarily conserved protein. The P363S mutation identified in S. japonicus bbl1 cells is 
highlighted in red. (B) The bbl1 phenotype is rescued by reintroduction of the WT cds1 copy to the native chromosomal 
locus, whereas replacement of the WT version with the reconstructed PP363S mutated version induces mutant 
phenotype de novo. (C) Second-copy introduction of the WT cds1 gene in bbl1 mutant cells rescues the bbl1 
phenotype, whereas a second copy of cds1bbl1 mutant in WT cells does not induce it. (D) Both WT and mutant Cds1 
proteins tagged with GFP localize to the ER. (B–D) Cells grown in rich yeast extract–based medium. (E) A time course of 
a typical enzyme activity assay shows that catalytic activity of mutant Cds1bbl1 (red) is lower than with the WT protein 
(blue). Error bars, SDs (n = 3). (B–D) Scale bar, 5 μm.
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nmt81::dga1 cds1-9 cells grew similarly to wild type, with doubling 
time of just 2.8 h.

Taken together, our results suggest that both Lro1 and Dga1 par-
ticipate in TG biosynthesis in Cds1-deficient S. pombe cells. Of in-
terest, when the phospholipid-dependent acyltransferase Lro1 is 
inactivated, vegetatively growing cds1 mutant cells no longer re-
quire supplementation with exogenous lipid precursors. Conversely, 
it is possible that in the absence of Dga1, a higher relative activity of 
Lro1 results in PE/PC depletion inhibitory to growth of cds1 mutant 
cells deficient in the CDP-DG branch of phospholipid biosynthesis.

Large lipid droplets in Cds1-deficient cells arise from 
persistent growth rather than fusion
It was previously proposed that deficiency in the Cds1 function in 
budding yeast could lead to LD fusion and emergence of supersized 
LDs caused by a rise in intracellular PA levels (Fei et al., 2011). Strong 
enrichment of TG synthases at abnormal lipid droplets in cds1-9 
cells, together with the fact that they were closely associated with 
the ER, raised a possibility that these structures arose as a result of 
progressive enlargement rather than fusion of the preexisting, nor-
mally sized LDs. To evaluate this possibility, we performed time-
lapse imaging of cds1-9 cells expressing the LD marker Tgl4-GFP or 
the artificial luminal ER marker GFP-ADEL (Zhang et al., 2010). Cells 
were shifted to the restrictive temperature of 36°C, and imaging 
started 2 h after the shift. We observed emergence of highly refrac-
tile bodies that recruited Tgl4-GFP and expanded over time (Figure 
8A; n = 3 cells). Imaging using GFP-ADEL showed initial clustering 
of the ER membranes, followed by their outward expansion and 
eventual formation of large, “bubble”-like structures (Figure 8B; n = 
14 cells). Thus abnormally large LDs in cells lacking the ER-localized 
CDP-DG synthase activity form through continuous growth rather 
than fusion between the preexisting LDs.

DISCUSSION
The evolutionarily conserved enzyme CDP-DG synthase catalyzes a 
key rate-limiting step in phospholipid biosynthesis by converting PA 
into the liponucleotide CDP-DG (Carter, 1968; Raetz and Kennedy, 
1973; Ganong and Raetz, 1982; Saito et al., 1997). In yeast, CDP-DG 
is an intermediate for synthesis of major structural phospholipids, 
including PC, PE, PI, and PS, and the mitochondrial phospholipid 
species phosphatidylglycerol and cardiolipin (reviewed in Carman 
and Han, 2009). PA can be alternatively dephosphorylated to DG, 
which is then used for synthesis of PE and PC through the Kennedy 
pathway or for production of the storage lipid TG (reviewed in 
Carman and Han, 2009).

(Supplemental Figure S7A; see also Zhang et al., 2003). These 
enzymes exhibited distinct patterns of subcellular localization. In 
wild type, the GFP-tagged Dga1, the DG acyltransferase that uses 
acyl-CoA as an acyl donor (Oelkers et al., 2002), was enriched at 
LDs (Figure 7A). In cds1-9 cells grown at the restrictive tempera-
ture of 36°C, Dga1-GFP also localized predominantly to the pe-
riphery of large LDs (Figure 7A). On the other hand, the acyl-CoA–
independent diacylglycerol acyltransferase Lro1, which is believed 
to use PE or PC (Oelkers et al., 2000) as acyl donor, exhibited less-
defined intracellular localization, with some enrichment at the pe-
ripheral ER (Figure 7B). Of interest, we observed enhanced Lro1-
GFP signal at the ER membranes surrounding the abnormal LDs 
and around the NE in cds1-9 cells (Figure 7B). Thus the core ma-
chinery for TG biosynthesis appears to be concentrated in the vi-
cinity of large, ER-associated LDs in cells lacking Cds1 activity.

We wondered which of the two TG synthases was essential for 
accumulation of TG in cds1-9 cells. The TLC analysis of cells grown 
in liquid minimal medium showed that cellular TG levels were con-
siderably reduced in dga1Δ cds1-9 cells compared with the single 
cds1-9 mutant (Figure 7C and Supplemental Figure S7B). In line with 
this observation, the number of LDs decreased in dga1Δ cds1-9 
cells (Figure 7D; LD number was 5 ± 2, n = 20 cells; see Supplemen-
tal Figure S7C for permissive temperature). Deletion of lro1 in cds1-
9 genetic background also led to some reduction in TGs (Figure 7C 
and Supplemental Figure S7B), but, surprisingly, we observed for-
mation of even larger LDs, which frequently occupied a large part of 
the intracellular volume at the restrictive temperature of 36°C (Figure 
7D; LD number was 13 ± 3, n = 20 cells; see Supplemental Figure 
S7C for permissive temperature).

In spite of the highly abnormal morphology of lipid droplets, 
lro1Δ cds1-9 cells grew considerably better than the single cds1-9 
mutant in minimal medium at 36°C (the doubling time was 5.3 vs. 
∼10 h, respectively). On the other hand, dga1Δ cds1-9 double-mu-
tant cells exhibited considerably increased doubling time even at 
the permissive temperature of 24°C (10.8 h) and virtually arrested 
growth at 36°C (>12 h). Thus activities of the two TG synthases ap-
peared antagonistic to each other with respect to supporting growth 
of cds1-9 cells. We were unable to construct a strain in which both 
dga1 and lro1 were deleted in the cds1-9 mutant background, due 
to germination failure of the triple-mutant cells. However, replace-
ment of the native dga1 promoter with a thiamine-repressible ver-
sion allowed us to perform transcriptional shut-off of dga1 in expo-
nentially growing lro1Δ cds1-9 cells, resulting in substantial 
suppression of TG production (Figure 7C and Supplemental Figure 
S7B). Of interest, under these conditions, the triple-mutant lro1Δ 

FIGURE 4: S. japonicus cds1bbl1 mutant cells exhibit significant increase in levels of diacylglycerols (DGs). (A) Results of 
mass spectrometry of total PA content in WT (blue) and bbl1 (red) mutant cells. (B) Results of mass spectrometry of total 
DG content in WT (blue) and bbl1 (red) mutant cells. (A, B) Cells grown in rich yeast extract–based medium. Error bars, 
SDs (n = 5).
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since the addition of choline to the growth 
medium brings both TG and stearate con-
tents close to their wild-type values (Table 1 
and Figure 5E). Cycling of FAs through TG is 
believed to affect both cellular acyl chain 
composition and acyl-CoA availability 
(Petschnigg et al., 2009; Mora et al., 2012). 
Therefore it is possible that stearate accu-
mulation may reflect insufficient FA recycling 
and lipid remodeling when the rate of phos-
pholipid production is dramatically reduced. 
In line with this possibility, choline-stimu-
lated phospholipid synthesis through the 
Kennedy pathway appears to promote FA 
turnover in Cds1-deficient cells (Table 1).

We observed a marked increase in cel-
lular DG content in cells deficient in Cds1 
function (Figure 4B and Supplemental 
Figure S4). Consistent with rapid utilization 
of PA in an alternative pathway, the amount 
of PA remained comparable to control 
(Figure 4A). This contrasts with the previ-
ously reported data from budding yeast 
showing an approximately twofold increase 
in total cellular PA upon Cds1 inactivation 
(Fei et al., 2011). Possible reasons for this 
apparent inconsistency include differences 
in experimental setup (e.g., transcriptional 
shut-off of Cds1 in budding yeast versus 
conditional loss-of-function mutant in fission 
yeast) and divergent lipid signaling and 
metabolism in budding and fission yeasts 
(Raychaudhuri et al., 2012). As an example, 
the PA-responsive gene regulation circuitry 
controlling inositol production and phos-
pholipid biosynthesis is not conserved be-
tween budding and fission yeast; in fact, the 
fission yeasts are naturally auxotrophic for 
inositol (Fernandez et al., 1986; Gaynor and 
Greenberg, 1992; Ingavale and Bachhawat, 
1999).

Cds1 has been reported as essential in 
both S. cerevisiae and S. pombe (Shen 
et al., 1996; Kim et al., 2010). Although we 
show that cycling fission yeast cells may 
tolerate a severe decline in Cds1 activity, 
the CDP-DG–dependent route of phos-

pholipid biosynthesis could be indispensable in specific physio-
logical scenarios, such as nutrient starvation, mating, or germina-
tion. Of interest, we observed an abnormally high number of 
spores that failed to germinate after mating of cds1 mutant cells in 
both S. japonicus and S. pombe (unpublished data).

An increase in TG synthesis in cds1 mutants did not translate into 
a higher number of LDs per cell. Instead, we observed emergence 
of a few expanding “supersized” droplets closely associated with 
the ER (Figure 8). We did not find any instances of LD fusion, and we 
did not detect elevated PA or lower PC levels (Figure 4A and Sup-
plemental Figure S8), which are believed to promote fusion of LDs 
into larger entities (Guo et al., 2008; Fei et al., 2011; Krahmer et al., 
2011). Consistent with persistent expansion of LDs in Cds1-deficient 
cells, the two terminal enzymes for TG biosynthesis, Lro1 and Dga1, 
were enriched at the LD-associated ER membranes (Figure 7, A and 

This branched architecture of cellular PA allocation might explain 
the pronounced shift toward high TG content in fission yeast defi-
cient in CDP-DG synthase function. In cds1 mutants, PA is presum-
ably channeled to DG, thus increasing TG production. High DG 
levels would also enable phospholipid biosynthesis through the 
Kennedy pathway. Indeed, our results suggest that significant down-
regulation of Cds1 activity in fission yeast does not impede vegeta-
tive growth as long as the mutant cells are supplemented with cho-
line or ethanolamine, the two exogenous substrates required for this 
phospholipid production route (Figure 5D).

Of interest, the fatty acid composition of cds1 mutant cells un-
dergoes profound changes, depending on the external supply of 
lipid precursors. Without added choline, Cds1-deficient cells exhibit 
significant enrichment in lipid species containing stearic acid. This is 
likely related to the increased TG production in the mutant cells, 

FIGURE 5: A loss-of-function mutation in S. pombe cds1 leads to bbl1-like phenotype. 
(A) S. pombe cds1-9 mutant cells grown in rich yeast extract–based medium exhibit large 
BODIPY 493/503–stained lipid droplets (green) at the restrictive temperature of 36°C. Scale bar, 
5 μm. (B) Typical time courses of CDP-DG synthesis reactions in crude extracts obtained from 
wild WT (blue) and cds1-9 mutant cells. (C) Measurements of KmPA and Vmax show that catalytic 
activity of the mutant enzyme (red) is significantly than that of WT (blue), although the proteins 
exhibit comparable PA binding. Error bars, SDs (n = 3). (D) Patterns of doubling time of WT 
(blue) and cds1-9 (red) mutant cells in chemically defined minimal medium with indicated 
supplements. Cho, choline; Etn, ethanolamine. Error bars, SDs (n = 3). (E) TLC shows that 
supplementation with choline largely rescues TG accumulation in cds1-9 mutant cells grown in 
the minimal medium.
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B). Once the “bubble”-like ER domains were established, they ap-
peared continuous with the rest of the ER throughout LD expansion 
(Figures 1 and 8 and Supplemental Figure S1).

The emergence of large, TG-producing “factories” and, presum-
ably, restructuring of the ER-LD contact sites could be potentially 
explained by an overall increase in the DG concentration in cds1 
cells (Figure 4B and Supplemental Figure S4). Because DG is an im-
mediate TG precursor, this is expected to promote TG synthesis 
through DG esterification. In a system functioning under higher syn-
thetic load, the amount of phospholipids required to assemble 
LD shells may become limiting, especially in cells deficient in one of 
the two branches of phospholipid biosynthesis. In such situation, 
emergence of larger droplets would be favored. Of interest, overex-
pression of DGAT2, the orthologue of yeast Dga1, is sufficient for 
development of giant LDs in mammalian cells (Cases et al., 2001). 
An excess of DG in the ER membrane could additionally have a 
direct role in regulating TG packaging into LDs by changing mem-
brane curvature or affecting recruitment of relevant proteins 
(reviewed in Carrasco and Merida, 2007). Of note, high local content 
of DG has been proposed to promote LD biogenesis in budding 
yeast by modifying ER membrane properties (Adeyo et al., 2011).

In conclusion, our data indicate that lowering the activity of the 
ER-resident CDP-DG synthase is sufficient to raise the cellular TG 
content. Of importance, studying unusual morphology of lipid drop-
lets in Cds1-deficient cells may provide further insights into lipid 
droplet biogenesis and size control and aid in exploration of interac-
tions between LDs and ER.

MATERIALS AND METHODS
Yeast strains
The original wild-type auxotrophic S. japonicus strains were kindly 
provided by H. Niki (National Institute of Genetics, Japan; Furuya 
and Niki, 2009). All strains constructed in the course of our study are 
listed in Supplemental Table S1. Genetic methods and culturing 
conditions for S. pombe and S. japonicus have been described 
(Gould, 2004; Furuya and Niki, 2009; Aoki et al., 2010). Typically, 
experiments have been performed during mid to late log phase of 
growth (typically at OD595 of 0.8). The S. japonicus open reading 
frames used in this study were tts1 (SJAG_05671), rlc1 (SJAG_01665), 
and cds1 (SJAG_00426). The S. pombe open reading frames used 
in this study were cds1 (SPBC13A2.03), tgl4 (SPAC1A6.05c), dga1 
(SPCC1235.15), lro1 (SPBC776.14), and tts1 (SPBC1539.04).

S. japonicus mutagenesis screen
The S. japonicus Rlc1-GFP Tts1-mCherry–expressing strain (“parent”) 
was mutagenized using ultraviolet light and grown at 24°C on YES 
(yeast extract with supplements) medium agar plates until the 
appearance of individual colonies. Colonies were replica plated on 
YES plates containing phloxine B and grown at the restrictive tem-
perature of 36°C to allow visualization of the temperature-sensitive 
mutant cells. After several rounds of screening, ∼900 temperature-
sensitive mutants were isolated and tested for the ER and cell divi-
sion abnormalities at the restrictive temperature.

Genome resequencing and analysis
We isolated high-quality genomic DNA from seven strains of 
S. japonicus (SOJ6, SOJ14, SOJ33, SOJ60, SO#20, SO#30, and 
SO#185) by our published method (Pomraning et al., 2009). Paired-
end sequencing libraries for the Illumina platform were prepared as 
suggested by the manufacturer according to our modified methods 
(Pomraning et al., 2009). Each library prepared had a specific 
four-nucleotide barcode (SOJ33, ACGT; SO#185, GCTT; SO#20, 
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genome. As a cutoff to call a high-quality 
SNP, we required 4 reads/nt and a variant 
frequency of >80%, as ∼99% of the ge-
nomes was covered at 5 reads/nt. We next 
compared the SOJ33 SNPs to SO#185, the 
originally mutated strain, and the two back-
crossed siblings, SO#20 and SO#30, and 
enumerated SNPs encountered in these 
genomes. There were 456 SNPs found in all 
three mutant strains, 445 of which had been 
already found in SOJ33. This left 11 high-
quality SNPs as primary candidates for the 
mutation causing the phenotype in the mu-
tant strains. The 11 SNPs found by map-
ping were assigned to the underlying S. 
japonicus genes, the complete catalogue 
of which was downloaded from the Broad 
Institute website (www.broadinstitute.org/
annotation/genome/schizosaccharomyces 
_group/MultiDownloads.html). We found 
that SJAG_00426.4 was the only mutated 
ORF out of the original list by directly rese-
quencing all these ORFs in the “parent” and 
both the original #185 and the outcrossed 
sibling SO#20 and SO#30 strains.

Fluorescence microscopy and image 
analysis
Fluorescence microscopy images were ac-
quired using a Nikon TiE system (CFI Plan 
Apochromat VC 100XH 1.4 numerical aper-
ture [NA] objective; Nikon, Melville, NY) 
equipped with a Yokogawa CSU-X1-A1 
spinning disk unit (Yokogawa, Tokyo, Japan), 
a Photometrics CoolSNAP HQ2 camera 
(Photometrics, Tucson, AZ), and a DPSS 
491-nm, 100-mW and DPSS 561-nm, 50-mW 
laser illumination unit under the control of 
MetaMorph Premier, version 7.7.5 (Univer-
sal Imaging, Sunnyvale, CA). Cells were cul-
tured overnight at 24 and 30°C, respectively. 
Cells cultured at 30°C were shifted to 36°C 
for 4 h before harvest together with the cells 
cultured at 24°C; these were respectively 
imaged at 24 and 36°C. Cells were main-
tained on freshly sealed 2% agarose YES 
medium pads.

Time-lapse fluorescence microscopy images were acquired using 
a Zeiss Axiovert 200 M microscope (Plan Apochromat 100×, 1.4 NA 
objective; Carl Zeiss, Jena, Germany) equipped with an UltraView 
RS-3 spinning disk confocal system (PerkinElmer, Boston, MA) includ-
ing a CSU21 confocal optical scanner, 12-bit digital cooled Hama-
matsu Orca-ER camera (OPELCO, Sterling, VA), and a krypton–argon 
triple-line laser illumination source (DPSS 491 nm, 100 mW and DPSS 
561 nm, 50 mW), under the control of MetaMorph Premier version 
7.7.5. Cells were cultured overnight at 30°C and were kept at 36°C 
during imaging. Cells were maintained in Onix Microfluidic Perfusion 
System (CellASIC, Merck Millipore, Billerica, MA).

For quantification of LDs, fission yeast cells were stained by 
BODIPY 493/503 and subsequently imaged in both fluorescence 
and phase contrast modes. Quantifications were performed with 
ImageJ (Schneider et al., 2012), with only interphase cells counted 

CTGT; SO#30, GGGT). Libraries were pooled into four lanes and 
sequenced as single-end 40-nucleotide (nt) runs at the Oregon 
State University Center for Genome Research and Biocomputing 
core facility. We obtained 22,659,725 total 40-nt reads for SOJ33, of 
which 16,078,075 (or 71%) mapped to the reference genome, and 
20,101,781 for the combination of all mutants, of which 13,857,423 
(or 69%) mapped to the reference genome. The average sequenc-
ing depth in the four genomes analyzed was 26 reads/nt.

SOJ33 is the nonmutated parent strain most closely related to 
the S. japonicus strain from which the reference genome was de-
rived (Rhind et al., 2011). By methods described elsewhere 
(Pomraning et al., 2011), we first mapped the reads obtained from 
SOJ33 to the reference genome and identified 445 single-nucle-
otide polymorphisms (SNPs) in coding regions that were present 
when compared with the relatively low-coverage reference 

FIGURE 6: Large ER-associated neutral lipid deposits in cds1-9 S. pombe cells are lipid droplets. 
(A) The BODIPY 493/503–stained neutral lipid deposits (green) in S. pombe cds1-9 mutant cells 
are associated with ER membranes marked by the artificial luminal marker mCherry-ADEL (red). 
(B) Histogram demonstrating LD size distribution in WT (blue) and cds1-9 (red) mutant cells. LDs 
were binned according to volume (μm3) as follows: ≤0.1, between 0.1 and 0.2, between 0.2 and 
0.5, between 0.5 and 1, between 1 and 1.5, between 1.5 and 2, and ≥2. n = 309 LDs for WT and 
303 LDs for cds1-9. (C, D) Time-lapse sequences showing that the Tgl4-GFP-marked lipid 
droplets are metabolized in both WT and cds1-9 mutant cells grown in the presence of the fatty 
acid synthesis inhibitor cerulenin. (A–D) Cells grown in rich yeast extract–based medium. Time is 
in hours and minutes. Scale bar, 5 μm.
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ultramicrotome (Leica ultra cut UCT; Leica, 
Wetzlar, Germany), and 80-nm (on average) 
ultrathin sections were collected on copper 
grids (300 mesh) and stained using lead cit-
rate. Grids were imaged using a JEOL JEM-
1230 transmission electron microscope 
(JEOL, Peabody, MA) at 120 kV, and digital 
images were taken using a Gatan SC200 
charge-coupled device camera (2k × 2k, 
bottom mount) and Digital Micrograph 
2.10.1282.0 (Gatan, Pleasanton, CA).

Isolation of lipids and lipid analyses
Cells were cultured overnight at 24 and 
30°C, respectively, and the cells cultured at 
30°C were shifted to 36°C for 4 h before be-
ing harvested together with the cells cul-
tured at 24°C. Lipids were prepared accord-
ing to protocols described in Fei et al. 
(2011). Briefly, the harvested cells were 
washed with ice-cold 1.2 M sorbitol in PBS, 
digested by enzyme mixture (MP Zymolyase 
20T, 3 mg/ml; lysing enzyme, 5 mg/ml 
[Sigma-Aldrich, St. Louis, MO]), and soni-
cated. The lysates were subjected to metha-
nol-chloroform extraction. The solvent of 
the chloroform phase was evaporated un-
der nitrogen.

For TLC, harvested cells were resus-
pended in 150 μl of ice-cold methanol/
chloroform (2:1) and broken by bead beat-
ing in a 1.5-ml Eppendorf tube. A tube was 
typically perforated with the needle and in-
serted into a 2-ml tube, and the lysate was 
separated from glass beads by centrifuga-
tion at 2000 × g for 2 min. The extracted 
lipids were dissolved in 200 μl of methanol/
chloroform (2:1) and separated on silica gel 
60 TLC plates (EMD, San Diego, CA) with 
hexane/diethyl/acetic acid (90:9:1). We 

loaded lipids from 10 OD595 units of cells/lane. Lipid spots were 
detected by 0.02% primuline in 20% acetone. Bands corresponding 
to fission yeast TGs were identified by comparing with the TG stan-
dard, triolein.

The molecular species of DG, TG, and phospholipids were ana-
lyzed by ESI triple quadrupole mass spectrometry (API 4000; Ap-
plied Biosystems, Foster City, CA), as described in Lee et al. (2011). 
Five replicates were analyzed for each genotype/condition combina-
tion. Statistical significance was determined by Student’s t test (p < 
0.05). Fatty acid composition was determined by gas–liquid chroma-
tography on a Supelco 30-m Omegawax 250 column (Sigma-Aldrich) 
after derivitization of the fatty acids to methyl esters in 1.5 M metha-
nolic HCl, followed by addition of water and extraction with pen-
tane. Phospholipids were identified on the basis of the head group 
fragment and the mass/charge of the intact ion. Quantification was 
performed via comparison with a series of internal standards for 
each head group class. DGs and TGs are identified by the presence 
of one fatty acyl component, which is lost during tandem mass spec-
trometry, and the total number of acyl carbons and acyl double 
bonds in the other two fatty acyl chains. TGs are quantified by com-
parison with internal standards, but no response factor is calculated 
due to the variability in the ionization of individual TG species.

(n = 50 cells). To quantify volume of S. japonicus cells, the width (W) 
and height (H) of each cell were measured in ImageJ. The cell 
volume was calculated as VC (volume) = ¾π(½W)3 + π(½W)2(H − W). 
We used a method described by Murphy et al. (2010) to quantify LD 
volume. Briefly, the diameter (D) of each LD was measured in 
ImageJ, and the volume was calculated as VL (volume) = πD3/6.

Transmission electron microscopy
We followed a previous protocol (Bauer et al., 2001) with some modi-
fications. Cells were washed in phosphate-buffered saline (PBS) at 4°C 
and fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer 
(pH 7.2) with 1 mM calcium chloride for 30 min at 4°C. After rinsing 
in 0.1 M sodium cacodylate buffer, cell walls were digested by 
0.15 mg/ml Zymolyase in 50 mM Tris-HCl (pH 7.5) with 5 mM magne-
sium chloride, 1.4 M sorbitol, and 0.5% (vol/vol) β-mercaptoethanol 
for 10 min. For a second fixation, cells were fixed in 0.5% osmium 
tetroxide and 0.8% potassium ferrocyanide in distilled water two 
times for 5 min at 4°C and washed in 0.1 M sodium cacoyldate buffer. 
Cells were mixed with a 2.5% solution of agarose (type VII) at 37°C. 
The solidified pellet were cut and washed in distilled water. Specimens 
were en bloc stained with 1% uranyl acetate for 90 min, dehydrated, 
and embedded in Epon. Hardened blocks were sectioned using an 

FIGURE 7: Both TG synthases Dga1 and Lro1 function at the large ER-associated lipid droplets 
in cds1-9 S. pombe cells. (A) Dga1-GFP localizes to the periphery of LDs in cds1-9 cells at the 
restrictive temperature of 36°C. (B) Lro1-GFP localizes to the ER, including the ER membranes 
associated with large LDs in cds1-9 cells, at the restrictive temperature of 36°C. Insets, 
magnified views. (C) TLC shows that deletion of dga1 massively reduces cellular TG content in 
cds1-9 genetic background at the restrictive temperature of 36°C. cds1-9 lro1Δ cells also show 
reduced total TG. (D) BODIPY 493/503–stained LDs in cds1-9 cells lacking the TG synthases Lro1 
or Dga1 at the restrictive temperature of 36°C. (A–D) Cells grown in the chemically defined 
minimal medium. Scale bar, 5 μm.
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and increased to 210°C at a rate of 35°C/min, followed by an incre-
ment of 3°C/min to 280°C in splitless mode. Peaks corresponding to 
fatty acid methyl esters were identified based on retention times 
and electron ionization spectra of known standards. The absolute 
quantities of individual fatty acid methyl esters were obtained by 
normalizing the area under the corresponding signals by the area of 
an internal standard (hexacosane) and then multiplying each ratio by 
a response factor. The response factor corrects for different ioniza-
tion properties of the individual fatty acid methyl ester species. To 
determine response factors, a standard curve was established for 
each fatty acid methyl ester at three concentrations (20, 100, and 
500 ng/μl). The slope of the curve was used to calculate the ratio of 
the fatty acid methyl ester signal to the hexacosane signal for the 
same quantity in the samples. To lower the possibility of false posi-
tives, results were evaluated for significance using Student’s t test 
with Holm–Sidak correction for multiple comparisons.

Enzyme activity assay
Cds1 activity assays were based on previous protocols (Ganong 
et al., 1980; Carman and Kelley, 1992). Fission yeast cells were 
precultured overnight at 30°C and shifted to 36°C for 4 h before 
being harvested. The harvested cells were washed with ice-cold 1.2 
M sorbitol in PBS, digested by enzyme mixture (MP Zymolyase 20T, 

For fatty acid content analysis by gas-chromatography mass 
spectrometry (GCMS), 10 ml of cells for each genotype and culture 
condition were grown overnight at 24 and 30°C, respectively, and 
the cells cultured at 30°C were shifted to 36°C for 4 h before being 
harvested together with the cells cultured at 24°C. The harvested 
cells were washed with ice-cold 1.2 M sorbitol in PBS and broken by 
beating with glass beads. The lysates were subjected to methanol-
chloroform extraction. The solvent from the chloroform phase was 
evaporated under nitrogen. For transesterification of lipids, 100 μl 
of methanolic HCl (Supelco Analytical; Sigma-Aldrich) was added to 
each vial containing the dried total lipids and incubated for 1 h at 
60°C with occasional vortexing. After the acid-based catalysis, the 
reactions were cooled on ice, followed by the addition of 60 μl of 
hexane and brief vortexing. The hexane layers (which contain the 
fatty acid methyl esters) were transferred into new vials and evapo-
rated under nitrogen. The vials were then kept at −20°C until GCMS 
analysis. For GCMS, extracts were redissolved in 60 μl of hexane 
spiked with 10 μg/ml hexacosane (Sigma-Aldrich) and transferred 
into GCMS vials (Supelco Analytical). Analysis was performed with a 
GCMS QP2010 system (Shimadzu, Kyoto, Japan) equipped with a 
5% phenyl-methylpolysiloxane (DB-5, 30-m length, 0.32-mm inner 
diameter, 0.25-μm film thickness; Agilent, Santa Clara, CA) column. 
The parameters were set at an initial column temperature of 50°C 

FIGURE 8: ER-associated lipid droplets in cds1-9 S. pombe cells grow by expansion. (A) A time-lapse sequence showing 
emergence and expansion of the Tgl4-GFP–marked lipid droplet in cds1-9 mutant cell (indicated by yellow arrowhead) 
at the restrictive temperature of 36°C. Also shown are the corresponding phase-contrast images. (B) A time-lapse 
sequence of GFP-ADEL– expressing cds1-9 mutant cell documents emergence of the ER-associated LD at the restrictive 
temperature of 36°C. Insets, magnified views of an indicated area. (A, B) Cells grown in rich yeast extract–based 
medium. Time is in hours and minutes. Scale bar, 5 μm; inset, 2 μm.
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3 mg/ml; Sigma-Aldrich lysing enzyme, 5 mg/ml) with complete 
protease inhibitor tablet (Roche, Indianapolis, IN) and 1 mM phenyl-
methylsulfonyl fluoride and sonicated. Lysates were centrifuged at 
2000 × g at 4°C for 1 min. Protein concentration in supernatant was 
determined using the Bradford method. Total protein, 400 μg of 
S. japonicus and 600 μg of S. pombe, was mixed with 1.6 mM PA, 
10 mM magnesium chloride, 0.2% Triton X-100 in 0.1 M potassium 
phosphate (pH 7.0) and 800 Ci/mmol [α-32P]CTP/5 mM cold CTP. 
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Supplemental Table S1: List of strains 

S. japonicus 
strains 

Genotype Reference 

SOJ6 ura4sj-D3 Lab stock 
SOJ33 tts1-mCherry::ura4+ rlc1-GFP::kanR This study 
SOJ479  cds1bbl1, tts1-mCherry::ura4+, rlc1-GFP:: kanR (#185) This study 
SOJ14 tts1-mCherry::ura4+ Lab stock 
SOJ60 tts1-mCherry::ura4+, ade6sj-domE Lab stock 
SOJ82 tts1-mCherry::ura4+, yop1-GFP::ura4+, ade6sj-domE Lab stock 
SOJ117 tts1-mCherry::ura4+, rtn1-GFP::ura4+, ade6sj-domE Lab stock 
SOJ287 cds1bbl1, tts1-mCherry::ura4+, rtn1-GFP::ura4+ This study 
SOJ290 cds1bbl1, tts1-mCherry::ura4+, yop1-GFP::ura4+ This study 
SOJ368  cds1bbl1, ura4sj-D3 (#20) This study 
SOJ369  cds1bbl1, ura4sj-D3 (#30) This study 
SOJ535 pBip1-mCherry-AHDL::ura4+, ade6sj-domE This study 
SOJ489 cds1bbl1, pBip1-mCherry-AHDL::ura4+ This study 
SOJ519 cds1bbl1, cds1::cds1-3’UTR-ura4+  This study 
SOJ521 cds1::cds1bbl1-3’UTR-ura4+ This study 
SOJ526 cds1bbl1, ura4sj-D3::pcds1-cds1-3’UTR-ura4+ This study 
SOJ525 ura4sj-D3::pcds1-cds1bbl1-3’UTR-ura4+, ade6sj-domE This study 
SOJ533 GFP-cds1::ura4+, ade6sj-domE This study 
SOJ532 cds1bbl1, GFP-cds1bbl1::ura4+ This study 
 
S. pombe strains Genotype Reference 
SO7421 ade5D, ade7::ade5, his5D, leu1-32, ura4D-18 Lab stock 
SO6447 cds1-his(Dc)::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7604  cds1bbl1-1::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7605  cds1bbl1-2::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7606  cds1bbl1-3::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7607 cds1bbl1-4::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7608  cds1bbl1-5::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7609  cds1bbl1-6::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7610  cds1bbl1-7::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7611  cds1bbl1-8::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7612  cds1bbl1-9::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7613  cds1bbl1-10::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7614 cds1bbl1-11::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7615  cds1bbl1-12::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7616  cds1bbl1-13::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7617  cds1bbl1-14::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7618  cds1bbl1-15::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7619  cds1bbl1-16::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7620  cds1bbl1-17::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7621 cds1bbl1-18::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7622  cds1bbl1-19::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7623  cds1bbl1-20::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7624  cds1bbl1-21::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7625  cds1bb1l-22::ura4+, leu1-32, ade5D, ade7::ade5 This study 



SO7626  cds1bbl1-23::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7627  cds1bbl1-24::ura4+, leu1-32, ade5 This study 
SO5609 pBip-mCherry-AHDL::leu1+, ura4-D18, ade6 Lab stock 
SO7628 cds1bbl1-9::ura4+, pBip-mCherry-AHDL::leu1+, ade5?, 

ade6? 
This study 

SO5398 tgl4-linker-GFP::ura4+ , leu1-32, ade6 Lab stock 
SO7630 cds1bbl1-9::ura4+, tgl4-linker-GFP::leu1+, ade5?, ade6? This study 
SO6724 dga1-GFP::leu1+, ura4D-18, ade5 This study 
SO7631 cds1bbl1-9::ura4+, dga1-GFP::leu1+, ade5?, ade6? This study 
SO7138 lro1-GFP::leu1+, ura4D-18, ade5 This study 
SO7632 cds1bbl1-9::ura4+, lro1-GFP::leu1+, ade5?, ade6? This study 
SO7483 dga1∆:leu1+, ura4-D18, ade5 This study 
SO7479 cds1bbl1-9::ura4+, dga1∆:leu1+, ura4-D18, ade5?, 

ade6? 
This study 

SO7481 lro1∆:leu1+, ura4-D18, ade5 This study 
SO7482 cds1bbl1-9::ura4+, lro1∆:leu1+, ura4-D18, ade5?, ade6? This study 
SO7629 cds1bbl1-9::ura4+, pBip-GFP-AHDL::leu1+, ade5?, 

ade6? 
This study 

SO7870 nmt81-dga1::leu1+, ade5 This study 

SO7914 cds1bbl1-9::ura4+, lro1∆::leu1+, nmt81-dga1::leu1+, 
ade5?, ade6? 

This study 
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Supplemental Figure Legends 
 

Figure S1. Related to Figure 1. (A) The bubble-like structures in bbl1 S. japonicus 

mutant can be visualized under phase-contrast. Scale bar, 5 µm. (B) The number of 

LDs in the wild type (WT) and bbl1 mutant cells at the permissive (24oC) and the 

restrictive temperatures (36oC). (A-B) Cells grown in rich yeast extract-based medium. 

 

Figure S2. Related to Figure 2. (A) TG levels are significantly increased in bbl1 

mutant cells (red) as compared to the wild type (blue). (B) Cellular content of sterol 

esters is comparable in the wild type (blue) and bbl1 mutant cells (red). (A-B) Cells 

grown in rich yeast extract-based medium. Error bars indicate standard deviations 

(n=5). 

 

Figure S3. Related to Figure 3. (A) The bbl1 cells contain two adjacent CC->TT 

mutations in the CDP-DG synthase (phosphatidate cytidylyltransferase) Cds1, 

resulting in a single amino acid change Pro363Ser. (B) Cds1 is conserved in evolution, 



from prokaryotes to eukaryotes. (C) Fluorescence intensities of the wild type and the 

mutant Cds1 proteins tagged with GFP are comparable at both permissive (24oC) and 

restrictive (36oC) temperatures. (D) Measurements of KmPA and Vmax show that 

catalytic activity of the mutant enzyme (red) is significantly lower as compared to the 

wild type (blue), although both proteins exhibit comparable PA binding. 

Measurements were performed using crude cellular extracts of the wild type and 

cds1-9 mutant cells. Error bars indicate standard deviations (n=3). 

 

Figure S4. Related to Figure 4. DG levels are significantly increased in bbl1 mutant 

cells (red) as compared to the wild type (blue). Cells grown in rich yeast extract-based 

medium. Error bars indicate standard deviations (n=5). 

 

Figure S5. Related to Figure 5. (A) Mutations of the cds1 ortholog in S. pombe 

cause appearance of large lipid droplets. Shown are the phase-contrast images of cells 

grown in rich yeast extract-based medium. Scale bar, 5 µm. (B) Table summarizing 

missense mutations in S. pombe cds1 strains shown in (A). 

 

Figure S6. Related to Figure 6. (A) Both wild type and cds1-9 mutant S. pombe cells 

exhibit considerably less TG when grown in the chemically defined minimal medium 

(MM) as compared to the rich yeast extract-based medium (YES). (B) The GFP-

tagged TG lipase Tgl4 is enriched at the periphery of large LDs in S. pombe cds1-9 

mutant cells grown in the minimal medium. Scale bar, 5 µm. 

 

Figure S7. Related to Figure 7. (A) Thin layer chromatography shows that deletion 

of either dga1 or lro1 reduces cellular TG content in wild type cells. (B) Thin layer 



chromatography shows TG content of cells with indicated genotypes at the permissive 

temperature of 24oC. (C) Bodipy 493/503-stained LDs in cds1-9 cells lacking the TG 

synthases Lro1 or Dga1, at the permissive temperature of 36oC. Cells were grown in 

the minimal medium. Scale bar, 5 µm. 

 

Figure S8. Related to Discussion. Graph representing results of mass spectrometry 

of total PC content in the wild type (WT, in blue) and S. japonicus bbl1 (red) mutant 

cells grown in the rich yeast extract-based medium. Error bars indicate standard 

deviations (n=5). 

 




