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Forward genetics was used to isolate Chlamydomonas reinhardtii mutants with altered abilities to acclimate to sulfur
(S) deficiency. The ars76 mutant has a deletion that eliminates several genes, including VACUOLAR TRANSPORTER
CHAPERONE1 (VTC1), which encodes a component of a polyphosphate polymerase complex. The ars76 mutant cannot
accumulate arylsulfatase protein or mRNA and shows marked alterations in levels of many transcripts encoded by genes
induced during S deprivation. The mutant also shows little acidocalcisome formation compared with wild-type, S-deprived
cells and dies more rapidly than wild-type cells following exposure to S-, phosphorus-, or nitrogen (N)-deficient conditions.
Furthermore, the mutant does not accumulate periplasmic L-amino acid oxidase during N deprivation. Introduction of the
VTC1 gene specifically complements the ars76 phenotypes, suggesting that normal acidocalcisome formation in cells
deprived of S requires VTC1. Our data also indicate that a deficiency in acidocalcisome function impacts trafficking of
periplasmic proteins, which can then feed back on the transcription of the genes encoding these proteins. These results and
the reported function of vacuoles in degradation processes suggest a major role of the acidocalcisome in reshaping the cell
during acclimation to changing environmental conditions.

INTRODUCTION

The sulfate anion (SO4
22) is usually the dominant form of sulfur (S)

in the environment and is also the most oxidized S species. An-
imals do not have the enzymatic machinery needed for reducing
SO4

22 to sulfide (S22), which is required to synthesize most
S-containing compounds. Plants and microbes have specific trans-
porters that efficiently import SO4

22 into cells, where it is activated,
reduced, and then incorporated into S-containing amino acids and
other key molecules, including S-adenosylmethionine (SAM), GSH,
FeS clusters, thionucleosides, sulfolipids, vitamins, and different
enzyme cofactors like CoA, molybdoprotein, thiamine, or biotin.
However, most organisms have a low capacity to store S,
although they have generally developed diverse acclimation
strategies that optimize S utilization and balance the rate of
S metabolism with S availability; these processes allow organisms
to maintain viability even when S is severely limiting to growth.

The unicellular green alga Chlamydomonas reinhardtii
(Chlamydomonas throughout) has been a powerful model or-
ganism for dissecting responses of photosynthetic eukaryotes
to nutrient deprivation, including deprivation for iron (Blaby-
Haas and Merchant, 2012; Page et al., 2012; Urzica et al., 2012,

2013; Hsieh et al., 2013), nitrogen (N) (Miller et al., 2010; Boyle
et al., 2012; Blaby et al., 2013), and phosphorus (P) (Moseley
et al., 2006, 2009; Yehudai-Resheff et al., 2007; Moseley and
Grossman, 2009), and S (Moseley et al., 2009; González-
Ballester et al., 2010; Cakmak et al., 2012a, 2012b; Aksoy
et al., 2013; Schmollinger et al., 2014). Processes induced by
S deprivation in this alga include rapid changes in cell size
(Zhang et al., 2002), elevated production of hydrolytic extracellular
enzymes (de Hostos et al., 1988; Takahashi et al., 2001), alter-
ations in cell wall structure (Takahashi et al., 2001), changes in the
activities and composition of the photosynthetic apparatus (Col-
lier and Grossman, 1992; Wykoff et al., 1998; Zhang et al., 2004;
Moseley et al., 2009; González-Ballester et al., 2010; Cakmak
et al., 2012a, 2012b; Aksoy et al., 2013), scavenging of S from
intracellular structures/molecules, elevated SO4

22 transport ac-
tivity (Yildiz et al., 1994; Pootakham et al., 2010), and the syn-
thesis of enzymes required for efficient S assimilation (Ravina
et al., 1999, 2002; González-Ballester et al., 2010). Moreover,
S-depleted Chlamydomonas cells have been used for microarray-
and RNA-seq-based transcript abundance studies (Zhang et al.,
2004; Nguyen et al., 2008; González-Ballester et al., 2010), de-
termination of metabolite profiles (Bölling and Fiehn, 2005), and
the production of H2 (Ghirardi et al., 2007). Numerous studies of
S-deprived plants have also been performed (Lewandowska and
Sirko, 2008; Kopriva et al., 2009; Lee et al., 2012; Ciaffi et al.,
2013), with some of these that include determinations of tran-
script levels and metabolite profiles (Hirai et al., 2003; Maruyama
Nakashita et al., 2003; Nikiforova et al., 2005a, 2005b; Lunde
et al., 2008; Kopriva et al., 2012).
Over the last decade a number of regulatory elements con-

trolling S deprivation responses in Chlamydomonas have been
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identified. The SULFUR ACCLIMATION1 (SAC1) gene encodes
a polypeptide with homology to Na+/SO4

22 transporters (SLC13
family), but it appears to function as a sensor that responds to
extracellular SO4

22 levels (Davies et al., 1996; Moseley et al.,
2009). The sac1 mutant exhibits a marked reduction in accu-
mulation of many transcripts encoding proteins associated with
S deprivation responses (Takahashi et al., 2001; Ravina et al.,
2002; Zhang et al., 2004) and rapidly loses viability when it is
exposed to medium devoid of S. This loss of viability may be the
consequence of the inability of the cells to decrease photo-
synthetic electron transport activity following depletion of S from
the medium (Wykoff et al., 1998). However, transcription from
some S-responsive genes does not show an absolute de-
pendence on SAC1. For example, the sac1 mutant still develops
a significant level of high affinity SO4

22 transport activity (Davies
et al., 1996) and accumulates transcripts encoding SO4

22

transporters in response to S deprivation (Gonzalez-Ballester
et al., 2008). Recently, it was suggested that SAC1 acts as
a negative modulator of the activity of the regulatory kinase
SNRK2.2 (see below) during S deprivation (Moseley et al., 2009).

Two genes that encode regulatory proteins associated with
S deprivation responses and that have been extensively charac-
terized are the plant-specific type 2 SNF1-related serine-threonine
kinases SNRK2.1 and SNRK2.2 (the latter is also known as SAC3)
(Davies et al., 1999; González-Ballester et al., 2008, 2010).
SNRK2.2 is responsible for repression of S-inducible genes when
cells are replete for S (Davies et al., 1999; Ravina et al., 2002;
Gonzalez-Ballester et al., 2008) and may also be involved
in repression of chloroplast transcription during S deprivation
(Irihimovitch and Stern, 2006). The SNRK2.1 kinase is required for
most S-responsive gene expression and for maintaining cell via-
bility during S deprivation. S-responsive gene expression and cell
viability are more severely impacted in the snrk2.1 mutant than in
the sac1 mutant (Pollock et al., 2005; Gonzalez-Ballester et al.,
2008). Moreover, while SAC1 and SNRK2.2 do not show a clear
epistatic relationship, SNRK2.1 is epistatic to SNRK2.2. Finally, it
was demonstrated that there are two levels of control associated
with S deprivation responses. The first level does not require
protein synthesis, while the second requires protein synthesis as
well as the regulatory element ARS73a; this element appears to
be specific to a second tier of gene regulation controlled by the
S status of the environment (Aksoy et al., 2013).

Recently, RNA-seq was used to evaluate responses of wild-
type cells and the snrk2.1 mutant of Chlamydomonas to S dep-
rivation (González-Ballester et al., 2010). This work demonstrated
that transcripts for many proteins (and at the protein level for
some) associated with the scavenging of SO4

22, including ary-
lsulfatases (ARSs), specific SO4

22 transporters (SLT1, SLT2, and
SULTR2), and potentially transporters of S-containing amino
acids (AOT4), accumulate during S deprivation. Moreover, there
are transcripts encoding enzymes involved in S assimilation and
the synthesis of S metabolites that show either little change in
abundance or that decline under S-depleted conditions. For ex-
ample, transcripts encoding three isoforms of the O-acetylserine
(thiol)-lyase (OASTL1, OASTL2, and OASTL3), APS kinase, APS
reductase, sulfite reductase (SIR3), SAT2, and enzymes required
for glutathione synthesis and degradation did not signifi-
cantly change when the cells were deprived of S. Interestingly,

transcripts encoding proteins required for the methionine/SAM
cycle and the biosynthesis of the S-containing cofactors thiamine
and biotin decreased in abundance under S-depleted conditions,
and this decrease is not under SNRK2.1 control. SAM potentially
represents a large drain on the methionine pool; 80% of the
methionine synthesized in Lemna paucicostata cells may be
consumed in the SAM pathway, with only;20% routed to protein
synthesis (Giovanelli et al., 1985). Hence, reduced levels of SAM
may impact several metabolic pathways including those re-
sponsible for the synthesis of thiamine, chlorophyll, polyamines,
and lipids. Similarly, the level of an Arabidopsis thaliana transcript
encoding a protein that likely functions in thiamine biosynthesis
was diminished when the organism was deprived of S (Maruyama-
Nakashita et al., 2003).
In this study, we characterized a Chlamydomonas mutant,

designated ars76, isolated in a screen for strains unable to
properly acclimate to S deprivation (Pollock et al., 2005). This
mutant is defective for accumulation of extracellular ARS and
bleaches more rapidly than wild-type cells exposed to S depri-
vation. The mutant is also aberrant for other nutrient deprivation
responses including reduced survival of cells during P depriva-
tion and an inability to accumulate L-amino acid oxidase during
N deprivation. The insertion associated with the mutant phe-
notype caused a 33-kb deletion in chromosome 12 that im-
pacted six gene models. Rescue of the mutant phenotype was
achieved by reintroducing one of the deleted genes into mutant
cells; the gene effective in complementation encodes the pu-
tative VTC1 subunit of the polyphosphate polymerase complex,
which has also been called the vacuolar transporter chaperone
complex (VTC). While the lesion results in an inability of the cells
to acclimate normally to S deprivation, it also impacts accli-
mation of cells to other nutrient-limiting conditions.

RESULTS

Characteristics of the ars76 Mutant and Impact on
ARS Activity

The ars76 mutant was isolated in a forward genetic screen for
Chlamydomonas strains devoid of ARS activity. Transformants
were screened for ARS activity under both S-replete and
S-deficient conditions by spraying the chromogenic substrate
5-bromo-4-chloro-3-indolyl sulfate (X-SO4

22) onto solid medium
(in Petri dishes) on which colonies of transformants were growing
(Pollock et al., 2005). The resulting blue color is indicative of ARS
activity, which is secreted into the extracellular space (periplasmic
space) when wild-type 21 gr Chlamydomonas cells are deprived
of S (Figure 1A, first and third panels from the left). The original
ars76 mutant, generated in the D66 genetic background, was
crossed to wild-type 21 gr to analyze linkage of the paromomycin
insertion to the ars- phenotype. In each tetrad, 50% of the
progeny were paromomycin resistant (suggesting a single in-
sertion into the genome of ars76 or closely linked insertions) and
the paromomycin resistance and ars- phenotypes cosegregated,
indicating that the insertion of the marker gene was linked to the
mutant phenotype (Supplemental Figure 1). The mutant was
backcrossed three times to wild-type 21 gr and the final progeny
assayed for growth and ARS activity on solid medium, as shown
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in Figure 1A. The growth of the ars76 mutant in TAP medium was
similar to that of wild-type 21 gr cells (Figure 1A, first panel on left,
compare sectors ars76 and 21 gr), but the mutant had essentially
no ARS activity on TAP-S medium (S-depleted) (Figure 1A, third
panel from the left, compare sectors ars76 and 21 gr). This mutant
exhibited no obvious change relative to wild-type 21 gr cells in the
accumulation of extracellular phosphatase activity when the cells
were grown on medium lacking P (Figure 1A, fourth panel from
the left), suggesting that the mutant has the ability to export
polypeptides when experiencing P deprivation (but see the sec-
tion below on viability).

Initial analysis by adaptor ligation-mediated PCR indicated
that the AphVIII insertion was in gene model Chlre2_kg.
scaffold_11000188 (v3) (Pollock et al., 2005). Based on Augus-
tus 5 predictions, gene model Chlre2_kg.scaffold_11000188
and three other contiguous gene models (given as 4 gene
models in Chlre version 3 of the genome) were fused into
a single model with the designation au5.g3281. Considering the
size and multiple predicted functions associated with this single

gene, it seemed likely that the current Augustus 5 model is not
correct, and we therefore used the gene model information
provided by Chlre version 3.0, which is shown in Figure 1B).
To generate the precise borders between the Chlamydomonas

genomic sequence and the inserted AphVIII cassette, we walked
along the genome from both the 39 and 59 ends of the cassette.
These analyses showed that the insertion of the AphVIII cassette
generated a 33,155-bp deletion in chromosome 12 that affected
six predicted genes (Figure 1B, arrows indicate the borders of the
deletion in the genomic DNA). Insertion of the AphVIII gene also
deleted a 0.5-kb section of the cassette, leaving 448 bp of the
PSAD promoter (upstream of the translation start site), which was
enough to retain expression of the AphVIII gene.

Rescue of Mutant Phenotype

We introduced isolated DNA from BAC 36J16 (PTQ 13789) and
BAC 8B3 (PTQ 2889), which contain combinations of the various
genes that were deleted from the mutant genome of ars76. Both

Figure 1. Characteristics of the ars76 Mutant and Insertion Site in the Mutant Strain.

(A) Growth of 21 gr, ars76, and the rescued strains (C 1 and C 6-2, introduction of the VTC1 gene). Growth was on TAP medium, TAP medium
supplemented with paromomycin (TAP+paramomycin), and medium depleted of either S (TAP-S) or P (TA). ARS and phosphatase activities were
evaluated on TAP-S and TA media, respectively.
(B) The genome browser showing the deletion of a 33,155-bp region of chromosome 12 that resulted from insertion of the paromomycin resistance
cassette (AphVIII). The borders of the deleted region are indicated with arrows placed on the predicted transcripts (it extends from position 3046476,
which is in intron 1 of gene model au5.g3278, protein ID 513064, to position 3079631, which is in exon 2 of gene model Chlre2_kg.scaffold_11000188,
protein ID 144643 v3). Gene model au5.g3279 (Cre12g510250), VTC1 protein, which is indicated in the diagram, rescued the mutant phenotype.
Note: Augustus5 gene models may not be correct in this region. Gene model circled is a fusion of several gene models.
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BACs were digested with XbaI, which restricts the Chlamydomonas
genomic DNA in the BACs exclusively in intergenic regions,
leaving all genes contained on the BAC insert intact. While no
rescued strains were obtained when the mutant was transformed
with BAC 8B3, we did achieve rescue when mutant cells were
transformed with BAC 36J16; the rescued strain is designated
C 6-2 in Figure 1A. Since BAC 36J16 contained three genes, we
performed PCRs to determine which gene or genes were inserted
in the genome of the C 6-2 complemented strain. This rescued
strain only contained a newly introduced copy of the gene rep-
resented by model Cre12.g510250 (protein ID 513065 v5) (Figure
1B; Supplemental Figure 2A), which encodes a protein similar to
a subunit of polyphosphate polymerase polypeptide designated
VTC1 in Saccharomyces cerevisiae. We then transformed ars76
specifically with the Cre12.g510250 or the VTC1 gene expressed
from its native promoter and obtained a number of rescued
strains including C 1, C 2-1, and C 2-2 (C 2-1 and C 2-2 were
obtained from the same electroporation cuvette). PCR analysis
showed that these strains, like the initial rescued strain C 6-2,
all had a wild-type copy of VTC1 inserted in their genomes
(Supplemental Figure 2A).

To further confirm that rescue of the mutant phenotype was
a consequence of insertion of the VTC1 sequence, we crossed
strain C 6-2 with wild-type 21 gr and analyzed the paromomycin-
resistant progeny to determine if ARS activity was linked to the
presence of the introduced VTC1 sequence. The presence of the
newly introduced VTC1 gene in the progeny was evaluated by
PCR. In this cross, we would expect to generate some progeny that

display an ars- phenotype because of random segregation of the
chromosome that carries the introduced wild-type copy of VTC1,
and chromosome 12, which has the endogenous VTC1 gene
eliminated as a consequence of insertion of the AphVIII cassette.
Therefore, any paromomycin-resistant progeny exhibiting an ars-

phenotype should not have the introduced wild-type copy of VTC1,
whereas paromomycin-resistant progeny with an ars+ phenotype
should always have the introduced wild-type copy of VTC1. Phe-
notypic analyses of the progeny from three of the tetrads are shown
in Supplemental Figure 2B (although more tetrads were analyzed).
The analysis showed that ars+ progeny all had a wild-type copy
of VTC1 and ars- progeny lacked the wild-type copy of VTC1
(Supplemental Figure 2C). Two of the progeny (2 and 3) were not
paromomycin resistant (these progeny would have at least one
copy of the VTC1 gene from wild-type 21 gr), while the other two
were resistant to paromomycin (they would have the region with the
deletion from ars76 as well as the wild-type 21 gr introduced copy
of VTC1). Progeny #1 and #3 of tetrad 2 had an ars- phenotype and
were paromomycin resistant; these two progeny did not have
a wild-type copy of VTC1. Progeny 2 and 4 from this tetrad had an
ars+ phenotype, were paromomycin sensitive and did have a wild-
type copy of VTC1 (derived from wild-type 21 gr) (Supplemental
Figure 2C). In tetrad 3, progeny #4 had an ars- phenotype and
did not have a wild-type copy of VTC1, while the other three
products, which were ars+, all had a wild-type copy of the gene
(Supplemental Figure 2C). Analyses of addition progeny yielded the
same phenotypic results. Hence, the VTC1 gene rescues the
phenotype (reestablishes the production of ARS in the mutant

Figure 2. Sequence and Structure of Chlamydomonas VTC1.

(A) Alignment of protein sequences of Chlamydomonas (C. reinhardtii ) VCT1 with similar sequences from Volvox carteri (V. carteri ), Chlorella variabilis (C.
variabilis), and S. cerevisiae.
(B) Amino acid sequence and domain organization of VTC1. The amino acids given in bold represent the VTC domain and the underlined amino acids
represent transmembrane domains.
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strain), and the results confirm that the product of VTC1 appears to
function in the acclimation of Chlamydomonas to S deprivation.

Structure and Function of VTC1

A BLAST search of the NCBI database using the VTC1 se-
quence identified close homologs of VTC1 (Figure 2A). The re-
gions of similarity are conserved among other species and
include a VTC domain and transmembrane domains (Figure 2B).
This domain architecture of Chlamydomonas VTC1 is very
similar to that of S. cerevisiae Vtc1p, although the three algal
sequences shown all have two insertions of between 11 and 14
amino acids relative to the S. cerevisiae sequence.

S. cerevisiae Vtc1p is present in a complex that is involved in
acidocalcisome membrane fusion events and polyphosphate
synthesis (Ogawa et al., 2000; Uttenweiler et al., 2007; Hothorn
et al., 2009), while S. cerevisiae Vtc4p is a polyphosphate
polymerase (Hothorn et al., 2009). Other proteins associated
with various vacuole types have been analyzed through muta-
tional studies and shown to be involved in contractile vacuole
function, autophagy, cytokinesis, and lysosomal inactivation of
Parainfluenza virus (Komsic-Buchmann et al., 2012; Ding et al.,
2014; Tenenboim et al., 2014). The Vtc proteins of S. cerevisiae
appear to assemble into a complex whose formation requires all
of the polypeptide subunits of the complex. Therefore, it is likely
that no VTC complex forms and that no polyphosphate accu-
mulates in the absence of Chlamydomonas VTC1. To probe the
impact of the lesion on cellular structure and polyphosphate
accumulation, we performed transmission electron microscopy
(TEM) analysis of wild-type 21 gr, ars76, and C 6-2. Under
nutrient-replete conditions, we were unable to detect any
structural abnormalities in the ars76 mutant, e.g., the nucleus
and chloroplast appeared similar in mutant and wild-type 21 gr
cells (Figure 3A). However, after 48 h of S starvation, we ob-
served many fewer electron dense acidocalcisomes (vacuoles
containing polyphosphate granules) in the ars76 cytoplasm rel-
ative to wild-type 21 gr and C 6-2, with most of the mutant cells
showing less internal structure, essentially no clearly identifiable
vacuoles and more membrane deformations than wild-type
21 gr (Figure 3B). The ars76 mutant cells also lack vacuoles and
polyphosphate bodies (Figure 4). Interestingly, as also observed
by Komine et al. (2000), we noted Golgi stacks positioned near
the acidocalcisome in wild-type 21 gr, suggesting a possible
function for these organelles in protein trafficking (Figure 5;
Supplemental Figure 3). We observed this in the C 6-2 rescued
strain (Figure 4A); however, since there are no identifiable
acidocalcisomes in the ars76 mutant and most cells already
showed deformations, this phenomenon could not be observed
in ars76 (Figure 4B).

We also performed 49,6-diamidino-2-phenylindole (DAPI)
staining of wild-type 21 gr and ars76 cells to specifically eval-
uate the presence of polyphosphate and acidocalcisomes in late
log phase cultures (6 3 106 cells/mL). We detected a strong
fluorescence signal from wild-type 21 gr cells (Figure 6;
Supplemental Figure 4); however, the level of DAPI fluorescence
was very low in the ars76 mutant (background levels), again
confirming that either no or little accumulation of polyphosphate
occurred in the mutant (Figure 6; Supplemental Figure 4).

Expression of VTC1

We quantified levels of the transcript encoding VTC1 in wild-type
21 gr, ars76, and the rescued C 6-2 strain. The mRNA was
isolated from cells grown in TAP (S-replete) or maintained for
different times (30 min, 4 h, 6 h, and 24 h) on medium without
S (S-depleted). Reverse transcription and quantitative PCR (RT-
qPCR) showed that the Chlamydomonas VTC1 transcript levels
were similar in S-replete and S-depleted (6 h) wild-type 21 gr cells
(Figure 7A). The mRNA was not detected in the ars76 mutant
strain, as expected, while the level of transcript in the rescued C
6-2 strain was similar to that of wild-type 21 gr cells (Figure 7A).
VTC1mRNA from ars76 and C 6-2 were also examined using RT-
PCR at various times after cultures were exposed to S depriva-
tion; VCT1 mRNA was never detected in mutant cells (although
the control transcript, CBLP was present), while for the rescued
strain, C 6-2, it remained at similar levels at all times after the
imposition of S deprivation (30 min, 4 h, and 24 h) (Figure 7B).
Furthermore, RNA-seq data also showed that the level of VTC1
mRNA in wild-type 21 gr cells remained approximately constant
during S deprivation. Also, the ars11 mutant (also designated
snrk2.1 because it does not make the S deprivation protein kinase
SNRK2.1) (Gonzalez-Ballester et al., 2008), which is defective for
a key regulatory element of the S deprivation response, has

Figure 3. TEM Images of Chlamydomonas Grown under Nutrient Re-
plete and S Deprivation Conditions.

(A) Wild-type 21 gr, ars76, and C 6-2 cells grown in TAP medium.
(B) Wild-type 21 gr, ars76, and C 6-2 cells that were S-starved for 48 h.
Notice the loss of the majority of vacuoles in ars76. Arrow and arrowhead
point to Golgi stacks. See Figure 5 for higher magnification of region
marked with the arrow. N, nucleus; C, chloroplast; P, pyrenoid. Acid-
icalcisomes that form under –S conditions are marked with arrows in 21
gr and C 6-2 cells. Bars = 1 mm, except for C 6-2 48 h –S, which is 2 mm.
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normal levels of VTC1 mRNA (Supplemental Figure 5); this latter
result indicates that VTC1 is not under the control of SNRK2.1.

Expression of S-Deprivation-Responsive Genes in the
ars76 Mutant

VTC proteins have been shown to be involved in vacuolar mem-
brane fusion, polyphosphate synthesis, and microautophagy in
S. cerevisiae (Cohen et al., 1999; Ogawa et al., 2000; Müller et al.,
2002; Uttenweiler et al., 2007; Hothorn et al., 2009). Strains of
S. cerevisiae with lesions in Vtc1p exhibit decreased levels of poly-
phosphate and defects in vacuolar membrane fusion. The ars76
mutant of Chlamydomonas exhibited normal phosphatase activity
under P deprivation conditions, suggesting that some aspects of the
P deprivation responses are normal in this strain (Figure 1A, right-
most panel), even though the mutant is unable to properly acclimate
to S deficiency or to accumulate acidocalcisomes.

To further characterize S deprivation regulation of genes in the
ars76 mutant, we assayed for accumulation of various known
S-responsive transcripts. mRNAs encoding ARS1 and ARS2 in-
creased by;1000-fold in wild-type 21 gr, but there was essentially
no and little increase in the ARS1 and ARS2 transcripts, re-
spectively, in the ars76 mutant (Figure 8A). The levels of mRNAs

encoding the extracellular proteins (ECPs; putative cell wall pro-
teins synthesized under S deprivation conditions) under S-replete
conditions were nearly undetectable in wild-type 21 gr (except for
ECP56), but increased between 100-fold (ECP56) and >1000-fold
(ECP61, ECP76, and ECP88) following S deprivation. In contrast,
the ECP56, ECP76, and ECP88 transcripts were essentially un-
detectable in the ars76 mutant in either S-replete or S-depleted
conditions, while there was some S deprivation-elicited increase in
ECP61 transcript accumulation, although not to nearly the same
level as in wild-type 21 gr cells. Additionally, ars76 exhibited lower
levels of HAP2 mRNA accumulation than that of wild-type 21 gr
cells upon S deprivation (little induction occurred in the mutant
strain) (Figure 8A). The levels of ARS, ECP, and HAP2 transcripts
are all restored to near wild-type levels in the C 6-2 rescued strain
(the levels might be slightly lower for some ECP transcripts). Fur-
thermore, immunoblot data shows that the level of ARS protein is
generally in accord with the transcript data; the protein could not
be detected under plus S conditions and accumulated to a very
low level in the ars76 mutant under S deprivation conditions. It is
not clear whether the protein that does accumulate in the mutant is
intracellular or extracellular. This phenotype is rescued in the C 6-2
rescued strain, which accumulated similar levels of the ARS protein
as that of wild-type 21 gr cells (Figure 8B).
The levels of transcript from genes encoding the inducible

high-affinity sulfate transporters (SLT1, SLT2, and SULTR2)
following 24 h of S deprivation were generally somewhat lower
(from;5- to 10-fold) in ars76 than in wild-type 21 gr cells (Figure
9A), although the impact of the lesion on the levels of these
transcripts wasn’t nearly as dramatic as that observed for those
of the extracellular ARSs and ECPs. The mutant strain also
showed a relatively normal decline in the level of mRNA for the
low affinity sulfate transporter, SULTR1, during S deprivation.
Congruent with the RT-qPCR data, levels of transporter proteins
were also significantly lower in ars76 than in wild-type 21 gr

Figure 4. TEM Showing Acidocalcisomes in C 6-2 under –S Conditions.

Acidocalcisomes in C 6-2 strain (A) and the ars76 mutant (B). Golgi
stacks near vacuoles are marked with arrows (in [A]). Note, ars76 does
not appear to develop acidocalcisomes and exhibits structural de-
formations. Bars = 5 mm in (A) and 2 mm in (B).

Figure 5. HighMagnification Image Showing Disposition of Vacuole andGolgi.

Region marked with an arrow in Figure 3B but at 80003 magnification,
showing vesicles potentially leaving Golgi stocks and fusing with vacuoles
as described by Komine et al. (2000). The positions of the vacuoles are
interior to the apical regions of chloroplast (see Figure 3B). P, pyrenoid; SS,
starch sheet around pyrenoids; T, thylakoid membranes; SG, starch gran-
ules in thylakoid membranes; V, vacuole; G, Golgi; NM, nuclear membrane;
PP, polyphosphate in vacuoles; acidocalcisomes. Bar = 200 nm.
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cells, with the greatest impact on the level of the SULTR2 pro-
tein. Essentially normal levels of the transporters were restored
in the C 6-2 strain (Figure 9B).

ARS73a was previously shown to be involved in the regulation
of a subset of S-responsive genes (Aksoy et al., 2013), while
SNRK2.1 is a major regulator essential for many S deficiency
responses (Gonzalez-Ballester et al., 2008). The mRNAs from
both of these genes were impacted to some extent in the ars76
mutant relative to wild-type 21 gr (Figure 10; the levels are;5-fold
lower then wild-type 21 gr). RNA-seq data shows that the snrk2.1
mutant is not able to downregulate the SULTR1 mRNA, sug-
gesting that SNRK2.1 controls the decline of SULTR1 mRNA
during S deprivation (González-Ballester et al., 2010). Since the
regulation of SULTR1 mRNA appears to be normal in the ars76
mutant, it is likely that the SNRK2.1 protein in ars76 is functioning
as it does in wild-type cells. The increase in the level of the
LHCBM9 transcript also appeared normal in ars76 mutant, while
that of SBDP was only slightly reduced (Figure 10). Interestingly,

rescue of ARS73a and SNRK2.1 transcript levels was not com-
plete in C 6-2, suggesting that the decrease in transcription of
these genes might not be related to VTC1 but might be a conse-
quence of the large deletion in the locus. Together, these results
suggest that the cells can still sense S deprivation but that the
responses are not as robust as in the wild-type strain (possibly
because of reduced fitness under stress conditions), with the
greatest impact on the production of extracellular proteins (both at
the level of transcript and protein, at least for the ARS and po-
tentially most ECPs, although we do not have antibodies to
quantify levels of ECPs). The less extreme reduction in levels of
some transcripts in mutant cells (e.g., SBDP) might reflect the
more general inability of the cells to fully acclimate to the depri-
vation conditions, which might dampen the extent of the response.

Viability of the ars76 Strain Following S or P Deprivation

We tested the effect of the ars76 lesion on viability/survival of
cells during S, P, or N deprivation. To determine the proportion
of viable cells after exposing cultures to various times of nutrient
deprivation, we spotted equal amounts of culture volume onto

Figure 6. Staining Polyphosphate with DAPI.

Wild-type 21 gr and ars76 cells were grown in TAP medium to ;6 3 106

cells/mL and incubated with DAPI. DAPI was excited at 405 nm and
emission spectrum of 532 to 632 nm was collected using a Leica SP5
scanning confocal microscope. DAPI, DAPI fluorescent images in gray
scale; TL, transmitted light images; merge, overlay of fluorescent and
transmitted light images shown in blue. Bar = 10 mm.

Figure 7. Expression of VTC1.

(A) RT-qPCR analysis of expression of VTC1 in wild-type 21 gr, ars76,
and the C 6-2 rescued strain.
(B) RT-PCR showing expression of VTC1 in the mutant and rescued
strains (C 6-2) at various times following the initiation of S deprivation.
RNA samples were collected at the indicated times after placing the cells
in S-depleted medium. RT-PCR of the CBLP transcript was used as an
internal control. -C represents the no RT negative control and ND is
nondetected. Error bars represent standard deviations of experiments
based on two biological replicates, each with three technical replicates.

4220 The Plant Cell



TAP medium before and at different times after the cells were
exposed to either S, P, or N deprivation. The ars76 mutant ap-
peared to die somewhat more rapidly than wild-type 21 gr
during S deprivation (Figure 11A); mutant cells also bleached
more rapidly (Figures 11A and 11B). The bleaching and death of
the ars76 cells were similar to that of the ars11 (snrk2.1) mutant.
Interestingly, the lesion also appeared to affect the growth of
cells during P deprivation; P-deprived mutant cells attain lower
densities and/or have less chlorophyll than parental cells. The
effect of P starvation is more obvious for ars76 after 51 d of
P starvation (Figure 11C). These results demonstrate that VTC1
is necessary for the proper acclimation of Chlamydomonas to
both S and P deficiency, although the impact on S deprivation
appears to be much more pronounced.

Quantitative growth studies showed that the ars76 mutant ex-
hibited a small, but not statistically significant, overall decrease in
the rate of growth relative to wild-type 21 gr under nutrient-replete
conditions (Figures 12A and 12B) . Furthermore, the rescued
strain (C 6-2) did not reach the same density as the wild-type
strain; it had 25 to 30% fewer cells/mL based on cell number
(Figure 12A). However, the chlorophyll amount per cell was also
somewhat different in ars76 than in wild-type 21 gr cells, although
it did have the same amount of chlorophyll per culture volume

(somewhat more chlorophyll per cell for the mutant and the res-
cued strain relative to wild-type 21 gr) (Figure 12B). The chloro-
phyll a/b ratio was not significantly different in the mutant
compared with wild-type 21 gr, although the rescued strain (C
6-2) did have a slightly lower chlorophyll a/b ratio (Figure 12C),
which suggests that there is a little more chlorophyll associated
with light harvesting antennae relative to reaction centers in the
C 6-2 strain under the growth conditions used.
Overall, these results suggest that the ars76 mutant is se-

verely diminished in its ability to withstand S and P deprivation.
Furthermore, although the mutant was readily crossed and
therefore capable of forming gametes when placed in medium
lacking N, the N-deprived cells did not accumulate detectable
levels of L amino acid oxidase 1 (LAO1) (Supplemental Figure
6A). Interestingly, we did observe an initial increase in the LAO1
mRNA in the ars76 mutant upon 2 h of N depletion, but this
accumulation rapidly declined and was 10-fold lower after 2 d;
the level of transcript for wild-type 21 gr and C 6-2 cells re-
mained high after 2 d of N starvation. The transcript encoding
the NIT1 protein, a cytosolic nitrate reductase, remained high
over the 2 d of these experiments (Supplemental Figure 6B).
Viability of ars76 was also affected when cells were deprived of
N; mutant cells died more rapidly than wild-type 21 gr cells

Figure 8. Transcript and Protein Levels of Genes Encoding Various Extracellular Proteins.

(A) RT-qPCR to determine relative mRNA levels from the ARS1, ARS2, ECP56, ECP61, ECP76, ECP88, and HAP2 genes in wild-type 21 gr, ars76, and
C 6-2 under both S-sufficient and S-depleted conditions. “X” indicates that no signal was detected.
(B) Immunoblots showing levels of ARS proteins in wild-type 21 gr, ars76, and C 6-2. The COX2b protein was used as a loading control. Molecular
masses of the proteins are shown to the right of the gel image. The data in (B) are all from a single immunoblot; all times of exposure for a given antibody
are the same. Error bars represent standard deviations of experiments based on three biological replicates, each with three technical replicates.
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(Supplemental Figure 7A) and also had reduced chlorophyll
levels (Supplemental Figure 7B). These results again suggest
that ars76 has a more general defect in its ability to acclimate to
nutrient deficiency (and perhaps other stress conditions) and
that the primary defect in the mutant most likely involves the
proper targeting of proteins to their site of function in the peri-
plasmic space, and perhaps also in the plasma membrane.

Overall, the transcript data show that the ars76 mutant does
not accumulate mRNAs encoding proteins that require secretory
processes for their biogenesis during S deprivation (and also
during N deprivation) and especially those encoding the extra-
cellular proteins ARS1, ARS2, the various ECPs, and HAP2, with
less of an effect on the integral membrane sulfate transporters
(Figures 8A and 9A). Furthermore, evaluation of protein levels
demonstrates that the decreased transcript levels are paralleled
by decreased protein levels for at least ARS and the sulfate
transporters (Figures 8B and 9B). For LAO1, we detected sig-
nificant levels of the transcript, especially very soon after ex-
posing cells to N deprivation, but were unable to detect the
protein. Transcripts encoding intracellular proteins that are not
secreted by the cells during acclimation, including CBLP,
LHCBM9, and NIT1 are not significantly impacted in the ars76
strain (Figures 7 and 10; Supplemental Figure 6).

DISCUSSION

Based on a forward genetic screen for identifying strains unable
to accumulate ARS activity (Pollock et al., 2005) during S depri-
vation, we isolated the Chlamydomonas mutant ars76. This mu-
tant cannot properly acclimate to S deprivation, accumulating
essentially no ARS activity and little ARS protein when depleted
for S. Other indications that the mutant is unable to properly ac-
climate to S deprivation are an inability of the cells to accumulate
transcripts encoding ARS, the ECPs, and HAP2 (Figure 8A), all of
which code for proteins localized to the extracellular space. While
transcripts and proteins encoding the sulfate transporters were
also reduced in the mutant (Figure 9), other S-responsive tran-
scripts (e.g., encoding LHCBM9) (González-Ballester et al., 2010)
showed a relatively normal S deprivation-elicited increase in ac-
cumulation. These results suggest that the ars76 lesion strongly
impacts accumulation of transcripts and activities associated with
extracellular proteins and to a lesser extent, membrane-associated
proteins. We also noted a number of responses suggesting that
the mutant cells experience more severe stress than wild-type 21
gr when deprived of S. Such responses, which are more rapid or
extreme in the mutant than wild-type 21 gr or the C 6-2 rescued
strain, include (1) induction of genes associated with autophagy

Figure 9. Analysis of Sulfate Transporter Transcripts and Proteins.

(A) RT-qPCR analysis was performed to determine relative levels of the mRNA encoding the low affinity (SULTR1) and high affinity (SLT1, SLT2, and
SULTR2) sulfate transporters.
(B) Immunoblot analysis to determine levels of sulfate transporter proteins. Error bars represent standard deviations of experiments bases on two
biological replicates, each with three technical replicates.
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(Supplemental Figure 8; relatively small impact), which are elicited
in Chlamydomonas under various stress conditions (Pérez-Pérez
et al., 2010); (2) loss of chlorophyll or bleaching; and (3) a decline in
cell viability. Indeed, mutant cells die significantly more rapidly
during N, P, or S deprivation than wild-type 21 gr, a difference
observed as early as 2 to 3 d following the initiation of S depletion.
The impact of the lesion is significantly more pronounced under
S deficiency than P deficiency (Figure 11).

The deleted gene responsible for the ars- phenotype in ars76
encodes a putative VTC1 (similar to Vtc1p of S. cerevisiae). Vtc
proteins of S. cerevisiae assemble into a complex (containing
subunits Vtc1p-Vtc4p) that is involved in several membrane-
associated processes including the sorting of integral membrane
ATPases, endocytosis, vacuolar-membrane fusion, budding of
autophagic vesicles into the lumen of vacuoles, and trafficking
between the endoplasmic reticulum and Golgi (Cohen et al., 1999;
Ogawa et al., 2000; Müller et al., 2002, 2003; Uttenweiler et al.,
2007). Deprivation of wild-type 21 gr cells for S triggers the bud-
ding of vesicles from the Golgi stacks that appear to be directed
toward vacuoles, with some vesicles that might be in the process
of fusing with the vacuole, which might contain polyphosphate
and be considered an acidocalcisomes (Figure 5; Supplemental
Figure 3). Acidocalcisomes may be interior to the apical region of
the chloroplast (Figure 3B) and positioned to receive proteins en
route to their site of function, which in the case for ARS, ECP, and
LAOwould be the periplasmic space. There are no distinct cytosolic
vacuoles/acidocalcisomes in the ars76mutant (Figures 3B and 4B),
which suggests that elimination of VTC1 of Chlamydomonas
causes a marked decrease in observable acidocalcisomes. This,
in turn, might result in an inability to deliver S- and N-responsive
periplasmic proteins to their site of function. Interestingly, in
S. cerevisiae, the Vtc complex was shown to be involved in poly-
phosphate synthesis (Ogawa et al., 2000; Hothorn et al., 2009); in
addition to being localized to the acidocalcisome, polyphosphate is
also found in the cell wall and potentially functions in retaining
proteins in periplasmic space (Freimoser et al., 2006; Werner

et al., 2007). The processes of membrane fusion/budding and
polyphosphate synthesis might have overlapping functions that
are critical for maintaining proper acidocalcisome function; poly-
phosphate levels within acidocalcisomes might influence bio-
energetic processes and membrane dynamics and might be
considered a signature associated with the development of the
acidocalcisomes from a vacuole, which might have more gener-
alized and/or different functions. The function of the Vtc complex
in acidocalcisome membrane fusions may involve a role in SNARE
priming, V0 trans-complex formation (Vtc1p and Vtc4p), and late
stages of membrane fusion and possibly the development of the
fusion pore opening (Vtc3p) (Müller et al., 2002). Experiments
with S. cerevisiae clearly show that Vtc proteins impact acido-
calcisome membrane fusion events by influencing V-ATPase
conformation and stability. The Vtc proteins have also been im-
plicated in proton uptake as a consequence of conformational
changes in the V-ATPase (Cohen et al., 1999; Müller et al., 2002).
If the ars76 mutant exhibits aberrations in acidocalcisome

function and trafficking of vesicles both within the cell and to the
extracellular space during S deprivation, we might expect to
observe atypical membrane morphologies under both nutrient-
replete and deprivation conditions. The cellular architecture of
the ars76 mutant appears to be similar to that of wild-type 21 gr
under nutrient-replete conditions (Figure 3A; both cell types
have few putative acidocalcisomes in the cytosol); however,
mutant cells exhibited reduced vacuolarization with significant
membrane deformations relative to wild-type 21 gr and the
C 6-2 rescued cells after exposure to S-limited growth conditions
(Figures 3B and 4B). Furthermore, the ars76 mutant had no
observable polyphosphate as assayed by DAPI staining (Figure
6; Supplemental Figure 4). Therefore, the various ars76 pheno-
types coupled with the reported functions of S. cerevisiae Vtc1p/
Vtc complex in membrane trafficking/fusion/vacuolar uptake
suggests that VTC1 of Chlamydomonas is involved in protein
trafficking/maturation either directly or indirectly, that it is critical
for the acclimation of cells to S deprivation (and perhaps also

Figure 10. Relative mRNA Levels from Genes Associated with S Deprivation as Determined by RT-qPCR.

The mRNA levels of ARS73a, which encodes a protein involved in transcription of a subset of S-responsive genes, SNRK2.1, which encodes a serine-
threonine protein kinase that impacts most aspects of the S-deprivation responses, LHCBM9, which encodes a light harvesting protein, and SBDP,
which encodes a selenobinding protein, were quantified both before and 6 h following the removal of S from the medium. Transcript analysis was
performed with RNA extracted from wild-type 21 gr, ars76, and the C 6-2 rescued strain. Error bars represent standard deviations of experiments based
on two biological replicates, each experiment with three technical replicates.
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N and P deprivation), and that it is more specific to S than P
deprivation conditions. Part of the complexity of the aberrant
biochemical responses observed in the mutant may reflect the
inability of the cells to efficiently recycle amino acids and other
macromolecules when they are deprived of S because of an
inability to establish vacuolar/acidocalcisome compartments
and associated fusion functions. For example, recycling mac-
romolecules in the vacuole or developing acidocalcisome may
be critical for acquiring building blocks needed for the synthesis
of new sets of proteins, lipids, and other compounds as the cells
acclimate to new conditions. However, it is also possible that as
the cells experience nutrient limitation the forming vacuoles
might, as suggested by Komine et al. (2000), be directly involved
in packaging material for transport to various cellular locations,
including the periplasmic space.

As implied in the discussion above, there is specificity to the
role of VTC1 in protein trafficking in Chlamydomonas. Mutant
cells appear minimally affected during nutrient-replete growth,

and unlike wild-type 21 gr cells, ars76 does not accumulate
extracellular ARS (Figures 1 and 8) or LAO1 (Supplemental
Figure 6) when deprived of S and N, respectively, but does
accumulate extracellular phosphatase activity when deprived of
P (Figure 1). While the recycling and synthesis of specific sets of
proteins may be controlled by impairment of vacuolar function in
ars76, it is more likely that the mutant phenotype reflects aber-
rations in trafficking and that there is more than one mode for
routing proteins to the extracellular space; localization of ARS
and LAO1 to the periplasmic space requires the VTC complex,
while localization of the extracellular PHOX protein (Quisel et al.,
1996) is VTC independent (or another protein can substitute for
VTC1 during P deprivation).
In S. cerevisiae, the Vtc4p subunit of the VTC complex has

polyphosphate kinase activity, which is responsible for accumu-
lation of polyphosphate granules in acidocalcisomes. We identified
Chlamydomonas genes encoding other putative VTC proteins,
including VTC4 (Supplemental Figure 9). The ars76 mutant

Figure 11. Impact of ars76 Lesion on Growth and Bleaching during S and P Deprivation.

(A) S and P deprivation of the wild-type 21 gr, ars76, snrk2.1, and the ars76 complemented strain C 6-2. Equal amounts of cultures were spotted onto
TAP solid medium before and after nutrient deprivation (for 2 d and 3 weeks).
(B) Wild-type 21 gr, mutant, and rescued cultures were grown in liquid medium with and without S for 3 weeks, as indicated in the figure.
(C) Cultures after 51 d under –P conditions and recovery on TAP medium after 51 d of P starvation.
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appears to be defective for the synthesis of polyphosphate and
while acidocalcisomes were shown to accumulate in wild-type 21
gr cells during S deprivation (based on DAPI staining and TEM), no
such vacuoles were observed in ars76 (Figures 3B, 4B, and 6;
Supplemental Figure 4). Polyphosphate has been found to serve
as a counterion for both inorganic (e.g., heavy metals) and organic
cations and has also been implicated in regulatory processes
(Moreno and Docampo, 2013). Furthermore, we cannot exclude
the possibility that the inability of the mutant to accumulate poly-
phosphate creates a problem in the trafficking of proteins during
N and S deprivation. During P deprivation, there would be no
accumulation of polyphosphate in vacuoles of wild-type 21 gr cells
since deprived cells would use all available P to facilitate the ac-
climation process. Therefore, the recycling of polyphosphate
would likely not be involved in the localization of extracellular
proteins during P deprivation.

In addition to the loss of ARS activity in ars76, this strain
fails to accumulate ARS transcripts in response to S deprivation.
A similar inability to accumulate transcripts encoding other
S-responsive periplasmic proteins was also observed (e.g., tran-
scripts for ECPs and HAP2). This finding suggests that the mutant
can no longer activate genes encoding these periplasmic proteins
when the cells are deprived of S. Interestingly, although no LAO1
protein was detected in the ars76 mutant during N deprivation,
the transcript accumulated to some extent during the early stages
of N deprivation but then showed a significant decline that was
not observed in either wild-type 21 gr cells or C 6-2 (Supplemental
Figure 6). Furthermore, accumulation of inducible alkaline phos-
phatase activity (PHOX) was not significantly impacted in the
mutant. The phenotypes of the Chlamydomonas ars76 mutant
may reflect the various roles of the VTC complex as defined for
S. cerevisiae. We propose that the primary lesion in ars76 affects
amino acid recycling (recycling of proteins in the vacuole/lyso-
some) and that the secretion and localization of several nascent
polypeptides to the periplasmic space (and perhaps also the
plasma membrane) during S and N deprivation reflects the role of
the VTC complex in vacuole function and fusion of membrane
vesicles. This also prevents the formation of acidocalcisomes,
which occurs during later stages of nutrient deprivation. Further-
more, the inability to complete the biogenesis process creates
a bottleneck in the system that activates a checkpoint/feedback
control that suppresses gene activity. However, it is also possible
that elimination of VTC1 could have a direct impact on levels
of transcripts encoding ARS, other secretory proteins (including
LAO1) and the sulfate transporters. We favor the first explanation,
based on the defined function of the VTC complex in S. cerevisiae
and the finding that the N deprivation-inducible, extracellular
LAO1 does not accumulate in ars76 when the cells are starved for
N, while the LAO1 transcript is still induced and only declines after
1 to 2 d of N deprivation. The pleiotropic nature of the mutation is
further supported by the finding that during N, P, or S deprivation
the ars76 strain dies more rapidly than wild-type 21 gr cells, even
though extracellular PHOX activity accumulates to approximately
the same level (activity) as in wild-type 21 gr cells during P dep-
rivation. This finding also raises the possibility that there are
multiple pathways by which a protein can be exported into the
periplasmic space of Chlamydomonas cells, including VTC sen-
sitive and insensitive pathways.
As discussed, the VTC complex is required for polyphosphate

synthesis, and polyphosphate accumulates in acidocalcisomes,
which are present in both bacteria and eukaryotic microbes
(Komine et al., 2000; Rao et al., 2009). Based on studies of
S. cerevisiae, the subunit of the complex responsible for poly-
phosphate kinase activity is Vtc4p. We recently identified a lesion
in a gene encoding the Chlamydomonas putative VTC4 protein
(au5.g9610 v4, Phytozome database g10027; Supplemental
Figure 9), which has all of the conserved residues present in
S. cerevisiae polyphosphate kinase.
The inability of ars76 mutant cells to accumulate acid-

ocalcisomes and polyphosphate during both S and N deprivation
may impact various functionalities associated with energetics and
regulation of cellular processes (Moreno and Docampo, 2013).
We cannot discount the possibility that a regulatory function
associated with polyphosphate biogenesis/degradation directly

Figure 12. Growth in TAP Medium.

Cultures were started with an equal amount of cells (5 3 104 cells/mL).
Growth based on cell number (A), growth based on total chlorophyll
content (B), and the chlorophyll a/b ratios determined at the times in-
dicated (from 1 to 18 d) following the initiation of growth in moderate light
(C) (40 mmol photons m22 s21). The data shown are the results of two
biological replicates, each containing three technical replicates; error
bars represent the SD.
[See online article for color version of this figure.]
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impacts expression of both S- and N-responsive genes. Addi-
tionally, the ars76 mutant may exhibit reduced fitness during nu-
trient deprivation if polyphosphate is a significant energy source
generated and used during acclimation. However, vacuoles have
a lower pH than the cytosol and likely function in the degradation
of macromolecules such as proteins (Komine et al., 2000).
Therefore, VTC proteins might be directly involved in fusing en-
docytic and autophagocytic vesicles with cargo destined for
vacuolar degradation (Kim et al., 2012); in the absence of this
capability, the cells would have a reduced capacity for acclimation,
shortening the length of survival when nutrients become limiting.
We have observed that Golgi can be positioned in cells contiguous
to vacuoles, as also reported by Komine et al. (2000), where Golgi
vesicles may fuse with vacuoles (Figure 5; Supplemental Figure 3).
This raises the possibility that cargo from the Golgi may be
transported to their final site of function following passage through
vacuoles or developing acidocalcisomes.

METHODS

Strains, Growth Media, and Databases

Strain D66 (CC-4425; cw15 nit2 mt+) was used for the generation of in-
sertional mutants (Pollock et al., 2005). The mutants were backcrossed at
least three times to strain 21 gr (CC-1690 wt), which was used as our wild-
type control strain (along with the rescued strain). The ars11 mutant (CC-
4275) is identical to snrk2.1 (Gonzalez-Ballester et al., 2008); the strain was
renamed previously to provide a functional descriptor of the gene. These
strains can all be obtained from the Chlamydomonas Stock Center (http://
chlamycollection.org). Tris acetate phosphate (TAP) medium was prepared
based on a standard recipe (Gorman and Levine, 1965). S-depleted TAP
medium (TAP-S) was prepared by substituting chloride salts for the SO4

22

salts (Davies et al., 1994) and P-depleted medium (TA) was prepared by
replacing potassium phosphate with potassium chloride (Moseley et al.,
2009). Cultures were grown in 40 mmol photons m22 s21 constant light at
room temperature and agitated at 200 rpm. N-depleted medium was
prepared by omitting NH4CI from the Beijerinck’s solution.

ARS and Phosphatase Assays

For evaluating the level of ARS activity associated with cells on solid
medium, cells were maintained on TAP-S agar medium for 1 week prior to
spraying colonies with a 10 mM solution of 5-bromo-4-chloro-3-indolyl
sulfate (Sigma-Aldrich) in 0.1 M Tris-Cl, pH 7.5 (Davies et al., 1996). For
performing phosphatase assays on solid medium, cells were maintained
on TA agarmedium for 1 week and the phosphatase assay was performed
by application of 10 mM 5-bromo-4-chloro-3-indolyl phosphate (Sigma-
Aldrich) onto the plates (Shimogawara et al., 1999).

Chlorophyll Determination

Chlorophyll measurements were made as described by Porra et al. (1989)
after extraction of the pigments with methanol.

Rescue of the ars76 Mutant Phenotype

Genes deleted or disrupted in the ars76 mutant were identified on BAC
36J16 (PTQ 13789) and BAC 8B3 (PTQ 2889). DNA was isolated from
Escherichia coli harboring the BACs using the QiagenMaxi Prep Kit, and 3
to 5mg of the isolated BACDNAwas digested with XbaI. We also digested
0.5mg of plasmid pSP124S (harboring the Zeocin resistancemarker gene)
with BamHI. The digested BAC and plasmid DNAs were mixed in an equal

molar ratio and cotransformed into the backcrossed ars76 mutant by
electroporation (Shimogawara et al., 1998; Aksoy et al., 2013).

To specifically cloneVTC1, the genewas amplified fromBAC36J16with
primers F (59-CGCACAATTACGAGGCCAAACA-39) and R (59-CAGGA-
TAGCTCTCGCGG GGAAA-39) using Phusion High Fidelity Polymerase
(New England Biolabs). The 3642-bp amplification product contained both
the 59 and 39 untranslated regions of the gene. This product was A-tailed
using Taq Polymerase (Qiagen) and ligated into pGEMT-E (Stratagene). The
pGEMT-E plasmid (1 to 2 mg of DNA containing the ARS76 gene) was then
linearized with PstI (Fermentas) and used for coelectroporation with 0.5 mg
of BamHI-digested pSP124S. Transformants generated with both the BAC
and plasmid DNAs were selected on solid TAP agar medium containing
5 mg/mL Zeocin (Invitrogen) and then assayed for ARS activity to determine
whether or not the mutant phenotype was rescued.

PCR and RT-qPCR

PCRwas performed using TaqDNA polymerase (Qiagen) and 20 to 50 ng of
genomic DNA template to assay for presence/absence of the VTC1 gene.
Primers P2-513065 (59-TGCCATACAGATTTATCCGATG-39) and stop-
513065 (59-GAAAAGGTAGTCAATGACGGCG-39) amplify VTC1 from its
promoter to the end of third exon, producing a gene product of 1148 bp.

For RT-qPCR, total RNA was isolated using the RNeasy Plant Mini Kit
(Qiagen) and treated with DNase I (Qiagen), as described in the RNeasy
protocol, to remove any remaining genomic DNA. The purified RNA (0.5 to
1 mg) was also analyzed on formaldehyde agarose gels to determine
sample quality. First-strand cDNA was generated by reverse transcription
of 0.5 to 1 mg total RNA using the iScript cDNA Synthesis Kit (Bio-Rad).
Real-time PCR in the Roche Light Cycler 480 was performed with the
SensiMix NO-Rox SYBR Green I Kit as described by the manufacturer
(Bioline). The samples generated by first-strand cDNA synthesis were
diluted 1:50, and 5 mL was used as a template in PCR reactions (20 mL
total) with 400 nM each of the forward and reverse primers. The primers
sequences used for quantification are given in Supplemental Table 1.
Reaction conditions were 10 min at 95°C, followed by 45 cycles of 95°C
for 15 s, 60°C for 15 s, 72°C for 20 s, and a 5 s hold at 80°C to eliminate
background fluorescence generated by the formation of primer dimers,
followed by quantification of the fluorescence. Melt curve analyses
were performed to determine whether or not the products represent
a single amplified species. At least three biological replicates were
analyzed for each experiment. Products were also analyzed by agarose
gel electrophoresis.

Protein Analyses

A volume of culture containing 25 mg chlorophyll was pelleted and re-
suspended in 1 mL of HEPES buffer (5 mM HEPES and 10 mM EDTA, pH
7.5) containing the protease inhibitors 0.2 mM PMSF, 1 mM benzamidine,
and 5 mM e-aminocaproic acid (all from Sigma-Aldrich). The pellet was
resuspended in 30 mL freezing solution (0.1 M DTT and 0.1 M sodium
carbonate [Na2CO3], in HEPES buffer [as above]) and then flash frozen in
liquid nitrogen. Cells were kept at280°C until use. Prior to electrophoresis,
samples, each containing 5 to 15 mg chlorophyll, were made to 2% SDS
and 12.5% sucrose, boiled for 50 s, and then resolved by SDS-PAGE on
a 10% polyacrylamide gel. Immunoblot analyses were performed as de-
scribed previously (Aksoy et al., 2013). The dilution of LAO1 antibodies was
1:10,000 in 5% milk powder in TBS with 0.1% Tween.

Viability Assay

Cells were grown to mid-logarithmic phase (2 to 4 3 106 cells/mL) in liquid
TAP medium prior to depriving the culture of S, P, or N. Cultures were first
washed twice in medium devoid of S, P, or N and then resuspended in the
samemedium at the original culture volume. These cultures weremaintained
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in 40 mmol photons m22 s21 constant light at 25°C and agitated at 200 rpm.
Five microliters of the culture was removed before and after various times of
nutrient depleted growth and then deposited onto TAPmedium to determine
apparent cell viable as the culture became more and more starved for the
nutrient. This enabled us to monitor cell viability following various periods of
exposure to nutrient deprivation over a 6-week period.

Confocal Microscopy

Polyphosphate within cells was stained with DAPI and imaged through
a 633 numerical aperture 1.3 glycerol immersion objective on a Leica
SP5. DAPI was excited at 405 nm and emission was collected from 532 to
632 nm, similar to conditions previously described (Aschar-Sobbi et al.,
2008; Gomez-Garcia et al., 2013). DAPI images are maximum intensity
projections of stacks taken through the entire cell at 0.46-nm steps.
Transmitted light images are single mid-plane sections.

Ultrastructure Analysis of Cells

For TEM, the cells were grown in TAP medium in which the Tris was re-
placed by 20 mM HEPES, pH 7.0. Cells were fixed in growth medium
containing 1.25% glutaraldehyde (EM grade, from 50% stock; Poly-
sciences) and 1%OsO4 (from 4%stock; Electron Microscopy Sciences) for
1 h on ice. Samples were washed three times with growthmedium and then
the cells were resuspended in 20%BSA (w/v), incubated for 20min at room
temperature, centrifuged for 10min at 16,000g, and the resulting pellet was
incubated for 30 min at room temperature with 2.5% glutaraldehyde in the
HEPES growth medium (as described above). After two washes with water,
the cell pellet was cut into 1 to 2 mm3 pieces and incubated in a 1% uranyl
acetate aqueous solution at 4°C overnight. The pieces were washed two
times with water, dehydrated in increasing concentrations of ethanol, and
embedded in LR White resin (Polysciences) using ethanol as an in-
termediate solvent. The LR White resin was polymerized at 50°C for 3 d.
Ultrathin sections (;60 nm) were cut with a diamond knife on a microtome
andmounted onto Formvar-coated copper grids. Samples were contrasted
with lead citrate (Reynolds, 1963), and images were acquired using a Jeol
JEM-1400 transmission electron microscope.

Accession Numbers

Sequence data from this article can be found in the Phytozome database
(www.phytozome.net) under the following accession numbers: VTC1
(Cre12.g510250), VTC4 (Cre02.g140700, alias g10027 and Cre09.
g402775), ECP56 (Cre17.g740800), ECP61 (Cre09.g409300), ECP76
(Cre06.g288550), and ECP88 (Cre12.g556000).
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