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Chlamydomonas reinhardtii is a model organism for nutrient limitation studies and many other 
physiological studies. Phosphorus (P) limitation triggers the expression of many genes involved in P 
uptake and manipulation and implicates in photosynthesis activity alteration. Here, we physiologically 
characterize a knockout mutant of vacuolar transporter chaperon1 (Δvtc1) under P replete and deplete 
conditions comparing to its rescue strain. The growth rate of Δvtc1 strain was faster than that of VTC1 
rescued strain under P repletion but much slower under P depletion. P starved Δvtc1 cells showed 
higher death ratio. VTC1 deletion may affect P uptake. Lastly, in Δvtc1 strain grown under P deplete 
condition, the lower cell density, the lower self-shading, the lower chlorophyll (chl) b content, the higher 
chl a/b ratio. 
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INTRODUCTION 

The unicellular green alga Chlamydomonas 
reinhardtii (Chlamy throughout) is a model 
organism for many physiological and biochemical 
processes (Harris, 2001, Aksoy et al., 2014, Baltz 
et al., 2014, Zalutskaya et al., 2018). Having a 
simple life cycle, easy isolation of mutants, full 
genome sequence and a growing array of tools 
and techniques for molecular biology studies 
helped Chlamy to be a robust model to study 
photosynthesis (Wykoff et al., 1998, Nagy et al., 
2018).Many previous studies dissected responses 
of photosynthetic eukaryotes to nutrient limitation 
(nitrogen, phosphorus and sulfur, hereafter 
referred to as N, P and S limitation) (Moseley et 
al., 2009, Miller et al., 2010, Blaby et al., 2013, 
Aksoy et al., 2014). P is nonrenewable and often 

a limiting nutrient for growth of microalgae 
(Grossman and Aksoy, 2015). In Chlamy, P 
limitation triggers the expression of many genes 
involved in Phosphate uptake and transport 
(Moseley et al., 2006). In addition, P limitation 
implicates in more than 50% decreasing the light-
saturated photo system (PS) II  activity but does 
not affect light-saturated PSI activity (Wykoff et 
al., 1998). This decline in PSII activity correlated 
with a decline in both the maximal quantum 
efficiency of PSII and the accumulation of the 
secondary quinone electron acceptor of PSII 
nonreducing centers (Wykoff et al., 1998).  

VACUOLAR TRANSPORTER CHAPERON1 
(VTC1) encodes a component of a polyphosphate 
(polyP) polymerase complex in Chlamy (Aksoy et 
al., 2014). VTC1 has homology with other proteins 
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in Drosophila, Caenorhabditis elegans and 
Saccharomyces cerevisiae (Cohen et al., 1999). 
Yeast VTC1 is a small membrane protein 
containing three transmembrane domains docking 
the VTC complexes to the vacuolar and 
endoplasmic reticulum (ER) membranes, 
reviewed by Gerasimaite and Mayer (Gerasimaite 
and Mayer, 2016). Deletion of VTC1or VTC4 gene 
impairs polyP accumulation in yeast, indicating 
the necessity of both subunits in polyP 
biosynthesis (Ogawa et al., 2000). Also, deletion 
of VTC1 gene in Chlamy impairs acidocalcisome 
formation and polyP accumulation (Aksoy et al., 
2014). Up to date, there is no clear information 
about the relationship between VTC1 as a part of 
phosphate homeostasis and photosynthesis 
generally. In this study, we tried to physiologically 
characterize a Crvtc1 mutant compared to a 
CrVTC1 rescued strain under P limitation 
condition as a step to shed some light on the 
possible implications of CrVTC1 in P uptake and 
photosynthetic efficiency. 
 
MATERIALS AND METHODS 

Strains, media and growth conditions 
This study was executed in Li's Lab at 

Institute of Marine and Environmental Technology 
(IMET), University of Maryland Center for 
Environmental Science (UMCES), Baltimore, MD, 
USA. Chlamydomonas reinhardtii strain Δvtc1 
(CC-5165 ars76mt-(vtc1 mutant, third backcross)) 
and strain VTC1 rescue (CC-5166 ars76::VTC1 
rescue mt-[isolate C6-2])(Aksoy et al., 2014) were 
purchased from the Chlamydomonas Stock 
Center (http://chlamycollection.org). Tris acetate 
phosphate (TAP) medium was prepared based on 
a standard recipe (Gorman and Levine, 1965). P-
depleted medium (-P throughout), was prepared 
by replacing potassium phosphate with potassium 
chloride (Moseley et al., 2009). Seed cultures 
were grown in TAP media until late exponential or 
early stationary phases and then inoculated into 
fresh media after harvesting and washing twice 
with suitable TAP or -P media. The initial cell 
density was 3 - 3.6 x 106 cells/ml. Cultures were 
grown 150 ml in 0.5 l Erlenmeyer flask under 60±5 
µmol photons m-2 s-1 constant light at 23 ◦C and 
shaken at 150 rpm. 

RNA isolation, cDNA synthesis and PCR 
RNA was isolated from both strains grown in 

TAP or -P media at five time points (0, 1, 2, 3, and 
4 day) from initiation of P deprivation using 
RNeasy Plant MiniKit (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 µg) was also analyzed 
on agarose gels to determine sample quality. 
cDNA was synthesized from 0.5 µg using oligo dT 
by superScript IV reverse transcriptase (RT) 
(ThermoFisher Scientific) according to their 
instructions. PCR was performed in BIO RAD T-
100 thermal cycler using Phusion® High-Fidelity 
DNA Polymerase (New England Biolabs) and 50 
to 100 ng of cDNA template to assay for 
presence/absence of the CrVTC1 transcript. 
Primers CrVTC1_f (5’-
TAAGTCATATTTCGCCAACGAG-3’) and 
CrVTC1_r (5’- TGAACAGAGCGTAGCCCATGAT-
3’) amplify 272 bp from CrVTC1. All other 
components were used according to manual 
recommendations. Reaction conditions were 30 s 
at 98◦C, followed by 30 cycles of 98◦C for 10 s, 
60.7◦C for 10 s, 72◦C for 10 s, ended with 5 min at 
72◦C as final extension. PCR products were 
analyzed by agarose gel and stained later with 
ethidium bromide (1µg/ml).  

Growth monitoring 
In each time point (Day 0, 1, 2, 3 and 4 after P 

deprivation), the growth was monitored in three 
different ways; determination of cell density by 
hemocytometer (Hausser Scientific), measuring 
optical density at 750 nm by NanoDrop (Thermo 
Fisher Scientific) and weighing freeze fried pellets. 
Ten milliliters of each time point culture were 
sampled and harvested by centrifugation for 5 min 
at 1500 xg. The pellets were stored at -80 ◦C until 
use. One ml of supernatant was kept for medium 
phosphate assay. The frozen pellets were dried 
by Labconcofreeze dryer over night (Labconco 
Corporation, Kansas City, Mo), and then pellets 
were weighted. 

Medium Phosphate determination 
For medium phosphate assay, 1 ml of the 

supernatant was used according to the method of 
Chen(Chen et al., 1956) modified by Maitreya 
Dunham and Cheryl Christianson (2005). 

Determination of Chlorophyll (Chl) a, b and 
Carotenoids 

Chl a and b as well as total Carotenoids were 
determined according to Wellburn (Wellburn, 
1994). 

Statistical analysis 
Statistical analyses were conducted to 

Investigate the different means effect of obtained 
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data from studied treatments. Therefore, three 
factors Completely Randomized Design (C.R.D) 
was carried out with three replicates, where two 
levels of growth media (TAP and -P) were 
implemented as factor “A” for the statistical 
analysis purposes, factor “B” included two types of 
algal stains (mutant and rescue), in addition to the 
factor “C” represents the time of growth during 4 
days, that was divided into 5 levels, every level 
contains the average production during 24 hours 
within time intervals as the daily growth. Zero time 
(0) is considered as a control treatment. Analysis 
of variance (ANOVA) can determine factors of 
influences on observed traits. The hypothesis of 
the ANOVA model was “there is no effect of 
factors A, B and C at a significance level of p < 
0.01. This leads to the following linear statistical 
model of the main effects of the observed data 
(Xijkl)as described by Steel and Torrie(Steel and 
Torrie, 1980) 

Xijkl = µ+αi+βj+γk+εijk 
where, 
µ: over all the means 
αi:indicates the ith level of factor (A). 

βj: indicates the jth level of factor (B). 
γk:indicates the kth level of factor (C). 
ε: the random effect error, Normal 

Independent Distribution NID ~ (0, σe
2); according 

to the fixed effects. 
i: the number of replicates 
Multiple comparison tests such as least 

significant difference and Duncan's Multiple 
Range Test were used to estimate the 
performance of the means of different treatments 
depending on the significance of the squared 
means according to ANOVA table at a 
significance level of p <0.01, as follows:  

Duncan = S.R.V.√𝑚𝑠𝑒√1/𝑛 

where, 
S.R.V.: Significant Range Value. 
mse: mean square of error. 
n: number of replicates 
The relationships among traits were 

determined by Pearson correlation coefficients 
two-tailed at different levels of significance P 
(0.05, 0.01).Collected data processed 
subsequently by SPSS V.18 SPAW software 
package program. 
 
RESULTS AND DISCUSSION 
 
Mutation stability 

RT-PCR reactions for both mutant and 
rescued strains grown under TAP and -P media in 

different time points (Fig. 1) emphasized absence 
of VTC1 transcripts in the mutant and presence of 
VTC1 transcripts in the rescued strain under all 
tested conditions. This was an initial step to 
ensure the stability of vtc1 mutation and the purity 
of the mutant strain. 

Growth analysis 
The effects of P limitation on the growth of 

vtc1mutant strain and VTC1 rescued strain 
compared to those grown in TAP are shown in 
Fig. 2,3A, 3B and Table 1. The phenotype from 
light green color to bleaching color was increasing 
by time in Δvtc1 -P culture compared to the other 
cultures. This observation is interpreted by 
significant decreasing in Δvtc1 -P growth rate; 
Δvtc1 -P viable cell density reached only 5.29 
million cells/ml after 4 days of P deprivation while 
viable cell density of Δvtc1 TAP, VTC1 TAP and 
VTC1 -P reached 22.33, 19.97 (nearly 4 folds) 
and 16.4 (nearly 3 folds) million cells/ml 
respectively at the same time. This retardation in 
Δvtc1 -P growth rate was expected due to the 
absence of medium inorganic phosphate (Pi) and 
VTC1; those factors together in combination or 
separate significantly influence the cell density as 
seen in Table 1. In S. cerevisiae, VTC1 integrates 
in vacuolar membrane where major 
polyphosphate stores exist inside the vacuole 
(Gerasimaite and Mayer, 2016). Absence of both 
medium Pi andVTC1 may double stress cells; 
preventing both Pi uptake and using internal 
stored polyphosphate. Moreover, Δvtc1 -P dry 
weight reached 0.89 mg/ml after 4 days of P 
deprivation while Δvtc1 TAP, VTC1 TAP and 
VTC1 -P dry weights reached 1.24, 1.17 and 1.26 
(nearly 1.3 folds) mg/ml respectively at the same 
time. Since dry weight indicates the weight of both 
living and dead cells while cell density indicates 
only the number of viable cells, comparison 
between the ratios of dry weight in Δvtc1 -P with 
other treatments to the ratios of cell density in 
Δvtc1 -P with other treatments indicated higher 
death ratio in Δvtc1 -P cells. That can be 
interpreted by higher cell sensitivity emerged from 
double internal (lack of VTC1) and external (lack 
of Pi) stresses. These previously mentioned 
interpretations strongly support the conclusion of 
Aksoy et al., (Aksoy et al., 2014) about the 
behavior of Δvtc1 in P or S limitation conditions.  

Phosphate uptake 
Under our experimental conditions, a 

significant difference of Pi uptake is observed 
between Δvtc1 and rescued strain grown in TAP 
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after two days from inoculation till the end of the 
experiment (Fig. 3C and Table 1).  

 

 
 

Figure 1 Expression of VTC1 
Agarose ethidium bromide stained gel is showing RT-PCR expression of VTC1 in the mutant (expression 
is absent) and rescued strain at various time points following the initiation of P deprivation compared to 
VTC1 expression of mutant (expression is absent) and rescued strain grown in TAP medium at the same 
time points after 30 cycles of PCR amplification. W is no RT negative control. 

 

 
 
Figure 2 Impact of Δvtc1 on growth and phenotype from light green color after 3 days to bleaching 
color after 30 days from P deprivation 
 
Table 1 Significance of mean squares due to main effects (M: media, S: strain and T: time) and 
interactions among them for studied traits (Dry weight, Cell density, Medium Phosphorus, 
Chlorophyll a, Chlorophyll b, ratio of Chlorophyll a/b and total Carotenoids). “ns” means not 
significant. ** at P < 0.01.

Source of  
variation 

Dry 
weight 

( mg/ml) 

Cell 
density 

(107 cells/ml) 

Medium P 
(ug P/ml) 

Chl a 
(mg/107 
cells) 

Chl b 
(mg/107 
cells) 

Chl 
a/b 

Carotenoids 
(mg/107 
cells) 

M 0.386** 3.7** 9116** 1.1ns 10.5** 8.4** 4.15** 

S 0.008ns 1** 126.1** 73.4** 102.5** 9.7** 0.14ns 

M.S 0.185** 2.1** 138.1** 66.1** 81.7** 11.4** 1.04** 

T 2.13** 3.8** 104.3** 434.7** 87.7** 2.3** 40.1** 

M.T 0.032** 0.7** 84.2** 4.1** 4.8** 1.3** 1.18** 

S.T 0.024** 0.2** 28.3** 31.6** 17.3** 1.9** 1.26** 

M.S.T 0.021** 0.24** 25.7** 13.2** 13.5** 1.9** 0.39** 
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Figure 3 Growth parameters, net Phosphorus consumption and photosynthetic pigments 
A) Cell dry weight (mg/ml), B) Cell density (107 cells/ ml) C) Concentration of Phosphorus in growth media 

(µg/ml), D) Chlorophyll a (mg/107 cells), E) Chlorophyll b (mg/107 cells), F) Ratio of Chlorophyll a to 
Chlorophyll b, , and G) Carotenoids (mg/107 cells). All of these parameters measured for mutant and rescued 
strain grown in TAP and –P media in 5 time points (0, 1, 2, 3, and 4 days) after initiation of P deprivation. 
Error bars represent standard deviations of experiments based on three biological replicates. Table 1 
Significance of mean squares due to main effects (M: media, S: strain and T: time) and interactions among 
them for studied traits (Dry weight, Cell density, Medium Phosphorus, Chlorophyll a, Chlorophyll b, ratio of 
Chlorophyll a/b and total Carotenoids). “ns” means not significant. ** At P < 0.01. 
 

The concentrations of P in Δvtc1 and rescued strain media were 32.1 and 31.3 ppm respectively 
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at zero time. After 24, 48, 72 and 96 hours from 
inoculation, the concentrations of P in Δvtc1 
media were 29.4, 25.7, 25.6 and 26.2 
respectively, while P concentrations in rescued 
strain media were 30.6, 18.8, 14.7 and 14 ppm 
respectively at the same time points. These 
observations are aligned with our growth rate 
records for rescued strains but not for Δvtc1 
strain. This may be a result of disruption in Pi 
transportation system at the level of plasma 
membrane or vacuolar membrane resulting from 
absence of VTC1. Whereas, it is stated that both 
Pi uptake from the soil and its translocation in 
Planta (between organs and between subcellular 
compartments) require the coordination of a set of 
proteins with Pi transport activities (Gu et al., 
2016). Also, a comparative transcriptome analysis 

revealed that Pi application to Pi‐starved 
arbuscular mycorrhizal (AM) fungi hyphae induced 
the expression of the genes encoding Pi 
symporters, P‐type ATPases and VTC complex 
(Kikuchi et al., 2014). Interestingly, the vacuolar 
endopolyphosphatase (PPN) responsible for 
polyP hydrolysis (Kumble and Kornberg, 1996), 

and a V‐type Pi exporter (PHO91) that releases Pi 
from the vacuoles (Hürlimann et al., 2007), were 

also up‐regulated (Kikuchi et al., 2014), 
supporting the idea that polyP is dynamically 
turning over during the accumulation and 
translocation (Ezawa et al., 2001). 

Photosynthetic pigments 
The quantities of Chl a, Chl b and total 

Carotenoids were measured daily for both strains 
grown under both media conditions from zero time 
of P starvation up to 4 days (Fig. 3D, 3E, 3F and 
3G). The main observations can be concluded as 
dramatic decreasing of Chl a, Chl b and 
Carotenoids contents for all treatments after the 
first 24 hours. This can be interpreted by 
photodegradation of photosynthetic pigments 
under the experimental light intensity in use which 
may be due to low cell density and low self-
shading during the first 24 hours. This last part of 
the interpretation agrees with Li et al.,(2010).   

Neither medium factor significantly affected 
Chl a content levels nor did strain factor affect 
Carotenoids content levels (Table 1). Also, the 
ratios between Chl a to Chl b in Δvtc1 -P cells at 
48, 72 and 96 hours were nearly 2-fold higher 
than those in all other treatments at the same 
times. That may be due to the fact that Chl b 
content of Δvtc1 -P cells at that time points were 
nearly 2- to 3-fold lower than that in all other 
treatments at the same time points. These results 

are in agreement with Zhang et al. (2016) who 
studied Physocarpus sp plants. The explanation 
of that decreasing in Chl b content and the 
subsequent increasing of Chl a to Chl b ratio 
could be due to lack of Chl b necessity. Low cell 
density of Δvtc1 -P could lead to lower self-
shading and higher light intensity for each 
individual cell. That could be perfect for Chl a 
molecules up to specific level. During that light 
intensity level, Chl a molecules don’t need 
assistance of Chl b in absorbing more light 
photons and Chlamy cells rearrange their light 
harvesting antenna. These explanations are 
based on a recent reviewed experimental data in 
Chlamy (Erickson et al., 2015).  

CONCLUSION 
By physiological characterization of a 

knockout mutant of vacuolar transporter chaperon 
1 (Δvtc1) in Chlamydomonas reinhardtii under P 
replete and deplete conditions comparing to its 
rescue strain, VTC1 deletion may negatively affect 
P uptake in C. reinhardtii cells and indirectly affect 
photosynthesis activity negatively. 
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