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A B S T R A C T   

Nitrogen is an essential macronutrient and nitrate is one of the main forms of this macronutrient available for 
plants and microbes. Nitrate is not only the substrate for the nitrate assimilation pathway, but also a crucial 
signal for the regulation of numerous metabolic, developmental, and cellular differentiation processes. In the 
present study, two species of the Chlamydomonas genus, Chlamydomonas reinhardtii cc124 and Chlamydomonas sp. 
MACC-216 were used to investigate the versatility of nitrate metabolism in green microalgae. Quantification of 
nitrate removal efficiency showed that Chlamydomonas sp. MACC-216 strongly outperforms C. reinhardtii cc124. 
Transcriptional changes occurring under nitrate-replete and nitrate-deplete conditions were specifically inves
tigated in the selected species of Chlamydomonas. Whole transcriptome analysis revealed that the genes playing a 
role in nitrate assimilation did not show differential expression in C. reinhardtii cc124 under changing nitrate 
conditions (only 45 genes exhibited differential regulation), while in Chlamydomonas sp. MACC-216 a large set of 
genes (3143) showed altered expression. Furthermore, genes responsible for urea metabolism, like DUR3A gene 
corresponding to urea transport, were found to be upregulated in Chlamydomonas sp. MACC-216 under nitrate- 
deplete condition, while the same gene showed elevated expression level in C. reinhardtii cc124 under nitrate- 
replete condition. The present study indicated the diverseness of nitrate metabolism among species within the 
Chlamydomonas genus.   

1. Introduction 

Nitrogen plays a key role in the life cycle of all organisms. It is a 
necessary macroelement for the growth and development of plants and 
algae. Various nitrogen sources like nitrate, nitrite, ammonium, and 
organic nitrogen compounds like urea can be utilized by microalgae [1]. 
Most of these nitrogen sources are first reduced to ammonium and are 
then assimilated in the form of amino acids. Initially, ammonium was 
considered the preferred nitrogen source due to its lower energy cost for 
assimilation compared to nitrate/nitrite and because genes involved in 
nitrate/nitrite assimilation are negatively regulated in the presence of 
ammonium. However, recent studies have shown that many microalgae 
prefer nitrate over ammonium as a primary nitrogen source [2–7]. Ni
trate is the preferred nitrogen form for growth even in plants, especially 
crop herbaceous plants, in combination with ammonium, as it also 
serves as an efficient signal for affecting various cell activities, including 
root development, root-shoot balance, and stomatal opening [8–12]. 

Understanding the mechanism behind the regulation of the nitrate 

assimilation pathway is crucial in improving nitrogen use efficiency and 
avoiding the negative effects of nitrogen fertilisation, such as environ
mental contamination and waste nitrogen. Chlamydomonas reinhardtii, a 
unicellular green alga, has been established as a prominent model or
ganism for investigating photosynthesis and other plant-specific physi
ological processes [13]. This is primarily due to the abundance of 
essential resources, such as convenient heterologous gene expression, 
genetic maps, and access to multiple strains through the Chlamydomonas 
Genetics Center and other repositories [13]. Notably, the availability of 
an annotated genome sequence in Phytozome facilitates gene-based 
comparative research [14]. 

Nitrate assimilation pathway in microalgae consists of two transport 
steps (nitrate and nitrite transport) and two reduction steps. First nitrate 
is transported into the cell, where a cytosolic nitrate reductase (NR) 
catalyzes the reduction of nitrate into nitrite, which is subsequently 
transported into the chloroplast; nitrite is further reduced to ammonium 
by the action of the enzyme nitrite reductase (NiR) in the chloroplast 
[15–17]. Chloroplast is the main site for ammonium incorporation into 
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carbon skeletons by glutamine synthetase/glutamine oxoglutarate 
aminotransferase (GS/GOGAT) or glutamate synthase cycle [15–17]. 
Despite being a unicellular organism, Chlamydomonas exhibits a notable 
level of complexity in its nitrate/nitrite transporters, with a total of 13 
transporters. These transporters can be categorized into three families: 
NRT1 (consisting of one transporter), NRT2 (comprising six trans
porters), and NAR1 (comprising six transporters) [18]. The regulatory 
gene NIT2 is well-studied and known to be associated with positive 
regulation of nitrate [19,20]. It has been shown that NIT2 defective 
mutants were unable to grow in the presence of nitrate as the sole ni
trogen source [21]. To date, only one regulatory gene has been identi
fied to interact with NIT2, known as CrNZF1 (Nitrate zinc finger 1) [22]. 
CrNZF1 encodes a CCCH-type tandem zinc finger protein, a class of 
proteins conventionally associated with RNA binding, thereby influ
encing RNA cleavage, degradation, polyadenylation, and even export 
processes. Intriguingly, mutants with defective CrNZF1 displayed vary
ing lengths of polyadenylated NIT2 transcript and exhibited reduced 
upregulation of nitrate assimilation genes. Conversely, the wild-type 
strains showcased the longest forms of polyadenylated NIT2 transcript 
and exhibited the expected levels of expression of nitrate assimilation 
genes. 

In addition to its role as an essential nutrient, nitrate can also lead to 
an induction in growth and lipid accumulation or impede gametogenesis 
in C. reinhardtii. Various studies have explored the effects of nitrogen 
deprivation on microalgae through transcriptome analysis [13,23–27]. 
Nitrogen deprivation in microalgae leads to the accumulation of tri
acylglycerol lipids and the production of hydrogen [13,23,25]. In 
contrast to glycerolipids found in membranes, triacylglycerols pre
dominantly function as a means of storing carbon and energy to help 
prepare the microalgae for environmental stress situations, demon
strating active involvement in the stress response. Although many 
studies have been performed on the effect of nitrogen deprivation on 
microalgae, most of these studies talk about the effect of nitrogen 
deprivation on lipid accumulation inside microalgae [13,23,26,28]. The 
existing literature lacks an adequate exploration of the differences in 
nitrate metabolism between microalgae proficient in utilizing nitrate as 
a growth substrate and those that lack this capability. This knowledge 
gap is particularly pronounced concerning the genes and regulatory 
elements responsible for nitrate sensing. 

The objective of the current study was to conduct a comparative 
analysis of nitrate metabolism in two distinct microalgal species, namely 
Chlamydomonas sp. MACC-216 and Chlamydomonas reinhardtii cc124. 
Chlamydomonas sp. MACC-216 can happily grow in the presence of ni
trate as the sole source of nitrogen, whereas C. reinhardtii cc124 is unable 
to grow under the same conditions. Both species of Chlamydomonas were 
cultivated under either nitrate-deplete or nitrate-replete conditions for 
six hours. For the present study, a six-hour time point was chosen as we 
were interested in identifying the early responses in the transcriptomes 
of both microalgae. After six hours of cultivation in the respective 
media, transcriptome analysis was performed to identify the differences 
in the nitrate metabolism pathways between the two species. 

2. Materials and methods 

2.1. Microalgae and growth conditions 

Chlamydomonas sp. MACC-216 and C. reinhardtii cc124 microalgae 
used for the present study were provided by the Mosonmagyaróvár 
Algae Culture Collection (MACC) and were maintained on TAP (Tris- 
acetate-phosphate) medium. TAP medium was prepared as mentioned 
in our previous study, Rani and Maróti [29]. The microalgae were 
maintained at 25 ◦C under white light with a light intensity of 50 μmol 
m− 2 s− 1 with continuous shaking at 180 rpm in a regime of 16:8 light- 
dark periods. 

For further experiments, two different kinds of modified TAP media 
were prepared: TAP-N0 (nitrate-deplete) and TAP-N15 (nitrate-replete). 

TAP-N0 did not contain any nitrogen source. TAP-N15 was prepared by 
replacing ammonium chloride in normal TAP with 15 mM (1.27 g L− 1) 
of sodium nitrate. Also, 0.001 g L− 1 (NH4)6Mo7O24•4H2O was replaced 
with 0.006 g L− 1 of Na2MoO4•2H2O in TAP-N0 and TAP-N15 media so 
that there is no other nitrogen source present. Chlamydomonas sp. 
MACC-216 and C. reinhardtii cc124 were grown in TAP medium for three 
days. After three days, both microalgae cultures were centrifuged at 
3220 g for 5 min. After centrifugation, each microalga was resuspended 
in 10 mL of TAP-N0 and TAP-N15 media to a final cell density of 6 × 106 

cells mL− 1 followed by further incubation at 25 ◦C under white light 
with a light intensity of 50 μmol m− 2 s− 1 with continuous shaking at 180 
rpm for six hours. At the end of this period, samples were collected from 
each culture for nitrate estimation and RNA isolation. 

2.2. Nitrate estimation 

Nitrate estimation was done at 0 and 6 h by the salicylic acid method 
[30]. Briefly, to 10 μL of each sample, 40 μL of 5 % (w/v) salicylic acid in 
concentrated H2SO4 was added. Then samples were kept at room tem
perature for 30 min and then 950 μL of 8 % (w/v) NaOH in water was 
added followed by cooling down of samples to room temperature. The 
absorbance was determined at 410 nm using a Hidex microplate reader. 

The nitrate removal efficiency was calculated using the following 
equation: 

R =

(

1 −
Cf
Ci

)

× 100 (1)  

where R is the nitrate removal efficiency (%), Ci and Cf are the initial 
and final concentrations of nitrate (mM) in the growth medium. 

2.3. RNA isolation and sequencing 

RNA isolation was performed using TRIzol™ reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) by following manual instructions. The 
purified RNA was quantified using the Qubit RNA Assay. Zymo-Seq 
RiboFree Total RNA-Seq Library Kit was used for the depletion of ribo
somal RNAs. Illumina Nextseq550 was used to generate 150 nt (nucle
otide) paired-end reads. 

2.4. Transcriptome analysis 

Sequenced reads were first processed using rcorrector v1.0.5 [31], a 
kmer-based error correction method for RNAseq data. The error- 
corrected reads were then trimmed using Trimmomatic v0.39 [32] to 
remove adapter sequences while keeping a quality score of 25 over 5 
nucleotides (nt) sliding window. Reads shorter than 50 nt were dis
carded from further analysis. The trimmed reads were then mapped to 
reference Chlamydomonas reinhardtii v5.6 transcripts downloaded from 
Phytozome using Kallisto v0.46.1. Transcripts were retained in the 
analysis only if each transcript had >10 reads mapping back to it, across 
4 samples. This prevented genes with low counts from being included in 
the analysis. Genes with a log2 fold change (FC) of ±1 and adjusted p- 
value ≤0.05 were identified as differentially expressed genes (DEGs). 
Gene ontology (GO) enrichment was carried out using the TopGO 
v2.46.0 package in Rstudio using ontology IDs retrieved from the bio
mart v2.50.3 package. Only terms with Benjamini & Hochberg adjusted 
p-value ≤0.05 or smaller were considered enriched terms. The tran
scriptome data was deposited in the NCBI SRA (National Institutes of 
Health Sequence Read Archive) database and can be accessed by the 
accession number PRJNA1027627. 

2.5. Quantitative reverse transcription polymerase chain reaction 

RT-qPCR, short for quantitative reverse transcription polymerase 
chain reaction, is a technique employed to detect and quantify RNA. The 
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process involves the initial transcription of either total RNA or mRNA 
into complementary DNA (cDNA). The cDNA is subsequently used as the 
template for the quantitative PCR (qPCR). cDNA was prepared from the 
isolated RNA in Section 2.3 using RevertAid First Strand cDNA Synthesis 
Kit (Thermo Fisher Scientific, Waltham, MA, USA) by following manual 
instructions. Primers were designed by obtaining sequences of the 
selected genes from the Phytozome using gene identifiers (Table 1). 
Sequence for the endogenous reference gene beta 1 tubulin was obtained 
from NCBI database. Quantitative polymerase chain reaction (qPCR) 
was performed with 50 ng of cDNA, 500 nM each of forward and reverse 
primer, 3 μL of SYBR™ select master mix (Applied Biosystems, Thermo 
Fisher Scientific, Waltham, MA, USA) and nuclease-free water to a final 
volume of 6 μL in Bio-Rad CFX384 C1000 Touch Real-Time PCR 
Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 

Analysis of results obtained by qPCR was done using 2− ΔΔC
T method 

[33]. TAP-N0 condition was selected as a control for the analysis. The 
expression of each gene was achieved by normalization of a target gene 
in each condition to an endogenous reference gene. 

2.6. Statistical analysis 

Rstudio version 1.2.5019 was used to perform the statistical ana
lyses. All statistical analyses in the current study were performed using 
one-way analysis of variance (ANOVA) followed by Tukey’s test which 
was used to detect significant differences among the treatments, where 
p-value ≤0.05 was considered a significant difference. All experiments 
were carried out in the replicates of 3. 

3. Results 

3.1. Nitrate removal efficiency 

The short-term changes in gene expression in response to various 

nitrate conditions were studied by incubating Chlamydomonas sp. 
MACC-216 and C. reinhardtii cc124 for 6 h in TAP-N0 and TAP-N15 
growth media. The initial cell density of both microalgae at the start 
of the incubation period was 6 × 106 cells mL− 1. Chlamydomonas sp. 
MACC-216 showed ~22 % nitrate removal efficiency from the TAP-N15 
medium, whereas C. reinhardtii cc124 showed only ~4 % nitrate 
removal efficiency after 6 h incubation period (Table 2). 

3.2. Reads trimming and mapping 

RNA sequencing generated paired reads of 150 nt size. Raw paired 
reads were error-corrected to obtain a total of 39 million read pairs from 
TAP-N0 and 35 million read pairs from TAP-N15 samples in C. reinhardtii 
cc124. A total of 33 million read pairs from TAP-N0 and around 35 
million read pairs from TAP-N15 were obtained from Chlamydomonas 
sp. MACC-216 samples. After trimming using Trimmomatic v0.39, 
around 30 million read pairs from TAP-N0 and 27 million read pairs 
from TAP-N15 were obtained in C. reinhardtii cc124, whereas approxi
mately 26 million read pairs from TAP-N0 and 27 million read pairs 
from TAP-N15 were obtained in Chlamydomonas sp. MACC-216. 

3.3. Variation between the two growth conditions 

Principal component analysis (PCA) of transcript abundances for all 
samples was used to visualize similarity in gene expression patterns. All 
replicates from TAP-N0 and TAP-N15 conditions used for C. reinhardtii 
cc124 clustered together which indicated no major transcriptional 
reorganization. However, in Chlamydomonas sp. MACC-216, replicates 
from each TAP-N0 and TAP-N15 conditions clustered together but were 
separated by conditions, indicating significant transcriptional changes 
between the two conditions (Fig. 1). 

3.4. Differential gene expression and gene ontology enrichment analysis 

Differential gene expression analysis was conducted by using TAP- 
N0 as the control and TAP-N15 as the treatment condition. Only 45 
genes were identified to be differentially regulated with a log2 fold 
change of >1 and an adjusted p-value ≤0.05 in C. reinhardtii cc124. Of 
these 45 genes, 23 were found to be upregulated under the TAP-N15 
condition, and 22 were found to be downregulated (Fig. 2, Table S1). 
In C. reinhardtii cc124, upregulation of genes involved in nitrate trans
port and metabolism was not observed. Instead, genes involved in urea 
transport were found to be upregulated which was interesting as urea 
was not provided in the growth medium to the cultivated microalga. As 
nitrogen limitation or starvation is linked with increased accumulation 
of lipids, differential regulation of genes involved in this process was 
also searched, but no differential expression of such genes was observed. 

Gene ontology (GO) enrichment studies were performed on the 
upregulated and downregulated genes to identify important groups 
differentially expressed under the TAP-N15 condition. Fig. 3a and b 
show enriched terms in upregulated and downregulated gene lists. In the 
upregulated gene list, GO terms such as ammonium transmembrane 
transporter, thiamine biosynthetic process, protein processing, proline 
biosynthetic process, glycerol 3-phosphate catabolic process, glycerol-3- 
phosphate dehydrogenase (NAD+) activity, and branched-chain amino 
acid biosynthetic process were identified. In the downregulated GO 
terms list, voltage-gated potassium channel activity, ionotropic gluta
mate receptor activity, and potassium ion transport were identified. 

Table 1 
List of genes and their primers.  

Gene Gene identifier Primer (5′ → 3′) 

DUR1 Cre08.g360050 Forward CGGGCAATTTGACATCGAGA 
Reverse CACCAGCATCTTGTCCATCG 

DUR2 Cre08.g360100 Forward CTACTTGAAGCGGGCGGTAT 
Reverse TACCACCAGAGATGAACCGG 

DUR3A Cre08.g360200 Forward CAACGGCAAGCAGATGATCA 
Reverse CAGAGACACCTGGAGCTTCA 

DUR3B Cre08.g360250 Forward CGTGTATGCTGCTTCCTTCC 
Reverse AATCACCGAAACGTTCAGCC 

DUR3C Cre17.g703800 Forward GCGACGTGTACCAACTTGTT 
Reverse AATGAACCAACCCAGTCCCT 

NRT1.1 Cre04.g224700 Forward AGGCTCTGCCCCTGATAGA 
Reverse CCTCCCATCACATTGCAGA 

NRT2.1 Cre09.g410850 Forward TGAGAAGCCAGCCACAGTAA 
Reverse AAGCAAATCCAGGACAGGTG 

NRT2.2 Cre09.g410800 Forward CCATCTTCGGCCTTATGAAC 
Reverse CGTTAGCGAGTTGCTGACCT 

NIT1 Cre09.g410950 Forward AGCCGTTGACTTTGACCATG 
Reverse GCATGTTCTCCTCCTTGCG 

NAR1.5 Cre12.g541250 Forward TAACGTGCCCTCCGCACT 
Reverse GCGTCGACGTCTGCACAT 

NAR1.6 Cre01.g012050 Forward ATGACCCAGGCCTCTACAAC 
Reverse TGTACAGATCCGAGCCCATC 

NII1 Cre09.g410750 Forward ACAGCTCGCGTACTCGCTAC 
Reverse ACTTGTTGGCCTTCTTGTCG 

GLN1 Cre02.g113200 Forward TGTGCCGAGTATGTGTGGAT 
Reverse GAGCCGTCGTAGTTCCAGTG 

GLN2 Cre12.g530650 Forward CGTGGTGTTACCGCTAAGG 
Reverse GAGCGCATCTCGTTGAAGAT 

NIT2 Cre03.g177700 Forward TTCTCCACGGACGTCATGAA 
Reverse CACCTGCTTGTCGTACTTCTG 

Beta 1 tubulin M10064a Forward CGCATGATGCTGACCTTCT 
Reverse GTCCAGGACCATGCACTCAT  

a NCBI GenBank number. 

Table 2 
Nitrate removal efficiency under TAP-N15 growth condition after 6 h. Values are 
represented as mean ± SD.  

Microalgae Nitrate removal efficiency (%) after 6 h 

C. reinhardtii cc124 4.21 ± 1.87 
Chlamydomonas sp. MACC-216 21.52 ± 2.09  
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In Chlamydomonas sp. MACC-216, differential expression analysis 
was also performed by using TAP-N0 as control and TAP-N15 as treat
ment condition. A total of 3143 genes were differentially regulated at a 
log2 fold change of 1 and adjusted p-value ≤0.05. 1604 genes were 
upregulated, while 1539 genes were downregulated under the TAP-N15 
condition (Fig. 4, Table S2). Genes coding for nitrate transporters, 
accessory proteins, nitrate metabolism, and nitrite metabolism were 
observed to be upregulated under nitrate-replete conditions. Nitrate 
transporters NRT2.1, NRT2.2, and NRT2.4 encoded by gene identifiers 
Cre09.g410850, Cre09.g410800, and Cre03.g150101, respectively were 
upregulated, whereas nitrate transporters NRT2.3, NRT2.5, NRT2.6 
encoded by gene identifiers Cre09.g396000, Cre03.g150151, and Cre02. 

g110800, respectively, were downregulated. Furthermore, gene identi
fiers coding for nitrate reductase (Cre09.g410950) and nitrite reductase 
(Cre09.g410750) were also upregulated. Gene identifiers coding for 
nitrite transporters were downregulated except gene identifiers Cre12. 
g541250 and Cre01.g012050 which coded for nitrite transporters 
NAR1.5 and NAR1.6, respectively. 

GO enrichment analysis produced a comprehensive list of upregu
lated and downregulated GO terms in comparison to C. reinhardtii cc124. 
GO enrichment analysis indicated GO terms related to photosynthesis 
and mitochondrial respiration to be enriched in the upregulated gene list 
under nitrate-replete condition (Fig. 5a). Furthermore, GO terms related 
to the biosynthesis of certain amino acids (methionine, leucine, 

Fig. 1. Variance between samples in a dataset. PCA plot showing the variation between samples from TAP-N0 and TAP-N15 conditions in C. reinhardtii cc124 and 
Chlamydomonas sp. MACC-216. 

Fig. 2. Differential expression of genes in C. reinhardtii cc124. Volcano plot showing differentially expressed genes in C. reinhardtii cc124 under TAP-N0 vs TAP-N15 
conditions. The genes were recorded as differentially expressed at a significance level of p-value ≤ 0.05 with a log2 fold change (FC) of 1. Red dots represent 
significantly differently expressed genes at log2 FC of 1. DEGs: differentially expressed genes. NS: Non-significant. Padj: Adjusted p-value ≤ 0.05. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

V. Rani et al.                                                                                                                                                                                                                                    



Algal Research 79 (2024) 103458

5

histidine), biosynthesis of tetrapyrrole, biosynthesis of fatty acids, and 
acetyl-CoA carboxylase complex were enriched in nitrate-replete sam
ples. Acetyl-CoA carboxylase (ACCase) complex is known to play a role 
in the synthesis and elongation of fatty acids. 

All mRNAs encoding the different ACCase subunits were upregulated 
under nitrate-replete condition. One gene identifier (Cre17.g699100) 
related to the hydrolysis of triacylglycerols was observed to be upre
gulated. Finally, two gene identifiers coding for RHP1 and RHP2 were 
also found to be upregulated. These genes are hypothesized to function 
as channels for carbon dioxide gas transport. 

In the downregulated list (Fig. 5b), GO terms such as zinc ion 

binding, ammonium transmembrane transporter activity, and ion 
transport were enriched terms. Gene identifiers Cre14.g62992, Cre13. 
g569850, Cre09.g400750, Cre02.g111050, and Cre12.g531000 coding 
for ammonium transporters AMT2, AMT4, AMT5, AMT7, and AMT8, 
respectively were downregulated except gene identifier Cre07.g355650 
which codes for AMT6 which was found to be upregulated. Moreover, 
stress-related response i.e., response to freezing was also noticed to be 
downregulated. 

Fig. 3. Annotation enrichment in C. reinhardtii cc124. Enriched GO terms in upregulated (a) and downregulated (b) gene lists for C. reinhardtii cc124. Genes were 
systematically classified into two categories by GO analysis, including biological process, and molecular function. X-axis represents the number of the differentially 
expressed genes corresponding to a GO term. Y-axis represents GO terms. P.adj defines the p-value of significance. Size of the dot defines the number of genes 
associated with a particular GO term. 
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3.5. Cross-species analysis of differentially expressed genes 

A heat map was generated to illustrate the differential expression of 
28 nitrate metabolism-related genes under TAP-N0 and TAP-N15 con
ditions in both microalgae (Fig. 6 and Table 3). Upregulation of NIA1, 
NII1, NRT2.1, NRT2.2, NRT2.4, NAR1.5, NAR1.6, and NAR2 genes was 
observed under TAP-N15 condition in Chlamydomonas sp. MACC-216, 
whereas downregulation of these genes was observed in C. reinhardtii 
cc124 under the same condition (Fig. 6). 

Furthermore, it was noted that the gene associated with urea trans
port, DUR3A, exhibited a substantial upregulation under the TAP-N15 
condition in C. reinhardtii cc124. In contrast, a marked down
regulation was observed for genes DUR1, DUR2, DUR3A, DUR3B, and 
DUR3C under the TAP-N15 condition in Chlamydomonas sp. MACC-216. 
Notably, all the aforementioned genes displayed elevated expression 
levels in C. reinhardtii cc124 under both nitrate-replete and nitrate- 
deplete conditions, while they exhibited heightened expression solely 
in the nitrate-deplete condition for Chlamydomonas sp. MACC-216 
(Table S3). From the heatmap, it was evident that gene identifiers 
related to nitrate assimilation and metabolism were not highly 
expressed in C. reinhardtii cc124, and this microalga behaved more or 
less in a similar manner whether it was cultivated in TAP-N0 or TAP-N15 
media. This was in stark contrast to the expression of nitrate assimilatory 

genes in Chlamydomonas sp. MACC-216. 

3.6. Quantification of gene expression 

For the validation of transcriptome data, RT-qPCR was performed for 
the selected genes (Table 1). In the case of C. reinhardtii cc124, it was 
observed that genes responsible for nitrate transport (NRT1, NRT2.1, 
and NRT2.2) did not show any significant variation in gene expression 
under the TAP-N0 and TAP-N15 conditions (Fig. 7a). Similar observa
tions were also observed for the gene responsible for nitrate reduction 
(NIT1). Genes participating in urea metabolism such as, DUR3A, and 
DUR3B) showed elevated expression under the TAP-N15 condition in 
comparison to the TAP-N0 condition. For DUR1 and DUR3C genes, no 
significant variation was observed in expression between the two 
conditions. 

In the case of Chlamydomonas sp. MACC-216, genes responsible for 
nitrate transport and nitrate reduction (NRT2.1, NRT2.2, NIT1, NAR1.6, 
NII1, and GLN2) showed increased expression under TAP-N15 condition 
(Fig. 7b). Especially, NRT2.2 which showed highest expression among 
all the other selected genes under TAP-N15 condition. NRT1 gene was 
expressed more under the TAP-N0 condition in comparison to the TAP- 
N15 condition. Even the regulatory gene NIT2 was expressed more 
under the TAP-N0 condition. All of the genes related to urea transport 

Fig. 4. Differential expression of genes in Chlamydomonas sp. MACC-216. Volcano plot showing differentially expressed genes in Chlamydomonas sp. MACC-216 
under TAP-N0 vs TAP-N15 conditions. The genes were recorded as differentially expressed at a significance level of p-value ≤ 0.05 with a log2 fold change (FC) 
of 1. Red dots represent significantly differently expressed genes at log2 FC of 1. DEGs: differentially expressed genes. NS: Non-significant. Padj: Adjusted p-value ≤
0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and metabolism were upregulated under the TAP-N0 condition. 

4. Discussion 

The present study investigated the differences between the tran
scriptome of C. reinhardtii cc124 and Chlamydomonas sp. MACC-216 
under nitrate-deplete and nitrate-replete conditions. Previous experi
ments and literature data indicated that C. reinhardtii cc124 struggles to 
grow in TAP medium when nitrate is present as the sole nitrogen source 
[34,35] (Fig. S1a, c). At the same time, Chlamydomonas MACC-216 
showed normal growth in media containing nitrate as the sole 

nitrogen source (Fig. S1b, d). Therefore, we aimed to examine the dif
ferences in nitrate metabolism in these two closely related species of 
Chlamydomonas microalgae. As a high-throughput approach, we inves
tigated the initial changes occurring in the transcriptome of both 
microalgae after short-term exposure to two growth conditions (TAP-N0 
and TAP–N15). Nitrate analytical measurements revealed that 
C. reinhardtii cc124 - as expected - did not remove a significant amount 
of nitrate from the TAP-N15 medium, while Chlamydomonas sp. MACC- 
216 efficiently removed 3.22 mM nitrate within 6 h (approximately 22 
% of the total nitrate). This inability to remove nitrate within the first six 
hours further confirmed that C. reinhardtii cc124 had difficulties with the 

Fig. 5. Annotation enrichment in Chlamydomonas sp. MACC-216. Enriched GO terms in upregulated (a) and downregulated (b) gene lists for Chlamydomonas sp. 
MACC-216. Genes were systematically classified into three categories by GO analysis, including biological process, cellular component, and molecular function. X- 
axis represents the number of the differentially expressed genes corresponding to a GO term. Y-axis represents GO terms. P.adj defines the p-value of significance. Size 
of the dot defines the number of genes associated with a particular GO term. 
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uptake and metabolism of nitrate. 
PCA plot of transcriptome samples showed that there was extremely 

low variability between the samples of C. reinhardtii cc124 grown under 
TAP-N0 and TAP-N15 conditions. This suggests that there is no signifi
cant reorganization in the transcriptome of C. reinhardtii cc124 between 
the two conditions, and this may be due to the inability of C. reinhardtii 
cc124 to sense nitrate in the TAP-N15 medium. Additionally, no 
enriched GO terms related to nitrate assimilation were observed in 
C. reinhardtii cc124, even when it was cultivated in the TAP-N15 me
dium. Carbonic anhydrase (CAH1) was upregulated in nitrate-replete 
samples of C. reinhardtii cc124. Previous studies have identified the 
upregulation of mitochondrial carbonic anhydrase (CAH5) as an early- 
stage response to nitrogen starvation [26]. Glycerol-3-phosphate dehy
drogenase (GPDH) activity and glycerol-3-phosphate catabolic pro
cesses were enriched GO terms in the upregulated gene list; these two 
terms are associated with the production of glycerol. NAD+-dependent 
Glycerol-3-phosphate dehydrogenase (GPDH) is known for catalyzing 

the reduction of dihydroxyacetone phosphate (DHAP) to glycerol-3- 
phosphate (G3P) by using NADH as an electron donor [36]. G3P is 
subsequently converted to glycerol by the action of a G3P phosphatase 
(GPP) or perhaps via the reversible reaction of a glycerol kinase [37]. 
G3P plays a crucial role in osmotic stress response and is a major 
metabolite in triacylglycerol production [36–38]. However, in our re
sults, upregulation of GO term related to lipid accumulation in nitrate- 
replete samples was not observed, so it was assumed that G3P is play
ing a role in the stress response as C. reinhardtii cc124 does not grow well 
in TAP-N15 medium. The accumulation of intracellular glycerol has 
been shown to provide osmotic adjustment to salt stress in various or
ganisms such as Saccharomyces cerevisiae, Dunaliella spp., C. reinhardtii 
[37–42]. Glutamate 5-kinase was an upregulated gene in C. reinhardtii 
cc124 under TAP-N15 condition, it catalyzes the ATP-dependent phos
phorylation of L-glutamate to L-glutamate 5-phosphate during the 
biosynthesis of proline from glutamate [43]. Upregulation of this 
enzyme might explain the identification of proline biosynthesis as an 

Fig. 5. (continued). 
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enriched GO term in the upregulated gene list of C. reinhardtii cc124 
under TAP-N15 condition. Proline accumulation in stressed plants is 
linked with reduced damage to membranes and proteins [44,45]. 
Currently, it is uncertain if proline plays a similar role in improving 
C. reinhardtii cc124 survival under nitrate-replete or -deplete condition, 
future experiments involving exogenous proline supplementation are 
planned to test this theory. Upregulation of the branched-chain amino 
acid (BCAA) biosynthetic process was also observed. Leucine, isoleu
cine, and valine possess a common branched aliphatic chain and that is 
why they are known as branched-chain amino acids. Degradation 
products of these BCAAs include an acetyl-CoA which is a potential 
substrate for the de novo synthesis of fatty acids [46]. BCAAs are also 
known to play a role as structural and signalling compounds/molecules 
besides acting as a respiratory substrate [46,47]. Additionally, ammo
nium transmembrane transporter was one of the enriched upregulated 
GO terms under TAP-N15 condition in C. reinhardtii cc124; this GO term 
is probably associated with the detection of any trace of ammonia in the 
surroundings. GO terms such as ionotropic glutamate receptor activity, 
voltage-gated potassium channel activity, and potassium ion transport 
were downregulated for C. reinhardtii cc124 cultivated under TAP-N15 
condition. Glutamate-like receptors (GLRs) of plants are homologs of 
mammalian ionotropic glutamate receptors (iGluRs), which were found 
more than a decade ago, and are speculated to function as possible 
amino acid sensors in plants [48]. Several studies have shown the 
involvement of GLRs in many biological processes such as abscisic acid 
(ABA) biosynthesis and signalling [49], innate immune responses 
[50,51], carbon and nitrogen balance or metabolism [52]. Hence, it can 
be assumed that GLRs may play a role in conveying nitrogen status and 
triggering the appropriate response. Schmollinger et al. [24] observed a 
high upregulation of GLR1 (Cre16.g685650) under nitrogen deplete 
condition in three strains of C. reinhardtii. Through our study, we also 

observed an upregulation of two GLRs (Cre12.g532850 and Cre12. 
g532950) under nitrate-deplete condition whereas downregulation of 
these two receptors was observed under nitrate-replete condition which 
explains a certain role of GLRs during nitrogen starvation. Upregulation 
of KCN11 potassium channel activity during nitrogen starvation has 
been shown to be essential in maintaining cell cycle activity and 
osmoregulation [53]. The lack of this particular protein is connected to 
loss in growth rate, inhibition of chlorophyll, and triacylglycerol 
accumulation. 

The PCA plot of Chlamydomonas sp. MACC-216 samples showed a 
clear separation between the samples from TAP-N0 and TAP-N15 con
ditions, indicating major transcriptional reorganization between the two 
conditions. In Chlamydomonas sp. MACC-216, much more upregulated 
and downregulated enriched GO terms were obtained in comparison to 
C. reinhardtii cc124 (Fig. 5a, b). GO terms related to photosynthesis and 
mitochondrial respiration were enriched in the upregulated list of genes 
under the TAP-N15 condition in Chlamydomonas sp. MACC-216. 
Furthermore, enriched GO terms related to ACCase complex and 
acetyl-CoA oxidase activity were observed in the upregulated gene list. 
ACCase is an important enzyme that plays a role in the lipid synthesis 
pathway by catalyzing the formation of malonyl-CoA from acetyl-CoA in 
the plastid (chloroplast) and the cytosol of plants and algae [54]. Fatty 
acid synthase (FAS) then uses plastidial-derived malonyl-CoA for the de 
novo synthesis of fatty acids, while cytosol-derived malonyl-CoA is used 
for elongation of fatty acids in the endoplasmic reticulum [54]. How
ever, no differential transcriptional regulation of the ACCase complex 
was observed in Poryphyridium cruentum between nitrogen-replete and 
-deplete conditions which indicates species-specific transcriptional 
regulation of this complex [27]. Furthermore, Huerlimann et al. [55], 
showed that changes in transcripts relating to acetyl-CoA were species- 
specific and depended on growth phase and nutrient conditions, and did 

Fig. 6. Visualization of gene expression data. Heatmap representing nitrate metabolism-related differentially expressed genes in C. reinhardtii cc124 and Chlamy
domonas sp. MACC-216. Upregulated genes are coloured in red, while downregulated genes are shown in blue colour. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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not necessarily lead to fatty acid accumulation. GO terms related to 
amino acids biosynthesis, tetrapyrrole biosynthesis, chlorophyll 
biosynthesis and carotenoid biosynthesis were enriched GO terms in the 
upregulated gene list. With increasing photosynthesis and respiration, 
there is an increasing demand for proteins, chlorophyll, and carotenoids, 
and that is why corresponding terms were observed in the upregulated 
list. Furthermore, as tetrapyrrole compounds such as chlorophyll-a, 
chlorophyll-b, and cobalamin consist of nitrogen in their structure; 
these compounds may help accumulate nitrogen. Enzymes involved in 
the tetrapyrrole pathway were observed to be reduced under nitrogen 
starvation [24]. In the downregulated gene list of Chlamydomonas sp. 
MACC-216 under TAP-N15 condition, GO terms such as ion transport, 
and ammonium transmembrane transporter activity were enriched. 

These were all previously associated with nitrogen starvation responses. 
Furthermore, GO term zinc ion binding was also enriched in the 
downregulated gene list. This is a novel finding that has not been pre
viously reported. Zinc has been known as an important component of 
various enzymes, a low concentration of zinc has been shown to help the 
growth of certain algae, whereas a high concentration of zinc has been 
shown to cause slow growth and reduced cell division [56]. As for 
ammonium transmembrane transporter activity, downregulation of 
AMT2, AMT4, AMT5, AMT7, and AMT8, respectively, was observed 
except AMT6 which was found to be upregulated under TAP-N15 con
dition in Chlamydomonas sp. MACC-216. AMT6 is the largest ammonium 
transporter made up of 778 amino acids and may assist in reducing ni
trogen quota. This transporter was the only downregulated transporter 
among ammonium transporters in C. reinhardtii under nitrogen-depleted 
condition probably to save nitrogen consumption [24]. Furthermore, 
González-Ballester et al. [57] showed higher expression of AMT6 in 
microalgae grown under nitrate-replete condition compared to that 
under nitrate-deplete condition. A stress-related response, such as the 
response to freezing was observed to be downregulated. This suggests 
that microalgae grown under TAPN-15 conditions were not stressed, and 
that is why the downregulation of stress-related genes was observed. 
Moreover, downregulation of ion transport, transmembrane transport, 
and transporter activity GO terms was observed. Through our data, it 
was noticed that gene identifiers associated with the transport of ions 
were all downregulated for Chlamydomonas sp. MACC-216 under 
nitrate-replete condition. Interestingly, Schmollinger et al. [24] showed 
high induction of ion transport-related gene identifiers under nitrogen- 
depleted condition. 

Previous studies have demonstrated that the expression of the 
CrGLB1 gene is upregulated in the presence of nitrate [58]. However, no 
such upregulation was observed through this study either in 
C. reinhardtii cc124 or Chlamydomonas sp. MACC-216. The expression of 
CrNZF1 was very similar in C. reinhardtii cc124 (~5 TPM) and Chlamy
domonas sp. MACC-216 (~8 TPM) (Table S3). In fact, no differential 
expression of this gene was observed between TAP-N0 and TAP-N15 
growth conditions in either microalga. CrGLB1 encoded PII protein is 
responsible for coordinating the central C/N anabolic metabolism [59]. 
Furthermore, PII proteins have been shown to play a role in the regu
lation of triacylglycerol accumulation [59]. 

Visualization of expression of important nitrate metabolism-related 
genes was done through heatmap and the observed changes were 
further validated by RT-qPCR performed for selected genes. In Chla
mydomonas sp. MACC-216, the expression of NRT1.1 was higher under 
the TAP-N0 condition compared to the TAP-N15 condition. The NRT1 
transporter is not widely studied in microalgae, although its functions 
are well-explored in plants. One of the best-studied NRT1 transporters 
from Arabidopsis is CHL1 or AtNRT1.1 which is a dual-affinity nitrate 
transporter that changes its affinity according to the nitrate conditions 
[60]. AtNRT1.1 is phosphorylated at low nitrate conditions and thereby 
functions as a high-affinity transporter, whereas, at high nitrate condi
tions, this transporter is dephosphorylated and becomes a low-affinity 
transporter. This explains why a higher expression of this transporter 
was observed under nitrate-deplete condition as it probably became a 
high-affinity nitrate transporter. Furthermore, an upregulation of 
NRT2.1, NRT2.2 and NRT2.4 was observed under TAP-N15 condition in 
Chlamydomonas sp. MACC-216. The NRT2 transporters are capable of 
transporting nitrate or nitrite, and some of them are two-component 
systems that necessitate the presence of the NAR2 (Nitrate 
assimilation-related component 2) protein to operate properly. Hence, 
NRT2.1 together with NAR2 constitutes a bispecific high-affinity ni
trate/nitrite transporter and NRT2.2 together with NAR2 is a high- 
affinity nitrate transporter. The RT-qPCR analysis revealed a signifi
cant upregulation of the NRT2.2 compared to the NRT2.1, suggesting 
that the transporter encoded by NRT2.2 likely plays a crucial role in 
facilitating the transport of nitrate within microalgae (Fig. 7b). NRT2.4 
transporter is associated with high-affinity transport of nitrite. 

Table 3 
List of selected genes relevant in nitrate metabolism. These 28 genes were used 
for heat map generation.  

Gene description Gene 
identifier 

Gene 
symbol 

Nitrate transporter Cre04. 
g224700 

NRT1.1 

Nitrate transporter Cre09. 
g410850 

NRT2.1 

High-affinity nitrate transporter Cre09. 
g410800 

NRT2.2 

Nitrate/nitrite transporter Cre09. 
g396000 

NRT2.3 

Nitrate/nitrite transporter Cre03. 
g150101 

NRT2.4 

Nitrate/nitrite transporter Cre03. 
g150151 

NRT2.5 

Nitrate/nitrite transporter Cre02. 
g110800 

NRT2.6 

Nitrite transporter accessory protein Cre09. 
g410900 

NAR2 

Nitrate reductase Cre09. 
g410950 

NIT1 

Inorganic carbon channel localized at chloroplast 
membrane 

Cre06. 
g309000 

LCIA, 
NAR1.2 

Formate/nitrite transporter Cre04. 
g217915 

NAR1.3 

Formate/nitrite transporter Cre07. 
g335600 

NAR1.4 

Nitrite transporter Cre12. 
g541250 

NAR1.5 

Formate/nitrite transporter Cre01. 
g012050 

NAR1.6 

Nitrite reductase Cre09. 
g410750 

NII1 

Glutamine synthetase Cre02. 
g113200 

GLN1 

Glutamine synthetase Cre12. 
g530650 

GLN2 

Glutamine synthetase Cre12. 
g530600 

GLN3 

Glutamine synthetase Cre03. 
g207250 

GLN4 

Glutamate synthase, NADH-dependent Cre13. 
g592200 

GSN1 

Glutamate synthase, ferredoxin-dependent Cre12. 
g514050 

GSF1 

Transcription factor regulating nitrogen 
metabolism 

Cre03. 
g177700 

NIT2 

Nitrogen regulatory protein PII Cre07. 
g357350 

GLB1 

Urea carboxylase/allophanate hydrolase Cre08. 
g360050 

DUR1 

Allophanate hydrolase Cre08. 
g360100 

DUR2 

Urea active transporter Cre08. 
g360200 

DUR3A 

Urea active transporter Cre08. 
g360250 

DUR3B 

Urea active transporter Cre17. 
g703800 

DUR3C  
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Furthermore, an upregulation of nitrate reductase (NIT1) and nitrite 
reductase (NII1) was observed. Nitrate reductase reduces nitrate to ni
trite after that nitrite reductase catalyzes the reduction of nitrite to 
ammonium. Interestingly all the upregulated genes (NRT2.1, NRT2.2, 
NRT2.4, NAR2, NIT1, and NII1) observed in Chlamydomonas sp. MACC- 
216 under the TAP-N15 condition were downregulated in C. reinhardtii 
cc124 under the same condition. C. reinhardtii cc124 displayed similar 
expression of these genes under TAP-N0 and TAP-N15 conditions. 
Furthermore, upregulation of NAR1.5, and NAR1.6 and downregulation 
of NAR1.2, and NAR1.4 was observed under the TAP-N15 condition in 
Chlamydomonas sp. MACC-216. NAR1 transporters are known to play a 
role in the transport of nitrite and bicarbonate. Under the TAP-N15 
condition, there was a significant upregulation of NAR1.6 compared to 
NAR1.5 in Chlamydomonas sp. MACC-216 (Fig. 7b). This points to the 
likelihood that the transporter encoded by NAR1.6 plays a key role in the 
transport of nitrite. Apart from genes directly related to nitrogen 
assimilation and metabolism, downregulation of GLN1 and GLN4 genes 
coding for cytosolic GS1 (Glutamine synthetase) was also observed. 
Between GLN2 and GLN3 genes coding for chloroplastic GS2, GLN2 was 
upregulated under the TAP-N15 condition in Chlamydomonas sp. MACC- 

216 in comparison to TAP-N0 condition. 
Additionally, NIT2, a regulatory protein for the nitrate assimilation 

pathway showed no differential expression under TAP-N0 and TAP-N15 
conditions in C. reinhardtii cc124. However, elevated expression of NIT2 
gene was observed under TAP-N0 condition in Chlamydomonas sp. 
MACC-216. Finally, genes responsible for urea assimilation (DUR1 and 
DUR2) were expressed in a similar manner under both TAP-N0 and TAP- 
N15 conditions in C. reinhardtii cc124, indicating that these proteins 
might perform important functions for cells going through nitrogen 
starvation. However, genes responsible for urea transport (DUR3A, 
DUR3B, and DUR3C) showed higher expression under the TAP-N15 
condition in C. reinhardtii cc124. Additionally, DUR1, DUR2, DUR3A, 
and DUR3B were also upregulated in Chlamydomonas sp. MACC-216 but 
only under TAP-N0 condition. Despite no urea being provided to either 
species of Chlamydomonas during cultivation, the expression of these 
genes related to urea metabolism lends evidence to the idea that these 
genes might have a role in nitrogen scavenging during nitrogen-starved 
condition. Previously, Park et al. [13] have also shown the upregulation 
of DUR1, DUR2, DUR3B, and DUR3C under nitrogen starvation. 
Furthermore, they also detected the presence of intracellular urea in 

Fig. 7. RT-qPCR analysis. Relative gene expression of selected genes in C. reinhardtii cc124 (a) and Chlamydomonas sp. MACC-216 (b) for the validation of tran
scriptome data. For the normalization of relative gene expression, TAP-N0 condition was selected as the control. A relative gene expression value of <1 signifies 
downregulation, whereas a value of >1 signifies upregulation. X-axis represents the name of the gene. Y-axis represents the relative gene expression of a particular 
gene in either the TAP-N0 or TAP-N15 condition. Error bars represent standard deviations. Tukey’s-test was performed for each gene separately. Lowercase letters 
signify statistical differences (p-value ≤0.05) as determined by Tukey’s-test. qPCR amplification of the DUR1 gene was not detected (ND) in Chlamydomonas sp. 
MACC-216 grown under TAP-N15 condition. 

V. Rani et al.                                                                                                                                                                                                                                    



Algal Research 79 (2024) 103458

12

C. reinhardtii even when the growth medium was not supplemented with 
any urea [13]. Taken together, these results indicate that the upregu
lation of genes related to urea might indicate the activation of a survival 
mechanism in the absence of utilizable or any nitrogen source. Overall, 
the results from the heat map suggest that the expression of genes in 
C. reinhardtii cc124 grown under nitrate-deplete and -replete condition 
showed a highly similar pattern. No major difference was observed be
tween the two conditions in this microalga which points towards the 
incapability of C. reinhardtii cc124 to sense and utilize nitrate as a ni
trogen source. On the other hand, in Chlamydomonas sp. MACC-216, a 
clear difference in the gene expression patterns was observed between 
the two conditions. 

The vast difference between the transcriptome of these two Chla
mydomonas could be explained through the study of Pröschold et al. 
[61], where they showed that C. reinhardtii is divided into three sublines: 
Subline I (“Sager”-line), Subline II (“Cambridge”-line), and Subline III 
(“E/L”-line). In their study, they mentioned that C. reinhardtii belonging 
to Subline III are incapable of thriving solely on nitrate as their nitrogen 
source. This limitation can be attributed to the presence of mutations in 
NIT1 and NIT2 genes, where the existence of even a single mutation can 
impede microalgal growth on nitrate. Conversely, variants stemming 
from Subline I and Subline II can efficiently utilize nitrate for their 
growth. C. reinhardtii cc124 used in our study belongs to Subline III and 
that is why it cannot grow properly in the presence of nitrate. Further
more, sequences of NIT1 and NIT2 genes were compared between 
C. reinhardtii cc124 and Chlamydomonas sp. MACC-216 against a refer
ence proteome which revealed larger differences in the NIT2 sequence 
belonging to Chlamydomonas sp. MACC-216 (Method S1 & Fig. S2). 
Without additional mutants, it is difficult to confirm if the huge disparity 
in expression profiles between the two species is solely due to the 
variation in NIT1 and NIT2 sequences, or if additional regulatory ele
ments are playing a role. This is because, we see similar expression of the 
NIT2 gene in C. reinhardtii cc124 grown under both nitrate-deplete and 
-replete conditions, indicating that C. reinhardtii cc124 is somewhat 
unable to sense nitrate properly in the surroundings (Table S3). Since the 
sensing itself is an issue, variation in regulatory elements involved in 
nitrate sensing might play a role. 

The knowledge about the diversity of nitrate metabolism within the 
Chlamydomonas genus can be important for ecological studies, as it 
contributes to our understanding of the adaptive strategies microalgae 
employ in response to varying environmental conditions. In-depth 
knowledge about the expression of important genes playing a role in 
nitrate metabolism was gained through the research carried out in the 
present study. Genes encoding nitrate transporter NRT2.2 and nitrite 
transporter NAR1.6 were shown to be highly expressed in the presence 
of nitrate in comparison to nitrate reductase and nitrite reductase 
encoding genes in Chlamydomonas sp. MACC-216, but similar expression 
of these genes was not observed in C. reinhardtii cc124 (Fig. 7). This kind 
of information can be crucial for selecting or engineering microalgae 
strains with specific gene expression traits for various biotechnological 
applications such as wastewater treatment. 

5. Conclusions 

Transcriptome analysis revealed only 45 genes to be differentially 
regulated in C. reinhardtii cc124 in the presence of nitrate compared to 
nitrate-deplete conditions. In contrast, 3143 genes showed different 
expression levels between nitrate-replete and nitrate-deplete conditions 
in Chlamydomonas sp. MACC-216. Genes playing a role in nitrate 
transport and reduction were differentially expressed in Chlamydomonas 
sp. MACC-216 only. The expression of genes involved in urea meta
bolism in C. reinhardtii cc124 was either similar in nitrate-deplete and 
-replete conditions or increased in nitrate-replete condition, which is 
intriguing given that the growth medium provided to this microalga did 
not contain urea as a nitrogen source. However, the same set of urea 
metabolism genes were only upregulated under nitrate-deplete 

condition in Chlamydomonas sp. MACC-216, indicating that scavenging 
and transport of urea might be a compensatory mechanism under 
nitrogen-limited condition. The absence of upregulation of established 
nitrogen sensing genes like NIT2 and CrNZF1 in C. reinhardtii cc124 hints 
at the potential existence of unidentified transcripts involved in nitrogen 
sensing in green microalgae. Finally, this study provides an example of 
the interesting phenomenon that taxonomically and morphologically 
strongly related green microalgae species from the same genus apply 
different strategies to utilize the essential macronutrient nitrogen. 
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