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Abstract Carbonic anhydrases (CAs) play important roles in
the utilization of inorganic carbon and have been studied in
many higher plants and algae. Herein, based on unigene se-
quences from Pyropia haitanensis, six full-length CA of
P. haitanensis (PhCA) genes were obtained by rapid amplifi-
cation of complementary DNA (cDNA) ends, or by direct
polymerase chain reaction (PCR), and named PhαCA1,
PhαCA2, PhβCA1, PhβCA2, PhβCA3, and PhγCA1. The
full-length cDNAs of the six PhCA genes comprised 1156,
1151, 1146, 847, 1124, and 1013 nucleotides, respectively.
The encoded proteins were 275, 287, 206, 245, 307, and
290 amino acids, with isoelectric points of 10.26, 5.40, 6.03,
6.42, 7.66, and 4.75, respectively. On the basis of conserved
motifs and phylogenetic tree analysis, the PhCAs were divid-
ed into three CA classes: PhαCA1 and PhαCA2 are α-CAs;
PhβCA1, PhβCA2, and PhβCA3 are β-CAs; and PhγCA1 is
a γ-CA. In different CO2 concentrations, the expression levels
of PhβCA2, PhβCA3, and PhγCA1 showed no significant
changes; however, the expression levels of PhαCA1,
PhαCA2, and PhβCA1 decreased significantly under high
CO2. The expression level of each PhβCA gene was signifi-
cantly higher in the sporophytes than in the gametophytes;
however, the expression levels of PhαCA and PhγCA in the
sporophytes were significantly lower than those in the game-
tophytes. The expression level of each PhCA under desicca-
tion and high-temperature stress had a different pattern. These
results suggested that PhCAs play important roles in the utili-
zation of inorganic carbon of P. haitanensis. Additionally, the

expressions of PhCAs were significantly affected by environ-
mental stresses.
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Introduction

For photosynthetic organisms, the marine environment is se-
riously CO2-limited, mainly because of the alkaline nature of
seawater (currently pH 8.2). Most of the dissolved inorganic
carbon is present as bicarbonate (HCO3

−), with only a small
fraction (∼10–20 μmol kg−1) present as free CO2 (aqueous).
Additionally, the diffusion rate of CO2 is slow: ∼10,000 times
slower than that in air (Lee et al. 2013). To adapt to the unfa-
vorable low-CO2 conditions, aquatic photosynthetic organ-
isms have developed a panoply of carbon-concentrating
mechanisms (CCMs) that elevate CO2 concentration intracel-
lularly around the active site of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) (Moroney et al. 2001). A
number of studies have shown that carbonic anhydrase (CA)
plays a crucial role in the CCM process (Moroney et al. 2001).

CA, which was first discovered in red blood cells, has since
been found in most organisms, including animals, plants,
archaebacteria, and eubacteria. CA catalyzes the reversible
interconversion of CO2 and HCO3

−, a reaction fundamental
to many biological processes, such as photosynthesis and res-
piration, pH homeostasis, ion transport, and catalysis of key
steps in the pathways for the biosynthesis of physiologically
important metabolites (Badger 2003). On the basis of their
amino acid sequences, CA proteins are categorized into six
distinct classes: α, β, γ, δ, ζ, and ε (Moroney et al. 2011). In
animals, all enzymes so far discovered belong to the α class,
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while in plants and macroalgae, almost all known CAs belong
to the α, β, and γ classes, with the β class predominating
(Moroney et al. 2001, 2011). To date, the δ-CAs have only
been described in some marine diatoms (Roberts et al. 1997;
Soto et al. 2006), the representatives of the ζ class have only
been discovered in marine cyanobacteria and some
chemolithoautotrophs (Fabre et al. 2007), and the ε-CAs are
limited to bacteria containing α-type carboxysomes (So et al.
2004; So and Espie 2005). Although all six types of CAs share
no sequence similarity in their primary amino acid sequences
and seem to have evolved independently, they all are zinc
metalloenzymes and appear to share a similar catalytic mech-
anism (Moroney et al. 2011).

Over the last decade, data provided by various genome
sequencing studies have revealed the multiplicity of CA iso-
forms in plants. For example, analysis of the Arabidopsis
thaliana genome revealed the presence of 19 genes encoding
CAs, including eight α, six β, and five γ-CAs (Fabre et al.
2007). In the model microalga Chlamydomonas reinhardtii,
there are at least 12 genes that encode CA isoforms, including
three α, six β, and three γ or γ-like CAs (Moroney et al.
2011). CA genes have also been identified in a number of
macroalgae; for example, one β-CA and one α-CA were re-
ported in Pyropia yezoensis (Zhang et al. 2010) and
Laminaria/Saccharina japonica (Yu et al. 2011; Ye et al.
2014).

Pyropia is a model organism of the intertidal zone. Its ga-
metophytes are subjected to profound environmental changes,
including desiccation, osmotic shock, intense sunlight expo-
sure, high and/or freezing temperatures, and other changes, on
a continuing basis (Sahoo et al. 2002; Blouin et al. 2011).
Several studies have shown that environmental stress can sig-
nificantly inhibit the rate of carbon fixation and consequently
the rate of photosynthesis (Ashraf and Harris 2013; Xu et al.
2014). Furthermore, the life cycle of Pyropia differs signifi-
cantly from that of terrestrial plants, consisting of a macro-
scopic foliose haploid thallus phase (gametophyte) and a mi-
croscopic diploid filamentous conchocelis phase (sporophyte)
(Sahoo et al. 2002). A number of studies have reported that the
carbon-fixation mechanisms in Pyropia are different between
the gametophyte and sporophyte phases: The transcripts of
phosphoenolpyruvate carboxykinase (PEPCK), phosphoenol-
pyruvate carboxylase (PEPC), and aspartate aminotransferase
(AST) were abundant in the sporophytes of Pyropia
haitanensis, which suggested that C4-like characteristics
existed in this species and phase (Fan et al. 2007; Xie et al.
2013). Thus, it is important to determine whether there are
different CAs expressed in the different life phases of
Pyropia, to study the roles of each CA during adaptation and
to examine the tolerance mechanisms to environmental stress-
es associated with the carbon-fixation mechanism of Pyropia.
Thus, a first step would be to isolate and sequence the CA
genes from Pyropia genomic DNA or complementary DNA

(cDNA). Therefore, the aims of the present study are to isolate
and characterize the CA genes from P. haitanensis and to
determine their expression levels in different CO2 concentra-
tions, in different life phases, and under high-temperature and
desiccation stress.

Materials and methods

Pyropia haitanensis strain Z-61, the seaweed material used in
this study, is tolerant to high temperatures and produces a high
yield (Chen et al. 2008). It was selected and purified by the
Laboratory of Germplasm Improvements and Applications of
Pyropia in Jimei University, Fujian Province, China.

Under normal conditions, the gametophytes and sporo-
phytes of Z-61 were cultured in natural seawater with
Provasoli’s enrichment solution (PES) medium at 21 °C and
50–60 μmol photons m−2 s−1 (10:14, L/D cycle). The culture
medium was bubbled continuously with filter-sterilized air
and refreshed every 2 days. When the gametophytes had
grown to 15±2 cm in length, they were collected for the fur-
ther experimentation.

In the CO2 concentration experiment, 25 gametophytes
were randomly selected and cultured in five aerated flasks
(3000 mL) containing five blades each, at 21 °C (high tem-
perature), 50–60 μmol photons m−2 s−1 (10:14, L/D) and bub-
bled continuously with filter-sterilized 10,000 ppm CO2 for 0,
30 min and 1, 2, and 4 h.

In the high-temperature experiments, 30 gametophytes
were randomly selected and cultured in six aerated flasks
(3000 mL) containing five blades each at 29 °C (high temper-
ature) and 50–60 μmol photons m−2 s−1 (10:14, L/D) for 0, 3,
6, 12, 24, and 48 h.

In the desiccation experiments, 25 gametophytes were
randomly selected and separated into five groups, each
with five gametophytes. The gametophytes of each
group were desiccated in an incubator at 50–
60 μmol photons m−2 s−1 and 21 °C. The desired levels
of desiccation (0, 15, 30, 45, 60, 75, and 90 %) were
obtained by varying the duration of exposure. Degrees
of desiccation were expressed as percentage of water
loss from the samples. The water loss (WL, %) was
estimated using the equation: WL=(W0−Wt)/(W0−Wd)×
100, where W0 is the initial wet weight measured after
removing surface water drops by lightly blotting with
tissue paper, Wt is the desiccated weight after a known
time interval, and Wd is the dry weight (60 °C, 6 h).

In the rehydration experiment, five gametophytes were first
desiccated to a water loss of 90 %, and then recultured in
culture medium for 30 min.

Each treatment was carried out as three biological repli-
cates from independent flasks that were cultivated in parallel.
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RNA extraction and cDNA synthesis

Total RNA was isolated from each sample listed above. The
collected samples were first cleaned for three times with ster-
ilized seawater and then sterilized by soaking in 0.7 % KI
solution for 10 min to remove the unwanted algae and con-
taminants. After drying with hygroscopic filter paper, the sam-
ples were ground into a powder in liquid nitrogen. An
E.Z.N.A. Plant RNA Kit (Omega, Germany) was used to ex-
tract the RNA. The quality and quantity of the purified RNA
were determined by measuring the absorbance at 260/280 nm
(A260/A280) and 260/230 nm (A260/A230) using a Nanodrop
ND-1000 spectrophotometer (LabTech, USA). Only RNA
samples with an A260/A280 ratio between 1.9 and 2.1 and an
A260/A230 ratio greater than 2.0 were used for subsequent anal-
yses. Agarose gel electrophoresis (1.2 %) was used to assess
the integrity of the RNA samples.

The cDNA used for 5′ rapid amplification of cDNA ends
(RACE) and 3′ RACE was synthesized using a SMART
RACE cDNA kit (Clontech, USA), according to the manufac-
turer’s protocol. The first-strand cDNA used for quantitative
real-time PCR (qPCR) was synthesized from total RNA
(1μg) using a PrimeScript RT reagent kit (Takara, China) with
6-mer random primers, according to the manufacturer’s pro-
tocol. All cDNAs were diluted with nuclease-free water to
5 ng μL−1 for use as templates in qPCR.

Cloning of the full-length cDNA of P. haitanensis CA
(PhCA) genes

Among the unigene database of P. haitanensis, which was ob-
tained from whole transcriptome sequencing, five sequences
(Unigene2306, Unigene8262, Unigene10445, CL1023, and
Unigene235) were identified as homologous to the conserved
domains of PhCA genes. The gene-specific primers that were
used to amplify the full-length cDNA of the PhCA genes were
designed based on these five sequences using Primer Premier
5.0 software (http://www.PremierBiosoft.com).

Ten gene-specific primers were designed and used to am-
plify the 5′ and 3′ ends of the PhαCA1, PhαCA2, PhβCA1,
PhβCA3, and PhγCA1 genes via RACE using a SMART
RACE cDNA kit (Clontech Lab., Inc.) (Table 1). Unigene
CL1023 included the full-length cDNA ofPhβCA2; therefore,
two head-to-toe primers, HβCA2F and HβCA2R, were de-
signed and used to amplify the full-length PhβCA2 cDNAvia
PCR. All the processes were performed according to the man-
ufacturer’s protocol. The obtained PCR products were cloned
into the pMD19-T simple vector (Takara) and transformed
into competent Escherichia coli JM109 cells. The
recombinants were identified through blue-white selection
on ampicillin-containing Luria-Bertani plates; PCR verifica-
tion of white colonies used primers RV-M and M13-20. An
ABI Prism 3730 automated DNA sequencer was used to

sequence the positive clones. The sequence of each primer
used in this study is shown in Table 1.

Sequence analysis

DNAMAN 5.2.2 software (Lynnon BioSoft) was used to as-
semble the obtained 5′ and 3′ end sequences into the full-
length cDNA of each PhCA gene. The obtained sequences
were examined for identity with other known sequences using
the BLAST program, available at the National Center for
Biotechnology Information (NCBI) website (http://www.
ncbi.nlm.nih.gov/blast). The deduced amino acid (AA) se-
quences were analyzed using the Conserved Domain of
NCBI and the Expert Protein Analysis System (http://www.
expasy.org/). Swiss-model (http://swissmodel.expasy.org/
tools) and WoLFPSORT (http://wolfpsort.seq.cbrc.jp/)
predicted the transmembrane helices, 3D structure, and
subcellular localization. Pfam HMM (http://pfam.sanger.ac.
uk/search) predicted their domains and SignalP (http://www.
cbs.dtu.dk/services/signalP) predicted the potential signal
sequences. Multiple sequence alignments were generated
using BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.
html). The neighbor-joining algorithm of theMEGA5.10 soft-
ware (Tamura et al. 2011) was used to construct a phylogenet-
ic tree with Poisson correction and pairwise deletion parame-
ters; all other parameters were set to default. A total of 1000
bootstrap replicates were performed.

qPCR analysis of PhCA gene expression

qPCR measured the expressions of the PhCA genes under dif-
ferent treatments. qPCR reactions were performed in 96-well
plates using an ABI 7300 Real-time PCR Detection system.
No-template control (NTC) and no-reverse transcriptase
(NRC) reactions were included in the same 96-well plates to
confirm no target contamination and negligible genomic DNA
contamination. Reactions were performed in 25-μL volumes
containing 12.5 μL of 2× SYBR green Master Mix (ToYoBo,
Japan), 0.25 μL (20 mM) of each sense and antisense primers,
2μL of the diluted template, and 10μL of RNA-free water. The
ubiquitin-conjugating enzyme (UBC) gene was used as an in-
ternal control gene. The sequence of each primer is shown in
Table 1. The thermal profile for qPCR was 95 °C for 10 min,
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s.
Dissociation curve analysis of the amplicons was performed at
the end of each PCR reaction to confirm that only one specific
PCR product was amplified and detected. qPCRwas performed
in triplicate for each sample. After the PCR program, the ABI
optical system software analyzed the data. To maintain consis-
tency, the baseline was set automatically by the software. All
data are presented as means±SE in terms of relative mRNA
expression. Student’s t test analyzed the results, and P<0.05
was set as the level of statistical significance.
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Results

Identification of the PhCA unigenes

Previously, high-throughput sequencing was used to identify
24,575 unigenes from one cDNA library constructed with
mixed samples, including the thallus and conchocelis, of
P. haitanensis cultured under normal or different stress condi-
tions (Xie et al. 2013). Functional annotation of each unigene
allowed us to identify unigenes encoding putative CAs.
Among the putat ive CA unigenes, f ive unigenes
(Unigene2306, Unigene8262, Unigene10445, CL1023, and
Unigene235) that had the longest sequences and the highest
query scores were selected and used as core sequences to
clone the full sequences of PhCA cDNAs. Homology
searching using the BLASTX program showed that the five
putative PhCA cDNAs encoded different PhCAs. The PhCA
genes were named PhαCA1, PhαCA2, PhβCA1, PhβCA2,
PhβCA3, and PhγCA1, respectively (Table 2). The unigene
CL1023 included the full-length cDNA of PhβCA2 and was
also the core sequence of PhβCA3.

Cloning and sequence analysis of PhCA cDNAs

PhαCA1

On the basis of the sequence of unigene2306, two gene-
specific primers (RαCA1-5′ and RαCA1-3′) were designed
to clone the partial cDNA of PhαCA1. Using SMART
RACE technology, a fragment comprising 517 bp at the 5′
end (Fig. 1a) and a fragment comprising 666 bp at the 3′ end
(Fig. 1b) of the PhαCA1 cDNAwere obtained. The two frag-
ments were then assembled into the full-length cDNA of
PhαCA1, which comprised 1156 bp. The full-length sequence
was submitted to GenBank under the accession number
KJ778685. Open reading frame (ORF) finder analysis showed
that the PhαCA1 cDNA comprised a 5′ untranslated region
(UTR) of 130 bp, a 3′ UTR of 198 bp, and an ORF of 828 bp.
The ORF encoded a polypeptide of 275 amino acids with a
predicted molecular mass (MM) of 29.4 kDa and a theoretical
isoelectric point (pI) of 10.26 (Table 2). Domain searching
showed that amino acids 37–273 comprise the CA (score=
102.5), and the SignalP software revealed that the cleavage

Table 1 Primers used in the present study

Purpose Gene Primer name Sequence (5′–3′) Product size (bp)

RACE PhαCA1 RαCA1-5′ GATGTGGAGGTGGAACTGGACAAAG 517

RαCA1-3′ TGACTTTGTCCAGTTCCACCTCCA 667

PhαCA2 RαCA2-5′ ACGTTCATCCCGCCCTCCAT 698

RαCA2-3′ GCTACACCTACGACCTCATCCAAAT 685

PhβCA1 RβCA1-5′ AAGGAGGTCATTGAGGGAGCCACCAACC 337

RβCA1-3′ TGGTTGGTGGCTCCCTCAATGACCTCCT 837

PhβCA3 RβCA3-5′ GACGCACCCAGGTTCTTGACC 621

RβCA3-3′ CGGCGAGCTGTTTGTCATCC 599

PhγCA1 RγCA1-5′ CCAATGATCGTAAACGCGCC 484

RγCA1-3′ GGTCGTCGTCAATGACCAGT 622

Head to toe PhβCA2 HβCA2F CCGACGTTCCCGAGCCAAAA 847
HβCA2R ACCTCCCGCTGCCCCACCAT

qPCR PhαCA1 QαCA1F CTATCAACATCGTGCCGTCG 136
QαCA1R CCGCACCCCTTGGTTGATAC

PhαCA2 QαCA2F CGATGTTGATGCCGACACAG 114
QαCA2R GGTGCATTTGGATGAGGTCG

PhβCA1 QβCA1F CCTGGAGTGGAGCAAGCA 96
QβCA1R GAGCAGCCAATCCAAAGGTAG

PhβCA2 QβCA2F TGACGAAGAGCACGTGGATG 75
QβCA2R CTACGTTGTACATGGCCCCC

PhβCA3 QβCA2F TCGACGAGGATGGGTTTGTG 122
QβCA2R GACTACCTTGACACGTCCCG

PhγCA1 QγCA1F CCTGTTTGTGGGCGACTATGTGG 105
QγCA1R CCCGGCTCAATGACCGTGTT

UBC UBCF TCACAACGAGGATTTACCACC 107
UBCR GAGGAGCACCTTGGAAACG

Validation of positive clones RV-M GAGCGGATAACAATTTCACACAGG –
M13-F CGACGTTGTAAAACGACGGCCAGT
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site of the signal peptide in this sequence was between amino
acid 32 and 33; residues 9–32 were predicted to be a trans-
membrane helix (Fig. 2).

PhαCA2

On the basis of the sequence of Unigene8262, two gene-
specific primers (RαCA2-5′ and RαCA2-3′) were designed
to clone the partial cDNA of PhαCA2. Using SMART
RACE technology, a fragment comprising 698 bp at the 5′
end (Fig. 1c) and a fragment comprising 685 bp at the 3′ end

(Fig. 1d) of the PhαCA1 cDNAwere obtained. The two frag-
ments were then assembled into the full-length cDNA of
PhαCA2, which comprised 1151 bp. The full-length sequence
was submitted to GenBank under the accession number
KJ778686. ORF finder analysis showed that the PhαCA2
cDNA comprised a 5′ UTR of 99 bp, a 3′ UTR of 188 bp,
and an ORF of 864 bp. The ORF encoded a polypeptide of
287 amino acids with a predicted MM of 29.7 kDa and a
theoretical pI of 5.40 (Table 2). Domain searching showed
that amino acids 42–281 comprise the CA (score=95.7), and
the SignalP software revealed that the cleavage site of the

Table 2 Characterization of
carbonic anhydrase of Pyropia
haitanensis (PhCA) genes
isolated from P. haitanensis

Gene Gene ID AA no. MW (kDa) pI E-valuea Description

PhαCA1 Unigene2306 275 29.4 10.26 3e−44 alpha_CA_prokaryotic_like

PhαCA2 Unigene8262 287 29.7 5.40 2e−47 alpha_CA_prokaryotic_like

PhβCA1 Unigene10445 206 22.7 6.03 9e−143 beta_CA_cladeA

PhβCA2 CL1023 245 24.6 6.42 2e−34 beta_CA_cladeC

PhβCA3 CL1023 307 32.0 7.66 9e−28 beta_CA_cladeC

PhγCA1 Unigene235 290 28.9 4.75 3e−29 LbH_gamma_CA_like

AA amino acid, pI isoelectric point
a BLASTp results using the deduced amino acid sequence

Fig. 1 Agarose gel electrophoresis of RACE or head-to-toe PCR
products of carbonic anhydrase of Pyropia haitanensis (PhCA) genes.
M DL2000 DNA marker; lanes 1 and 2 are the biological replicates;
lanes a, b, c, d, e, f, g, i, j, and k are the 5′ and 3′ RACE products of

PhαCA1, PhαCA2, PhβCA1, PhβCA3, and PhγCA1, respectively; h
shows the head-to-toe PCR products of PhβCA2. The arrows indicate
the target fragments
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signal peptide in this sequence was between amino acids 28
and 29; residues 16–33 were predicted to be a transmembrane
helix (Fig. 2).

PhβCA1

On the basis of the sequence of Unigene10445, two gene-
specific primers (RβCA1-5′ and RβCA1-3′) were designed
to clone the partial cDNA of PhβCA1. Using SMART
RACE technology, a fragment comprising 331 bp at the 5′
end (Fig. 1e) and a fragment comprising 837 bp at the 3′ end
(Fig. 1f) of the PhβCA1 cDNAwere obtained. The two frag-
ments were then assembled into the full-length cDNA of
PhβCA1, which comprised 1146 bp. The full-length sequence
was submitted to GenBank under the accession number
KC895403. ORF finder analysis showed that the PhβCA1
cDNA comprised a 5′ UTR of 364 bp, a 3′ UTR of 161 bp,
and an ORF of 621 bp. The ORF encoded a polypeptide of
206 amino acids with a predicted MM of 22.7 kDa and a
theoretical pI of 6.03 (Table 2). Domain searching showed
that amino acids 20–172 comprise the CA (score=163.6);
the SignalP software revealed that there is no signal peptide
in this sequence (Fig. 3).

PhβCA2

CL1023 included the full-length cDNA ofPhβCA2; therefore,
two head-to-toe primers (HβCA2F and HβCA2R) were used
to amplify the full-length cDNAs of PhβCA2. The nucleotide
sequence of PhβCA2was 847 bp (Fig. 1g), comprising a 738-
bp ORF encoding a protein of 245 amino acids with a

predicted MM of approximately 24.6 kDa and a pI of 6.42
(Table 2). The sequence also contained a 47-bp 5′ UTR and a
62-bp 3′ UTR. The full-length sequence was submitted to
GenBank under the accession number KJ778687. Domain
searching showed that amino acids 84–242 comprise the CA
(score=126.2); the SignalP software revealed that there is no
signal peptide in this sequence (Fig. 3).

PhβCA3

On the basis of the sequence of CL1023, two gene-specific
primers (RβCA3-5′ and RβCA3-3′) were designed to clone
the partial cDNA of PhβCA3. Using SMART RACE technol-
ogy, a fragment comprising 621 bp at the 5′ end (Fig. 1h) and a
fragment comprising 599 bp at the 3′ end (Fig. 1i) of the
PhβCA3 cDNAwere obtained. The two fragments were then
assembled into the full-length cDNA of PhβCA3, which com-
prised 1124 bp. The full-length sequence was submitted to
GenBank under the accession number KJ778688. ORF finder
analysis showed that the PhβCA3 cDNA comprised a 5′ UTR
of 25 bp, a 3′UTR of 175 bp, and anORF of 924 bp. The ORF
encoded a polypeptide of 307 amino acids with a predicted
MM of 32.0 kDa and a theoretical pI of 7.66 (Table 2).
Domain searching showed that amino acids 147–303 com-
prise the CA (score=115.0); the SignalP software revealed
that there is no signal peptide in this sequence (Fig. 3).

PhβCA1

On the basis of the sequence of Unigene235, two gene-
specific primers (RγCA1-5′ and RγCA1-3′) were designed

Fig. 2 Sequence alignment of the PhαCA proteins. Conserved residues
are indicatedwith asterisks and the similar residueswith colons. The three
histidine residues involved in zinc binding are indicated by a gray
background; residues that interact with the water molecule and help
charge the zinc with a hydroxyl ion are indicated by boxes; residues

that form the CO2 hydrophobic pocket are indicated by equal signs; the
sequences between the two vertical lines are the CA domains; downward
arrows are the cleavage sites of the signal peptide, and the transmembrane
helix is indicated by en dash
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to clone the partial cDNA of PhγCA1. Using SMART RACE
technology, a fragment comprising 484 bp at the 5′ end
(Fig. 1j) and a fragment comprising 622 bp at the 3′ end
(Fig. 1k) of the PhγCA1 cDNAwere obtained. The two frag-
ments were then assembled into the full-length cDNA of
PhγCA1, which comprised 1013 bp. The full-length sequence
was submitted to GenBank under the accession number
KJ778689. ORF finder analysis showed that the PhγCA1
cDNA comprised a 5′ UTR of 71 bp, a 3′ UTR of 69 bp,
and an ORF of 783 bp. The ORF encoded a polypeptide of
290 amino acids with a predicted MM of 28.9 kDa and a
theoretical pI of 4.75 (Table 2). Domain searching showed
that amino acids 194–227 form the left-handed parallel beta-
helix (LbH) structure in CA (score=22.2); the SignalP soft-
ware revealed that there is no signal peptide in this sequence.
In addition, residues 202–221 were predicted to be a trans-
membrane helix (Fig. 4).

Multiple sequence alignment and phylogenetic analysis
of PhCA genes

Pairwise sequence alignment of the deduced amino acid se-
quences of the PhαCA1 and PhαCA2 indicated that the se-
quence similarity of the two PhαCAs was only 49 % (Fig. 2);
however, the alignment revealed that the amino acid se-
quences of PhαCA1 (His-126, His-128, and His-145) and
PhαCA2 (His-132, His-134, and His-139) contain three histi-
dine residues that were predicted to be the ligands for the
active-site zinc. The alignment also showed that other amino

acid residues near the Zn active site were highly conserved:
Most of the residues were predicted to form the hydrogen
bond network to Zn-bound solvent molecules in α-CAs
(Fig. 2).

The multiple sequence alignment of the deduced amino
acid sequences of the PhβCA1, PhβCA2, and PhβCA3 indi-
cated that the sequence similarities (%) among the three
PhβCAs were 31, 25, and 67 %, respectively (Fig. 3). The
alignment also revealed that several sequence features present
in other β-CAs could be identified in the three sequences. The
active-site zinc of PhβCA1 and PhβCA2 was all coordinated
by a Cys-Asp-His-Cys tetrad, and the active-site zinc of
PhβCA3 was Cys-His-Cys (Fig. 3). These active sites are
strictly conserved among β-CAs and conform to the active
site in higher plant β-CAs, based on extended X-ray absorp-
tion fine structures.

Multiple sequence alignment of the deduced amino acid
sequence of PhγCA1 and other γ-CAs indicated that several
sequence features present in other γ-CAs could also be iden-
tified in the PhγCA1 sequence, such as amino acid residues
Arg-123 and Asp-125, which are strictly conserved in γ-CAs;
however, amino-acid residue Gln-139, which is also con-
served in other γ-CAs, was absent in PhγCA1 (Fig. 4).
Especially, the conserved Zn ligands His-144, His-177, and
His-182 present in γ-CAs were completely absent from the
PhγCA1, but these residues were also missing from the γ-CA
in Emiliania huxleyi, a single-celled planktonic alga (Fig. 4).

The phylogenetic tree of PhCAs (Fig. 5) can be divided
into three different clusters with the different CA classes (α-

Fig. 3 Multiple sequence
alignment of the PhβCA proteins.
The conserved residues are
indicated with asterisks and
similar residues with colons. Zinc
ligands are marked by en dash.
Thirteen residues are clustered on
the concave surface of the active-
site clefts and classified into two
groups: Group I residues,
indicated by boxes, are located
around Zn; group II residues,
marked with a gray background,
are oriented toward Zn. The
sequences between the two
vertical lines are the carbonic
anhydrase (CA) domains
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CAs, β-CAs, and γ-CAs). As expected, PhαCA1 and
PhαCA2 clustered together with other α-CAs, PhβCA1,
PhβCA2, and PhβCA3 were grouped with the β-CAs, and
PhγCA1 was grouped with the other γ-CAs. Thus, the phy-
logenetic tree and the analysis of conserved motifs in the
PhCAs indicated that PhαCA1 and PhαCA2 are α-CAs,
PhβCA1, PhβCA2, and PhβCA3 are β-CAs, and PhγCA1
is a γ-CA.

Expression of PhCAs in different life phases
and under different levels of stress

Information on the expression of the PhCAs would promote a
better understanding of their physiological functions.
Therefore, qPCRwas used to measure the relative expressions
of the six PhCAs in different life phases and under different
temperatures and levels of desiccation stress. In the qPCR,
NTC and NRC reactions consistently demonstrated a lack of
target contamination and negligible genomic DNA contami-
nation. The amplification specificity for each PhCA and the
UBC gene was determined by analyzing the dissociation
curves of the PCR products. There was only one peak in the

dissociation curve for the PhCAs and UBC gene (data not
shown).

First, we tested if changes in environmental CO2 concen-
tration could alter PhCA gene expression. After bubbling with
filter-sterilized 10,000 ppm CO2 for 15 min, the pH of culture
medium decreased from 8.24 to 6.53; the pH remained at a
constant 6.53 as the CO2 bubbled continuously. The relative
expressions of each PhCA gene in the thallus of P. haitanensis
at different time points were measured. The dynamic changes
of expression levels of PhαCA1, PhαCA2, and PhβCA1 were
similar: Their expression levels decreased significantly after
bubbling with filter-sterilized 10,000 ppm CO2 for 30 min or
1 h (P<0.05); thereafter, their expression levels did not change
significantly (P>0.05) (Fig. 6a, b, c). During the whole bub-
bling with filter-sterilized 10,000 ppm CO2 process, the ex-
pression levels of PhβCA2, PhβCA3, and PhγCA1 showed no
significant changes (P>0.05) (Fig. 6d, e, f).

Second, the relative expressions of each PhCA gene in the
sporophytes and gametophytes of P. haitanensis were mea-
sured. The results showed that the expression level of each
PhβCA gene was significantly higher in the sporophytes than
in the gametophytes (P<0.01): The expression levels of

Fig. 4 Multiple sequence
alignment of γ-CA proteins. The
conserved residues are indicated
with asterisks and similar residues
with colons. The left-handed
parallel beta-helix structures are
indicated by a gray background,
residues that are strictly
conserved in γ-CAs are marked
with boxes, and conserved Zn
ligands are marked by equal
signs. The transmembrane helix is
indicated by en dash. AtγCA γ-
CA of Arabidopsis thaliana,
CrγCA γ-CA ofChlamydomonas
reinhardtii, EhγCA γ-CA of
Emiliania huxleyi

1410 J Appl Phycol (2016) 28:1403–1417



PhβCA1, PhβCA2, and PhβCA3 were 20-fold, 110-fold, and
7-fold higher, respectively, in the sporophytes than in the ga-
metophytes (Fig. 7). However, the expression levels of the
PhαCAs and PhγCA in the sporophytes were significantly
lower than those in the gametophytes (P<0.01): the expres-
sion levels of PhαCA1, PhαCA2, and PhγCA1 were 12-fold,
230-fold, and 5-fold lower, respectively, in the sporophytes
than in the gametophytes (Fig. 7). These results indicated that
the CA genes were expressed differently in the different
phases of the P. haitanensis life cycle.

Third, the relative expressions levels of each PhCA gene in
gametophytes of P. haitanensis under different levels of des-
iccation and in rehydration for 30 min were also measured.
The expression level changes of the six PhCA genes were
different. During desiccation, the expression level of
PhαCA1 was not significantly different from the normal level
when the water loss was 10 % (P>0.05); however, when the
water loss was 40–90 %, the expression level increased

significantly (P<0.05), reaching its maximum level when
the water loss was 90 %. In addition, the expression level
decreased significantly, but did not return to the normal level,
after rehydration in culture medium for 30 min (Fig. 8a)
(P<0.05). For PhαCA2, the expression level was not signifi-
cantly different from the normal level when the water loss was
≤40 % (P>0.05); however, when the water loss was 60 %, the
expression level increased significantly (P<0.05), but the ex-
pression level returned to the normal level when the water loss
was 90 % and after rehydration in culture medium for 30 min
(Fig. 8b). For PhβCA1, the expression level was significantly
decreased after 10 % water loss (P<0.05). However, during
subsequent desiccation and rehydration, the expression level
did not change significantly (P>0.05) (Fig. 8c). For PhβCA2
and PhβCA3, when the water loss was 10 and 40 %, respec-
tively, their expression levels increased significantly (P<0.05)
and reached the maximum levels (P<0.05). However, during
subsequent desiccation and rehydration, the expression levels

Fig. 5 Phylogenetic tree
constructed using CA amino acid
sequences. The accession
numbers were as follows:
Arabidopsis thaliana (NP_
193831), Chlamydomonas
reinhardtii (AAC49983),
Dunaliella salina (1Y7W),
Nostoc sp. PCC 7120
(BAB74628), Saccharomyces
cerevisiae (CAA95901),
Coccomyxa sp. PA (AAC33484),
Phaeodactylum tricornutum
(AAL07493), Nostoc sp. PCC
7120(NP_486950), Synechocystis
sp. PCC 6803 (NP_442201),
Acinetobacter sp. ADP1
(CAG67944), C. reinhardtii
(AAC49888), Heterocapsa
triquetra chl (AAW79300),
Porphyridium purpureum
(BAA12981), Pyropia yezoensis
(ACI01451), Oryza sativa
(AAA86943), A. thaliana (NP_
974782), Zea mays (AAA86945),
C. reinhardtii (EDO97352),
A. thaliana (AAK28403),
Thermoplasma acidophilum
DSM 1728 (NP_394340),
Pyrococcus horikoshii Ot3
(1V67), Selaginella
moellendorffii (XP_002960200),
Methanosarcina (1827571),
C. reinhardtii (AAS48197),
Candidatus koribacter versatilis
Ellin345 (YP_590283), and
Emiliania huxleyi (DQ644551)
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did not change significantly (P>0.05) (Fig. 8d, e). For
PhγCA1, its expression level was not significantly different

from the normal level when the water loss was ≤60 %
(P>0.05); however, when the water loss was 90 %, the

Fig. 6 The relative expression levels of each PhCA gene in P. haitanensis thallus at different time points under a high CO2 concentration. Bars of each
column with different small letters indicate significant differences (P<0.05)

Fig. 7 The relative expression
levels of each PhCA gene in
different phases of the life cycle of
P. haitanensis. **Indicates a
significant difference (P<0.01)
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expression level increased significantly (P<0.05). In addition,
the expression level did not return to the normal level after
rehydration in culture medium for 30 min (Fig. 8f).

Fourth, the relative expressions of each PhCA gene in the
gametophytes of P. haitanensis were measured at different
time points of high-temperature stress (29 °C). During high-
temperature stress, the dynamic changes in the expression
level of PhαCA1 and PhγCA1 were similar: Their expression
levels increased significantly after 3 h of stress, reaching their
maximum levels (P<0.05), and then decreased to the normal
level as the high-temperature stress continued (P>0.05)
(Fig. 9a, f). However, the dynamic changes in expression
levels of other PhCA genes were different. The expression

level of PhαCA2 decreased significantly and steadily under
prolonged high-temperature stress (P<0.05) and reached its
minimum level after 24 h of high-temperature stress (Fig. 9b).
By contrast, the expression level of PhβCA1 did not change
significantly during the whole high-temperature stress pro-
cess. The expression level of PhβCA2 increased significantly
after 3 h of stress and reached its maximum level at 6 h
(P<0.05) and then significantly decreased; however, its ex-
pression level was still significantly higher than the normal
level after 12 and 24 h of high-temperature stress (P<0.05),
but as the high-temperature stress continued to 48 h, its ex-
pression level decreased to the normal level (P>0.05)
(Fig. 9d). The expression level of PhβCA3 increased

Fig. 8 Relative expression levels of each PhCA gene in P. haitanensis thallus under different levels of desiccation stress and in rehydration for 30 min.
Bars of each column with different small letters indicate significant differences (P<0.05)
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significantly after 3 h of stress and reached its maximum level
at 6 h (P<0.05); its expression level did not change signifi-
cantly under further high-temperature stress (P>0.05)
(Fig. 9e).

Discussion

A number of studies have shown that CA or CA-like activity
plays an important role in photosynthesis and in the operation
of the CCM in algae (Moroney et al. 2001; Badger 2003). In
this study, based on the unigene sequences of P. haitanensis,
six full-length PhCA genes, which could be divided into three

CA classes, were cloned. The results of expression analysis
suggested that PhCAs play important roles in the utilization of
inorganic carbon of P. haitanensis and their expressions were
significantly affected by environmental stresses.

Over the last decade, data provided by various genome or
transcriptome sequencing projects have revealed the multi-
plicity of CA isoforms in plants and algae; for example,
C. reinhardtii has at least 12 CA genes (Moroney et al.
2011) and Arabidopsis has 19 CA genes (Fabre et al. 2007).
To understand the function of each CA, obtaining the full-
length sequence of each gene or cDNA is the first step.
Thus, in the present study, based on the sequencing of the
whole transcriptome of P. haitanensis, five CA unigenes were

Fig. 9 Relative expression levels of each PhCA gene in P. haitanensis thallus under different periods of high-temperature stress (29 °C). Bars of each
column with different small letters indicate significant differences (P<0.05)
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identified (Xie et al. 2013). Using RACE or direct PCR with
PhCA unigene-based primer sequences, six full-length genes
were cloned. The six PhCA genes share little primary se-
quence similarity and appear to have evolved independently;
however, the essential residues appear well conserved (Figs. 2,
3, and 4). To the best of our knowledge, this is the first report
of CA genes in P. haitanensis.

Based on the amino acid sequences and differences of the
active site, the known CAs in eukaryotes can generally be
divided into six classes, of which α-, β-, and γ-CAs are dis-
tributed widely in algae and higher plants (Moroney et al.
2011). Most α-CAs are active as monomers of about 30 kDa
with three histidines coordinating the zinc atom (Moroney
et al. 2001). However, for β-CAs, the deduced molecular
mass of a single polypeptide is 24–30 kDa, and Zn2+ is coor-
dinated by two cysteine and one histidine residues (Moroney
et al. 2001). By contrast, the amino acid sequence and active
site of γ-CAs are strikingly different from either the α-CAs or
β-CAs; they function as a trimer of identical subunits, and the
structure of each monomer is dominated by a left-handed β-
helix (Kisker et al. 1996; Ferry 2010). In this study, the puta-
tive molecular masses of the six PhCAs were 29.4, 29.7, 22.7,
24.6, 32.0, and 28.9 kDa, respectively; the deduced protein
sequences of PhαCA1and PhαCA2 all contain three con-
served histidine residues, one signal peptide cleavage site
and a transmembrane helix (Fig. 2). The deduced protein se-
quences of PhβCA1, PhβCA2, and PhβCA3 all contain one
zinc active site of Cys-His-Cys (Fig. 3); however, the se-
quence of PhγCA1 contains one left-handed β-helix domain
(Fig. 4). These characteristics and the phylogenetic tree of the
CAs (Fig. 5) indicated that the six PhCAs could be divided
into three classes: PhαCA1 and PhαCA2 are α-CAs,
PhβCA1, PhβCA2, and PhβCA3 are β-CAs, and PhγCA1
is a γ-CA.

Generally, CAs all contain one Zn per enzyme unit and
likely have a common Zn-hydroxide mechanism for catalysis
(Moroney et al. 2001); however, the conserved amino acid
residues of Zn2+ ligand in PhγCA1 are absent (Fig. 5), which
is similar to the γ-CA in E. huxleyi (Fig. 4). This suggests that
alternative residues may coordinate the Zn2+ or that another
metal cofactor may be employed in the P. haitanensis enzyme
(e.g., Co or Cd), requiring a different ligand coordination mo-
tif. It is important to note that there are relatively few reports of
γ-CAs in eukaryotes, and variations in the γ-family metal
ligand motif will arise as more of these enzymes are identified
and characterized in eukaryotes. For example, the His-122
residue component is also absent in the γ-CA of
C. reinhardtii but is present in the Arabidopsis sequence
(Fig. 4).

The presence of so many distinct CAs in P. haitanensis
underscores the importance of catalyzing the interconversion
of CO2 and HCO3

− in this organism and even suggests that
new functions for this enzyme may emerge from in-depth

investigations. In C. reinhardtii, CA biochemistry and func-
tion have been explored extensively, leading to a better under-
standing of the function of each CA gene: The physiological
functions of each CA correlate with its localization in the cell
(Moroney et al. 2011). Although the localization of the PhCAs
is unknown at this time, the genes are sufficiently different to
indicate that their protein products may be located in different
organelles or compartments within the P. haitanensis cell.
Perhaps, some of the genes are expressed only under certain
growth conditions or environmental stresses.

CA has been proven to fluctuate in activity in a number of
species with changes in environmental CO2 concentration; its
activity rapidly decreases on bubbling air from low CO2 to
high CO2 and vice versa (Tiwari et al. 2005). Therefore, we
examined the effect of exposure to a high CO2 concentration
on the expression of CA genes in P. haitanensis thallus. We
detected no change in the expression levels of PhβCA2,
PhβCA3, and PhγCA1; however, the expression levels of
PhαCA1, PhαCA2, and PhβCA1 significantly decreased un-
der high CO2 concentrations (Fig. 6), suggesting that the en-
zymes of PhαCA1, PhαCA2, and PhβCA1 are important for
the acclimation of P. haitanensis under low CO2 conditions.
This result was the same as that for CAs in C. reinhardtii,
where CAH1, CAH4, and CAH5 showed strong upregulation
under low CO2 growth conditions; however, the other CA
genes appear to be constitutively expressed and do not show
such a strong response to changes in the CO2 level (Moroney
et al. 2011). CAH1 has been proposed as a periplasmic α-CA
that can promote the equilibrium between CO2 and HCO3

−, so
that CO2 at the cell surface can diffuse across the plasma
membrane (Moroney et al. 1985; Van and Spalding 1999).
Therefore, CAH1 has been postulated to be part of the CCM
in C. reinhardtii (Moroney et al. 2001, 2011). However,
CAH4 and CAH5 are β-CAs (Eriksson et al. 1996, 1998),
and their proposed roles were in retaining CO2 for photosyn-
thesis by converting the CO2 generated by photorespiration to
HCO3

−, thus preventing the CO2 from leaking out of the cell,
which is important for algal CCM (Raven 2001; Moroney
et al. 2011). Based on these observations, we hypothesized
that PhαCA1, PhαCA2, and PhβCA1 must play important
roles in the CCM of P. haitanensis.

Pyropia has a unique heteromorphic digenetic life cycle,
with a macroscopic gametophyte phase and a microscopic
sporophyte phase (Sahoo et al. 2002). Several studies have
reported that the carbon-fixation mechanisms in Pyropia are
different between the sporophytes and gametophytes and that
a special C4-like carbon-fixation pathway might exist in the
sporophytes (Fan et al. 2007; Zhang et al. 2010; Xie et al.
2013). Given the important roles of CAs in carbon-fixation
pathways of plant photosynthesis, we investigated the expres-
sion level of each PhCA gene in the different life phases of
P. haitanensis. The results showed that the expression level of
each PhβCA gene was significantly higher in the sporophytes
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than in the gametophytes; however, the expression levels of
PhαCA and PhγCA in the sporophytes were significantly low-
er than in the gametophytes (Fig. 7). The difference of expres-
sion level of each PhCA gene in different life phases of
P. haitanensis may correlate with differences in physiology.
In C3 plants, CA is thought to maintain the supply of CO2 to
the enzyme Rubisco by speeding up the dehydration of
HCO3

−; however, in C4 plants, CA is thought to catalyze the
first critical step of C4 photosynthesis, the hydration of CO2 to
bicarbonate, which phosphoenolpyruvate carboxylase uses as
the substrate for carboxylation of phosphoenolpyruvate to ox-
aloacetate (Tiwari et al. 2005). Luo et al. (2002) and Zou and
Gao (2002a) reported that external CA dehydration of HCO3

−

to CO2 was the main pathway of inorganic carbon utilization
by the thallus of P. haitanensis, but the conchocelis of
P. haitanensismainly takes up HCO3

− directly; these manners
of inorganic carbon utilization correlate with the characteris-
tics of C3 and C4-like pathways, respectively. The expression
analysis of one β-CA (CA3) in Flaveria bidentis using an
antisense strategy showed that the CA3 activity is essential
to maximize C4 photosynthesis (Von Caemmerer et al.
2004). Another α-CA (CAH3) localized in the thylakoid lu-
men has been proposed to increase generation of CO2 from
bicarbonate and consequently increase CO2 availability at the
catalytic site of Rubisco in the pyrenoid (Raven 2001).

Expression of CA may also be regulated by some environ-
mental factors, such as light, temperature, and salt content
(Moskvin et al. 2000; Karlsson et al. 1998; Yu et al. 2007).
For example, expression of a rice carbonic anhydrase
(OsCA1) gene and CA activity were upregulated by some
environmental stresses, such as salts (NaCl, NaHCO3, and
Na2CO3) and osmotic stress (10 %, w/v, PEG 6000) (Yu
et al. 2007). A transgenic Arabidopsis overexpressing
OsCA1 had a greater salt tolerance at the seedling stage than
wild-type plants (Yu et al. 2007).

Pyropia, a sessile organism that inhabits the intertidal zone,
an environment of rapidly changing physical conditions be-
cause of the turning tides, have high levels of tolerance to
various abiotic stressors, such as desiccation, osmotic shock,
temperature, and light (Blouin et al. 2011). In particular, under
desiccation stress, the gametophytes of Pyropia can lose about
95 % of their water at low tides (Liu 2009). In recent years,
high temperatures associated with global warming have mark-
edly affected the cultivation of P. haitanensis and reduced its
yield along the coasts of Fujian and Zhejiang Province of
China, which comprise one of the two primary cultivation
areas (Xu et al. 2014). Therefore, the relative expression levels
of each PhCA gene in the gametophytes of P. haitanensis
under different levels of desiccation and different times of
high-temperature stress were measured. During desiccation
stress, except for PhβCA1, which was significantly downreg-
ulated, the other five PhCA genes were significantly upregu-
lated, although the water loss points at which they were

upregulated were different (Fig. 8). During high-temperature
stress, the dynamic changes of the expression levels of the six
PhCA genes were different: PhαCA1, PhβCA2, and PhγCA1
were initially significantly upregulated and then significantly
downregulated; PhβCA1 was not significantly changed;
PhαCA1 was continuously and significantly downregulated,
but PhβCA2 was significantly upregulated (Fig. 9). These
results suggested that PhCA expression responds to environ-
mental stresses and is related to stress tolerance.

Among the metabolic processes of plants, photosynthetic
assimilation of CO2 is more sensitive to environmental stress
(Ashraf and Harris 2013), as it is in P. haitanensis. During
emersion at low tides, the enhanced desiccation results in de-
creased net photosynthesis, photosynthetic efficiency, appar-
ent carboxylating efficiency, and the light saturation point in
P. haitanensis (Zou and Gao 2002b). In addition, high-
temperature stress can inhibit the utilization of inorganic car-
bon by P. haitanensis, and the higher the temperature, the
lower the utilization (Wang et al. 2013). As the key enzyme
of inorganic carbon utilization, the activity of CA must be
upregulated or downregulated to maintain the equilibrium be-
tween CO2 and HCO3

− during stress. However, the role of
each PhCA during environmental stress is unclear at present
and should be further studied using transgenic technology or
an antisense strategy.
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