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Abstract
Main conclusion β-carbonic anhydrases, which function in regulating plant growth, C/N status, and stomata number, 
showed functional redundancy and divergence in Physcomitrella patens.

Abstract Carbonic anhydrases (CAs) catalyze the interconversion of  CO2 and  HCO3
−. Plants have three evolutionarily unre-

lated CA families: α-, β-, and γ-CAs. βCAs are abundant in plants and are involved in  CO2 assimilation, stress responses, and 
stomata formation. Recent studies of βCAs have mainly examined  C3 or  C4 plants, whereas their functions in non-vascular 
plants are mostly unknown. In this study, phylogenetic analysis revealed that the evolution of βCAs were conserved between 
subaerial green algae and bryophytes after terrestrialization event, and βCAs from some cyanobacteria might begin evolving 
for the adaptation of terrestrial environment/habitat. In addition, we investigated the physiological roles of βCAs in the basal 
land plant Physcomitrella patens. High PpβCA expression levels in different tissues suggest that PpβCAs play important roles 
in development in P. patens. Plants treated with 1–10 mM  NaHCO3 had higher fresh and dry weight, PpβCA expression, 
total CA activity, and photosynthetic yield (Fv/Fm) compared with water-treated plants. However, treatment with 10 mM 
 NaHCO3 influenced the C/N status. Further study of six Ppβca single-gene mutants revealed that PpβCAs have functional 
redundancy and divergence in regulating the C/N ratio of plants and stomatal formation. This study provides new insight 
into the physiological roles of βCAs in basal land plants.
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Sporophyte · Stomata

Abbreviations
CA  Carbonic anhydrase
Pp  Physcomitrella patens
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Introduction

Carbonic anhydrases (CAs) are a class of zinc metal-
loenzymes that play essential roles in the interconver-
sion of carbon dioxide  (CO2) and  HCO3

− ions, and the 
 CO2-concentrating mechanism in all photosynthetic organ-
isms (DiMario et al. 2017). Plant CAs are divided into three 
families according to their protein structure and sequence: 
α-type, β-type, and γ-type CAs (Hewett-Emmett and Tashian 
1996; Moroney et al. 2001). The αCA proteins are found 
in animals, bacteria, algae, and higher plants (Brinkman 
et al. 1932; Floryszak-Wieczorek and Arasimowicz-Jelonek 
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2017). Crystallographic studies revealed that the majority of 
αCAs are monomers or multimers, in which the zinc active 
site is mainly coordinated by three His residues and a cata-
lytic  H2O molecule (Mangani and Håkansson 1992; Hilvo 
et al. 2008). The βCA proteins are predominantly found in 
higher plants and algae but also occur in some invertebrates, 
bacteria, and fungi (Moroney et al. 2001; Joseph et al. 2010; 
Zolfaghari Emameh et al. 2016). In contrast to the active site 
of αCA proteins, the zinc ion of βCAs is primarily coordi-
nated by two Cys residues, one His, and one  H2O molecule. 
Most βCAs form tetramers, although some βCAs, e.g., the 
pea (Pisum sativum) chloroplast βCA, form octamers (Kim-
ber and Pai 2000). The γCA proteins are found in Archaea, 
photosynthetic bacteria, and plants (Price et al. 1993; Alber 
and Ferry 1994; Parisi et al. 2004). Similar to the αCAs, the 
active zinc ion of γCAs is coordinated by three His residues 
and one  H2O molecule; however, most γCAs form trimers 
(Kisker et al. 1996).

βCA proteins are abundant in plants and play impor-
tant functions in multiple physiological processes, e.g., 
 CO2 assimilation (Badger 2003; Zabaleta et al. 2012; Jiang 
et al. 2014), stress responses (Slaymaker et al. 2002; Jung 
et al. 2008; Collins et al. 2010), amino acid biosynthesis 
(DiMario et al. 2016), and stomatal development (Hu et al. 
2010). Arabidopsis thaliana βca1 mutants showed reduced 
 CO2 assimilation rates in cotyledons, resulting in compro-
mised seedling survival compared with wild-type (WT) 
plants (Ferreira et al. 2008). In maize (Zea mays) and rice 
(Oryza sativa), βCA expression levels were induced after 
salt treatment (Yu et al. 2007; Kravchik and Bernstein 2013). 
Furthermore, heterologous overexpression of rice OsCA1 
in Arabidopsis improved seedling salt tolerance compared 
with the WT controls (Yu et al. 2007). Arabidopsis βca2 
βca4 double knockout mutants showed decreased aspartate 
levels and increased glycine and serine levels (DiMario 
et al. 2016). The Arabidopsis βca1 βca4 double mutant had 
more stomata and impaired stomatal conductance, which 
influenced stomatal movement (Hu et al. 2010). AtβCAs are 
also involved in the uptake of carbonic ions and influence 
plant growth (Dąbrowska-Bronk et al. 2016). Insight into 
the physiological roles of βCAs has mainly emerged from 
studies on leaf mesophyll cells, guard cells, and roots in  C3 
or  C4 plants (DiMario et al. 2017). However, little is known 
about the mechanisms by which βCAs govern developmental 
and physiological processes in basal land plants.

The model moss Physcomitrella patens is considered 
a basal lineage of embryophytes (Rensing et al. 2008). P. 
patens has emerged as a model system with an efficient 
gene-targeting system to address interesting questions about 
plant evolution, e.g., the evolution of the haploid-to-diploid 
transition and stomatal development (Prigge and Bezanilla 
2010; Chater et al. 2016). Here, we characterized the expres-
sion patterns and potential roles of six βCA homologs in 

regulating plant growth and biomass accumulation in P. pat-
ens. Furthermore, analysis of single-gene knockout mutants 
revealed that PpβCAs might play functionally redundant 
roles in inorganic carbon uptake, C/N regulation, and sto-
mata formation. This study provided novel insight into the 
physiological and developmental functions of βCAs in basal 
land plants.

Materials and methods

Identification and collection of the βCA genes 
from the moss P. patens

The protein sequences of six Arabidopsis βCA genes were 
used to blast against the P. patens genome database in Phy-
tozome using the BLASTP (Goodstein et al. 2014). Hits with 
significant Expect (E) threshold (E ≤ 10−10) were obtained 
for further analysis. All the obtained protein sequences were 
confirmed by domain search using SMART (https ://smart 
.embl.de/). ExPASy Server was used for the computation 
of the theoretical pI (isoelectric point) and Mw (molecular 
weight) of these genes (Wilkins et al. 1999). The detailed 
information of these PpβCA and AtβCA genes was listed 
in Table 1.

Domain, motif, gene structure analysis, 
and subcellular localization of PpβCAs

The full-length protein sequences of the βCAs of P. patens 
and A. thaliana were used for domain and motif analysis by 
SMART and MEME-SUITE (https ://meme-suite .org/tools /
meme). The crystal structure of P17067 of Pisum sativum 
(PDB ID: 1EKJ) (Kimber and Pai 2000) was used as model 
for PpβCAs and AtβCAs secondary structure depiction by 
ESPript 3.0 tool (https ://espri pt.ibcp.fr/ESPri pt/cgi-bin/
ESPri pt.cgi). Active amino acid residues of PpβCA and 
AtβCA proteins were also predicted. The full-length coding 
sequence (CDS) and genomic sequence of different splice 
variants (SVs) of the PpβCAs and AtβCAs were used for 
gene structure analysis. All sequences of SVs were retrieved 
from Phytozome database. The information on exon and 
intron structures of PpβCAs and AtβCAs were illustrated 
using GSDS (https ://gsds.cbi.pku.edu.cn/) (Hu et al. 2014). 
The subcellular localization of PpβCA proteins were pre-
dicted using WoLF PSORT (https ://wolfp sort.hgc.jp/) (Hor-
ton et al. 2007).

Multiple sequence alignments and phylogenetic 
analysis

The protein sequences of the βCAs of P. patens, A. thali-
ana, C. reinhardtii, V. carteri and other land plants were 

https://smart.embl.de/
https://smart.embl.de/
https://meme-suite.org/tools/meme
https://meme-suite.org/tools/meme
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://gsds.cbi.pku.edu.cn/
https://wolfpsort.hgc.jp/
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obtained from Phytozome, and protein sequences of the 
βCA homologs in other species including subaerial green 
algae, sea green algae and cyanobacteria were obtained from 
NCBI. These sequences were used for multiple alignments 
by ClustalX2.0 (Larkin et al. 2007). The phylogenetic tree 
was conducted by MEGA 6 (Tamura et al. 2013) using a 
maximum-likelihood (ML) method.

Microarray expression analysis of PpβCAs 
in different tissues of P. patens

Microarray expression values of PpβCAs were analyzed 
basing on Ortiz-Ramírez et al. (2016) microarray experi-
ments data of P. patens. The microarray samples were all 
obtained under normal conditions. All P. patens tissues used 
for analysis including chloronema, caulonema, gametophore, 
archegonia, sporophyte S1 (7 DAF [days after fertilization]), 
sporophyte S2 (15 DAF), sporophyte S3 (20 DAF), sporo-
phyte M (33 DAF), spores, and rhizoids.

Plasmid construction and PpβCAs gene disruption

Primers used for 5′ and 3′ flanking regions amplification 
of PpβCA genes were given in Supplementary Table S1. 
To delete PpβCAs in WT Physcomitrella patens, the 
homologous genomic fragments of each gene were cloned 
by sequential into the 5′ and 3′ region of nptII (neomy-
cin phosphotransferase II) expression cassette of vector 
pTN182. The resulting constructs were linearized with 
suitable restriction enzymes prior to transformation for 
gene targeting. The primers used for mutant genotyping 
were listed in Supplementary Table  S1. Polyethylene 
glycol (PEG)-mediated protoplasts transformation of P. 

patens and mutant genotyping analysis and confirmation 
were conducted according to Kamisugi et al. (2005) study.

Plant material and  NaHCO3 treatments

Physcomitrella patens Gransden ecotype was obtained 
from Prof. Mitsuyasu Hasebe, National Institute for Basic 
Biology, Okazaki, Japan. WT and mutant plants were 
grown at 25 °C in long photoperiod (16L/8D) with a low 
photon flux of 60–80 μmol m−2 s−1 for three weeks. Every 
day plants were treated with 1 ml of 1, 5 and 10 mM 
 NaHCO3 (pH = 7) lasting for one week. Control plants 
were treated with sterile water.

Sporophyte induction and microscopic analysis

Sporophyte was induced according to the protocol as 
described previously in NIBB (https ://moss.nibb.ac.jp/
proto col.html). For stomata number analysis, seven spo-
rangia of each mutant and WT, were cut from the apex 
of gametophores individually after sporophyte induction. 
Capsules were viewed and photomicrographs were taken 
with a Leica M165 FC stereomicroscope.

Dry (DW) and fresh weight (FW)

Plants were collected after 7-day treatments and fresh 
weight was determined (± 1 mg). Then the plants were 
dried 10 h at 100 °C in a drier and dry weight was deter-
mined (± 0.1 mg).

Table 1  Collection of βCA 
genes in P. patens and 
Arabidopsis

Primary transcript names from Phytozome database are listed
ORF open reading frame; MW molecular weight; pI isoelectric point; SVs splice variants

Gene Primary transcript name DNA length (bp) ORF (bp) No. of 
amino 
acids

Mw/kDa pI No. of SVs

PpβCA1 Pp3c2_15140V3.1 2280 762 253 28.04 8.16 5
PpβCA2 Pp3c1_19190V3.1 1914 756 251 27.61 6.11 7
PpβCA3 Pp3c24_9430V3.1 2850 945 314 34.46 7.16 2
PpβCA4 Pp3c20_18640V3.1 2767 1287 428 46.78 8.76 3
PpβCA5 Pp3c16_19250V3.1 3379 732 243 26.95 5.55 6
PpβCA6 Pp3c7_14450V3.1 3735 915 304 32.19 5.69 4
AtβCA1 AT3G01500.2 3296 1044 347 34.45 5.74 3
AtβCA2 AT5G14740.1 4644 996 331 36.61 7.06 5
AtβCA3 AT1G23730.1 2588 777 258 28.83 6.54 1
AtβCA4 AT1G70410.2 4408 843 280 30.84 6.66 3
AtβCA5 AT4G33580.2 3265 909 302 33.54 8.8 2
AtβCA6 AT1G58180.2 2063 873 290 33.07 8.98 4

https://moss.nibb.ac.jp/protocol.html
https://moss.nibb.ac.jp/protocol.html


 Planta          (2020) 252:20 

1 3

   20  Page 4 of 15

Carbonic anhydrase activity analyses

0.5 g treated plants were harvested and ground after liq-
uid nitrogen quick freezing and immediately transferred in 
1 ml of extraction buffer (0.02 M Tris–HCl buffer (pH = 8) 
containing 0.01% Triton X-100 and 0.3% protease inhibitor 
cocktail). Then, the supernatant was collected after centri-
fuging at 14,000 g (4 °C). Total CA activity analysis was 
determined as previously described (Dąbrowska-Bronk et al. 
2016; Hu et al. 2010). CA activity was defined as units per 
g fresh weight (gFW).

Chlorophyll fluorescence measurement

We determined the photosynthetic yield (Fv/Fm) of the 
plants after dark-adapted for 30 min by an IMAGING-PAM 
FluorImager. The Fv/Fm values were shown by Imaging 
Win software.

Carbon and nitrogen content measurement

Three-week-old wild type and mutant plants were used for 
 NaHCO3 treatments. The dry powder was collected of 7-day 
treated plants by drying and grounding. Then the samples 
were used to measure carbon and nitrogen content by an 
Elementar vario Micro cube. 10 mg dry powder of each sam-
ple was used for analysis.

Real‑Time quantitative PCR

Total mRNA from different treatments were extracted 
using RNAprep Pure Plant Kit (Tiangen, cat. no. DP441). 
First-strand cDNA was synthesized and genomic DNA was 
removed with PrimeScript™ RT reagent Kit (TaKaRa, cat. 
no. RR037A), and Real-Time quantitative PCR (RT-qPCR) 
amplification was then carried out with Tip Green qPCR 
SuperMix (Transgen, cat. no. AQ141) in Bio-Rad CFX 
Manager. The internal reference gene, PpAdePRT (Le et al. 
2013), was used for the expression level normalization of 
the PpβCA genes. The RT-qPCR primers used in this study 
were listed in Supplementary Table S1.

Results

Identification of the βCA genes in P. patens

The Arabidopsis thaliana genome encodes six βCAs 
(AtβCA1–AtβCA6) and we retrieved six P. patens βCA 
homologs of Arabidopsis βCA protein sequences (DiMario 
et al. 2016) from the Phytozome database using BLASTP. 
The identified sequences were considered as candidate 
P. patens βCA genes, and were named PpβCA1–PpβCA6 

according to their sequence similarity with AtβCA1, from 
high to low. Table 1 shows detailed information on the 
PpβCAs and their corresponding AtβCAs.

The genomic sequence lengths of PpβCAs varied from 
1914–3735 bp, and their open reading frames (ORFs) ranged 
from 732–1287 bp. PpβCA proteins were predicted to have 
243–428 amino acids, molecular weights of 26.95–46.78 
kD, and isoelectric points (pI) of 5.55–8.76. In addition, 
the PpβCA genes were predicted to have 2–7 splice variants 
(SVs). We found that PpβCA homologs possessed shorter 
genomic DNA sizes, a greater range of protein lengths, 
lower pIs, and more SVs compared with AtβCAs (Table 1).

Furthermore, sub-cellular distribution of PpβCA pro-
teins encoded by different SVs were predicted using WoLF 
PSORT (Supplementary Table S2). We found that all of 
PpβCAs, except PpβCA3, had distinct localizations within 
different SVs. However, different PpβCA proteins might 
locate to the same subcellular structure, such as cytoplasm 
or chloroplast.

Characterization of domains, motifs, and structures 
of PpβCAs

Our sequence alignment showed that eight of the ten active 
residues were identical among PpβCAs and AtβCAs, and 
βCAs from pea, including three amino acid residues involved 
in coordinating the zinc ion (Cys160, His220, and Cys223) 
(Fig. 1). However, two residues, Val184 and Tyr205, were 
changed to Ile and Phe, respectively, in some PpβCA and 
AtβCA proteins compared with pea βCA. The second-
ary structure of βCAs is composed of nine alpha helices 
(α1–α9) and five beta sheets (β1–β5), which are in the Pro_
CA domain, except for α1 and α2. MEME analysis showed 
that five motifs of PpβCAs and AtβCAs corresponded to the 
secondary structure and each contained 2–4 alpha helices or 
beta sheets.

Furthermore, the structures of PpβCA2 SVs showed a sig-
nificant variation in intron number and exon length (Supple-
mentary Fig. S1). PpβCA SVs contained 0–6 introns, while 
AtβCA SVs contained 6–9 introns.

Phylogenetic analysis of βCAs

To investigate the potential evolutionary relationships of 
βCAs in different species, including land plants, subae-
rial green algae, sea green algae and cyanobacteria, the 
protein sequences of these βCAs were aligned for phylo-
genetic tree construction. The βCAs clustered into two 
different clades: clade I composed of βCAs from land 
plants, subaerial green algae, and cyanobacteria, and 
clade II composed of βCAs from sea green algae and 
cyanobacteria (Fig. 2). In clade I, βCA members from 
land plants, clustered tightly together and separated with 
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Fig. 1  Multiple sequence alignment of βCAs from P. patens and 
Arabidopsis. The identical amino acids are marked with a red back-
ground. The similar amino acids are marked with blue boxes. The 
crystal structure model of βCA (P17067) from Pisum sativum (PDB 
ID: 1EKJ) was used for protein secondary structure prediction. Nine 

alpha helices and five beta sheets are shown at the top. The Pro_CA 
domain is shown in a black box, and active residues of βCA proteins 
are highlighted with a black triangle at the bottom. The five con-
served motifs in βCA proteins are labeled in different colors. The 
numbers and locations of amino acids are marked
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the corresponding βCAs from cyanobacteria. However, 
βCAs from bryophytes, monocots, and dicots individually 
clustered into two different branches. Moreover, βCAs of 

two branches from bryophytes and subaerial green algae 
were clustered at the base of the terrestrial group, sepa-
rate from the corresponding βCAs from monocots and 

Fig. 2  Unrooted phylogenetic tree of βCA proteins from land plants, 
subaerial green algae, sea green algae and cyanobacteria by MEGA 
6.06 with the ML method and a bootstrap of 1000 replicates. Mem-

bers in the same species are marked in the same color. The nodes are 
labeled with the accession codes of the protein sequences (available 
at Phytozome/NCBI)
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dicots with high bootstrap support. In clade II, βCAs from 
sea green algae and some cyanobacteria were clustered 
tightly together and could not be separated into different 
branches. Interestingly, βCAs from Nostoc, one cyano-
bacteria, were separated and clustered more nearly with 
the corresponding βCAs from land plants and sea green 
algae, respectively.

Expression of PpβCAs throughout the P. patens life 
cycle

Despite the differences in expression patterns, all tissues 
showed expression of all PpβCAs. To assess the expression 
values of PpβCAs in different tissues, we retrieved microar-
ray data for the P. patens transcriptome (Ortiz-Ramírez et al. 
2016). As shown in Fig. 3a–f, the expression of PpβCAs 
differed among the different growth stages. We found the 
maximal and minimal transcript abundance (reported as 

Fig. 3  PpβCAs expression in different tissues. The expression values of PpβCAs were retrieved from microarray data for the P. patens transcrip-
tome (Ortiz-Ramírez et al. 2016). Three replicates were used (n = 3) and the values represent mean value ± SD



 Planta          (2020) 252:20 

1 3

   20  Page 8 of 15

RMA [robust multi-array average] values), respectively, of 
the PpβCAs as follows: PpβCA1 in caulonema (13273.2) and 
archegonia (32.54), PpβCA2 in caulonema (12246.7) and 
sporophyte S2 (2464.56), PpβCA3 in spores (4417.87) and 
chloronema (681.91), PpβCA4 in sporophyte M (12,093.4) 
and sporophyte S1 (2577.85), PpβCA5 in sporophyte S3 
(14653.6) and spores (29.91), and PpβCA6 in gametophore 
(39117.19) and spores (72.59). The transcript levels of 
PpβCA2, PpβCA3, PpβCA4, and PpβCA6 displayed high 
abundance (more than 2000) in most of the ten tissues 
examined; however, the transcript levels of PpβCA1 and 
PpβCA5 only displayed high abundance in three and six tis-
sues, respectively. Notably, the transcripts of these PpβCAs 
displayed high overall abundance in the rooting structures 
of the moss gametophore (rhizoids).

PpβCAs regulate plant growth and biomass 
accumulation of P. patens

To investigate if PpβCAs regulate plant growth and biomass 
accumulation, P. patens WT plants (Gransden ecotype) were 
fertilized with 1, 5, and 10 mM  NaHCO3 (Fig. 4a–c). The 
treatments had a significant effect on plant growth, which 
was accompanied by an increment of fresh and dry weight. 
The increase in biomass corresponded with an increase in 
the total CA activity (Fig. 4d) and photosynthetic yield (Fv/
Fm) (Fig. 4e). To investigate the effect of  HCO3

− ions on 
macronutrient balance, the treated samples were used to 
measure carbon (C) and nitrogen (N) contents. As shown 
in Fig. 5a–c, the decreased C content and increased N con-
tent resulted in a significant decline of the C/N ratio in the 
plants treated with 10 mM  NaHCO3, while no significant 
difference was found in the plants treated with 1 mM and 
5 mM  NaHCO3.

Furthermore, RT-qPCR analysis of six PpβCAs revealed 
that increased CA activity after  HCO3

− ions treatment was 
accompanied by up-regulated expression of βCA genes 
(Fig. 5d–i). All of the PpβCAs, except PpβCA3, responded 
strongly to treatment with 5 and/or 10 mM  NaHCO3, with 
a significant increase in their relative transcript levels. An 
increase in the expression level of PpβCA2 and PpβCA5 was 
also observed after the 1 mM  NaHCO3 treatment.

Functional redundancy and divergence of PpβCAs 
in regulating the C/N ratio

To further investigate the roles of PpβCAs, we obtained 
three individual single-gene knockout lines for each βCA 
by disrupting exons through gene targeting. The mutations 
and disruption of gene expression were confirmed by PCR 
using genomic DNA and RNA, respectively. The detailed 
insertion positions and PCR results are shown in Supple-
mentary Fig. S2.

To explore whether PpβCAs affect the C/N ratio by mod-
ulating inorganic carbon uptake in P. patens, we analyzed 
the C and N content of WT and mutant plants after the 5 mM 
 NaHCO3 treatment. The decreased C content in the Ppβca1 
and Ppβca6 mutants did not significantly alter the C/N ratio 
compared with WT plants (Fig. 6a−c). However, increased 
N content in the Ppβca2 mutants resulted in a significant 
decline of the C/N ratio and decreased N content in the 
Ppβca3 mutants, which significantly increased the C/N ratio.

Although differences were found in several single-gene 
knockout mutants, most mutants displayed no significant 
changes of the C/N status after the 5 mM  NaHCO3 treat-
ment compared with WT plants. Therefore, we examined 
the expression levels of other βCA homologs in the single-
gene knockout plants. As shown in Fig. 6d–i, expectedly, 
there was a significant increase in the expression level of 
other βCA genes in the single-gene knockout plants after 
the 5 mM  NaHCO3 treatment. In the Ppβca1 and Ppβca2 
mutants, the expression levels of the other five PpβCAs were 
all up-regulated significantly. Similarly, in the other single-
gene βCA mutants, including Ppβca3, Ppβca4, Ppβca5, 
and Ppβca6, the expression of at least two βCA genes was 
induced greatly. Notably, the expression of PpβCA2 was 
induced significantly in the Ppβca1, 3, 4, 5, and 6 mutants.

Functional redundancy and divergence of PpβCAs 
in stomatal development

To investigate the potential role of PpβCA genes in stomata 
formation and development of P. patens, we induced sporo-
phytes in WT and mutant plants. As shown in Fig. 7a, dip-
loid sporophyte, sporangium, and stomata were all detected 
in the six single-gene mutants and exhibited no significant 
differences in size compared with those in WT plants. How-
ever, in two βca knockout mutants, the stomatal number per 
capsule was statistically different from that of WT plants 
(Fig. 7b). Ppβca4 mutants had fewer stomata, and Ppβca5 
mutants had more stomata compared with the WT.

Discussion

βCAs are ubiquitous in plants and play pivotal roles in 
photosynthesis,  CO2 assimilation, stomata movement and 
development, stress responses, and amino acid biosynthe-
sis and lipid biosynthesis (DiMario et al. 2017; Floryszak-
Wieczorek and Arasimowicz-Jelonek 2017). Although 
βCAs have been widely explored in certain plants (Kimber 
and Pai 2000; Yu et al. 2007; Ferreira et al. 2008; Studer 
et al. 2014), our understanding of the physiological roles 
of βCAs in plant growth and development is rudimentary. 
The roles of βCA gene have never been studied in bryo-
phytes, and our study provides insight into understanding 
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the evolutionary development of plant βCAs. Here, we 
identified and confirmed the domain, motifs, and struc-
tures of six putative PpβCAs from the basal land plant P. 
patens (Fig. 1; Table 1). PpβCAs possessed different gene 
and protein characterizations, such as shorter genomic 
DNA sizes, greater range of protein lengths, and more 
SVs compared with AtβCAs. These differences suggested 
that PpβCAs and AtβCAs might have undergone functional 
divergence.

βCAs contain a common domain termed the Pro_CA 
domain (Letunic and Bork 2018) and the Pro_CA domains 
all have more than 70% sequence similarity between 
PpβCAs and AtβCAs. A previous study of pea (Pisum sati-
vum) chloroplastic βCA revealed that βCAs contain ten con-
served active residues in the Pro_CA domain (Kimber and 
Pai 2000). We found that eight active residues were identical 
among PpβCAs and AtβCAs, including three amino acid 
residues, Cys160, His220, and Cys223, which were involved 

Fig. 4  HCO3
− ions and βCAs affect P. patens growth. P. patens 

Gransden wild-type plants were treated with sterile water or with 
1, 5, or 10 mM  NaHCO3. a Plants after treatment for 7 days. Scale 
bar = 20 mm. b Plant fresh weight after treatment for 7 days. c Plant 
dry weight after treatment for 7 days. d Total CA activity after treat-

ment for 7  days. e Photosynthetic yield (Fv/Fm) after treatment for 
0–7 days. Three replicates were used (n = 3) and the values represent 
mean value ± SD. Student’s t-test was used and asterisks indicate 
significant differences between the plants treated with  NaHCO3 and 
water. *P < 0.05; **P < 0.01; ***P < 0.001
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in coordinating the zinc ion. However, two residues, Val184 
and Tyr205, were changed to Ile and Phe, respectively, in 
some PpβCA and AtβCA proteins. These results showed that 
there is conservation among most active residues between 
PpβCAs and AtβCAs. However, the variation at active resi-
dues 184 and 205 may result in potential kinetic differences 
in these βCAs.

βCA genes, such as AtβCA4 (DiMario et al. 2016) and 
Neurachne munroi βCA2 (Clayton et al. 2017), produce mul-
tiple transcript isoforms with a distinct N-terminal region, 
which results in one gene coding for different proteins that 
could be targeted to different organelles. Therefore, we 

examined and compared the SVs of βCA genes in P. pat-
ens and Arabidopsis (Supplementary Fig. S1). For instance, 
PpβCA2 SV6 and PpβCA4 SV2 were predicted to encode 
two distinct transcript isoforms with different N-terminal 
regions, which suggested that the two proteins might have 
specific expression patterns or cell destinations compared 
with other SVs from the same gene. Indeed, subcellular 
localization prediction showed that the encoded proteins of 
PpβCA2 SV6 and PpβCA4 SV2 might have distinct distri-
butions compared with other proteins encoded by the same 
gene (Supplementary Table S2). This phenomenon was also 
found in AtβCA1 (SV1), AtβCA2 (SV2), and AtβCA6 (SV3). 

Fig. 5  Total C and N concentrations of plants (a–c) and RT-qPCR 
analysis of PpβCA expression (d–i) after  HCO3

− ions treatment for 
7  days. Three replicates were used (n = 3) and the values represent 
mean value ± SD. The expression level of control sample was nor-

malized to one and PpAdePRT (Le et al. 2013) was used as internal 
reference. Student’s t-test was used and asterisks indicate signifi-
cant differences between the plants treated with  NaHCO3 and water. 
*P < 0.05; **P < 0.01. Non-significant differences are denoted (ns)
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SVs with a distinct N-terminal region among these spe-
cies suggested that βCAs might play diverse roles through 
alternative splicing of a single gene, resulting in different 
proteins.

In this study, the βCA members from land plants, suba-
erial green algae, sea green algae and cyanobacteria were 
clustered into two clades (Fig. 2). The βCA members from 
P. patens were clustered together with those in all land plants 
within clade I, which indicated that the βCAs among land 
plants might be very conserved. In addition, multiple βCAs 
from bryophytes, monocots, and dicots were divided into 
different branches, which implied that βCAs might have 
undergone functional divergence during the evolution of 
land plants, including Physcomitrella patens. Interestingly, 
βCAs from bryophytes were all clustered tightly together 
with the corresponding βCAs from subaerial green algae, 
which have experienced terrestrialization event in the evo-
lution and share the same terrestrial habitat with the bryo-
phytes (Cheng et al. 2019), suggesting that the evolution of 

βCAs were conserved between subaerial green algae and 
bryophytes after terrestrialization event for subaerial/ter-
restrial habitat adaptation. However, βCA members from 
subaerial green algae were separated from the correspond-
ing βCA members from sea green algae, which implied that 
the evolution of βCAs might have diverged during terres-
trialization event of green algae. Some βCAs from Nostoc, 
one cyanobacteria, were clustered at the base of the clade I, 
which mainly composed of βCAs from subaerial green algae 
and land plants, indicating that βCAs from some cyanobac-
teria might begin evolving for the adaptation of terrestrial 
environment/habitat.

All six AtβCAs are expressed in the photosynthetic tissues 
(leaves) of Arabidopsis plants (Fabre et al. 2007; Wang et al. 
2014). In our study, PpβCA expression was detected in mul-
tiple tissues (Fig. 3) with an extensive range of expression 
patterns, implying functional divergence during evolution, 
which indicates that these genes might play important roles 
in these developmental structures, including the protonemal 

Fig. 6  Responses of Ppβca mutants to  HCO3
− fertilization. Total C 

and N concentrations (a–c) and expression of other PpβCAs (d–i) 
in single-gene knockout mutants after 5 mM  NaHCO3 treatment for 
7  days. Three replicates were used (n = 3) and the values represent 
mean value ± SD. The expression level of control sample was normal-

ized to one and PpAdePRT (Le et al. 2013) was used as internal refer-
ence. Student’s t-test was used and asterisks indicate significant dif-
ferences between the WT and knockout plants. *P < 0.05; **P < 0.01; 
***P < 0.001. Non-significant differences are denoted (ns)
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(chloronema and caulonema), gametophore, and sporophytic 
phases (S1–S3 and M). Interestingly, PpβCA1, PpβCA5, 
and PpβCA6 showed very low  expression in spores, while 
PpβCA2, PpβCA3, and PpβCA4 exhibited high expres-
sion levels in spores. This opposite expression pattern of 
PpβCAs in spores might be due to the same predicted sub-
cellular localization of different PpβCA proteins (Supple-
mentary Table S2). Furthermore, five PpβCAs were highly 
expressed in haploid tissues (chloronema, caulonema, game-
tophore, and rhizoids) except for PpβCA5, which was highly 
expressed in the diploid sporophyte (S1–S3 and M). PpβCAs 
displayed high overall abundance in the rooting structures 
of rhizoids, which implies that βCAs might influence inor-
ganic carbon pools and diffusion for various carbon-requir-
ing reactions in rooting structures of basal land plants. By 
contrast, strong expression of five PpβCAs, except PpβCA1, 
was detected in diploid sporophyte tissues and female organ 
archegonia. Taken together, the expression of the PpβCAs 
throughout the life cycle of P. patens indicated that PpβCAs 
might play important roles in tissue development of P. pat-
ens and show some functional redundancy.

βCAs may function in utilizing carbonic ions 
as a substrate for photosynthesis in Arabidopsis 

(Dąbrowska-Bronk et al. 2016). As described herein, plant 
growth and photosynthesis improved significantly in P. 
patens treated with 1–10 mM  NaHCO3 (Fig. 4). These 
treatments also induced increased of PpβCAs expres-
sion and CA activity (Figs. 4 and 5). In Arabidopsis, the 
effects of 5 mM  NaHCO3 on biomass accumulation and 
total CA activity were lower than those detected with 1.5 
and 3 mM  NaHCO3 (Dąbrowska-Bronk et al. 2016). How-
ever, in our study, the effects of increased concentrations 
of  HCO3

− ions (1–10 mM  NaHCO3) on plant growth and 
CA activity gradually increased (Fig. 4), suggesting that 
P. patens could respond to a broader range of concentra-
tions of  HCO3

− ions for plant biomass accumulation. We 
found that high concentrations of  HCO3

− ions (10 mM 
 NaHCO3) changed the C/N ratio in the plants (Fig. 5a–c) 
but the exact mechanism requires further study. However, 
the similar expression patterns of PpβCAs between the 
5 and 10 mM  NaHCO3 treatments might not be the root 
cause of the difference in the C/N status. Taken together, 
these results showed that PpβCA genes respond to 
 HCO3

− fertilization, possibly to manage inorganic carbon 
pools within P. patens. Based on the C and N contents in 
the treated plants, we found that 5 mM  NaHCO3 might be 

Fig. 7  Functional redundancy 
of PpβCAs for diploid sporo-
phyte development and stomata 
formation. a Sporophyte (top 
panel), sporangium (middle 
panel), and stomata (bottom 
panel, brown pores) of each 
single-gene mutant versus WT 
plants. Scale bars, 6 mm (top 
and middle panels); 1 mm 
(bottom panel). b Number of 
stomata formed per capsule of 
each single-gene mutant versus 
WT plants. Seven capsules 
were used (n = 7) and the values 
represent mean value ± SD. 
Student’s t-test was used and 
asterisks indicate significant 
differences between the WT and 
knockout plants. **P < 0.01; 
***P < 0.001. Non-significant 
differences are denoted (ns)
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most suitable for improving P. patens growth and inor-
ganic carbon uptake and diffusion compared with the other 
tested concentrations.

Plant growth and biomass accumulation are based on the 
assimilation of C and N, which are required for the pro-
duction of organic compounds such as sugars and amino 
acids (Foyer et al. 2018). To further explore the roles of 
PpβCAs in regulating the utilization of  HCO3

− for C assimi-
lation, we analyzed the C and N contents of the WT and six 
single-gene knockout mutant plants after fertilization with 
5 mM  NaHCO3 (Fig. 6a–c). We found that the C contents 
were significantly lower in the Ppβca1 and Ppβca6 mutants 
(compared with WT) but this did not affect the C/N ratio, 
while N contents were significantly changed in the Ppβca2 
and Ppβca3 mutants, resulting in considerable differences in 
the C/N ratio. However,  HCO3

− ions treatment had opposite 
effects on C/N status in the Ppβca2 and Ppβca3 mutants; the 
C/N ratios were lower and higher in the Ppβca2 and Ppβca3 
mutants, respectively, compared with the WT. Nevertheless, 
there was no significant effect on the C/N status in most 
mutants after 5 mM  NaHCO3 fertilization (Fig. 6a–c). We 
hypothesized that functional redundancy of PpβCAs might 
explain this phenomenon, which might be due to the same 
subcellular localization of different PpβCA proteins (Sup-
plementary Table S2) and up-regulated expression of other 
PpβCA genes in these single-gene mutants (Fig. 6d–i). The 
high expression of other βCA homologs could not rescue 
the imbalance of the C/N ratio in the Ppβca2 and Ppβca3 
mutants and the exact mechanism requires further study. 
However, the expression of PpβCA4 was inhibited in the 
Ppβca5 mutant after treatment, indicating that the up-regula-
tion of other PpβCA genes might be sufficient for mutants to 
manage inorganic carbon pools and regulate their C/N status. 
The expression of PpβCA2 was induced significantly in all 
other five Ppβca mutants, indicating that PpβCA2 might play 
a pivotal role in managing inorganic carbon pools for main-
taining the C/N balance, which might be partially explained 
by the multiple SV forms and subcellular distributions of 
PpβCA2 protein (Supplementary Table S2). These different 
effects of  HCO3

− fertilization on the C/N status in distinct 
PpβCAs single-gene knockout mutants might result from 
functional divergence and redundancy of PpβCAs.

Studies of Arabidopsis βca1 βca4 double mutants 
have revealed that βCAs play important roles in stomatal 
development and formation (Hu et al. 2010; Engineer et al. 
2014; Wang et al. 2016). To examine this in P. patens, we 
induced the diploid sporophyte, the only moss stage that 
develops stomata (Chater et al. 2016). We detected high 
expression levels of PpβCAs in multiple sporophyte tissues 
(S1–S3 and M) (Fig. 3), which suggested that PpβCAs 
might play roles in sporophyte traits. However, disrup-
tion of any individual PpβCA had no obvious effect on the 
size of the diploid sporophyte, sporangium, and stomata 

(Fig. 7a). However, the stomata numbers of Ppβca4 and 
Ppβca5 mutants were significantly different from those in 
WT plants (Fig. 7b). The effects on stomata numbers in 
the Ppβca4 and Ppβca5 mutants were opposite, with the 
Ppβca5 mutant having more stomata than the WT, similar 
to the Arabidopsis βca1 βca4 double mutant (Hu et al. 
2010; Engineer et al. 2014). In the Ppβca2 and Ppβca3 
mutants, no significant effects on stomata numbers were 
observed, but these mutants had an altered C/N ratio, sug-
gesting that PpβCAs might function in different physio-
logical processes. These results suggested that functional 
redundancy and divergence of PpβCAs might affect sto-
mata development in the basal land plant P. patens.

Taken together, our results demonstrated that βCAs 
have functionally redundant and divergent roles in regu-
lating the C/N status and stomata formation in the basal 
land plant P. patens. However, elucidating the exact physi-
ological roles and regulatory mechanisms of βCAs in those 
processes will require further investigation.

Accession numbers

Sequence data for genes discussed in this study can 
be found in Phytozome database under the following 
accession numbers: PpβCA1 (Pp3c2_15140), PpβCA2 
(Pp3c1_19190), PpβCA3 (Pp3c24_9430), PpβCA4 
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(Pp3c7_14450).
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