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Carbonic anhydrases (CAs) are ubiquitous enzymes that catalyze reversibly both the hydration and dehydration reactions of CO2 and HCO3-, respectively. Higher plants contain many different isoforms of CAs that can be classified into α-, β- and γ-type subfamilies. β-type CAs play a key role in the CO2-concentrating mechanism, thereby contributing to efficient photosynthesis in the C4 plants in addition to many other biochemical reactions in plant metabolism. Here, we characterized at the molecular, cellular and biochemical levels two β-type CAs in Bienertia sinuspersici, a plant that operates a C4 carbon concentrating mechanism within individual cells without the Kranz anatomy. These two β-type CAs (BsCAβs), named BsCAβ1 and BsCAβ2, in Bienertia were strongly induced along with maturation of leaves. Both BsCAβ1 and BsCAβ2 existed as a dimeric form in vivo but showed differential localization. BsCAβ2 was localized exclusively to the plasma membrane in Bienertia and when expressed heterologously in the C3 Arabidopsis. In contrast, BsCAβ1 largely localized to the cytosol together with a portion to the plasma membrane (PM) in both plants. BsCAβ2 had two cysteine residues at the N-terminal region for palmitoylation and their substitution with serine residues led to a change in the localization from the plasma membrane (PM) to the cytosol. Thus, we propose that BsCAβ2 localizes to the PM using a lipid moiety added posttranslationally plays a role in conversion of cytosolic CO2 into HCO3- as part of the CO2-concentrating mechanism, thereby contributing to the single-cell C4 photosynthesis in Bienertia.
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Introduction

Photosynthetic organisms fix CO2 from the atmosphere into glucose in the chloroplast, to use as an energy source and the starting material for production of various cellular compounds. Therefore, the efficiency of CO2 capturing is closely related to the photosynthetic efficiency, and the yield of plants (Kant et al., 2012). Most plants including major crops such as rice and wheat belong to the C3 photosynthetic type, named after the primary fixation product namely 3-phophoglycerate (a three carbon containing organic acid) (Häusler et al., 2002). In the C3 plants, atmospheric CO2 enters through the stomates and diffuses directly into chloroplasts where it is fixed into sugars (Rawsthorne, 1992; Medrano et al., 2002; Pego et al., 2000). Thus, the CO2 level within mesophyll cells in the leaf tissue where photosynthesis takes place is critical for efficient photosynthesis. Certain plants have developed a CO2-concentrating mechanism (CCM) to increase cellular CO2 levels (Furbank, 2017; Leegood, 2002). In this process, CO2 is first converted to HCO3- by carbonic anhydrases in the mesophyll cells. Subsequently, HCO3- is conjugated to phosphoenolpyruvate (PEP) resulting in the production of C4 acids by PEP carboxylase (PEPC). Hence, this type of photosynthesis is termed the C4 photosynthesis. The C4 compounds produced in mesophyll cells diffuse into the neighboring bundle-sheath cells where CO2 is released again and is ultimately fixed into sugars by Rubisco and the enzymes of the reductive pentose-phosphate cycle. Through this mechanism, the C4 plants can enhance the photosynthetic efficiency by increasing CO2 levels at the Rubisco complex. In the CCM of the C4 plants, PEPC utilizes HCO3- rather than CO2 to produce C4 acids. Thus, one of the most critical steps is the rapid conversion of CO2 from atmosphere to HCO3- by CAs (Hatch and Burnell, 1990), emphasizing their crucial role for the CCM in the C4 plants.

Plant CAs are classified based on structural differences into three subfamilies; αCAs, βCAs and γCAs (Moroney et al., 2001; Hewett-Emmett and Tashian, 1996). In addition, recently two new families, named δ and ζCAs, were found that are largely present in algae (McGinn and Morel, 2008; Park et al., 2007). Plants have a large number of genes encoding CAs (DiMario et al., 2017). They are expressed in various tissues and show different subcellular localization such as chloroplasts, mitochondria and cytosol depending on their physiological roles (DiMario et al., 2017). The C3 plants have major CA activity in mesophyll cell chloroplasts (Gutierrez et al., 1974). In contrast, βCAs are largely responsible for HCO3- production in the cytosol of mesophyll cells in the C4 plants. A spatial separation of the sites of HCO3- production and CO2 consumption is required for high photosynthetic efficiency. Typically this is achieved by separation of HCO3- production within the mesophyll cells and separation of the final CO2 fixation reactions within the bundle sheaths cells of the C4 plants (Leegood, 2002).

Interestingly, several plant species were identified that carry out the C4 photosynthesis within individual photosynthetic cells and therefore without the need for separating primary and final carbon fixation reactions between two different cell types. The best studied example is Bienertia sinuspersici (Voznesenskaya et al., 2001, 2002) which operates a CCM within individual photosynthetic cells by using two dimorphic chloroplasts that are intracellularly partitioned into two different compartments (Edwards et al., 2004; Akhani et al., 2005). Chlorenchyma cells have a large central compartment that is packed with central chloroplasts and mitochondria and a peripheral compartment that contains peripheral chloroplasts (Akhani et al., 2005; Voznesenskaya et al., 2002). Each compartment is interconnected by cytoplasmic channels (Lara et al., 2008). Biochemical and physiological analysis indicates that the two cellular compartments in Bienertia basically mimic the function of mesophyll and bundle sheath cells of traditional Kranz type C4 species (Offermann et al., 2011).

In this study, we focused on CAs as an approach to get insight into the single cell C4 system in Bienertia. We provide evidence that two isoforms of β-type CAs, BsCAβ1 and BsCAβ2, show gradual increases in the expression along with the maturation of leaf cells, and localize differentially to the cytosol and plasma membrane, respectively, as dimers. Moreover, posttranslational modification of BsCAβ2 by palmitoylation is necessary for the plasma membrane localization.





Materials and methods




Plant materials and growth conditions

Bienertia (Bienertia sinuspersici) plants were propagated by vegetative cutting asexually (Lung et al., 2011) and grown in an artificial growth chamber under a 16 h/8 h light/dark cycle at 25°C to 30°C. Approximately 2 weeks later, rooted plants were transferred to pots containing soil in the greenhouse. Plants were watered with 30 mM NaCl and nutritional supplement (BIO-NEX). Three month-old plants were used for experiments.

Arabidopsis (Arabidopsis thaliana, Col-0) plants were grown on B5 agar plates (3.16 g/L Gamborg B5 medium, 2% w/v sucrose, 2 mM MES (pH 5.7), 0.85% Agar) in an artificial growth chamber under a 16 h/8 h light/dark cycle at 20°C to 22°C. Leaves from 14 day-old plants were used for protoplast isolation.





RNA sequencing

Total RNA was extracted from leaf tissue using an RNeasy mini prep kit (Qiagen, Hilden, Germany) and treated with DNase I (Qiagen) to remove residual DNA. Subsequently, cDNA libraries were prepared with a TruSeq stranded-mRNA Prep Kit (Illumina, CA, USA) as follows: mRNA molecules were purified from the total RNA using polyT beads and fragmented to an average length of 200−300 bp by Mg2+ catalyzed hydrolysis. Single-stranded cDNAs were generated from the mRNA fragments via random hexamer priming. Then double-stranded cDNA was prepared with second strand synthesis. The cDNA libraries were PCR-amplified after end-repair process, size selection (> 100 bp), A-tailing, and adapter ligation. Sequencing was progressed by the Illumina HiSeq 2500 machine (Illumina) according to the manufacturer’s protocols. Low quality reads were filtered at Q30 score, and the remaining reads (89%) were mapped by the Trinity method of De novo transcriptome assembly (Grabherr et al., 2011). Putative CA sequences of Bienertia are searched using BLASTX (Altschul et al., 1990), and insignificant matches are excluded (> 10-10 E-value, < 80% query coverage).





Phylogenetic analysis

To confirm α and β type CAs, we compared them to paralogs of representative plants of monocot (Oryza sativa subsp. japonica and Zea mays) and dicot (Arabidopsis thaliana, Spinacia oleracea, and Nicotiana tabacum). Multiple sequences of CAs were aligned by MUSCLE with default parameter (Edgar, 2004), and the neighbor-joining (NJ) trees of both CAs were constructed with Mega X software using 1000 bootstrap replications, Poisson correction model, and pairwise deletion (Supplementary Figure S1; Zuckerkandl and Pauling, 1965; Kumar et al., 2018).





Plasmid construction

BsCAβ1 and BsCAβ2 cDNAs were isolated by polymerase chain reaction (PCR) from cDNA library prepared from total RNA of Bienertia leaves using gene-specific primers that were designed based on the sequence information obtained from RNA seq (Supplementary Table S1). To generate the BsCAβ2[C13,14S] mutant construct, cysteine residues in position 13 and 14 were substituted to serines by PCR-based site-directed mutagenesis using specific primers (Supplementary Table S1), and BsCAβ2 cDNA as template (Supplementary Table S1). For the expression in Arabidopsis protoplasts, PCR products were digested with Xba1/Xma1 restriction endonucleases and inserted into an GFP-containing expression vector under the cauliflower mosaic virus (CaMV) 35S promoter. For the expression in Bienertia protoplasts, PCR products were digested with XhoI/XmaI and inserted into a 35S:puc18-spGFP6 expression vector as described in Wimmer et al. (2017). All primers are listed in Supplementary Table S1.

To generate binary vector constructs for Agrobacterium-mediated transformation in Bienertia leaves, DNA fragments containing BsCAβ1, BsCAβ2 or BsCAβ2[C13,14S], together with both GFP and NOS terminator were digested with Xba1/EcoR1 restriction endonucleases and inserted into pBIB binary vector. Binary vector constructs shown in Figure 1B were constructed using Gateway cloning as described in Wimmer et al. (2019) with the primers listed in Supplementary Table S1. The PIP2A construct was ordered from the Nebenfuehr collection (Nelson et al., 2007).




Figure 1 | Subcellular localization of BsCAβs in Arabidopsis protoplasts and N. benthamiana leaves. (A) In vivo localization of BsCAβs:GFP in Arabidopsis protoplasts. Protoplasts were transformed with BsCAβs:GFP and the localization was examined 24 h after PEG transformation. GFP and autofluorescence of chlorophyll are shown in the green and red channels, respectively. Scale bar = 20 µm. (B) In vivo localization of BsCAβs:GFP in N. benthamiana leaves. BsCAβs:GFP were transformed into leaf cells of N. benthamiana via Agrobacterium-mediated infiltration. The localization of BsCAβs:GFP was examined 3 days of post-infiltration. GFP and FM4-64 dye are shown in the green and red channels, respectively. Scale bars = 20 µm, 30 cells were observed.







RNA quantitative real-time PCR analysis

Total RNA was prepared from leaf tissues which were harvested at three different developmental stages (early, intermediate and late stages) of 0.5−0.7 cm long Bienertia leaves (Koteyeva et al., 2016) using RNAiso Plus (Takara) with isopropanol. cDNA was synthesized using a high capacity cDNA reverse transcription kit (Applied Biosystems) with 2 µg of RNA. 200 ng of cDNA with Power SYBR Green PCR Master Mix (Applied Biosystems) was used for quantitative real-time PCR. All reactions were done in a triplicate. Elongation factor 1 was used as a reference gene (Lara et al., 2008). P-values were calculated by Student’s t-test at P < 0.05 and P < 0.01. Primer sequences were listed in Supplementary Table S1.





Agrobacterium-mediated transformation by vacuum infiltration

For transient expression of constructs in leaf cells using Agrobacterium-mediated transformation, pBIB binary vectors containing BsCAβ1:GFP, BsCAβ2:GFP or BsCAβ2[C13,14S]: GFP introduced into Agrobacterium tumefaciens strain GV3101 or AGL1 by electroporation. Bacterial pellets were resuspended in 2× infiltration buffer (8.86 g/L Murashige and Skoog, 10% w/v sucrose, 20 mM MES (Duchefa Biochemie) and diluted to 0.4 of OD600. Finally, acetosyringone (Sigma-Aldrich) was added to the culture at 0.2 mM final concentration. The Agrobacterium solution was incubated for 1 h at room temperature. For Agrobacterium-mediated transformation by vacuum infiltration in leaf cells, 3−4 cm long branches of Bienertia plants were gathered. Leaves were pricked 8−13 times depending on the leaf size to increase the transformation efficiency. Prepared leaves were soaked in Agrobacterium solution. Vacuum infiltration was performed 3−4 times. Infiltrated leaves were incubated over 4 days under the low light (20−50 μmol*m-2*s-1) condition for the expression of the transgene.





PEG transformation

Plasmids purified using Qiagen columns were introduced into Arabidopsis protoplasts using the polyethylene glycol (PEG)-mediated transformation (Kim et al., 2001; Jin et al., 2001) and into Bienertia protoplasts following the procedure described in Wimmer et al. (2017). Plasmids purified using Qiagen columns were introduced into Arabidopsis protoplasts using the polyethylene glycol (PEG)-mediated transformation (Kim et al., 2001; Jin et al., 2001) and Bienertia protoplasts following the procedure of Wimmer et al. (2017). Generally, 3- to 4-week-old Arabidopsis leaf tissues (5 g) were cut into small pieces (5 to 10 mm2) and incubated in 50 mL of enzyme solution [0.25% Macerozyme (Yakult Honsha Co., Ltd., Tokyo, Japan) R-10, 1.0% Cellulase (Yakult Honsha Co., Ltd.) R-10, 400 mM mannitol, 8 mM CaCl2 and 5 mM Mes-KOH, pH 5.6] at 22°C for 5 h with gentle agitation. Then, the suspension was filtered through 100-μm mesh and centrifuged at 46 x g for 5 min. The pelleted protoplasts were resuspended in 5 to 10 mL of W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, and 1.5 mM Mes-KOH, pH 5.6), overlaid on top of 20 mL of 21% sucrose, and again centrifuged at 78 x g for 10 min. The intact protoplasts were collected at the interface and resuspended in W5 solution. To transform DNA into protoplasts, purified plasmid and PEG were added to protoplasts resuspended in MaMg (0.4 M Mannitol (w/v), 15mM MgCl2 (w/v), 0.1% (w/v) MES, adjust the pH to 5.6 with 1 M KOH), mixed gently and incubated at 22°C in the dark. Similarly, Bienertia mature leaves were sliced and incubated in the enzyme solution as in the case of Arabidopsis leaf tissue at 35 °C in a water bath for 1 h. The mixture was centrifuged at 51 x g for 1 min and the pellet was resuspended in 20% (w/v) sucrose + glycine-betaine. Intact protoplasts on top of the sucrose cushion were resuspended in glycine-betaine buffer (5 mM MES-NaOH, pH 5.7, 10 mM CaCl2, glycine-betaine) and centrifuged at 51 x g for 1 min. The pellet containing protoplasts were resuspend in glycine-betaine buffer for transformation with plasmid DNA. The concentration of glycine-betaine in the buffers for protoplast isolation was adjusted to match the internal osmolyte concentration of Bienertia chlorenchyma cells. Since the internal osmolarity varies significantly between experiments (ranging from approximately 600 to 1500 mOsmol), particularly following watering, the exact concentration of glycine-betaine was determined individually for each experiment. The internal osmolarity was measured immediately before protoplast isolation using a vapor pressure osmometer (Vapro 5520, Germany). The glycine-betaine concentration was then dynamically adjusted to ensure osmotic balance between the buffer and the protoplasts. Images of GFP fused proteins in transformed protoplasts were taken by a fluorescence microscope at 24 h after PEG-transformation (Zeiss Axio Plan 2) (Lee et al., 2008; Jin et al., 2001; Kwon et al., 2018). Total proteins were extracted from protoplasts after taking images.





Tobacco infiltration

Agrobacteria transformed with different BsCAβ1 and BsCAβ2 constructs together with silencing suppressor p38 driven by the CsMV promoter were cultured in the LB medium at 28°C with two antibiotics, suspended cells were re-suspended in infiltration buffer (10 mM MES-KOH, pH 5.6, 10 mM MgSO4) at a concentration of 0.8 of OD at 600 nm. Subsequently, 400 μM acetosyringone was added into the re-suspended cells and incubated for 1 h at room temperature. Next, different combination of Agrobacteria harboring the binary constructs of BsCAβ1 and BsCAβ2 together with Agrobacteria harboring p38 were infiltrated into N. benthamiana leaves using a 1 mL syringe without a needle. After 3 days post-infiltration, leaves observed under a confocal microscopy to examine the GFP signal. In parallel, leaves samples were harvested for Western blot analysis to confirm the expression of proteins.





Subcellular fractionation and western blot analysis

From Arabidopsis protoplasts, protein extracts were prepared as described (Lee et al., 2018; Ahn et al., 2017). Briefly, protoplasts were resuspended in cell lysis buffer followed by a brief sonication and centrifugation at 3,000 × g for 10 min to remove debris. Supernatants were treated with 1% Triton X-100 (v/v) or 0.1 M Na2CO3 (pH 11.5) and further incubated on ice for 30 min followed by ultracentrifugation at 150,000 × g for 1 h. Supernatant (soluble) and pellet (membrane) fractions were collected separately and analyzed by western blotting.

For preparation of protein extracts from leaf tissues of Bienertia sinuspersici, leaves 4 days after Agrobacterium-mediated infiltration were squeezed to release cellular contents into 300 µL buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 3 mM MgCl2, 1 mM EDTA, 2 mM DTT and protease inhibitor cocktail) and the leaf exudates were centrifuged at 3,000 × g for 10 min to remove debris. Supernatant was collected and sonicated briefly. The protein extracts were centrifuged again at 18,300 × g for 10 min. Supernatant was treated with 1% Triton X-100 or 0.1 M Na2CO3 (pH 11.5) and further incubated on ice for 30 min followed by ultracentrifugation at 150,000 × g for 1 h. Soluble and pellet fractions were collected separately and analyzed by western blotting.

For western blot analysis, mouse anti-GFP (Clontech, 1:1,000 dilution), rabbit anti-VSR (1:1,000 dilution) (Kang et al., 2012), rabbit anti-Arabidopsis aleurain-like protein (AALP; 1:3,000 dilution) (Lee et al., 2006) antibodies were used. Images were captured by an LAS4000 image analyzer (Fujifilm).





Blue native-polyacrylamide gel electrophoresis

Agrobacterium-mediated transformed Bienertia leaves were squeezed to release cellular contents into buffer (50 mM HEPES, pH 8.0, 15% w/v Glycerol, 0.1% Triton X-100 (v/v) and protease inhibitor cocktail). Leaf exudates were incubated on ice for 10 min followed by centrifugation at 3,000 × g for 10 min. Supernatant was sonicated briefly and centrifuged at 18,300 × g for 10 min, followed by ultracentrifugation at 100,000 × g for 10 min. The supernatant was collected and loaded onto precast 4 to 16% gradient gels (Invitrogen) (Yoo et al., 2016). A cathode (15 mM Bis-Tris, pH 7.2, 50 mM Tricine, 0.002% Coomassie brilliant blue G-250) and an anode buffer (50 mM Bis-Tris, pH 7.2) were used. BN-PAGE was performed at 4°C and the proteins were analyzed by western blotting using rabbit anti-GFP (1:1,000 dilution) (Bio-Application, Korea) antibody.





In vivo imaging

All images were acquired by a LSM 900 confocal laser scanning microscope. The filter set had an excitation wavelength/spectral detection bandwidth of 488 to 530 nm for GFP and 560 to 615 nm for FM4-64. To measure relative signal intensity, the mean pixel values of cytosolic and adjacent PM were quantified separately b using ImageJ, and the ratio of their values was calculated.






Results




Transcript levels of BsCAβ1 and BsCAβ2 increase along with maturation of leaf in Bienertia sinuspersici

In an effort to get insight into the mechanism of the single cell C4 system in Bienertia, we identified genes related to the C4 photosynthesis in Bienertia. First we focused on carbonic anhydrases that catalyze the conversion of CO2 to HCO3- as part of the CO2-concentrating mechanism (CCM). These four CAs were grouped into two different subfamilies, α- and β-subfamilies. According to their classification, these CAs were named BsCAα1, BsCAα2, BsCAβ1 and BsCAβ2 (Supplementary Figure S1), and the mRNA sequences were submitted to GenBank under the accession numbers from MK674489 to MK674492. We first examined the expression of these BsCAs at three different developmental stages: early, intermediate and late stages (Figure 2A). A previous study provided a criterion on the developmental stage of leaves according to the maturation of dimorphic chloroplasts, which are the basis of the single cell C4 system in Bienertia (Koteyeva et al., 2016). The top quarter, middle half and bottom quarter of a leaf show the late, intermediate and early stages, respectively, in the leaf development (Figure 2A). First, we performed qRT-PCR to examine the expression pattern of these BsCAs. We also identified a gene named BsPPDK (GenBank accession number: MK674493) that encodes a polypeptide with a high degree of homology to pyruvate, phosphate dikinase (PPDK), a key enzyme in the C4 photosynthetic system and it was included in the qRT-PCR analysis as a control to compare the expression pattern of BsCAs with that of genes involved in the C4 photosynthesis in Bienertia. Both BsCAβ1 and BsCAβ2 showed strong induction in the expression along with the maturation of the leaf (Figure 2B). Moreover, this type of the expression pattern was similar to that of BsPPDK although BsPPDK showed much higher degree of induction at the late stage compared to the two BsCAβs (Figure 2B). By contrast, the two BsCAαs were highly expressed at the early stage and greatly reduced in the expression to much lower levels at the intermediate and late stages of the leaf (Figure 2B). The expression patterns of BsCAB1 and 2 correlate well with the expression pattern of BsPPDK, a known key enzyme of the C4 carbon concentrating mechanism, raising the possibility that BsCAβs are involved in the C4 photosynthesis. In the C4 photosynthesis, β-type CAs are known to play a key role in CCM by converting CO2 to HCO3-. To further test this idea, we compared the expression pattern of BsCAβ1 and BsCAβ2 with other the C4 and C3 photosynthesis-related genes. The expression patterns of BsCAB1 and 2 correlate well with the expression pattern of BsPPDK, a known key enzyme of the C4 carbon concentrating mechanism, raising the possibility that BsCAβs are involved in the C4 photosynthesis. In the C4 photosynthesis, β-type CAs are known to play a key role in CCM by converting CO2 to HCO3-. The expression patterns of BsCAB1 and 2 correlate well with the expression pattern of BsPPDK, a known key enzyme of the C4 carbon concentrating mechanism, raising the possibility that BsCAβs are involved in the C4 photosynthesis. In the C4 photosynthesis, β-type CAs are known to play a key role in CCM by converting CO2 to HCO3-. To further test this idea, we compared the expression pattern of BsCAβ1 and BsCAβ2 with other the C4 and C3 photosynthesis-related genes. Aspartate aminotransferase (Asp-AT), a key enzyme for carbon metabolism of the C4 photosynthesis, converts oxaloacetate to aspartate. This organic acid further takes part in several processes including carbon fixation. Together with Asp-AT, phosphoenolpyruvate carboxylase (PEPC), also an essential component of the C4 photosynthesis, catalyzes the β-carboxylation of PEP to produce oxaloacetate (OAA), a four-carbon organic acid. Rubisco which is the most abundant protein in plants catalyzes the initial CO2 fixation of photosynthesis as one of the major factor of plant productivity (Parry et al., 2013). Plastid-encoded maturase K (MatK) involved in intron-splicing in chloroplasts. This RNA processing factor plays a vital role in photosynthetic competency of the chloroplast and also the survival of plant cells (Hirao et al., 2009). In this study, we checked the transcript level of four genes including: BsAsp-AT, BsPEPC, BsRSSU, and BsMatK. The expression pattern of the two BsCAβs closely resembled the two C4-related genes as well as BsRSSU and BsMatK (Figure 2C).




Figure 2 | The expression of β-type carbonic anhydrase genes of Bienertia sinuspersici is gradually induced along with maturation of the leaf. (A) Schematic representation of the developmental stages of Bienertia sinuspersici leaf development. Bienertia has a unique biochemical and structural development along a longitudinal leaf gradient in 0.5−0.7 cm long young leaves. Over 1 cm, all cells in the leaf are at the mature (late) stage. The representative stages are marked along the leaf. (B) Transcript levels of α- and β-type CAs and PPDK of Bienertia depending on the leaf developmental stages. Total RNAs were extracted from leaf tissues at the indicated developmental stages and analyzed by qRT-PCR. P-values were calculated by Student’s t-test at P < 0.05 and P < 0.01. N = 3. (C) Transcript levels of β-type CAs in comparison to the C4 and C3 photosynthesis-related genes in Bienertia. Expression was normalized to the expression of elongation factor 1. Significant differences (2-sided ratio paired t-test, p < 0.05) are indicated with the letters a (significant difference between early and late stage) and b (significant difference between early and intermediate stage). N = 3. *** means the significance at P < 0.001 and n.s means not significant.







BsCAβ1:GFP and BsCAβ2:GFP mainly localize to the cytosol and plasma membrane, respectively, in Bienertia leaf cells and two heterologous plants

To gain insights into the physiological roles of BsCAβs, we examined their subcellular localization. CAs are found in various subcellular locations and their physiological roles are closely related to their subcellular localization (Moroney et al., 2001; Fabre et al., 2007; Razzak et al., 2019). We analyzed the amino acid sequence of BsCAβ1 and BsCAβ2 using the prediction tool TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) for any possible targeting signals and found that both BsCAβ1 and BsCAβ2 did not contain any specific localization signals, indicating cytosolic localization. Thus, we examined the localization experimentally. The C-terminal GFP-fused forms of BsCAs (BsCAβ1:GFP and BsCAβ2:GFP) were firstly transiently overexpressed in protoplasts prepared from mature Bienertia leaves following a protocol that was established to analyze protein import into Bienertia chloroplasts (Wimmer et al., 2017, 2019). BsCAβ2:GFP showed a clear ring pattern which was mostly similar to the pattern observed for PIP2A, a plasma membrane (PM) aquaporin (Lee et al., 2009). However, PIP2A also showed some GFP-label around the nuclear envelope (yellow circle) which was not observed for BsCAβ2:GFP (Figure 3A). In contrast, BsCAβ1:GFP showed a diffuse pattern which resembled most closely the pattern observed for the GFP alone (GS4); GFP signal appeared to originate from the peripheral cytoplasm, the cytoplasm surrounding the central chloroplasts as well as from the interconnecting cytoplasmic channels. For comparison, we also analyzed maize βCA2 (ZmCAβ2), which showed a similar cytoplasmic distribution as BsCAβ1:GFP and the GS4 cytosolic control. Localization was further analyzed in intact leaf cells using an Agrobacterium-mediated transient transformation protocol (Wimmer et al., 2019). Again, BsCAβ2:GFP produced a very clear ring-type pattern (Figures 3B, C) and the GFP distribution was very similar to the distribution of PIP2A:GFP (Figures 3A), confirming the PM localization. In contrast to BsCAβ2:GFP, BsCAβ1:GFP produced a punctate-staining pattern instead of a diffuse cytosolic pattern. The puncta of BsCAβ1:GFP appeared to localize closely to the PM (Figures 3A, B). We got a close look of the localization by enlarging the image from protoplasts (Figure 3C). BsCAβ1:GFP was observed around the peripheral chloroplasts as well as in the cytosol nearby the chloroplasts. In contrast, BsCAβ2:GFP was not detected around chloroplasts and instead gave a pattern of a linear line, an indication of the PM localization.




Figure 3 | Subcellular localization of BsCAβs:GFP in Bienertia cells. (A) In vivo localization of BsCAβs:GFP in Bienertia protoplasts. Protoplasts were transformed with BsCAβs:GFP and their localization was determined 24 h after PEG transformation. Confocal images showing chlorophyll autofluorescence (upper row), GFP (middle row) and merged images (lower row). GS4, GFP alone; PIP2A, plasma membrane aquaporin 2A; ZmCAβ2, β-carbonic anhydrase 2 from Zea maize. Yellow circle indicates location of the nucleus. Magnification in all images = 600×. (B) In vivo localization of BsCAβs:GFP in Bienertia leaf chlorenchyma cells using Agrobacterium-mediated transformation. Confocal images showing the red chlorophyll autofluorescence (first column), the GFP channel (second column) and an overlay of both channels (third column). a−c, BsCAβ2:GFP; d−f, PIP2A:GFP (plasma membrane intrinsic aquaporin 2A); g−I, BsCAβ1:GFP. All scale bars = 50 µm. (C) Localization of BsCAβ1:GFP and BsCAb2:GFP in Bienertia leaf cells. Intact Bienertia leaves were transformed by Agrobacterium-mediated transformation using vacuum infiltration. GFP patterns were observed 4 days after infiltration. The enlarged images of the boxed areas in the first and third lows are shown in the second and fourth lows, respectively. Green and red signals represented GFP and autofluorecence of chlorophyll, respectively. Scale bar = 50 μm.



To further confirm the localization of these two CAs, we utilized heterologous systems, Arabidopsis thaliana and Nicotiana benthamiana. First, BsCAβ1:GFP or BsCAβ2:GFP was introduced into Arabidopsis protoplasts by PEG-mediated transformation (Kim et al., 2001; Jin et al., 2001). BsCAβ1:GFP produced a diffuse pattern in the cytosol in Arabidopsis protoplasts as observed in Bienertia (Figure 1A). In contrast, BsCAβ2 showed a clear PM localization as observed in Bienertia. Next, we expressed these two constructs transiently in N. benthamiana leaves. BsCAβ1:GFP displayed the mainly punctuated pattern together with some large clump in the cytosol (Figure 1B). By contrast, BsCAβ2:GFP produced a ring pattern, an indication of the PM localization, together with a few speckles. In addition, the GFP signal of BsCAβ2 overlapped to FM4-64, a PM marker that again confirmed the localization of BsCAβ2:GFP (Figure 1B). Thus, the in vivo localization studying in three different plant species indicate that BsCAβ1 and BsCAβ2 differentially localize to the cytosol and plasma membrane, respectively.

To corroborate this finding at the biochemical level, total protein extracts from Bienertia leaves transformed with BsCAβ1:GFP or BsCAβ2:GFP by Agrobacterium-mediated infiltration were separated into soluble and membrane fractions by ultracentrifugation and these fractions were analyzed by western blotting using an anti-GFP antibody. BsCAβ1:GFP was detected equally at both soluble and membrane fractions at the 58 kD position, indicating that BsCAβ1:GFP exists as both soluble and membrane-associated forms (Figure 4A). BsCAβ1:GFP also produced another band at about 116 kD position that was also detected at equal level in both fractions (Figure 4A), indicating that BsCAβ1:GFP exists as multimers such as dimers. β-CAs largely are known to exist and function as dimers or higher-order oligomeric forms (Aggarwal et al., 2015). Often multimers are not fully disassociated even after boiling of proteins in the SDS sample buffer containing 10% SDS and 2 mM DTT (Yoo et al., 2016). In the case of BsCAβ2:GFP, it was detected as two bands; a major band at the position of 63 kD and a minor band just below it, which was in contrast to the single band of BsCAβ1:GFP. Upon separation by ultracentrifugation, the lower minor band was detected in the soluble fraction whereas the upper major band was detected in the pellet fraction, indicating that the majority of BsCAβ2 localizes to the membrane in accordance with the in vivo localization observed in both Bienertia protoplasts, and isolated Bienertia cells. As in the case of BsCAβ1:GFP, BsCAβ2:GFP also produced a higher molecular weight form at around 130 kD position in the pellet fraction (Figure 4A). These results suggest that BsCAβ2:GFP largely localizes to the PM and exists as dimer or multimers. The fractionation of protein extracts were confirmed using anti-VSR (vacuolar sorting receptor) and anti-AALP(aleurain-like protease) antibodies (Figure 4A). VSR and AALP that localize to the prevacuolar compartment and vacuole, respectively, can be used to represent membrane and soluble proteins, respectively.




Figure 4 | Biochemical analysis for the localization and dimer formation of BsCAβ1:GFP and BsCAβ2:GFP in Bienertia. (A) Subcellular fractionation of BsCAβs:GFP in Bienertia leaf cell. Total protein extracts from Bienertia leaves transformed with GFP-tagged BsCAβs via Agrobacterium-mediated infiltration were separated into soluble and pellet fractions by ultracentrifugation and these fractions were separated by 10% SDS-PAGE and analyzed by western blotting using anti-GFP antibody. Anti-VSR and anti-AALP antibodies were used as controls for endogenous membrane and soluble proteins, respectively. T, total fraction; S, soluble fraction; P, pellet fraction. (B) Solubilization of BsCAβ2:GFP using Triton X-100. Total protein extracts were treated with 1% Triton X-100 and separated into soluble and pellet fractions by ultracentrifugation. These fractions were separated by 10% SDS-PAGE and analyzed by western blotting using anti-GFP, anti-VSR and anti-AALP antibodies. (C) Dimer formation of BsCAβ1:GFP and BsCAβ2:GFP. Total protein extracts from Bienertia leaf tissues transformed with BsCAβs:GFP were separated by BN-PAGE followed by western blot analysis using anti-GFP antibody. CTL; non-transformed leaves.



To further confirm that BsCAβ2:GFP localizes to the membranes, total protein extracts from Bienertia was treated with Triton X-100 and separated into soluble and pellet fractions by ultracentrifugation. As a control, protein extracts of BsCAβ1:GFP was also included in the fractionation experiments. These fractions were again analyzed by western blotting using anti-GFP antibody. Upon treatment with Triton X-100, the minor portion detected in the pellet fraction was detected in the soluble fraction (Figure 4B), indicating that a minor portion of BsCAβ1:GFP was associated with membranes. In the case of BsCAβ2:GFP, most of the proteins were detected in the soluble fractions with still a minor portion in the membrane fraction, confirming that the large portion of BsCAβ2:GFP localizes to membranes. Similar results were obtained with both BsCAβ1:GFP and BsCAβ2:GFP when expressed in N. benthamiana (Supplementary Figure S2). Here one noticeable difference was that the higher molecular weight form at 130 kD was more prominent in N. benthamiana than in Bienertia. This difference is not fully understood at this moment.

Western blot analysis in Figure 4A revealed that both BsCAβ1:GFP BsCAβ2:GFP were detected as multimers. Thus, we examined the complex formation of BsCAβ1 and BsCAβ2. Previous studies showed that the dimer is the basic structural unit of β-type CAs (Rowlett, 2010; Kimber and Pai, 2000). We performed Blue Native-PAGE (BN-PAGE) (Eubel et al., 2005; Reisinger and Eichacker, 2008; Yoo et al., 2016). Total protein extracts were prepared from leaf tissues of Bienertia expressing BsCAβ1:GFP or BsCAβ2:GFP after Agrobacterium-mediated infiltration. After BN-PAGE, proteins were analyzed by western blotting using anti-GFP antibody. Both BsCAβ1:GFP and BsCAβ2:GFP were detected at the position of approximately 120 kD (Figure 4C), indicating that both of them exist as a dimeric form in vivo, similar to β-type CAs in other organisms (Atkins, 1974; Atkins et al., 1972).





BsCAβ2 potentially localizes to the PM via posttranslational modification

The plasma membrane localization of BsCAβ2 prompted us to examine the primary sequence of BsCAβ2. When analyzed using the prediction tool TMHMM, it did not contain any transmembrane domain. This finding together with the fact that BsCAβ2:GFP yielded a doublet band by western blot analysis (Figure 4) raised the possibility of posttranslational modification (PTM) as the underlying mechanism for the PM localization of BsCAβ2. Often, proteins can be anchored to membranes by a lipid moiety added after translation (Nadolski and Linder, 2007). Therefore, BsCAβ2 was analyzed for the possibility of posttranslational lipid-based modification using the CSS-PALM prediction tool (Zhou et al., 2006). BsCAβ2 was predicted to have potential palmitoylation sites (C13 and C14) at the N-terminal region (Figure 5A). Palmitoylation is a reversible posttranslational modification (PTM) that attaches a 16-carbon palmitate to cysteine residues of proteins (Hemsley and Grierson, 2008; Hurst and Hemsley, 2015; Rocks et al., 2010). The palmitoylation promotes soluble proteins to be associated with membranes (Blaskovic et al., 2013). In addition, the reversible nature of lipidation allows dynamic control of protein association to membranes in a signal-dependent manner (Hurst and Hemsley, 2015).




Figure 5 | BsCAβ2 is subject to posttranslational modification inBienertia as well as two heterologous systems. (A) Sequence analysis by CSS-PALM. Putative palmitoylation sites were predicted by CSS-PALM 4.0 set with high threshold. 3 cysteine residues (C13, C14 and C194) were predicted as palmitoylation sites. High score residues (C13 and C14) at the N-terminal region were substituted with serines and indicated in red. (B-D) Localization of BsCAβ2[C13,14S]: GFP. BsCAβ2[C13,14S]: GFP was transformed into Bienertia leaf cells by Agrobacterium-mediated infiltration (B) Arabidopsis protoplast by PEG-mediated transformation (C) or leaf cells of N. benthamiana transformed by Agrobacterium-mediated infiltration (D). GFP signals in Bienertia, Arabidopsis protoplasts and N. benthamiana were observed 4 days, 24 h and 3 after transformation, respectively. N. benthamiana leaf cells were stained with FM4-64 at 5 min before observation. GFP and chlorophyll autofluorescence are shown in green and red signals, respectively. Also, in N. benthamiana leaf cells, FM4-64 was shown in red channel. Scale bar = 20 μm. (E, F) Subcellular fractionation of BsCAβ2[C13,14S]: GFP. Total protein extracts from transformed Bienertia (E) and leaf tissues of N. benthamiana (F) were separated into soluble and membrane fractions by ultracentrifugation and these fractions were analyzed by western blot analysis using anti-GFP antibody. Endogenous VSR and AALP were used as representative of membrane and soluble proteins, respectively. T, total fraction; S, soluble fraction; P, pellet fraction.



To test whether BsCAβ2 is subject to PTM, we constructed a mutant construct BsCAβ2[C13,14S] in which C13 and C14 residues with high scores of palmitoylation were substituted with serine residues (Figure 5A). BsCAβ2[C13,14S] was then fused to GFP, and the resulting construct was expressed in both protoplast of Bienertia, Arabidopsis, and also in tobacco leaves. BsCAβ2[C13,14S]: GFP showed a mainly cytosolic pattern in both Bienertia and Arabidopsis protoplasts when examined by a fluorescence microscope (Figures 5B, C). Similarly, majority of BsCAβ2[C13,14S]: GFP in tobacco leaves exhibited the punctuate-staining pattern with a minor portion of GFP signal overlapping with FM4-64 dye (Figure 5D). Together these results indicate that the cysteine residues are critical for localization of BsCAβ2 to the PM. Moreover, these results strongly suggest that palmitoylation at C13 and/or C14 is the PTM responsible for anchoring BsCAβ2 to the PM.

To obtain supporting evidence for this finding, the localization of BsCAβ2[C13,14S]: GFP was examined at the biochemical level. Protein extracts from Bienertia protoplasts were separated into soluble and membrane fractions by ultracentrifugation and these fractions were subjected to Western blot analysis. In Bienertia, BsCAβ2[C13,14S]: GFP showed a different pattern from wild-type BsCAβ2:GFP (Figure 5E); unlike BsCAβ2:GFP, BsCAβ2[C13,14S]: GFP yielded a single band and a significant portion of it was detected in the soluble fraction (Figure 5E). However, still a major portion was detected in the membrane fraction, indicating that BsCAβ2[C13,14S] uses another mechanism for membrane association in Bienertia. To confirm this finding, total protein extracts from leaf tissues of N. benthamiana expressing BsCAβ2[C13,14S]: GFP were also separated into soluble and pellet fractions and these fractions were analyzed by western blotting using anti-GFP antibody. The major portion of BsCAβ2[C13,14S] was mainly detected in the soluble fraction with a very minor portion in the pellet fraction (Figure 5F), further supporting the idea that palmitoylation plays a critical role in the PM anchoring. One noticeable feature was that BsCAβ2:GFP in N. benthamiana was detected as a single band in contrast to Bienertia, indicating that the modification occurs more efficiently in leaf cells of N. benthamiana than in protoplasts of Bienertia.





The posttranslational modification of BsCAβ2 may occur at the plasma membrane

The palmitoylation, also known as S-acylation, of proteins requires S-acyl transferases (PATs) (Hemsley, 2017). Previous studies showed that multiple PATs exist in plants (Li et al., 2016). The majority of plant PATs localizes to the plasma membrane in contrast to the PATs of animals and yeast that are primarily found at the ER or Golgi apparatus (Batistic, 2012; Ohno et al., 2006). As an approach to elucidate where the PTM of BsCAβ2 occurs in plants, we examined the possibility of whether it as a lipid-modified form traffics from the ER to the PM through the Golgi apparatus. We reasoned here that if palmitoylation of BsCAβ2 occurs at the ER the membrane-localized BsCAβ2 would be transported to the PM via protein trafficking. To test this, we used a dominant negative mutant of Arf1 (Arf1[T31N]). Arf1[T31N] inhibits trafficking of protein from the ER to the Golgi (Dascher and Balch, 1994; Lee et al., 2002; Park et al., 2016). We constructed Arf1[T31N]: HA and co-expressed with BsCAβ2:GFP in Arabidopsis protoplasts. The localization of BsCAβ2:GFP was examined under the fluorescence microscope. In the presence of Arf1[T31N]: HA, BsCAβ2:GFP was still localized to the PM, indicating that the localization of BsCAβ2:GFP is not affected by Arf1[T31N]: HA (Figure 6A). As control for the effect of Arf1[T31N]: HA on trafficking from the ER, we examined the trafficking of AALP: GFP to the vacuole. AALP is the luminal protein of the vacuole and known to traffic from the ER to the vacuole through the Golgi apparatus (Sohn et al., 2003; Kang et al., 2012; Lee et al., 2017). AALP: GFP alone was transported to the vacuole (Figure 6A). However, in the presence of Arf1[T31N]: HA, AALP: GFP was not properly trafficked to the vacuole (Figure 6A), confirming the effect of Arf1[T31N]: HA on the trafficking from the ER. These results imply that localization of BsCAβ2:GFP to the PM does not require Arf1-dependent trafficking from the ER. To confirm the expression of these genes in protoplasts, we prepared total protein extracts from protoplasts and analyzed by western blotting using anti-GFP and anti-HA (Figure 6B). Both Arf1[T31N]: HA and BsCAβ2:GFP were detected at the expected position by anti-HA and anti-GFP antibodies, respectively, confirming that these genes were properly expressed in protoplasts. These results suggest that PTM of BsCAβ2 may occur at the PM. To further confirm this, we also tested targeting of BsCAβ2[C1,14S]: GFP in leaf cells of N. benthamiana after Agrobacterium-mediated infiltration. Again GFP image was mainly detected at the PM that overlapped to the signal of FM4-64 dye (Figure 6C), confirming that BsCAβ2:GFP is properly targeted to the PM in the presence of Arf1[T31N]: HA.




Figure 6 | Posttranslation modification of BsCAβ2 occurs at the plasma membrane. (A) Localization of BsCAβ2:GFP in the presence of Arf1[T31N] in Arabidopsis protoplasts. BsCAβ2:GFP or AALP: GFP were introduced into protoplasts together with or without Arf1[T31N]: HA and the localization was examined 24/72 h after PEG-mediated transformation. GFP and autofluorescence of chlorophyll are shown in green and red signals, respectively. Scale bars = 20 μm. (B) Expression of BsCAβ2:GFP and Arf1[T31N]: HA. Total protein extracts from protoplasts were analyzed by western blotting using anti-GFP and anti-HA antibodies. (C) In vivo localization of BsCAβ2:GFP in leaf cells of N. benthamiana. BsCAβ2:GFP together with Arf1[T31N] was transformed into leaf cells of N. benthamiana via Agrobacterium-mediated infiltration. The localization was examined 3 days post of infiltration. Leaf tissues were stained with FM4-64 5 min before observation. GFP and FM4-64 dye are shown in the green and red channels, respectively. Scale bars = 20 µm. A total of 30 cells were observed and a representative image is shown. Subcellular fractionation of BsCAβ2:GFP. Total protein extracts from infiltrated tobacco leaves were separated into soluble and membrane fractions by ultracentrifugation and these fractions were analyzed by western blot analysis using anti-GFP and anti-HA antibodies for BsCAb2:GFP and Arf1[T31N]: HA, respectively.








Discussion

In this study, we investigated CAs of Bienertia at the molecular, biochemical and cellular levels. We identified two β-type CAs, BsCAβ1 and BsCAβ2, and two α-type CAs, BsCAα1 and BsCAα2, from RNA seq data of Bienertia. We focused on β-type CAs for their physiological roles. Previous studies showed that β-type CAs play a crucial role in CCM in plants with the C4 photosynthesis system (Badger et al., 1980; Giordano et al., 2005; Moroney et al., 1989). Expression studies revealed that transcript levels of BsCAβ1 and BsCAβ2 greatly increased along with maturation of Bienertia leaf whereas transcript levels of the two α-type CAs, BsCAα1 and BsCAα2 decreased (Figure 2B), showing that the α- and β-type CAs in Bienertia exhibit quite opposing expression patterns along with the development of leaf cells. Similarly, certain βCAs in other organisms such as Arabidopsis, and Zea mays, Panicum virgatum, Gynandropsis gynandra, Setaria viridis, and Sorghum bicolor are highly expressed in leaf tissues (DiMario et al., 2017). In Bienertia, the leaf cells are known to have different developmental stages depending on the position of the cells in the leaf; cells undergo maturation from cells performing the C3-type photosynthesis at the base to the cells performing the C4-type photosynthesis at the tip of leaf (Lara et al., 2008). Thus, the fact that BsCAβs are expressed at high levels at a later stage of leaf development raises the possibility that they are involved in the CCM of the C4 photosynthesis. Supporting this notion is that the C4 photosynthesis-related genes such as BsPPDK and BsPEPC showed similar expression patterns as BsCAβs.

CAs have been shown to localize to various subcellular locations such as chloroplasts, mitochondria, the cytosol and the plasma membrane (DiMario et al., 2017; Razzak et al., 2019). The differential localization is controlled by specific targeting signals such as transit peptide. The localization of CAs is critically related to their physiological roles. Since the initial CO2 fixation mechanism occurs in the cytosol of mesophyll cells in Kranz-type C4 photosynthetic organisms such as maize (Fouracre et al., 2014), CAs involved in a CCM should localize to the cytosol. We elucidated the localization of BsCAβs. Our localization study revealed that BsCAβ1 localizes to the cytosol and PM, whereas BsCAβ2 localizes exclusively to the PM although it does not contain any TMDs (Figures 1A, B, 3A). In Arabidopsis, AtβCA4.1 localizes to the PM whereas the shorter form AtβCA4.2 generated by alternative splicing localizes to the cytosol (DiMario et al., 2016). The cytosol-localized BsCAβ1 might contribute to conversion of CO2 to HCO3- in the cytosol. However, it is not clear how BsCAβ2 localized to the plasma membrane plays a role in CCM. In Arabidopsis, PM-localized AtβCA4 is thought to play a role in CO2 sensing together with AtβCA1 (Hu et al., 2010). However, the expression level of AtβCA4 is low in leaf cells, amounting to only 7% of that of AtβCA1 localized to chloroplasts (DiMario et al., 2016), indicating that the function of PM-localized BsCAβ2 may not be directly deduced from that of AtβCA4. One possibility is that in the cell with a big volume such as the cells in Bienertia leaf, it is critical to capture CO2 as soon as it enters into the cell to be used for photosynthesis. Thus, PM-localized BsCAβ2 is ideally position to convert CO2 to HCO3- as soon as it enters the cell. Consistent with this hypothesis, it has been proposed that in Bienertia pyruvate, phosphate dikinase (PPDK) localizes to peripheral chloroplasts near the PM and produces PEP from pyruvate (Offermann et al., 2011, 2015). Thus, HCO3- generated by plasma membrane-localized BsCAβ2 can be readily combined with PEP at the peripheral chloroplasts to make the C4 acid, oxaloacetate, which then diffuses to the central chloroplasts after conversion to aspartate. Alternatively, PM localization could also help to confine CA activity generally to the peripheral compartment and away from the central compartment. This could be important since CO2-release from C4 acids occurs within the mitochondria of the central compartment. The CO2 released then diffuses into the surrounding chloroplasts of the central compartment for final CO2 fixation by Rubisco. Therefore, significant CA activity in the central compartment could interfere with the efficiency of the CCM through re-hydration of CO2 to HCO3- which would effectively lower the CO2 availability for Rubisco in the central chloroplasts.

Membrane-localized proteins need to have a domain for membrane anchoring. The most common anchor is the transmembrane domain. BsCAβ2 localized to the PM in both Bienertia and Arabidopsis. However, BsCAβ2 does not have a TMD. In Arabidopsis, one form of β-type CA, AtβCA4, also localizes to the plasma membrane (Fabre et al., 2007). The nature of its PM localization is not known. In the case of BsCAβ2, we found that it has the potential palmitoylation sites at the N-terminal region. Furthermore, we provide convincing evidence that BsCAβ2 is subject to PTM, which is critical for membrane anchoring of BsCAβ2 to the plasma membrane. This conclusion is based on the fact that BsCAβ2[C13,14S] mutant cannot localize to the plasma membrane. Moreover, wild-type BsCAβ2:GFP has a slightly higher molecular mass than BsCAβ2[C13,14S]: GFP. We favor that the PTM is palmitoylation based on the prediction as well as the mutant analysis. Similarly, the long form of Arabidopsis AtβCA4 that localizes to the PM also predicted to contain palmitoylation sites such as C8, C12 and C13 when analyze by the CSS-PALM prediction tool (Zhou et al., 2006). By contrast, AtβCA4.2, the shorter form localized to the cytosol, does not contain the N-terminal region containing these cysteine residues (DiMario et al., 2017). Thus, N-terminal palmitoylation of beta type CAs is a mechanism for PM anchorage. However, we did not address the nature of the lipid moiety in this study. Palmitoylation is a reversible modification, which allows for dynamic regulation of protein association to membranes in a signal-dependent manner (Conibear and Davis, 2010). However, it is not clear whether the PTM of BsCAβ2 is dynamically regulated depending on certain cellular and/or environmental conditions. In addition, BsCAβ1 which was not subject to PTM also existed partially as a membrane-associated form. The nature of its membrane association is not clearly understood. When heterologously expressed in Arabidopsis, BsCAβ1 was multimedetected in the soluble fraction, indicating that in Bienertia BsCAβ1 may employ a unique mechanism for the membrane association.

The most important question for BsCAβ1 and BsCAβ2 is their physiological role. Based on various characteristic features of the two BsCAβs, we propose that they are involved in the C4 photosynthesis by playing a crucial role in the CCM. However, additional lines of evidence may be necessary to support this idea. Currently, with Bienertia, it is still not possible to generate transgenic plants or to obtain mutants with loss-of-function at these loci. A previous study with Arabidopsis showed that double knock-out mutants of βCA1 and βCA4 have higher density of stomata and display a defect in CO2-mediated regulation of stomatal movement under various CO2 concentrations (Hu et al., 2010). Overexpression of βCA1 and βCA4 enhanced water use efficiency (Hu et al., 2010). Also, the leaf size of ca1ca4 double mutant plants was smaller than that of wild-type plants. At the moment, it is not clearly understood the mechanism underlying the increase in the biomass. A recent study revealed that overexpression of FbβCA3 leads to an increase in amino acid production. The authors proposed that the higher levels of amino acids lead to the increase in biomass (Kando et al., 2022). Thus, one future direction of the research would be stably overexpressing these genes in Arabidopsis to examine the developmental morphology, the photosynthesis efficiency between the wild type, double mutant and overexpressed plants.
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Supplementary Figure 1 | Phylogenetic trees of carbonic anhydrases of Bienertia. Neighbor-Joining trees of α-type carbonic anhydrases (A) and β-type carbonic anhydrases (B) for Bienertia sinuspersici (red), compared to paralogous proteins of representative monocots and eudicots. All monocots and eudicots are marked as yellow circles and green triangles, respectively. These trees were computed using the Poisson correction method with pairwise deletion, and only > 50% bootstrap support are shown within 1000 replicates. Blanket suggests GenBank accession numbers, and scale bar represents the number of amino acid substitutions per site between sequences. This analysis involved 40 and 25 amino acid sequences, and a total of 575 and 541 positions in the final dataset ((A, B), respectively).

Supplementary Figure 2 | Subcellular fractionation of BsCAβ1:GFP and BsCAβ2:GFP in protein extracts from leaf tissues of N. benthamiana. Total protein extracts from leaves of N. benthamiana infiltrated with the indicated constructs that had been treated with 1% Triton X-100 were separated into soluble and membrane fractions by ultracentrifugation. As a control, protein extracts were separated without Triton X-100 treatment (normal condition). These fractions were analyzed by western blotting using anti-GFP, anti-VSR and anti-AALP antibodies. As controls, VSR and AALP were used as representatives of membrane and soluble proteins, respectively. T, total fraction; S, soluble fraction; P, pellet fraction.
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