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SUMMARY

The NADH–ubiquinone oxidoreductase complex (complex I) (EC 1.6.5.3) is the main entrance site of elec-

trons into the respiratory chain. In a variety of eukaryotic organisms, except animals and fungi (Opistho-

konta), it contains an extra domain comprising trimers of putative c–carbonic anhydrases, named the CA

domain, which has been proposed to be essential for assembly of complex I. However, its physiological role

in plants is not fully understood. Here, we report that Arabidopsis mutants defective in two CA subunits

show an altered photorespiratory phenotype. Mutants grown in ambient air show growth retardation com-

pared to wild–type plants, a feature that is reversed by cultivating plants in a high-CO2 atmosphere. More-

over, under photorespiratory conditions, carbon assimilation is diminished and glycine accumulates,

suggesting an imbalance with respect to photorespiration. Additionally, transcript levels of specific CA sub-

units are reduced in plants grown under non-photorespiratory conditions. Taken together, these results sug-

gest that the CA domain of plant complex I contributes to sustaining efficient photosynthesis under

ambient (photorespiratory) conditions.
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INTRODUCTION

The NADH–ubiquinone oxidoreductase (complex I, CI) (EC

1.6.5.3) is the largest complex of the mitochondrial or bac-

terial respiratory chain. It catalyzes the transfer of two elec-

trons from NADH to quinone, coupled with proton

translocation across the membrane. In many systems, it

represents the major entry point of electrons from meta-

bolic reactions (Gray, 2012).

The bacterial CI is made up of 14 subunits. Two of these

are fused in Escherichia coli, resulting in a 13-subunit

enzyme, which represents the core complex (Friedrich,

1998). Eukaryotic CI contains an additional 31-38 so-called

‘accessory subunits’, with the number differing among

species (Bridges et al., 2010; Cardol, 2011; Andrews et al.,

2013; Peters et al., 2013; Braun et al., 2014). Using single-

particle electron microscope analysis of isolated CI from

Arabidopsis and Polytomella spp, a specific matrix-exposed

domain formed by c–carbonic anhydrase (CA) subunits

attached to the membrane arm of the complex was identi-

fied (Dudkina et al., 2005; Sunderhaus et al., 2006). This

domain is absent in CI from animals (Andrews et al., 2013).

In Arabidopsis, this protein domain contains at least

two different c–CA proteins, CA1 (At1g19580) and CA2

(At1g47260), which show conserved active-site regions,

and two less well-conserved c–CA-like proteins, CAL1

(At5g63510) and CAL2 (At3g48680), containing non-conser-

vative replacements of putatively important amino acids

(Parisi et al., 2004; Perales et al., 2004). It was proposed

that the CA domain is formed by trimers comprising two

CA subunits and one CAL subunit, probably varying

among individual CI particles (Perales et al., 2005; Zabaleta

et al., 2012). Further investigations failed to identify a third

CA protein (CA3, At5g66510) within the CA domain,
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although it was shown to represent a CI subunit (Klod-

mann et al., 2010; Peters et al., 2013; Braun et al., 2014).

The c–CA subunits were first thought to be specific to CI

from photosynthetic organisms (Heazlewood et al., 2003;

Parisi et al., 2004). However, further investigations demon-

strated that homologous c–CA proteins also exist in CI iso-

lated from Euglena spp (Perez et al., 2014). More intriguing

is the discovery of these subunits in CI from slime moulds

(Dictyostelium spp) and amoebae (Acanthamoeba spp) that

lack photosynthesis (Gawryluk and Gray, 2010). Homolo-

gous sequences were also reported in a range of other

eukaryotic lineages (Gawryluk and Gray, 2010). Up to now,

c–CA proteins have not been found in animals and fungi. A

role in CI assembly has been postulated (Perales et al., 2005)

and experimentally proved in several independent experi-

ments (Klodmann et al., 2010; Meyer et al., 2011; Li et al.,

2013). Furthermore, specific roles of c–CA proteins in photo-

morphogenesis in plants have been demonstrated (Wang

et al., 2012) and male reproductive development by over-

expression of one of the subunits (Villarreal et al., 2009).

Recently, a link of c–CAs to photorespiration was also

postulated (Braun and Zabaleta, 2007; Zabaleta et al.,

2012). Ribulose bisphosphate carboxylase/oxygenase (Ru-

bisco) has two activities that use the same active site: a

carboxylase, which is needed to sustain plant growth, and

an oxygenase, leading to the synthesis of the toxic 2–phos-
phoglycolate (2-PG) in chloroplasts. Accumulation of 2–PG
leads to inhibition of metabolic processes that impair CO2

assimilation. Highly toxic metabolic effects of 2–PG accu-

mulation were demonstrated in planta using a glycolate

oxidase (GOX) loss-of-function mutant (go1) of the C4 spe-

cies maize (Zea mays) (Zelitch et al., 2009). Oxygenic auto-

trophs evolved the photorespiratory pathway to detoxify

2–PG by recycling assimilated carbon (Maurino and

Peterh€ansel, 2010). In this pathway, 2–PG is converted to

glycolate, which is further catabolized in the peroxisomes,

producing hydrogen peroxide and glycine by the actions of

GOX (Esser et al., 2014) and glutamate-glyoxylate amino

transferase (GGAT) (Maurino and Peterh€ansel, 2010). Gly-

cine is further transported to mitochondria, where it is

decarboxylated through the action of glycine decarboxy-

lase (GDC) and converted into serine by serine hydrox-

ymethyl transferase (SHMT) (Maurino and Peterh€ansel,

2010). The serine produced by this reaction is transported

back to the peroxisome for further metabolism, and the

concomitant CO2 is liberated. However, carbon assimila-

tion studies indicate that not all the CO2 produced is lost,

suggesting that a proportion of carbon is being recycled

(Bauwe et al., 2010; Zabaleta et al., 2012). It has been pro-

posed (in Chlamydomonas reinhardtii as well as in plants)

that carbon in the form of bicarbonate is exported through

a putative transporter of inorganic carbon (HCO�
3 and CO2)

in the mitochondrial membrane (Raven, 2001; Riazunnisa

et al., 2006; Zabaleta et al., 2012). Although carbonic anhy-

drase activity of the CA domain has not been experimen-

tally confirmed, one of the CA subunits (CA2 protein) is

able to bind inorganic carbon in a specific manner (Martin

et al., 2009). Accordingly, it has been postulated that the

CA domain may represent this elusive inorganic carbon

transporter of the mitochondrial membrane that may be

involved in recycling CO2 from respiration and photorespi-

ration (Braun and Zabaleta, 2007, Zabaleta et al., 2012).

Here, we present experimental evidence that the CA

domain of plant CI is involved in carbon metabolism.

Mutants affected simultaneously in two CA subunits dis-

play an altered photorespiratory phenotype; the plants

show growth retardation in normal air but develop like

wild-type under high-CO2 (non-photorespiratory) condi-

tions. In addition, under photorespiratory conditions, car-

bon assimilation is compromised, production of reactive

oxygen species (ROS) increases, and glycine accumulates.

RESULTS

Arabidopsis double mutants affected in specific subunits

of the CA domain show growth retardation under ambient

air

In order to investigate the physiological role of the CA

domain of Arabidopsis CI, we used a reverse-genetics

approach. As none of the single mutants for each of the

genes encoding CA proteins (ca1, ca2, ca3, cal1 or cal2)

show an altered phenotype under ambient conditions (Fig-

ure 1a,b) (Perales et al., 2005; Wang et al., 2012), we per-

formed crosses of single mutants to obtain various double

mutant combinations that are affected in more than one

subunit of this domain. Forty of the progeny plants were

genotyped to identify at least two double mutant individu-

als for each cross, ca2cal1 and ca2cal2 (Figure 1a). While

the double mutant ca2cal1 is a double knockout mutant, the

double mutant ca2cal2 is a knockout mutant for the CA2

gene and a knockdown mutant for the CAL2 gene (Fig-

ure S1). All plants germinate normally in normal air

(380 ppm of CO2) under a short-day photoperiod (12 h

light/12 h dark). However, after 10 days of growth, both

double mutant lines begin to show significant retardation of

growth. As the plants grow, this difference in size is main-

tained. By comparing the fifth leaf of 4-week-old plants, it

may be observed that leaves of double mutants are consis-

tently smaller than those of the wild-type (WT) or the single

mutants (Figure 1b,c). Measurements of fresh and dry

weights clearly show that double mutants are significantly

lighter than WT plants (Figure 1d,e). Roots of the double

mutants are smaller than those of the WT, and their flower-

ing time is retarded when exposed to an inductive photope-

riod (3.7 � 0.5 days after WT flowering, P ≤ 0.05) as has

been shown for cal1 cal2 RNAi plants (Wang et al., 2012).

As none of the single mutants grown under short-day con-

ditions showed an altered phenotype, introducing a wild-
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type gene in the double mutant background should reverse

the observed phenotype. In order to complement the ca2cal2

double mutant, plants were transformed with a construct

containing the entire genomic sequence of CA2. As shown

in Figure 2(a,b), the complemented plants recovered WT

phenotypic characteristics and CA2 transcript levels.
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Figure 1. ca2cal1 and ca2cal2 show growth retardation in normal air.

Plants of the indicated genotypes were grown under ambient conditions as described in Experimental procedures for 4 weeks and then measured and pho-

tographed.

(a) Phenotype of 4-week-old plants of the indicated genotypes. The phenotype for cal1 is similar to that for the cal2 single mutant. Double mutants are consis-

tently smaller.

(b) Leaf morphology of the fourth leaf of the same genotypes. Leaves of double mutants have a smaller leaf area.

(c) Maximum rosette radius of the same genotypes as in (a) and (b).

(d) Fresh weight was determined for entire rosettes of the indicated genotypes.

(e) Plants were then dried in an oven at 105°C for 24 h.

Asterisks indicate statistically significant differences compared with the WT (*P ≤ 0.05).
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The phenotype of ca double mutants was rescued by

growing plants in a high-CO2 atmosphere

We recently postulated that the CA domain may be later-

ally involved in carbon recycling in the context of pho-

torespiration and one-carbon metabolism (Braun and

Zabaleta, 2007; Zabaleta et al., 2012). Therefore, plants

were germinated and grown for 4 weeks in a high-CO2

atmosphere (2000 � 200 ppm), which dramatically reduces

photorespiration (Maier et al., 2012). All other conditions

remained unchanged. All single mutants, including cal1,

behaved as the WT. The growth retardation seen in normal

air for ca2cal1 or ca2cal2 double mutants (Figure 1a) was

fully rescued under non-photorespiratory conditions (i.e.

elevated CO2, Figure 3a). The leaves of all genotypes show

a narrow shape, a feature that is characteristic of plants

growing under high-CO2 conditions. No differences were

observed between mutants and WT plants (Figure 3b,c).

This phenotype of the ca double mutants (small size in

normal air and WT behavior under high-CO2 conditions) is

reminiscent of previously described mutants showing a

weak photorespiratory phenotype; this has been named

the class III photorespiratory phenotype (Timm et al.,

2012). These results thus suggest that the CA domain has

a function linked to photorespiration.

ca double mutants show similar oxygen consumption to

ca2 single mutants

Previous work indicated that ca2 single mutants contain

80% less CI than WT plants (Perales et al., 2005; Meyer

et al., 2011; Li et al., 2013), and that oxygen consumption of

ca2 green leaves and cell suspensions growing in the dark

is approximately 50% of that found in WT leaves or cells,

respectively (Perales et al., 2005). This low level of oxygen

consumption is similar to that obtained for WT leaves pre-

treated with rotenone, the specific inhibitor of CI, leading to

the conclusion that the main entry of electrons in the ca2

mutant occurs through complex II and/or the alternative

respiration pathway (Perales et al., 2005; Villarreal et al.,

2009). To determine whether severe impairments in mito-

chondrial respiration are a cause of the phenotype observed

in the double mutant plants, ca2cal1 and ca2cal2, oxygen

consumption normalized by fresh weight was measured in

green leaves of all single and double mutants grown in nor-

mal air. We found that both ca2cal1 and ca2cal2 double

mutants have the same respiratory rate as the ca2 single

mutant (Figure 4), indicating that the observed phenotype

cannot be attributed to defects in respiration.

Complex I levels are similar in all ca2 containing mutants

All double mutants that we obtained are knockouts for

CA2, a mutation that decreases the amount of CI (Perales

et al., 2005; Meyer et al., 2011). To determine whether the

second mutation further reduces CI levels in the double

mutants in comparison with known ca2 single mutants,

mitochondria of ca2cal2 plants were isolated and CI levels

and activity were analyzed. As shown in Figure 5 and Fig-

ure S2, CI levels and NADH dehydrogenase activity are

strikingly similar between ca2cal2 and ca2 mutants.

In order to assess whether the second mutation affects

pyrimidine nucleotide recycling, we measured the NADH/

NAD+ ratio in whole leaves and mitochondria of WT and

all ca2 containing mutants. As shown in Figure S3, the

NADH/NAD+ ratio is lower in WT than in any mutant. This

result is consistent with our finding that all mutants con-

taining low amounts of CI oxidize less NADH. However,

there were no significant differences between single ca2

and double ca2cal lines with respect to the NADH/NAD+

ratio. We therefore conclude that similar amounts of CI

contribute equally to NADH recycling.

This result, together with the oxygen consumption and

NADH dehydrogenase activity results, strongly suggests

that defects in respiration or NADH content are not the
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Figure 2. The CA2 genomic sequence comple-

ments ca2cal2 plants.

ca2cal2 mutant plants were transformed with the

entire genomic sequence corresponding to the CA2

gene (At1g47260) in a vector conferring resistance

to hygromicin.

(a) T3 transgenic plants of the indicated genotypes

were planted onto MS medium under ambient con-

ditions using Col–0 as a control.

(b) Transcript levels of the CA2 gene are consistent

with rescued phenotypes.

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 83, 831–844

834 D�ebora Soto et al.



cause of the growth retardation phenotype observed in the

double mutants under photorespiratory conditions.

ca double mutants are impaired in photosynthesis

In order to analyze the carbon assimilation rate, gas

exchange experiments were performed using WT, ca single

and double mutants. The normal carbon assimilation rate

(measured at a photon flux density of 250 lmol m�2 sec�1

and 380 ppm of CO2) is approximately 12 lmol CO2

m�2 sec�1 in the WT (100%) as well as in the single mutants

(Figure 6), indicating that neither reduction of CAL2 nor lack

of CA2 alone affects photosynthesis. However, ca2cal2
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Figure 3. The phenotype of ca2cal1 and ca2cal2 is rescued under high-CO2 conditions.

Plants of the indicated genotypes were grown under high-CO2 conditions (2000 ppm) as described in Experimental procedures for 4 weeks and then measured

and photographed.

(a) Phenotype of 4-week-old plants of the indicated genotypes. The phenotype for cal1 is similar to that for the cal2 single mutant. No growth differences were

observed.

(b) Leaf morphology of the fourth leaf of the same genotypes.

(c) Maximum rosette radius of the same genotypes as in (a) and (b).

(d) Fresh weight was determined for entire rosettes of the indicated genotypes.

(e) Plants were then dried in an oven at 105°C for 24 h.

No statistically significant differences were observed.
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double mutants show a carbon assimilation rate that is

approximately 40% lower than that of the WT and single

mutants (Figure 6a). Furthermore, double mutants show a

slight decrease in photosystem II activity, and consequently

a tendency for increased non-photochemical quenching

(Figure S4a,b). These differences arise from lower amounts

of the final electron acceptor (NADP+) (Bartoli et al., 2005).

Differences in CO2 assimilation may be due to variations

in stomatal conductance and/or stomatal index. As these

parameters are similar in WT, ca2 single and ca2cal1 and

ca2cal2 mutants (Figure S5a,b), we conclude that, under

ambient conditions, the ca2cal double mutants are

impaired in CO2 assimilation. In addition, these results

strongly suggest that the growth retardation observed in

all ca double mutants is most likely due to a low carbon

assimilation rate. As ca double mutants are rescued under

high CO2, carbon assimilation was measured under these

conditions. We found that, under high–CO2 conditions, the

carbon assimilation rate of all mutant lines was similar to

Figure 4. The ca2 single mutant and the double mutants ca2cal1 and

ca2cal2 show similar oxygen consumption profiles.

Plants of the indicated genotypes were grown for 4 weeks, and 200 mg of

leaves were used for determination of oxygen consumption. Two technical

and three biological replicates were used. Asterisks indicate statistically sig-

nificant differences compared with the WT (P ≤ 0.001).
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Figure 5. ca2cal2 and ca2 contain similar levels of CI.

Mitochondria were isolated from wild-type and the indicated mutant cell

lines. Mitochondrial protein complexes were separated by one-dimensional

blue native PAGE. Gels were either Coomassie-stained (a) or analysed for CI

activity (b). The molecular masses of standard proteins are given on the left

(in kDa), and the identities of protein complexes are shown on the right.

I+III2, supercomplex formed of complex I + dimeric complex III; I, com-

plex I; H, HSP60 complex; V, ATP synthase complex; III2, dimeric com-

plex III.
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Figure 6. ca2cal2 shows low levels of carbon assimilation.

Plants of the indicated genotypes were grown for 4 weeks under ambient

(a) or elevated (b) CO2, and at least two individual leaves for each plant were

subjected to gas exchange determination using infrared gas analyzer. In the

case of some small ca2cal2 double mutant plants grown at normal atmo-

sphere, more than one leaf per determination was needed due to their sizes.

Two technical and three biological replicates were used. The asterisk indi-

cates a statistically significant difference compared with the WT (P ≤ 0.001).
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that of the WT (Figure 6b). This result strengthens the

hypothesis that, under non-photorespiratory conditions, all

genotypes present similar growth because carbon assimi-

lation is not affected. It was therefore concluded that the

greater impairment of CA domain function in the double

mutants affects the extent of carbon fixation by Rubisco in

normal air.

Transcript levels of specific CA subunits depend on the

CO2 level in air

In order to study the regulation of CA genes in relation to

the atmospheric CO2 concentration, WT plants were grown

in normal air (380 � 50 ppm CO2) or under high-CO2 con-

ditions (700 and 2000 � 200 ppm CO2), and transcript

levels of all CA genes were analyzed by quantitative

RT–PCR. As shown in Figure 7, the steady-state level of

CA2 and CAL1 transcripts dramatically decreased at high

CO2. The transcript levels of CA1 and CAL2 are also

down-regulated, although to a lesser extent, under non-

photorespiratory conditions. These results reveal that

specific trimers containing CA2 may be required under nor-

mal air but may be dispensable under non-photorespira-

tory conditions, as has been demonstrated for other genes

related to photorespiration in many organisms (Jo€et et al.,

2001). In contrast, transcript levels of other CI subunits are

up-regulated under high CO2 conditions (Figure S6).

Metabolic profiling of ca2cal2 double mutants suggests a

metabolic imbalance in photorespiration

In order to obtain a deeper understanding of the role of the

CA domain of respiratory CI, we determined the profile of

several metabolites in rosettes of WT, ca2, cal2 and ca2cal2

double mutants growing under short-day photorespiratory

conditions (Table S1). The ca2cal2 mutants showed a simi-

lar general response to the ca2 mutant, with some addi-

tional changes. For all measured metabolites, glycine was

the most altered in the ca2cal2 plants compared with WT

(Table 1, Figure 6, Figure S7 and Table S2). The ca2cal2

mutant exhibited 2.8-fold higher glycine contents than the

WT, while the single mutants ca2 and cal2 showed 2.0- and

1.3-fold higher glycine contents than the WT, respectively

(Table 1 and Table S2). The amount of glycerate, a metabo-

lite also related to photorespiration, is increased in the

ca2cal2 and cal2 mutants (Table 1 and Table S2). The level

of glycolate is slightly decreased in ca2cal2.

Thus, accumulation of glycine is the most significant dif-

ference in the metabolic profile of double mutants com-

pared to that of WT plants. To corroborate this result and to

test whether this accumulation is dependent on photorespi-

ratory activity, the glycine content of rosette leaves was

measured by HPLC at the end of the day (after 12 h illumi-

nation) and at the end of the night. As shown in Figure 8,

glycine levels increased from 2.05 lmol g�1 fresh weight at

the end of the night (considered as 100%) to 2.5 lmol g�1

fresh weight (122%) at the end of the day (after 12 h of illu-

mination) in the WT. These results are similar to those

reported by Hoffmann et al. (2013). Interestingly, at the end

of the day, the ca2cal2 and ca2cal1 double mutants exhib-

ited 4–6 times higher contents of glycine (500–700%,

approximately 10–14 lmol g�1 fresh weight) compared

with the WT (Figure 8). Glycine levels were also higher at

Figure 7. Transcript levels of CA genes are reduced at high CO2 atmo-

sphere.

WT plants were grown under various atmospheric conditions (400, 700 and

2000 ppm of CO2) as described in Experimental procedures for 4 weeks.

RNA was then extracted and quantitative PCR assays using specific primers

for each gene were performed. Values are normalized using UBQ5 and

ACT2 as housekeeping genes. Two technical and three biological replicates

were used. Asterisks indicate statistically significant differences compared

with the WT (*P ≤ 0.05; **P ≤ 0.001).
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the end of the night, but to a lesser extent. The greater dif-

ferences in glycine contents between the WT and double

mutant plants during the light phase indicate that glycine

accumulation may be associated with light-dependent pro-

cesses. In complemented lines expressing the transgene

CA2 in the ca2cal2 background, glycine content reverted to

WT levels, indicating that the observed imbalance was due

to the double mutation in the CA domain.

ca double mutants show imbalanced levels of transcripts

encoding photorespiratory enzymes and increased ROS

levels

Higher glycine levels may be due to an imbalance in pho-

torespiration. The oxygenase activity of Rubisco produces

2–PG, which is dephosphorylated into glycolate, which is

transported to the peroxisome for further catabolism to

glycine through GOX and GGAT. Glycine is then further

transported to the mitochondria, where one molecule is

decarboxylated by GDC and combined with a second gly-

cine by SHMT to produce one molecule of serine, CO2,

NH4 and NADH. The observed glycine accumulation may

be due in part to (i) an increased rate of the oxygenation

reaction by Rubisco, and/or (ii) increased production of gly-

cine through GOX and GGAT enzymes, and/or (iii) partial

inhibition of GDC and SHMT enzymes. In order to investi-

gate the expression of these enzymes in the various geno-

types, the transcript levels of the genes encoding the

photorespiratory proteins GOX1, GOX2, GGAT, the P1 sub-

unit of GDC (the actual decarboxylating subunit), SHMT1

and Glycerate 3-kinase (GLYK) were evaluated by quantita-

tive RT–PCR. Interestingly, the results reveal that the tran-

script levels of GOX1, GOX2, GGAT and GLYK are

increased in both ca2 and ca2cal double mutants, while

the transcript levels for GDC and SHMT are moderately

reduced with respect to the WT (Figure S8).

In addition, it is known that GDC is sensitive to attack by

ROS (Taylor et al., 2002; Palmieri et al., 2010; Hoffmann

et al., 2013). Thus, the levels of hydrogen peroxide and

superoxide were evaluated in leaves of WT and ca single

and double mutants. As shown in Figure 9, ca2 single

mutants show moderately enhanced levels of ROS, while

ca2cal mutants show further increased levels of both

hydrogen peroxide and superoxide.

As glycine levels are increased and the P1 subunit of

GDC is slightly reduced in the ca double mutants, we

determined the extractable GDC activity in plants of the

various genotypes (Igamberdiev et al., 1997; Hoffmann

et al., 2013). Surprisingly, in the double ca mutants, GDC

activity is approximately 3.5-fold increased compared with

the WT and the single ca2 mutant (Figure 10), suggesting

Table 1 Photorespiratory metabolite levels of indicated genotypes

WT ca2 cal2 ca2cal2

Glycerate 0.25 � 0.02 0.26 � 0.03 0.35 � 0.01 0.34 � 0.02

Glycine 2.14 � 0.04 4.29 � 0.32 2.84 � 0.15 6.05 � 0.21

Glycolate 0.39 � 0.02 0.38 � 0.01 0.44 � 0.04 0.34 � 0.01

Serine 0.31 � 0.02 0.35 � 0.04 0.26 � 0.03 0.31 � 0.01

Photorespiratory metabolite levels (relative to the internal stan-
dard molecule) were measured by GC-MS of whole rosette leaves
harvested after 6 h in the light (130 lmol quanta m�2 sec�1) from
plants grown in air at 380 ppm CO2. The values are normalized
per area, and are means � SE of four or five biological samples.
Those shown in bold are statistically significantly different from
WT values (Student’s t test, P < 0.05).

Figure 8. The double mutants ca2cal1 and ca2cal2 show increased levels of

glycine.

Plants of the indicated genotypes were grown under ambient conditions for

4 weeks, and free amino acids were extracted from leaves as described in

Experimental procedures. Glycine content was determined by HPLC. Black

bars represent the end of the night, and white bars represent the end of the

day (12 h of illumination). Two technical and two biological replicates were

used. Asterisks indicate statistically significant differences compared with

Col-0 at the end of the night or the end of the day (*P ≤ 0.05; **P ≤ 0.001).

Figure 9. Leaves of ca2cal1 and ca2cal2 double mutants exhibited increased

ROS levels.

Fully expanded leaves from plants of the indicated genotypes were sub-

jected to staining with diaminobenzidine tetrahydrochloride (a) and nitro-

blue tetrazolium (b) as indicated in Experimental procedures to determine

peroxide and superoxide levels, respectively.
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specific induction of the glycine decarboxylation reaction

in these plants.

DISCUSSION

Here we show that double mutants of the CA subunits

CA2 and CAL (ca2cal1 and ca2cal2) have a phenotype

characterized by small leaves and growth retardation.

This phenotype is rescued by growing the plants under

high-CO2 atmosphere (non-photorespiratory conditions),

and is thus compatible with a class III photorespiratory

phenotype. Growth experiments were performed at 100

(micromol of quanta) lE m2 s�1. It remains to be estab-

lished whether the ca2cal phenotype is completely res-

cued by high CO2 in the presence of increased light

intensities. Furthermore, carbon assimilation is affected,

and glycine accumulates to high levels in the light, sug-

gesting a photorespiratory imbalance. In addition, we

found that expression of the CA genes is down-regulated

under non-photorespiratory conditions in WT plants. Alto-

gether, these results suggest that the CA domain of respi-

ratory CI may be functionally linked to photorespiration.

Respiratory features of ca double mutants are

indistinguishable from those of ca2 single mutants

Even though the single mutant ca2 does not show any visi-

ble altered phenotype, it contains 80% less CI than WT

plants (Figure 5) (Perales et al., 2005; Meyer et al., 2011; Li

et al., 2013). The phenotype observed in the ca2cal

mutants ca2cal1 and ca2cal2 may be explained by a reduc-

tion in CI levels to a level below that in ca2 single mutants.

However, respiration and proteomic experiments indicate

that oxygen consumption, CI level, NADH dehydrogenase

activity and NADH/NAD+ ratio are similar in the ca2 single

mutant and in ca2cal2 double mutants. These results indi-

cate that the observed phenotype cannot be attributed to

impaired respiration or NADH recycling. Furthermore, the

results suggest that, in the ca2cal mutants, which express

only three of five CA subunits, the CA domain may assem-

ble at the same level and stability as in the ca2 single

mutant (expressing four subunits), and that the CAL1 or

CAL2 subunits separately may not be essential for this pro-

cess.

The phenotype observed in the ca2cal double mutant

plants is similar to that observed previously by Wang et al.

(2012) for cal1cal2 RNAi plants with respect to plant

size. However, while these silenced plants showed a late-

germination phenotype, the ca2cal double mutants do not

show any delay in germination under normal air condi-

tions. Moreover, growth retardation in the ca2cal double

mutants is only observed from the 10th day of growth,

when photosynthesis is fully active. This differential behav-

ior indicates that distinct processes may be affected in

both cases, i.e. by silencing both CAL genes or by mutating

CA2 and a second CA family member, especially a CAL

gene. Indeed, double knockout cal1cal2 mutants showed

an embryo-lethal phenotype (Wang et al., 2012), while

ca2cal1 double knockouts germinate normally. These

divergences may also account for the different behavior

under high-CO2 atmosphere.

Less CA activity is required in wild-type plants under high-

CO2 atmosphere

Under non-photorespiratory conditions, the oxygenase

activity of Rubisco is suppressed (Maier et al., 2012; Florian

et al., 2013), and, consequently, the photorespiratory path-

way is dispensable. In several organisms ranging from

algae to plants, transcription of genes encoding proteins

involved in this pathway is much reduced under these con-

ditions (Price, 2011; Timm et al., 2012; this work). Consis-

tent with this conclusion, we found that the transcript

levels of CA2, CA1 and CAL are reduced in Arabidopsis

plants grown under high CO2 (Figure 7), supporting the

idea that the proteins encoded by these genes are linked to

photorespiration.

However, other genes encoding CI subunits show

increased transcript levels under an elevated CO2 atmo-

sphere (Figure S6). Consistently, it was reported that many

transcripts of CI subunits increased under a moderately

high CO2 atmosphere (500 ppm) in soybean (Glycine max)

(Leakey et al., 2009). Unfortunately, they did not provide

information on transcripts encoding the CI-integrated CA

Figure 10. ca2cal1 show increased glycine decarboxylase activity.

Crude mitochondrial extract were obtained from plants grown in ambient

conditions as described in Experimental procedures. [14C]-glycine was

added to a reaction tube, and evolved [14C]-CO2 was trapped in a small tube

containing potassium hydroxide (KOH) as indicated. Radioactivity was

quantified by scintillation counting. Asterisks indicate statistically significant

differences compared with WT (P ≤ 0.05).
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subunits. Flux data combining transcriptomic and physio-

logical approaches in Arabidopsis provided evidence of

increased capacity for respiration of plants grown under

moderately elevated CO2 conditions, which should

increase the ability to use greater amounts of carbohy-

drates (Watanabe et al., 2014). However, there were no sig-

nificant differences in the maximal respiratory activity of

each respiratory enzyme between the two CO2 conditions.

Thus, although the respiratory capacity of plants was

higher under elevated CO2 than under ambient CO2, there

was no difference in the maximal enzymatic activities

between the two CO2 atmospheres. Therefore, the

increased transcript levels of genes encoding respiratory

enzymes under elevated CO2 did not result in enhanced

enzymatic activities of the corresponding proteins (Watan-

abe et al., 2014). As it has recently been reported that CA2

is essential for CI assembly (Meyer et al., 2011; Braun

et al., 2014), the lower level of CA2 transcript under high-

CO2 conditions may affect CI assembly unless a similar

protein replaces CA2. The fact that transcript levels of other

CI subunits are increased or not changed suggests an alter-

ation in the CI assembly pathway at high CO2 or the exis-

tence of compensatory mechanisms to adjust protein

levels under different atmospheres. These hypotheses

remain to be tested.

ca double mutants produce high levels of ROS

The ca double mutants show increased levels of ROS and

decreased carbon assimilation. Decreased carbon assimila-

tion may be ascribed to a lower amount of mitochondrial

CI with a CA domain showing reduction of bicarbonate

export in these mutants. If a lower concentration of CO2 is

present in the vicinity of Rubisco, the oxygenation activity

is augmented, triggering an increase in the rates of pho-

torespiration. The GOX reaction in the peroxisomes pro-

duces H2O2, and the plant capacity to scavenge ROS may

be overwhelmed. In addition, superoxide or H2O2 produc-

tion by mitochondrial CI, which is dependent on the ratio

of NADH to NAD+, is inhibited by increasing NAD+ (Hirst

et al., 2008). When the amount of CI is reduced, the ratio of

NADH to NAD+ is elevated (Figure S3), even in the pres-

ence of rotenone-insensitive NADH dehydrogenases,

because of the reduction of total NADH dehydrogenase

activity. We thus hypothezise that the reduced CI present

in all ca containing mutants may trigger mitochondrial

superoxide production and indirectly increase H2O2 levels.

Independent ca double mutants show a photorespiratory

phenotype

During the photorespiratory cycle, glycine is produced in

the peroxisomes by GGAT and transported into the mito-

chondria. Inside mitochondria, GDC and SHMT catalyze

the conversion of two molecules of glycine into one mole-

cule of serine, CO2, ammonium and NADH (Maurino and

Peterh€ansel, 2010; Florian et al., 2013). The ca double

mutants, ca2cal1 and ca2cal2, accumulate glycine to high

amounts under photorespiratory conditions (Figure 8), and

this is the main change observed in metabolic profiling

(Figure S7 and Table S2). Moreover, glycine accumulation

is dependent on light, which strengthens the idea of a pho-

torespiratory imbalance (Figure 8). The lower glycine con-

tents observed in the ca2cal mutants during the night

compared with the day indicates that the mutant plants are

capable of glycine degradation, and that glycine accumula-

tion is dependent on light. The reversion of glycine content

observed in the complemented lines suggests that the

photorespiratory imbalance is due to the double mutation

in two subunits of the CA domain.

If the modified CA domain in the ca double mutants

impairs bicarbonate export from mitochondria to chloro-

plasts, then accumulation of CO2 (in equilibrium with bicar-

bonate) in the mitochondrial matrix is expected, where it

probably partially inhibits GDC activity. Even though there

is little information in plants about the competitive inhibi-

tion of GDC by CO2, chicken P–protein has been shown to

be strongly inhibited by CO2, while bicarbonate has no

effect (Fujiwara and Motokawa, 1983; Bykova et al., 2014).

Experiments with CA inhibitors such as ethoxylamide indi-

cate that the inter-conversion of CO2 and bicarbonate is

particularly important for GDC operation (Bykova et al.,

2014). This suggests that CA (complex I c–CAs and/or

matrix b–CA) may play a role in facilitating the GDC reac-

tion by stimulating inter-conversion of CO2 and �HCO3.

The mitochondrial CAs may serve as buffers that help to

remove the product (CO2) from the GDC active site, thus

facilitating glycine conversion to maintain a photorespira-

tory flux.

It has also been suggested that CAs may play a role in

removal of ammonia produced by the GDC reaction during

photorespiration (Bykova et al., 2014). In addition, inhibi-

tion of CI, as occurs in all ca2 mutants, generates an over-

reduction of the complex. Consequently, superoxides and

H2O2 are produced, contributing to a high oxidative envi-

ronment that has been reported to inhibit GDC activity via

S–nitrosylation/S–glutathionylation (Palmieri et al., 2010).

Despite these putative inhibiting factors, a glycine decar-

boxylating activity higher than WT was observed in the ca

double mutants, suggesting that synthesis of glycine via

GOX/GGAT is high. In line with this, we found enhanced

transcript levels of genes encoding these enzymes in the

ca double mutants.

Thus, several results were obtained that may explain the

observed glycine accumulation in the ca double mutants:

(i) enhanced transcript levels of genes encoding GOX and

GGAT that presumably lead to production of large

amounts of glycine in the ca double mutants, (ii) elevated

ROS production in the ca double mutants due to higher

photorespiratory flux and over-reduced CI, (iii) enhance-
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ment of the photorespiratory pathway through activation

of GOX and GGAT enzymes by this elevated ROS, as

observed in the ca2 cal mutants, (iv) higher GDC activity in

the ca2 cal mutants, which may be not sufficient to allow

catabolism of the increased amounts of glycine produced,

and (v) a presumably local accumulation of bicarbonate/

CO2 (one of the products of respiration/photorespiration)

in the mitochondrial matrix of ca2 cal mutants. These

effects contribute to a situation of metabolic imbalance,

with high photorespiratory rates that account for the

observed glycine accumulation.

CONCLUSIONS

In this work, using a combination of insertional mutants in

CA genes, we have shown that lack of two CA/CAL proteins

of the CA domain causes a photorespiratory imbalance

characterized by accumulation of glycine and a reduction

of carbon assimilation by Rubisco. This leads to reduced

plant growth under normal air conditions that may be

rescued by growing the plants in a non-photorespiratory

environment. A dysfunctional CA domain most likely

results in enhancement of flux through the photorespira-

tory pathway. Altogether, these results suggest that the CA

domain of the plant respiratory CI may represent a missing

component of the photorespiratory pathway as predicted

previously (Raven, 2001; Riazunnisa et al., 2006), which

contributes to sustaining photosynthesis.

Our data provide experimental support with respect to

the proposed basal carbon recycling pathway in plants

(Raven, 2001; Braun and Zabaleta, 2007, Zabaleta et al.,

2012), and strengthen the evidence for the predicted

chloroplast/mitochondria cross-talk.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

All studies were performed using Arabidopsis thaliana wild-type
(WT) plants of ecotype Columbia–0 and T–DNA insertion mutants
of CA2 (ca2, SALK_010194), CAL1 (cal1, SALK_072274) and CAL2
(cal2, CS810918) as described previously (Perales et al., 2005). Prior
to germination, seeds were incubated for 2 days in the dark at 4°C
on standardized soil (soil-vermiculite-perlite). Plants were grown at
22°C and 100 lE m2 sec�1 light under a 12 h light/12 h dark regime
either at ambient CO2 levels (380 ppm CO2) or at high CO2 levels
(2000 ppm CO2; Maier et al., 2012) in plant climate chambers.

Seeds were sterilized by incubation 15 min. in 20% v/v sodium
hypochlorite, washed with sterile water at RT, and plated on Mur-
ashige and Skoog plates containing 50 lg ml�1 kanamycin and/or
15 lg ml�1 sulfadiazine. Resistant (green) seedlings were then
transferred onto soil and grown under the conditions described
above.

Stomatal index

Plants were grown under ambient conditions. Stomatal indices
were determined in individual leaves as described previously
(Casson et al., 2009; Hu et al., 2010).The stomatal index is the

ratio of the number of stomata in a given area divided by the
total number of stomata and other epidermal cells in that same
area.

Molecular methods

Genomic DNA was extracted from rosette leaves as previously
described (Martin et al., 2013). The genomic sequence of CA2
(At1g47260) was amplified by PCR using forward primer 50-
CACCGGACTATTTCCGGATTTAGGC-30 and reverse primer 50-
GAAGATTAATCCAACTTTG-30. The amplicon was cloned into
pENTR/TOPO (Invitrogen; http://www.lifetechnologies.com/ar/es/
home/brands/invitrogen.html), and the sequence was verified. The
resulting plasmid (pENTR-gCA2) was subjected to the LR reaction
using destination vector V032pH7FWG2 (Grefen et al., 2010). For
genotyping, genomic PCR was performed using the primers listed
in Table S3. Total RNA was extracted using TriZOL (Invitrogen)
and used for quantitative PCR using Power SYBR PCR mix and a
StepOne machine (Applied Biosystems; http://www.lifetechnolo-
gies.com/ar/es/home/brands/applied-biosystems.html). Values
were normalized against the UBQ5 and ACT2 housekeeping
genes. The primers used are listed in Table S3. Western blotting
was performed as previously described using anti-CA2 antiserum
(Perales et al., 2005).

Cell suspension cultures

Arabidopsis suspension cultures were established from WT, ca2,
cal2 and ca2cal2 Arabidopsis lines growing in the dark as
described by May and Leaver (1993) and Perales et al. (2005). Cells
were transferred once a week into fresh suspension cell medium.
The growth rates of the suspension cell cultures were determined
by weight determinations.

Transformation of Agrobacterium tumefaciens and

Arabidopsis

Vectors for complementation of ca double mutants were intro-
duced into Agrobacterium strain GV3101 by electroporation.
Transformation into ca double mutants was performed by the flo-
ral-dip method (Clough and Bent, 1998). Transformants were
selected based on their ability to survive on Murashige and Skoog
medium containing 15 mg L�1 hygromycin. Resistant seedlings
(green with true leaves) were then transferred to soil and grown
under the conditions described above.

Oxygen consumption

Oxygen consumption of adult leaves was analyzed using a Clark-
type oxygen electrode with a reaction chamber volume of 2 ml
(Oxygraph, Hansatech; http://hansatech-instruments.com/) for
10 min. At least three replicates were used for each genotype.
Detached leaves were pre-incubated for 2 h in the dark in a reac-
tion buffer containing 0.3 M mannitol, 10 mM K2HPO4 (pH 7.2),
10 mM KCl and 5 mM MgCl2 before measurements. Then entire
leaves (approximately 200 mg) were introduced into the chamber
and oxygen consumption was measured for 10 min. Values were
normalized by fresh weight.

Mitochondria isolation and gel electrophoresis procedures

Isolation of mitochondria from cell suspensions and green Ara-
bidopsis plants was performed as described previously (Perales
et al., 2005). 1D SDS–PAGE was performed as described by
Sch€agger and von Jagow (1987), and 1D blue native PAGE as
described by Wittig et al. (2006). Protein solubilization for blue
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native PAGE was performed using digitonin at a concentration of
5 lg mg-1 mitochondrial protein as described by Eubel et al.
(2003). Blue native separation of protein complexes was per-
formed in gradient gels of 4.5–16% polyacrylamide.

Nucleotide pyridine determinations

NADH/NAD+ contents were spectrophotometrically measured as
described by Queval and Noctor (2007).

Carbon assimilation and fluorescence analyses

Photosynthetic parameters were measured using a CIRAS2 porta-
ble gas exchange system (PPSystems; www.ppsystems.com).
Fully developed rosette leaves were first adjusted in the leaf
chamber for 20 min. Measurements were performed at 25°C at a
photosynthetic photon flux density of 250 lE m�2 sec�1, 21% O2

and ambient CO2. Carbon assimilation rates were calculated using
the CIRAS2 software.

For fluorescence analyses, plants of various genotypes were
grown under 100 lE m�2 sec�1 light intensity for 5 weeks. Chloro-
phyll fluorescence parameters were then measured on well-illumi-
nated leaves using an FMS2 fluorescence modulated system
(Hansatech). Steady-state fluorescence parameters were mea-
sured, and Fv/Fm was measured after 30 min darkness. Fluores-
cence parameters were calculated as described by Bartoli et al.
(2005). Non-photochemical quenching was calculated as (Fm –
F0m)/F0m.

Metabolomic profiling

Plants were grown for 26 days under a 12 h light/12 h dark regime
at 130 lE quanta m2 sec�1 under ambient CO2 (380 ppm) condi-
tions. Whole-plant rosettes were harvested after 6 h in light,
shock-frozen in liquid N2, and stored at �80°C until extraction.
Ground rosette material (approximately 50 mg) was extracted
in methanol/chloroform/water (5:2:2) using ribitol for internal
standardization as described by Lee and Fiehn (2008) and Fiehn
(2007). Analysis of metabolites was performed by GC/MS using an
accurate mass Q-TOF GC/MS system (Agilent 7890A GC system,
Agilent Technologies; www.agilent.com). Metabolites were
ionized in an EI source and detected using Waters GCT Premier
TOF-MS. Data were analyzed with MassLynx and QuanLynx soft-
ware (Waters GmbH, Eschborn, Germany; www.waters.com).
Metabolites were identified and quantified by scanning the inter-
nal database. Integrated peak areas were normalized to determine
relative metabolite levels per g fresh weight. Relative metabolite
levels of four or five biological samples were averaged, and log2

fold changes in metabolite levels of WT versus mutant were color-
coded and visualized as heatmaps.

Quantification of glycine by HPLC

For determination of glycine concentration, Arabidopsis leaf sam-
ples were harvested at the end of the day (after 12 h illumination)
and at the end of the night (after 12 h darkness), and ground in
liquid nitrogen using a mortar and pestle. Quantification of glycine
by HPLC was performed as described by Jung et al. (2009) using
80% v/v ethanol as an extraction medium.

Glycine decarboxylase activity

Crude mitochondrial extracts of either WT or ca double mutants
were used. Exogenous [1–14C] glycine (Perkin-Elmer; www.perki-
nelmer.com) was applied at a concentration of 10 mM containing
0.1 MBq ml�1 radioactivity. Measurements were started by addi-

tion of mitochondrial extracts (100 lg of mitochondrial proteins)
at 25°C. Evolved [14C]-CO2 was captured in small reaction tubes
containing 100 ll of 5 M potassium hydroxide (KOH). The reac-
tion was stopped after 30 min by injecting 100 ll of 2 M HCl into
the reaction mixture with a syringe through the closed bro-
mobutyl lid. The reaction mixtures were stored overnight to
allow total absorption of radioactively labeled CO2. The trapped
radioactivity was quantified by scintillation counting using a
Beckman LS 7000 liquid scintillation counter (Beckman Coulter;
https://www.beckmancoulter.com). This method is modified from
those described by Igamberdiev et al. (1997)and Hoffmann et al.
(2013).

Detection of ROS

Histochemical staining was performed as previously described
(Lee et al., 2002; Reiser et al., 2004) with the following modifica-
tions: to detect accumulation of superoxide, leaves from wild-type
and ca double mutants were vacuum-infiltrated for 10 min with
0.1 mg ml�1 nitroblue tetrazolium in 25 mM HEPES buffer, pH 7.6.
Leaf samples were left for 2 h at room temperature in the dark,
and were subsequently de-stained by incubation at 60°C in 95%
v/v ethanol for 30 min. The accumulation of H2O2 was visualized
by vacuum infiltration of leaves in a solution containing
0.1 mg ml�1 diaminobenzidine tetrahydrochloride in 10 mM MES,
pH 6.0, and 1 mM KOH. The control solution also contained 10 mM

ascorbate. After infiltration, the leaves were incubated for 16 h in
the dark, and de-stained by boiling in lactic acid/glycerol/ethanol
(1:1:3) for 5–10 min.
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Figure S6. Transcript levels of genes encoding subunits of CI.

Figure S7. Heatmap for metabolomic profiling.

Figure S8. Transcript levels of photorespiratory genes.

Table S1. Metabolic profiling parameters.

Table S2. Metabolomic profiling of the indicated genotypes.
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