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Abstract Plant mitochondria include gamma-type car-

bonic anhydrases (cCAs) of unknown function. In

Arabidopsis, the cCAs form a gene family of five members

which all are attached to the NADH dehydrogenase com-

plex (complex I) of the respiratory chain. Here we report a

functional analysis of gamma carbonic anhydrase 2 (CA2).

The gene encoding CA2 is constitutively expressed in all

plant organs investigated but it is ten fold induced in

flowers, particularly in tapetal tissue. Ectopic expression of

CA2 in Arabidopsis causes male sterility in transgenic

plants. In normal anther development, secondary thicken-

ings of the endothecial cell wall cause anthers to open upon

dehydration. Histological analyses revealed that abnormal

secondary thickening prevents anther opening in 35S::CA2

transgenic plants. CA2 abundance in transgenic plants is

increased 2–3 fold compared to wild-type plants as

revealed by Western blotting analyses. Moreover, abun-

dance of other members of the CA family, termed CA3 and

CAL2, is increased in transgenic plants. Oxygen uptake

measurements revealed that respiration in transgenic plants

is mainly based on NADH reduction by the alternative

NADH dehydrogenases present in plant mitochondria.

Furthermore, the formation of reactive oxygen species

(ROS) is very low in transgenic plants. We propose that

reduction in ROS inhibits H2O2 dependent lignin poly-

merization in CA2 over-expressing plants, thereby causing

male sterility.
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Introduction

Carbonic anhydrase (CA; carbonate dehydratase, carbonate

hydro-lyase, EC 4.2.1.1) is a zinc-containing enzyme

which catalyzes the interconversion of CO2 and HCO3
-.

Carbonic anhydrases are divided into three distinct classes

(a, b, and c) which evolved independently and have no

sequence homology (Hewett-Emmett 2000). These

enzymes are ubiquitous in highly evolved organisms from

Eukarya domain and are also prevalent in Archaea and

Bacteria domains. This occurrence of CAs underlines the

importance of these enzymes in many organisms (Smith

et al. 1999 and references there in). In plants and unicel-

lular green algae, beta-type CAs are known to be essential

for photosynthetic CO2 fixation (Badger and Price 1994). It

was recently discovered a new group of CAs in plant

mitochondria. These proteins strongly resemble a gamma-

type carbonic anhydrase from the Archeon Methanosarcina

termophila (Parisi et al. 2004; Perales et al. 2004). Five

structurally related mitochondrial gamma-type carbonic

anhydrases (cCAs) are present in Arabidopsis mitochondria

which are termed CA1, CA2, CA3, CAL1, and CAL2
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M. Perales � M. Martı́n � C. Lombardo � E. Zabaleta (&)

Instituto de Investigaciones Biológicas, IIB, Facultad de Cs.

Exactas y Naturales, UNMdP-CONICET, C.C. 1245,

7600 Mar del Plata, Argentina

e-mail: ezabalet@mdp.edu.ar

H.-P. Braun

Institut für Pflanzengenetik, Universität Hannover, Herrenhäuser
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(CAL stands for ‘‘carbonic anhydrase like’’; Perales et al.

2004). These five enzymes are attached to mitochondrial

complex I and they form an extra domain characteristic of

this respiratory enzyme complex in plants (Sunderhaus

et al. 2006). An Arabidopsis null mutant for CA2 shows an

80% reduction of complex I levels. Mutant plants have a

normal growth rate and fertility, but mutant cell cultures

exhibit defects in respiration. It was thus suggested that

CA2 is important for complex I assembly (Perales et al.

2005). However, the actual physiological role of the cCAs

is unclear. It was recently proposed that they are important

in a context of an inner-cellular CO2 transfer mechanism

from mitochondria to chloroplasts, to recycle photorespi-

ratory CO2 for photosynthesis (Braun and Zabaleta 2007).

Recent studies with maize indicate that these proteins are

also present in C4 plants (Peters et al. 2008). However,

carbonic anhydrase activity could not be measured for any

of the plant mitochondrial CAs, so far. Indeed, the only

cCA with measurable CA activity is CAM from M. ther-

mophila (Alber and Ferry 1994; Zimmerman and Ferry

2008).

In Arabidopsis thaliana, as in most flowering plant

species, the anther wall comprises four cell layers: the

epidermis, endothecium, middle layer, and tapetum

(Dawson et al. 1993). Anther dehiscence is a multiple-step

process. In the first place, the lytic opening of a longitu-

dinal line of weakness in the epidermis, which is known as

the stomium, occurs. Afterwards, anther wall retracts to

widen the stomium, allowing pollen release. During

microspore maturation, cellulose and lignified thickenings

are deposited in the endothecium (Dawson et al. 1999). The

cells of the stomium are then enzymatically lysed (Gold-

berg et al. 1993). The endothecium is thought to be critical

in generating the mechanical forces required for dehis-

cence. First, swelling of the endothecium cells provides an

inwardly directed force. This force causes the rupture of

the weakened stomium. Then, desiccation of the endothe-

cium causes differential shrinkage of thickened and

unthickened parts of the cell wall, resulting in an outwardly

bending force which leads to the retraction of the anther

wall and to the full opening of the stomium (Keijzer 1987;

Bonner and Dickinson 1989). Lignin is an important

structural component of the cell wall. The final polymeri-

zation steps of lignin biosynthesis take place after the

activation of monolignols to free radicals. This activation is

mediated by peroxidase ? H2O2 and/or oxidase (lac-

case) ? O2 followed by non-enzymatic coupling of

monolignol radicals to form the polymer, lignin (Boerjan

et al. 2003; Ralph et al. 2004). For the secondary thick-

ening in anthers, lignin is the main compound (Kawasaki

et al. 2006) and its polymerization is dependent on H2O2

levels. Ascorbic acid (AsA) interferes with the peroxidase-

mediated oxidation of phenolics by reducing phenolic

radicals back to the original phenolics, thereby scavenging

H2O2 (Takahama 1993a, b; Otter and Polle 1994; Sánchez

et al. 1997). Therefore, a negative correlation between AsA

and H2O2 contents has been observed (Pedreira et al. 2004;

Kärkönen and Fry 2006).

In this report, to further investigate the physiological

role of putative mitochondrial gamma carbonic anhydrases

in plants, we analyzed the phenotypic and biochemical

consequences of ectopic over-expression of one of the

plant cCAs, CA2 in transgenic A. thaliana. A high pro-

portion of 35S::CA2 overexpressing Arabidopsis plants

show a severe male sterile phenotype caused by a defect of

secondary thickening in the anther endothecium and sub-

sequent failure of anther dehiscence. Analyses of

physiological parameters indicate that respiration is affec-

ted in 35S::CA2 plants mainly at Complex I level. In

addition, normal reactive oxygen species (ROS) burst prior

to anther dehiscence is undetectable, although ascorbate

and glutathione content is nearly normal. It is therefore

suggested that ectopic over-expression of CA2 impairs

ROS production in mitochondria which affects mainly the

H2O2-dependent polymerization pathway of lignin in

anther development and consequently, causes a male sterile

phenotype.

Materials and methods

Plant material

Arabidopsis thaliana, var. Columbia (Col-0) were grown in

a Greenhouse with temperature (22�C) and humidity (50–

70%) controlled and a photoperiod of 16 h light/8 h dark.

For transformation, the floral dip method was used (Clough

and Bent 1998) with the Agrobacterium tumefaciens strain

GV3101.

Ligth and confocal microscopy

Inflorescences were fixed in FAA (ethanol:destilled

water:phormol:acetic acid, 10:7:2:1, respectively). After-

wards fixed influorescences were dehydrated and included

in Paraplast (Sigma) according to Ruzin (1999). Finally,

the samples were mounted and cut using a rotary micro-

tome. The sections were stained with Toluidin Blue O

(TBO). They were examined by a bright field microscopy

in a Nikon Eclipse E 2000 microscope (Tokyo). Images

were captured using a Coolpix 990 digital camera attached

to the microscope. Confocal microscopy was carried out

with the BX61-FV300 microscope (Olympus Optical,

Tokyo, Japan) using an ethidium bromide/acridine orange

stain according to Yang et al. (2007). The microscopy was

equipped with an argon/helium–neon-G laser with
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excitation/emission at 488/515 nm. Images from the

anthers were analysed by using Image J 1.36 software.

Protein analyses

Protein extracts were performed following standard tech-

niques (Sambrook and Russell 2001). 1D SDS–PAGE was

carried out according to Schägger and von Jagow (1987).

Gels were stained using the Coomassie-colloidal procedure

(Neuhoff et al. 1990). Anti-CA antibody was generated as

described previously (Perales et al. 2005). This antibody

recognizes the five gamma-type CA from Arabidopsis. For

immunoblotting, gels were blotted onto PVDF membranes

(GE Healthcare). Blots were incubated with antibodies

following standard techniques (Sambrook and Russell

2001). Blots were washed three times with PBS 19 and

incubated 1 h at room temperature in the dark with sec-

ondary antibodies conjugated with Cy5 (GE Healthcare)

washed and scanned in Storm860 (GE Healthcare). Quan-

tification of bands was performed by using ImageQuaNT

software (GE Healthcare).

DNA and RNA techniques

Full-length cDNA corresponding to CA2 gene

(At1g47260) was amplified by RT-PCR using the follow-

ing primers: 50-ATCTCGAGATGGGAACCCTAGGCA-30

and 50-GCCTCGAGTCAGTTCACATTAGAA-30. The

corresponding fragment was separated by agarose gels,

purified and cloned into pGEM-T vector (Promega) and

fully sequenced.

For plant transformation, the coding region of CA2 was

amplified 50-GTTCTAGAATGGGAACCCTAGGA-30 as

forward primer and 50-GACTCGAGTTAGAAGTACT

GAG-30 as reverse primer. Alternatively, primer 50-AA

ATCTAGATTACTTGTCATCGTCGTCCTTGTAGTCGA

AGTACTGAGTAGACGGAACCTTGG-30 was used as

reverse primer to introduce a FLAG tag to CA2. This

region was fully sequenced and subcloned into the vector

pCHF3 producing pCHCA2 or pCHCA2-FLAG. The vec-

tor contains the CaMV 35S full promoter, the RBCS

terminator from pea, and confers kanamycin resistance for

selection in plants. This new plasmid was introduced into

A. tumefaciens GV3101 by electroporation and the pres-

ence of the plasmid was analyzed by colony-PCR.

Positives colonies were used to transform plants by floral

dip method (Bechtold and Pelletier 1998). Seeds obtained

from the transformed plants were plated on MS with

Gamborg’s vitamins medium (Duchefa, Netherlands) sup-

plemented with 50 lg/ml Kanamycin (ICN Biomedicals,

Aurora, OH) to select transgenic plants.

Semiquantitative RT-PCRs were performed on total

RNA. Total RNA was extracted from leaves, roots, young

and mature flowers and cell suspension, by using TriZOL

reagent (Invitrogen). Reverse transcription coupled to

polymerase chain reaction (RT-PCR) was conducted using

1 lg of total RNA. Total cDNA was obtained using ran-

dom hexamers (Promega). Primers used to amplify

specifically mRNA transcripts were: 50-TACTCGAGAT

GGGAACCCTAGGCA-30 and 50-GCCTCGAGTCAGTT

CACATTAGAA-30 for CA1, 50-TTGGATCCATCTCGC

ACAGATTC-30 and 50-GACTCGAGTTAGAAGTACT

GAG-30 for CA2, 50-GCCTCGAGATGAATGTTTTTG

AC-30 and 50-ATCTCGAGTCAAGCTGCTTTTGGT-30

for CA3, 50–30CGTCGACGGATCTTGTGAA and 50-GAG

CCGGACTTGTTTTGATGTT-30 for CAL1, 50-TTCTCG

AGATGGCGACTTCGTTA-30 and 50-TTCT CGAGACT

AGATGGCGATTCC-30 for CAL2. As a control, a frag-

ment of 651 bp from the transcript corresponding to the

gene encoding ACT2 mRNA from Arabidopsis was

amplified with two specific oligonucleotides: 50-AATCTC

CGGCGACTTGACAG-30 and 50-AAACCCTCGTAGAT

TGGCACAG-30. Aliquots were removed from the reaction

mixture after 8, 12, 16, 20, 24, and 35 cycles of PCR

(amplifications were in the exponential range between

cycles 12 and 20), separated on agarose gel stained with

SybrGold (Molecular Probes). Signal intensities were

determined and quantified using a scanner Storm 680 (GE,

Healthcare). Values from the exponential range of ampli-

fication were compared.

In situ hybridization

For in situ hybridization floral buds, flowers and fruits at

different stages were fixed and embedded in paraffin. Ten

lm sections were hybridized as described elsewhere

(Meyerowitz 1987). Digoxigenin-labeled RNA probes

were synthesized by in vitro transcription. The specific

30end of CA2 was amplified using primers 50-ACCTC

GAGTGGTTGCTGCTGGT-30 and 50-TCTCTTGACCTT

CCAGAGAATCA-30 and cloned into pBluescript (SK-).

Antisense and sense (control) transcripts were generated by

using either the T3 or T7 RNA polymerase (Promega). The

transcripts were partially hydrolysed by incubation at 60�C

in 0.1 M Na2CO3�NaHCO3 buffer, pH 10.2 for 45 min.

Immunological detection of digoxigenin was performed as

described (Boehringer Mannheim, Nonradioactive in situ

hybridization, Application Manual, 1996).

Immuno-histochemical analyses

Flower sections from Col-0 and 35S::CA2 were deparaf-

fined and rehydrated in successive alcohol solutions.

Finally, they were blocked in 3% bovine serum albumin in

PBS 19 buffer for 30 min at room temperature. After

washing in PBS-Tween 20 0.05%, Anti-CA2 antibody,
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which recognizes CA2 specifically (Perales et al. 2005),

was added and incubated for 2 h in humidity chamber (3%

BSA-PBS was used as negative control). The slides were

washed three times in PBS-Tween 20, and subsequently

incubated for 1 h with secondary antibody conjugated to

alkaline phosphatase (Sigma). After washing in PBS-

Tween 20, the reaction with NBT-BCiP was developed,

followed by microscopy and stopped with buffer TE.

Control sections were processed without anti-CA2

antibody.

In situ b-glucoronidase activity and lignin detection

In situ b-glucoronidase activity was analyzed in several

tissues of CA2promoter::uidA transgenic plants, as

described in Zabaleta et al. (1998).

Lignin detection by Ethidium bromide staining and

confocal microscopy was performed as described in Yang

et al. (2007).

In situ determination of reactive oxygen species

For detection of ROS in plant tissues, inflorescences and

leaves of Arabidopsis plants were incubated in light with a

solution 0.5 mg/ml of 3,30-diaminobenzidine (DAB) in

50 mM sodium acetate buffer (pH 5, 4), or 0.5 mg/ml of

Nitrobluetetrazolium (NBT) in buffer 25 mM HEPES pH

7, for 2 h at 25�C. Afterwards, the solution was removed

and tissues were decolorated with ethanol over night.

Images were taken with a binocular SMZ800 (Nikon) and a

CoolSnap Pro camera (MediaCybernetics, TX).

Determination of antioxidants

Ascorbic acid levels (total and reduced) and glutathione

levels (total and reduced) from Arabidopsis tissues were

measured as described previously (Bartoli et al. 2006;

Griffith 1980).

Oxygen consumption assay

Oxygen consumption assay was performed as described in

Bartoli et al. (2006). Respiration of detached leaves was

monitored using the LD2/3 leaf disc electrode (Hansatech,

UK). Complex I pathway was inhibited with 40 lM rote-

none. To assess the maximum capacity of the AOX

pathway, the cytochrome c pathway was inhibited with

1 mM KCN. Leaves were immersed for 3 h prior to assay,

in the buffer containing these respiratory inhibitors toge-

ther with a surfactant agent (0.05% Tween-20) to allow

penetration, under low light (10–20 lmol m-2 s-1). The

leaves were then dried and placed in the oxygen electrode

chamber. Then respiration was measured.

Results

AtcCAs are differentially expressed throughout

the plant

Semiquantitative RT-PCR analyses were performed to

evaluate the expression pattern of Arabidopsis cCA genes.

CA2 transcripts are weakly expressed in roots and leaves

but expression is enhanced about ten times in flower tissues

(Fig. 1A). This fact could be explained in part because of

the increase in the number of mitochondria per cell in

flowers tissues (Zabaleta et al. 1998). To further analyze

the expression pattern, in situ hybridization analyses were

performed. As shown by Fig. 1B, the expression seen in

flowers is mainly due to an augmentation of transcript

levels in anthers, particularly in tapetal cell layer, inflo-

rescence (IM) and floral meristems (FM).

Expression of CA2 was further investigated using the

GUS reporter gene expressed under the control of 2,000 bp

of the putative CA2 promoter. The obtained data nicely

correlate with RT-PCR and RNA in situ experiments.

Expression in anthers starts very early during flower devel-

opment and in seed development as reported before for the

complex I subunits (Fig. 1C, D and E; Zabaleta et al. 1998).

35S::CA2 plants show a severe male sterile phenotype

Ectopic expression of this protein in transgenic Arabidopsis

plants causes a severe male sterile (ms) phenotype. Eigh-

teen of twenty-one T0 35S::CA2 plants showed this

phenotype, while the remaining plants presented wild type

phenotype. In previous transformation experiments using

35S::CA2-FLAG or 35S::CA2-GFP (Parisi et al. 2004 and

data not shown), similar phenotypes were observed.

Kanamycin resistant ms plants are continuously growing

for more than 8 months and multiple bolts arise from the

rosette. All of the ms 35S::CA2 plants are flowering 6–

7 days earlier than wild type plants (Fig. 2F). The first

bolts develop male sterile flowers containing anthers

unable to undergo dehiscence (Fig. 2C, D). However, fer-

tile flowers appear sometimes in further bolts. Male sterile

flowers could be pollinated and fertilized by wild type

pollen grains and, in some cases, are able to be manually

selfed. Eventually, a small proportion of nearly normal

siliques successfully develop in overexpressing ms plants.

Seeds resulting from these crosses are bigger than wild

type ones (Fig. 2G), and plate-grown seedlings developed

larger primary roots (Fig. 2E). A nearly 65% of progeny

(13 ± 1 of 19 ± 2) obtained from these transgenic plants

show the same phenotype. Sterility was shown to be stable

under several environmental conditions.

A correlation between over-expression of CA2 transcript

and phenotype was performed and 100% of ms plants over-
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expressed the transcript, while plants which did not,

showed a phenotype undistinguishable from wild type

plants. In most of the 35S::CA2 plants showing wild type

phenotype, CA2 transcript was indeed silenced which

correlates with the observed phenotype of ca2 null mutant

plants (Fig. 3; Perales et al. 2005).

Anther development is altered in 35S::CA2 plants

but pollen develop nearly normal

Normal anther development comprises several stages from

differentiation of four layers of different cell identity to the

final anther dehiscence. At stage 8 of flower development,

the degeneration of tapetal cell layer occurs (Fig. 4A top).

At stage 11, thickening of endothecium by pollen mitosis I

starts, having its maximal by pollen mitosis II. Secondary

thickening occurs in the endothecium as bands of striated

spring-like thickening which is composed of cellulose and

lignin (Fig. 4A center). This thickening is necessary to

create the shearing force required for the final anther

dehiscence through the stomium. In the 35S::CA2 anthers,

no secondary thickening is observed in the anther endo-

thecium (Fig. 4 center—note the abnormal endothecium

development and absence of fibrous bands in 35S:CA2

anthers), although other tissues in the transgenic plant

undergo normal secondary thickening. This lack of

strengthening of the endothecium means that as the anther

dehydrates, the endothecium layer distorts and thus

shearing forces do not take place. Therefore the anther fails

to open avoiding pollen grains to release. In normal

Fig. 1 Gamma carbonic anhydrase 2 (CA2) is expressed strongly in

anthers. The expression pattern of CA2 was studied by A semiquan-

titative RT-PCR. Total RNA from root, leaf, and flower was

extracted. Using specific primers, a cDNA fragment corresponding

to CA2 mRNA was amplified by 16 cycles (exponential phase) and

separated by electrophoresis on agarose gels. Samples containing

Sybr Gold were quantified. ACTIN 2 gene is shown as loading control.

B In situ hybridization Top Longitudinal section showing inflores-

cence meristem hybridized with a CA2 antisense probe labeled with

digoxigenin UTP and revealed with NBT/BCiP. Inflorescence

meristem (im), and developing flowers in stages 1 and 3. Bottom
Transversal section of an anther at stage 10 (pg pollen grains;

t tapetum). C–E GUS activity staining with X-Gluc. Arabidopsis were

transformed with a construct containing 2,000 bp upstream the ATG

of CA2 gene fused to uidA gene (b-glucuronidase-GUS). Transgenic

plants were selected by resistant to Kanamycin. X-Gluc staining is

detected as a dark blue precipitate; C stage 10 flower (inset,
microscopic detail of anther showing tapetum staining); D stage 12

flowers; E carpel
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development, the appearance of the endothecium changes

just before the secondary thickening occurs, because

endothecial cells undergo an expansion mainly toward the

locule, which is finally restricted by the secondary wall. In

contrast, in 35S::CA2 plants, endothecial cells do not

expand and do not have a secondary wall, which leads to

endothecium collapse at the end of development. In wild

type, while endothecial cell expansion is taking place,

epidermal cells are much reduced mainly by dehydratation.

Conversely, epidermis of 35S::CA2 anthers does not

undergo any visible dehydratation process and surrounds

completely the anther (Fig. 4 bottom). These differences

mean that stomium cannot be opened as in the wild type

and anthers fail to open (Fig. 4A bottom). In conclusion,

ectopic expression of CA2 causes male sterility as a result

of a failure of anther dehiscence.

Fig. 2 Ectopic overexpression of CA2 causes male sterility in

Arabidopsis thaliana. A–B Control and transgenic adult plant growing

in soil. A great proportion of 35S::CA2 plants shows a male sterile

phenotype as a remarkable feature. Aborted fruits can be observed (b,

inset). C–D After anthesis, pollen grains are not released from anthers

in 35S::CA2 background compared to wild type Col-0 plant. E Plate

grown 35S::CA2 seedlings show an increased root length compared to

Col-0 seedlings. F 35S::CA2 plants growing in soil presented an early-

flowering phenotype, flowering both earlier in time and with a lower

number of rosette leaves. G The CA2 overexpressing plants eventually

produce some fertile flowers and generate a reduced number of seeds,

which are larger in size compared to the Col-0 seeds. In all cases

results are expressed as mean ± SD (n = 10 seedlings from at least

three independent experiments)

Fig. 3 Male sterility is correlated with ectopic overexpression of

CA2 gene. RT-PCR. Total RNA from leaf and flower was extracted.

Using specific primers, a cDNA fragment corresponding to CA2
mRNA was amplified by 40 cycles and separated by electrophoresis

on agarose gels. Samples containing Sybr SAFE (Invitrogen) were

visualized. ACTIN 2 gene is shown as control. Differential expression

of CA2 gene in leaf (L) and flower (F) of wild type and 35S::CA2

plants showing male sterile (*) or wild type (**) phenotypes
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Fig. 4 Phenotypic and

histological examination of wild

type and 35S::CA2 anthers.

A Transverse sections of wild

type (Col-0) and overexpressing

plants (35S::CA2) at three

different developmental stages

(8, 11, and 13 or anthesis). Str
stomium region; En
endothecium; E epidermis;

T tapetum; Fb Fibrous band Sm
septum; St stomium. B Anther

of wild type (Col-0) and

overexpressing plants

(35S::CA2). Anthers of

transgenic plant are unable to

release pollen grains

Plant Mol Biol (2009) 70:471–485 477
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The first stages of anther development were normal—

including the tapetal cell layer development and degener-

ation, which is important for pollen development, and

pollen grains appear to be normal when observed under

optical microscopy. Because of these observations, we

speculated that pollen function was not affected by ectopic

expression of CA2. To test this, pollen grains were released

manually from ms anthers and subjected to Alexander

staining or pollen tube growth assay (data not shown). Both

kind of assays demonstrated that pollen grains from

35S::CA2 plants are nearly normal indicating that male

sterility was due to failure in anther opening rather than

pollen dysfunction. Indeed, 35S::CA2 plants produce via-

ble pollen which can fertilize when released mechanically

from the anthers. No changes in female fertility are

detected, because full seed set can be obtained by crossing

the male sterile 35S::CA2 gynoecium with pollen from

wild-type plants. In both cases a segregation 1:1 ms/wild

type was obtained.

CA2 protein is ectopically expressed in 35S::CA2

plants

Using anti-CA antibody, which recognizes all five mem-

bers of the CA family, a 2–3 fold increase of CA2 protein

in leaves was detected respect to that in the wild type

(Fig. 5A, B). However, similar levels were detected in

flowers consistent with RT-PCR analyses, where CA2

transcript is up-regulated in leaves but show similar levels

in flowers (Fig. 5C). Nevertheless, the expression pattern

changed in transgenic anthers as detected using anti-CA2

specific antibody in immuno-histochemical analyses on

anthers of both, wild type and 35S::CA2 plants (Fig. 5D).

Since the strong 35S CaMV promoter used for the gener-

ation of the transgenic plants differs in activity with respect

to the endogenous CA2 promoter, an ectopic CA2

expression is caused, particularly in the anther endothe-

cium. Indeed, the male sterile phenotype correlates with

ectopic expression of the protein. CA2 encoded by the

transgene is most likely able to be imported into mito-

chondria because in 35S::CA2-GFP plants, fluorescent

protein was detected in mitochondria (Parisi et al. 2004).

The phenotype of these latter plants is similar to 35S::CA2

plants.

In order to evaluate the expression of other cCA genes,

semiquantitative RT-PCR analyses were performed. While

CA1 and CAL1 transcripts are not affected, CA3 and CAL2

transcript levels are increased only in leaves, following the

expression of CA2 mRNA, suggesting a close relation

between these three genes (Fig. 5C). Indeed, immuno-

blotting analyses using anti-CA antibody revealed

increased levels of other proteins cross-reacting with this

antibody most likely corresponding to CA3 and CAL2

proteins (Fig. 5A; Perales et al. 2005) which is consistent

with RT-PCR analyses.

35S::CA2 plants show defective respiration

To investigate whether over-expression of CA2 affects

respiration in plants, oxygen consumption was measured in

leaves of 35S::CA2, ca2 null mutant and wild type plants.

As shown in Fig. 6, 35S::CA2 plants show nearly equiva-

lent oxygen consumption rates with rotenone (which

specifically inhibits complex I) or control water, in contrast

to the normal 50% inhibition by rotenone seen in wild type

plants. These results indicated that respiration was mainly

due to alternative pathways and suggesting that complex I

function was affected in vivo. Potassium cyanide inhibits

respiration of both, wild type and ms plants. The ca2 null

mutant plants, which contain 80% reduction of complex I

levels but exhibit a normal phenotype (Perales et al. 2005)

present respiration features similar to ms plants, suggesting

that male sterility observed in 35S::CA2 plants could not

only be due to defects in respiration.

35S::CA2 anthers present no lignin deposition

Male sterile phenotype of 35S::CA2 plants was not due to

pollen dysfunction but a failure in anther dehiscence.

Anthers of the transgenic plants show a lack of secondary

thickening of cell wall, which is clearly observed by

microscopic examination. This failure could be due to

defects in lignin deposition during the last steps of anther

development. To test this hypothesis, male sterile and wild

type anthers stained with acridine orange/ethidium bromide

(AO/EtBr) were examined using a confocal microscope

(lignin polymer stains in red color with EtBr, while AO

dyes in green primary cell walls). As shown in Fig. 7,

while a strong red staining is seen in the wild type anthers

(Fig. 7B, C), 35S::CA2 anthers are not stained by EtBr

(Fig. 7E, F) indicating a great reduction of lignin deposi-

tion and, most likely, accounts for the lack of secondary

thickening. This could be the reason these anthers are

unable to open. It is interesting to note that lignin content

appears to be similar in the anther filaments of wild type as

well as in 35S::CA2 plants.

ROS production is reduced in 35S::CA2 plants

Complex I is known to be the major site of ROS production

in plant mitochondria (Møller et al. 2007 and references

therein). Altered complex I function therefore might

change the ROS content in anthers. At stage 10 of anther

development, peroxides are normally detected mainly in a

fine cell layer surrounding anther locules. This peroxide

accumulation precedes and is related to programmed cell
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Fig. 5 CA2 is ectopically expressed in 35S::CA2 anthers. A Total

protein from leaves and flowers of wild type (Col-0) and 35S::CA2

leaves and flowers were extracted, separated by a 16% polyacryl-

amide gels and Coomasie stained (top) or blotted onto PVDF

membranes. CA2 was immuno-detected using anti-CA antibody

(Perales et al. 2005) and revealed with a fluorescent secondary anti

rabbit (bottom). The molecular masses of standard proteins are given

to the left of the Coomassie Blue-stained gel. The black arrow in the

western blot shows CA2 band, while grey arrows correspond to the

other four CA proteins. B Quantification of protein amounts was

performed using image QuaNT software (GE, Healthcare). Proteins

separated by tricine-SDS PAGE were transferred to PVDF mem-

branes and incubated with anti-CA antibody. The higher molecular

weight immuno-reactive band corresponding to CA2 protein was

quantified. Lower molecular weight bands represent other member of

the gamma CA family cross reacting with this antibody (Perales et al.

2005). Values represent mean and error bars represent SD from three

independent experiments). C Semiquantitative RT-PCR. Total RNA

from leaf and flower was extracted. Using specific primers, cDNA

fragments corresponding to CA1, CA2, CA3, CAL1, and CAL2 mRNA

were amplified by 16 cycles (exponential phase) and separated by

electrophoresis on agarose gels. Samples containing Sybr Gold were

quantified. ACTIN 2 gene is shown as loading control. D Anthers from

wild type and 35S::CA2 plants were embedded in paraplast,

deparaffined and rehydrated as explained in ‘‘Materials and meth-

ods’’. Sections were incubated with anti-CA2 antibody, washed and

incubated with alkaline phosphatase conjugated secondary antibody.

Control sections were processed without anti-CA2 antiserum. Upper

panel: wild type anthers, lower panel: 35S::CA2 anthers
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death of anther wall cells (Ren et al. 2002). It was also

demonstrated that high peroxide production is critical for

H2O2-dependent lignin polymerization and deposition

(Kärkönen and Fry 2006), which leads to secondary

thickening. This in turn becomes important to drive forces

needed to anther dehiscence. Stage 10 anthers of wild type,

ca2 null mutant and 35S::CA2 plants were subjected to

DAB staining to detect H2O2 content as a dark brown

precipitate. Wild type and ca2 mutant anthers show a

normal brown staining (arrowed in Fig. 8) In contrast,

DAB staining of ms anther at the same stage is nearly

undetectable, indicating a strong reduction in peroxide

content from any source (Fig. 8). Similar results were

obtained using probes to detect other ROS (i.e., Nitro Blue

Tetrazolium-NBT for superoxide detection). It was then

concluded that normal ROS burst prior anther dehiscence is

almost absent when CA2 is ectopically expressed.

Ascorbic acid content is reduced in 35S::CA2 plants

Since ms anthers show low ROS concentration and defects

in respiration, it was thought that an increase in anti-oxi-

dant molecules could be responsible for this decrease.

Ascorbic acid (AsA) very much contributes to the detoxi-

fication of ROS (Bartoli et al. 2000; Conklin 2001; Conklin

and Barth 2004). Bartoli et al. (2006) suggested that the

mitochondrial electron transport chain exerts co-ordinated

control over redox pathways involving AsA and alternative

oxidase (AOX) capacity.

Therefore, content and redox state of ascorbate and

glutathione, the major soluble antioxidants of plant cells,

were compared between leaves and flowers from wild type

and 35S::CA2 plants. Interestingly, the last enzyme in the

ascorbate biosynthetic pathway is a mitochondrial protein,

which forms part of a special complex I type which is

smaller than the main form of this respiratory complex

(Millar et al. 2003).

Surprisingly, leaves, as well as flowers of 35S::CA2 and

ca2 null mutant plants contain reduced total ascorbate

contents compared to wild type organs (Fig. 9A and data

not shown). The proportion between oxidized and reduced

forms is similar among all three genetic backgrounds

suggesting that the redox state was unaffected. On the other

hand, the total glutathione content was nearly similar in all

plants analyzed, although oxidized GSH levels were

slightly increased in 35S::CA2 leaves compared to the wild

Fig. 6 35S::CA2 plants show reduced respiration. Oxygen consump-

tion was measured in detached leaves from wild type (Col-0),

35S::CA2 and ca2 null mutant plants after different treatments as

indicated in ‘‘Materials and methods’’. Water (control), rotenone

(complex I specific inhibitor), Potassium cyanide (KCN-Complex IV

specific inhibitor) and rotenone ? KCN. Values represent mean and

error bars represent SD (n = 20) from three independent experi-

ments. Statistically significant differences respect to Col-0 samples

(P \ 0.05) are marked with * (n = 20)

Fig. 7 35S::CA2 anthers show

low lignin content. Flowers

from wild type (Col-0) and

35S:CA2 plants were stained

with Acrydine Orange (Green
fluorescence for cell walls) and

Ethidium Bromide (Red
fluorescence when binds lignin).

Anthers were then analyzed by

confocal microcopy as

described in ‘‘Materials and

methods’’. Yellow colored

represents the co-localization of

lignin and cell walls in merge

pictures (n = 10)
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type (Fig. 9B and data not shown). AOX expression was

also similar among these plants (data not shown). Thus, the

differences observed in anti-oxidant content can not

account for the strong reduction of ROS seen only in

35S::CA2 plants. It is therefore concluded that ROS for-

mation in anthers is affected most likely by a defect in

complex I function when CA2 is ectopically expressed.

Discussion

In this report, we have studied the physiological and bio-

chemical consequences of the ectopic over expression of

mitochondrial gamma CA2 protein, a plant-specific subunit

of respiratory chain complex I located at the CA domain of

the complex (Sunderhaus et al. 2006). Ectopic expression

of CA2 causes mainly male sterile phenotype because

anthers fail to open. Pollen grains are completely fertile but

they remain locked into indehiscent anthers due to the lack

of secondary thickening of endothecium. This perturbation

avoids the occurrence of the shearing forces required to

open anthers through the stomium. Although 35S::CA2

plants show respiratory defects similar to ca2 null mutant

plants, these features are consequence of different defects.

The ca2 mutants show a strong decrease in Complex I

(*80%) but a normal ROS production in anthers. This

implies that remaining 20% Complex I or the particular

configuration of ca2 respiratory chain is able to sustain

normal vegetative growth and normal pollen development.

Moreover, in mutant background, enough ROS could be

produced to sustain, among other processes, lignin poly-

merization in the anthers, leading to normal anther

dehiscence and consequently, fertile plants. 35S::CA2

plants in contrast, show defects in Complex I function and

a dramatic decrease in ROS content (particularly super-

oxides and peroxides) production in anthers just before

dehiscence stage. This strong reduction in ROS content is

most likely related to the failure in H2O2-dependent lignin

polymerization and deposition seen in 35S::CA2 anthers

that lack secondary thickening. Although several attempts

were made, it was not possible to establish a cell suspen-

sion culture derived from 35S::CA2 or 35S::CA2-FLAG

plants that over-express the protein. In consequence, the

intramitochondrial location of extra CA2 protein remains

uncertain. Because CAs are thought to form heterotrimers,

it is at least possible to assert that extra CA2 protein form

trimers with CA3 and CAL2 proteins whose transcript

levels are increased in 35S::CA2 leaves. This possibility

should be further investigated.

Lack of secondary thickening in the anther

endothecium and dehiscence

A similar phenotype, as the one described for the ectopic

expression of CA2 was recently described for the A. tha-

liana ms35 mutant (Yang et al. 2007). This mutant impairs

transcription of MYB26/MALE STERILE35 (MS35) gene,

which is critical for the development of secondary thick-

ening in the anther endothecium and subsequent

dehiscence. MYB26 is localized to the nucleus and regu-

lates endothecial development and secondary thickening in

a cell-specific manner in the anther but not in other tissues

of the plant. MYB26 regulates a certain number of genes

linked to secondary thickening (Yang et al. 2007). There-

fore, MYB26 appears to function in a regulatory pathway

involved in determining endothecial cell development

within the anther and acts upstream of the lignin biosyn-

thesis pathway. Wall thickenings are not formed in the

ms35 endothecium, resulting in the endothecial cells

becoming flattened and distorted (Dawson et al. 1999). The

lack of thickening means that the outward bending of the

anther wall fails to occur, the endothecial cells collapse,

and the anther fails to open. This phenotype is exactly the

same as the one observed when CA2 is ectopically

expressed. While MYB26 acts upstream of the lignin bio-

synthesis pathway, ectopic CA2 is proposed to impair the

final step of lignin polymerization and deposition, specifi-

cally in the anther endothecium, via an important reduction

Fig. 8 Anthers from 35S::CA2 plants show low peroxide levels.

Flowers from wild type (Col-0), 35S:CA2 and ca2 null mutant plants

were incubated with 3,30-diaminobenzidine (DAB) for 2 h at 25�C.

Images were taken with a binocular after decoloration with ethanol.

DAB oxidized by peroxide is detected as a dark brown precipitate.

Arrows indicate the fine cell layer surrounding anther locules
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of hydrogen peroxide production. In addition, the lower

ascorbate levels in 35S::CA2 plants may be the result of a

downregulation of its synthesis as a consequence of a

reduced ROS accumulation. However, lignification pattern

in the vascular tissue of the anthers, stems, and leaves is the

same in wild-type, ms35/myb26 and 35S::CA2 plants

(Yang et al. 2007 and this work). As it was previously

mentioned, lignin content seems to be unaffected in the

anther filaments (Fig. 7) suggesting that lignin synthesis,

polymerization and deposition in the vascular tissue follow

a different mechanism.

Lignin polymerization dependent on peroxide levels

in anthers

Lignin is an important structural component of the cell wall

of certain supportive and water-conducting cells. Lignifi-

cation is the process of forming the collective of

phenylpropanoid macromolecules termed lignin. It has been

recognized for 50 years now that lignin is a polymeric

material composed of phenylpropanoid units derived from

three cinnamyl alcohols (monolignols): p-coumaryl,

coniferyl, and sinapyl alcohols. Lignin polymerisation, the

formation of the lignin macromolecule, is thought to result

from oxidative (radical-mediated) coupling between a

monolignol and the growing oligomer/polymer. The final

polymerisation steps of lignin biosynthesis take place after

the activation of monolignols to free radicals by the action

of peroxidase ? H2O2 and/or laccase ? O2 followed by

non-enzymic coupling of monolignol radicals to form the

polymer, lignin (Boerjan et al. 2003; Ralph et al. 2004).

Karlsson et al. (2005) presented data suggesting that H2O2

is required for the development and lignification of the

secondary walls of tracheary elements (TEs) in the Zinnia

cell-culture system. The addition of H2O2 scavengers, such

as ascorbate, catalase, and reduced glutathione to cell cul-

tures at the time of tracheary element initiation reduced the

amount of lignin and the development of the secondary cell

walls. Therefore, lignin polymerisation and subsequent

deposition in cell wall were suggested to be dependent on

hydrogen peroxide levels in vivo. Oxidative coupling of

ferulates to form dehydrodiferulates in primary cell walls

(Fry 2000) and of tyrosine residues of cell wall glycopro-

teins to form di-isodityrosine and related products were

suggested to be mediated by peroxidases (Kerr and Fry

2004; Fry 2004; Encina and Fry 2005). All these cross-

linking reactions taking place in the cell wall are likely to

lead to the restriction of cell elongation. In this context, it is

interesting to note that a negative correlation was found

between apoplastic H2O2 levels and the growth rate of pine

hypocotyls (Pedreira et al. 2004; Kärkönen and Fry 2006). It

has been shown that NADPH oxidase activation, which

generates superoxide and consequently hydrogen peroxide

may contribute to lignin polymerization (Kawasaki et al.

2006). Our data are in agreement with these previous

observations concerning lignin polymerization and deposi-

tion, which mainly come from investigations of wood plants

but should also be valid in A. thaliana. Indeed a dramatic

Fig. 9 35S::CA2 plants show altered anti oxidant levels. Oxidized

and total anti-oxidant [ascorbic acid (AsA) and glutathione (GSH)]

levels were measured in detached leaves of wild type (Col-0),

35S::CA2 and ca2 null mutant plants as described in ‘‘Materials and

methods’’. A Oxidized (AsA ox) and total (AsA total) Ascorbic Acid

content. B Oxidized (GSH ox) and total (GSH total) Glutathione

content. C Oxidized/total ratio was determined for Ascorbic Acid and

Glutathione. Statistically significant differences respect to Col-0

samples (P \ 0.05) are marked with * (n = 20)
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reduction in hydrogen peroxide formation from any source

was observed in anthers of Arabidopsis plants ectopically

expressing CA2. Thus, inhibition of H2O2-dependent lignin

polymerization and deposition specifically in anthers’

endothecium could take place.

What could be the relationship between mitochondrial

defects and apoplastic ROS formation by a plasma mem-

brane NADPH oxidase? In humans, a conserved signalling

cascade involving mitochondrial ROS production and Ca2?

(as messengers) followed by activation of NADPH oxidase

(NOX1) through the Rac1 pathway was described, which is

crucial for the sustained accumulation of ROS and cell

death (Lee et al. 2006). In plants, mitochondrial ROS have

been postulated to represent second messengers (Gray et al.

2004) and a similar link involving plant Rac homologues

and NADPH oxidase activation were reported (Torres and

Dangl 2005; Kawasaki et al. 2006; Møller et al. 2007).

Therefore, mitochondrial defects caused by overexpression

of the CA2 protein, could eventually reduce ROS forma-

tion (as messenger) by complex I dysfunction. In this

scenario, ROS formation by plasma membrane NADPH

oxidase could be extremely decreased by lack of mito-

chondrial ROS signalling. This could then lead to the

avoidance of lignin polymerisation, secondary thickening

and consequently to the failure of anther opening. In

35S::CA2 leaves, ROS levels are not altered, suggesting

other sources (mainly chloroplast) for ROS formation.

Experimentally, we have shown both, undetectable ROS

levels in anthers (from any source) and lack of lignin

deposition in anther walls.

It is interesting to mention that a similar transformation

experiment using 35S::CA1 construct leads to kanamycin

resistant seedlings showing aborted growth that die 2–3 days

after germination (A. Colaneri and E. Zabaleta, unpublished

results). Although it could not be possible to perform any

biochemical or physiological analysis, it is reasonable to

think that lignin polymerization and deposition were fully

affected and growth would be then prohibited.

Predicted physiological role of AtcCAs

What could be the reason why ectopically expressed CA2

leads to such a drastic reduction in ROS content? Different

hypotheses can be suggested. In animals, it was found that

an alkalinization of the mitochondrial matrix increased

ROS production by an over-reduction of the complex I

(Andrukhiv et al. 2006). If matrix pH increases, the flow of

electrons is retarded causing an increased reduction at the

flavin site and consequently increased superoxide produc-

tion which is rapidly converted into hydrogen peroxide.

However, if complex I activity is affected, the flavin site

could then be oxidized and ROS production would be

reduced. In Drosophila, it was found that superoxide

production from complex I following reverse electron flow

was very sensitive to a small decrease in membrane

potential; a 10 mV drop in membrane potential decreased

ROS production by 70% (Miwa and Brand 2003). Then, we

could hypothesize that an abnormal increase in CA2 pro-

tein and most likely CA3 and CAL2 may lead to the

formation of active extra trimers in a particular mito-

chondria (e.g., Endothecial mitochondria). These putative

extra trimers could cause an abnormal acidification of the

mitochondrial matrix, impairing complex I function, which

in turn would cause a decrease in ROS production,

resulting in a much lower steady-state level of ROS than

was found in wild type anthers. These putative active tri-

mers should then increase HCO3
- levels and thus produce

an acidification, which would also affect the electrochem-

ical gradient across the inner mitochondrial membrane.

It is interesting to mention that overexpression of CA III

in NIH/3T3 cells caused a protection against peroxide-

mediated apoptosis (Räisänen et al. 1999). CA III is a

cytosolic enzyme highly expressed in skeletal muscle in

rats. It was demonstrated that in skeletal muscle, CA III

also exhibits a protective role against peroxide (Zimmer-

man et al. 2004). Thus, the complex I integrated CAs could

protect tissues against peroxides when its normal expres-

sion is high. For example, a high respiratory rate with a

high ROS production, as observed in the tapetum, might

need a high expression of CAs to avoid premature pro-

grammed cell death and allow a correct pollen

development. However, CAs’ expression should be low in

the endothecium to permit ROS bursts and lignification

necessary for shearing forces and anther dehiscence. This

highlights the importance of tight regulation of mitochon-

drial functions in late anther development.

In conclusion, ectopic expression of CA2 causes func-

tional problems to Complex I in tissues where CA2

expression is normally low (e.g., endothecium or leaves)

that are related to intra-mitochondrial physiological con-

ditions. Abnormal CA2 expression, and consequently CA3

and CAL2 expression causes a strong reduction in ROS

production. Lack of ROS burst in anthers might impair

lignin polymerization. This impairs secondary thickening

in the anther endothecium and finally causes anthers

indehiscence and male sterility.
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