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Abstract

The NADH-ubiquinone oxidoreductase [complex | (Cl), EC 1.6.5.3] of the mitochondrial respiratory chain is the prin-
cipal entry point of electrons, and vital in maintaining metabolism and the redox balance. In a variety of eukaryotic
organisms, except animal and fungi (Opisthokonta), it contains an extra domain composed of putative gamma
carbonic anhydrases subunits, named the CA domain, which was proposed to be essential for complex | assembly.
There are two kinds of carbonic anhydrase subunits: CAs (of which there are three) and carbonic anhydrase-like
proteins (CALs) (of which there are two). In plants, the CA domain has been linked to photorespiration. In this work,
we report that Arabidopsis mutant plants affected in two specific CA subunits show a lethal phenotype. Double
homozygous knockouts ca’ca2 embryos show a significant developmental delay compared to the non-homozy-
gous embryos, which show a wild-type (WT) phenotype in the same silique. Mutant embryos show impaired mito-
chondrial membrane potential and mitochondrial reactive oxygen species (ROS) accumulation. The characteristic
embryo greening does not take place and fewer but larger oil bodies are present. Although seeds look dark brown
and wrinkled, they are able to germinate 12 d later than WT seeds. However, they die immediately, most likely due
to oxidative stress.

Since the CA domain is required for complex | biogenesis, it is predicted that in ca7ca2 mutants no complex | could
be formed, triggering the lethal phenotype. The in vivo composition of a functional CA domain is proposed.

Key words: Embryogenesis, gamma carbonic anhydrase, membrane potencial, reactive oxygen species, respiration, respiratory
complex |.

Introduction

Complex I (CI) (NADH-ubiquinone oxidoreductase, EC
1.6.5.3) is the largest complex of the mitochondrial or bacte-
rial respiratory chain. It catalyzes the transfer of two electrons
from NADH to quinone coupled to proton translocation
across the membrane. In many systems it represents the major
entry point of electrons from metabolism (Gray, 2012). In
bacteria, it contains 14 subunits (Friedrich, 1998). Eukaryotic

CI contains additional 31-38 proteins named ‘accessory
subunits’, some of them differing among species (Bridges
et al., 2010; Cardol, 2011; Andrews et al., 2013; Peters et al.
2013; Braun et al. 2014). A specific matrix-exposed domain
formed by y-carbonic anhydrase (CA) subunits attached to
the membrane arm of the complex was identified by using
single particle electron microscope analyses in Arabidopsis
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(Dudkina et al., 2005; Sunderhaus et al., 2006). By using a
proteomic approach, the CA domain was shown to contain
at least two different y-CA proteins, CA1 (Atlgl9580) and
CA2 (At1g47260), which show conserved active site regions,
and two less well conserved y-CA-like proteins: CALI
(At5g63510) and CAL2 (At3g48680) (Klodmann et al,
2010). However, it has been suggested that the CA domain is
arranged as a trimer (Perales et al., 2004; Sunderhaus et al.,
2006). A third CA protein (CA3; At5g66510) was not found
in the CA domain although it is considered a CI subunit
(Klodmann et al., 2010). Thus, the exact composition of the
CA domain is currently unknown.

CA subunits were first thought to be specific components
of the CI from photosynthetic organisms (Heazlewood et al.,
2003; Parisi et al., 2004). However, further investigations
demonstrated that homologous y-CA proteins exist in the
Cl isolated from a range of other eukaryotic lineages includ-
ing slime moulds and amoebae that lack photosynthesis
(Gawryluk and Gray, 2010). Up to now, it was not detected in
animals and fungi. A role for the CA domain in CI biogenesis
was experimentally proven in Arabidopsis (Klodmann ez al.,
2010; Meyer et al., 2011; Li et al., 2013). Additionally, spe-
cific roles in plant photomorphogenesis and growth includ-
ing male sterility have been shown by gene knockout studies
(Wang et al., 2012) and by overexpression of the CA2 subu-
nit (Villarreal et al., 2009). This subunit is probably the most
important for CI biogenesis, since ca2 mutants show 80% less
CI than WT plants. The CA2 protein was also proposed to
bind inorganic carbon (Ci= "HCO; and CO,; Martin et al.,
2009). Accordingly, it has been postulated that the CA
domain might be involved in recycling CO, from respiration
and photorespiration (Braun and Zabaleta, 2007; Zabaleta
et al., 2012). Experimental data recently published support a
link of this domain with photorespiration (Soto et al., 2015).

Several mutants showing complex I defects have been char-
acterized in Arabidopsis. These include knockout mutants of
complex I subunits (Perales et al., 2005; Meyer et al., 2009,
Kiihn et al, 2015; Soto et al., 2015) or mutants that lack
proteins affecting the expression of complex I subunits [sum-
marized in Colas de Francs-Small and Small (2014)]. These
mutants show a range of altered growth phenotypes, from
WT-like to severe delayed growth, which might be attribut-
able to variable amounts of complex I, different subcomplex
accumulation or lack of NADH dehydrogenase activity. The
role of complex I during seed development however, is still
unclear. Arabidopsis mutants with undetectable complex I,
like organelle transcript processing defect43 (otp43) defec-
tive in a pentatricopeptide repeat (PPR) protein show curled
leaves and an extremely delayed growth in vitro, producing
malformed seeds that do not germinate. OTP43 is involved
in the trans-splicing of the mitochondrial nadl, although it is
not clear whether subcomplexes are present in this mutant (de
Longevialle et al., 2007). Another mutant that is defective in
complex I activity, ndufvl, which lacks a bona fide component
of the complex (NADH-binding subunit NDUFV1), requires
sugar for germination and accumulates partially assembled
complex I (Kiihn et al., 2015). In other plant species, mutants
in complex I subunits have been characterized, such as the

conditional mutant CMSII of Nicotiana sylvestris (Pineau
et al., 2005) and nonchromosomal stripe2 (NCS2) in Zea mays
(Karpova and Newton, 1999). Both mutants show partially
assembled complex I due to the lack of essential subunits
(NAD7 or a PPR affecting nad4 transcript, respectively).
However, phenotypes are different presenting delayed growth
and photosynthesis deficiency (Dutilleul er al, 2003) or
lethality during kernel development (Karpova and Newton,
1999). Moreover, the corresponding mutant in Arabidopsis
produces seeds that germinate at low rates (Haili ez al., 2013).

In this report, we present experimental evidence that
the CA domain of plant complex I is required for normal
embryogenesis. Double knockout mutants lacking two CA
subunits (calca2 double mutants) display a significant delay
in embryogenesis, embryos with low mitochondrial poten-
tial, ROS accumulation and a lethal phenotype. Although
the abnormal seeds produced are able to germinate with a
significant delay, mutant seedlings die shortly afterwards. As
a result of interaction studies and the lethal phenotype of
this particular combination of mutants we propose a model
for the in vivo composition of the conserved CA domain in
plants. This model suggests that in plant mitochondria there
are different types of complex I according to the composi-
tion of their CA domains, with presumably specific physi-
ological functions.

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) and mutants were
growth under long-day conditions (16/8h light/dark), 100 pmol
quanta (uE) m~* s™! light intensity and a constant temperature of
22°C. After sowing, seeds were maintained in darkness at 4°C for
2 d. Single mutants cal (SALK_109391) and ca2 (SALK_010194)
were cross-pollinated to obtain double heterozygous mutants
cal CAlca2ca? and calcalca2CA2. Growth on plates was con-
ducted on Murashige and Skoog medium (Sigma), supplemented
with 30pg/ml kanamycin. Seeds were previously sterilized on SDS-
sodium hypochlorite solution and washed five times with sterile
water.

Genotyping of heterozygous lines

Detection of insertional T-DNA on double mutant lines was per-
formed by genomic PCR methods (previous heating of 5min at 94°C;
30 cycles of 50s at 94°C, 30s at 50°C and 1 min at 72°C and final elon-
gation step of 3min at 72°C), using specific primers for the insertion
(LBb1.3 5-ATTTTGCCGATTTCGGAAC-3") and for the specific
gene (CA1 LP 5-ATCTCGAGATGGGAACCCTAGG
CA-3;CA2LPY-CACTCGAGTGGGAACCCTAGGA-3").Double
mutant plants, heterozygous for CA1 or CA2 were allowed to self-polli-
nate and progeny was germinated on plates and genotyped as indicated
above. Non-disrupted alleles were detected by combination of primer
pairs: CAl forward, 5-ATCTCGAGATGGGAACCCTAGGCA-3"

and CA1l reverse, 5-TTTCCCGGGGTTCACATTAGAAGG
ACG-3; or CA2 forward, 5-CACTCGAGTGGGAACCCT
AGGA-3" and CA2 reverse, 5-TCAGAGTAGGTAGAACC
TTGCCA-3".

Phenotype analysis

WT and mutant (cal CAlca2ca? or calcalca2CA?2) siliques at dif-
ferent stages (corresponding to different stages of embryogenesis;
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Bowman et al., 1994) were mounted on glass slides and cleared for
16h on Hoyer’s solution. After clearing, embryos were visualized on
a Zeiss Axioplan Imager-A2 microscope under differential interfer-
ence contrast (DIC) optics. Images were captured with an Axiocam
HRC charge-coupled device camera (Zeiss) using the Axiovision
program (version 3.1). Seeds were examined by scanning electron
microscopy (SEM), using a JEOL JSM-6460LV microscope.

Mitochondrial membrane potential

To analyze the mitochondrial membrane state, tetramethylrod-
hamine (TMRM) (Molecular Probes) was used. Immature pistils
were emasculated and pollinated manually. After indicated times,
siliques were harvested, the embryos were isolated from seed coats
and incubated with 200nM TMRM on 0.5X MS medium, 3%
sucrose. After 30min incubation, seeds were mounted with buffer
and images were taken using a confocal microscope (Nikon Eclipse
C1 Plus). Red (excitation/emission wavelength = 485/590nm) flu-
orescence was analyzed for 100 ovules or embryos from WT and
mutant plants. Quantification was performed as described (Martin
etal,2013).

Mitochondrial density

Active mitochondria density was determined using MitoTracker Red
CM-H2Xros dye (Molecular Probes). Stock solution was prepared
according the supplier’s indications, and used at a final concentra-
tion of 10 uM. Staining and mounting protocols were the same as
above. Visualization of red fluorescence was performed in a confocal
microscope (Nikon Eclipse C1 Plus).

Reactive oxygen species detection

To detect hydrogen peroxide diaminobenzidine (DAB; Sigma) stain-
ing was used. Briefly, siliques and pistils were vacuum-infiltrated
(three times for 5min) with a DAB solution (1 mg ml™"). After over-
night incubation at room temperature in total darkness, samples
were dissected and cleared for 16h in Hoyer’s solution.

Detection of superoxide was performed by nitroblue tetra-
zolium (NBT) staining. Siliques and pistils were vacuum-
infiltrated (three times for 5Smin) in a 10 mM phosphate buffer,
pH 7.8, containing 10mM NaN; and 0.1% NBT (Promega)
and incubated in darkness overnight at 37°C. Samples were
dissected and cleared for 16 h in Hoyer’s solution.

Mitochondrial superoxide and general ROS were detected
by MitoSOX red and H,DCFDA (Molecular Probes), respec-
tively. MitoSOX red was used at 5 uM in 20mM HEPES
buffer, pH 7.2. H,DCFDA was used at 10 uM in the same
buffer. Siliques and pistils were dissected and mounted with
buffer, followed by confocal microscopic visualization (Nikon
Eclipse C1 Plus). H,DCFDA was excited at 488-nm line, and
images were acquired with the green photomultiplier channel.
For MitoSOX red, 408-nm line was used for excitation, and
the red photomultiplier channel of the confocal microscope
was used for image acquisition.

GUS activity stain

The CA2 promoter region (2000bp upstream of the first trans-
lational codon) was amplified with specific primers: forward,
5’-TCTAGATAGGGTTCCCATTTTTTTGTGATTCTCC-3’
and reverse: S-TTTTCTAGACTTGAACTAAGTCCTTCTC
ACGGCGT-3’, sequenced and cloned into the pBI 101.1 vector
(https://[www.arabidopsis.org/). Arabidopsis Col-0 plants were trans-
formed with this CA2::GUS construction through the floral dip

method (Clough and Bent, 1998). 3-glucuronidase activity staining
was performed as follows: siliques at different stages of maturation
(corresponding to different stages of embryogenesis) were collected,
split longitudinally and then fixed in 90% acetone at —20°C for
30min. After three washes in 100mM sodium phosphate buffer pH
7.0, tissues were stained overnight with 100 mM sodium phosphate
buffer, Il0mM EDTA, 5mM K,Fe(CN)6-3H,0, SmM K;Fe(CN)6,
0.1% Triton X-100 and 1mg ml™' 5-bromo-4-chloro-1H-indol-3-yl
p-D-glucopyranosiduronic acid (X-GLUC, Biosynth) at 37°C. After
incubation, tissues were cleared for 16 h on Hoyer’s solution.

Neutral lipid staining

Seed oil bodies were stained with Nile Red (Sigma), a neutral lipid
stain, according to Miquel ez al. (2014) and Siloto et al. (2006). After
staining, images were obtained by confocal microscopy on the red
channel. Immature embryos were directly isolated from seeds. Dry
seeds were imbibed for 48h and embryos were isolated to perform
staining.

Yeast two-hybrid analysis

CA protein interactions were examined by using the yeast two-hybrid
system (Gietz et al., 1992). Bait constructs were generated which
expressed Gal4 fusion proteins with the entire coding sequence of
CA1 or CA2 proteins. The sequences encoding these polypeptides
were amplified by PCR and inserted into the EcoRI and Xhol sites
immediately downstream of the Gal4 DNA-binding Domain (BD)
or activation domain (AD) into the appropriate vectors (pGBKT7
and pGADTY7, respectively). Yeast colonies transformed with two
constructs were grown on auxotrophy media: non selective medium
(-leu, -trp dropout) or selective (-leu, -trp, -his dropout), (Clontech,
CA, Palo Alto, https://www.clontech.com) with 40 mM 3-aminotria-
zole (3-AT) at 30°C in the yeast strain Y190, (genotype: MATa; trpl-
901; leu 2-3,112;ade2-101; ura 3-52; his 3-200; gal44512; gal804538;
URA3::GAL=lacZ; LYS2:GAL(UAS)=HIS2). Growth in this
medium indicates that both proteins interact. Yeast transformation
was performed using the lithium acetate method (Gietz et al., 1992).

Silencing strategy and transcript quantification by gPCR

An artificial microRNA (amiR) strategy was used. Two independ-
ent sequences targeting CAI and CA2 genes were designed by Web
MicroRNA designer (http://wmd3.weigelworld.org/cgi-bin/webapp.
cgi), including the CA3 and CAL genes as ‘off-targets’. These
sequences were assembled into the natural miR390 and the entire
sequence was synthesized (Genscript, www.genscript.com). They
were subsequently cloned into the pCHF3 binary vector containing
the 35S CMV promoter and transformed into rdr6 mutant plants by
the floral dip method (Clough and Bent, 1998). Twenty-two inde-
pendent lines were obtained with different degrees of silencing for
CAI and CA2 genes. Total RNA was extracted with TriZOL reagent
(Invitrogen) and used for quantitative RT-PCR (qPCR) using Power
SYBR Green PCR mix in a StepOne machine (Applied Biosystems;
http://www.lifetechnologies.com/ar). Transcript levels were normal-
ized against ACT2 as housekeeping gene. qPCR primer pairs were
used as described (Soto et al., 2015).

Membrane isolation and gel electrophoresis procedures

Isolation of membranes from green Arabidopsis plants was per-
formed as described previously (Pineau et al., 2008). 1D blue
native PAGE was performed as described by Wittig et al. (2006).
Protein solubilization for blue native PAGE was performed using
digitonin at a concentration of 5 ug mg™' mitochondrial pro-
tein as described by Eubel ef al. (2003). Blue native separation
of protein complexes was performed in gradient gels of 4.5-16%
polyacrylamide.
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Results

Selfed calca2 heterozygous plants produce a high
frequency of abnormal seeds

The CA domain of respiratory complex I is composed of at
least three CA subunits. However, in Arabidopsis, its gene
family is composed of five members. None of the single
mutants of each CA domain subunit (cal, ca2, ca3, call or
cal2) shows any altered phenotype, although ca2 mutants con-
tain 20% of complex I (Perales et al., 2005). In order to inves-
tigate the role of this domain, crosses of CA single mutants
(cal and ca?) were performed to obtain the double knock-
out mutant. Since double knockout plants were not identi-
fied, developing seeds from plants homozygous for one gene
and heterozygous for the second gene (i.e. calcalca?CA2 or
cal CAlca2ca?) and WT selfed plants were analyzed. During
Arabidopsis seed development, the external appearance of the
immature seed changes from white to green, and then turns
to light brown before seed release. Immature seeds within a
single silique develop at approximately the same rate; how-
ever, in siliques of both heterozygous plants (calcalca2CA2
and cal CAlca2ca?), a percentage of abnormal seeds appear
white (immature siliques) or dark brown and wrinkled (dry

A CA1 At1g19580

siliques) in comparison with normal green developing or
pale brown seeds of the WT (Fig. 1B; Supplementary Fig. S1
available at JXB online; Meinke, 1994). Ten dry siliques per
plant were collected and seeds were observed under a bin-
ocular and SEM microscope and scored for abnormalities
in external morphology. The average frequency of abnormal
seeds per silique for both heterozygous plants was 23.0%,
whereas only 2.37% of seeds from siliques from WT plants
were abnormal (Fig. 1C). Abnormal seed percentage seen in
the heterozygous calcalca2CA2 or cal CAlca2ca? mutant
plants were similar and found to be significantly different
from WT frequencies (£<0.05). The proportion of abnormal
seeds is consistent with a 3:1 ratio of Mendelian segregation,
strongly suggesting that these abnormal seeds were the dou-
ble knockout seeds. These seeds were unable to germinate
over the time at which WT seeds do to produce green plants.

Double homozygous calca2 embryos show delay in
embryogenesis

No double homozygous plants were found by genotyping
seedlings of selfed calcalca2CA2 or cal CAlca2cal prog-
enies (Supplementary Fig. S2A). To further characterize

Salk 109391
ATG TGA
O :
200 400 600 IEQG [laao [1200 1400 I‘ﬁua 1800 2000 IZZUQ |2400 IQEQD
CA2 At1 g47260 SSJk_OfOfN

ATG : : TAA

200 400 600 800 T1000

Wild Type

calCA1ca2ca2 cafcalca2CA2

C

Immature

Seed delay rates (%)

Dry

Il Wil Type
[ catCATca2ca2
Bl cafcatca2CA2

[1200 [1400 T1s00 1800 2000 2200

N=528 N=489 N=854 N=1130
30 - b b b b
5% L
20 A
15 4
10 4 N=508 N=524
a a
L mm =
0

Immature seeds Dry seeds

Fig. 1. Siliques of heterozygous calcalca2CA2 and calCATca2ca2 plants contain aborted seeds. (A) Schemes of CA1 and CA2 genes showing the
T-DNA insertions. Black boxes, exons; gray boxes, UTRs; gray lines, introns; triangles, T-DNA insertion sites. (B) Immature (upper) and dry (lower) siliques
containing seed abortions (arrows) in calCA7ca2ca2 (middle panels) and calcalca?CA2 (right panels) plants, compared with WT (left panels). (C)
Percentages of abortions counted in WT and mutant siliques. a, b indicate statistically significant differences by one-way ANOVA (P<0.05). (This figure is

available in colour at JXB online.)
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abnormal seeds, ~20 siliques at different stages of matura-
tion were removed from five heterozygous plants for CA2
or CAI, cleared as indicated in Materials and methods and
observed under DIC microscopy. A high proportion of the
selfed calcalca2CA2 (26.7%, n=792) show embryos with
a delay in development. This proportion is consistent with
double homozygous knockout of CA7 and CA2 genes caus-
ing the observed delay. In order to confirm this presumption,
delayed embryos, easily recognized because of their white
color, were carefully extracted from the whole seed and DNA
was prepared. In parallel, green embryos were also extracted
as a control. Genomic PCR using specific primers for both
genes and the LB primer from the T-DNA were used. In all
cases, white embryos represented the double homozygous
knockouts (Supplementary Fig. S2B).

From early in development until the globular stage (60
HAP) no differences were visible compared with WT embryos
(n=396; Fig. 2A, B, F, G). Immediately after however, a delay
was evident. Fig. 2C shows a WT embryo at torpedo stage
(96 HAP) whereas Fig. 2H shows a double mutant embryo at
early heart stage (96 HAP). The most evident differences were
observed at the end of seed development. While WT devel-
oping seeds are at green curled cotyledon stage (240 HAP;
Fig. 2E), double homozygous embryos showed in Fig. 2J are
at torpedo stage which is normally seen ~100 HAP (Fig. 2J,
C). These and further observations from staged siliques

HAP 24 60

Wild Type

calcalca2CA2

demonstrate that the abnormal embryos do not arrest at a
single developmental time point, but appear to develop more
slowly.

The CA2 promoter region is active during
gametogenesis as well as during embryogenesis

In order to correlate the altered phenotypes described above
with the expression pattern of the concerning genes, a fusion
of 2000bp of the CA2 promoter plus the SUTR including
the first ATG and the GUS (uidA) reporter gene was con-
structed and introduced into WT Arabidopsis plants. GUS
staining of the transformed plants is strong in both male
and female gametophytes (Fig. 3A, B, D, E). Particularly,
in mature pollen, the segregation between pCA2::GUS and
WT pollen grains without stain is easily observed (Fig. 3F).
In the mature female gametophyte, staining appears to be
stronger at the micropylar end (egg and synergid cells in
Fig. 3C). After fertilization, GUS activity diminishes and
becomes mainly confined to the embryo proper in embryos at
globular to heart stages (arrows in Fig. 3G, H, I). In mature
seeds, GUS staining is strong, covering the entire embryo
(Fig. 3], K, L). Publicly available data on eFPBrowser (http://
bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) are consistent with
these results except for expression in the endosperm. CA/ is
shown to be expressed in a similar way, but at lower levels

96 120 240

Fig. 2. Embryogenesis in WT and ca’ca2 mutants. WT (A-E) and double mutant calcalca2ca2 embryo developmental stages (F-J). The double mutant
embryos show a growth delay, perceptible from heart stage (H) of embryogenesis. At the end of embryogenesis, these mutants are at linear cotyledon
stage (J) while WT embryos are in mature green stage (E). Images were taken by DIC microscopy on embryos previously cleared 16h in Hoyer’s solution.
Percentages in panels H, | and J indicate proportion of embryos in those stages, within a calcalca2CA2 silique. H, n= 396; |, n= 290; J, n= 435. Bars,

50 um. HAP, hours after pollination.
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Fig. 3. Promoter activity of CA2 gene on gametophytes and embryos. The first ATG codon of CA2 were fused to the GUS (uidA) reporter gene
2000bp upstream and introduced into WT plants by floral dip. (A-C) Female gametophytes. (D-F) Male gametophytes. (G-I) Globular to heart stage of
embryogenesis. (J-L) Green cotyledon stage of embryogenesis. Bars, 50 um. (This figure is available in colour at JXB online.)

than CA2 which is consistent with protein levels observed
in 2D blue native gels and mass spectrometry experiments
in Arabidopsis (Perales et al., 2005; Sunderhaus et al., 2006;
Klodmann ez al., 2010). Thus, both genes are expressed at the
stages where altered phenotypes are visible in the mutants.

Less active mitochondria are found after the globular
stage in the delayed embryos

The CA domain forms part of the complex I membrane arm.
The CA2 protein was proposed to be important for complex
I biogenesis (Perales et al., 2005; Meyer et al., 2011), as ca2

mutants only contain about 20% of complex I levels. Absence
of the CA1 protein may produce a further destabilization
of the remaining complex impairing respiration and thus
causing a delay in embryo development. To explore this pos-
sibility, mitochondrial functional status was studied using
the membrane potential (Aym) indicator TMRM, which is
a cell-permeant, cationic, red-orange fluorescent dye that is
readily sequestered only by active mitochondria (Brand and
Nicholls, 2011). Thus, in healthy cells, red fluorescent dots
correspond to active mitochondria (Mortensen ef al., 2010).
Mature embryo sacs and embryos at different develop-
mental stages of both WT and calcalca2CA2 plants were
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examined for TMRM fluorescence under confocal micros-
copy (Fig. 4). Flowers were first emasculated and manually
pollinated with pollen of the same plant to control develop-
mental stages. When WT pistils were observed, embryo sacs
show a strong red fluorescence (Fig. 4A), which is consistent
with active mitochondria. After fertilization (12 HAP) and
along embryo development, high red fluorescence remains

constant (Fig. 4C, E, G, I). When calcalca2 CA2 pistils were
analyzed, no differences were found with respect to the WT
pistils until 48 HAP (Fig. 4B, D). However, when delayed
embryos corresponding to calca? double knockouts were
analyzed at 72 HAP until the end of embryogenesis, red fluo-
rescence strongly decreased (20% of the WT; Fig. 4F, H, J).
Indeed, segregating normal embryos (in calcalca2CA2 or

HAP Wild Type calcalca2CA2 e

0 e
§ L]
§ “0

- I
—
48 .
i ow
i
72 g -
% &0

§ : ‘i‘
96 B
.
io

: |
240 1

Fluorescence intensity
&

Fig. 4. Mitochondrial membrane potential in ca7ca2 embryos decreases from globular stage. Flowers were emasculated and manually pollinated. Then,
at the indicated times, embryos were extracted from seeds, mounted on slides and incubated with the TMRM probe for 5min. Images were taken on a
fluorescence confocal microscope, with 40x oil objective. Percentages in panels B, D, F, H and J indicate proportion of embryos in those stages, within
a calcalca2CA2 silique. (l) Image of a cotyledon from a WT embryo in green cotyledon stage. Fluorescence intensity was measured from pictures using
Image J software. Bars, 50 pm. HAP, hours after pollination. a,b indicate significant statistically differences by t-test (P<0.05).
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calcal CA2CA2 developing siliques) or embryos from single
cal or ca? mutant plants show levels of fluorescence simi-
lar to WT embryos (Supplementary Fig. S3). These results
indicate that lack of CA1l and CA2 proteins results in dys-
functional mitochondria as embryo development proceeds, a
situation that might be starting only at 48 HAP.

To further analyze the activity of mitochondria, a second
probe was used. MitoTracker Red (Invitrogen) is a probe usu-
ally used to detect mitochondria. However, its accumulation
is dependent upon membrane potential (Tal er al, 2009).
Thus, red fluorescence is an indication of active mitochon-
dria. When calcalca?2CA2 siliques were analyzed, delayed
embryos corresponding to calca2 mutants contain less active
mitochondria (~30%) than WT embryos, but only at 48 HAP
(Fig. 5), which is consistent with the results obtained with
the TMRM probe. Immediately after pollination and until
the globular stage, double knockout and WT embryos are
indistinguishable.

These results suggest that the lack of CA1 and CA2 pro-
teins might impair the electron transport chain (ETC) func-
tion. However, cells are still able to generate a mitochondrial
membrane potential capable of sustaining early embryo
development until at least late globular stage.

HAP 0 48
[0}
-
|,_
=
<
R— A
<
)
D
Qo
T
1]
(6]
b ot
]
© Ef_  F
: {J | |IJ1
ks wl

Delayed embryos show increased ROS levels

The mitochondrial respiratory chain is a major source of reac-
tive oxygen species (ROS) in eukaryotic cells. Mitochondrial
ROS production associated with a dysfunction of ETC has
been implicated in a number of degenerative diseases and
stresses in many organisms (Jie ef al., 2013). Recent findings
suggest that mitochondrial ROS can be integral components
of cellular signal transduction as well (Drése and Brandt,
2012; Martin et al., 2013, 2014). Within the respiratory
chain, complexes I and III (ubiquinol:cytochrome c oxidore-
ductase) are generally considered as the main producers of
superoxide anions that are released into the mitochondrial
matrix and the intermembrane space, respectively. The dra-
matic loss of mitochondrial membrane potential observed in
delayed calca2 embryos might be a secondary effect, most
likely due to accumulation of ROS. To test this hypothesis,
ROS levels and distribution were studied in WT as well as
in calcalca2 CA?2 siliques at different hours after controlled
pollination.

Mitochondrial superoxide levels were studied using
MitoSOX red (Molecular Probes). This probe is a mitochon-
drial superoxide indicator that is selectively targeted to mito-
chondria and fluoresces red upon oxidation (Robinson ef al.,
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Fig. 5. Double knockout embryos contain less active mitochondria. WT and calcalca2CA2 flowers were emasculated and manually pollinated. After
the indicated time, seeds were opened and embryos were incubated on slides with Mitotracker Red. Images were taken with fluorescence confocal
microscope using 40x oil objective. Fluorescence intensity was measured from pictures using Image J software. Bars: A, E and D, 50 um; B, C, F, G and

H: 25 um. a, b indicate significant statistically differences by t-test (P<0.05).
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2006). The fluorescent probe 5-(and 6)-carboxy-2,7-dichloro-
dihydrofluorescein diacetate (H,CDFDA; Molecular Probes)
was used to analyze hydrogen peroxide levels. This probe dif-
fuses into living cells and is rapidly hydrolyzed to 2,7-dichlor-
ofluorescin (DCFH) and preferentially oxidized mainly by
hydrogen peroxides inside the cells to the highly green fluo-
rescent 2,7-dichlorofluorescein (DCF) (Zhang et al., 2009; Bi
et al., 2012). Thus, DCF fluorescence is correlated with per-
oxide levels (Myhre et al., 2003).

When WT pistils were incubated with MitoSOX, a slight sig-
nal was detected at 0 HAP and 24 HAP at the central cell zone
of the embryo sac and in the developing endosperm, respec-
tively (Fig. 6A, B), diminishing at torpedo stage until no sig-
nal was observed later in development, indicating that healthy
embryos do not produce large amounts of mitochondrial

HAP 0

Wild Type

calcalca2CA2

Wild Type

calcalca2CA2

24 96 240
.

superoxide (Fig. 6C, D, E). When calcalca2 CA2 pistils were
analyzed, no differences for MitoSOX signal were detected
until 24 HAP (Fig. 6F, G). However, when MitoSOX signal
was analyzed in calcalca? CA2 pistils at later stages, the sig-
nal increases only in delayed double mutant calca2 embryos
leading to a strong red signal at the heart stage (96 HAP) that
continues to be high at 240 HAP, indicating a strong produc-
tion of mitochondrial superoxide (Fig. 6H, I). Similar results
were obtained by using H,CDFDA (Fig. 6J-R), indicating
that delayed embryos accumulate large amounts of mito-
chondrial superoxide and hydrogen peroxide leading to a
strong oxidative environment.

To further investigate the nature of the ROS present in
the embryos, both WT and calcalca?2CA?2 siliques at dif-
ferent stages were incubated with NBT to look for cytosolic

_ L

Fig. 6. Double knockout embryos accumulate mitochondrial superoxide and hydrogen peroxide. WT and ca7calca2CA2 flowers were emasculated and
manually pollinated. At the indicated time, ovules or isolated embryos were mounted on slides in presence of MitoSOX to detect mitocondrial superoxide
(A-), and H,DCFDA detect hydrogen peroxide (J-R) and observed immediately under fluorescence confocal microscope with both channels. Bars, 50um.
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superoxide, and with DAB to detect H,O,. Cytosolic superox-
ide was detected outside the embryo sac in ovules from unpol-
linated and pollinated WT pistils (48 HAP), at the micropylar
end of the inner integument (Supplementary Fig. S4A, B, E,
F). Later in embryogenesis, no NBT signal was observed in
WT developing seeds. However, a strong signal was detected
in delayed double mutant embryos (Supplementary Fig. S4G,
H) indicating that not only mitochondrial superoxides are
produced in the mutant embryos but also other types of super-
oxides as well. In the case of the DAB probe, peroxides were
detected in the central cell zone of mature embryo sacs, both
from WT and calcalca2CA2 pistils and after fertilization
(24 HAP) (Supplementary Fig. S41, J, M, N). Similar to the
results obtained with NBT, strong DAB signals were detected
only in delayed double mutant embryos (Supplementary Fig.
S40, P). These results reveal that the lack of CAl and CA2
produces a strong impairment of respiration and different
kinds of ROS accumulation.

Double mutant seedlings are unable to survive

As described above, ~23% of the seeds obtained by selfing
calcalca2CA2 or cal CAlca2ca?2 plants are dark brown and
wrinkled seeds (Fig. 1). To know whether these abnormal
seeds are able to germinate, they were planted on MS medium
together with WT or heterozygous calcal ca? CA2 seeds. Dark
brown seeds germinated 12 d later than WT or heterozygous
seeds (Supplementary Fig. S5) and were severely delayed in
vegetative development, undergoing a complete de-greening
2 d after (Supplementary Fig. S5). Small seedlings were ana-
lyzed by PCR and found to be homozygous for both ca/ and
ca2 (n=15; Supplementary Fig. S2), whereas normal green
seedlings are WT or heterozygous for either CA/ or CA2
(n=10). Thus, we conclude that calca? double knockout
mutants are unable to develop further. These small seedlings
were subjected to staining with NBT and DAB and com-
pared with WT or calcalca2CA2 seedlings at approximately
the same developmental stage. WT or heterozygous seedlings
show low levels of superoxide and peroxide production, with
high staining restricted to the root tips (Supplementary Fig.
S6, left panels). In contrast, double homozygous mutant seed-
lings show a strong staining for both, DAB and NBT probes,
indicating high ROS accumulation over the entire seedling
(Supplementary Fig. S6, right panels).

Additionally, WT and wrinkled seeds or green and white
immature embryos were cultivated on MS medium supple-
mented with Gamborg’s vitamins and 3%, 5% and 8% sucrose
or 1mM reduced glutathione (GSH) or 3% sucrose, 1 mM
GSH. While WT seedlings develop normally, no rescue of
double homozygous plants was observed.

Abnormally large oil bodies are detected in the double
mutant seeds

In maturing seeds, the two later stages before dormancy of
the curled torpedo embryo are greening and de-greening.
Chlorophyll functions to sustain photosynthetic capacity
(Borisjuk et al., 2004), although photosynthetic CO, fixation

is low in embryos (Asokanthan et al., 1997). Oilseed plants
such as Arabidopsis accumulate lipids to supply the energy
requirements before photosynthesis is established. Such lipids
are generally stored as triacylglycerols (TAGs) in spherical
compartments referred to as oleosomes or oil bodies (Murphy,
1990) together with the structural protein oleosins (Huang,
1992). Thus, NADPH and ATP produced during embryonic
photosynthesis were proposed to be involved in fatty acid syn-
thesis (Goffman et al., 2005). The demand of ATP is postu-
lated to be high for this process (Nakajima et al., 2012).

Because greening of the cal ca2 double mutant embryos is not
detected and mitochondrial membrane potential is impaired, it
was reasoned that fatty acid synthesis could be compromised.
To test this idea, WT as well as calcalca2CA2 siliques were
subjected to neutral lipid staining using Nile red, which is a
red dye used to specifically detect oil bodies and membranes
(Siloto et al., 2006; Miquel et al., 2014). WT or heterozygous
embryos present strong red staining, showing a large number
of oil bodies inside the cells (327 per 100 pm?, n=10). At
early torpedo stage, double homozygous mutant embryos con-
tain fewer oil bodies but are slightly larger than WT embryos
(24+2 per 100 um?, n=10; Fig. 7A, D). At late torpedo stage,
while in WT embryos the number of oil bodies increases, dou-
ble mutant embryos still present fewer and larger oil bodies
(15+3 per 100 pm?, n=10, P<0.001) compared to WT embryos
(Fig. 7B, E) suggesting that a significantly less surface would be
available for catabolism. These results reveal that a strong defi-
ciency in complex I affects oil storage. After imbibition, WT oil
bodies are almost consumed after 48h (Fig. 7C, F). However,
in the double mutants oil bodies remain, suggesting that respi-
ration is fully compromised and unable to consume reserves to
sustain sporophytic growth.

CA1 and CA2 proteins do not interact

It was hypothesized that the CA domain is composed of
three subunits (trimers): two CA-type proteins and one
CAL protein (Perales et al., 2004). In order to investigate if
both CA1l and CA2 proteins could be present in the same
CA domain, a yeast two-hybrid assay was performed using
the classic GAL4 system (see Materials and methods). While
both CAl and CA2 could form homodimers, they do not
show any interaction between them (Supplementary Fig.
S7). This result suggests that two conformations of com-
plex I might co-exist in vivo: complex I containing CA2-
dependent trimers and complex I containing CA 1-dependent
trimers. Since the CA2 protein is more abundant than CAl
(Klodmann et al., 2010), complex I containing CA2 should
be more abundant as well. This idea is consistent with the
20% remaining complex I present in ca2 knockout mutant
(Perales et al., 2005).

Silencing both CA1 and CA2 genes leads to low levels
of complex |

Since we were unable to obtain a double homozygous line
lacking both CA1l and CA2 proteins, a strategy of silencing
was undertaken using artificial microRNAs (amiRs). Two
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Developing embryos

Wild Type

calcalcaZeca?

..
..

48 HAI

Fig. 7. Delayed calca2 embryos show bigger oil bodies. Neutral lipids stored in oil bodies were stained in WT and ca7calca2ca2 embryos by using Nile
Red. At the early torpedo stage, mutant embryo oil bodies are similar in number and size to those of the WT (A and D). However, before drying, oil bodies
in mutant embryos are larger and fewer in number than those in the WT (B and E). Oil bodies are larger than before in dry seeds imbibed for 48h, while in
WT they are smaller and less conspicuous (C and F). Bars, 10 um. HAI, hours after imbibition. (This figure is available in colour at JXB online.)

independent T-DNA constructs containing an amiR targeting
both CAI and CA2 messengers (amiRcalca2) driven by the
35S promoter were introduced into a rdr6 Arabidopsis back-
ground, which avoids RDR6-mediated post-transcriptional
gene silencing (PTGS) of transgenes (Pontes et al., 2013).
Several lines were obtained with different degrees of silencing.
Three independent lines with good scores of silencing were
chosen for further analysis. The CA7 and CA2 transcript levels
were detected at 2% and 14% of those of the WT, respectively
(Supplementary Fig. S§A). These amiRcalca2 plants grow
normally on MS medium or soil; however they show short sta-
mens that hinder the fertilization process (Supplementary Fig.
S8B). Nevertheless, some seeds are obtained and stable lines
with strikingly similar silencing rates were established.

To explore the effect of silencing both CA genes on res-
piratory complex levels, especially complex I, organelle
membranes were isolated and then the corresponding pro-
teins separated by BN-PAGE and in-gel NADH activity was
measured (see Materials and methods). As shown in Fig. 8B,
NADH dehydrogenase activity is reduced in amiRcalca2
plants compared to ca2 mutants, which contain ~20% of this
complex (Perales et al., 2005). All other complexes appear to
be unaffected. We conclude that the reduction of both CA
proteins strongly affects complex I levels.

Discussion

In this report, we show that the lack of two CA subunits of
the CA domain of the respiratory complex I causes a strong
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Fig. 8. amiRca7ca2 plants contain lower levels of Cl than ca2 and WT
plants.Organelle membranes were isolated from WT, ca2 and amiRcalca2
lines. Protein complexes were separated by one-dimensional blue native
PAGE. Gels were either (A) Coomassie-stained, or (B) analyzed for Cl
activity, arrowed. (This figure is available in colour at JXB online.)

reduction in mitochondrial membrane potential that leads
to a lethal phenotype. Double mutant embryos are able to
grow and show a normal mitochondrial membrane potential
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until late globular stage, after which mutant embryos are
delayed in development but continue to grow slowly. Due to
extremely low membrane potential, different kinds of ROS
(mitochondrial and cytoplasmic superoxides and peroxides)
are accumulated, most likely further affecting electron trans-
port chain and probably other important processes in the
embryo. These embryos never reach the greening stage and
consequently oil storage is lower than normal. Nevertheless,
seeds are produced but they show abnormal shape and color.
These dark brown seeds are able to germinate, but do so 12
d after WT seeds, most likely because of less energy supply
(less oil body accessibility due to lower surface area/volume
ratio, oxidative stress and impaired respiration). Severely
affected seedlings contain high levels of ROS and turn white
2-3 d later and die. For these reasons, lack of CA1 and CA2
is considered lethal.

There is a large number of mutants showing embryo lethal
phenotypes (Meinke et al., 2008). Muralla et al. (2011) pre-
sented an updated, comprehensive dataset of 396 embryo
defective (EMB) loci in Arabidopsis, with different pheno-
types and times of developmental arrest. Several embryo
defective mutants show delay or arrest in the transition from
globular stage to early heart stage with a final phenotype
defined as the cotyledon stage (Muralla et al., 2011; Lloyd
and Meinke, 2012). This particular moment of development
that includes a change in symmetry from radial to bilateral
is critical and certainly might be a high-energy demanding
process. Several reports documented that mutants strongly
affecting the respiratory chain in Arabidopsis show similar
phenotypes [Welchen er al. (2012) for Cytc; Dahan et al
(2014) for CIV; Mansilla et al. (2015) for COX 10; this work
for CI] displaying delayed growth after the globular stage.
Kiihn et al. (2015) reported a mutant named ndufvl which
lacks NADH dehydrogenase activity of Complex I. This
mutant requires sucrose to survive, thus, in normal conditions
is lethal although no delay in embryogenesis was reported.
The difference in the strength of the phenotype could be most
likely due to the fact that in the ndufv! mutant, CI assembly
intermediates or subcomplexes are accumulated (for exam-
ple the entire membrane arm containing the CA domain).
On the contrary, in calca2 mutants no intermediate should
accumulate because the defect in the biogenesis is in the very
first steps.

In Arabidopsis, as in most plants, the triploid endosperm
derives from the fertilization of a second sperm cell and
the homo diploid (2n) central cell of the embryo sac
(Sundaresan and Alandete Saez, 2010) which functions as
a nutritive source for the embryo or the germinating seed-
ling. The genotype of the endosperm is the same as the
zygote. Thus, if the zygote is unable to maintain a normal
mitochondrial membrane potential, it is unlikely that the
endosperm could do so. In our experiments, we incubated
isolated small embryos with different fluorescent probes
because it was difficult to observe fluorescence in the entire
developing seed under the confocal microscope. For some
contaminations with endosperm cells, we observed a simi-
lar stain as in the embryo cells; however this aspect needs
further investigation.

Possible composition of the CA domain

Since it was proposed that the CA domain of complex I is
composed of trimers of related proteins, most likely two CA
proteins and one CAL protein (Perales ez al, 2004; Braun
et al., 2014) and CA1l and CA2 do not interact (this work),
it is tempting to speculate that trimers might be formed by
two subunits of CA2 and one CAL (the majority of com-
plex Is, ~80%) but also by two subunits of CA1 and one CAL
(~20%). Thus, in the ca? mutant, the first domain is unable
to form and cannot undergo complex I assembly, with the
remaining 20% of the domain depending on the CAl to
form complex I. In the cal mutant, CA2 could form all the
trimers and no differences are apparent compared to WT. In
silencing amiRcalca2 plants, complex I was much reduced
(this work). In the double mutants calca?2 or callcal?2 (Wang
et al., 2012), we predict that none of the CA domain could
be formed, complex I assembly could not take place, and as
a consequence, embryogenesis is severely compromised. This
prediction is consistent with the findings that rescued calca2
plants contain no detectable assembled complex 1 (Hans
Peter Braun, personal communication). Conversely, when
CAZ2 is lacking and CAL proteins are strongly reduced as in
caZcal? or calcall double mutants (Soto et al., 2015), 20%
of the complex could be formed but is not fully functional
leading to an altered photorespiratory phenotype. A model
is presented in Fig. 9. The comparison of phenotypes shown
by different combinations of mutants reveals that two CAs
and one CAL subunit are required for complex I assembly
consistent with the absolute conservation of both types of
subunits (Perales ez al., 2004). In an Arabidopsis interactome
map published recently (Braun ef al., 2011), it is shown that
CA1 and CA2 proteins interact, however, direct evidence for
the CA1-CA2 interaction so far is week. The remaining CA3
protein, which is very similar to the CA1 protein but slightly
smaller, was not found in an isolated CA domain although
it is present within complex I (Klodmann ez al., 2010). The
exact localization of the CA3 protein remains elusive and
needs further investigation.

Is complex | necessary for early embryo development?

Analyses of mitochondrial membrane potential suggest that
early in development, double knockout calca? embryos
are undistinguishable from single mutant or WT embryos.
However, as shown in Figs 4, 5, membrane potential drops
dramatically at late globular stage, correlating well with the
developmental stage when mutant embryos start to show a
growth delay.

Although calca2 double mutants might contain no detect-
able assembled complex I, mutant embryos (and the cor-
responding mutant female and male gametophytes) are
however able to produce a normal membrane potential of
their mitochondria until late globular stage. Is this because
it is possible to produce a near normal mitochondrial mem-
brane potential without complex I (mainly dependent on
complex II-III-1V) until a certain stage or because there is a
certain amount of complex I derived from its mother? This
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Fig. 9. Model of CA domain composition in plants. WT plants contain 80% CA2-dependent trimers, approximately half with CAL1 and half with CAL2
proteins that enable complex | assembly. The remaining 20% of the domain is dependent on CA1 protein and forms complex I. In ca? mutants, CA2

is able to replace CA1 and forms 100% of CA2-dependent trimers either with CAL1 or CAL2 proteins (unpublished). Thus, caT plants contain 100%
complex | and show WT phenotype. In ca2 mutants (Perales et al., 2005), CA1 forms trimers with CAL1 or CAL2 proteins and accounts for the 20%

of complex | detected in these mutants, showing a WT phenotype although there is a low accumulation of glycine (Soto et al., 2015). In cal7 (and cal2)
mutants (Wang et al., 2012), CA2- and CA1-dependent trimers are formed with CAL1 or CAL2 and plants show the WT phenotype with 100% of
complex I. In ca2cal plants (Soto et al., 2015), CA1 is able to form trimers with the CAL2 protein and only around 20% of complex | is assembled. Plants
show a photorespiratory phenotype with high accumulation of glycine. In ca7ca2 mutants (this work), CAL1 and CAL2 proteins are unable to interact and
cannot form active trimers, thus, complex | cannot assemble and double knockouts show a lethal phenotype. In callcal2 mutants (Wang et al., 2012),
which show a lethal phenotype, CA1 and CA2 protein do not interact (this work), and thus it is predicted that no complex | is assembled. In this case,
CA1 or CA2 could not form homotrimers as they do in vitro (Martin et al., 2009) or homotrimers are inactive in vivo. The callcal2i plants show 5-10% of
complex | (Fromm et al., 2015) which suggests that homotrimers are prohibited in vivo. (This figure is available in colour at JXB online.)

is an interesting question that needs further investigation to
answer. According to published data (Li et al., 2013) the CA
domain shows a relatively high turnover rate. In this case, it
seems unlikely that mitochondria containing complex I from
the mother of the megaspore cell (sporocyte), then inher-
ited by the functional megaspore (initial of female gameto-
phyte), then in the egg cell (and/or central cell) and finally in
the zygote (and the endosperm) could comprise proteins or
messengers from the mother until late globular stage after so
many cell divisions.

Conclusions

In this work, using a combination of insertional mutants in
CA genes, we show that lack of CA1l and CA2 subunits of
the complex I causes a lethal phenotype characterized by

accumulation of ROS and a strong reduction in mitochon-
drial membrane potential suggesting low respiration. This
feature is detected after the globular stage of embryo develop-
ment causing growth delay producing abnormal dark brown
seeds. Since CA2 is required for 80% of complex I assembly,
we predict that CA1 is required for the remaining 20%, sug-
gesting that different types of complex I exist in vivo.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Double heterozygous mutant siliques contain
abnormal, easily recognized seeds.

Figure S2. Genotyping of mutant plants and embryos.

Figure S3. Mitochondrial membrane potential in
calcal CA2CA2 embryos is similar to the WT.
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Figure S4. Reactive oxygen species are accumulated in
calca2 delayed embryos.

Figure S5. Double knockout calca?2 late germinating seed-
lings accumulate large amounts of ROS.

Figure S6. Double knockout calca2 seeds germinate twelve
days later than normal.

Figure S7. CA1 and CA2 proteins do not interact.

Figure S8. amiRcalca2 plants show reduced fertility.

Accession numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: Arabidopsis CAl (Atlgl9580), Arabidopsis CA2 (Atlgd7260),
Arabidopsis CAL1 (At5g63510), Arabidopsis CAL2 (At3g48680).
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