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chondrial complexome in heat and heat recovery. Particularly, changes in the complex I and complex IIl subunits
and import proteins, and the partial disintegration of matrix complexes were observed. The presence of unassem-
bled subunits of ATP synthase was accompanied by impairment in mitochondrial translation of its subunit. In cold
and heat, the transcription profiles of mitochondrial genes were uncorrelated. The in-gel activities of respiratory
Cold stress complexes were particularly affected after stress recovery. Despite a general stability of respiratory chain com-
Heat stress plexes in heat, functional studies showed that their activity and the ATP synthesis yield were affected. Contrary
DIGE to cold stress, heat stress resulted in a reduced efficiency of oxidative phosphorylation likely due to changes in
Mitochondrial biogenesis alternative oxidase (AOX) activity. Stress and stress recovery differently modulated the protein level and activity
Respiratory chain activity of AOX. Heat stress induced an increase in AOX activity and protein level, and AOX1a and AOX1d transcript level,
Mitochondrial ultrastructure while heat recovery reversed the AOX protein and activity changes. Conversely, cold stress led to a decrease in
AOX activity (and protein level), which was reversed after cold recovery. Thus, cauliflower AOX is only induced
by heat stress. In heat, contrary to the AOX activity, the activity of rotenone-insensitive internal NADH dehydroge-
nase was diminished. The relevance of various steps of plant mitochondrial biogenesis to temperature stress
response and recovery is discussed.
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1. Introduction environmental and developmental signals [60]. Contrary to the struc-
tural variability, the plant mitochondrial genomes encode a limited
number of proteins [1]. Taylor et al. [92] estimated that 22% of the
stress-responsive organellar proteins in Arabidopsis are localized in mi-
tochondria, but the number of mitochondrial proteins involved in the
response to abiotic stress conditions is underestimated. Little is known
about the crucial steps required for proper mitochondrial biogenesis
and how the balance between coordinated expression of mitochondrial
and nuclear genes is altered in the assembly of large supramolecular
structures during stress conditions [27,40]. Complex studies integrating
proteomic, transcriptomic, metabolomic and other approaches for the
elucidation of the biological relevance of plant mitochondrial responses

The plant mitochondrial proteome, which is estimated to include at
least 1500 proteins [91], dynamically responds to diverse genetic,

Abbreviations: ACO, aconitase; AOX, alternative oxidase; ATP1, ATP2, ATP6, ATP synthase
subunits; BN, blue native; CBB, Coomassie Brilliant Blue; Cs, protein complexes; CI, CII, CIII,
CIV, respiratory chain complexes; COX, cytochrome c oxidase (complex IV); DIGE, fluores-
cence difference gel electrophoresis; DSP, dithiobis[succinimidyl propionate]; FtSH, plant
metalloprotease; HSP(s), heat shock proteins(s); IDH, isocitrate dehydrogenase; LC-ESI-Q-
TOF-MS, liquid chromatography-electrospray ionization-quadrupole-time of flight-mass
spectrometry; MPP, mitochondrial processing peptidase; NAD, complex I subunits
(mitochondrially encoded); NDH, rotenone-insensitive alternative internal/external NADH

dehydrogenase; OXPHOS, oxidative phosphorylation; RCR, respiratory control ratio; QCR,
quinol:cytochrome c reductase; q-RT-PCR, quantitative reverse transcription PCR; SCs,
supercomplexes; SDH, succinate dehydrogenase; State 3, phosphorylating respiration;
State 4, non-phosphorylating respiration; TIM/TOM, translocase of the inner/outer
mitochondrial membrane; TMPD, N,N,N’N’-tetramethyl-p-phenylenediamine; VDAC,
voltage-dependent anion channel
* Corresponding author. Tel.: +-48 61 8295968; fax: +48 61 8295973.
E-mail address: rurek@amu.edu.pl (M. Rurek).

http://dx.doi.org/10.1016/j.bbabio.2015.01.005
0005-2728/© 2015 Elsevier B.V. All rights reserved.

to stress and stress recovery in particular are still limited.

Diverse thermal treatments, which are often accompanied by oxida-
tive stress [66], modulate the expression, activity and interactions
of many mitochondrial proteins [82]. These proteins include classical
components of the stress response, for instance heat shock proteins
(HSPs), including low molecular weight HSPs (15-30 kDa) that protect
some respiratory complexes (Cs) from degradation [7,20]; nucleoside


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2015.01.005&domain=pdf
http://dx.doi.org/10.1016/j.bbabio.2015.01.005
mailto:rurek@amu.edu.pl
http://dx.doi.org/10.1016/j.bbabio.2015.01.005
http://www.sciencedirect.com/science/journal/00052728
www.elsevier.com/locate/bbabio

400 M. Rurek et al. / Biochimica et Biophysica Acta 1847 (2015) 399-417

diphosphate kinase [22]; glycine decarboxylase H-protein and other
matrix enzymes to be degraded also in oxidative stress [87,89,90];
alternative NAD(P)H dehydrogenases and dehydrin-like proteins [81].
Energy-dissipating components, including alternative oxidase (AOX)
and uncoupling proteins (UCP), play a key role in the stress response
in plant mitochondria [11,77]. So far, only a few exhaustive studies on
the plant mitochondrial proteome under cold and heat stress have
been carried out [74,88,90,104].

This work was undertaken to gain a comprehensive view of the
influence of temperature stress, including cold and heat, and the
recovery from cold and heat, on the biogenesis of cauliflower (Brassica
oleracea var. botrytis) curd mitochondria using proteomic, complexomic,
transcriptomic and functional studies. Cauliflower is one of the most im-
portant vegetable crops worldwide [32], thus, it is valuable to analyze
organellar proteomes of this plant species [8,35,84]. Notably, in our
extensive report, we used two dimensional fluorescence difference gel
electrophoresis (2D-DIGE) to analyze, for the first time, the detailed
responses of the mitochondrial proteome and complexome of a vegeta-
ble plant species to temperature stress and stress recovery. Specifically,
we studied: (i) the stability of the oxidative phosphorylation (OXPHOS)
system and the abundance of OXPHOS proteins; (ii) the transient inter-
actions between respiratory chain Cs; (iii) the in-gel activity of respirato-
ry Cs, the activity of the cytochrome and alternative (AOX-mediated)
pathways in isolated mitochondria; (iv) respiratory parameters in cauli-
flower leaves to evaluate the plant physiological status; (v) alterations in
the accumulation of AOX isoforms at the proteomic and transcriptomic
levels; (vi) changes in the de novo synthesis of mitochondrial proteins,
and (vii) variations in mitochondrial morphology. On the whole, we
investigated the complex nature of the temperature stress responses
which allowed us to estimate the role of mitochondria in a higher
plant during cold/heat stress and after recovery.

2. Material and methods

2.1. Growth of plant material, temperature stress application and analyses
of physiological responses

Seeds of cauliflower (B. oleracea var. botrytis) cultivar ‘Diadom’ were
purchased from Bejo Zaden (Poland). The plants were grown for 3
months in cultivation chambers at a local breeding station (University
of Life Sciences, Poznan, Poland) at 23/19°C (day/night) and 70%
relative humidity under photon flux density 200 pmol m~2s~! (16 h
of light/8 h of dark). Stress conditions were applied to the plants with
young curds (approximately 10 cm-diameter curds). Cold stress (8°C)
and heat stress (40°C) was applied to growing plants for 10 days
and 4 h, respectively. After termination of the given stress treatment,
some of the cauliflower plants were transferred to standard growth
conditions for 48 h (stress recovery). The curds were harvested either
immediately after the termination of the stress treatment or after the
completion of stress recovery.

Physiological analyses were conducted on well-developed cauli-
flower leaves using the LI-6400 XT infrared gas analyzer (Li-Cor). The
rate of leaf respiration in the light (day respiration) was determined
according to the Laisk method [51]. CO, assimilation rate representing
a given total respiration rate was recorded during intercellular CO, con-
centration (C;) decreased to 0 ppm at 22°C and 50% relative humidity.
For each value of photon flux density at 200, 400 and 600 umol m~2s™ 1,
1, the linear regression of CO, assimilation (A) versus C; was calculated
and the photorespiration rate was determined as difference between
total and day respiration (the latter one expressed as a given CO, evolu-
tion rate at the crossing point of all A/C; curves). Duration of the heat
stress was estimated on the basis of temperature measurements of
cauliflower curds as well as the leaf surface. When heat stress reached
up to 40°C, plant surface temperature increased and remained stable
for 2 h. After the completion of this period, plants were heat-stressed
for further 2 h (4 h in total). Such treatment appeared necessary for

the visible increase in the respiration and photorespiration rates
(Supplementary Fig. 1). However, when heat stress exceeded 4 h, the
leaf turgor decreased and was accompanied by visible rising lesion
symptoms, including leaf yellowing and the necrosis during further
cultivation days. At 8°C, physiological responses of cauliflower plants
were evident after 8 h of cold stress (Supplementary Fig. 1). At this
temperature, only physiological parameters, including day and total
respiration, and photorespiration rates were significantly decreased.
Exposure to cold for 10 days was necessary to observe proteomic and
functional alterations. Similarly, the duration of the stress recovery
was also optimized in order to detect the significant proteomic and
functional changes.

2.2. Isolation of mitochondria, purity assays and protein determination

Mitochondria from the topmost 5-mm-thick layer of the cauliflower
curds were isolated by differential centrifugation and purified in Percoll
gradients according to Pawlowski et al. [69]. During isolation, the
Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche) was
added. Purity assays of the isolated mitochondria were conducted
according to Rurek [81] and Pawlowski et al. [69]. The protein content
was determined using the BioRad Protein Assay, using bovine serum
albumin as a standard curve calibrator. The efficiency of the mitochon-
dria preparation was 4-6 mg of mitochondrial proteins per 100 g of
cauliflower curds.

2.3. Crosslinking assay

Mitochondria (100 pg) were suspended in a washing medium
without bovine serum albumin [81] to a final protein concentration
of 1 mg ml™ . Dithiobis[succinimidyl propionate] (DSP, Pierce) that
was freshly dissolved in N,N-dimethylformamide (DMF; Sigma)
was added to final concentrations of 0.125, 0.25 and 0.5 mM to
act as a crosslinker. Crosslinking was carried out for 2 h at 4°C,
and then 10 mM Tris-HCI (pH 7.5) was added. After a subsequent
incubation (4°C, for 15 min), the mitochondria were pelleted and
the respiratory Cs were analyzed by blue native polyacrylamide gel
electrophoresis (BN-PAGE).

2.4. BN-PAGE

Pelleted mitochondria (50-100 pg) were suspended in a 6-
aminocaproic acid (ACA) solution [28]. For solubilization (4°C, for
30 min), digitonin (Fluka) was used (4 g of detergent per 1 g of
proteins). After centrifuging to separate the non-solubilized material
(at 18,300 xg, for 20 min, 4°C), Blue G (Serva) was added to the obtained
supernatant. BN-PAGE was carried out according to a modified protocol
from Giegé et al. [28] using a mini-gel system from Biometra (5-13%
polyacrylamide 10 x 10 cm, 1.5 mm-thick gels). The gels were run at
60 V for 45 min and then at 250 V for 3 h with the current limited to
25 mA (all steps at 4 °C).

2.5. In-gel activity assays

NADH dehydrogenase activity, including the activity of complex I
(CI), was detected using a method modified from Zerbetto et al. [105]
in a presence of 0.14 mM NADH, 1 mg ml~! nitroblue tetrazolium,
0.1 M Tris-HCl (pH 7.4). Complex II (CII) activity was detected in reac-
tion medium (50 mM phosphate buffer, pH 7.4, 84 mM succinate,
0.2 mM phenazine methosulfate, 2 mg ml~ ! nitroblue tetrazolium,
4.5 mM EDTA, 10 mM cyanide) according to Jung et al. [44]. Complex
IV (CIV) activity (also modified from [105]) was detected in a presence
of 10 mM phosphate buffer (pH 7.4), 1 mg ml~ ! diaminobenzidine,
75 mg/ml sucrose, 19 U ml~! catalase and 16 mM cytochrome c. FoF;
ATP synthase activity [95] was determined overnight in 50 mM
HEPES, pH 8.0, 10 mM ATP and 30 mM CaCl,. All assays were
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performed directly on BN gels within the linear range (50-100 pg of
proteins) at 25°C in 25 ml and they were stopped by transferring the
gels to a fixing solution (40% methanol, 10% acetic acid). The acquired
signals were analyzed using Multi Gauge (v.2.2).

2.6. 2D DIGE (BN/Tricine-SDS-PAGE) experimental design

CyDye DIGE minimal dyes (GE Healthcare) and G-Dyes (NH
DyeAGNOSTICS) were used. All experiments were conducted in
triplicate. Mitochondrial proteins (100 pg or 50 pg) from (i) control,
(ii) heat-stressed, and (iii) heat-recovered plants were labeled
either with (1) Cy2 or G-Dye200, (2) Cy3 or G-Dye300 and (3) Cy5 or
G-Dye300, respectively. G-Dye100 was used to label the internal stan-
dard (equivalent of 17 pg of all variants pooled together). An abundance
of subunit-3> of ATP synthase was also used to equalize the amounts of
the compared subproteomes within each experiment. The solubiliza-
tion of the pelleted mitochondria lasted for 20 min at 4 °C in the
presence of 5-20 pl of buffer (pH 7.4) [37] supplemented with 5%
digitonin. After removing of the non-solubilized material by centrifuga-
tion, an equal volume of the same buffer without digitonin (pH 9.0) and
either relative CyDye (0.34 mM) or G-Dye (0.41 mM) was added. The
labeling lasted for 30 min at 4 °C in the dark. Then, lysine was added
and a quenching step was carried out for 10 min at 4 °C. Proteins from
the compared variants were pooled and Serva Blue solution was
added [37]. Then, 2D BN/Tricine-SDS-PAGE was carried out on 4.5—
16% BN and 16.5% Tricine-SDS polyacrylamide gels [83,102]. BioRad
Protean II protein gel electrophoresis system employing 20 x 25 cm
gels (1.5 mm thick for BN-PAGE, and 1 mm thick for Tricine-SDS-
PAGE) or SE 6000 Hoefer system with gel size 18 x 16 cm (1 mm
thick for both directions) were used. BN-PAGE was run at 100 V,
15 mA for 45 min and then at 15 mA for 16 h with the voltage limited
to 500 V (all steps at 4 °C). Tricine-SDS-PAGE was run for 16 h at
30 mA with the voltage limited to 500 V.

2.7. DIGE image acquisition and analysis, identification of proteins

For Cy2-, Cy3- and Cy5-image acquisition, Nex/Nem Settings of
488 nm/520 nm, 532 nm/580 nm and 633 nm/670 nm were used,
respectively, using a Typhoon TRIO scanner (GE Healthcare). For
G-Dye100-, G-Dye200- and G-Dye300-image acquisition, Nex/Nem
settings of 473 nm/510 nm, 532 nm/575 nm and 635 nm/665 nm
were used, respectively, using a FLA-5100 scanner (according to
the recommendations of NH DyeAGNOSTICS). Gels were scanned
with a 100 pm-pixel size and analyzed using Delta2D (v.4.3.2;
DECODON, Germany). A merged image including all gel replicas
was assembled. The identification of stress-responsive proteins
from the DIGE gels was carried out using the GelMap tool (www.
gelmap.de) [80]. The gels were stained with colloidal Coomassie
Brilliant Blue (CBB) [64] or with silver nitrate [38]. Protein-containing
spots were excised from the gels. After trypsin digestion, the proteins
were identified by liquid-chromatography electrospray-ionization-
quadrupole time-of-flight mass spectrometry (LC-ESI-Q-TOF-MS)
[48] using the MASCOT search algorithm (Matrix Science) against
an Arabidopsis protein database (www.Arabidopsis.org; release TAIR
9) and SwissProt and NCBI non-redundant protein databases (www.
ncbi.nih.gov).

2.8. Oxygen consumption measurements

Oxygen consumption was measured polarographically using a
Clarke-type oxygen electrode (Hansatech Instruments, UK) at 25 °Cin
0.5 ml of an incubation medium [72] containing 20 mM HEPES,
350 mM mannitol, 1T mM KH,PO4, 5 mM MgCl, and 0.5% bovine
serum albumin (to prevent free fatty acid-induced activity of
uncoupling proteins), pH 7.2. All measurements were carried out
with 125 pg of mitochondrial proteins in the presence of 10 mM

malate (Cl-sustained respiration measurements), 10 mM succinate
(Cll-sustained respiration measurements). Rotenone-insensitive internal
NADH dehydrogenase (NDH) activity was measured after malate-
sustained respiration was inhibited by rotenone (4 pM) and enhanced
by the addition of NAD* (1.12 mM). The succinate-sustained respiratory
rate measurements were obtained in the presence of rotenone (4 M), to
block the electron transfer from CI, and 0.35 mM ATP to activate suc-
cinate dehydrogenase. The phosphorylating (State 3) respiratory
rate, the ADP/O ratio and the respiratory control ratio (RCR) were
determined with 200 uM ADP. For the ADP/O ratio determination,
the total amount of oxygen consumed during State 3 respiration
was used. For RCR calculations, the rate of State 3 respiration was
divided by the rate of State 4 (non-phosphorylating) respiration
following State 3. The cytochrome pathway was inhibited with
cyanide (1 mM), and the succinate-sustained AOX activity was
first stimulated by 4 mM pyruvate and finally inhibited with 1 mM
benzohydroxamate. Because benzohydroxamate completely abolished
the cyanide-resistant respiration (no residual oxygen uptake), we
attributed this respiration to AOX activity. The maximal activity of
CIV was estimated using 125 pg of mitochondrial protein without
an exogenously added respiratory substrate and in the presence of se-
quentially added antimycin A (4 ug mg~ ! of mitochondrial protein),
8 mM ascorbate, 0.06% cytochrome ¢ and up to 0.3 mM N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD). The rate of oxygen uptake
following the addition of TMPD reflected the maximal oxygen
consumption by CIV. Outer mitochondrial membrane integrity was
assayed as the latency of CIV activity during the same measurements,
i.e,, the acceleration of respiration by adding cytochrome c prior to
the addition of TMPD. The values of oxygen uptake are given in
nmol O min~! mg™"' of mitochondrial protein.

2.9. In organello protein synthesis

For translation assays (1.5 h at 25 °C), freshly isolated mitochondria
(200 pg) were suspended in 100 pl of the synthesis mix [12], and 30 pCi
of [3>S] methionine (1175 Ci mmol ™!, Hartmann Analytic) was added.
For pulse-chase, the reactions were supplemented with 0.35 ml of
synthesis mix containing 10 mM unlabeled methionine and incubated
for an additional 5 min at 25 °C. Afterwards, the mitochondria were
pelleted, washed and labeled, and the mitochondrial proteins were sub-
jected to 12% SDS-PAGE, electroblotted onto Immobilon-P membranes
(Millipore) and autoradiographed. To estimate the relative contribution
of the radiolabeled o subunit of mitochondrial ATP synthase (ATP1),
cytochrome c oxidase subunit 2 (COX2) and the NAD9 subunit of CI in
the total labeled protein pool, the signals were quantified with Multi
Gauge (v.2.2).

2.10. SDS-PAGE, Western blotting and immunodetection of proteins

Western blotting from SDS polyacrylamide gels was carried out as
described by Rurek et al. [81]. Protein Cs resolved by BN-PAGE were
reduced first in a solution containing 50 mM Tris-HCI pH 6.8, 1% SDS
and 143 mM 2-mercaptoethanol, and then electroblotted in semidry
conditions onto Immobilon-P membranes, using a Fastblot B31 semi-
dry blotting apparatus (Biometra). Immunodetection of proteins was
carried out with rabbit polyclonal antibodies directed against the o
(ATP1, 1:50,000, from G. Schatz, University of Basel) and 3 (ATP2,
1:1000, Agrisera) subunits of ATP synthase, the NAD9 subunit of
CI (1:50,000, [52]), the COX2 subunit of CIV, voltage-dependent
anion channel isoform 1 (VDAC1), isocitrate dehydrogenase (IDH),
aconitase (ACO) and FtSH4 metalloprotease (all in 1:5000 dilution,
Agrisera), and mouse monoclonal antibodies directed against AOX
(1:1000, GE Healthcare, [21]), and ATP1 (1:100, [56]). Details of the
immunoassays were described previously by Rurek [81]. Enhanced
chemiluminescence (ECL) signals were quantified with Multi
Gauge (v.2.2).
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2.11. RNA isolation, semiquantitative RT-PCR and quantitative (q-RT-PCR)
assays

Total RNA from cauliflower curds was extracted using Trizol
Reagent (Invitrogen) according to the manufacturer's protocol.
Genomic DNA contaminants were removed by RQ1 DNase I free of
RNase (Promega). cDNA was synthesized using 1 pg of RNA, 0.2 pg
of random hexamers (Fermentas) and 200 units of M-MLV reverse
transcriptase (Promega) in a 20-pl total volume for 1 h at 37°C.
After first strand synthesis, the reaction mixture was 4 times diluted
with 10 mM Tris-HCI, pH 8.0, and, after normalization, aliquots of 1-
2 ul were subjected to semiquantitative multiplex RT-PCR in a 15-
25 pl total volume or quantitative RT-PCR (q-RT-PCR) using the
Thermo Scientific Maxima SYBR Green/ROX qPCR Master Mix kit
on an Applied Biosystems 7900HT Fast Real-Time PCR System.
Cauliflower cDNA fragments for selected mitochondrial proteins
were amplified using specific primers and a 239-bp fragment of
cauliflower actin1 (ACT1) cDNA was used as an internal standard
(Supplementary Table 1). The amplicons were cloned into pGEM-T
Easy (Promega) vectors and sequenced bi-directionally (Big Dye
Terminator v.3.1 Cycle Sequencing kit, Applied Biosystems) on an
ABI Prism 31.30 XL system (Applied Biosystems). Semiquantitative
multiplex RT-PCR was performed in an Applied Biosystems 2720
thermal cycler with the following profile: 3 min at 95°C followed
by 28 cycles of 20 s at 95°C, 30 s at 55°C (except 44°C and 58°C for
AO0X1d and cox2, respectively), and 30 s at 72°C, and with a final incu-
bation for 5 min at 72°C. Amplification of AOX1b and AOX2 cDNAs
was conducted with the following profile: 2 min at 98 °C followed
by 30 cycles of 20 s at 95°C, 30 s at 53°C, and 45 s at 72°C, and with
a final incubation for 10 min at 72°C. The PCR products were separat-
ed on a 2% agarose gel and stained with ethidium bromide. The gels
were documented using a GBOX XL1.4 (Syngene) imaging system
and quantified with Multi Gauge (v.2.2). For the g-RT-PCR analyses,
a distinct profile was used: 10 min at 95°C followed by 45 cycles of
20 s at 95°C, and 1 min at 60°C), followed by 15 s at 95°C and 1 min
at 60°C, and then a slow temperature increase of 2% per second
until 15 s at 95°C. The quality of the q-RT-PCR assays was verified
by LinRegPCR (v.2012.3), and the data were analyzed using GenEx
(v.5.4.2.128, MultiD Analyses AB, Sweden) software with a manual
elimination of outliers. The “two-standard curve” quantification
method (each of curves with 6 dilution points of cloned cauliflower
AOX1a and ACT1 genomic sequences) was used, and the expression
was normalized to the average level (mean log expression equal to 1).
Two biological and five technical replicates were included.

2.12. Electron microscopy

The procedure was adapted from Bagniewska-Zadworna et al. [6]
with modifications. Small pieces (1 x 1 mm) of the topmost apical
layer of cauliflower curds were fixed in 1 ml of fixation solution
(2% paraformaldehyde and 2% glutaraldehyde) for 14 h at 4°C,
washed with 50 mM sodium cacodylate buffer (pH 7.2), post-fixed
in 1% OsOy4, contrasted in 2% uranyl acetate, dehydrated in a step
gradient of ethanol and finally embedded in Spurr resin. Ultrathin
sections were obtained using Reichert UltracutS and Leica EM UC6
ultramicrotomes, and post-stained for 10 min successively in 5%
uranyl citrate and a saturated lead citrate solution for analysis
under a transmission electron microscope (TEM) JEM 1200EXII
(Jeol). Analysis of the mitochondria number, area occupied by all
mitochondria or single mitochondrion in TEM micrograph field
images [9] was carried out on field images representing each variant
at x7500 direct magnification. Microscopic preparations were made
from at least 3 cauliflower curds in 3 independent biological repli-
cates and the representative results were shown. The image analysis
was performed using Image] 1.43 m.

2.13. Statistical analysis

All experiments were conducted in triplicate, unless otherwise indi-
cated. The respiratory rate values were obtained from five independent
experiments (mitochondria preparations) and each determination was
performed at least in duplicate throughout the oxygen uptake measure-
ments. The results of the densitometric, microscopic and polarographic
analyses (Sections 2.5, 2.8-2.12, 3.5-3.8), and the 2D DIGE spot pattern
alterations based on the spot volume (Section 2.7) are presented as the
means =+ S.E. An unpaired two-tailed Student's t-test was used to iden-
tify significant differences; in particular, differences were considered to
be statistically significant if p < 0.05 (*), p <0.01 (**), or p <0.001 (***).
Principle component analysis (PCA) was utilized for the assessment
of DIGE image quality and reproducibility within the compared variants.
The q-RT-PCR data (Section 2.11) was verified with the non-parametric
Kolomogorov-Smirnov and Mann-Whitney tests.

3. Results and discussion
3.1. The level of non-respiratory chain complexes is affected by heat stress

Data on the plant mitochondrial complexome in cold and heat stress,
especially for stress recovery, are very scarce. Taking into account the
results of Tan et al. [88], who postulated the concerted regulation of
various mitochondrial proteins in cold exposure, leading to possible
changes in Cs abundance, we focused on elucidating alterations in
plant mitochondrial Cs under heat and heat recovery. Initially, we
inspected the general pattern of respiratory Cs and supercomplexes
(SCs) by BN-PAGE. Known respiratory complexes were identified, in-
cluding SCI+1II,, CI, the ATP synthase holoenzyme, a dimer of complex
[II (CllL,), CIV and CII (Fig. 1A, top). CIV in mitochondria from cauliflower
curds appeared to be present in two isoforms (a and b) detected by
standard COX2 antibodies (Fig. 1A, bottom), similar to potato stem
mitochondria and contrary to potato tuber mitochondria, where only
a single active CIV isoform a (CIVa) is present [23]. No apparent changes
in the abundance and stability of the respiratory Cs were observed
under stress conditions.

During oxidative stress, matrix Cs may be reassembled and their
activity strictly regulated [67]. Because the BN pattern of cauliflower
curd mitochondria is dominated by respiratory chain Cs and SCs, we
performed Western immonoassays to evaluate the expression levels
of the matrix (ACO and IDH) and membrane non-respiratory (VDAC1)
complexes (Fig. 1B). Cauliflower mitochondrial ACO (ca. 100 kDa
monomers) was present in >700 kDa Cs, which were unstable in heat
recovery, and in more stable180-250 kDa Cs. Because the applied
ACO1 antibodies (Agrisera) can cross-react with ACO2 and ACO3, it is
unclear which of them may be affected by heat in cauliflower. ACO2
and ACO3 are predominantly localized in plant mitochondria [10].
Protein Cs with molecular masses (209 and 144 kDa) similar to those
of cauliflower Cs that contain only ACO2 (AT4G26970) are present in
Arabidopsis mitochondria [47]. In cauliflower mitochondria (Fig. 1B),
IDH (ca. 45 kDa monomers) was mostly present in two heat-stable Cs
(ca. 120 and 180 kDa), which were slightly less abundant in heat
recovery. VDAC1 (ca. 30 kDa monomers) was present within few Cs of
approximately 100, 200 and 400 kDa, and their abundance was also
slightly decreased in heat recovery (Fig. 1B). This observation is consis-
tent with a decrease in VDAC level in heat recovery (Section 3.2).
Arabidopsis Cs of similar size (i.e., 90-150 kDa for IDH and 100-
300 kDa for VDAC1) also contain the mentioned proteins [47].

Because temperature stress may lead to an excessive protein degra-
dation [90], an investigation of the abundance of selected mitochondrial
proteases was also warranted. We focused on protein Cs containing
FtSH4, a membrane ATP-dependent metalloprotease involved in the
degradation of mitochondrial membrane proteins [55]. In cauliflower
curd mitochondria, large molecular mass Cs containing FtSH4
(>1.5 MDa and ca. 550 kDa) remained stable in heat but strongly
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Fig. 1. Analysis of cauliflower mitochondrial complexes during heat stress (H) and heat recovery (HR). (A) Stained BN gel showing the quality of the main respiratory complexes (Cs) and
supercomplexes (SCs) solubilized with digitonin (top). Two isoforms of CIV were identified on BN blot using immunoassay with antibodies against CIV subunit (@COX2). (B) Western blot
analysis of mitochondrial Cs on a representative BN CBB-stained blot using antibodies against all isoforms of aconitase (@ACO1), isocitrate dehydrogenase (@IDH), mitochondrial porin
isoform 1 (@VDAC1) and FtSH4 metalloprotease (@FtSH4). For a loading control, the level of subunit-c of mitochondrial ATP synthase was determined using the appropriate antibody
(@ATP1). The equal protein loading was also shown by CBB staining of Western blots. Ctr, control. For molecular mass calibration (kDa) of protein Cs, the High Molecular Weight Calibra-

tion Kit (Amersham Bioscience) was used.

decreased in abundance after heat recovery (Fig. 1B). These results com-
plement expression data of the ftsh4 gene for similar stress condi-
tions [86]. Arabidopsis FtSH4 is only present in larger Cs (ca. 1.5 MDa),
which are similar in molecular mass to the ones of cauliflower [93].
On the whole, the conventional BN-PAGE allowed us to uncover some
alterations, but only in some matrix Cs rather than in respiratory Cs.

DIGE technology allowed for monitoring of the quantitative and
qualitative changes in plant proteomes under various stress condi-
tions [2,43,45,46]. In the present study, for the first time, we applied
the DIGE approach to elucidate the changes in the plant mitochondrial
complexome under heat stress and recovery.

3.2. Heat stress and heat recovery cause a limited destabilization of the
cauliflower curd mitochondrial complexome

Experimental variants for DIGE were analyzed in pairs as follows:
heat treatment vs. control and heat recovery vs. control. The minimal
labeling of cauliflower mitochondrial Cs was carried out using the
CyDye and G-Dye systems. Optimization of the fused image from all
CyDye images by spot editing resulted in a final number of 174 spots
(Supplementary Fig. 2A, B). The number of spots in the fused G-dye
images was slightly higher (up to 454) due to more efficient labeling
(Supplementary Fig. 2C). However, the reproducibility of the results
obtained with CyDyes with the alternative labeling system (G-Dyes)
was limited, most likely due to the different sizes and shapes of fluores-
cent dyes from various vendors. Because CyDyes are well-recognized in

minimal labeling, the results obtained with this system are presented
below.

Principle component analysis (PCA) indicated significant differences
between the control and treated samples in the image pattern (Supple-
mentary Fig. 2D). The GelMap tool was used to compare the cauliflower
and Arabidopisis proteomic maps and identify the affected protein
spots. Because, we investigated the mitochondrial proteome from
non-green apical part of cauliflower curds, the use of a reference BN/
SDS-PAGE map of Arabidopsis cell culture mitochondria was advisable.
Interestingly, 9 spots were proposed to contain more than a single
protein or protein isoform (Tables 1 and 2).

After heat stress, specifically downregulated spots (not overlapping
with the heat-recovery image pattern) were related to translocase of
the inner membrane protein (TIM10) and a plant-specific CI subunit
(AT1G67785). The upregulated proteins were related to various CI sub-
units (B14, 51, 75 kDa, also plant-specific AT4G20150) and a precursor
of subunit b of ATP synthase (Fig. 2, top; Table 1). The downregulated
spots specific to heat recovery were related to a CIIl subunit (QCR8),
voltage-dependent anion channel 2 (VDAC2), translocase of the outer
membrane subunit (TOM40), the ND7 subunit of CI, malate dehydroge-
nase 1 (MDHT1), ADP/ATP carrier protein 1 and subunit-o of mitochon-
drial processing peptidase (MPPa). The upregulated spots were
TOMO9-2, the SDH3 and SDH4 subunits of CII, the QCR9 and 6-1 sub-
units of CIII and a plant-specific CI subunit (AT4G16450) (Fig. 2,
bottom; Table 2). Twenty three protein spots overlapped in both
the heat and the heat recovery conditions. The downregulated
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Table 1

Protein spots up- or downregulated after heat stress in cauliflower mitochondrial complexome. The parameters referred to the quantitative data analyzed by Delta2D were displayed.
Mean normalized volumes of indicated spots were calculated from three replicas named after experimental variants (KforH [=CtrH] are controls for heat stress and heat
(H) treatment variants). Only spots regulated with at least 1.5- fold change were shown (p < 0.05). Mean ratios as well as labels related to protein spots up-regulated in heat stress were
red-highlighted and those related with down-regulated proteins- highlighted in green. Protein predictions were proposed basing on GelMap data for Arabidopsis cell culture mitochondria
(BN/SDS-PAGE) and the relevant reference spot numbers were shown (https://gelmap.de/231) together with proposed accessions of Arabidopsis homologs. Some identifications com-
prised more than the single protein. n.d., identity not determined. Protein spots regulated both in heat and heat recovery (see also Table 2) were highlighted in gray.

Ratio of t-Test of mean Label Protein prediction (in square brackets spot label for reference GelMap) Arabidopsis Remarks
mean normalized homolog

normalized volume 'H'/ accession

volume 'H'/ mean no.

mean normalized

normalized volume 'CtrH'

volume

'CtrH'

AT2G42210/ 2 possible
AT5G67590 proteins
AT4G32470
a
AT4G32470/ 2 possible
AT5G25450 proteins
AT2G33040
n.
TIM 10 [169] AT2G29530
At1g67785 (plant specific CI subunit) [193] AT1G67785
1.53171 1D94960 AT5G66760
1.55595 1D94247 AT2G40765

1.6323 0.00189 1D94187 AT3G52730/ 2 possible
AT1G15120 proteins

1.64834 0.01256 IDSERVA I 75 kDa subunit (CI) [171] AT5G37510

1.65297 0.04699 (DEZREEMN At4220150 (plant specific Cl subunit) [160] ATAG20150
1.71427 0.01263 (DEZOWI 51 kDa subunit (CI) [172] AT5G08530

IWAVER) 0.0009 IBEZSEEMN B14 (Cl subunit) [189]/At2g27730 (plant specific CI subunit [152]/At1g67350 (plant AT3G12260/ 3 possible
specific CI subunit) [151] AT2G27730/ proteins

AT1G67350
1.72007 1094010 [N

1.72329 1D93990 AT4G00570
1.73244 1D94193
1.76951 1D94128
1.77278 1093989 [N
1.84564 1D94165 AT4G00585
1.85247 1D93986
1.86957 1D94046  [EXE
1.90169 1D94003 AT3G48000
1.90271 1D93987
1.94884 1D94178

1.98536 0.00329 1D93998 AT1G79440/ 2 possible
AT5G62530 proteins
2.00192 0.00043 1D94104

2.017 0.0445 ID93985
2.065 0.00036 ID94176 AT5G47570

2.20017 0.00003 1D94186 AT4G20150/ 2 possible
AT1G14450 proteins

0.03921 1D94159
0.04091 1D94006

0.03037 |IEZUM subunit b (ATP synthase) ATMGO00640 identified
also by LC-
MS/MS

2.76368 0.00028 1D94045 AT2G20360
3.03633 0.00016 1D94041
3.3187 0.04892 1D94042

spots corresponded to the B14.7 and 18-kDa subunits of CI, the 5 F1), pyrroline-5-carboxylate dehydrogenase (P5CDH) and malic
QCR7-1 and QCR7-2 subunits of CIIl and subunit-vy of ATP synthase. enzyme (Tables 1 and 2).

The upregulated spots included CI subunits (ASHI, B12, 39 kDa, Overall, we noticed prevalent upregulation in the mitochondrial
AT4G00585; AT4G20150), the SDH1-1 subunit of CII, CIIl components complexome after heat treatment and more specific alternations after
(QCR6, QCRY and QCR10), aldehyde dehydrogenase (ALDH2B4 and heat recovery, likely representing adaptations in the subunit content
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Table 2

Protein spots up- or downregulated after heat recovery in cauliflower mitochondrial complexome. The parameters referred to the quantitative data analyzed by Delta2D were displayed.
Mean normalized volumes of indicated spots were calculated from three replicas named after experimental variants (K [= CtrHR] are controls and heat recovery (HR) variants). Only spots
regulated with at least 1.5-fold change were shown (p < 0.05). Mean ratios as well as labels related to protein spots up-regulated in heat recovery were red-highlighted and those related
with down-regulated proteins were highlighted in green. Protein predictions were proposed basing on GelMap data for Arabidopsis cell culture mitochondria (BN/ SDS-PAGE) and the
relevant reference spot numbers were shown (https://gelmap.de/231) together with proposed accessions of Arabidopsis homologs. Some identifications comprised more than the single
protein. n.d., identity not determined. Protein spots regulated both in heat (see also Table 1) and heat recovery were highlighted in gray.

Ratio of t-Test of mean Label Protein prediction (in square brackets spot label for reference GelMap) Arabidopsis Remarks
mean normalized homolog

normalized volume 'HR' / accession

volume mean no.

'HR'/ normalized

mean volume

normalized 'CtrHR’

volume

'CtrHR’

AT2G42210/ 2 possible
AT5G67590 proteins

AT4G32470

0.0001

0.03551

0.04299

0.00012

0.00481

AT2G33040
v subunit (ATP synthase) [33] AT2G33040
QCR8 (Isoforms: At3g10860, At5g05370; CIII subunit) [25] AT3G10860, 2 possible
AT5G05370 isoforms

n.d.

ATA4G32470/ 2 possible
AT5G25450 proteins

AT5G67500

VDAC2 (voltage dependent anion channel 2) [83]

TOM40 [63] AT3G20000

nd.

ND7 (Cl subunit) [141] ATMG00510

malate dehydrogenase 1[131]/AAC1 (ADP/ATP carrier 1) [131] AT1G53240/ 2 possible
AT3G08580 proteins

MPPo~1 (CIII) [3] AT1G51980

1.50878 0.03128 1D94128
1.62731 0.00334 1D94182

TOM9-2 [195] AT5G43970

1.63415 0.00058 IDLZYJiM SDH4 (succinate dehydrogenase subunit 4) [91] AT2G46505
1.6353 0.02476 1D94097 [RiKdH
QCR9 (ClII subunit) [55]/QCR6-1, Hinge protein (CIII subunit) [55] AT3G52730/ 2 possible

IWAVE] 0.00132 ID94174
1.74863 0.00012 1D94187
1.77777 0.00874 ID94186

1.80818 0.03113 1D94045

1.83249 0.03453 1D93998

1.86411 1D94960
1.94852 1D94193
1.99019 1D93979
203347 1D94003
2.03622 1D94171
213894 1D94176
2.23356 1D94247
225058 1D94165

255413 mosegs
259748 1D93992
2.61947 1D94042
27322 1D93985
2.77087 1D93987
2.83328 1D93990
2.88268 1D94146
2.95729 1D94041
3.06805 1D94007
33178 1D94006

AT1G15120 proteins

AT3G52730/ 2 possible
AT1G15120 proteins
AT4G20150/ 2 possible
AT1G14450 proteins
AT2G20360

AT1G79440/ 2 possible
AT5G62530 proteins

At4g16450 (plant specific CI subunit) [192]

AT3G48000
AT4G16450
AT5G47570
AT2G40765
AT4G00585

AT4G00570
AT4G32210

SDH3-2 (succinate dehydrogenase subunit 3-2) [113]

of protein Cs (Tables 1 and 2). Some changes occurred in enzymes of ~ we noticed numerous changes in the abundance of specific subunits of
primary carbon or amino acid metabolism and components of the im- respiratory Cs, we were not able to find concerted regulation of subunits
port machinery, and the mitochondrial transporter system. Although between various Cs, including reciprocal alterations in subunit levels


https://gelmap.de/231

Acta 1847 (2015) 399-417

M. Rurek et al. / Biochimica et Biophysica

406

AHA1D SA ¥H 1 A9 4 WD AD 1D N__m_wm_ D A '4 WD Ay 1ol eqy

,, ) \.‘.‘ -

‘ -
— ;

- = e QR

— -
B

. L Z N+l L z 1+l
H1D SA H D AD g mo Ao o Mk D AD g mw Ao M ey



M. Rurek et al. / Biochimica et Biophysica Acta 1847 (2015) 399-417 407

Ctr
0 0.125 0.25 0.5

H
0 0.125 0.25 0.5mM DSP

SCL#Il, — 8 X B . ™
scz|+|||:,—%;- nw ! r
c| —i N -
Cv—i e . & B &
— - - =
Clll, — -
F1 — blot staining

A

SCl+lly, —
SCI+III2 ‘ ’ @NAD9

CV, —

@ATP2

o.

cv —i

F1 —s

Fig. 3. Chemical crosslinking of respiratory Cs during heat stress. Cauliflower mitochondrial
Cs and SCs from control plants (Ctr) and plants subjected to heat stress (H) were DSP-
crosslinked, solubilized with digitonin and assayed by BN-PAGE. The proteins are indicated
on a CBB-stained Western blot. Immunodetection of the NAD9 subunit of Cl and subunit-3
of ATP synthase was conducted with respective antibodies (@NAD9 and @ATP2). For
molecular mass calibration (kDa) of protein Cs, the High Molecular Weight Calibration
Kit (Amersham Bioscience) was used.

between SCI+IIl, and free Cs. The exceptions were the 1D94183/
ID94186 and 1D94122/ID94123 spots for the SCI+IIl,/Cl and SCI+II1,/
CIII subunits, respectively (Fig. 2). The decreased ratio of spot fluores-
cence intensity between treated and control variants may suggest a dis-
sociation of the subunit from the complex and its subsequent
destabilization. Downregulation of the subunit amount would affect
the level and size of the Cs and lead to their subsequent faster migration
during BN-PAGE, which was not the case. All these observations led us
to the intriguing conclusion that despite previous assays [37], plant mi-
tochondria may have a relatively stable oxidative phosphorylation
(OXPHOS) architecture during temperature stress. However, the resolu-
tion capacity of BN gels for large protein Cs has been questioned [58].
Therefore, the possible alterations in stability of respiratory SCs and Cs
could not be easily detected.

Reports of putative complexomic alterations induced by abiotic
stress treatments are scarce, elevating the relevance of our study. For in-
stance, Lenaz and Genova [54] suggested that harsh oxidative stress re-
sults in significant SC disassembly, and Ramirez-Aguilar et al. [ 75] noted
that the stability and activity of potato (Solanum tuberosum) large
mitochondrial SCs (containing CI, CIIl and CIV at diverse stoichiometry)
is altered under prolonged hypoxia. Overall, we detected a greater
number of regulated respiratory chain components than Obata et al.
[67] and Tan et al. [88], who suggested the changed abundance of

some mitochondrial Cs. Contrary to our study, Tan et al. [88] has been
able to show only downregulations in cold stress using the gel-free
approach. Only two cauliflower mitochondrial proteins, the B14.7 sub-
unit of CI and ATP synthase subunit-d (Tables 1 and 2), overlapped
with the cold-regulated proteins from Tan et al. [88], indicating distinct
responses to high temperatures compared to cold treatment in the
abundance of plant mitochondrial OXPHOS components. Other proteins
we investigated, including ATP synthase subunit-y, the 75-kDa CI sub-
unit and MDH, are also regulated by cold [19,25,90,103], however,
often in the opposite direction from that indicated by our data, which
reflects species-specific regulations in plant mitochondrial proteome.
Notably, for the first time, some cauliflower CI and CIII subunits with
addition to some TIM/TOM proteins were shown (Tables 1 and 2) to
be implicated in temperature treatments.

3.3. Cauliflower CIl and ATP synthase

We used LC-MS/MS to directly identify seven protein spots
(for the CII and ATP synthase subunits), which were collected from
silver-stained DIGE gels containing proteins pooled from control
and heat-recovered plants (Supplementary Fig. 3). Four CII subunits
(SDH1-SDH4) are recognized as universal among all organisms, and
another four proteins (SDH5-SDH8) are plant-specific [41]. Recently,
variations in subunit content, homology and expression level have
been reported for CII in both Arabidopsis and rice (Oryza sativa). Be-
cause some cauliflower CII subunits (including SDH4) were upregulated
mainly after heat recovery, we compared data from cauliflower and
Arabidopsis [59]. We concluded that spot no. 3 may represent an
additional cauliflower-specific SDH6 isoform, which is in close proximity
to the main SDH6 spot. Alternatively, it may represent an uncharacterized
protein co-migrating with CII on BN gels (Supplementary Fig. 3). Dicot
plants have CII with a similar pattern on BN/SDS-PAGE gels [24]. Notwith-
standing, differences in CII subunit content may exist between species
belonging to the same family, such as cauliflower and Arabidopsis.
Spots 7 (ID94065) and 6 (Supplementary Fig. 3, bottom) contained
ATP synthase subunit-b, which is homologous to the product of the
Arabidopsis mitochondrial open reading frame25 (orf25) gene [36], and
the atpF gene of Pseudomonas fluorescens. Strikingly, the b-subunit of Fy
was not assembled into the ATP synthase holocomplex after heat
recovery. Together with the downregulation of F; subunit-y (ID94050),
this finding suggests perturbations in the biogenesis of the enzyme
after stress recovery. In isolated mitochondria, ATP synthase is thermo-
sensitive [37]. The assembly of ATP synthase may be affected as cellular
energy demands rise, and the upregulation of ATP synthase subunits
may be related to stress response regulation and stress adaptation [34,
61]. For instance, overexpression of the ATP6 protein in transgenic
Arabidopsis cell suspensions improves the cold resistance [107].
Moreover, the abundance of ATP synthase can be downregulated,
for instance, by silencing the Arabidopsis gene encoding for a particular
subunit [26].

Despite the overall stability of the OXPHOS architecture, the
flexibility of the content of the Cs during temperature stress may play
a biological role in cauliflower mitochondria. Interestingly, all detected
cauliflower heat stress-responsive CII subunits (Supplementary Fig. 3)
did not belong to the accessory proteins that may be variably expressed
among plant species [41], which highlights dynamic stress response
of plant CII. The balance between CII and CI levels is organ-specific
in Arabidopsis. Because the CII levels are elevated in non-green
Arabidopsis tissues [70], relatively higher amounts of CII may exist in
the apical parts of cauliflower curd (non-green ones) compared with

Fig. 2 A representative 2D-DIGE comparison of cauliflower curd mitochondria from plants subjected to heat stress and heat recovery. The pooled samples applied to DIGE were as follows:
heat stress (H) vs. respective control (CtrH) and heat recovery (HR) vs. respective control (CtrHR). Images are shown in RGY-mode. The labeled spots are mitochondrial proteins, which
displayed significant differences in abundance (>1.5-fold change) between treatment and control conditions (p < 0.05). The protein molecular mass is indicated in kDa. Left, Cy2-labeled
proteins from control (green) are overlaid against Cy3 or Cy5-labeled proteins from H or HR, respectively (red). Right, Cy2-labeled proteins (blue) are overlaid against Cy3- or Cy5-labeled
proteins (orange). Downregulated protein spots are indicated by green arrows. Additional data can be viewed in Supplementary Fig. 2 and Tables 1 and 2.
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Fig. 4. In-gel activity of respiratory Cs under temperature stress conditions. The activity
(presented in relative units) was determined for all temperature treatments. Mean values
(& S.E.) from triplicates (below graphs) were standardized to the control value (set
to 1.00). The data are presented as the means + S.E. (n = 3). *** p <0.001, **, p < 0.01,
*, p < 0.05 versus control values. Above each graph, representative BN zymograms are
shown. Ctr, control; H, heat stress; HR, heat recovery; C, cold treatment; CR, cold recovery.

other organs. Overall, the functional implications of the observed stress-
affected structural changes within the OXPHOS components require
further exploration.

3.4. Heat stress does not alter the pattern of transient interactions between
Cl and CIII or between ATP synthase monomers

In order to extend our study to the analysis of interactions between CI
and CIII (leading to the formation of SCI+III; and SCI,+11l4) and between
ATP synthase monomers, we crosslinked mitochondrial extracts with
DSP, a membrane-permeable crosslinking agent that is widely used to
study protein-protein interactions [49]. Notably, crosslinking has not
been used for the analysis of interactions within plant mitochondrial Cs

under stress conditions, but mostly to investigate the subunit content
and structure of particular Cs [5,98].

Freshly isolated cauliflower mitochondria from control and heat-
stressed plants were crosslinked with various concentrations of DSP before
being solubilized with digitonin. Afterwards, Cs were resolved by BN-PAGE,
electroblotted onto Immobilon-P and probed with antibodies against the
NAD9 subunit of CI and the ATP2 subunit of ATP synthase (Fig. 3). The for-
mation of SCI+III, and its dimerization, leading to the appearance of
SCl,+11l4, and the efficiency of dimerization of mitochondrial ATP synthase
(CV,) were unaffected in mitochondria from heat-treated cauliflower
plants (Fig. 3, bottom). Strikingly, ATP synthase dimers have been only ob-
served in mitochondria from some plant species [13,24,50]. Moreover, in
some species, the mitochondrial ATP synthase dimmer remains more stable
under environmental conditions than its plastid counterpart [85].

Our findings are consistent with a significant resistance to structural
destabilization due to heat stress in cauliflower respiratory SCs and Cs,
as shown by BN-PAGE (Fig. 1A, top). Next, we used functional assays
to determine what changes in the enzymatic activity of respiratory Cs
accompanied the observed proteomic alterations. First, we performed
in-gel assays for CI, CII, CIV and ATP synthase activity.

3.5. The in-gel activity of respiratory Cs is affected by temperature stress
conditions, especially by stress recovery

Recently, Peters et al. [70] reported that Cl and CIV are more active in
generative organs. Therefore, we were interested in mitochondria from
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Fig. 5. Determination of mitochondrial respiration in mitochondria isolated from
cauliflower curds. The results obtained for mitochondria isolated from heat-stressed
plants are shown as an example. Traces representative of ten measurements (using
mitochondria from five different preparations) are shown. Respiratory traces with malate
(A) and succinate (B) as respiratory substrates are presented. Additions: 10 mM malate,
200 uM ADP, 4 uM rotenone, 1.12 mM NAD ™", 10 mM succinate, 1 mM cyanide, 4 mM
pyruvate and 1 mM benzohydroxamate (BHAM) are described in Section 2.8. Numbers
on the traces refer to the rates of O, uptake and are given in nmol O min~! mg~! of
mitochondrial protein.
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Table 3

Respiratory rates, coupling parameters and the rotenone-insensitive internal NADH dehydrogenase (NDH) activity of mitochondria isolated from cauliflower curds after exposure to heat
stress (H), heat recovery (HR), cold stress (C) and cold recovery (CR). Malate was used as a respiratory substrate. The rates (in nmol O min~' mg~' of mitochondrial protein) of State 4
(non-phosphorylating respiration), State 3 (phosphorylating respiration) and State 4’ (State 4 following State 3) are presented. The assay conditions were as described in Section 2.8. The
values of oxygen uptake are given in nmol O min~! mg ™! of mitochondrial protein. Mean values (= S.E.) for five different mitochondria preparations of each type (with duplicate

measurements, n = 10) are shown. Ctr, control; RCR, respiratory control ratio.

Malate-sustained respiration Ctr H HR C CR
State 4 39.8 + 45 242 420" 271+ 1.7 29.1 +32% 425439
State 3 145 + 13 849+ 7.6 82.9 + 82" 136 + 10 159 + 12
State 4/ 90.2 + 6.2 582 + 4.0" 59.6 + 3.4" 744 + 83 854 + 3.7
RCR 1.61 +0.18 146 + 0.14" 139 + 0.12" 1.83 +0.13 1.86 + 0.17
ADP/O 210 +0.14 1.86 + 0.14" 221+0.19 2.54 4+ 0.15™ 241 + 020"
Rotenone-insensitive — NAD* 276 + 34 189 + 1.7 20.1 +2.1% 294 +2 299 + 36
respiration + NAD* 133 +£ 24 101 + 15" 102 + 18" 126 + 16 100 + 14"

(internal NDH activity)

** p<001.
* p<0.05 versus control values.

cauliflower curds containing inflorescence buds, because altered respi-
ratory Cs activity may be involved in the stress response of respiratory
metabolism during the transition from the vegetative stage to the
generative stage.

The in-gel activities of CI, CII, CIV (two isoforms, a and b) and
ATP synthase were investigated. NADH dehydrogenase activity is
present in bands for CI, SCs (SCI+IIl, and SCI,+IIl;) and in the
dehydrolipoamide dehydrogenase band [57]. In general, in cauliflower
curd mitochondria, the activities of most of the investigated respiratory
Cs and ATP synthase decreased after heat treatment and heat recovery
(Fig. 4). Under heat recovery conditions, this common decrease in activ-
ity was more pronounced. In addition, ATP synthase activity and CIVa
(contrary to CIVb) activity decreased after cold acclimation. The in-gel
activity profile of CIVa during temperature stress was similar to that
of CIVb; however, CIVa appeared to be more active than CIVb. Thus
cauliflower CIV isoforms responded almost in parallel to the stress con-
ditions. We concluded that the impact of heat, especially heat recovery,
resulted in a significantly lowered enzymatic activity in respiratory Cs
and ATP synthase, which is in line with the majority of the cauliflower
mitochondrial proteome alternations detected by 2D DIGE (Tables 1
and 2). The structural destabilization of the Cs or regulation of their
subunit levels during abiotic stress (including thermal treatments)
may thus be accompanied by changes in their activity. This phenome-
non has been observed for potato (Solanum tuberosum) mitochondrial
SCs and Cs in response to hypoxia; however, these changes reverted
after recovery [75].

Afterwards, we elucidated whether in-gel activity alterations
are reflected at the mitochondrial respiration level by measuring the

Table 4

cytochrome pathway- and alternative pathway-mediated respiration
of isolated cauliflower curd mitochondria.

3.6. Basic energetic parameters and alternative respiratory pathways of
cauliflower curd mitochondria are differentially affected by temperature
stress conditions

Alternative oxidase is regarded as an active modulator of the mito-
chondrial stress response in plant cells [96]. By measuring oxygen con-
sumption, we determined activities of the cytochrome and alternative
pathways using malate and succinate as respiratory substrates in
mitochondria isolated from cauliflower plants treated with cold, heat
or stress recovery (Fig. 5, Tables 3 and 4). The relative activity of
cyanide-resistant AOX-sustained respiration was studied with succinate
(Table 4). Moreover, the effect of pyruvate, a strong positive effector of
plant AOX and the simplest ai-keto acid [15], was studied. In turn, with
malate as a respiratory substrate, the capacity of another alternative
component of the plant respiratory chain, rotenone-insensitive internal
NADH dehydrogenase, was determined (Fig. 5, Table 3).

For all investigated stress and recovery conditions, much higher
rates of non-phosphorylating respiration (State 4) and phosphorylating
respiration (State 3) were observed with succinate compared to malate
(Fig. 5, Tables 3 and 4). This difference between substrates was the most
pronounced in heat (even 13 times higher State 4 and almost 6 times
higher State 3). However, regardless of the substrate used, a simulta-
neous statistically significant decrease of both coupling parameters,
i.e., the ADP/O and RCR ratios, was detected only after heat treatment
(Tables 3 and 4). Because the in-gel activity studies (Section 3.5) also

Respiratory rates, coupling parameters and the AOX and CIV activities of mitochondria isolated from cauliflower curds after heat stress (H), heat recovery (HR), cold stress (C) and cold
recovery (CR). Succinate (plus rotenone) was used as a respiratory substrate. Rates of State 4 (non-phosphorylating respiration), State 3 (phosphorylating respiration), and State 4’ (State 4
following State 3) are presented. Assay conditions were as described in Section 2.8. The values of oxygen uptake are given in nmol O min~! mg ™" of mitochondrial protein. The values of
outer mitochondrial membrane (OMM) integrity are given in %. Mean values (4 S.E.) for five different mitochondria preparations of each type (with duplicate measurements, n = 10) are

shown. Ctr, control; RCR, respiratory control ratio.

Succinate-sustained respiration Ctr H HR C CR
State 4 344 + 32 322 + 32 260 + 24" 206 + 22™* 371+ 38
State 3 608 + 46 493 + 34" 405 + 42" 381 + 19 704 + 37
State 4’ 238 £ 25 228 £+ 29 158 £ 17" 147 £ 13" 235 £ 25
RCR 2,56 + 0.20 2.16 +0.15" 2,56 + 0.21 2.60 £ 0.25 3.00 £ 0.34
ADP/O 1.36 & 0.09 1.23 + 0.09" 1.38 + 0.11 141 4 0.12 1.44 + 0.09
Cyanide-resistant —PA 455 + 44 769 + 52" 375+ 2.6 245+ 26" 51.9 + 4.4
respiration + PA 965 + 9.4 172 + 11.2° 835+ 58 60.6 + 6.3 109 + 83
(AOX activity) + BHAM 0 0 0 0 0
TMPD/ascorbate-sustained 642 + 61 471 + 38™ 510 + 51" 565 + 63" 598 + 53
respiration
(maximal CIV activity)
OMM integrity 96.5 + 0.8% 93.5 + 0.9% 95.4 + 0.9% 95.0 + 0.8% 95.4 + 1.1%
** p<001.

* p <0.05 versus control values.



410 M. Rurek et al. / Biochimica et Biophysica Acta 1847 (2015) 399-417

revealed reduced ATP synthase activity after heat treatment, it indicates
that the sensitivity of the OXPHOS system to elevated temperature led
to a lowered yield of ATP synthesis. However, our proteome analysis
(Section 3.2) suggests that these changes are not accompanied by
major structural alterations.

Regardless of the respiratory substrate used, the coupling parame-
ters were comparable after cold recovery compared to mitochondria
from cold-treated curds (Tables 3 and 4). However, with succinate,
the cold recovery conditions caused a significant increase in State 4
and State 3 respiration compared to cold stress conditions. In turn,
after heat stress, heat recovery and cold stress, State 4 and State 3 respi-
ration decreased compared to control mitochondria. These decreased
respiratory rates could be the result of a significantly reduced activity
of the respiratory Cs, i.e., Cl, CIl and/or the cytochrome pathway Cs
(CIIT and/or CIV). Measuring the maximal respiratory activity of CIV in
isolated mitochondria (Table 4) revealed that CIV activity was signifi-
cantly decreased in the heat, heat recovery and cold (compared to
control mitochondria). In contrast, cold recovery restored CIV activity
to the control value. In general, the changes in the CIV activity in isolated
mitochondria (Table 4) closely followed the changes in isoforms of CIV
(a and b) observed in the in-gel studies (Fig. 4). Cauliflower CIV activity
is much more sensitive to heat stress (including heat recovery) than to
cold (including cold recovery). The limitation of the activity of CIV (and
the whole ubiquinol-oxidizing cytochrome pathway) may influence the
activity of CI and CII (thus the ubiquinone-reducing part of the respira-
tory chain) and vice versa.

After heat recovery, State 3 respiration remained lowered for both
respiratory substrates and the ADP/O ratios were significantly increased
compared to those during heat (Tables 3 and 4), thus we assume that
the yield of ATP synthesis was restored due to the reduced activity of
energy-dissipating pathways rather than changes in ATP synthase
activity itself (no improvement in State 3 respiration). Thus, during
heat recovery, in a relatively short time, the OXPHOS yield was restored.
On the other hand, cold recovery did not influence the OXPHOS yield
(ADP/O ratios) compared to cold conditions.

The results of the in-gel activity studies (Section 3.5) together with
mitochondrial respiration measurements (Tables 3 and 4) indicate
that: (i) heat stress negatively affects ATP synthase, CI and CIV, but
not CII; (ii) heat recovery negatively affects CI, CII and CIV; (iii) cold
stress negatively affects CII and CIV, but not CI; and (iv) cold recovery
recovers the CI, Cll and CIV activities close to those of control conditions.
However, some results of the in-gel activity (Section 3.5) and oxygen
consumption (Tables 3 and 4) studies do not match together. These
discrepancies could reflect the impact of the inner mitochondrial
membrane on the organization, stability and activity of respiratory
chain SCs, which is eliminated during the in-gel activity assays [71,106].

Measurements of mitochondrial respiration indicate that rotenone-
resistant internal NADH dehydrogenase (NDH) is not a heat stress-
induced protein in cauliflower curd mitochondria (Table 3). After heat
stress and heat recovery, we noticed a significantly decreased (more
than 23% compared to control conditions) unstimulated and NAD*-
stimulated activity of this pathway. Interestingly, a similar decrease
in the activity of NDH-mediated respiration was observed for cold
recovery, while cold did not change this respiration. Thus, any increase
in temperature, i.e., the transition from control temperature to heat

and the transition from cold to cold recovery, results in the decrease
of NDH-mediated respiration in cauliflower curd mitochondria.

Some functions of AOX in temperature stress have been previously
discussed [39]. Grabelnych et al. [30] have noticed that cyanide-
resistant AOX-mediated respiration is elevated preferentially in cereal
mitochondria under cold, which was in contrast to our study. Namely,
the highest AOX activity was observed after heat treatment (Table 4).
Heat stress increased the unstimulated AOX activity by 69% and
pyruvate-stimulated AOX activity (i.e., AOX capacity) by 78%. Moreover,
an increase in temperature during the transition from cold to cold
recovery was also accompanied by an increase in unstimulated and
pyruvate-stimulated AOX activity. Thus, in cauliflower mitochondria,
AOX seems to be a heat-induced protein. Interestingly, heat recovered
mitochondria exhibited a decrease in AOX activity compared to heat
stress. These results account for the changes in OXPHOS yield (ADP/O
ratio) observed in mitochondria isolated after heat stress and heat re-
covery (Tables 3 and 4). In the heat-treated plants, an increase in the ac-
tivity of AOX was accompanied by decreases of coupling parameters
(for both respiratory substrates). Conversely, the heat recovery restored
the coupling parameters to the values observed in control mitochon-
dria. On the other hand, the decrease in AOX activity observed for cold
conditions (compared to control conditions) could explain an increase
in the coupling parameters (especially the ADP/O ratio) when malate
was used as a respiratory substrate. As opposed to heat recovery, cold
recovery enhanced AOX activity (compared to cold) that was similar
to the control values (Table 4). Thus, it is tempting to conclude that
conversely to NDH-mediated respiration (Table 3), any increase of
temperature, i.e., the transition from control to heat stress conditions
and the transition from cold to cold recovery, promotes an increase in
AOX activity in cauliflower curd mitochondria (Table 4). The results
obtained with mitochondria isolated from soybean cotyledons [4]
support this conclusion. These mitochondria exhibited an increase in
pyruvate-stimulated AOX activity with increasing temperatures of the
incubation medium.

Despite the clear differences between the AOX activities in mito-
chondria under all temperature stress conditions, pyruvate exerted a
comparable stimulatory effect (a 2.1-2.4-fold increase in AOX activity)
in all of the conditions. According to Popov et al. [72], cold treatment
increases the cyanide-resistant respiration of bell pepper (Capsicum
annuum) mitochondria, contrary to cold-treated cauliflower mitochon-
dria. Unlike our study, in Popov's approach, the stress conditions were
applied to already-harvested plant organs. However, both approaches
for cauliflower curd treatment revealed that AOX is not a cold stress-
induced protein in cauliflower mitochondria. In both cases, the AOX
activity significantly decreased after cold treatment. A strong co-
expression of some AOX and NDH isoforms has been documented [16,
76,94]. However, the activities of cauliflower AOX and NDH changed
in opposite directions with temperature stress (Tables 3 and 4).
Notwithstanding, the co-expression of specific AOX and NDH isoforms
may not always occur [16,76].

To link the functional and molecular data, we additionally character-
ized the stress regulation of AOX at the proteomic and transcriptomic
levels. Standard monoclonal antibodies raised against the Sauromatum
guttatum enzyme cross-reacted with three polypeptides of 29 kDa,
33 kDa and 36 kDa in cauliflower mitochondria, which represent AOX

Fig. 6 AOX abundance at the protein and transcript levels under temperature stress conditions. (A) Analysis of immunoreactive polypeptides (a, b, ¢) of AOX on representative SDS-PAGE
blots using respective antibodies (@AOX). For the loading control, an antibody against subunit-c of mitochondrial ATP synthase (@ATP1) was used. Equal protein loading was also shown
by CBB staining of Western blots. For protein size calibration, the PageRuler Prestained Protein Ladder (Thermo Scientific) was used. Protein molecular mass is indicated in kDa. (B) Semi-q-
RT-PCR analysis of the relative level of cauliflower AOX1a, AOX1b, AOX1d and AOX2 transcripts. For normalization, cauliflower actin1 (ACT1) was used. Representative 2% agarose gels are
shown. Bottom: the expected size of cauliflower AOX1b, AOX2 and ACT1 cDNA amplicons on gel images was indicated with small circles. The size of respective genomic (gDNA) amplicons
as positive PCR controls was indicated with small squares. The results of the densitometric analysis in (A) and (B) are presented as the mean values (4 S.E.) from triplicate detection. These
values were standardized relative to the control (set to 1.00). (C) The relative expression of AOX1a determined by q-RT-PCR. Upper graph, expression was normalized to the average level
(mean log expression = 1). Bottom graph, differences in log, scale between treated and control variants are shown. For normalization, ACTT was used. Further data are given in the text.
Ctr, control; CtrH, control for heat treatment; CtrC, control for cold treatment; C, cold stress; H, heat stress; CR, cold recovery; HR, heat recovery. ***, p < 0.001, **, p < 0.01, *, p < 0.05 versus

control values.
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Experimental Mitochondria number [Mitochondria area |Total mitochondria area
variant per field per field (pmz) per field ( pmz)

Ctr 15+2 0.09+0.01 1.44+0.05

H 131 0.07 +0.01 1.00+£0.11*

HR 3+0" 0.41+0.03*** 1.24+0.11

C 12+3 0.09+0.02 1.14+0.46

CR TE( 0.23+0.02** 1.61+£0.36

Fig. 8. Mitochondrial ultrastructure under temperature stress conditions. TEM images from cell sections obtained from the apical layer of cauliflower curds. Material was taken from control
plants (Ctr), cold-treated (C) or heat-treated (H) plants and from cold-recovered (CR) and heat-recovered (HR) plants. Scale bars below each image represent 1 um. cy, cytoplasm; cw, cell
wall; GA, Golgi cisterns; m, mitochondria. For each experimental variant, quantification of mitochondrial number as well as the average area occupied by a single mitochondrion and the
area occupied by all mitochondria in given TEM micrograph field (in um?) was displayed in the accessory table. ***, p < 0.001, **, p < 0.01, *, p < 0.05 of mean ( S.E.) versus control values.

isoforms resulting from the expression of AOX gene family and diverse
posttranslational modifications of the protein (Fig. 6). The estimated
molecular mass values of these polypeptides are similar to previously
reported data [21,30]. As shown in Fig. 6A, a significant increase in the
accumulation of all AOX polypeptides (ca. 1.4-2-fold change) was
revealed only after heat stress. This result is consistent with measure-
ments of the cyanide-resistant respiration (Table 4). Strikingly, after
cold stress and cold recovery, a general decline in AOX abundance was
observed (except AOX band c) (Fig. 6A). In particular cases, AOX may
not be upregulated at the protein level by chilling [72,90]. Again,
measurements of cyanide-resistant respiration (Table 4) are consistent
with the AOX abundance profile. The lowest unstimulated and
pyruvate-stimulated activities of AOX are evident in cold (Table 4).
However, after cold recovery, despite no apparent increase in AOX
abundance (Fig. 6A), an intermediate pyruvate-stimulated AOX activity
was observed, that was slightly increased compared to the control and
strongly reduced compared to the heat-treated samples (Table 4). A

similar phenomenon, i.e., an increase in AOX activity despite the lack
of an increase in protein abundance, has been previously reported [3].
Temperature stress may also lead to the AOX regulation in certain spe-
cies within the same genus [29]. Interestingly, in tobacco (Nicotiana
tabacum) leaves, AOX abundance reached a maximum after 48 h of
cold treatment and slowly decreased afterwards [99]. In turn, in
Arabidopsis leaves, the AOX abundance is not affected by temperature
changes, but a short one-day chilling transiently increases AOX
activity [3].

We also checked whether transcriptomic changes accompany the
AOX protein alterations. Primers specific for the amplification of cauli-
flower homologs of Arabidopsis AOX transcripts (AOX1a, AOX1b,
AOX1d and AOX2) were used (Supplementary Table 1). Due to the insuf-
ficient data representing Brassica ESTs and reference RNA sequences,
we were unable to amplify AOX1c mRNA. Cauliflower AOX1a and
ACT1 cDNA partial sequences were cloned and deposited in GenBank
(accession numbers KC631778 and KC631780). The respective genomic

Fig. 7 Mitochondrial translation in cauliflower mitochondria under temperature stress. (A) The profile of [>°S]-Met-labeled proteins during in organello translation using mitochondria. The
image was obtained after a rtg film exposure on the blot with proteins transferred after SDS-PAGE. For protein size calibration, the PageRuler Prestained Protein Ladder (Thermo Scientific)
was used. Protein molecular mass is indicated in kDa. Black arrowheads mark the positions of ATP1, COX2 and NAD9 proteins. Gray arrowheads indicate the position of diversely labeled
proteins under stress conditions. Asterisks mark highly labeled proteins in the control. At the bottom, a Western blot analysis of selected mitochondrial proteins on the same blot is shown.
Antibodies against ATP synthase subunit-oc (@ATP1), the COX2 subunit of CIV (@COX2) and the NAD9 subunit of CI (@NAD9) were used. Values below each signal refer to the densito-
metric volumes of each protein. (B) The relative ratio (in %) of the densitometric volume of radiolabeled ATP1, NAD9 and COX2 signals to the densitometric volume of all labeled protein
pools in control and after temperature stress. The mean values (+ S.E.) are shown. (C) The relative level of cauliflower atp1, cox2, nad9, nad6 and nad3 transcripts determined by semi-q-
RT-PCR. For normalization, cauliflower actin1 was amplified as an internal control. Mean values (+ S.E.) were standardized relative to the control (set to 1.00). Ctr, control; Ctr + Er, con-
trol + erythromycin; Ctr + Cx, control + cycloheximide; C, cold stress; H, heat stress. **, p < 0.01, *, p < 0.05 versus control values.
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sequence fragments are provided under accession numbers KC631779
and KC631781. Using RT-PCR in semiquantitative (semi-q-RT-PCR)
and q-RT-PCR assays (with a cauliflower ACTT mRNA fragment as an
internal standard) (Figs. 6B, top, and 6C), we noted changes in the
accumulation of AOX1a transcripts encoding the AOX isoform that is
frequently affected by abiotic stress [17]. The expression of the AOX1a
gene at the transcriptional level was significantly increased under heat
stress similarly to the alterations in the protein level (Figs. 6B, top,
and 6C). In addition, after cold recovery AOX1a mRNA abundance was
slightly but significantly increased and exceeded the protein level,
which is a known phenomenon for plant transcriptome encoding for
mitochondrial proteins [94]. Watanabe et al. [100] showed that out of
the whole gene family, only the abundance of AOX1a transcripts
increased during the first 10 h of cold treatment in Arabidopsis plants
and decreased afterwards. In our study, the accumulation of AOX
isoforms and AOX1a mRNA was assayed after 10 days of the same
temperature conditions, which may explain the less evident effects.
In cauliflower curds, contrary to the AOX1a expression profile, the up-
regulation of AOX1d transcripts investigated by semi-q-RT-PCR was
noticed both in heat and heat recovery (Fig. 6B, middle). Unfortunately,
despite a high specificity of primers, which were designed for amplifica-
tion of cauliflower AOX1b and AOX2 genomic sequences, no cDNA prod-
ucts of expected size (714 and 397 bp, respectively) were obtained. This
observation suggests that these transcripts are accumulated at very low
levels in cauliflower curds (Fig. 6B, bottom). Overall, heat stress resulted
in the increased AOX protein and AOX1a and AOX1d mRNA abundances
(Fig. 6A, B). AOX transcripts have also been shown to be specifically up-
regulated after heat and severe heat treatment in Arabidopsis leaves
[73] and after a combination of drought and heat stresses in both
tobacco [79] and Arabidopsis leaves [73].

On the whole, cauliflower AOX differentially participates in the re-
sponse to various temperature stress conditions. In heat treatment,
the increase occurred in the levels of the AOX1a and AOX1d transcripts,
and AOX protein. However, in heat recovery and cold recovery, an adap-
tive over-accumulation of AOX1a and AOX1d messengers (respectively)
was observed, which was partially accompanied by the decrease in
protein abundance (Fig. 6A, B). These results emphasize the relevance
of stress recovery phase for the regulation of AOX expression. Overall,
the changes of AOX activity could be controlled independent of protein
abundance, e.g., by a post-translational biochemical activation and the
regulation of transcript pool, which is accessible for protein synthesis
from diverse AOX genes.

3.7. Mitochondrial translation is significantly affected in cold and heat
stress

To extend our data on cauliflower mitochondrial biogenesis under
temperature stress, we inspected mitochondrial translation by carrying
out in organello assays. Following cold methionine chase after in
organello protein labeling, SDS-PAGE, Western blotting and autoradiog-
raphy revealed highly labeled polypeptides in mitochondria from
control plants (marked by asterisks in Fig. 7A). The [>°S] methionine
incorporation pattern remained largely unaffected in lines containing
cytosolic (6 mM cycloheximide) and plastid (12 mM erythromycin)
protein synthesis inhibitors (Fig. 7A), indicating the purity of the mito-
chondrial preparations.

We observed some qualitative differences in the profiles of newly
synthesized mitochondrial polypeptides between control and stressed
plants (marked by gray arrowheads on Fig. 7A). Strikingly, [>°S] methi-
onine incorporation was more efficient in heat than cold stress. The in-
hibitory effects of cold treatment on plant protein synthesis have been
observed previously [31]. Nebiolo and White [63] have demonstrated
that the efficiency of [*>S] methionine incorporation into preheated
maize (Zea mays) mitochondria is affected. Labeling of intact rice
(Oryza sativa) leaves with [>S] methionine and SDS-PAGE revealed
polypeptides with a diverse labeling efficiency in cold [33]. Contrary to

our findings, in organello synthesis in Arabidopsis mitochondria from
sucrose-depleted cultures was unaffected [27]. Therefore, only selected
abiotic stresses in selected experimental models may affect mitochon-
drial protein synthesis.

We estimated the relative contribution of radioactivity associated
with immunodetected proteins (including the ATP1 subunit of ATP
synthase, the NAD9 subunit of CI and the COX2 subunitof CIV) in a
total labeled protein pool by densitometry (Fig. 7A, B). In order to
distinguish between specific aberrations in mitochondrial transla-
tion and changes in labeled pools of individual mitochondrial
proteins that resulted from accompanying transcript alterations,
we monitored the level of some mitochondrial mRNAs by semi-q-
RT-PCR (Fig. 7C). We noticed a decrease in the level of de novo syn-
thesized ATP1, COX2 and NAD9 polypeptides in cold treatment and
additionally, a decrease in the radiolabeled ATP1 level after heat
treatment, most likely because of stress-induced protein degrada-
tion or perturbations in proteins synthesis [33]. In cauliflower
mitochondria, subunit-a of ATP synthase was labeled with high
efficiency. However, the only decrease in the de novo synthesized
ATP1 pool in cold and heat could be attributed to the translation im-
pairments, because changes in COX2 and NAD9 proteins in stress
roughly accompanied transcript variations in mitochondria used
for in vitro translation (Fig. 7B, C). Surprisingly, three investigated
nad messengers (nad3, nad6 and nad9) showed diverse levels of
accumulation in investigated stress conditions (Fig. 7C, bottom).
Basing on the previously discussed data [94], a more coordinated
expression of the genes encoding for the same protein complex
subunits and belonging to the same functional category was
expected.

The sensitivity of ATP synthase synthesis to temperature stress
parallels our DIGE data, indicating that heat affected the biogenesis of
ATP synthase and that the process was not repaired in the course of re-
covery (Section 3.3). Alterations in cauliflower mitochondrial transla-
tion might be a part of an adaptive response due to the diverse
susceptibility of respiratory chain components to temperature stress
(Sections 3.2 and 3.3). Overall, the affected synthesis of certain mito-
chondrial proteins (especially ATP1) accompanied changes in
accumulation in the total protein pool, which contribute for changes
in cauliflower mitochondrial biogenesis under temperature stress
conditions.

3.8. The ultrastructure of cauliflower curd mitochondria is affected only
after stress recovery

Numerous changes in mitochondrial morphology and ultrastructure
are present under various environmental stimuli [18,53,62]. The num-
ber of mitochondria inside plant cells may be affected by [68]. To esti-
mate whether molecular alterations were accompanied by an affected
mitochondrial morphology, we studied the cell ultrastructure from an
apical layer of cauliflower curds by transmission electron microscopy.
Using Image], we counted mitochondrial number per field and calculat-
ed the area occupied by all mitochondria as well as by the single
mitochondrion per field (Fig. 8). Mitochondrial morphology from the
apical layer of cauliflower curds grown in control conditions was consis-
tent with our previous results [81]. The mitochondria appeared as oval,
ellipsoid or often bent rod-like organelles, with a dense matrix and club-
shaped cristae (Fig. 8). In heat or cold stress, the number of mitochon-
dria and the mitochondrial area were not affected. Strikingly, the
mitochondrial ultrastructure of cauliflower mitochondria was
significantly altered only after stress recovery. This alternation was
accompanied by an evident decrease in the mitochondrial number
and by swelling, as the area occupied by a single mitochondrion
significantly increased. In cold recovery, cristae swelling was partic-
ularly visible; however, during heat recovery cristae disappeared. In
heat recovery, an internal translucence was also noticed. In addition,
vesicular structures were present within the mitochondria of cold-
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recovered cauliflower plants. After stress recovery, the mitochondria
were enclosed by membranous whorls. Similar phenomena were
reported for mitochondria from mung bean (Vigna radiate) and
cucumber (Cucumis sativus) [42,53].

We speculate that the phenomena observed in our study may be
associated with an induction of programmed cell death [78]. However,
we were unable to detect electron-dense particles in cauliflower curd
mitochondria from heat-stressed or heat-recovered plants, which has
been reported previously for other species [101]. Our results are also
similar to the chill recovery responses of Episcia reptans, in which mito-
chondria were disorganized [62]. Conversely, Vella et al. [97] reported
that after a prolonged (72 h) chilling, mitochondria from Arabidopsis
mesophyll cells were aberrant; however, after recovery, the mitochon-
drial morphology was well preserved. Additionally, mild heat shock
conditions (similar to those in our study) did not disturb tomato
(Lycopersicon esculentum) mitochondria [65]. On the contrary, cauli-
flower mitochondria responded in a different manner. In cold and
heat recovery (contrary to the impact of cold and heat stress), the mito-
chondrial ultrastructure in cauliflower curds was affected. This phe-
nomenon may be the consequence of the high sensitivity of this organ
to a shift from temperature stress to control conditions. However, func-
tional studies indicate that the integrity of outer mitochondrial mem-
brane was preserved among all preparations of isolated mitochondria
(Table 4). Contrary to Arabidopsis, cauliflower is only partially adapted
to temperature stress [14,32]. In the future, we will elucidate whether
cauliflower mitochondria contribute to organellar relocation under
stress and in stress recovery, using fusion proteins targeted to mito-
chondria and fluorescent staining.

4. Conclusions

Cauliflower mitochondria are actively engaged in the response to
various temperature treatments. We would like to emphasize that
(i) despite new alterations in the levels of respiratory proteins described
in our study, the OXPHOS architecture and interactions between some
Cs were unexpectedly stable in heat and after heat recovery, refuting a
more dynamic status of matrix Cs. (ii) In stress, the decreased in-gel
activity of selected mitochondrial Cs was not repaired during stress
recovery, when ultrastructural alterations (including swelling) take
place. (iii) The activity of mitochondrial respiratory chain and ATP
synthesis yield were affected most likely due to changes in AOX activity.
In general, heat stress resulted in lowered OXPHOS efficiency, while
cold stress improved it. (iv) The diverse AOX activity (a cyanide-
resistant respiration) was accompanied by changes in AOX protein ac-
cumulation. Contrary to cold, heat stress induced an increase in AOX ac-
tivity and protein levels, while heat recovery reversed these changes.
(v) The overall capacity of mitochondrial translation and the synthesis
of ATP synthase subunit were affected and accompanied by the low
coordination of mitochondrial gene transcriptional responses to cold
and heat.

In general, proteomic changes in stress recovery were accompanied
by selected physiological (functional) and ultrastructural alterations.
Although, multiple steps of coordination of cauliflower mitochondrial
biogenesis in cold and heat and stress recovery have been proposed,
they do not contribute equally to this multistep and complex process.
A limited control of mitochondrial biogenesis during the stress and
stress recovery included not only aberrations in Cs assembly/disassem-
bly (a key regulatory step in organellar biogenesis) [27], but also
translation impairments and structural as well as activity responses
(major alterations in the respiratory chain complex subunits, AOX,
matrix enzymes and protein import system). Thus, this study signifi-
cantly extends our understanding of plant mitochondrial biogenesis
under environmental conditions (Supplementary Fig. 4).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.01.005.
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