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Abstract: The early generative phase of cauliflower (Brassica oleracea var. botrytis) curd ripening is 21 
sensitive to the water deficit. Mitochondrial responses under drought within Brassica genus are 22 
poorly understood. The main goal of this study was to investigate the mitochondrial biogenesis of 23 
three cauliflower cultivars varying with drought tolerance. Diverse quantitative changes 24 
(down-regulations mostly) in the mitochondrial proteome were assayed by 2D PAGE coupled with 25 
LC-MS/MS. Respiratory (e.g. CII, CIV and ATP synthase subunits), transporter (including diverse 26 
porin isoforms) and matrix multifunctional proteins (e.g. components of RNA editing machinery) 27 
appeared diversely affected in their abundance under two drought levels. Western immunoassays 28 
showed also cultivar-specific responses of selected mitochondrial proteins. Dehydrin-related 29 
tryptic peptides found in few 2D spots that appeared immunopositive with dehydrin-specific 30 
antisera highlighted the relevance of mitochondrial dehydrin-like proteins for the drought 31 
response. The level of selected messengers participating in drought response was also determined. 32 
We conclude that the mitochondrial biogenesis was strongly, but diversely affected in various 33 
cauliflower cultivars and associated with drought tolerance on the proteomic and functional levels. 34 
However, transcriptomic and proteomic regulations were largely uncoordinated due to the 35 
suggested altered availability of messengers for translation, mRNA/ribosome interactions and/or 36 
miRNA impact on transcript abundance and translation. 37 

Keywords: dehydrins; 2D PAGE; drought; mitochondrial biogenesis; mitochondrial proteome; 38 
plant transcriptome 39 

1. Introduction 40 

Under drought, plants respond by numerous physiological and molecular mechanisms [1]. 41 
Each plant species possess an unique drought resistance level, which is accompanied by the diverse 42 
sensitivity of selected growth and metabolic processes to the progressing stress conditions [2]. The 43 
balance between water uptake and the transpiration is controlled by the water potential. The leaf 44 
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surface controls the respiration rate as well as CO2 assimilation and the photosynthesis rate. 45 
Excessive transpiration may decrease the water potential in plant, resulting in growth cessation [3]. 46 
Initially, drought results in stomatal closure and the declined transpiration to prevent further water 47 
losses in drought-sensitive species, osmolyte synthesis and consequently in the inhibition of leaf cell 48 
growth [4-7]. In general, drought regulates leaf respiration at various directions, however those 49 
alterations may enable the prompt stress recovery [8].  50 

The mitochondrial proteome is the highly dynamic entity containing at least 1500 diverse 51 
proteins (1060 ones experimentally identified in potato [Solanum tuberosum] mitochondria by Salvato 52 
et al. [9]) actively responding to the environmental conditions. Since the past 15 years, a significant 53 
progress has been made on the elucidation of the key steps of mitochondrial biogenesis which 54 
implies the finely coordinated expression of mitochondrial and nuclear genes that can be disrupted 55 
under the stress action [10-13]. Taylor et al. [14] estimated 22% of the stress-responsive organellar 56 
proteins in Arabidopsis to be targeted to mitochondria, but the number of mitochondrial proteins 57 
involved in the response to diverse stress treatments remains still underestimated. More complex 58 
studies integrating numerous physiological, structural and molecular approaches for the better 59 
understanding of the biological relevance of such replies are thus welcomed.  60 

Drought also results in the dynamic alterations within the cellular transcriptome and proteome 61 
[7,15-17], including also mitochondrial proteome [18,19]. Drought response is often connected with 62 
the increase or induction of diverse protective proteins, including drought-induced proteins, e.g. 63 
dehydrins [20]. Mitochondrial proteins may be directly involved in developing of drought tolerance 64 
as well, including important enzymes, e.g. pyruvate dehydrogenase (PDH), glycine decarboxylase 65 
(GDC), and in less extent - malate dehydrogenase (MDH); under drought some novel protein 66 
isoforms may be also induced, however the proteolysis of key mitochondrial proteins was also 67 
reported [19,21-24]. Numerous mitochondrial heat shock-proteins (HSPs), including small HSPs 68 
(sHSPs) and diverse Mn-superoxide dismutase (Mn-SOD) isoforms are also active players in 69 
drought response and plant development [25-27]. Variations in abundance of numerous 70 
mitochondrial proteins, however, may not easily correspond with the drought intensity.  71 

Brassica genus contains important plant species for the worldwide agriculture. Total cellular 72 
proteomic and transcriptomic responses of Brassica species in drought were already investigated, 73 
however without deepened attention towards elucidation of the particular aspects of mitochondrial 74 
biogenesis [28-32]. Interestingly, drought response of close Brassica relatives, including Thellungiella 75 
are distinct from the Arabidopsis one [33]. Even though, the reports comparing responses of Brassica 76 
cultivars with contrasting drought tolerance are still limited [34-38], contrary to the other species 77 
data [6,39-48]. Moreover, search for protein markers in order to develop drought-tolerant plant 78 
accessions belongs to the current goals of proteomic analyses [7].  79 

Owing the recent research trends, this work was undertaken to gain a comprehensive view of 80 
the influence of the middle and severe water deficiency conditions on the mitochondrial biogenesis 81 
of three cauliflower (Brassica oleracea var. botrytis) cultivars displaying diverse drought tolerance. 82 
Previously, we studied cauliflower mitochondrial biogenesis under temperature stress and the 83 
recovery [13]. Cauliflower belongs to vegetables with the major cultivation yield in the Middle 84 
Europe. The early generative phase of curd ripening belong to the key developmental stages with 85 
some physiological demands. In addition, due to the size of its vegetative organs it is sensitive to the 86 
low water level in the soil. To determine mitochondrial responses in relation to plant respiration, we 87 
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aimed (1) to investigate the dynamic nature of mitochondrial proteome; (2) to identify the most 88 
variable proteins in mitochondria of cauliflower curds; (3) to check the abundance of selected 89 
mitochondrial proteins, including previously investigated dehydrin-like proteins [49]; (4) to analyze 90 
the relevant proteomic and transcriptomic regulations and (5) to link them with the physiological 91 
level (respiratory and photorespiratory alterations) for the discussion of the general responses to 92 
mild and severe water deficit. This is the first comprehensive study of the mitochondrial proteome 93 
of the Brassica genus member which allowed to characterize a broaden set of drought-responsive 94 
mitochondrial proteins in the cultivar context. On the whole, it highlights the participation not only 95 
oxidative phosphorylation (OXPHOS) proteins, but a number of multifunctional mitochondrial 96 
proteins (including RNA editing factors and dehydrin-like proteins) in drought response. 97 

2. Results and Discussion 98 

2.1. Respiration and Photorespiration Pattern in Cauliflower Leaves 99 

In order to study mitochondrial response on physiological and molecular levels in ‘Adelanto’ 100 
(‘A’) and ‘Casper’ (‘C’) drought-sensitive cultivars as well as in the ‘Pionier’ (‘P’) drought-tolerant 101 
cultivar, the total respiration, respiration in the light (day respiration), night respiration as well as 102 
the photorespiration rates were determined. Previously we showed that the respiratory rate 103 
exceeded the photosynthetic one in cauliflower leaves under the severe (but not moderate) water 104 
deficiency [50]. This emphasizes the importance of the adequate respiratory adaptations in this 105 
species under the mentioned unfavorable conditions. Drought limits crop yield and alters 106 
physiological parameters necessary for keeping the cultivation profitability high. For instance, the 107 
internal leaf CO2 concentration may be unstable and significantly decreased in the initial phase of 108 
drought, so that photosynthetic rate markedly declines under the water deficit; however, this effect 109 
can be alleviated under the drought recovery or after the addition of exogenous factors or the 110 
overexpression of specific proteins [51,52]. Often respiratory impairments are accompanied by 111 
visible phenotypic effects, e.g. the decreased length and weight of diverse plant organs [29,31,35]. 112 
Respiration and photorespiration become a part of the complex network response under the water 113 
deficiency and the photorespiration participates in the oxidative damage avoidance while 114 
optimizing the photosynthesis [53]. 115 

Generally, RT value slightly increased under the mild drought, but markedly decreased in the 116 
severe treatment in ‘A’ and in special extent in ‘C. On the contrary, ‘P’ showed significant increase of 117 
RT value in the mild drought, however it was only slightly decreased under the severe treatment 118 
(Figure S1). The Rd (the average from all illumination conditions) as well as Rn rates increased 119 
progressively in the drought sensitive cultivars under all investigated treatments. However, Rd rate 120 
was markedly decreased in ‘P’ in the mild drought and the highest increase of Rn was noted in ‘A’ 121 
cultivar under the severe treatment. The highest increase of Rd rate was visible in the same 122 
conditions (especially in ‘A’ and also in ‘P’; Figure S1). Interestingly, the respiratory decline under 123 
prolonged water deficit is a well-known phenomenon (also for Brassica species) and Rn rate is 124 
affected much under fast drying [19,30,54]. Mitochondrial Rd can be also inhibited by drought [55]. 125 
In some plants, it markedly increases in the prolonged drought (while Rd exceeds the Rn rate), but 126 
declines under short water deficit [56,57]. In our case the effect depended on cultivar. In ‘P’ Rd was 127 
higher than Rn, both in control conditions of the growth and under the severe drought treatment, 128 
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while in ‘A’ cultivar the Rd rate exceeded Rn only under the severe stress. In ‘C’ Rd was always lower 129 
than Rn regardless the level of the drought stress. Interestingly, in-planta overexpression of some 130 
uncoupling proteins influences such physiological effects [58]. Drought-sensitive crop cultivars 131 
exhibits larger RT decrease, than the sensitive ones; however, both effects could be reversed under 132 
drought recovery [59].  133 

In ‘A’ and ‘C’ cultivars the PhR rate showed slight decrease under the mild stress, however 134 
severe drought conditions decreased it in more extent, especially in ‘A’. On the contrary, a slight 135 
increase of the PhR rate was observed after the mild drought in ‘P’. Interestingly, the increase of the 136 
photorespiratory to the gross CO2 assimilation ratio under drought is often expected in order to 137 
protect the photosynthetic machinery against photoinhibition [40,55]. In field-grown Gossypium 138 
hirsutum drought resulted in affected stomatal conductance and elevated respiratory and PhR rates, 139 
while the photosynthetic electron transport was not affected [60]. Overall, in A’ and ‘C’ PhR rate is 140 
altered progressively along the stress duration. This is in line with Liu et al. [61] data, suggesting that 141 
the PhR in drought-sensitive cultivars cannot be a major energy dissipation strategy, as it was 142 
reported for some Asiatic and Mediterranean-originated plant species. In opposite to that findings, 143 
the drought-tolerant cultivar (‘P’) showed the reversed responses- the visible increase of PhR rate in 144 
the mild treatment (known among drought-tolerant species; [62]) and its notable decrease in severe 145 
drought, however in less extent than the discussed down-regulated rates for ‘A’ and ‘C’ (Figure S1). 146 
Those general trend in PhR response could be reversed at the early vegetative stage in some species 147 
varying with drought tolerance [63]. In drought-tolerant and drought-sensitive cultivar of Malus 148 
domestica even moderate drought resulted in the major PhR decline [64]. 149 

In general, in the course of the drought progression, both in ‘A’ and (in less extent) in ‘C’ 150 
cultivar the rapid increase of the contribution of the Rd and the decrease of the contribution of PhR in 151 
the RT value was noticed. On the contrary, in ‘P’ leaves the Rd contributes to the RT rate in less extent 152 
manner; consequently, the PhR contributes in greater extent to RT under the mild drought (Figure 153 
S1). Overall, observed regulations in the respiratory parameters coincide with the level of drought 154 
tolerance among investigated cauliflower cultivars and suggest the distinct regulations of drought 155 
physiological responses in ‘P’. Next, we aimed to study whether the diverse pools of 156 
drought-responsive mitochondrial proteins accompany the studied respiratory alterations in 157 
stress-sensitive and stress-tolerant cultivars. Therefore the dynamic nature of cauliflower 158 
mitochondrial proteome in those cultivars under water deficit was about to be investigated. 159 

2.2. The Specificity of Mitochondrial Proteome Alterations under Drought in Diverse Cauliflower Cultivars 160 

 Mitochondrial proteins isolated from curds of cauliflower plants grown in control conditions (0) 161 
as well as in the mild (1) and severe (2) water deficit were resolved by 2D PAGE. In order to study 162 
mitochondrial proteome alterations according to the drought tolerance, we used three mentioned 163 
cultivars (section 2.1). Experimental variants were analyzed in pairs as follows: ‘A1’ vs ‘A0’, ‘A2’ vs. 164 
‘A0’, ‘C1’ vs. ‘C0’, ‘C2’ vs. ‘C0’, ‘P1’ vs. ‘P0’, ‘P2’ vs. ‘P0’. In addition, 2D gels for 9 different variants, 165 
including control, were run in triplicate. The CBB- stained master gel (a fused image) was created 166 
basing on the pooled samples containing the equal amounts of mitochondrial proteins from the all 167 
experimental variants, giving in a final number of 370 different spots. The number of spots on 168 
particular 2D gels varied from 231 to 370 between all analyzed variants (including also controls) for 169 
each cultivar (Figures 1 and S2).  170 
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 171 
Figure 1. Position of thirty two drought-responsive spots (black arrows) on CBB-stained 2D master gel 172 
with separated cauliflower mitochondrial proteins (the proposed identities of all protein spots are 173 
shown in Table S1 and the peptide data in Table S2). This map shows also the position of the 174 
additional protein spots (blue arrows) from 2D gels containing resolved mitochondrial proteins of 175 
‘Adelanto’ (A) and ‘Casper’ (C), that were cut out and used for the identification of tryptic peptides 176 
specific to the dehydrin-like proteins (the proposed identity for those spots appears in Table S4). 177 
Identifiers for spots containing the mentioned peptides are marked in red (the remaining labels - in 178 
blue). For the molecular mass calibration (kDa) of protein spots, the PageRuler Prestained Protein 179 
Ladder (Thermo Scientific) and LMW-SDS Marker Kit (GE Healthcare) were used. For the calibration 180 
of the spot isoelectric point (pI), Broad pI Kit (GE Healthcare) was used. Further data in the text. 181 

Thirty two spots (8.65 % of all spots from the master gel) from all cultivars appeared 182 
significantly variable and their positions (Figures 1 and S2) were assessed from three biological 183 
replicates. Data for the responsive protein spots, including their abundance are shown in Table S1 184 
and on Figures 2 and S3. Under the mild water deficiency, 13 (in each of ‘A’ and ‘C’) and 11 spots (in 185 
‘P’) were down-regulated. In the same stress conditions we noticed up-regulations for 6 (in ‘A’) and 186 
3 (in ‘C’) and 2 spots (in ‘P’). However, in the severe drought, 15 (in ‘A’) and 9 spots (in each of ‘C’ 187 
and ‘P’), were down-regulated and only 2 spots became up-regulated within each investigated 188 
cultivar (Figure S3).  189 

 190 
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 191 

Figure 2. Venn-diagrams showing the distribution of the up-regulated and down-regulated 192 
specific/common protein spots to the mild and severe drought conditions across the investigated 193 
cultivars. Numbers refer to the protein spot identifiers. Commonly and diversely regulated spots 194 
between cultivars were marked in blue (a larger font) and underlined, respectively; they were listed 195 
below diagrams. Further data in the text. 196 
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Regarding the down-regulated spots, 9 spots (for the each of ‘A’ and ‘P’ cultivars) and 7 spots 197 
(in ‘C’) overlapped between the mild and severe water deficiency. Among the up-regulated spots, 198 
the only single spot overlapped in ‘A’ for the two tested stress conditions. This means, that under the 199 
mild water deficiency, 4 (in ‘A’), 6 (in ‘C’), and 2 spots (in ‘P’) were specifically down-regulated. In 200 
the same stress conditions, we noticed specific up-regulations for 5, 3 and 2 spots in those cultivars, 201 
respectively. However under the severe drought, 6 (in ‘A’), 2 (in ‘C’), and no spots (in ‘P’) were 202 
specifically down-regulated and only 1, 2 and 2 spots appeared specifically up-regulated in those 203 
cultivars, respectively (Figures 2 and S3). Thus mitochondrial proteomes significantly varied among 204 
all cultivars; in case of up-regulated spots, the ones specific to the given drought level dominated 205 
over the spots common for both treatments. The number of diversely regulated spots in abundance 206 
between the investigated drought-sensitive cultivars and the drought-tolerant ‘P’ cultivar exceeded 207 
the number of such spots within drought sensitive cultivars. Conversely, the commonly regulated 208 
spots increased in number between drought-sensitive cultivars (Figure 2). The drought responses for 209 
the drought-tolerant cultivar (‘P’) were particularly specific. The severe drought resulted in 210 
regulation of abundance of the distinct set of protein spots when compared to the impact of the mild 211 
stress. Overall, the massively down-regulated spots exceeded up-regulated ones. Interestingly, we 212 
did not observed any biases towards up-regulated protein spots in drought-tolerant cultivar, which 213 
is generally contrary to the Mohammadi et al. [35] data on rapeseed. This suggest distinct 214 
regulations within cauliflower proteome which are potentially associated with drought tolerance 215 
(section 2.3).  216 

2.3. Mitochondrial Response to Drought Involves Diverse Multifunctional OXPHOS, Transporter and 217 
Matrix Proteins in Various Cauliflower Cultivars 218 

Proteins from spots collected from the 2D master gel were identified by LC-MS/MS. The 219 
obtained data were used for searching Mascot against NCBInr database (version 20160525 220 
containing 88005140 protein sequences). Due to the limitations of protein matching to 221 
species-specific database (lack of completed cauliflower nuclear genome sequence and availability of 222 
the mitochondrial genome sequence of B. oleracea var. oleracea as the close variety; [65]), 223 
mitochondrial proteins were identified by using Viridiplantae section of the database. In addition, the 224 
Gelmap tool (https://gelmap.de/projects-arabidopsis/) was used to compare the cauliflower and 225 
Arabidopsis proteomic maps and to validate further MS identifications. Because we investigated the 226 
mitochondrial proteome from the non-green apical part of cauliflower curds, the use of 227 
IEF/SDS-PAGE reference map of Arabidopsis cell culture mitochondrial proteome was particularly 228 
advisable. In some cases, however, we also used the map representing Arabidopsis mitochondrial 229 
proteome of the green tissues [13].  230 

The identifications of protein spots are presented in Table S1; the individual peptides for each 231 
protein spot are also listed in Table S2. Almost all analyzed spots contained more than a single 232 
protein or protein isoform. Together, all spots represented 91 non- redundant protein within records 233 
that fit to the experimental data. Of this number, 69 non-redundant proteins with the highest 234 
probability of identification were found; see bolded records in Table S1). The unambiguous results 235 
were obtained from the MS analyses; the percentage of sequence coverage ranged 11-73% and the 236 
numbers of the total identified peptides and the unique peptides were up to 260 and 38, respectively. 237 
Proteins were identified basing mostly on the high similarity to sequences of diverse cruciferous 238 
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species. Generally, for the majority of spots, the experimental molecular mass corresponded roughly 239 
to the theoretical one. Many proteins, however showed some shift in molecular mass between 240 
theoretical and gel values. Contrary to Taylor et al. [19], we are rather convinced that investigated 241 
stress conditions did not resulted in excessive proteolysis in cauliflower mitochondria. Overall, 242 
various respiratory (e.g. ATP synthase, proteins for CII and CIV biogenesis, mostly 243 
down-regulated), transporter (ex. diverse VDAC isoforms and dicarboxylate antiporters) and matrix 244 
proteins (ex. HSPs, DNA-binding proteins, RNA editing and translation factors, mitochondrial 245 
thioredoxins, diverse multifunctional enzymes for amino acid, carbohydrate, lipid and nucleotide 246 
metabolism and some novel proteins) appeared drought-responsive. Some proteins identified in 247 
double spots (e.g. no. 228, 230) showed quite similar responses, which is in favor for the correctness 248 
of their assignments (Table S1). Such protein multi-spotting may have resulted both from 249 
post-translational modifications (PTMs) and/or rather from the expression of diverse gene family 250 
members.  251 

Based on Arabidopsis protein orthologs, next we used the functional classification by the 252 
Munich Information Center for Protein Sequences (MIPS) at VirtualPlant 1.3 253 
(http://virtualplant.bio.nyu.edu; [66]) for the clustering of the drought-responsive proteins resolved 254 
on 2D gels into the functional categories (Table S3). Notably, in the studies dealing with the impact 255 
of water deficiency to the alterations within plant total proteomes, some of those functional classes 256 
(e.g. defense, amino acid metabolism and OXPHOS proteins) are often under-represented, 257 
highlighting the relevance of the organelle-specific studies [67].  258 

The majority of proteins within responsive spots belonged to the class participating in various 259 
metabolic routes (ca. 44%). Metabolism-related proteins are often overrepresented in drought 260 
response [68] and regulated in diverse manner among drought-sensitive and tolerant cultivars [45], 261 
similarly to our study (Table S1). These were C compounds and carbohydrate metabolism (23.1%) as 262 
well as amino acid metabolism proteins (18.7%). The next classes were represented by proteins 263 
participating in cell rescue, defense and virulence (16.5%), energy conversions (12,1%) as well as in 264 
N and S metabolism (7.7%; Table S3). Notably, carbohydrate and amino acid metabolism proteins 265 
often respond to drought [7,69] and their accumulation profiles assayed by time kinetics-coupled 266 
proteomic approaches are diversely modulated [48].  267 

Interestingly, MDH, succinyl-CoA ligase subunit and aconitate hydratase 2 (aconitase 2 268 
[ACO2]; corresponding to spots no. 35, 59, 109) belonging to the key enzymes for carbohydrate 269 
metabolism, were down-regulated in drought-sensitive cauliflower cultivars (the present study), in 270 
the roots of the drought-sensitive rapeseed (B. napus) genotype [35] as well as in other reports 271 
elucidating the impact of the prolonged water deficit on the plant proteome [46,48]. Regarding the 272 
mentioned above proteins, Ndimba et al. [18] in their study on the sorbitol-induced drought 273 
obtained results contrary to ours. In the leaf proteome of rapeseed cultivars MDH can be also 274 
upregulated in order to cope with the increased cellular demands for NADH [38]. Notably, ACO2 is 275 
predominantly localized in plant mitochondria and aconitase-containing complexes were shown to 276 
be unstable in stress [13,70]. However, in poplar Populus x euramericana plants the level of 277 
succinyl-CoA was decreased and aconitase increased in abundance [40]. Two-week-long drought 278 
resulted in metabolic re-programming in rapeseed seedlings by increase of key stress-related 279 
proteins and in the decrease of proteins related with metabolism, protein folding and degradation 280 
[30].  281 
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Regarding other functional classes, the participation of electron transport (7.7%), complex 282 
cofactor binding proteins (6.6%) and folding proteins (4.4%) in drought response in cauliflower 283 
mitochondria was also distinctive (Table S3). The energetic and carbohydrate metabolism proteins 284 
play a significant role in drought response [44,45]. Recent studies reported on the up-regulation of 285 
distinct VDAC isoforms (irrespectively of the drought tolerance), also among inbred line of Brassica 286 
rapa subjected to 48 h-long drought [32,41,48,69], which is contrary to the massive down-regulation 287 
of VDAC1 visible mostly in drought-sensitive cultivars (spots no. 23, 202, 204; Table S1); other 288 
cauliflower VDAC isoforms (including porin 2-like) were also decreased in abundance, which is in 289 
line with the data for VDAC2 in rice roots under drought and salt stress [71]. Subunits of OXPHOS 290 
complexes (e.g. CI and CII) appeared down-regulated in cauliflower mitochondria; the general trend 291 
of their level alterations was similar to Taylor et al. [19] study. Strikingly, CIV subunits were 292 
unaffected in our case, contrary to Zhang et al. [31] and Budak et al. [44]. Regulations of the succinate 293 
dehydrogenase (SDH; CII) subunit 5 (SDH5; spot no. 4) level were also distinct from the Vítámvás et 294 
al. report [47] on barley (Hordeum vulgare) responses in drought; in our case we observed massive 295 
down-regulation of this protein, together with SDH subunit 1 (SDH1; spots no. 23, 204; Table S1). 296 
The expression of SDH1 gene was repressed in rice leaves and roots under the combined drought 297 
and salinity treatment [71]. Interestingly, the level of CII subunits was increased after re-watering of 298 
Populus euphratica plants [2]. 299 

One of the expected down-regulated mitochondrial enzymes in cauliflower mitochondria 300 
(according to our previous findings; [13]) was also ATP synthase. The assembly of ATP synthase 301 
may be affected as diverse cellular energy demands rise under stress, and the regulation of ATP 302 
synthase subunits is often related to the general stress responses and stress adaptation [67,72,73]. A 303 
strong decrease in the abundance of ATP synthase subunits under the water deficit was reported by 304 
a number of studies [16,39] contrary to the other ones [43]. Accordingly to our data (spots no. 135, 305 
166), the smaller decrease in ATP synthase subunit β abundance was noted by Mohammadi et al. 306 
[35] in drought-sensitive rapeseed line. However, we observed the increased abundance of another, 307 
24 kDa subunit of ATP synthase in ‘C’ cultivar under the severe drought (spot no. 317; Table S1).  308 

The alterations of the Hippophae rhamnoides PDH E1 subunit α level in drought [81] contrasts to 309 
our data (we noticed down-regulation of PDH subunit in spots no. 223, 241 for ‘A’ and ‘C’ cultivars; 310 
Table S1). Comparing to other abiotic stress conditions, water deficit results in the highest decrease 311 
in abundance of the two PDH subunits [19]. Interestingly, NRGA1 messengers, encoding for a 312 
mitochondrial pyruvate carrier were reported to be up-regulated in drought, according to pyruvate 313 
demands; moreover, NRGA1 gene is co-expressed with the gene for mitochondrial carrier MPC1 in 314 
order to enhance pyruvate import to mitochondria [74,75]. Generally, genes coding for 315 
mitochondrial dicarboxylate carriers may be induced in water deficit [71]. However, in our case, the 316 
down-regulation of PDH did not associated with the co-regulation of the expression level of any of 317 
the specific substrate carrier among drought-regulated proteins. Instead, the level of 318 
dicarboxylate/tricarboxylate mitochondrial transporters declined in drought-sensitive cultivars only 319 
(spot no. 202, 204; Table S1).  320 

Owing the protein relevance in drought response, some protein regulations within the 321 
particular spots were quite surprising. Two spots (no. 223, 241; Table S1) in ‘A’ and ‘C’ which were 322 
strongly decreased in abundance even under mild drought contained, inter alia, formate 323 
dehydrogenase (FDH). Interestingly, the relationship between FDH abundance and the proline 324 
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accumulation was suggested [76]. The massive decrease in abundance of FDH in two Phaseolus 325 
vulgaris cultivars differing with drought tolerance was noticed [23]. However, the level of this 326 
enzyme is often increased in the vegetative tissues in the prolonged water deficiency and during 327 
initial stages of grain development [32,42,76], which was not the case in our study. Both in ’A’ (under 328 
the mild stress) and ‘P’ (in all treatments) we observed decrease in abundance of protein spot no. 166 329 
containing mitochondrial processing peptidase subunit β (MPPβ); in addition, in ‘A’ cultivar the 330 
abundance of spot no. 230 containing translocase of the inner mitochondrial membrane subunit 331 
(TIM44-2-like) was also massively declined (Table S1). In some cases, the induction of gene coding 332 
for MPPβ was reported [71] and the level of the mentioned protein increased also under 333 
sorbitol-affected drought [14,18]. In diverse genotypes of poplar P. x euramericana and in two citrus 334 
rootstocks: Citrus limonia and C. sunki variations of MPP subunit α were reported [40,46]. Results of 335 
our study may thus indicate for some perturbations in the general import pathway. It is nonetheless 336 
known that drought may alter protein import into plant mitochondria [77]. Notably, MPP together 337 
with MDH were considered to form the potent hubs within the interactome network [19,46]. 338 

Some spots, e.g. spot no. 23 (containing porin 2-like and adenosine nucleotide translocator 339 
protein) as well as spot no. 31 (containing hydrolase domain-containing protein and carbonic 340 
anhydrase) showed the inconsistent regulation among the drought-sensitive cultivars [67]. Notably, 341 
spots containing porin 2-like appeared upregulated in ‘C’ (but not in ‘A’) under the mild drought 342 
and isoforms 1 and 3 (spots no. 203 and 204) were strongly downregulated in those cultivars. Overall 343 
the decrease in porin isoforms have dominated the pattern (Table S1). Contrary to that, some porin 344 
isoforms were increased in abundance especially in drought-tolerant wheat cultivars [41]. Also 345 
48h-long drought in Brassica rapa increases notably the level of porin isoforms [32]. On the opposite, 346 
some other spots (no. 59, 61, 218, 331, 332) with ssDNA-binding proteins as well as proteins related 347 
with RNA metabolism and translation (e.g. RNA editing factors 1 and 6, elongation factor EF-Tu) 348 
were regulated in the opposite direction between drought-sensitive and tolerant cauliflower 349 
cultivars. Interestingly, the EF-Tu up-regulation was more pronounced in our study than in Taylor 350 
et al. [14] and Ndimba et al. [18] reports. The similar trend was also seen in case of spots no. 153 351 
(with SWIB/MDM2 domain superfamily protein), 164 (containing similar to calcineurin-like 352 
metallo-phosphoesterase superfamily and sucrose/ferredoxin-like proteins), 349 (containing 353 
chaperonin and mitoribosomal protein L21), 420 (diverse enzymes) and 421 (representing HSP70 354 
isoforms, Table S1). Mitochondrial DNA/RNA-binding proteins, chaperonins, heat-shock proteins as 355 
well as a number of enzymes for mitochondrial metabolism may thus differentiate cauliflower 356 
cultivars varying with drought tolerance. 357 

For the drought-tolerant ‘P’ cultivar we noticed some differences in the abundance of 358 
functional categories across proteins present in stress-responsive spots comparing to the data 359 
obtained for all cultivars (discussed above; Table S3). C- compound and carbohydrate metabolism 360 
proteins as well as proteins related with energy conversions contributed in less (18.6% and 9.3%, 361 
respectively), however, N- and S-metabolism proteins as well as folding proteins- in more extent 362 
(9.3% and 7%, respectively). Stress response proteins within cell rescue, defense and virulence 363 
category were significantly enriched in drought-tolerant cultivar (16.3%). Interestingly, the protein 364 
enrichment in the discussed categories was reported across plant tissues and drought-tolerant 365 
genotypes, contrary to the sensitive ones under diverse treatments [6,46,48].  366 
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Overall, the prevalent down-regulations after the mild drought treatment and more specific 367 
alterations in the second level of drought likely represents specific adaptations in the cauliflower 368 
mitochondrial proteome to diverse intensity of the water deficiency. However, the functional 369 
implications of the observed stress-affected changes within the mitochondrial proteome require 370 
further exploration. 371 

2.4. The Level of Key Matrix Proteins, cyt. c and the Components of Dissipating Energy Systems is Diversely 372 
Affected in Two Drought Levels among Cauliflower Cultivars 373 

In stress the activity of mitochondrial matrix proteins is under the tight regulation [78]. We 374 
performed Western immunoassays (Figure 3), which accompanied our proteomic analyses (sections 375 
2.2 and 2.3) to evaluate the level of additional, drought-responsive mitochondrial proteins 376 
(including key matrix components). In addition, the level selected proteins identified in 2D spots 377 
affected in abundance under the water deficit (section 2.3) was also validated. For this step we used 378 
specific antisera dedicated against investigated proteins.  379 

The accumulation profile of those proteins varied depending on the cultivar and the stress 380 
intensity. Under the mild drought, the significant decrease in GDC-H abundance was visible only in 381 
‘A’ and ‘C’ mitochondria, however, in the severe stress such decrease was detected only in ‘C’; in 382 
other stress variants (especially in ‘P’) GDC-H level increased (Figure 3). GDC participates in the 383 
glyoxylate cycle and in the amino acid synthesis by transaminase activity [7]. It should be 384 
underlined that the massive decrease in the abundance of GDC subunits in plethora of stress 385 
conditions (including drought) is a well-known phenomenon [19,40,45,67]. Ford et al. [41] reported 386 
the slight down-regulation of GDC subunits as well as SHMT in drought-tolerant wheat cultivars, 387 
whereas the drought-intolerant cultivar exhibited enhanced accumulation of those proteins. 388 
However, barley GDC subunits were down-regulated irrespectively to the drought-sensitivity 389 
across cultivars [45]. In our study the changes of GDC-H abundance roughly corresponded to the 390 
decline in the photorespiration rate in drought-sensitive cultivars under both mild and severe 391 
drought (section 2.1; Figure S1). Strikingly, the level of another important photorespiratory enzyme- 392 
SHMT- did not correlated with GDC-H alterations (Figure 3) as it decreased in abundance in ‘C’ 393 
under mild drought only and remained stable in other experimental variants, similarly to pea (Pisum 394 
sativum) mitochondria [19], but contrary to SHMT from rice (Oryza sativa) leaves [15]. Similarly to 395 
GDC subunits, SHMT is often downregulated [30]. Notably, changes in GDC-H and SHMT level 396 
detected by Western immunoassays were not fully associated with the alterations of down-regulated 397 
protein spots no. 158, 228, 230 and 241 (Table S1). 398 

The level of HSP70 decreased in ‘A’ and ‘P’ (especially in severe drought) and slightly 399 
increased in ‘C’ under mild stress; therefore, those alterations were not associated with drought 400 
tolerance (Figure 3). Changes in HSP70 abundance assayed by immunoassay roughly agree with 2D 401 
PAGE data (spot no. 421; Table S1). HSP70 regulation under drought has been already reported. In 402 
such conditions, interestingly, the more evident HSP70 up-regulation was noted in pea 403 
mitochondria [19], however Vincent et al. [39] reported the declined abundance of this protein 404 
among Vitis plants.  405 

The accumulation of isocitrate dehydrogenase (IDH) raised up only in the severe drought in 406 
‘A’ (Figure 3; spots no. 223 and 241 containing this protein under the mild drought were, however, 407 
down-regulated in the same cultivar; Table S1). Overall, the general HSP70 down- and IDH  408 
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 409 

Figure 3. The abundance of Mn-superoxide dismutase (@MnSOD), cytochrome c (@cyt. c), heat shock 410 
protein 70 (@HSP70), serine hydroxymethyl dehydrogenase (@SHMT), glycine decarboxylase, 411 
subunit H (@GDC-H), isocitrate dehydrogenase (@IDH), aconitase (@ACO) and 40 and 30kDa 412 
immunoreactive uncoupling proteins (@PUMP) in mitochondria isolated from control grown 413 
‘Adelanto’, ‘Casper’ and ‘Pionier’ plants (A0, C0, P0), plants grown in the moderate (A1, C1, P1) and in 414 
the severe water deficiency (A2, C2, P2, respectively). The protein level on the representative 415 
SDS-PAGE blots was analyzed using specific antibodies. For the loading control, the antibody 416 
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against subunit-α of mitochondrial ATP synthase (@ATP1) was used. For the molecular mass 417 
calibration, the PageRuler Prestained Protein Ladder (Thermo Scientific) was used. The protein 418 
molecular mass is indicated in kDa. All results of are presented as the mean values (± S.E.) from 419 
triplicate detection. The significant alterations are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p 420 
< 0.05 versus control values for each cultivar. Further data in the text. 421 

up-regulation are in line with the typical variations of those proteins in stress [7,18,41]. The aconitase 422 
abundance (the applied antibodies can cross-react both with ACO2 and ACO3 isoforms) appeared 423 
relatively stable and it was up-regulated only in ‘P’ under the severe treatment; the ACO2 424 
down-regulation n drought-sensitive cultivars were detected by 2D PAGE (spot no. 109; Table S1, 425 
Figure 3). Diverse variations in the level of the mentioned enzymes may be a part of the adaptive 426 
response of Krebs cycle, due to the altered NADH and carbon skeleton demands in drought. In some 427 
cases, however, enzymes of Krebs cycle are massively down-regulated in water deficiency [79].  428 

The overproduction of reactive oxygen species (ROS) in plant mitochondria under drought is 429 
inevitable and frequently accompanied by the increase in SODs abundance and the extensive protein 430 
carbonylation [7,80,81]. Drought stress is often combined with the oxidative damage [32]. Under 431 
Mn-SOD in planta overexpression, ROS level is decreased and the osmolytes accumulation is seen 432 
[82]. The activity of the diverse antioxidative enzymes (including SODs) in drought-treated 433 
cauliflower (contrary to rapeseed) seedlings was increased; however, in drought recovery their level 434 
decreased to control amount [30,52]. In our study, the level of Mn-SOD increased in almost all 435 
investigated stress conditions, except the severe drought treatment in ‘A’. The maximal increase of 436 
abundance of this protein was observed in one of the drought-sensitive cultivars (‘C’; Figure 3). With 437 
accordance to that we noticed regulation of the abundance of spot no. 4 containing 438 
mitochondrial-like glutaredoxin in this cultivar (Table S1). This implies that in our case the redox 439 
regulation likely accompanies drought response [2]. Mn-SOD displays diverse expression pattern 440 
between cultivars with the variable drought sensitivity, often by the increase in abundance [14,41,44] 441 
even after 24h-long-dehydratation [32]. Interestingly, Mn-SOD down-regulation was also reported 442 
[23], which suggests that this enzyme may not participate in the oxidative response at least in some 443 
species.  444 

Intra-mitochondrial pool of cytochrome c (cyt. c) was also decreased in the severe drought in 445 
all investigated cauliflower cultivars, but in the mild stress- only in case of drought-sensitive ones 446 
(‘A’ and ‘C’; Figure 3). This suggests that cyt. c can be released from cauliflower mitochondria even 447 
in the first level of water deficiency. Cyt. c release often accompanies programmed cell death (PCD), 448 
which was suggested by us to participate in temperature stress response [13]. However in some 449 
plant species, e.g. in pea mitochondria the drought did not resulted in PCD appearance [19].  450 

In plant mitochondria the energy dissipating systems including uncoupling proteins 451 
(PUMPs), the alternative oxidase (AOX) and membrane channels were identified to take play in the 452 
bioenergetical adaptations under water deficiency. They can improve the drought tolerance by 453 
reducing ROS imbalance while overexpressed [51,83] and functional modulation of the drought 454 
response by influencing key signaling pathways [8]. We used antisera against potato PUMPs and 455 
were able to immunodetect proteins of 30 and 45 kDa in cauliflower mitochondria. In our study, the 456 
level of both polypeptides representing isoforms of uncoupling proteins were decreased 457 
significantly in ‘C’ and in less extent in ‘P’ under mild drought. However, in severe drought we 458 
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noticed visible up-regulation of 40 kDa PUMP in ‘P’ (Figure 3). Interestingly, in pea mitochondria, 459 
the abundance of the only selected PUMP isoforms (e.g. 30 kDa) was increased in drought [19].  460 

To extend our proteomic data on the further components of energy dissipating systems we 461 
characterized also the level of the alternative oxidase (AOX) protein. The alternative oxidase is an 462 
active modulator of the mitochondrial stress response in plant cells [22]. It also participates in 463 
drought stress and controls the respiration rate and the photosynthetic efficiency under the 464 
moderate water deficit [84]. Standard monoclonal antibodies raised against the Sauromatum 465 
guttatum enzyme cross-reacted with three polypeptides of 29-36 kDa in cauliflower mitochondria 466 
[13], which likely represent AOX isoforms resulting from the expression of AOX gene family and 467 
diverse posttranslational modifications of this protein (Figure 4). Strikingly, the polypeptides of 29 468 
and 33 kDa were significantly decreased in their abundance in all investigated cauliflower cultivars, 469 
however, in ‘P’ such trend was less pronounced than among drought-sensitive cultivars. Those 470 
results contrast with Taylor et al. [19] data showing the drought-affected induction of the similarly 471 
sized 31 kDa isoform in pea mitochondria. However, a very high accumulation of 36 kDa 472 
immunoreactive band after severe drought treatment of ‘A’. AOX often increases in abundance in 473 
severe water deficit and during re-watering on the protein level [85]. Overall, our results (Figure 4) 474 
are generally in line with finding that the abundance of AOX polypeptides could be substantially 475 
increased among drought-sensitive cultivars; regarding the functional level, the cytochrome 476 
pathway activity in drought-tolerant cultivars responds in the less extent manner than in 477 
drought-sensitive ones [59]. 478 

2.5. The Pattern of Dehydrin-Like Proteins (Dlps) in Cauliflower Mitochondria is Regulated By Drought 479 

Under unfavorable conditions, late embryogenesis abundant (LEA) proteins preserve the 480 
stability of membrane proteins and adjust intracellular osmotic pressure to prevent protein 481 
denaturation; they often display steadily increased abundance under the progressing drought 482 
[32,86]. Using immunochemistry and Western immunoassays, some LEA proteins, including 483 
proteins related to dehydrins (dlps) appeared to be mitochondrially-localized in a number of crop 484 
species [87-90]. Heat-stable dehydrins contain conserved amino acid motifs (e.g. K-motif; [91]). Our 485 
previous report showed, that the profile of accumulation of mitochondrial dlps was altered in 486 
abundance under temperature stress and after post-stress plant recovery [49]. In the present study, 487 
we investigated the pattern of dlps in mitochondria of three cultivars of cauliflower in the mild and 488 
severe drought (Figure 5). Accordingly with our previous immunoassays, three independent 489 
dehydrin-specific antisera were used. Two of them were directed against dehydrin K-segment; the 490 
third one recognize dehydrins containing SK3- segments (section 3.8), which were also reported 491 
among Brassicaceae [20].  492 

Results obtained in our study indicate that the low-molecular weight dlps (18-80 kDa) 493 
respond in abundance as a part of mitochondrial adaptations to the water deficiency. Stressgen 494 
antibodies allowed for detecting of small, but significant up-regulation of dlps level in ‘C’ cultivar. 495 
On the whole, the most evident increase in dlp abundance was noticed in two tested stress 496 
conditions in mitochondria of ‘A’ and ‘C’ for 18 and 27 kDa dlps and in less extent- in ‘A’ for 37 kDa 497 
protein. Interestingly, the highest increase of 18 and 27 kDa dlps was seen in ‘A’ in the mild drought 498 
and in ‘C’ in the severe treatment. The level of large-sized dlps (ca. 80 kDa), which was showed  499 
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 500 
 501 

Figure 4. The abundance of the alternative oxidase (AOX) at the protein and transcript level in 502 
mitochondria isolated from control grown ‘Adelanto’, ‘Casper’ and ‘Pionier’ plants (A0, C0, P0), plants 503 
grown in the moderate (A1, C1, P1) and in the severe water deficiency (A2, C2, P2, respectively). (A) 504 
Analysis of the immunoreactive polypeptides (29, 33, 36 kDa) of AOX on representative SDS-PAGE 505 
blots using respective antibodies (@AOX). For the loading control, the antibody against subunit-α of 506 
mitochondrial ATP synthase (@ATP1) was used. Equal protein loading was also shown by CBB 507 
staining of Western blots. For the molecular mass calibration, the PageRuler Prestained Protein 508 
Ladder (Thermo Scientific) was used. The protein molecular mass is indicated in kDa. (B) 509 
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RT-semiqPCR analysis of the relative level of cauliflower AOX1a transcripts. For normalization, 510 
cauliflower actin1 (ACT1) was used. The representative 2% agarose gel is shown. (C) The relative 511 
expression of AOX1a determined by RT-qPCR. Graph at the left, relative expression level normalized 512 
to the average level (mean log expression = 1). Graph at the right, differences in log2 scale between 513 
treated and control variants are shown. For normalization, ACT1 was used. The results of the 514 
densitometric analysis in (A), (B) and (C) are presented as the mean values (± S.E.) from triplicate 515 
detection. These values were standardized relative to the control (set to 1.00). The significant 516 
alterations are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05 versus control values for 517 
each cultivar. Further data in the text. 518 

 519 
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 520 
 521 

Figure 5. (pp. 16 and 17) Dehydrin-like proteins (dlps) abundance in mitochondria extracted from 522 
control grown ‘Adelanto’, ‘Casper’ and ‘Pionier’ plants (A0, C0, P1), plants grown in the moderate (A1, 523 
C1, P1) and in the severe water deficiency (A2, C2, P2, respectively). Analysis of immunoreactive 524 
dlps of various size (indicated in kDa) on representative SDS-PAGE blots was carried out using 525 
antibodies directed against dehydrin K-segment either from Close [105] [@K-segment (Close)] or 526 
from Stressgen [@K-segment (Stressgen)], or antibodies recognizing dehydrin SK3 motif [@SK3]. For 527 
the loading control, the antibody against subunit-α of mitochondrial ATP synthase (@ATP1) was 528 
used. For the molecular mass calibration, the PageRuler Prestained Protein Ladder (Thermo 529 
Scientific) was used. The protein molecular mass is indicated in kDa. Investigated dlps were marked 530 
by arrows on gel blots. The significant alterations from triplicate detection are marked with asterisks: 531 
***, p < 0.001, **, p < 0.01, *, p < 0.05 versus control values for each cultivar. Further data in the text. 532 

previously to interact with the mitochondrial membranes [49], also markedly increased in 533 
drought-sensitive cultivars, however the highest increase in level of those proteins was noted under 534 
the mild stress in ‘A’ mitochondria. Notably, the middle-sized dlps (40-65 kDa) responded also in 535 
abundance (Figure 5). 536 

 The antisera against dehydrin SK3-motif recognized smaller, but the significant increase in 537 
the abundance of ca. 30/35 kDa dlps under both drought conditions in ‘A’ and under the severe 538 
drought in ‘C’ (Figure 5). The alterations in the level of middle and large-sized dlps were less visible. 539 
It seems that the accumulation of dlps ranging 55-65 kDa in size slightly decreased in the severe 540 
drought in ‘A’ cultivar. The similar phenomenon was observed for 30 and 40 kDa dlps in ‘P’. Overall, 541 
the abundance of immunodetected dlps in ‘P’ mitochondria (irrespectively to the antisera used) 542 
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appeared to be relatively stable in the analyzed adverse conditions, which agrees with the elevated 543 
drought tolerance of this cultivar at the physiological level (section 2.1) and with the relatively lower 544 
increase in dehydrin mRNA abundance (e.g. DHN8) under progressing drought among plant 545 
genotypes enabling high adaptability to such stress conditions [36]. 546 

Among of a plethora of stress conditions, the water deficit belong to the widely known 547 
conditions regulating dehydrin abundance by inducing or enhancing their expression level [92]. In 548 
general, the accumulation pattern of mitochondrial dlps in drought is distinct from the one related 549 
with the impact of temperature stress on the level of those proteins [49]. Presently, we noticed even 550 
more significant alterations in the dlps abundance as well as the induction of other dlps (Figure 5). 551 
This substantially extends the whole data on mitochondrial proteins related to dehydrins in 552 
Brassicaceae. 553 

2.6. Identification of drought-responsive spots containing putative dehydrin-like proteins 554 

The most notable changes in the accumulation of dlps were noticed in ‘A’ and ‘C’ cultivars 555 
under all analyzed drought conditions. In order to further characterize the drought-responsive 556 
cauliflower dlps, we prepared 2D (IEF-SDS/PAGE) blots with separated whole mitochondrial 557 
proteins from ‘A’ and ‘C’ cultivars submitted to the mild as well as to the severe drought (dlps from 558 
‘P’ cultivar appeared largely unaffected by drought; section 2.5) and we use such blots to 559 
immunodetect dlps within the particular protein spots. For 2D immunoassays, antisera against 560 
dehydrin K-segment (section 3.8) were used. Results of the dlp immunodetection on 2D spots were 561 
shown on Figure 6. Due to the assay sensitivity, we were able to detect few spots per investigated 562 
cultivar/treatment within the pI range of ca. 5-8 and the molecular weight of 18-48 kDa (35-48 kDa 563 
mostly) regulated in abundance by the water deficit (section 2.5). However, in ‘A’ cultivar under 564 
mild drought, the only single spot was immunodetected. Interestingly, some spots (C1-7 and C1-8, 565 
C2-4 to C2-6) appeared to migrate in more neutral pI values, whereas the others (C2-7 and C2-8) 566 
represented basic proteins. Basing on immunoassay results, we cut out all the immunodetected 567 
protein spots from 2D gels, and proteins were identified by tandem mass spectrometry coupled with 568 
liquid chromatography (LC-MS/MS). The position of all those spots from Western blots were 569 
superimposed on the spot pattern within the master gel image (Figure 1) and the results of protein 570 
identification within individual spots were shown in Table S4.  571 

Notably, only selected spots contained dehydrin-related tryptic peptides that showed high 572 
similarity of their protein sequences to the selected Brassica dehydrins. These were: 5 spots (A2-2 to 573 
A2-6) in ‘A’ cultivar under the severe drought, 2 spots (C1-1 and C1-3) in ‘C’ under the mild stress 574 
and the single spot (C2-1, all marked in red on Figure 6) in the latter cultivar under severe water 575 
deficit. The detected tryptic peptides appeared highly similar to the ERD14 and ERD14-like 576 
dehydrins from various Brassica species, especially B. oleracea var. oleracea and B. rapa (GenBank 577 
accession.version identifiers XP_013592580.1 and XP_009128158.1, respectively; Table S4). After the 578 
careful inspection of the peptide data for each spot, it appeared, however, that selected protein spots 579 
contain highly-abundant mitochondrial proteins including, inter alia, organellar editing factors, 580 
mercapto-pyruvate sulfurtransferase, PDH subunit β, ascorbate peroxidase, cysteine synthase, 581 
MDH1, γ carbonic anhydrase 2 and the subunits of succinyl-CoA ligase (all proteins listed in Table 582 
S4). This result justified the choice of the additional experimental strategy for the analysis of dlp 583 
identity. In fact, we could not employ protein micro-sequencing for the identification of the chosen 584 
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dlps, which would allow us for the subsequent amplification and cloning full-length cDNAs due to 585 
the fact that highly abundant proteins in spots would mask dlps. Therefore, we were not able to 586 
determine N-terminal sequence for given dlps. On the other hand, the depletion of any abundant 587 
proteins would enhance the risk of sample cross-contamination and hamper dlp identification. 588 
Instead, we applied tandem MS to identify the tryptic peptides for the putative candidates of dlps. 589 
Finally, we focused on the comparison of proteomic and transcriptomic responses important for the 590 
cauliflower mitochondrial biogenesis in drought, including profiling the level of messengers coding 591 
for the identified dehydrins. 592 

 593 

Figure 6. The representative pattern of dehydrin-like proteins of ‘Adelanto’ and ‘Casper’ plants grown 594 
in the moderate (A1, C1) and in the severe water deficiency (A2, C2, respectively) immunodetected 595 
with antibodies directed against dehydrin K-segment (Close, 1997) on Western 2D (IEF/SDS-PAGE) 596 
blots. Protein spots referring to the immunodetection signals that were cut out from the respective 597 
2D gels for protein identification by LC-MS/MS (blue arrows) appeared also on Figure 1 (denoted in 598 
blue and red). The proposed identity for those spots and all tryptic peptide data appear in Table S4. 599 
Identifiers of spots which appeared to contain tryptic peptides specific to dehydrins were marked in 600 
red (the remaining labels are shown in blue). For the molecular mass calibration (kDa) of the protein 601 
spots, the PageRuler Prestained Protein Ladder (Thermo Scientific) and LMW-SDS Marker Kit (GE 602 
Healthcare) were used. For the calibration of spot isoelectric point (pI), Broad pI Kit (GE Healthcare) 603 
was used. Further data in the text. 604 
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2.7. The Transcriptomic Responses and the Coordination of the Mitochondrial Biogenesis in Drought  605 

 We also studied transcriptomic responses to drought connected with the profiling of the 606 
level of selected nuclear and mitochondrial transcripts affecting mitochondrial biogenesis in those 607 
conditions. We focused on drought-sensitive cauliflower cultivars. During assessing transcript 608 
abundance results obtained by RT-semiqPCR assays were validated by RT-qPCR with the 609 
application of primers specific for the dedicated cDNAs fragments (Table S5). As internal calibrator 610 
of gene expression, cauliflower ACT1 messengers were applied (the partial sequence was previously 611 
cloned and deposited in GenBank under accession.version KC631780.1; [13]). We noticed minor, but 612 
significant down-regulations of atp1 (mitochondrial transcripts for the subunit 1 of ATP synthase) 613 
and HSP70 (nuclear transcripts coding for the mitochondrial HSP70) messengers only in ‘C’ under 614 
mild water deficit, which did not corresponded with protein variations, because the level of ATP1 615 
protein was almost untouched. In addition, the level of HSP70 protein increased in the mentioned 616 
experimental variant, however, the abundance of the mature HSP70 messengers appeared decreased 617 
in the mild drought in ‘C’ (Figures 3 and 7). The abundance of both atp1 and HSP70 mRNAs in the 618 
remaining stress conditions in two drought-sensitive cultivars appeared quite stable (Figure 7). 619 

We checked whether the studied transcriptomic regulations in the abundance of AOX 620 
messengers accompanied the respective protein alterations. Cauliflower AOX1a partial sequence 621 
was previously cloned and deposited in the GenBank (accession.version KC631778.1; [13]). The 622 
accumulation of AOX1a transcripts is often affected by the abiotic stress [93]. Other members of AOX 623 
multigenic family, e.g. AOX1d, can be up-regulated in drought as well [31]. The choice of AOX1a for 624 
the present study can be justified by its crucial role in the determination of the redox balance in a 625 
number of suboptimal stimuli, including combined light and drought [94]. The accumulation of the 626 
AOX1a mRNAs was significantly increased under the mild drought in ‘C’ and it was strongly 627 
down-regulated under the mild and severe drought in ‘A’ and in the severe drought in ‘C’ (Figure 4). 628 
Overall, the most severe drought, the most intense AOX1a decrease was observed. Comparing 629 
expression pattern of AOX1a gene on the protein and transcript level, surprisingly a major 630 
imbalance between the protein and mRNA abundance in ‘C’ and ‘A’ cultivars was noticed. In the 631 
latter cultivar’s mitochondria two immunoreactive AOX protein bands appeared decreased under 632 
the mild and severe stress (which is in line with AOX1a transcript level in the same conditions), 633 
whereas the third band (36 kDa) notably increased in abundance in the severe treatment (section 2.4; 634 
Figure 4). Conversely, in ‘C’ no significant up-regulation was detected on AOX protein level, 635 
contrary to the messengers abundance variations in the mild drought. The lack of the coordination 636 
between proteomic and transcriptomic responses in this case may resulted from the synthesis of 637 
investigated immunoreactive polypeptides from transcripts coding the distinct AOX isoforms 638 
(especially 33 kDa protein). In ‘A’, under severe drought, the lowered amount of AOX1a messengers 639 
contrasted with the enhanced accumulation of 36 kDa AOX isoform (Figure 4). 640 

Overall, under drought conditions, mRNA compensatory up-regulations were accompanied 641 
by the down-regulations in the protein level and vice versa (AOX1a in mild drought in ‘C’ and in 642 
severe drought in ‘A’, HSP70 in mild drought in ‘C’; Figures 3 and 7); additionally, in some cases the 643 
decreased amount of transcripts (e.g. atp1 in mild drought in ‘C’; Figure 7) accompanied the 644 
constitutive pattern of expression at the protein level. We can speculate that the regulation of 645 
transcriptomic responses in case of AOX, atp and HSP mature messengers may depends on the  646 
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 647 

Figure 7. The relative level of transcripts for cauliflower subunit-α of mitochondrial ATP synthase 648 
(atp1), mitochondrial heat shock protein 70 (HSP70), proline dehydrogenase (PRODH), 649 
Δ-1-pyrroline-5-carboxylate dehydrogenase (P5CDH), ERD14 dehydrin (ERD14) and ERD14-like 650 
dehydrin (ERD14-like) in control grown ‘Adelanto’, ‘Casper’ and ‘Pionier’ plants (A0, C0, P0), plants 651 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 January 2018                   doi:10.20944/preprints201801.0276.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 1130; doi:10.3390/ijms19041130

http://dx.doi.org/10.20944/preprints201801.0276.v1
http://dx.doi.org/10.3390/ijms19041130


 22 of 37 

 

grown in the moderate (A1, C1, P1) and in the severe water deficiency (A2, C2, P2, respectively). (A) 652 
RT-semiqPCR assays. The representative 2% agarose gels were shown. The results of the 653 
densitometric analysis are presented as the mean values (± S.E.) from triplicate detection. These 654 
values were standardized relative to the control (set to 1.00). (B) The relative accumulation of 655 
mRNAs determined by RT-qPCR. Graphs at the left, relative expression level normalized to the 656 
average level (mean log expression = 1). Graphs at the right, differences in log2 scale between treated 657 
and control variants are shown. In all cases, for normalization, ACT1 was used. The significant 658 
alterations are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05 versus control values for 659 
each cultivar. Further data in the text. 660 

changes in selection of transcripts for the translation, diverse mRNA/ribosome interactions and/or 661 
affected protein synthesis [7]. The decreased pool of those transcripts in some drought conditions/ 662 
cultivars had to enable for their efficient translation leading to the protein excess and thus those 663 
mRNAs seems to be fully translatable. In general, positive transcriptomic response of AOX1a gene to 664 
the analyzed drought conditions involves only selected cauliflower cultivars (‘C’) as well as drought 665 
treatments (e.g. the mild water deficit, Figure 4). Nevertheless, the participation of non-coding 666 
RNAs, including mitochondrial regulatory RNAs and microRNAs (miRNAs), in the regulation of 667 
the level of investigated transcripts or their translational efficiency should be also concerned. For 668 
instance, 3’flanking region in Arabidopsis atp1 transcripts is targeted by the intermediate-sized 669 
non-coding RNA (nc4460) of 111 bps [95,96]. Moreover, the presence of miRNAs (nuclear-encoded 670 
and processed before import to mitochondria) or components of miRNA biogenesis machinery 671 
present within the mitochondrial compartment was supported by some evidences [97-99]. 672 
Regarding nuclear-encoded transcripts, we studied in silico putative miRNA candidates that may 673 
putatively target B. oleracea AOX1a and HSP70-9 mRNAs (primers specific to those sequences were 674 
used in RT-PCR) by psRNATarget (http://plantgrn.noble.org/psRNATarget/analysis?function=2; 675 
[100]) search (Table S5). We focused on Arabidopsis and Brassica miRNAs, because of the relative 676 
high similarity of AOX1a and HSP70-9 nucleotide sequence (accessions.versions KC631778.1 and 677 
XM_013773775.1, respectively) between those genera. According to our data, most of the predicted 678 
miRNAs resulted rather in messenger degradation than in affected translation. This does not 679 
obviously exclude, however, the possibility that the multiple routes of non-coding RNA action could 680 
be expected on the steady-state level of investigated transcripts and protein abundance. 681 
 Proline, the potent osmoprotectant, can be over-accumulated under drought with slight 682 
differences among plethora of plant species (including Brassica members); it can be down-regulated 683 
under drought recovery [7,29,30,52]. However, proline content variations may not simply 684 
correspond to the level of the drought adaptation [36]. During under-expression of formate 685 
dehydrogenase, proline accumulation was also noticed [76]. Variations in the abundance of the 686 
enzymes for the proline metabolism accompany plant stress response [7,30]; previously, we showed 687 
cauliflower Δ-1-pyrroline-5-carboxylate dehydrogenase (P5CDH) upregulated both in heat and heat 688 
recovery [13]. Basing on our results, we postulate the reciprocal regulation of the level of proline 689 
dehydrogenase (ProDH) as well as P5CDH transcripts under drought. Generally, the abundance of 690 
ProDH messengers decreased in ‘C’ in both drought treatments; however the most severe impact 691 
was visible under the mild drought. In ‘A’ cultivar the significant decrease of messenger abundance 692 
was noted only in the mild stress. On the opposite, the level of P5CDH transcripts was markedly 693 
elevated only in ‘C’ under the severe drought (Figure 7). Those findings suggests the elevated 694 
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proline content in cauliflower curds. However, the down-regulation of messengers coding for 695 
proline catabolism enzymes was not equal between the investigated cultivars indicating for the 696 
diverse osmolyte accumulation in those cultivars [37]. 697 

As the respective proteomic responses related with dlps profile appeared very evident for 698 
drought-sensitive cultivars (section 2.5), we investigated the level of mRNAs coding for ERD14 and 699 
ERD14-like dehydrins as tryptic peptides with high sequence similarity to those proteins were found 700 
in the immunoreactive with dehydrin K-segment antisera protein spots on 2D blots (section 2.6; 701 
Figure 6, Table S4). The highest increase in both transcript level was noticed in ‘A’ cultivar in the 702 
mild and severe drought, which is in line with the induction of ERD14 gene expression within the 703 
short dehydration period as well as with the presence of dehydrin-related tryptic peptides in 704 
analyzed protein spots. Some ERD messengers display maximal accumulation at the late stage of 705 
drought treatment [68]. ERD14 is also induced by ABA, salinity and low temperature treatment 706 
[101-102]. Notably, ERD14 and ERD14-like messengers were significantly decreased in the second 707 
investigated cultivar under severe water deficit (Figure 7). All that suggests that the described strong 708 
up-regulation of dlps in ‘A’ cultivar mitochondria (Figure 5) coincides with the positive 709 
transcriptomic response.  710 

3. Materials and Methods  711 

3.1. Growth of Plant Material and Stress Application 712 

Seeds of three analyzed cauliflower (Brassica oleracea var. botrytis subvar. cauliflora DC cv. 713 
‘Diadom’) cultivars (‘Adelanto’, ‘Casper’ and ‘Pionier’) were obtained from Bejo Zaden (Poland). 714 
Cauliflower seedlings were produced in 0.09 dm3 pots filled with peat substrate 715 
(Kronean-Clasmann). Seedlings with three-four leaves were transferred to 5 dm3 in-volume 716 
containers. Plants were grown for 3 months in cultivation chambers at a local breeding station 717 
(Poznan University of Life Sciences, Poland) at 23/19°C (day/night) and 70% relative humidity under 718 
photon flux density 200 μmol m-2 s-1 (16 h of light/8 h of dark). Stress conditions were applied to the 719 
plants with developing curds up to the curd diameter of 7-10 cm. The water capacity of the substrate 720 
was 40% [v/v] and under drought stress water content decreased to 22% [v/v] (mild drought stress) 721 
and to 15% [v/v] (severe drought stress). After the occurrence of the assumed level of drought stress, 722 
plants were irrigated to 40% [v/v] and then the drought stress was applied again. This treatment was 723 
repeated for ca. 2-3 weeks. Curds were harvested immediately after the stress treatment cessation. 724 
Duration of the drought stress was estimated on the basis of relative water content (RWC) in the soil 725 
and in plant leaves and curds. The RWC in developed, mature cauliflower leaves in the mild 726 
drought conditions (the first level of drought) were achieved at the RWC of 94%, 92% and 95% for 727 
‘A’, ‘C’ and ‘P’ cultivars, respectively. In case of the severe drought treatment (the second level of 728 
drought), the RWC values lasted 69%, 74% and 73% for the mentioned three cultivars, respectively. 729 
The RWC of cauliflower leaves under the severe drought referred to the third and fourth day of the 730 
drought treatment. 731 

3.2. Physiological Analyses 732 

Physiological analyses were conducted on well-developed cauliflower leaves with the LCpro+ 733 
infrared gas analyzer (ADC). To obtain more reliable results, extra experimental replicas (n=8) were 734 
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used. The rate of leaf respiration in the light (day respiration, Rd) was determined according to the 735 
Laisk [103] method. CO2 assimilation rate representing a given total respiration rate (RT) was 736 
recorded during intercellular CO2 concentration (Ci) decreased to 0 ppm at 22°C and 50% relative 737 
humidity. For the each value of photosynthetic photon flux density (PPFD) at 200, 400 and 600 μmol 738 
m-2 s-1, the linear regression of CO2 assimilation (A) versus Ci was calculated. The intersection of 739 
three regression lines was determined by minimizing the sum of the squares of errors between the 740 
measured values and calculated for each PPFD level while minimizing the standard deviation for 741 
the intersection. The photorespiration (PhR) rate was determined as difference between RT and Rd 742 
values at Ci 0 ppm (the latter one expressed as a given CO2 evolution rate at the crossing point of all 743 
A/Ci curves). The rate of mitochondrial respiration in the dark (Rn) was measured after 30 min of the 744 
adaptation to the dark. The applied drought treatments were necessary for the visible alterations in 745 
the respiratory and photorespiratory rates (Figure S1). The given drought exposures (section 3.1) 746 
were necessary to observe the observed proteomic and physiological alterations. 747 

3.3. Isolation of Mitochondria, Purity Assays and Protein Determination 748 

Mitochondria from the topmost 5-mm-thick layer of the cauliflower curds were extracted by 749 
differential centrifugation and purified in Percoll gradients according to Pawlowski et al. [104]. 750 
During isolation, the Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche) was used. Purity 751 
assays of the isolated mitochondria were conducted according to the previous reports [49,104]. The 752 
protein content was determined using the BioRad Protein Assay, using bovine serum albumin as a 753 
standard curve calibrator. The efficiency of the organellar preparations (proteins per 100 g of 754 
cauliflower curds) varied from 0,9-3,5 mg for ‘C’ and ‘P’ and 0,1-1,9 mg for ‘A’ cultivar. 755 

3.4. Sample Preparation for the Two Dimensional Isoelectric Focusing/ SDS Polyacrylamide Gel 756 
Electrophoresis (2D IEF/ SDS-PAGE) 757 

Proteins were extracted and precipitated overnight at −20 °C in a 10% solution of 758 
trichloroacetic acid in acetone containing 20 mM dithiothreitol (DTT) by method of Staszak and 759 
Pawłowski [105]. After centrifugation (16,000 g for 5 min at 4 °C), the resulting pellets were washed 760 
three times with 1 mL of acetone supplemented with 20 mM DTT. Samples were re-centrifuged after 761 
each washing and the resulting pellets were vacuum dried and then resuspended in the lysis buffer 762 
(7M urea, 2M thiourea, 2% CHAPS, 1.5% DTT, 0.5% IPG buffer pH 4–7), and supplemented with a 763 
Protease Inhibitor Cocktail (Roche, Basel, Switzerland) according to the manufacturer’s suggestions. 764 
Protein concentration in the processed samples was determined using the Bradford assay [106]. 765 

3.5. 2D IEF/ SDS-PAGE 766 

All analyses were conducted at 25°C with at least three biological replicas. Proteins (500 μg for 767 
Coomassie Brilliant Blue [CBB]) were first separated according to their charge on rehydrated 768 
Immobiline DryStrips (24 cm in length, containing linear gradient of pH 3-10) with the rehydration 769 
buffer (6 M urea, 2 M thiourea, 2% CHAPS, 20 mM DTT, and 0.5% Pharmalyte, pH 4-7) on Ettan 770 
IPGphor 3 IEF System (GE Healthcare Life Science). The program for isoelectric focusing was 771 
according to the manufacturer’s suggestions. The strips were either stored at –80°C or they were 772 
directly treated for 10 min with the equilibration solution I (6 M urea, 1.5 M Tris-HCl, pH 8.8, 30% 773 
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glycerol, 2% SDS, and 1% DTT) and for the same time with equilibration in the solution II (solution I 774 
supplemented with 2.5% 2-iodoacetamide, without DTT) and subjected for the second dimension 775 
run (SDS-PAGE).  776 

For SDS-PAGE, Ettan DALT 12.5% Precast Polyacrylamide Gels and the Ettan DALTsix 777 
Electrophoresis System (both from GE Healthcare) were used. Conditions for the run were as 778 
follows: 1 h at 80 V and 5 h at 500 V. Broad pI Kit, pH 3-10 (GE Healthcare) for protein spot pI 779 
calibration within 3.5-9.3 as well as PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) 780 
and LMW-SDS Marker Kit (GE Healthcare) for protein spot MW calibration within 14.4–94.0 kDa 781 
were used. After electrophoresis, proteins on gels were stained with colloidal CBB, which, in 782 
addition to visualization and quantification, also allowed for the downstream MS analysis [107]. 783 

3.6. Proteome analysis 784 

The gels were scanned and evaluated using ImageMaster 2D Platinum v7.0 software (GE 785 
Healthcare). After spot detection, 2D gels (three gels from three independent biological samples) 786 
were aligned and matched, and the normalized spot volumes were determined quantitatively. For 787 
each matched spot, the per cent volume was calculated as the volume divided by the total volume of 788 
matched spots. Spots with variations in abundance were subjected to ANOVA and the 789 
Tukey-Kramer HSD test (JMP software, SAS Institute, Cary, USA) to preliminary select spots that 790 
significantly varied in abundance for the drought intensity vs. control variants within each of the 791 
analyzed cultivars. Variations of selected spots were also tested within the Student’s test (section 792 
3.9). Proteins were subsequently identified by MS from spots that significantly varied in abundance. 793 

3.7. Protein identification by mass spectrometry (MS) 794 

The gel spots were subjected to a standard ‘in-gel digestion’ procedure in which proteins were 795 
reduced with 10 mM DTT (for 30 min at 56°C), alkylated with 55 mM 2-iodoacetamide (45 min in the 796 
dark at room temperature) and digested overnight with trypsin (Promega, Madison, WI, USA) in 25 797 
mM ammonium bicarbonate. The resulting peptides were eluted from the gel matrix with 0.1% 798 
trifluoroacetic acid in 2% acetonitrile.  799 

Peptide mixtures were analyzed by liquid chromatography coupled to the mass spectrometer 800 
in the Laboratory of Mass Spectrometry in the Institute of Biochemistry and Biophysics at the Polish 801 
Academy of Sciences (Warsaw, Poland). Samples were concentrated and desalted on a RP-C18 802 
pre-column (nanoACQUITY Symmetry® C18, Waters, Milford, MA, USA), and further peptide 803 
separation was achieved on a nano-Ultra Performance Liquid Chromatography (UPLC) RP-C18 804 
column (Waters, BEH130 C18 column, 75 µm id, 250 mm long) of a nanoACQUITY UPLC system, 805 
using a linear 0–60% CAN gradient for 120 min in the presence of 0.05% formic acid with a flow rate 806 
of 150 nl min-1. The column outlet was directly coupled to the electrospray ionization (ESI) ion 807 
source of the Orbitrap Velos type mass spectrometer (Thermo Electron Corp., San Jose, CA, USA), 808 
working in the regime of data dependent MS to MS/MS switch. An electrospray voltage of 1.5 kV 809 
was used. A blank run preventing cross contamination from previous samples preceded each 810 
analysis. 811 

Proteins were identified using the Mascot search algorithm (www.matrixscience.com) against 812 
the NCBInr (www.ncbi.nig.gov) databases. Protein identification was performed using the Mascot 813 
search probability-based molecular weight search (MOWSE) score. The ion score was −10 × log(P), 814 
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where P was the probability that the observed match was a random event. To avoid possible 815 
misidentifications resulted from the implementation of large datasets, as pointed out by Schmidt et 816 
al. [108], we were able to set the threshold of false positive rate. Peptides with a Mascot score 817 
exceeding the threshold value, corresponding to a <5% false positive rate as calculated by the Mascot 818 
procedure, were considered to be positively identified. 819 

3.8. SDS-PAGE, Western blotting and immunodetection of proteins 820 

Proteins resolved by one-dimensional SDS polyacrylamide gel electrophoresis (12% 821 
SDS-PAGE; [49]) were electroblotted in semidry conditions onto Immobilon-P membranes 822 
(Millipore), using a TE77 PWR ECL Semi-Dry blotting apparatus (GE Healthcare Life Science) and 823 
the standard transfer buffer (20% methanol, 48 mM Tris, 39 mM glycine, 0.0375% SDS). Proteins 824 
resolved on two-dimensional gels were electroblotted in semidry conditions using the same 825 
apparatus and the alternative transfer buffer (10% methanol, 10 mM CAPS pH 11.0). The protein 826 
immunodetection was carried out with rabbit polyclonal antibodies directed against the Mn-SOD 827 
(product. no. AS09 524, 1:5000 dilution), cyt. c (product no. AS08 343A, 1:5000), mitochondrial HSP70 828 
(product no. AS08 347, 1:4000), SHMT1 (product. no. AS05 075, 1:10000), GDC-H (product no. AS05 829 
074, 1:4000), IDH (product no. AS06 203A, 1:4000), aconitase (product no. AS09 521, 1:5000; all 830 
antisera listed above from Agrisera, Vännäs, Sweden), PUMP (1:1000; [109,110]), dehydrin 831 
K-segment (1:1000, a gift of T.J. Close, University of California at Riverside, USA; [111]), dehydrin 832 
K-segment with N terminal cysteine on the synthetic peptide (product no. PLA-100, 1:1400; 833 
Stressgen), SK3-motif of Solanum sogarandinum DHN24 dehydrin (1:500, a gift of T. Rorat, Institute of 834 
Plant Genetics, Polish Academy of Sciences, Poznań, Poland; [112]) and mouse monoclonal 835 
antibodies directed against AOX (1:1000; [113]), and ATP1 (1:200; [114]; both antisera donated by T. 836 
Elthon, University of Lincoln, Nebraska, USA). Details of the immunoassays were described 837 
previously [13,49]. Enhanced chemiluminescence (ECL) signals were quantified with Multi Gauge 838 
(v2.2).  839 

3.9. RNA isolation and RT-PCR assays 840 

Total RNA from cauliflower curds was extracted using EZ-10 Spin Column Plant RNA 841 
Mini-Preps Kit (BioBasic, Canada) according to the manufacturer’s protocol. Genomic DNA 842 
contaminants were removed by RQ1 DNase I free of RNase (Promega). cDNA was synthesized 843 
using 1 μg of RNA, 0.2 μg of random hexamers mixture from HexaLabel DNA Labeling Kit 844 
(Fermentas) and 200 units of M-MLV reverse transcriptase (Promega) in a 20 μl total volume for 1 h 845 
at 37°C. After first strand synthesis, the reaction mixture was diluted with 10 mM Tris-HCl, pH 8.0 846 
three or six times for RT-semiquantitative multiplex PCR (RT-semiqPCR) or RT-quantitativePCR 847 
(RT-qPCR), respectively, and after normalization, aliquots of 1-2 μl were subjected to RT-semiqPCR 848 
in a 15 μl total volume or RT-qPCR using the Thermo Fisher Scientific Luminaris Color HiGreen 849 
High ROX qPCR Master Mix kit on an Applied Biosystems StepOnePlus Real-Time PCR System. For 850 
RT-qPCR assays the following profile was used: 5 min at 95°C followed by 40 cycles of 20 s at 95°C, 851 
1 min at 60°C and finally melting step. The quality of the q-RT-PCR assays was verified by 852 
LinRegPCR (v.2012.3). Outliers were manually removed. 853 

RT-semiqPCR was performed in an Applied Biosystems 2720 thermal cycler with the 854 
following profile: 3 min at 95°C followed by 25-26 cycles depending of amplicon of 20 s at 95°C, 30 s 855 
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at 55°C and 30 s at 72°C, and with a final incubation for 5 min at 72°C. Amplification of AOX1b and 856 
AOX2 cDNAs was conducted with the following profile: 2 min at 98°C followed by 30 cycles of 20 s 857 
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 858 
products were separated on a 1.5% agarose gel and stained with ethidium bromide. The gels were 859 
documented using a GBOX XL1.4 (Syngene) imaging system and quantified with Multi Gauge 860 
(v.2.2). For RT-PCR assays two biological and at least three technical replicates were included. 861 

Cauliflower cDNA fragments for selected mitochondrial proteins were amplified using 862 
specific primers (Table S6); a 239-bp fragment of cauliflower actin1 (ACT1) cDNA was used as an 863 
internal standard. The amplicons were directly sequenced bi-directionally (Big Dye Terminator v.3.1 864 
Cycle Sequencing kit, Applied Biosystems) on an ABI Prism 31-30 XL system (Applied Biosystems) 865 
for the sequence identity verification. In case of AOX1a and ACT1 the amplicons were additionally 866 
cloned to pGEM T-Easy vector with pGEM T-Easy Ligation System II (Promega) before sequencing.  867 

3.9. Statistical analysis 868 

All experiments were conducted in triplicate, unless otherwise indicated. The results of the 869 
densitometric analyses (sections 2.4, 2.5 and 2.7), and the 2D PAGE spot pattern alterations based on 870 
the spot volume (sections 2.2 and 2.3) are presented as the means ± S.E. An unpaired two-tailed 871 
Student’s t-test was used to identify significant differences; in particular, differences were 872 
considered to be statistically significant if p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).  873 

4. Conclusions 874 

Results of our study that significantly broaden Brassica data suggest that plant mitochondria 875 
(across the distinct cultivars) are actively engaged in the response to the water deficit. Drought often 876 
induces numerous defense strategies and may induce some proteolytic events in plant mitochondria 877 
[19]. We did not observe enhanced proteolysis in cauliflower mitochondria under drought. 878 
However, in such stress conditions mitochondrial proteomes of three investigated cauliflower 879 
cultivars significantly varied by the major downregulated spots. Some spots were also specific to the 880 
intensity of the water deficit. Overall, multifunctional proteins which responded to drought 881 
suggested distinct regulations within the mitochondrial metabolism in the mild and severe drought. 882 
The next step in proteomic analyses should encompass the study of the dynamic pattern of PTMs of 883 
those proteins across cultivars and drought treatments; for that we will use the spectral data 884 
obtained from MS/MS peptide sequencing. Clearly, drought-responding proteins are subjected to 885 
diverse PTMs, including oxidation and phosphorylation; this pattern is dynamically altered as stress 886 
progresses [30]. Owing the relevance of protein phosphorylation in the regulation of activity of 887 
mitochondrial proteins and stress-signaling pathways and the fact that a number of mitochondrial 888 
proteins identified in this study involved in energy conversions, mitochondrial metabolism, protein 889 
fate and protein transport are extensively phosphorylated [115], we will pay a special attention to 890 
such PTMs in our future analyses. In the present study, distinct accumulation profiles among 891 
analyzed cultivars and treatments were also shown for additional mitochondrial proteins by 892 
Western immunoassays. In addition, low-molecular-weight dlps were mainly upregulated in 893 
drought-sensitive cultivars. The identification of dehydrin-specific tryptic peptides in few spots 894 
from 2D gels highlights the importance of the participation of such proteins in the cauliflower 895 
drought response. 896 

Under various drought treatments, the biogenesis of cauliflower mitochondrial proteome was 897 
strongly and in diverse manner affected in distinct cultivars differing with drought tolerance. The 898 
investigated proteomic variations coincided roughly with drought tolerance. However the general 899 
transcriptomic alterations (particularly for messengers coding for the main stress-affected AOX 900 
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isoform) were largely unassociated with the proteomic ones, which is contrary to the findings 901 
obtained from our previous study of plant mitochondrial biogenesis in temperature stress and the 902 
thermal recovery [13]. Because during our transcriptomic analyses the abundance of mature 903 
messengers was investigated only, our results suggest that the enhanced availability of nuclear and 904 
mitochondrial mRNAs (encoding selected mitochondrial proteins) for translation may be an 905 
important regulatory point for the drought response of cauliflower mitochondria. Thus results of 906 
our study could be at least partially explained by Nakaminami et al. [116] findings on the 907 
imbalanced mRNA/protein pools and the altered pattern of translation initiation through stress 908 
acclimation and de-acclimation. Further studies are expected to elucidate the impact of drought to 909 
the transcript binding to ribosomes, to investigate of mechanisms of the increased selection of 910 
messengers for the protein biosynthesis and the participation of non-coding RNAs in mitochondrial 911 
biogenesis in drought. Particularly, cauliflower microtranscriptome targeting investigated 912 
messengers have to be characterized. Investigation of the mitochondrial translation pattern (notably 913 
affected in cold and heat [13]) in those conditions should be, nevertheless, valuable. 914 
 915 
Supplementary Materials: A list of the following supplemental materials that are available in the online 916 
version of this article is presented below. Figures S1-S3 are PowerPoint files. Tables S1 and S5 are Word files. 917 
Tables S2-S4 are Excel files. 918 
Figure S1. Changes in the cauliflower mature leaf (A) day respiration (Rd), total light respiration (RT) and 919 
photorespiration (PhR) rates at 200 (RT200 and PhR200), 400 (RT400 and PhR400) and 600 (RT600 and PhR600) 920 
μmol m-2 s-1 illumination as well as (B) night respiration (Rn) rates, all expressed in μmol CO2 m-2 s-1. 921 
Figure S2. The representative 2D (IEF/SDS-PAGE) maps of the mitochondrial proteome of ‘Adelanto’, ‘Casper’ 922 
and ‘Pionier’ control grown plants (A0, C0, P0), plants grown in the moderate (A1, C1, P1) and in the severe 923 
water deficiency (A2, C2, P2, respectively). 924 
Figure S3. Drought-responsive protein spot accumulation in all experimental variants. 925 
Table S1. Variations in abundance of cauliflower mitochondrial protein spots and their proposed identities. 926 
Table S2. The detailed list of all tryptic peptides covering records of protein spots listed in Table S1.  927 
Table S3. The functional classification of Arabidopsis proteins orthologous to the identified cauliflower 928 
drought-responsive proteins (see Table S1) by the Munich Information Center for Protein Sequences (MIPS) at 929 
VirtualPlant 1.3 tool (http://virtualplant.bio.nyu.edu).  930 
Table S4. The identification of the additional protein spots from 2D gels that appeared immunoreactive with 931 
antisera against dehydrin K-segment. 932 
Table S5. The list of miRNAs candidates (representing Brassicaceae family data) putatively targeting Brassica 933 
oleracea AOX1a and HSP70-9 transcripts by psRNA Target server 934 
(http://plantgrn.noble.org/psRNATarget/analysis?function=2; Dai and Zhao, 2011) search (2017 updated 935 
version). 936 
Table S6. Primers used for RT-PCR analyses. 937 
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ACO 
AOX 
ATP1 
BSA 
CBB 
CI, CII, CIV 
CAPS 
CHAPS 
2D PAGE 
DHN 
dlp 
DTT 
EDTA 
EF 
ERD 
FDH 
GDC 
HSP 
IDH 
IEF 
LC-MS/MS 
LEA 
MDH 
miRNA 
MPP 
OXPHOS 
P5CDH 
PDH 
PhR 
PPFD 
ProDH 
PTMs 
PUMP 
Rd 
Rn 
ROS 

aconitase 
alternative oxidase 
ATP synthase subunit 1 
bovine serum albumin 
Coomassie Brilliant Blue 
respiratory complexes 
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate 
two-dimensional gel electrophoresis 
dehydrin 
dehydrin-like protein 
dithiothreitol 
ethylenediaminetetraacetic acid 
elongation factor 
early response to dehydration 
formate dehydrogenase 
glycine decarboxylase 
heat shock protein 
isocitrate dehydrogenase 
isoelectrofocusing 
liquid chromatography-tandem mass spectrometry  
late embryogenesis abundant 
malate dehydrogenase 
microRNA 
mitochondrial processing peptidase 
oxidative phosphorylation 
δ-1-pyrroline-5-carboxylate dehydrogenase 
pyruvate dehydrogenase 
photorespiration rate 
photosynthetic photon flux density 
proline dehydrogenase 
posttranslational protein modifications 
plant-uncoupling mitochondrial protein 
respiration in the light (day respiration) rate 
respiration in the dark (night respiration) rate 
reactive oxygen species 

RT 
RT-semiq(q)PCR 
RWC 
SDH 

total respiration rate 
reverse transcription semiquantitative (quantitative) PCR 
relative water content 
succinate dehydrogenase (complex II) 

SHMT serine hydroxy-methyl aminotransferase 
SOD superoxide dismutase 
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UPLC 
VDAC 

nano-ultra performance liquid chromatography 
voltage-dependent anion channel 
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