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Abstract: Phospholipase Dal (PLDal) belongs to phospholipases, a large phospholipid
hydrolyzing protein family. PLDal has a substrate preference for phosphatidylcholine leading to
enzymatic production of phosphatidic acid, a lipid second messenger with multiple cellular
functions. PLDal itself is implicated in biotic and abiotic stress responses. We present here a
shot-gun differential proteomic analysis on roots of two pldal mutants compared to the Col-0 wild
type. Our data suggest new roles of PLDal in endomembrane transport, mitochondrial protein
import and protein quality control and glucosinolate biosynthesis. Thus, we identified proteins
involved in endocytosis, endoplasmic reticulum-Golgi transport and attachment sites of
endoplasmic reticulum and plasma membrane (V-type proton ATPases, protein transport protein
SEC13 homolog A, vesicle-associated protein 1-2, vacuolar protein sorting-associated protein 29,
syntaxin-32, all upregulated in the mutants), mitochondrial import and electron transport chain
(mitochondrial import inner membrane translocase subunits TIM23-2 and TIM13, mitochondrial
NADH dehydrogenases, ATP synthases, cytochrome c oxidase subunit 6b-1, ADP,ATP carrier
protein 2, downregulated in the mutants) and glucosinolate biosynthesis (3-isopropylmalate
dehydrogenases 1, 2 and 3, methylthioalkylmalate synthase 1, cytochrome P450 83B1, Glutathione
S-transferase F9, indole glucosinolate O-methyltransferase 1, adenylyl-sulfate kinase 1, all
upregulated in mutants). Our results suggest broader biological roles of PLDal as anticipated so
far.

Keywords: phospholipase D alphal, Arabidopsis, proteomics, mitochondrial protein import,
quality control, vesicular transport, cytoskeleton.

1. Introduction

Phospholipases are phospholipid hydrolyzing enzymes with multiple roles in biotic and abiotic
stress responses of plants as well as in plant growth and development [1]. Phospholipase D (PLD)
alpha 1 is a member of D subfamily of phospholipases and it shows the highest expression levels
among all twelve PLD members in Arabidopsis [2]. Total PLD activity is substantially decreased in
Arabidopsis pldal mutant [3]. PLDs utilize preferentially phosphatidylcholine as a substrate which
they hydrolyze in Ca* dependent manner [2]. This hydrolysis is accompanied with the production
of phosphatidic acid (PA), a second messenger bearing important signalling functions [4]. Absence
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44 of PLDal leads to the reduction of cellular PA pool and membrane lipid remodeling [5,6].This
45  remodeling affects physical and mechanical properties of membranes leading to endomembrane
46  reorganizations and changes in membrane transport [7,8]. PLDal is also involved in the regulation
47  of cytoskeletal dynamics and organization, which is either mediated by PA or by direct
48  binding/association of PLDal with cytoskeleton [9,10,3,11,12]. PLDal promotes stomata closure
49  and inhibits their opening [13]. At molecular level, stomatal movements are governed by PLDal
50  through interaction of PA with protein phosphatase 2C (ABI1) [5], NADPH oxidase [14],
51  sphingosine kinase [15], and microtubule associated protein 65-1[3]. In addition, PLD«a1 binds and
52 modulates components of G protein complex during stomatal movements [16,17]. These functions
53 render PLDal as an important regulator of plant stress response, growth and development. Indeed,
54 PLDal was shown to be involved in plant response to drought [18], cold [19] and salt stress [12].
55  This protein has promising biotechnological applications, since its genetic manipulation modulates
56  plant response to abiotic stresses [20]. Nevertheless, PLDs usually act cooperatively (including the
57  production of cellular PA pool), as it was previously exemplified in ABA induced stomatal closure
58 [21]. Arabidopsis mutants of PLDal exhibit conditional phenotypes, whereas under control
59  conditions they show phenotypes similar to the wild-type plants [3,22]. Recent detailed fluorescent
60  in vivo imaging of PLDal fused to YFP and expressed in Arabidopsis PLDal t-DNA insertion
61  mutants under its own promoter showed that PLDa1-YFP localized to the cytoplasm in the close
62  vicinity of PM and it exerted developmentally dependent and tissue specific expression [12].
63  Interestingly, most of PLD«al functions are assigned to processes occurring in leaves. On the other
64  hand, PLDal functions in roots are obscure. Shot gun proteomic analysis on genetically modified
65  plants proved to be very useful tool for elucidation of protein functions. Here, we performed a
66  comparative shot gun proteomic analysis on roots of two t-DNA insertion mutants (pldal-1 and
67  pldal-2) as compared to the Col-0 wild type. Our results indicate that PLDal is involved in
68  mitochondrial protein import and quality control, glucosinolate biosynthesis and it controls very
69  specific processes of subcellular vesicular transport.

70  2.Results

71 2.1. Overview of differential root proteomes in two pldad mutants

72 We carried out a comparative shot-gun proteomic analysis of roots of two pldal mutants
73 compared to the Col-0 as a wild type. Ninety one proteins with changed abundances were found in
74 pldal-1, while 113 were identified in pldal-2 mutant (Figure 1A). Thirty two proteins were
75  commonly changed in both mutants (Figure 1B, Table 1). PLDal was identified uniquely in wild
76 type, while we did not detect this protein in two studied mutants, confirming the reliability of our
77  approach. Similarly, we were unable to detect PLDrpl (PLD regulated protein 1; At5g39570), a
78  phosphoprotein interacting with PLDal [23], in pldal mutants. Complete list of all differentially
79  abundant proteins (DAPs) of both mutants is available in Table S1. Detailed outputs of protein
80  identification in all samples is presented in Supplementary material, and deposited in PRIDE (see
81  below).
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83 Figure 1 Overview of differential root proteomes of pldal mutants. (A) Numbers of proteins with increased
84  and decreased abundances in pldal-1 and pldal-2 mutant. (B) Venn diagram showing difference between
85 differential proteomes the pldal-1 and pldal-2.

86 Table 1 List of proteins showing significantly different abundances in roots of pldal-1 and pldal-2 mutants as
87 compared to the wild type (Col-0).

TAIR | UNIPROT pldad-1/ | pldad-2/ | pldad-1/C | pldal-2/C
accession | accession |Sequence Name Col-0 Col-0 ol-0p ol-0p
number number ratio ratio value value
Translation

Q8LD46 At2g39460 | 60S ribosomal protein [.23a-1 20.82 7.62 0.01 0.012

QILHGY | At3g12390 |Nascent polypeptide-associated complex subunit 1.82 1.91 0.052 0.029
alpha-like protein 1
Q9FJH6 | At5g60790 | ABC transporter F family member 1 Unique | 0.38 na. 0.03
in WT
Stress response

P50700 At4g11650 | Osmotin-like protein OSM34 0.42 0.26 0.048 0.039
QILYWY | At5g03160 |Dna] protein P58IPK homolog 4.03 4.11 0.004 0.026

P24102 At2g38380 | Peroxidase 22 1.79 1.99 0.031 0.005
QILSY7 At3g21770 | Peroxidase 30 Unique | Unique n.a. n.a.

in in

mutant | mutant

P42760 At1g02930 | Glutathione S-transferase F6 0.29 0.26 0.049 0.029
QI9SRY5 | At1g02920 | Glutathione S-transferase F7 0.31 0.25 0.053 0.036
Q38882 At3g15730 | Phospholipase D alpha 1 Unique | Unique n.a. n.a.
inWT | in WT
QI9FKA5 | At5g39570 | Uncharacterized protein At5g39570 (PLD regulated Unique | Unique n.a. n.a.
proteinl, PLDRP1) in WT | inWT
P32961 At3g44310 | Nitrilase 1 1.79 1.79 0.018 0.023
Membrane transport
QISRI1 At3g01340 | Protein transport protein SEC13 homolog A 2.55 2.97 0.001 0.011
Q8S9]8 At4g32285 | Probable clathrin assembly protein At4g32285 Unique | Unique na. n.a.

in WT | in WT

Mitochondrial respiratory chain

Q9FT52 At3g52300 | ATP synthase subunit d, mitochondrial 1.69 1.57 0.047 0.046
081845 At3g54110 | Mitochondrial uncoupling protein 1 1.67 2.14 0.02 0.01
P93306 | AtMg00510 | NADH dehydrogenase [ubiquinone] iron-sulfur 0.50 0.56 0.028 0.054
protein 2
Q9S7L9 | Atlg22450 | Cytochrome c oxidase subunit 6b-1 Unique | Unique na. na.
in in

mutant | mutant
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Glucosinolate biosynthesis
049340 At2g30750 | Cytochrome P450 71A12 Unique | Unique n.a. n.a.
inWT | inWT
QI9FG67 | At5g23010 | Methylthioalkylmalate synthase 1, chloroplastic 1.13 1.74 0.01 0.036
Other functions
QILSB4 At3g15950 | TSA1-like protein 1.33 1.71 0.049 0.003
Q9SP02 | At5g58710 | Peptidyl-prolyl cis-trans isomerase CYP20-1 1.13 1.56 0.004 0.013
Q8VYV7 | At5g66120 |3-dehydroquinate synthase, chloroplastic 0.39 0.44 0.046 0.01
Q9AVI97 | Atlg79500 |2-dehydro-3-deoxyphosphooctonate aldolase 1 Unique | Unique na. n.a.
in in
mutant | mutant
Q9FHRS At5g43280 | Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, 0.44 0.30 0.011 0.003
peroxisomal
Q9FIK7 At5g47720 | Probable acetyl-CoA acetyltransferase, cytosolic 2 0.59 1.71 0.042 0.055
QI9FLQ4 | At5g55070 |Dihydrolipoyllysine-residue succinyltransferase 8.28 5.54 0.008 0.029
component of 2-oxoglutarate dehydrogenase complex
1, mitochondrial
QIFMT1 | At5g14200 |3-isopropylmalate dehydrogenase 3, chloroplastic 1.49 1.61 0.002 0.01
QILQO4 | Atlg63000 |Bifunctional dTDP-4-dehydrorhamnose 1.38 1.60 0.038 0.029
3,5-epimerase/dTDP-4-dehydrorhamnose reductase
Q9SA14 Atl1g31180 |3-isopropylmalate dehydrogenase 1, chloroplastic 1.52 1.55 0.019 0.02
QISIUO At2g13560 | NAD-dependent malic enzyme 1, mitochondrial 4.99 2.10 0.011 0.009
88
89 2.2. Classification of root differential proteomes in pldal mutants
90 KEGG pathways analysis is a reasonable tool for the evaluation of proteins involved in

91  metabolism. The highest number of DAPs was classified into the purine metabolism pathway and
92  biosynthesis of antibiotics. Several proteins affected in both mutants are involved in pyruvate
93 metabolism, aminoacid biosynthesis and metabolism, and phenylpropanoid biosynthesis (Figure 2).

Starch and sucrose metabolism

Fatty acid degradation

Galactose metabolism

Valine, leucine and isoleucine degradation
Lysine degradation

Glycine, serine and threonine metabolism
Valine, leucine and isoleucine biosynthesis
Aminobenzoate degradation

Amino sugar and nucleotide sugar metabolism
Tryptophan metabolism

Glutathione metabolism

Phenylpropanoid biosynthesis

Thiamine metabolism

Pyruvate metabolism h

Biosynthesis of antibiotics
Purine metabolism —
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94 Number of proteins

95 Figure 2 Functional classification of differentially abundant proteins found in roots of pldal-1 and pldal-2
96  mutants using KEGG pathways analysis.

97 We also screened differential proteomes of both mutants for the abundance of protein families,
98  asevaluated by the Blast2Go software using InterPro application (Figure 3, Table S2). We identified
99 9 proteins belonging to NAD(P) binding protein superfamily, while 7 proteins belonged to Winged
100 helix DNA-binding domain superfamily. Later ones include proteins with different functions (Table
101  S2) and possess specific DNA binding mechanisms different from sequence specific binding. They
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102 display an exposed patch of hydrophobic residues implicated in protein-protein interactions [24].
103 Peroxidases and aldolase-type TIM barrel protein family represent abundant protein classes found
104  in both pldal mutants (Figure 3, Table S2). These proteins might show higher sensitivity to PLDal
105  and PA deregulation in Arabidopsis.

SGNH hydrolase superfamily
HAD-like superfamily
HAD superfamily
ADF-H/Gelsolin-like domain superfamily
Glutathione S-transferase, C-term. domain superfamily
C2 domain superfamily
Ribosomal protein S5 domain 2-type fold
Tetratricopeptide-like helical domain superfamily
ClpP/crotonase-like domain superfamily
Isopropylmalate dehydrogenase
NAC A/B domain superfamily
Glutathione Transferase family
ADF/Cofilin
Pyridoxal phosphate-dependent transferase
Pyridoxal phosphate-dependent transferase domain 1
Thioredoxin-like superfamily
Pyridoxal phosphate-dependent transferase, major
Winged helix-like DNA-binding domain superfamily
Glycoside hydrolase superfamily
Plant peroxidase
P-loop containing nucleoside triphosphate hydrolase
Aldolase-type TIM barrel
Haem peroxidase
Winged helix DNA-binding domain superfamily
NAD(P)-binding domain superfamily

0 5 10

106 Number of proteins

107 Figure 3 Distribution of protein families, in differential proteomes of pldal mutants, as evaluated by InterPro
108 application of Blast2Go software.

109 Further, we classified differential proteomes of plda1 mutants (combined) using GO annotation
110 analysis. The highest number of the DAPs was assigned to metabolic processes and nitrogen
111 compound metabolic processes. Significant number of DAPs was involved in response to stress as
112 well as establishment of localization (Figure 4A). Higher levels of GO revealed that proteins
113 annotated as involved in stress response belong to GO class called response to osmotic stress (Table
114 S3).In addition, we also detected deregulation of proteins involved in drought, oxidative and biotic
115 stress response (Table 1 and S1). Notably, PLDal deficiency in both mutants negatively affected the
116  abundance of protein C2-domain ABA-related 10 (CAR10), a component of PYR/PYL/CAR receptors
117  for abscisic acid (ABA) [25]. We also noticed the significant disturbance of antioxidant defense and
118  redox homeostasis. This is represented by increased abundance of FeSOD1, ascorbate peroxidase
119  and peptide methionine sulfoxide reductase B6. Secretory peroxidases exhibited varying changes in
120 protein abundance, while catalase and glutathione S-transferase F7 had lower abundance in the
121  mutants compared to wild type. To prove the increased abundance of FeSOD1, we performed an
122 immunoblotting analysis on pldal mutants using anti-FeSOD1 polyclonal primary antibody (Figure
123 5A, B). Arabidopsis thaliana genome contains 3 isoforms of FeSOD, out of which FeSOD2 and FeSOD3
124 are not expressed in the roots. Therefore, anti-FeSOD antibody recognizes FeSOD1 in the
125  Arabidopsis roots. These analyses showed significant upregulation of FeSOD1 abundance in both
126  pldal mutants.
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128 Figure 4 Functional classification of differentially abundant proteins found in roots of plda1-1 and pldal-2

129 mutants using Gene onthology annotation according to biological process (A; third level of onthology)

130 and compartment (B).
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132 Figure 5 Immunoblotting analysis of ironic superoxide dismutase 1 (FeSOD1), syntaptotagmin 1 (SYT1) and
133 mitochondrial uncoupling protein 1 (UCP1) in roots of Arabidopsis wild type and pldal mutants. (A, C, E)
134 Immunoblots probed with anti-FeSOD (A), anti-SYT1 (B) and anti-UCP1 (C) antibodies and visualization of
135 proteins transferred on nitrocellulose membranes using Ponceau S. (B, D, F) Optical density quantification of
136 respective bands in (A, C and E). Stars indicate significant differences between mutants and wild type at p<0.05
137 according to the Student t-test. Error bars represent standard deviations.

138 Proteins classified as involved in establishment of localization account for proteins connected to
139 transport (Table S3). This GO annotation gathers proteins involved in transport of molecules or
140 compartments within or between cells (http://amigo.geneontology.org/amigo/term/G0:0006810). In
141  agreement, the GO annotation analysis performed in terms of localization revealed significant
142 numbers of proteins localized to plasmodesmata and Golgi apparatus (Figure 4B).

143 We have found numerous proteins involved in membrane fusion and transport. They are in
144 detail described in Discussion. Among others, PLDal deficiency resulted in accumulation of
145  synaptotagmin 1 in the mutants. These proteomic data were successfully validated using
146  immunoblotting analyses (Figure 5C, D) and immunolocalization of SYT1 protein in intact roots
147  showing an increased accumulation in both pldal mutants (Figure 6).
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149 Figure 6 Immunolocalization of synaptotagmin (SYP1) in root epidermal cells of wild type (A), plda1-1 (C) and
150 plda1-2 (E). (B, D, F) Fluorescence intensity profiles of immunolabeled synaptotagmin distributions in wild
151 type (B), pldal-1 (D) and pldal-2 (F). Arrows indicate positions of measured cells for fluorescence intensity
152 profiles. Asterisks indicate peaks of highest fluorescence intensities in measured cells. Note that fluorescence
153 intensities in pldal mutants are much higher in comparison to the wild type, indicating overabundance of SYP1
154 in these mutants. Scale bar = 10um

155 In order to evaluate protein-protein interactions and protein co-expression affected in pldal
156  mutants, we subjected differential proteomes to STRING analysis (Figure 7). We have found nine
157  protein clusters with various numbers of proteins.
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159 Figure 7 Depiction of protein interaction networks in combined differential proteome of both pldal mutants as
160 constructed using STRING web based application. Co-expressions and protein-protein interactions based on
161 experimental evidence are considered. Note that co-expressions and interactions of homologous and
162 heterologous proteins are also taken into account. The diagram was prepared using medium confidence.

163 Cluster 1 includes At2g33220 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13-B and
164 Atg11770 (NADH dehydrogenase [ubiquinone] iron-sulfur protein 7 mitochondrial ). Cluster 2 includes SYP32
165 (Syntaxin-32) and ASNAP2 (Alpha-soluble NSF attachment protein 2). Cluster 3 includes TWN2 (Valine-tRNA
166 ligase, mitochondprial 1), TIM13 (Mitochondrial import inner membrane translocase subunit TIM13), At1g73230
167 (Nascent polypeptide-associated complex subunit beta), At2g09990 (40S ribosomal protein S16-1), RPL23AA
168 (60S ribosomal protein L23a-1), At3g12390 (Nascent polypeptide-associated complex subunit alpha-like
169 protein 1), TCTP (Translationally-controlled tumor protein 1), At4g00810 (60S acidic ribosomal protein P1-2),
170 NACAS3 (Nascent polypeptide-associated complex subunit alpha-like protein 3), At5g18380 (40S ribosomal
171  protein S16-3), At5g22440 (60S ribosomal protein L10a-3), RPS11-BETA (40S ribosomal protein S11-3),
172 At5g46430 60S ribosomal protein L32-2), At5g61170 (40S ribosomal protein S19-3). Cluster 4 includes
173 At3g28715 (V-type proton ATPase subunit d2) and At3g58730 (V-type proton ATPase subunit D). Cluster 5
174 includes Atlg67280 (Probable lactoylglutathione lyase, chloroplastic) CSR1 (Acetolactate synthase,
175 chloroplastic), GLT1 (Glutamate synthase 1 [NADH], chloroplastic), TSB1 (Tryptophan synthase beta chain 1,
176 chloroplastic) and PDIL1-4 (Protein disulfide isomerase-like 1-4). Cluster 6 includes GSTF7 (Glutathione
177 S-transferase F7 and GSTF6, Cluster 7 includes COX6B (Cytochrome c oxidase subunit 6b-1), ATPQ (ATP
178 synthase subunit d, mitochondrial), ATP5 (ATP synthase subunit O, mitochondrial), AAC2 (ADP,ATP carrier
179 protein 2, mitochondrial) and ATPA (ATP synthase subunit alpha, chloroplastic). Cluster 8 includes At3g04780
180 (PITH domain-containing protein At3g04780), EIF3E (Eukaryotic translation initiation factor 3 subunit E),
181  EMB2107 (26S proteasome non-ATPase regulatory subunit 12 homolog A), At5g20000 (26S proteasome
182 regulatory subunit 8 homolog B), At5g23540 (26S proteasome non-ATPase regulatory subunit 14 homolog),
183 At5g35590 (Proteasome subunit alpha type-6-A), COP8 (COP9 signalosome complex subunit 4) and RPT3 (26S
184 proteasome regulatory subunit 6B homolog). Cluster 9 includes IMD3 (3-isopropylmalate dehydrogenase 1,
185 chloroplastic), IMD2 (3-isopropylmalate dehydrogenase 2, chloroplastic) IMD1 (3-isopropylmalate
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186 dehydrogenase 3, chloroplastic)) MAMI1 ( Methylthioalkylmalate synthase 1, chloroplastic) and At2g43090
187 (3-isopropylmalate dehydratase small subunit 3).

188 The most abundant cluster is represented by proteins involved in ribosome biogenesis, which
189  are co-expressed with mitochondrial valine-tRNA ligase (important nucleus encoded component of
190  the mitochondrial protein synthesis), mitochondrial import inner membrane translocase subunit
191  TIM13 (component of the mitochondrial protein import machinery) and subunits of nascent
192 polypeptide-associated complex. These findings might indicate defects of cytosolic translation and
193 mitochondrial protein import resulting in changed abundances of mitochondrial proteins. Therefore
194 we searched for proteins carrying mitochondrial targeting signal among DAPs. We have found 19
195  proteins with varying changes in their abundance, suggesting an altered homeostasis in the import
196  of mitochondrial proteins (Table S4). One of such proteins, mitochondrial uncoupling protein 1
197  (UPC1) has increased abundance in the mutants, being in agreement with the immunoblotting
198 analysis (Figure 5E, F) and immunolocalization of UCP1 protein (Figure 8). In addition, we observed
199  also decreased levels of MORF8 (multiple site organellar RNA editing factor, designated also as
200  RIP1; Table S1), a protein important for mitochondrial mRNA editing. Finally, absence of PLDa1 in
201  both mutants affects also a cluster of components of the mitochondrial respiratory chain. Thus,
202  PLDal is likely required for multiple mitochondrial functions in Arabidopsis.
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205 Figure 8 Immunolocalization of mitochondrial uncoupling protein 1 (UCP1) in root epidermal cells of wild
206 type (A), pldal-1 (C) and pldal-2 (E). (B, D, F) Fluorescence intensity profiles of immunolabeled synaptotagmin
207 distributions in wild type (B), pldal-1 (D) and pldal-2 (F). Arrows indicate positions of measured cells for
208 fluorescence intensity profiles. Asterisks indicate peaks of highest fluorescence intensities in measured cells.
209 Note that fluorescence intensities in plda1 mutants are much higher in comparison to the wild type, indicating
210 overabundance of UCP1 in these mutants. Scale bar = 10um

211 Other protein cluster is mostly composed by proteins belonging to proteasome complex, which
212 are co-expressed with PITH domain-containing protein At3g04780 (protein with unknown
213 function), eukaryotic translation initiation factor 3 subunit E (translation regulator) and COP8
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214 (subunit of the COP9 signalosome).We also identified protein clusters composed of proteins
215  involved in glucosinolate and aminoacid biosynthesis (Figure 7).

216 PLDal and PA are important regulators of actin and microtubule cytoskeletons in plants
217  [11,26]. As expected, PLDal deficiency in both mutants resulted also in differential abundances of
218  actin and microtubule associated proteins, including actinl and actin depolymerizing factors (ADFs)
219 1, 8and 10 (showing decreased abundances in plda1 mutants) (Table 1 and S1). Such results indicate
220  possible disturbances in actin monomer turnover and actin polymerization in pldal mutants. We
221  also identified two protein candidates potentially important for microtubule regulation by PLDal.
222 Both proteins were detected uniquely in pldal mutants and are involved in tubulin monomer
223 folding. Tubulin-folding cofactor B, is a member of the Arabidopsis PILZ group proteins [27,28]. It
224  interacts with alpha-tubulin and its overexpression results in reduced number of microtubules [29].
225  Chaperone prefoldin 6 is required for tubulin monomer abundance, microtubule dynamics and
226  organization [30].

227  3.Discussion

228 This differential proteomic analysis on roots of plda1 mutants revealed that PLDal is required
229  for homeostasis of proteins involved in diverse processes. In this study, we focused especially on
230  potential new functions of PLDal such as mitochondrial protein import and quality control,
231  vesicular trafficking and glucosinolate biosynthesis. Considering the regulatory and catalytic roles
232 of PLDal, we assume that besides its lipid hydrolyzing activity, the changes in the proteomes of
233 pldal mutants occurred as a consequence of compromised PA, G protein complex and ABA

234 signalling.

235 3.2. Mitochondrial protein import and quality control

236 According to our results, PLDal deficiency in mutants caused a deregulation of proteins
237  involved in protein import to mitochondria, including mitochondrial import inner membrane
238  translocase subunits TIM23-2 and TIM13, which are downregulated. While TIM23-2 is a translocase
239 responsible for the transport of mitochondrial precursor proteins carrying a cleavable N-terminal
240  pre-sequence [31], TIM13 is a member of small TIM complex delivering client precursors that pass
241  through the TOM channel to Tim22 in the mitochondrial intermembrane space [32]. Therefore, the
242 import of nucleus-encoded mitochondrial proteins is altered in pldal mutants. Along with altered
243 protein import to mitochondria, PLD«al deficiency may affect also N-terminal presequence cleavage
244 (inferred by increased abundance of presequence protease 1 in pldal mutants) occurring after
245  protein precursor import into mitochondria [33]. Furthermore, we provide experimental evidence
246  on deregulation of prohibitin 6 involved in mitochondrial protein folding [34]. Prohibitins (PHBs)
247  are considered as structural proteins that form a scaffold-like structure for interacting with a set of
248  proteins involved in various mitochondrial processes [34]. These proteins participate in the assembly
249 of multi-subunit complexes such as mitochondrial respiratory complex [35]. Accordingly, several
250  proteins of the mitochondrial electron transport chain show significant changes in their abundance
251  in both mutants as compared to the wild type. Mitochondrial protein import machinery was also
252 reported to be in close interaction with the organization of respiratory complexes. Tim23-2 is
253 localized also in respiratory complex 1 and its genetic modification leads to altered transcription of
254 mitochondrial proteins and defective mitochondria biogenesis [31]. Similar role in mitochondria
255  biogenesis was found also for prohibitins [36]. So far, PLDal was not linked to these mitochondrial
256  functions, although ATP synthase subunit gamma and ADP/ATP carrier protein were targeted by
257  PA in Arabidopsis [37].

258  3.2. Vesicular transport

259 PLD derived PA can regulate membrane transport by direct modification of membrane
260  curvature or by recruiting important regulatory proteins [38]. These proteins positively affect
261  protein internalization [39,40], vesicle fusion and aggregation [41]. In Drosophila, PLD activity
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262 couples endocytosis with retromer dependent recycling [42]. Our findings indicate that PLDal1 alters
263  multiple sites of endomembrane system. For example, in both mutants we detected decreased
264  abundances of vacuolar H* ATPases (subunits D and d2), which control multiple events in
265  endomembrane transport by acidification of endomembrane compartments [43].

266 In accordance with the known involvement of PLDs in vesicle fusions, we observed an
267  increased abundance of alpha-soluble NSF attachment protein 2 (Alpha-SNAP2) in the pldal-1
268  mutant. Alpha-SNAP proteins bind the SNARE complex [44] and are required for the vesicle
269  pre-docking, an initial step of the membrane fusion reaction [45,46]. The precise function of
270  alpha-SNAP2 is unknown so far, but it might require PLDa1. Remarkably, alpha-SNAP2 interacting
271  SYP32, a Golgi localized Qa SNARE [47] was found as upregulated in pldal mutants. Thus, PLDal
272 might be necessary for SNARE-SNAP protein complexes stability.

273 We identified several proteins involved in the endocytic pathway as differentially regulated in
274  both pldal mutants. These include mainly the probable clathrin assembly protein At4g32285 (not
275  detected in pldal mutants), which is involved in clathrin-mediated endocytosis [48]. Clathrin
276  assembly proteins interact directly with proteins of the clathrin coat and are able to bind
277  phospholipids [49]. Two such proteins were identified as PA-binding proteins [37]. Furthermore,
278  PLDal localized in the vicinity of clathrin heavy chain and microtubules of Arabidopsis root cells
279  [12] may directly bind clathrin in a complex containing adaptor protein-2 (AP-2) [50]. VPS29, a
280  protein found uniquely in the pldal-1 mutant, is a component of retromer complex. This is a coat
281  complex localized to the cytosolic face of endosomes and involved in intracellular sorting of some
282  transmembrane proteins [51]. VPS29 is important for normal morphology of prevacuolar
283 compartment (PVC) and plays crucial role in recycling vacuolar sorting receptors from the PVC to
284  the trans Golgi network (TGN) during trafficking of soluble proteins to the lytic vacuole [52,53].
285  These data uncovers new endocytic proteins affected in pldal mutants.

286 PLDal deficiency in both mutants altered also abundances of proteins involved in the
287  regulation of ER to Golgi transport. Protein transport protein SEC13 homolog A is almost threefold
288  upregulated in both pldal mutants. Sec13 makes a lattice structure together with Sec31 to form
289  COPII vesicles [54], which are responsible for ER to Golgi transport. According to our results, PLDal
290  may have also an impact on the morphology of Golgi apparatus, inferred by upregulation of Golgin
291 candidate 5 (also known as TATA element modulatory factor) in the plda1-2 mutant [55,56]. Another
292 protein important for ER to Golgi trafficking is vesicle-associated protein 1-2 (PVA12, also known as
293 VAP27-3), which is upregulated in the pldal-1 mutant. This is an ER-localized protein belonging to a
294 VAP27 family [57]. It binds to oxysterol-binding protein-related protein 3B [58], which is also
295  upregulated in the mutants and is proposed to cycle between the ER and the Golgi [58]. Recently,
296  PVA12 was shown to colocalize and interact with Networked 3C (NET3C) at ER-plasma membrane
297 (PM) contact sites [57]. Considering PLDal localization in the plasma membrane (PM) vicinity, we
298  may suggest an involvement of this protein in ER-PM attachment. This is emphasized also by
299  increased abundance of synaptotagmin 1 (SYT1) in pldal mutants, representing a protein mediating
300  the ER-PM contacts in Arabidopsis [59].

301 PLDal depletion leads to changed abundance of proteins regulating the membrane transport.
302  Changes in protein level might be a result of deregulation of protein synthesis and proteolysis or
303  transcriptional control. Previously it was shown that changes in membrane transport might result in
304  changed abundance of proteins. This was exemplified for example in Arabidopsis roots exposed to
305  brefeldin A which blocks secretion/exocytosis by aggregation of TGN and PM-derived vesicles
306  surrounded by Golgi stacks into so called BFA-compartments [60]. Altered endocytosis and
307  vacuolar trafficking by wortmannin lead to altered abundances of vacuolar proteases potentially
308  leading to defected protein degradation [61]. Similar downregulation of such protease, subtilisin-like
309  protease SBT1.7 is encountered also in roots of pldal mutants. Based on our proteomic data we
310  suggest that this dynamics of membrane transport regulatory processes might result from defected
311  protein degradation and as a feedback mechanism of PLDal depletion-induced changes in
312 membrane architecture, membrane transport and PA accumulation.

313
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314 3.3. Glucosinolate biosynthesis

315 PLDs have been shown to crosstalk with hormonal signalling in plants. In addition to their
316  well-known role in ABA signalling, they also participate in salicylic acid signalling by controlling
317  relocation of NPRI, an essential regulator of SA induced gene transcription, into nucleus [62]. In
318  addition, PLDs might be activated by cytokinins [63] and ethylene (Fan et al., 1997). CTR1, a negative
319  regulator of ethylene response is a potential target of PA [64]. PLDs are also involved in auxin
320  distribution. Thus, PLDC-derived PA is required for PP2AC recruitment to the membrane resulting
321  in altered PIN1 phosphorylation and polar distribution [7]. Auxins share an initial steps of
322 biosynthetic pathway with glucosinolates [65,66]. Arabidopsis mutants with reduced glucosinolate
323 contents show severe auxin phenotypes [67]. Generally, glucosinolates are secondary messengers
324  produced in Brassicaceae with important defense and developmental functions [65,68]. PLDal
325  deficiency in mutants causes increased abundances of enzymes involved in glucosinolate
326  biosynthesis, including four subunits of 3-isopropylmalate  dehydrogenase = and
327  methylthioalkylmalate synthase, all involved in the chain elongation machinery. Enzymes involved
328  in the biosynthesis of the core glucosinolate structure, namely cytochrome P450 83B1, glutathione
329  S-transferase F9, indole glucosinolate O-methyltransferase 1 and adenylyl-sulfate kinase 1 show
330  similar trends in their abundances (Table S1). PLDal induced an imbalance of indole glucosinolate
331  o-methyltransferase 1 abundance, which is a glucosinolate modifying enzyme [66]. Glutathione
332 synthase 1 shows increased abundance in mutants, most likely contributing to the glutathione pool,
333 which serves as a sulfur donor within the second stage of GLS biosynthesis [66]. Such differential
334  regulation of enzymes involved in one metabolic pathway in untargeted proteomic approach is very
335  unusual, suggesting that PLDal might be a master regulator of glucosinolate biosynthesis. It is
336 likely, that this regulation is mediated via PA, since cytochrome P450 83B1 is a PA-binding protein,
337  asidentified in a proteomic screen [37]

338 4. Materials and Methods

339  4.1. Plant material

340 Seeds of Arabidopsis thaliana wild type (ecotype Col-0) as well as pldal-1 (SALK_067533) and
341  pldal-2 (SALK_053785) t-DNA insertion mutants were used in this study. Following ethanol
342  surface-sterilization, they were cultivated vertically on solid half-strength MS media at 21°C under
343 16/8 light/dark illumination conditions for 14 days. Roots were quickly dissected and harvested for
344  protein extraction. Proteomic analyses were performed in 4 biological replicates. Roots of 30
345  seedlings were pooled in one biological replicate.

346

347  4.2. Protein extraction and trypsin digestion

348 Samples were ground in liquid nitrogen and subjected to phenol protein extraction followed by
349  ammonium acetate/methanol precipitation as described by Takac et al. [69]. Cleaned precipitates
350  were dissolved in 6 M urea in 100 mM Tris (pH 7,8). Prior to trypsin digestion, extracts containing 50
351 ug of proteins (in volume of 50 pl) were diluted with 100 mM Tris-HCI (pH?7,8) to adjust the urea
352 concentration bellow 1 mM. Proteins were digested with trypsin (Promega;1ug of trypsin to 50 pg of
353  proteins) at 37 °C overnight. Reaction was stopped by addition of 4l of acetic acid. Peptide mixtures
354  were cleaned using C18 gravity flow cartridges (Bond Elut C18; Agilent Technologies, Santa Clara,
355  CA) according to manufacturer’s instructions. Peptides eluted by 95% acetonitrile were dried using
356  vacuum concentrator and stored under -80°C until analysis.

357  4.3. Liquid chromatography, mass spectrometry, protein identification and relative quantitative analysis

358 LC-MSMS and protein identification was performed as published previously [69]. Briefly, two
359  micrograms of protein tryptic digest were loaded on reversed phase Acclaim PepMap C18 column
360  (Thermo Fisher Scientific, Waltham, MA, USA). A constant flow (0.3 ul.min?), 170-minute long
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361  nonlinear gradient of acetonitrile in 0.1% formic acid (2%-55% for 125 min, 95% for 15 min, 2% for 30
362  min) was used to separate and elute peptides. The mass spectra were collected in the data dependent
363  acquisition mode in 18 scan events: one MS scan (m/z range: 300-1700) followed by 17 MSMS scans
364  for the 17 most intense ions detected in MS scan (with dynamic exclusion being applied). The
365  method and raw spectral files were created and generated, respectively, by Xcalibur 2.1 (Thermo
366  Fisher Scientific). The files were analyzed using the SEQUEST algorithm of the Proteome Discoverer
367  1.1.0 software (Thermo Fisher Scientific). Variable modifications were set as follows: cysteine
368  carbamidomethylation (+57.021), methionine oxidation (+15.995), methionine dioxidation (+31.990).
369  The spectral data were matched against target and decoy databases for more stringent approach to
370  estimate false discovery rates (FDR), compared to single search of concatenated database. The
371  UNIPROT (www.uniprot.org) Arabidopsis genus taxonomy Reviewed protein database (17,586
372  entries as of September 2017) served as the target database, while its reversed copy (created
373  automatically by the software) served as a decoy database. The search results were filtered by FDR <
374  1%. Identified proteins were grouped by default parameters of the software, defining the group as
375  proteins strictly necessary to explain presence of identified peptides. A representative/master
376  protein of the group is the protein with highest score, spectral count and number of matched
377  peptides. If these parameters are equal, the protein with longest sequence is designated as a master
378  protein. Proteins listed in the supplementary materials are master proteins. If the peptide can be
379  attributed to more than one protein, it is indicated by multiple protein accession numbers allocated
380  to the given peptide. This is also shown in supplementary .xls files. The mass spectrometry
381  proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
382  repository with the dataset identifier PXD011196.

383 The relative quantitative analysis was done using the ProteolQ 2.1 (NuSep) software as
384  published previously [70]. It was based on sums of precursor ion intensities (PII) of filtered peptides
385  attributed to given proteins. Summed intensities pertinent to proteins in individual replicates were
386  normalized by factors that were calculated to equalize total intensity of all master proteins across all
387  biological samples and replicates. Normalized average protein intensities were used to calculate fold
388  changes when comparing biological samples. All data points were considered. The ANOVA p<0.05
380  was used to filter statistically significant results. Proteins with fold change higher than 1.5 were
390  considered as differentially abundant.

391 4.4 Bioinformatic analysis

392 Gene ontology (GO) annotation analysis of differentially abundant proteins (DAPs) was
393 performed using Blast2Go software [71]. Blast searching was performed against Arabidopsis thaliana
394  NCBI database allowing 1 BLAST Hit. The annotation was carried out by using these parameters: E
395  Value Hit filter: 1.0E-; Annotation cut off: 55; GO weight: 5. STRING [72] database was used for
396  analysis of protein interaction network among DAPs applying minimum required interaction score
397 0.7, relevant for high confidence prediction. The prediction of presence of mitochondrial targeting
398  pre-sequence in differential proteomes of both mutants was performed using MitoFates [73].

399  4.5. Immunoblotting analysis

400 Roots of fourteen days old plants were homogenized using liquid nitrogen in mortar with
401  pestle. The proteins were extracted in 50mM Hepes (pH 7.5) containing 75 mM NaCl, 1 mM EGTA, 1
402  mM MgClz, 10% (v/v) glycerol, 1 mM DTT and Complete® EDTA free protease inhibitor cocktail
403  (Roche). Following 15 min incubation on ice and subsequent centrifugation at 13000 g for 15 min, the
404  extracts were desalted using Amicon Ultra centrifugal filters (with 10 kDa cutoff) according to the
405  manufacturer instructions. Proteins were quantified using the Bradford assay and the extracts were
406  supplemented with 4 times concentrated SDS sample buffer to reach final concentration of 62.5 mM
407  Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol and 300 mM 2-mercaptoethanol. Following 5min
408  boiling at 95°C, equal amount of proteins were loaded on 12% or 17% Stain free gels (BioRad) and
409  the electrophoresis run at constant 150V at RT. Proteins were transferred to nitrocellulose
410  membranes using TransBlot Turbo blotting apparatus (BioRad) and the proteins were visualized on
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411  membranes using Ponceau S. Membranes were incubated overnight in 4% BSA/4% nonfat milk in
412 Tris-buffered saline containing 1% Tween-20 at 4°C. Following blocking, membranes were incubated
413 overnight at 4°C in TBST supplemented with 1% BSA and primary antibodies in following dilutions:
414  anti-synaptotagmin antibody (PhytoAb; 1:1000); anti-FeSOD (Agrisera; 1:3000); anti-UCP1
415 (Agrisera; 1:1000). Afterwards, the membranes were washed repeatedly in TBST and incubated in
416  HRP-conjugated secondary antibody (F(ab')2-goat anti-rabbit IgG (H+L) Secondary Antibody, HRP;
417  Thermo Fisher Scientific) diluted to 1:5000 in 1% (w/v) BSA in TBST. The signal was developed using
418  Clarity™ ECL Western Blotting Substrate (BioRad) and documented on ChemiDoc™
419  documentation system (BioRad). Band densities were quantified using ImageLab software (BioRad).
420  All immunoblot analyses were performed at least in 3 biological replicates. Student’s t-test was
421  applied to evaluate the statistical significance of differences.

422
423 4.6. Whole mount immunofluorescence labelling

424 Immunolocalization of SYP1 and UCP1 proteins in root wholemounts was done as described
425  previously [74]. Samples were immunolabeled with rabbit anti-synaptotagmin 1 antibody (PhytoAb;
426  1:200) and anti-UCP1 antibody (Agrisera; 1:200) in 3% (w/v) BSA in PBS at 4°C overnight. Secondary
427  Alexa-Fluor 647 goat anti-rabbit IgGs antibodies were diluted 1:500 in PBS containing 3% (w/v) BSA
428  for3h(1.5hat37 °Cand 1.5 h at room temperature). Inmunolabeled samples were analysed with a
429  Zeiss 710 Confocal Laser Scanning Microscope (CLSM) platform (Carl Zeiss, Jena, Germany), using
430  excitation lines at 405 and 561 nm from argon, HeNe, diode and diode pumped solid-state lasers.
431  Fluorescence intensity was evaluated using ZEN 2010 software (Carl Zeiss). Images were processed
432 using ZEN 2010 software, Photoshop 6.0/CS, and Microsoft PowerPoint.

433

434 Supplementary Materials: Supplementary materials can be found online.
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