bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.425807; this version posted January 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Proline-rich Extensin-like Receptor Kinases PERK5 and PERK12 are involved in Pollen
Tube Growth

1,57 .
', Eliana

Marzoll, Silvina P. Denita—Juarezl‘S, Juan D. Salgado Salterl’s, Silvia M. Velasquezl’g,

1,3,5%

1
2
3
4
5  Cecilia Borassi">*, Ana R. Sede™** Martin A. Mecchia®™®, Silvina Mangano
6
7 JorgeP. Muschietti2‘4’+, and José M. Estevez .

8

9

10  'Fundacién Instituto Leloir, IBBA-CONICET, Buenos Aires, Argentina.

11  ’Instituto de Investigaciones en Ingenieria Genética y Biologia Molecular, “Dr. Héctor
12 Torres” (INGEBI-CONICET), Vuelta de Obligado 2490, Buenos Aires, C1428ADN,
13 Argentina.

14  >Centro de Biotecnologia Vegetal, Facultad de Ciencias de la Vida, Universidad Andres
15  Bello and Millennium Institute for Integrative Biology (iBio), Santiago CP 8370146,
16  Chile.

17 “Departamento de Biodiversidad y Biologia Experimental, Facultad de Ciencias Exactas
18 y Naturales, Universidad de Buenos Aires, Intendente Giiiraldes 2160, Ciudad
19  Universitaria, Pabelldn I, C1428EGA Buenos Aires, Argentina.

21 °Previous Address: Instituto de Fisiologfa, Biologia Molecular y Neurociencias (IFIByNE-
22 UBA CONICET), Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires
23 C1428EGA, Argentina.

24 °Current address: Department of Plant and Microbial Biology and Zurich-Basel Plant
25  Science Center, University of Zurich, 8008 Zurich, Switzerland.

26 ’Current address: Centro de Biotecnologia y Gendmica de Plantas, Universidad
27  Politécnica de Madrid (UPM), Madrid, Spain.

28  °Current address: Department of Applied Genetics and Cell Biology, University of
29  Natural Resources and Life Sciences, 1190 Vienna, Austria.

31  # These authors contributed equally to this work.

32 T Authors for Correspondence: Jorge Muschietti prometeo@dna.uba.ar, José M. Estevez
33  jestevez@leloir.org.ar.

36 Running head: PERKS5 and PERK12 function in pollen tube growth.

38  Number of Tables: 1

39  Number of Figures: 5

40  Word counts Abstract: 235

41  Word count Text (including Materials & Methods): 3,763
42  References: 57


https://doi.org/10.1101/2021.01.12.425807
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.425807; this version posted January 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

43  Abstract

44  Background: Cell wall integrity plays an essential role during polarized cell growth
45  typical of pollen tubes and root hairs. Proline-rich Extensin-like Receptor Kinases
46  (PERK) belong to the hydroxyproline-rich glycoprotein (HRGP) superfamily of cell
47  surface glycoproteins.

48

49  Results: Here, we identified two PERKs from Arabidopsis thaliana, PERK5 and PERK12
50 highly expressed in mature pollen. Pollen tube growth was impaired in the single and
51  double perk5-1 perk12-1 loss of function mutants, with a moderate impact on seed
52  production. When the segregation of self- and reciprocal-crosses of the perk5-1, perk5-
53 2 and perk12-1 single mutants, and reciprocal-crosses of the perk5-1 perki2-1 double
54  mutant were carried out, a male gametophytic defect was found, indicating that perk5-
55 1 and perk12-1 mutants carry defective pollen tubes, resulting in deficient pollen
56  transmission. Furthermore, double perk5-1 perk12-1 mutants show excessive
57  accumulation of pectins and cellulose at the cell wall pollen of the tube tip. In addition,
58 an upregulation of cytoplasmic ROS levels were detected by using 2,7-
59  dichlorofluorescein diacetate probe (H,DCF-DA), and in agreement, similar results
60 were obtained with HyPer, a genetically encoded YFP-based radiometric sensor, which
61 is used to follow the production of hydrogen peroxide (H,0,). Single and double perk5-
62 1 perk12-1 mutants show higher levels of cytoplasmic H,O; in their pollen tube tips.

63

64  Conclusions: Taken together, our results suggest that PERK5 and PERK12 are necessary
65 for proper pollen tube growth highlighting their role on cell wall assembly and ROS
66  homeostasis.

67

68
69 Key words: PERKs, pollen tubes, polar growth, cell wall, Arabidopsis thaliana.


https://doi.org/10.1101/2021.01.12.425807
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.425807; this version posted January 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

70  Background

71

72 Pollen grains are required for sexual reproduction which plays a vital role in seed
73 formation and, therefore, in the productivity of crops. The main pollen function is to
74  generate and transport sperm cells to the ovules (Borg et al. 2009). In compatible
75  interactions, the pollen grain germinates on the stigma generating a pollen tube that
76  grows through the transmitting tissue of the style, until reaching the ovule where
77  double fertilization occurs (Crawford and Yanofsky, 2008; Dumas and Rogowsky, 2008).
78  Pollen tube growth is a polarized cell expansion process, and requires an oscillatory
79  positive feedback loop of calcium ions (Ca®*), Reactive Oxygen Species (ROS) and pH.
80  Polar-growth relies on the stretching of the existing primary cell wall in the apical zone
81 accompanied by secretion of new cell wall materials (Altartouri & Geitmann 2015).
82  Overall, ROS, Ca** and pH oscillations are coupled to a transient cell wall loosening to
83 allow a turgor-driven localized cell expansion (Braidwood et al, 2014; Wolf & Hofte
84  2014). Pollen tube cell walls are enriched in pectins, glycoproteins and
85  xyloglucans/cellulose and deficiencies in any of these polymers at the cell wall inhibit
86 polar cell elongation, indicating that they operate in a coordinately manner to
87 modulate tip growth (Dardelle et al, 2010; Gu and Nielsen, 2013; Sede et al, 2018;
88  Wangetal. 2018).

89

90  Polar growth must be tightly regulated to allow the maintenance of cell wall integrity
91  (CWI) and coordination during plant development. Plant cells have developed a rich
92  diversity of complex proteins with diverse extracellular domains connected to
93 intracellular domains to convey environmental and cell wall signals within the cell
94  (Ringli, 2010; Borassi et al. 2015). In A. thaliana Receptor-like kinases (RLKs) comprise
95  ~600 members mostly localized in the plasma membrane (PM) mediating extracellular
96  signals to the cytoplasm and nucleus (Shi et al, 2004; Wolf et al, 2012; Muschietti &
97  Wengier 2018). At least four RLK subfamilies have been implicated in sensing CWI
98  during cell expansion: Wall-Associated Kinases (WAKs), Lectin Receptor Kinases
99  (LecRKs), Catharanthus roseus Receptor-Like Kinasel-Like proteins (CrRLK1Ls), and
100  Proline-rich, Extensin-like Receptor Kinases (PERKs). PERK proteins consists of an
101  extracellular domain, a typical transmembrane and an intracellular kinase domain
102 where the kinase activity resides. The extracellular domain is rich in contiguous
103  prolines, some of them are part of a classical Extensin (EXT)-motif with SerProgs,
104  repeats but lack an adjacent YXY for Tyr-mediated protein crosslinking. In Arabidopsis
105  thaliana, the PERK family contains 15 related-members (AtPERK1-15) (Silva and Goring,
106  2002; Nakhamchik et al. 2004). Nine of them are highly expressed in expanding root
107  hairs (e.g. PERK8 and PERK13) and pollen tubes (e.g. PERK3-7,11-12) suggesting an
108  specialized and unique role of PERKs in polar based growth (Borassi et al. 2015; Chen
109 et al. 2020; Li et al. 2020). The presence of EXT-domains in the apoplastic side would
110  suggest PERKs as putative sensors of the EXT-pectin glyco-network (Cannon et al. 2008;
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111  Marzol et al. 2018; Herger et al. 2020) as it was demonstrated for WAKSs in regards to
112  pectins (Kohorn, 2015). Although PERKs have been connected with polarized cell
113  expansion in root hairs (Won et al., 2009; Hwang et al., 2016) there is still no evidence
114  of their function during polarized growth of pollen tubes. PERK13 (RHS10 for Root Hair
115  Specific 10) is specifically expressed in root hairs and modulates the duration of root
116  hair polar-growth and thus its length (Won et al., 2009; Hwang et al., 2016). rhs10
117  mutant produces longer root hairs as well as higher ROS accumulation than the WT,
118  although the molecular mechanism is still unclear (Hwang et al., 2016). PERK4 is
119  involved in Ca®* signaling and abscisic acid response in root tip growth (Bai et al.
120  2009a,b). Based on interaction studies and mutant phenotypes, PERK8/9/10 kinase
121  domains together with the AGC VIII kinase (AGC1-9) and the closely related kinesin-like
122 calmodulin-binding protein (KCBP)-interacting protein kinase (KIPK) may function
123 together to trigger a signaling response during root growth (Humphrey et al., 2015).
124  Other members of PERK family have been related to apical dominance and root
125  elongation in Arabidopsis (Hwang et al., 2010; Bai et al., 2009; Humphrey et al., 2015),
126 suggesting that PERKs are involved in the regulation of several plant growth and
127  developmental processes. In this work, we show that pollen tubes require both PERK5
128  and PERK12 for proper pollen tube polar growth linked to the cell wall polysaccharide
129  assembly, most probably pectins and cellulose, as well as to ROS homeostasis. Double
130 perk5 perk12 knock out mutant produce shorter pollen tubes probably due to
131  alterations in cell wall polysaccharide composition and ROS levels that affect ovule
132 fertilization. These findings provide an insight into the biological function of PERKs
133  during pollen tube growth and fertilization process.

134

135

136 Results

137

138  Based on pollen transcriptomic studies, several PERK genes are expressed in mature
139  pollen (Supplementary Figure 1A). PERK3 (At3g24540), PERK4 (At2g18470), PERK5
140 (At3g18810), PERK6 (At4g34440), PERK7 (At1g49270), PERK11 (At1gl10620) and
141  PERK12 (At1g23540) are expressed late during pollen development (Honys and Twell,
142  2004) suggesting a role during pollen tube growth and /or pollen-pistil interactions. In
143  order to confirm their expression in the male gametophyte, the GUS reporter gene was
144  expressed under the control of the respective pollen PERK promoters. As shown in
145  Figure 1 and Supplementary Figure 2, GUS activity of all pollen PERK genes (PERK3,
146  PERK4, PERK5, PERK6, PERK7, PERK11 and PERK12) was found in pollen grains and
147  pollen tubes. However, the GUS signal in pollen tubes could be due to its expression in
148  mature pollen. A GUS signal was only observed when WT or pPERK5::GUS pistils were
149  pollinated with pPERK5::GUS pollen, but not with WT pollen, demonstrating that
150  PERKS5 is expressed in pollen and not in the style-transmitting tract (Figure 1B). No GUS
151  activity was detected in PERK3, PERK4, PERKS5, PERK6, PERK7, PERK11 and PERK12 10-
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152  d-old transgenic seedlings (Figure 1 and Supplementary Figure 2). All these results
153  suggest that PERK3, PERK4, PERK5, PERK6, PERK7, PERK11 and PERK12 are expressed
154  in mature pollen, and possibly in pollen tubes. To characterize the function of the
155  different pollen PERKs, homozygous Arabidopsis lines for T-DNA insertions were
156  isolated. As shown in Figure 2A and Supplementary Figure 1B, two insertion alleles
157  were selected for PERK5, and for the rest of the PERK genes, one insertion allele was
158  chosen within the corresponding exons. RT-PCR analysis revealed that perk3-1, perk4-
159 1, perk5-1, perk5-2, perk6-1, perk7-1, perk11-1, and perk12- mutants do not show
160  expression of the corresponding disrupted genes (Figure 2B and Supplementary Figure
161  1C).

162

163  To examine whether pollen PERKs are necessary for normal pollen germination and
164  pollen tube growth, mutant pollen was germinated in vitro for 3h. Figure 2C and
165 Supplementary Figure 3A show that only perk5-1, perk5-2 and perk12-1 single
166  mutants had shorter pollen tubes when compared to WT pollen. Double mutant
167  analysis showed that only the double mutant perk5-2 perk12-1, but not perk4-1 perk7-
168 1, perk6-1 perk7-1, perk6-1 perk11-1 and perk7-1 perk11-1, displayed significant
169  differences in in vitro pollen tube growth compared to WT pollen (Figure 2C and
170  Supplementary Figure 3B), suggesting that there is a high degree of functional
171  redundancy within the pollen PERK family. Since pollen tube length of the double
172 mutant perk5-1 perk12-1 resembled that of both single mutants, PERK5 and PERK12
173  might indeed act redundantly in regulating pollen tube growth. Based on all these
174  results, we selected the perk5-1, perk5-2 and perk12-1 single mutants and the perk5-1
175  perk12-1 double mutant for deeper analysis. Kinetic analysis of pollen tube growth
176  indicates that perk5-1 perki2-1 double mutant rate (perk5-1 perk12-1,¢= 143.1 um/h)
177  was lower than WT (WT,q= 325.7 um/h) (Figure 2D) highlighting a role for PERK5 and
178  PERK12in pollen tube growth.

179

180  When the segregation of self-crosses of single mutants perk5-1, perk5-2, and perk12-1
181  heterozygous plants was analyzed, a statistically significant deviation from the
182  expected 1:2:1 segregation ratio was observed, indicating a gametophytic defect
183  (Table 1). Reciprocal crosses were made to analyze whether the reduced transmission
184  was caused by a defect in the male or female gametophyte. Table 1 shows that
185 impaired segregation was observed only when mutant pollen was used while it was
186  normal through the female gametophyte. All these results suggest that perk5-1 and
187  perk12-1 single mutants carry defective pollen tubes, resulting in a deficient pollen
188  transmission.

189

190 To assess whether the observed reduction in pollen transmission of mutants was due
191  to a deficiency in pollen tube growth, semi in vivo and in vivo pollen tube growth
192  assays were performed. For the semi in vivo analysis, WT or perk5-1 and perk12-1
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193  single mutants and double mutant perk5-1 perk12-1 pistils were hand pollinated, cut at
194  the upper section and placed in semi-solid pollen germination medium waiting for
195  pollen tubes to emerge from the cut style (Palanivelu & Preuss, 2006). No differences
196  in pollen tube growth were observed when WT pollen was used to pollinate either WT
197  or single and double mutant pistils (Figure 3A). In contrast, when mutant pollen was
198  used in WT or mutant pistils, statistically significant shorter pollen tubes emerged from
199  the cut style, demonstrating that pollen tube growth is defective in the single perk5-1
200 and perk12-1 and double perk5-1 perk12-1 mutants (Figure 3A). When in vivo pollen
201  tube growth was analyzed 12 hs after hand pollination, we observed that mutant
202  perk5-1, perk5-2, perk12-1 and perk5-1 perki2-1 pollen tubes were significantly
203  shorter than the WT. (Figure 3B). Analysis of the seed set in all mature siliques of
204  homozygous self-cross mutant plants (Figure 3C), revealed that single mutant perk5-1,
205  perk5-2 and perk12-1 and double mutant perk5-1 perk12-1 plants produce slightly less
206  seeds per silique compared to WT plants, again indicating functional redundancy
207  within the pollen PERK family. Taken together, these results suggest that the fertility
208  defects observed in single and double PERK mutants are exclusively due to deficiencies
209  in the male gametophyte.

210

211  PERKs proteins contain extensin (EXT)-motifs in their extracellular domains suggesting
212 arole in sensing changes of cell wall composition. Based on this hypothesis, the pectin
213 and cellulose abundance of WT, single mutant perk5-1, perk5-2 and perk12-1 and
214  double mutant perk5-1 perk12-1 pollen tubes were quantified (Figure 4 A-B).
215  Propidium iodide (PlI) which stains pectin, mostly as non-esterified
216  homogalacturonans, and Pontamine Fast Scarlet 4B (S4B) for cellulose detection were
217  used. The Pl and S4B signals were quantified along the perimeter of the pollen tubes
218 from the tip to the subapical area (Figures 4A-B). All these perk mutants show a
219  significant increase in pectin and cellulose deposition at the cell wall of pollen tubes
220  when compared to the WT. These results suggest that the decrease in growth rate
221  previously observed (Figure 2D) might be due to an increase in cell wall stiffness in
222 perk mutant pollen tubes.

223

224  ROS homeostasis is tightly controlled at multiple levels for a proper pollen tube growth
225  (Potocky et al, 2007; Boisson-Dernier et al. 2009, 2013; Kaya et al., 2014; Lassig et al.,
226 2014; Wudick and Feijé, 2014). Measurements of cytoplasmic ROS concentration in
227  WT, and single mutant perk5-1, perk5-2 and perk12-1 and double mutant perk5-1
228  perk12-1 pollen tubes was performed using 2,7-dichlorofluorescein diacetate probe
229  (H,DCF-DA). Pollen tubes from the single mutant perk5-1 and the double mutant
230  perk5-1 perk12-1 show significantly higher levels of ROS at the apical zone compared
231  to WT pollen tubes, but not from perk12-1 single mutant (Figure 5A). However,
232 because H,DCF-DA oxidation is irreversible and sensitive to different ROS and cannot
233  be used to monitor ROS dynamics over time, we used HyPer, a genetically encoded
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234 YFP-based radiometric sensor, which is employed to detail the production of hydrogen
235  peroxide (H,0,) in bacteria, animal and plant cells (Hernandez-Barrera et al. 2015)
236  including pollen (Mishina et al., 2013). Therefore, we generated stable mutant
237  Arabidopsis perk5-1, perk12-1 and perk5-1 perk12-1 lines expressing HyPer under the
238  control of the pollen specific LAT52 promoter. Figure 5B shows that the average
239  oscillating levels of H,0, in growing pollen tubes of single perk5-1 and perk12-1
240  mutants and the double mutant perk5-1 perk12-1 were higher compared to WT pollen.
241  Taken together, these results suggest that PERK5 and PERK12 are part of the complex
242 machinery that controls ROS homeostasis during pollen tube growth.

243

244  Discussion

245

246 Remodeling of cell wall structures, that is, degradation of old cell wall components,
247  and biosynthesis, as well as incorporation of new material into the expanding cell wall,
248  are necessary for proper pollen tube growth (Mollet et al, 2013; Hepler et al, 2013;
249  Vogler et al, 2019). Monitoring the structure of the growing cell wall is also crucial
250  during this process. Cell wall integrity (CWI) sensors perceive changes in cell wall
251  structure and transduce this information into intracellular signaling cascades to adjust
252  cell wall composition and, therefore, regulate polar growth. An elaborate CWI
253  surveillance system consisting of apoplastic proteins and transmembrane receptors
254  detects changes in cell wall homeostasis. The apical zone of growing pollen tubes is
255  characterized by a gradient of cytoplasmic Ca®* ions (ctha2+) and ROS production. High
256  levels of cthaz+ in the tip zone trigger ROS production, in a reaction catalyzed by
257  NADPH oxidases. Furthermore, high levels of ROS transiently elevate the concentration
258  of o:Ca”* (Duan et al., 2014) by a still unknown mechanism. Respiratory Burst Oxidase
259  Homolog protein H (RBOHH) and RBOHJ are proposed (Wu et al.,, 2010; Boisson-
260  Dernier et al., 2013; Kaya et al., 2014; Lassig et al., 2014) to connect .,cROS production
261  with the transient activation of plasma membrane Ca®* channels (e.g. Cyclic Nucleotide
262  Gated Channel 18 [CNG(C18], Glutamate-Like Receptor 1.2-3.7 [GLR1.2 and GLR3.7] and
263  Mechano-Sensitive Like channel 8 [MSL8]) in growing pollen tubes (Michard et al.
264  2011; Hamilton et al. 2015; Gao et al. 2016). In addition, ANXUR1 (ANX1) and ANXUR2
265 (ANX2), two RLKs of the pollen tube membranes, positively regulate RBOHH and
266 RBOHJ, possibly through ROP signaling to produce oscillating ROS (Wudick and Feijd,
267  2014). Subsequently, ROS and the activate Ca**-channels for calcium influx to fine-tune
268  the tip-focused Ca** gradient, which in turn sustains exocytosis at the apical tip,
269  enabling pollen tubes to elongate steadily without losing CWI. While ROS includes a
270  variety of small molecules, H,0, is the most stable and its production and transport
271  need to be fine-tuned with high precision (Mangano et al. 2016). When ANX1 and
272 ANX2 were absent or overexpressed, they have a direct impact on ROS production,
273 suggesting a link between RLKs and RBOH activity in pollen tube growth (Boisson-
274  Dernier et al. 2009, 2013). While ROS includes a variety of small molecules, H,0; is the
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275  most stable and its production and transport need to be fine-tuned with high precision
276  (Mangano et al. 2016). Abnormal levels of ROS, either lower or higher than under
277  normal physiological conditions, inhibit or exacerbate pollen tube growth impacting on
278  cell wall structure. Our results suggest that PERK5 and PERK12 are involved in the
279  control of ROS levels during pollen tube growth. Likewise, perk13 mutant (rsh10) also
280 showed elevated ROS levels in roots (Hwang et al. 2016) suggesting that PERK13
281  represses RBOHC activity in root hair cells (Foreman et al. 2003). There may be a more
282  general link between PERKs and RBOHSs, although their association during pollen tube
283  growth remains to be established. In the recent years, great advances on the CWI
284  pathway have been accomplished. CWI sensing involves several receptor kinases at the
285  plasma membrane as well as apoplastic proteins that can bind cell wall components
286  and trigger directly or indirectly intracellular processes. Among these components,
287  WAKs and CrRLK1L as receptors while peptides of the Rapid Alkalinization Factors
288  (RALFs) and proteins of the Leucine-rich repeat extensins (LRXs) families, as apoplastic
289  proteins have been characterized (Xu et al. 2008; Kohorn 2016; Nissen et al. 2016;
290  Franck et al. 2018; Mecchia et al. 2017; Sede et al. 2018; Wang et al. 2019). In this
291  complex scenario, we have identified two surface RLKs (PERKs) that could contribute to
292  the ROS-regulated polar growth of pollen tubes which could be good candidates for
293  CWIlsensors at the pollen tube tip.

294

295  Here, we showed that PERK5 and PERK12, two Arabidopsis pollen expressed PERKs,
296  are necessary for pollen tube growth. We found that perk5-1perk12-1 double mutant
297  displayed shorter pollen tubes and showed a reduced number of seeds per silique.
298  These results could be explained by the observation of an accumulation of pectins, in
299  particular, non-methylated pectins, in the apical and subapical zone of mutant pollen
300 tubes. This low level of esterification would allow pectins to cross-link with Ca®*, giving
301 rigidity to the cell wall, which would explain the shorter pollen tube phenotype of the
302 double mutant perk5-1 perk12-1. According to this, the increase in cellulose
303 abundance at the pollen tube apical zone of the perk mutant plants would also explain
304 the observed phenotypes since a high cellulose content is associated with a decrease
305 in the pollen tube growth rate {(Mollet et al., 2013). Our findings provide new insight
306 into the function of PERK proteins, possibly as part of the CWI sensor pathway.

307
308 Very little is known about downstream components of PERKs proteins. KIPK1 and

309  KIPK2, which belong to the AGC1 subgroup of AGCVIII family (Zegzouti et al. 2006;
310 Rademacher and Offringa, 2012), were previously identified as interactors by their N-
311 terminal domains to the cytosolic kinase domains of PERK8, PERK9 and PERK10
312  (Humphrey et al., 2015; Li et al. 2017). Since AGCVIII plant proteins are most closely
313 related to animal PKA and PKC, involved in regulation of polar growth, it is not
314  surprising that the double mutant for the AGC1.5 and AGC1.7 pollen genes exhibit
315  defective pollen tube growth (Zhang et al. 2009). The fact that the physical interaction
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316  between AGC1 kinases and PERKs is maintained as a functional unit in different plant
317  cell types, makes pollen AGC1.5 and AGC1.7 good candidates as interactors with PERK5
318 and PERK12, and together would be involved in the same signaling pathway that
319 controls pollen tube growth. Further characterization of PERKs regarding their
320  subcellular localization in pollen tubes, a higher order of multiple PERK mutants and
321  their association to AGC1 proteins, will be the best approach to understand in detail
322 therole of pollen PERKs during pollination.
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323  Conclusions

324  We identify PERK5 and PERK12, two A. thaliana pollen expressed PERKSs, as necessary
325  for pollen tube growth. We found that perk5-1 perk12-1 double mutant displayed
326  shorter pollen tubes, a deficient pollen transmission and a reduced number of seeds
327  per silique. In addition, these mutants showed changes in their cell wall composition
328  and disturbed ROS homeostasis that directly affect the pollen tube expansion rate. Our
329 findings provide new insights into the function of PERK proteins, possibly as part of the
330 CWIsensor pathway.

331

332

333  Methods
334

335  Plant material and growth conditions. A. thaliana seeds were germinated in 0.5X MS
336  culture medium (Murashige and Skoog 1962) containing 1% agar in an incubator at
337  22°C under long day conditions {16h light/8h dark). 10-day-old seedlings were
338 transferred to soil and grown under the same conditions as described above.

339

340 Identification of PERK T-DNA insertional lines. T-DNA insertional lines for each PERK
341 gene were obtained from ABRC (Arabidopsis Biological Resource Center). For
342  identification of T-DNA knock-out lines, genomic DNA was extracted from rosette
343 leaves. Single and multiple T-DNA insertions in the target genes were confirmed by
344  PCR. Homozygous lines were isolated for the genes included in this study. Arabidopsis
345  thaliana Columbia-0 (Col-0) was used as the WT genotype in all experiments. Mutant
346  lines and the primers used for genotyping the T-DNA lines are listed in Table S1.

347

348  RT-PCR analysis. Pollen from mature flowers of WT and perk5-1, perk5-2, perk12-1,
349  mutants were germinated in vitro and total RNA from emerging pollen tubes were
350 extracted with the RNAzol method (MRC, Inc) according to the manufacturer’s
351  instructions. For cDNA synthesis, 100 ng of the recovered RNA was used as a template
352 for M-MLV reverse transcriptase (Promega). The PCR reactions were performed in a T-
353  ADVANCED S96G (Biometra) using the following amplification program: 4 min at 95°C,
354  followed by 35 cycles of 30 sec at 95°C, 30 sec at 57°C and 30 sec at 72 °C. PP2A served
355  as aninternal standard. All the primers used are listed in Table S1.

356

357  In vitro and semi-in vivo pollen germination. To assay in vitro pollen germination,
358  pollen was collected and cultured in a medium containing 10% sucrose, 0.01% H3BO5, 1
359 mM MgSQ,; 5 mM CaCl,, 5 mM KCI and the pH was adjusted to 7.5 (Boavida &
360  McCormick., 2007). For semi-solid medium 1% low-melting agarose was added. Pollen
361  grains were germinated at 22°C with 100% relative humidity in an incubation chamber.
362  For quantitative analysis of pollen tube length in T-DNA mutants and WT, 200 pollen
363  tubes were measured (number of plants = 11) from mature flowers. Images were
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364  taken using a Zeiss microscope Axio Imager A2 (Carl Zeiss). Values are reported as the
365 mean +SEM using the Image J 1.47d software. For kinetics analysis pollen tubes were
366 imaged and measured every 10 min and growth rates were calculated. For pollen
367 germination experiments in vivo, pre-emasculated mature flowers were pollinated
368  either with WT or mutant pollen. After 3 h and 12 h pistils were isolated and fixed with
369  a mixture of acetic acid: ethanol (3:1), rehydrated with an ethanol series (ethanol 70%,
370 50%, 30%) cleared with 8 M sodium hydroxide and stained with decolorized aniline
371  blue (Mori et al., 2006). Images of stained pistils were taken with a Zeiss microscope
372 Axio Imager A2 under UV light.

373

374  ROS measurements with H,DCF-DA. After 3 h of in vitro germination on semi-solid
375 medium, pollen tubes were incubated for 5 min with 50 uM H,DCFDA (Molecular
376  Probes, Invitrogen, C6827) at room temperature, and then were washed away with
377 fresh dye-free medium before imaging. Pollen tubes stained with H,DCF-DA were
378 imaged with a Zeiss Meta 510 LSM confocal microscope. For H,DCF-DA stained pollen
379  tubes, a circular ROl away from the tip was chosen to measure apical cytosol intensity.
380 All dye-derived fluorescence intensities were measured using the Image) 1.47d
381  software after background subtraction. Pollen tubes of different genotypes were all
382 imaged and quantified under the same conditions.

383

384  H,0, imaging with HyPer sensor. Fluorescence in growing pollen tubes of WT and T-
385 DNA lines expressing HyPer were acquired with Zeiss Meta 510 LSM confocal
386  microscope (Carl Zeiss) and were quantified (Image) 1.47d software) in the same
387  conditions. HyPer fluorescence was acquired with the sequential mode: excitation at
388 488 nm and emission between 500-540 nm for F488 and excitation at 405 nm and
389  emission between 500-540 nm for F405. A circular ROI at the apex was drawn for
390 measurement of apical cytosol intensity for each single time point of each pollen tube.
391  All ratiometric measurements (F488/F405) were determined with Imagel 1.47d
392  software and its Ratio Plus Manager plugin after background subtraction. Kymograph
393  pictures were generated with the Multiple Kymograph plugin.

394

395  GUS assay. The regulatory region (2.0 kb) of PERK was cloned into a pENTRY-D-TOPO,
396  and then was subcloned into pMDC163. Plants were transformed and transgenic plants
397  were selected. To visualize the activity of pPERK5::GUS reporter, inflorescences and
398 seedlings of transgenic plants were subjected to GUS staining, according to Donnelly et
399  al. (1999). Inflorescences were cleared with chloral hydrate clearing solution (8 g of
400 chloral hydrate, 1 ml of glycerol, and 2 ml of H,O) for 30 min at room temperature
401  before imaging. Bright-field images were taken with an MVX10 Research Macro Zoom
402  Microscope (Olympus).
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Figure 1. PERK5 and PERK12 are expressed during pollen development. (A) Analysis of
GUS activity in transgenic plants carrying the construction pPERK5::GUS. GUS activity
observed in pollen grains within the anther (from developing stages 11 to 15) and in
germinated pollen grains on the stigma. Inset on stage 15 shows a pollen tube that
reached the ovule. Right panels visualize a seedling in which GUS activity was not
detected. Scale bar: 100 um. (B) WT and pPERK5::GUS transgenic plants pollinated
either with WT or pPERK5::GUS pollen grains. GUS staining was not observed in pollen
grains or pollen tubes from WT plants. (C) GUS activity in pPERK12::GUS transgenic
plants was examined before (stages 9-12) and after (stages 13-15) anthesis. GUS
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activity was visualized from stage 11 (mitosis I} to stage 15. Red asterisks indicate the
flower that corresponds to the stage displayed in the image. Right panels visualize a
seedling in which GUS activity was not detected. Scale bar= 100 pum.
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Figure 2. PERK5 and PERK12 are involved in pollen tube in vitro growth. (A) Schematic
representation of PERK5 and PERK12 genes showing the extracellular domains (EXT)-
motif with SerPro;_s) repeats (light blue), transmembrane (green) and kinase domains
(red) coding regions. Introns (thin lines), exons (rectangles), and positions of T-DNA
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insertions are also indicated. Bars = 100 bp. (B) RT-PCR of perk mutant lines. RNA was
extracted from pollen tubes germinated in vitro. PP2A was used as control. (C) Pollen
tube length of single mutants perk5-1, perk5-2 and perk12-1 and double mutant perk5-
1 perk12-1 after 3 h of germination in vitro. Data are shown as the mean + SEM (n=11).
Asterisks represent significant differences from WT according to one-way ANOVA test
(**) p<0.05, (***) p<0.01. On the right, representative images of the quantification
shown in C. Scale bar= 100 mm. (D) Kinetics of pollen tubes grown in vitro for 100 min.
Pollen tube length is reported for each time point as the average of 20 pollen tubes.
Data are shown as mean + SEM and the asterisks represent significant differences from
the WT according to Student’s test p <0.05. On the right, representative images of the
analysis of pollen tube growth kinetics, for the WT and the double mutant perk5-1
perk12-1. Red arrows indicate pollen tube tip. Scale = 100 um.
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Figure 3. PERK5 and PERK12 are involved in pollen tube growth and their absence
impact on the seeds set. (A) Quantification of pollen tube length in a semi-in vivo
assay. Styles were observed 3 h after hand-pollinated. Data are shown as mean = SEM
and the asterisks represent significant differences from the WT according to one-way
ANOVA test p <0.05. On the right, representative images of WT and perk5-1 pollen
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tubes growing through WT or perk5-1 mutant right pistils in a semi-in vivo assay.
Arrowheads indicate pollen grains on the stigma. Scale bar= 100 mm. (B)
Quantification of pollen tube length in in vivo assays using self-pollinated pistils. On the
right, representative images of an in vivo aniline blue staining of pollen tubes grown
for 12h. Arrowheads indicate pollen tube tips inside the pistil. Scale bar= 500 mm. (C)
Number of seeds per silique in WT, single and double perk mutant plants. Data are
shown as the mean + SEM of 2 15 plants per genotype (10 siliques were analyzed for
each plant). Asterisks indicate significant differences compared to the WT according to
one-way ANOVA test with p <0.05. On the right, representative images of the
quantification. Scale bar= 500 um.
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Figure 4. Perk5, perk12 and perk5 perk12 mutants show greater deposition of pectin
and cellulose in the cell wall of pollen tubes. (A) Determination of non-esterified
homogalacturonans (pectins) by propidium iodide (PI) in the cell wall of pollen tubes
germinated in vitro. The region outlined in yellow exemplifies the perimeter at which
the fluorescence was measured for each pollen tube. Asterisks indicate significant
differences from the WT according to one-way ANOVA test with p <0.05. On the right,
representative images of A. thaliana pollen tubes stained with PI. Scale bar = 6 um. (B)
Determination of cellulose with Pontamine Fast Scarlet 4B (S4B) in the cell wall of
pollen tubes germinated in vitro. The region outlined in yellow exemplifies the
perimeter at which the fluorescence was measured for each pollen tube. Asterisks
indicate significant differences from the WT according to one-way ANOVA test with p
<0.05. On the right, representative images of A. thaliana pollen tubes stained with S4B.
Scale bar =10 pm.
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Figure 5. Perk5, perk12 and perk5 perk12 mutants show higher levels of ROS at the
apical zone of pollen tubes. (A) ROS levels in pollen tubes. Quantification of
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fluorescence intensity in pollen tubes stained with H,DCF-DA (n = 15). Asterisks
indicate significant differences with from the WT according to the one-way ANOVA test
with p <0.05. On the left, representative images of pollen tubes stained with H2DCF-
DA for 5 min. Red circles indicate the ROl where fluorescence was measured. Scale
bar= 6 um. AU= Arbitrary units. (B) Quantification of HyPer ratio (F488/F405) at the tip
of growing WT, perk5-1 and perk12-1 pollen tubes. Data are shown as the meant SEM
of ratios over 150 sec. Asterisks indicate significant differences from the WT according
to Student's t test with p<0.05. On the right, kymographs representing the
quantification. On the bottom, average signal was calculated based on each individual
points.
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Table 1. Segregation of self- and reciprocal-crosses of the perk5-1, perk5-2 and perk12-
1 single mutants, and reciprocal-crosses of the perk5-1 perk12-1 double mutant.
Differences were evaluated with the Chi-square test (x2) *p<0,05. ns: no significant
differences.

Cross Female x Male il ST TR Expected || Observed 1 p value
Genotype ratio ratio
perk5-1'" X self PERK5*/**/"1- 1:2:1 82:109:65 |*
Mutants self-

crosses | perk5-2" X self PERK5***"" 1:2:1 75:99:60 | *
perk12-1" X self PERK12***" 1:2:1 81:102:70 |*
perk5-1*" X WT PERK5*/**" 1:1 111:90 ns
WT X perk5-1" PERK5"**" 1:1 108:75 *
perk12-1" X WT PERK12**" 1:1 88:79 ns

Mutants 12 +/- 2+/+:+/_ . .82 *

reciprocal- | WT X perk12-1 PERK1 1:1 101:8

crosses
perk5-2+/-X WT PERK5"**" 1:1 100:86 ns
WT X perk5-2 7 PERK5"**" 1:1 113:81 *
perk5-1'" perk12-17" X WT | PERK5***" 1:1 125:103  |ns
WT X perk5-1"" perk12-17 | PERK5***" 1:1 133:91 *
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Supplementary Figure 1. PERKs expression patterns and characterization. (A)
Phylogenetic tree of Arabidopsis PERK proteins (left) combined with relative
expression (right). The phylogenetic analysis was carried out with MEGA6 (Tamura et
al., 2007) using the Maximum Similarity method (Maximum Likelihood) (Saitou and
Nei, 1987). The numbers in the nodes indicate the bootstrap values obtained for 1000
iterations. Scale represents the evolutionary distance, expressed as the number of
substitutions per amino acid. Relative expression of PERKs in Arabidopsis in different
tissues is shown. (B) Schematic representation of PERK genes showing the extracellular
(EXT)-domains with Ser-Pro.s repeats (light blue), transmembrane (green) and kinase
domains (red) coding sequences. Introns (thin lines), exons (rectangles), and positions
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of T-DNA insertions are also indicated. Bars = 100 bp. (C) RT-PCR of perk mutant lines.
RNA was extracted from pollen tubes germinated in vitro. PP2A was used as control.
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Supplementary Figure 2. Expression pattern of pPERK::GUS reporters. GUS activity in
the pPERK::GUS plant lines. GUS activity in plants for pPERK3::GUS, pPERK4::GUS,
PPERKG6::GUS, pPERK7::GUS and pPERK11::GUS are shown. GUS activity was visualized
in mature pollen grains and in pollen tubes growing through the style. Scale = 100 pm.
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Right panels visualize seedlings of each transgenic line in which GUS activity was not
detected. Scale bar: 2mm.
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Supplementary Figure 3. Analysis of pollen germination and pollen tube length in
single and double perk mutants. (A) Quantification of pollen tube length in single
mutants after 3h of in vitro germination. Data are shown as mean + SEM (n = 10). (B)
Quantification of pollen tube length in double mutants after 3h of in vitro germination.
Data are shown as mean = SEM (n = 8). No significant differences were detected in all
the mutants (for A-B) when compared to the WT according to ANOVA test with p

<0.05.
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Supplementary Table 1. List of primers used in this study.

Gene

Forward primer sequence 5'-3'

T-DNA F

Reverse primer sequence 5'-3'

T-DNAR

At3924540 perk3-1
SAIL_1055 F12

ACTGACATGACCGAAAAGTGG

GAGAAAACGCATCGAGAATTG

At2918470 perk4-1
SALK_034666

CTCCCTGTCCCAAAAGGTTAG

TTCCAACGTTAACACCATTTTG

At4g34440 perk5-1
SAIL_HO05_1148

ACAGAATCGCTGCAAATTTTG

AAACGGTGGAGAAACCTTCTC

At4934440 perk5-2
WiscDsLox302F06

ACACACATCGACACAGATTGG

AGGGCTTTTGCTTCTACTTGC

At3918810 perk6-1
SALK_056076

CCATATGCTTAAACGCAGCTC

TTCCGTATCAAGAACCACCTG

At1g49270 perk7-1
SALK_000753

TCCGTAGTACGGCATCTGATC

TGTGATCAGTTAATGCGAACG

At1g10620 perk11-1
SALK_043970

GGGATTGCATGTGGAATATTG

GCAATGCAGGTATCTAGCACC

At1g23540 perk12-1

SAIL_324_F02 ATTGGGATGTGGCAAGTACTG TTTTTCCTGGGAAAAGGAAAG
Specific primers for T-ADN insertion lines

LBb1.3 ATTTTGCCGATTTCGGAAC
LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC
p745 AACGTCCGCAATGTGTTATTAAGTTGTC

RT-PCR F RT-PCR R
PERK3 TATCAACGGGAGCTGTGGTC ATACAAGCCCTATGGGAGCC
PERK4 ACAGAAAGAGAGAGAAGAGGCA AGGAAGAGATTAAGGGGAGAGAGT
PERKS GCCAACACCACCTTCTTCACC GCGATGAGGACGGAGATGTAGG
PERK6 GTTCTGCGTCTGTTGCTGTC TTGATCACCTTTGCCGGTGG
PERKY TACCCCGCAGGAAAAACTGG GGAGGTGGAGGCAGATTCAC
PERK11 CGTCAAGCGGAAAGCTAACG CTTGGACGTGCCCATTCGAC
PERK12 GGACCTGTGGTGTCTCCATC AAACCGGCTACAGCCATACC
PP2A GTCGACCAAGCGGTTGTGGAGA ACGCCCAACGAACAAATCACAGA
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