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SUMMARY

Advanced transcriptome sequencing has revealed that the majority of eukaryotic genes
undergo alternative splicing (AS). Nonetheless, limited effort has been dedicated to
investigating the functional relevance of particular splicing events, even those in the key
developmental and hormonal regulators. Here we reveal, in the plant model Arabidopsis
thaliana, that the PIN7 gene, which encodes a polarly localized transporter for the
phytohormone auxin, produces two evolutionarily conserved transcripts. These isoforms
PIN7a and PIN7b, differing in a 4 amino acid motif, are present at nearly equal levels in most
cells, except some early developing tissues where the expression of PIN7b is moderately
prevalent. Both proteins also transport auxin with similar capacity and directionality.
However, only PIN7a but not PIN7b cDNA rescues the phenotypes associated with the pin7
knock-out mutation, consistent with their differences in the subcellular trafficking and
dynamics at the plasma membrane. Further phenotypic analyses suggested a joint, mutually
opposing activity of both isoforms as being required for correct seedling apical hook
formation and auxin-mediated tropic responses. These results establish alternative splicing of
the PIN family as an evolutionary conserved, functionally relevant mechanism, taking part in

the auxin-mediated plant development.

KEYWORDS
Auxin, auxin transport, PINs, alternative splicing, plant development, RNA processing, tropic

responses

INTRODUCTION

Auxin is an essential phytohormone, which plays a role in nearly all aspects of plant
development. To flexibly adapt to rapidly changing environmental cues, directional auxin
transport represents a highly dynamic means for triggering downstream morphogenetic
processes. PIN FORMED (PIN) auxin efflux carriers are among the key regulators in this
respect. Many efforts in the past years uncovered several mechanisms operating
transcriptionally or post-translationally on the capacity and directionality of PIN-mediated
transport. However, little progress has been made in exploring the contribution of post-
transcriptional regulation (Adamowski and Friml, 2015; Hrtyan et al., 2015).

Advances in high throughput sequencing have revealed unexpected complexity within
eukaryotic transcriptomes by alternative splicing (AS). Although the majority of AS
transcripts may be functionally neutral (Darracq and Adams, 2013; Reddy et al., 2013; Tress
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etal., 2017; Blencowe, 2017; Mei et al., 2017), several detailed studies have highlighted a
plausible role for numerous AS events in physiologically relevant contexts, including those
involved in plant developmental and hormonal pathways (Staiger and Brown, 2013; Hrtyan et
al., 2015; Shang et al., 2017; Szakonyi and Duque, 2018). Earlier works have described
auxin-related defects resulting from the aberrant function of several regulators of AS (Kalyna
et al., 2003; Casson et al., 2009; Retzer et al., 2014; Tsugeki et al., 2015; Hrtyan et al., 2015;
Bazin et al., 2018). AS changes subcellular localization of the auxin biosynthetic gene
YUCCA 4 (Kriechbaumer et al., 2012) and differential splicing of an exitron (Marquez et al.,
2015) inside the AUXIN RESPONSE FACTOR 8 results in developmental changes of
generative organs (Ghelli et al., 2018). AS of the Major Facilitator Superfamily transporter
ZIFL1 interferes with auxin transport, influencing the stability of PINs on the plasma
membrane (PM) (Remy et al., 2013). These lines of evidence suggest that AS is an important
player in auxin-dependent processes. However, no coherent functional model of any auxin-
related AS event has been provided so far.

Here, we characterize AS of the PIN7 gene in Arabidopsis thaliana. PIN7 is, together
with PIN3 and PIN4, a member of the PIN3 clade of PIN auxin efflux carriers (Bennett et al.,
2014), which are required for a broad range of morphogenetic and tropic processes
(Adamowski and Friml, 2015). We reveal that AS influences the dynamics of the PIN7
protein on the PM. We also demonstrate that the coordinated action of both splice variants is

required for fine-tuning auxin-mediated tropic responses and during apical hook development.

RESULTS
Arabidopsis PIN7 and PIN4 produce two evolutionarily conserved AS transcripts

Our previous survey (Hrtyan et al., 2015) revealed that several genes involved in
auxin-dependent processes undergo AS. Among them, closely related paralogs from the PIN3
clade of auxin transporters, PIN4 and PIN7 (but not PIN3), are regulated by the same type of
AS (Petrasek et al., 2006; Bennett et al., 2014; Hrtyan et al., 2015). The resulting transcripts,
denoted as a and b, differ in the position of the AS donor site in the first intron (Figure 1A).
The differentially spliced region corresponds to a four amino acid motif inside the large
internal hydrophilic loop (Ganguly et al., 2014; Nodzynski et al., 2016) of the integral PM
transporter (Figure 1A and 1B). We examined the quantities of individual reads spanning the
exon junctions in the respective region from the Arabidopsis root tip and in several other
available transcriptomes from different tissues and organs (Klepikova et al., 2016; Cheng et
al., 2017; Ruzicka et al., 2017) (Figures 1C and Supplemental Figure 1A). We found that both
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Figure 1. Alternative splicing (AS) of the Arabidopsis thaliana PIN7 and PIN4 leads to two evolutionary conserved function-
al transcripts.

(A) Scheme of coding regions of the PIN3 clade genes in Arabidopsis thaliana. The alternative donor splice site at the end of the
first exon of PIN7 and PIN4, respectively, but not PIN3, results in two transcripts differing in 12 nucleotides. This sequence
(orange) corresponds to the protein motif, located in the long internal hydrophilic loop of the transporter. There is also an additional
PIN4c transcript present in publicly available transcriptomes.

(B) Amino acid alignment of the region around the 4-amino acid motif changed by AS in the PIN3 clade proteins (boxed in pink)
in Arabidopsis thaliana, including the closest PIN paralogs.

(C) Table shows the number of RNA-seq reads spanning the exonl-exon2 junction corresponding to the detected PIN7 transcripts
in selected Arabidopsis thaliana tissue sources. Their ratio was calculated as a percentage of total reads mapped to this area as
assessed from the genome browser graphic interface.

(D) Protein sequence alignment showing the conservation of AS in the PIN3 clade of auxin transporters among rosids.

(E) Accumulation of [3H]NAA in BY-2 cells following induction of Arabidopsis thaliana G10-90::XVE>>AtPIN7a-GFP and
G10-90::XVE>>AtPIN7b-GFP cDNAs with 1 uM B-estradiol. [3H]NAA accumulations within the observed period show no differ-
ence between both tested isoforms. The values shown in box plots were normalized to the average maximum of the [3H]NAA
accumulation rates in the non-induced lines. Middle line shows median, the box corresponds to the 25% and 75% quartiles, the
whiskers represent minima and maxima (n =9).

See also Supplemental Figure 1.
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88  PIN4- and PIN7a and b transcripts are expressed abundantly in all tissues, independently on
89 the data set inspected. Besides these AS events, we also identified a minor PIN4c (Marquez et
90 al., 2012; Hrtyan et al., 2015) splice isoform (but not corresponding PIN7c), which comprised
91  around 3-7% of the PIN4 exonl-exon2 spanning reads (Figures 1A and Supplemental Figure
92  1A). Other occasionally observed transcripts (also corresponding to the other exon junctions)
93  were not repetitively seen among different RNA-seq data sets. It thereby appears that PIN7
94  and PIN4 are processed into two and three transcripts, respectively, and that PIN7a and b (or
95 PIN4a and b) are expressed in most of the plant organs at comparable or nearly similar levels.
96 Functionally relevant AS events are commonly evolutionarily conserved (Keren et al.,
97  2010; Reddy et al., 2013), therefore we sought for available validated transcripts to determine
98  whether similar splicing events occur in orthologous PIN3 clade genes in other dicot species
99 (Bennettetal., 2014; O’Leary et al., 2016). We found examples of such mRNAs besides

100  members of the Brassicaceae family, for instance, also in Abrus precatorius (Fabaceae),

101  which documents the conservation of this AS event in rosids, a plant clade which diversified

102  more than 100 million years ago (Li et al., 2019) (Figure 1D). PIN4c did not show any deeper

103  evolutional conservation. Thus, at least some genes of the PIN3 clade are regulated by the

104  same type of AS, across several plant families, which suggests that these AS events may have

105 arelevant biological function.

106

107 PIN7aand PIN7b transport auxin with comparable rates in tobacco cells

108 To test whether both protein isoforms indeed function as auxin transporters, we

109  exemplified this on the expression of the PIN7a and b cDNA variants tagged with GFP,

110  respecting the design of the original PIN7-GFP construct (Blilou et al., 2005), under the

111 control of the B-estradiol-driven promoter in tobacco BY-2 cells (Petrasek et al., 2006; Mdller

112 etal., 2019). Following induction of both transgenes, we observed a comparable decrease of

113  radioactive-labeled auxin accumulation inside the BY-2 cells (Figure 1E) and the time course

114  of the auxin accumulation drop appeared to be similar for both constructs (Supplemental

115  Figure 1B), in accord to that of PIN7a cDNA, examined previously (Petrasek et al., 2006).

116  These experiments reveal that PIN7a and PIN7b code for true auxin exporters, which

117  transport auxin at similar rates in tobacco cell cultures.

118

119  AS changes subcellular dynamics of PIN proteins

120 Polarity and dynamic intracellular trafficking are essential functional attributes of

121 PINs (Adamowski and Friml, 2015). We expressed fluorescently-tagged cDNA versions of
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122 the respective PIN7 and PIN4 transcripts under their native promoters in Arabidopsis

123  thaliana. Their overall expression patterns resembled those of the PIN7-GFP and PIN4-GFP
124 lines made on the basis of the genomic sequence (Supplemental Figures 2A-2D). At the

125  cellular level, the protein isoform localization did not largely differ from each other in terms
126  of polarity or general subcellular localization in the root tip (Figure 2A). Thus, at a given
127  resolution, it appears that the motif substituted during AS does not change the basic

128  subcellular localization or expression pattern of both PIN7 and PIN4 proteins.

129 The anterograde trafficking of proteins towards PM can be effectively blocked by the
130  fungal toxin brefeldin A (BFA). It leads to internal accumulation of the membrane-bound
131  PINs into characteristic BFA bodies (Geldner et al., 2001; Kleine-Vehn et al., 2010). During
132 time-lapse imaging, we observed that while PIN7a-GFP accumulated readily in these

133 intracellular aggregates, PIN7b-RFP formed less pronounced aggregates, co-localizing with
134  PIN7a-GFP incompletely (Figures 2A and 2B; Supplemental Figure 2E). To exclude that the
135  fluorescent tag influences the sensitivity of the PIN7 intracellular trafficking caused by BFA,
136  we compared the response of PIN7a-GFP with additionally generated PIN7b-GFP cDNA
137  expressing lines. We observed that the BFA mediated aggregation of PIN7b-GFP indeed
138  showed a moderate delay, compared with PIN7a-GFP (Figure 2C). These observations

139  suggest that the PIN7 isoforms differ in the speed of their intracellular trafficking pathways or
140  delivery to the PM and the choice of the tag does not appear to interfere significantly with the
141 subcellular dynamics of PIN7.

142 PIN polarity does not seem to strictly require the cytoskeleton (Glanc et al., 2018), but
143  subcellular PIN trafficking has been proposed to be mediated by two distinct pathways

144  (Geldner et al., 2001; Glanc et al., 2018). The first is dependent on actin filaments

145  (cytochalasin D-sensitive) and occurs in most cells of the root meristem. The second

146  (oryzalin-sensitive) utilizes microtubules and is linked with cytokinesis. Drugs that

147  depolymerize actin filaments (cytochalasin D) and tubulin (oryzalin) (Geldner et al., 2001;
148  Kleine-Vehn et al., 2008b) showed only little effect on the intracellular localization of both
149  PIN7 isoforms when applied alone (Supplemental Figures 2F and S2G). Pretreatment with
150 cytochalasin D prevented the formation of the BFA bodies (Geldner et al., 2001) containing
151  both PIN7 isoforms (Figure 2D). Yet, when we applied oryzalin prior to the BFA treatment,
152  the BFA compartments containing PIN7a-GFP and PIN7b-RFP associated in only very

153  weakly co-localizing structures (Figure 2E).

154 Next, we tested how the cytoskeleton is involved in the trafficking of both PIN7

155 isoforms from the BFA bodies to the PM by washing out BFA with cytochalasin D or
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Figure 2. PIN7a-GFP and PIN7b-RFP cDNA-encoded proteins show similar cellular localization patterns but differ in
response to brefeldin A (BFA) and the cytoskeletal drugs in the Arabidopsis primary root meristem.

(A) Subcellular localization and polarity of untreated PIN7a-GFP and PIN7b-RFP cDNA-encoded proteins in the primary root
meristem cells.

(B) Both PIN7a-GFP and PIN7b-RFP aggregate in the intracellular compartments (BFA bodies) after 30 min of 50 uM BFA
treatment, but do not fully co-localize (arrows).

(C) Temporal dynamics of BFA mediated aggregation of PIN7a-GFP and PIN7b-GFP inside cells. The values were determined
as a ratio of fluorescence intensities between the cytoplasm and plasma membrane. (*P < 0.05 by ANOVA, n = 12). Data are

means = S. E.

(D) The fluorescence signal from PIN7a-GFP and PIN7b-RFP upon disruption of actin filaments with 20 uM cytochalasin D for
15 min followed by the addition of 50 uM BFA for another 45 min.

(E) PIN7a-GFP and PIN7b-RFP aggregation (arrows) upon disruption of microtubules with 20 uM oryzalin for 15 min, followed
by the addition of 50 uM BFA for another 45 min.

(F) Effect of cytochalasin D on the PIN7a-GFP and PIN7b-RFP exit from the BFA bodies upon 45 min pre-treatment with 50
uM BFA and followed by wash-out with 20 uM cytochalasin D for another 90 min.

(G) Effect of oryzalin on the PIN7a-GFP and PIN7b-RFP exit from the BFA bodies upon 45 min pre-treatment with 50 uM BFA
and followed by wash-out 20 uM oryzalin.

In (A, B and D-G), the signals of 3 cells in each of 5 root tips were analyzed (n = 15); bars, 10 um.

See also Supplemental Figure 2. 7
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156  oryzalin (Geldner et al., 2001). In the presence of cytochalasin D, PIN7a-GFP largely

157  persisted inside the BFA bodies, while the PIN7b-RFP signal was almost absent in these

158  aggregates (Figure 2F). We generally did not see any difference between both isoforms when
159  BFA was washed out with oryzalin (Figure 2G). These data thereby suggest that both PIN7
160 isoforms use vesicle trafficking pathways that are assisted by a common cytoskeletal scaffold.
161  These pathways differ in their dynamics and the endomembrane components involved and are
162  consistent with previous findings that individual PINs can utilize multiple PM delivery routes
163  (Boutté et al., 2006; Kleine-Vehn et al., 2008b).

164

165  AS affects dynamics of PIN7 at the PM but not its ability to relocate in response to

166  tropic stimuli

167 Complementary to the observations obtained by the pharmacological approach, we
168  tracked intracellular PIN7 dynamics under natural conditions. Auxin transporters of the PIN3
169 clade change their polar localization on the PM by the reaction to various environmental cues,
170  in particular by switching the light or gravity vectors (Friml et al., 2002; Rakusova et al.,

171  2011; Ding et al., 2011). PIN3 relocation in response to gravity in columella root cells is seen
172  inas little as 2 min, while the relocation of PIN7-GFP requires approximately 30 min to be
173 detected (Friml et al., 2002; Kleine-Vehn et al., 2010; Pernisova et al., 2016; Grones et al.,
174  2018). We examined plants harboring both PIN7a-GFP and PIN7b-RFP cDNAs under short
175 and long gravitropic stimuli. We did not find any difference in relocation dynamics between
176  both isoforms in these experiments (Supplemental Figures 3A-3D). We observed no

177  difference in the polarity change between PIN7a-GFP and PIN7b-RFP in hypocotyl

178  gravitropic (Rakusova et al., 2011; Rakusova et al., 2016) and phototropic (Ding et al., 2011)
179  bending assays (Supplemental Figures 3E-3I; due to limited transparency of hypocotyls, we
180  used lines expressing the cDNAs under strong endodermal SCARECROW (SCR) promoter
181  (Rakusova et al., 2011)). These data indicate that the different subcellular pathways driving
182  both PIN7a-GFP and PIN7b-RFP cargos are not connected with their ability to change

183  polarity in response to tropic stimuli.

184 Several studies employed the fluorescence recovery after photobleaching (FRAP)

185 analysis to investigate the dynamic turnover of various proteins, including PINs, on PM (Men
186  etal., 2008; Martiniére et al., 2012; Langowski et al., 2016). We therefore bleached a region
187  of the PM signal in the root meristem of the PIN7a-GFP and PIN7b-GFP cDNA lines and
188 measured the FRAP in this area. Notably, PIN7a-GFP showed a slower recovery of

189  fluorescence than PIN7b-GFP (Figure 3A). The difference in the recovery speed and also in
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Figure 3. The cDNA encoded PIN7a and PIN7b isoforms tagged with fluorescent proteins show differential dynamics on
the plasma membrane, as revealed by fluorescence recovery after photobleaching (FRAP).

(A) The PIN7a-GFP and PIN7b-GFP normalized FRAP, with single-phase exponential fitting curves. PIN7b-GFP shows differ-
ent fluorescence recovery on the plasma membrane, compared to the longer PIN7a-GFP. The example image of the bleached
region in cells is shown on the inset.

(B) The PIN3A-RFP and PIN3-GFP normalized FRAP, with single-phase exponential fitting curves. PIN3A-RFP, which lacks
the 4 amino acid motif to mimic the properties of the PIN7b isoform, shows faster fluorescence recovery, in comparison to the
control PIN3-GFP.

Bars, 5 um. Data are means, error bars are = S. E. At least 3 membranes in 5-6 root tips were analyzed in each experiment
(n>20).

See also Supplemental Figures 3 and 4.
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190 the overall mobile phase ratio was even more pronounced when we used lines expressing both
191  cDNAs under the stronger SCR promoter (Supplemental Figure 4A); the choice of GFP or
192  RFP tag did not markedly interfere with the fluorescence recovery (Supplemental Figure 4B).
193  To validate our observations further, we generated plants carrying a PIN3::PIN34-RFP

194  cDNA construct, which lacks the GETK motif corresponding to the four amino acids absent
195 in PIN7b (Figures 1B and 3B). The PIN3A-RFP signal showed an incomplete co-localization
196  with the wild type PIN3-GFP variant in the BFA bodies (Supplemental Figures 4C and 4D),
197  and faster recovery on the PM, analogous to that observed for PIN7a and PIN7b (Figure 3B).
198 It therefore appears that the motif altered by AS of PIN7 is required for the regulation of

199  dynamics of individual isoforms within the PM.

200

201  PINT7 splice isoforms are functionally different, based on the phenotype rescue tests

202 To explore the role of the PIN7 splice isoforms in plant development, we tested the
203  ability of their fluorescently tagged cDNASs to complement the phenotypes associated with the
204  PIN7 locus. We initially selected the phototropic hypocotyl bending assay, which is highly
205  dependent on the activity of the PIN3 clade proteins (Friml et al., 2002; Willige et al., 2013).
206  We were unable to detect significant defects in the single pin7-2 knockout (Friml et al., 2003)
207  itself, even at a detailed temporal resolution (Supplemental Figure 5A). As weak phenotypes
208  of the pin7-2 loss of function mutants are the result of redundancy with other genes from the
209  PIN3 clade (Friml et al., 2003; Blilou et al., 2005; Willige et al., 2013), we further employed a
210  triple pin3-3 pin4-101 pin7-102 knock out (pin347) as a genetic background, which lacks the
211  phototropic response almost completely (Willige et al., 2013). Here, PIN7a-GFP cDNA was
212  able to rescue the phototropic bending, while the PIN7b-RFP cDNA did not show any effect,
213  regardless of whether the native (Figure 4A) or a strong endodermal SCR promoter

214  (Supplemental Figure 5B), was used. The choice of the tag does not appear to have any effect
215  inthese assays, as evidenced by the lines where the fluorophore sequences have been

216  swapped (Figure 4B). Together, these data indicate that the motif changed by AS alters the
217  function of the PIN7 protein in Arabidopsis.

218 PIN7a, but not PIN7b, cDNA rescues the pin347 phenotypes in the hypocotyl bending
219  test, and PIN3 clade auxin efflux carries have been implicated in numerous instances of

220  auxin-mediated development. We therefore tested whether in some them the role of the

221  particular isoform could be prevalent. These processes include: determining of root

222  protoxylem formation (Bishopp et al., 2011) (Figure 4C), lateral root density (Swarup et al.,
223  2008) (Figure 4D), vertical direction of the root growth (Friml et al., 2002; Kleine-Vehn et al.,

10
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Figure 4. In contrast to PIN7b, the PIN7a ¢cDNA under control of the natural PIN7 promoter complements phenotypes
associated with the PIN7 locus.
(A) Phototropic bending of the etiolated pin347 seedlings carrying the PIN7a-GFP and PIN7b-RFP constructs.
(B) Phototropic bending of the etiolated pin347 seedlings carrying the PIN7a-RFP and PIN7b-GFP constructs.

(C and D) Quantification of the primary root protoxylem defects (C) and lateral root primordia (D) initiation of the pin347
seedlings harboring the PIN7a-RFP and PIN7b-GFP constructs.

On (A), (B) and (D), the middle line corresponds to median, the box corresponds to the 25% and 75% quartiles, the whiskers
correspond to minima and maxima, dots represent single data points. The asterisks indicate significance between respective line
and the pin347 mutant control (**P < 0.01, ***P < 0.001 by ANOVA). For each line in each experiment, at least 15 seedlings

were analyzed (n > 15).

See also Supplemental Figure 5.
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224 2010; Pernisova et al., 2016) (Supplemental Figure 5C), lateral root orthogravitropism

225  (Rosquete et al., 2013) (Supplemental Figure 5D), gravity-induced hypocotyl bending

226  (Rakusové et al., 2011) (Supplemental Figure 5E), number of rosette branches after

227  decapitation (Bennett et al., 2016) (Supplemental Figure 5F) and the overall rosette size

228  (Bennett et al., 2016) (Supplemental Figure 5G). Similar to the results above, the PIN7a-GFP
229  cDNA usually almost completely rescued the tested phenotypes, while the contribution of
230  PIN7b-RFP was smaller or even undetectable. This suggests that the functional roles of both
231  isoforms are common, regardless of the phenotype observed.

232

233 A fluorescent reporter for studying the PIN7a and b expression

234 The levels of PIN7 (and PIN4) AS transcripts seem to be at comparable levels in most
235 organs (Figure 1C and Supplemental Figure 1A). However, this may not describe the actual
236  situation at the resolution of individual cells. To address this, we designed a dual fluorescent
237  reporter, which allows for monitoring the activity of the AS of PIN7 in planta and in situ

238  (Figure 5A). Indeed, in the primary root or in the hypocotyl, we observed generally

239  overlapping expression of both isoforms without any obvious tissue preference (Figure 5B;
240  Supplemental Figure 6A). However, there were several instances in the vegetative tissue,

241  where the ratio of reporter signals appears to be uneven. These include early lateral root

242  primordia (Figure 5C), the mature pericycle adjacent to the phloem area (Supplemental Figure
243  6B), the stomatal lineage ground cells of the cotyledons (Supplemental Figure 6C), and the
244 concave side of opening apical hook (Figures 5D), where the PIN7b-RFP signal prevailed
245  over that of PIN7a-GFP. In general, these data corroborate the presence of both isoforms in
246 most cells and suggest that they may function in a coordinated manner.

247

248  The combined activity of both PIN7a and PIN7b is required for apical hook formation
249  and tropic responses

250 The occasional exaggerated response of the pin347 mutants containing the PIN7a-
251  GFP transgene (Supplemental Figure 5E) prompted us to re-design phenotypic tests and adapt
252  our experimental methodology to carefully record the temporal dynamics of the processes
253  linked with the PIN3 clade function. We turned to apical hook development where the time
254  scale measurements of the PIN-mediated development have been well established (Zadnikova
255 etal., 2010). We also analyzed pin4-101 pin7-102 (pin34) mutants and a newly generated
256  pin347 line that carried a combination of both PIN7 cDNA constructs. Similar to gravi- and

257  phototropic experiments, the PIN7b-RFP cDNA generally did not complement the severe
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Figure 5. Reporter-based expression analysis of PIN7a and PIN7b isoforms across tissues.

(A) A scheme of the PIN7 splicing reporter. The reporter consists of two constructs: the PIN7a-GFP part contains two point
mutations (marked with dashed arrows) and leads to the frameshift and its subsequent restoration when the PIN7a transcript is
solely produced. PIN7b-RFP reporter carries a premature stop codon inside the protruding PIN7a region (dashed arrow below).

(B) PIN7a-GFP and PIN7b-RFP expression overlap in the root tip.

(C and D) PIN7b-RFP expression (arrows) PIN7a-GFP in the early lateral root primordia (C) and in the epidermis on the
concave side of apical hook (D). The green signal in the perinuclear region of the lateral root primordia is an autofluorescence
artifact.

For each tissue, at least 10 plants were analyzed (n > 10). Bars, 50 um.

See also Supplemental Figure 6. 13
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258  pin347 phenotype. Expression of the PIN7a-GFP cDNA in pin347 indeed led to partial rescue
259  of the apical hook formation defects, even surpassing the values observed for pin34.

260  Surprisingly, the simultaneous expression of both PIN7a-GFP and PIN7b-RFP suppressed the
261  dominant effects conferred by the PIN7a-GFP cDNA alone and phenocopied the pin34

262  mutant (Figure 6A; this effect was not caused by suppressing the expression of PIN7a-GFP by
263  the other transgene, Supplemental Figure 6D). This strongly suggests that both isoforms act in
264  a mutually opposing manner to modulate the processes of apical hook development.

265 Apical hook formation is a complex process that involves several bending steps

266  (Zadnikova et al., 2010), and the splicing reporter suggests a slightly different expression

267  pattern of PIN7a and b isoforms during apical hook development (Figure 5D). The hypocotyl
268  phototropic and gravity response includes only a single bending (Rakusova et al., 2011;

269  Rakusova et al., 2016), and the expression of the reporter appears to be uniform in the

270  respective tissue (Supplemental Figure 6A). Tracking dynamic bending of hypocotyls can

271  thus provide a hint to whether one can account for the antagonistic behavior of both isoforms
272  todifferential expression or to their different dynamics during subcellular trafficking or at the
273  PM. Similar to apical hook development (Figure 6A), introducing the PIN7b-RFP cDNA did
274  not have any effect on the pin347 phenotype, while the expression of PIN7a-GFP lead to

275  more rapid bending than that observed for the pin34 mutant. Finally, the presence of both

276  PIN7a-GFP and PIN7b-RFP cDNAs in pin347 was reminiscent of the pin34 phenotype in
277  both phototropic and gravity assays (Figures 6B and 6C). We therefore conclude that the

278  shared activity of both PIN7 isoforms, likely conferred by their different trafficking or PM
279  retention properties, but probably not by their differential expression, is required for proper
280  apical hook formation and auxin-mediated tropic responses.

281
282 DISCUSSION
283 In this study, we show that AS diversifies the portfolio of PIN proteins present in

284  Arabidopsis thaliana. At the cellular level, AS does not alter the ability of the PIN7 proteins
285  to transport auxin per se or their overall subcellular localization, but it changes their dynamics
286  onthe PM. In general, AS modifies protein properties variably. It can affect protein

287  subcellular localization, ligand binding affinity, enzymatic or transporting activities, protein
288  stability or the presence of covalent post-translational modifications (Stamm et al., 2005;

289  Kelemen et al., 2013). Different covalent modifications alter the subcellular trafficking of
290  most PINs. Phosphorylation sites on serine, threonine or tyrosine residues of various PINs

291  have been identified; their phosphorylation status also changes PIN-mediated tropic responses
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Figure 6. The simultaneous presence of PIN7a-GFP and PIN7b-RFP ¢cDNA constructs in pin347 phenocopies the pin34
knock out mutant during apical hook opening and hypocotyl gravitropic bending.

(A-C) Temporal dynamics of etiolated pin347 seedlings carrying the PIN7a-GFP and PIN7b-RFP transgenes examined (A)
during apical hook development, (B) hypocotyl phototropic and (C) gravitropic bending.
Data are means =+ S. E. For each data point, the values obtained from 15 vertically grown seedlings were assessed (n = 15).
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292  (Rademacher and Offringa, 2012; Barbosa et al., 2018; Zwiewka et al., 2019). Also PIN

293  ubiquitination (on lysines) and controlled proteolytic degradation act in auxin-mediated

294  processes (Leitner et al., 2012). However, none of the candidate residues required for these
295  modifications is present in the vicinity of the amino acid motif changed by AS. This region,
296  present inside the PIN long hydrophilic loop shows low amino acid conservation and it is
297  perhaps intrinsically disordered (Figure 1C) (Zwiewka et al., 2019). One can therefore

298  speculate whether it may change, perhaps by its length, the ability to assemble internal PIN
299  domains within the long hydrophilic group (Buljan et al., 2013) and modulate their interaction
300 affinity with other factors required for the entry and presence in secretory pathways and/or for
301  PIN7 dynamics at the PM.

302 We also present genetic evidence that the mutual activity of PIN7a and PIN7b is

303  operational during apical hook formation and tropic responses. We also tested major

304  functional aspects linked with the cellular activity of PIN7 that might be responsible for the
305  observed phenotypes (Adamowski and Friml, 2015). We found the differences between

306  PIN7aand PIN7b at the level of the PM recycling pathways and the stability on the plasma
307  membrane. It was previously demonstrated that the dynamics of PINs on the PM is controlled
308 in principle by two factors: by lateral diffusion in earlier phases and by dynamic recycling
309  from the secretory pathways in longer timelines (Kleine-Vehn et al., 2008a; Kleine-Vehn et
310 al. 2011; Langowski et al., 2016). As the effect of secretion or recycling has been evidenced
311  to be minor within 10 min after photobleaching (Kleine-Vehn et al., 2011; Langowski et al.,
312  2016), it seems that lateral diffusion significantly participates on the differential behavior of
313  PIN7aand PIN7b. In accordance with previous findings (Kleine-Vehn et al., 2011; Feraru et
314  al., 2011; Langowski et al., 2016), slower PIN7a FRAP rates suggest that PIN7 properly
315 functions when only associated with a larger complex or inside stable membrane clusters.
316  According to the earlier published model (Langowski et al., 2016), it therefore seems that
317  PINT7b probably antagonizes PIN7a action by impeding the polar auxin flow provided by
318  PIN7a in these membrane domains (Supplemental Figure 6E).

319 The mutually antagonistic interaction between two splice isoforms (or a similar

320  coordinated mechanism) has generally been already proposed in Arabidopsis (Szakonyi and
321  Duque, 2018). The seed dormancy regulator DELAY OF GERMINATION 1 (DOGL1) is

322  processed into five mMRNAs. Only the expression of two or more DOG1 cDNAs under the
323  native promoter rescues the dogl phenotype by synergistic stabilization of the protein by its
324 multimerization (Nakabayashi et al., 2015). The transcriptional factor HYH (HY5

325 HOMOLOG) possesses an isoform, which lacks a domain required for proteasomal
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326  degradation, which leads to its increased stability and probably works as a semi-dominant
327  splice variant (Sibout et al., 2006; Szakonyi and Duque, 2018). The example of AS of PIN7 is
328  thus one of the first instances in plants where the mutually antagonistic effects of two splice
329 isoforms are observed on a single gene.

330

331 EXPERIMENTAL PROCEDURES

332  Plant material and plant growth conditions

333 All plant material, except tobacco cell cultures, was in the Arabidopsis thaliana (L.)
334  Heynh., Col-0 ecotype. These mutant and transgenic lines were described previously:

335  PIN3::PIN3-GFP (Zadnikova et al., 2010), PIN4::PIN4-GFP, PIN7::PIN7-GFP (Blilou et
336 al., 2005), pin3-3 pin4-101 pin7-102 (pin347), pin3-3 pin4-101 (pin34) (Willige et al., 2013),
337  pin7-2 (Friml et al., 2003).

338 For the in vitro cultivation, the seeds were surface-sterilized for 5 h with chlorine gas,
339  plated on 0.5% Murashige & Skoog medium with 1 % sucrose, and then stratified for 2 d at
340  4°Cin darkness. Unless indicated otherwise, the seedlings were grown on vertically oriented
341  plates for 4-6 days under 16 h : 8 h photoperiod, 22 : 18°C, light : dark.

342 The following chemicals were used for treatments: brefeldin A (BFA), cytochalasin D

343  (CytD), oryzalin (Ory), B-estradiol, 2,4-dichlorophenoxyacetic acid (2,4-D), all from Sigma
344  (Sigma-Aldrich, St. Louis, MO, USA). Radioactively labeled auxin accumulation assays were
345  performed with [?HJNAA (naphthalene-1-acetic acid; 20 Ci.mmol*; American Radiolabeled
346  Chemicals, St. Louis, MO, USA).

347

348  DNA manipulations and transgenic work

349 The genomic PIN7::PIN7-RFP construct was made by replacing the GFP coding

350  sequence in the original PIN7::PIN7-GFP construct (Blilou et al., 2005). For creating the
351  PIN7(4)::PIN7(4)a-GFP and PIN7(4)::PIN7(4)b-RFP cDNA constructs, the respective

352 cDNAs were cloned into the pDONR221 P5-P2 entry vector (Invitrogen, Life Technologies,
353  Carlsbad, CA., USA) by the Gateway BP reaction (Invitrogen). The Xbal restriction site was
354  introduced at the 1350 bp (for PIN7) or 1341 bp (for PIN4) position of the cDNA coding

355  region for placing the fluorophore tag sequence. In parallel, the PIN7 (or PIN4) promoters
356  were inserted into the pH7WG Gateway vector (Department of Plant Systems Biology, Ghent
357  University, Belgium; Karimi et al., 2002) by the Gibson Assembly kit (New England Biolabs,
358  Ipswich, MA, USA). The tagged PIN7 and PIN4 cDNA entry clones were then recombined
359  with the modified pH7WG destination vector by the Gateway LR reaction (Invitrogen). For
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360 the cloning of the PIN7 splicing dual fluorescent reporter, the entry vectors carrying the

361  genomic sequence of PIN7-GFP and PIN7-RFP (Adamowski and Friml, 2015), respectively,
362  were modified by inverse PCR. The resulting constructs were then recombined by the

363  Gateway LR reaction with the PIN7 promoter containing the pH7WG destination vector. The
364  SCR::PIN7a-GFP and SCR::PIN7b-RFP constructs were obtained by recombination of the
365  SCR promoter in pDONR221 P1-P5r and PIN7 cDNA entry clones with the pH7WG

366  destination vector by the Multisite Gateway LR reaction. PIN34-RFP cDNA was custom

367  synthesized (Gen9, Ginkgo Bioworks, Boston, MA, USA), cloned into pPDONR221 P5-P2
368  vector and together with the PIN3 promoter pDONR221 P1-P5r construct recombined into the
369  pH7WG vector with Multisite Gateway. The validated binary constructs were transformed
370 into Arabidopsis by floral dipping. For making the estradiol-inducible G10-

371  90::XVE>>AtPIN7(4)a-GFP, and G10-90::XVE>>AtPIN7(4)b-GFP constructs, tagged PIN7
372  or PIN4 cDNA entry clones were recombined with the pMDC7 destination vector (Curtis and
373  Grossniklaus, 2003) by the Gateway LR reaction. Unless stated otherwise, the constructs

374 present in the study were cloned under their natural PIN4 or PIN7 promoter. Primers used in
375  this work are listed in Supplemental Table 1.

376 For the generation of the stable transgenic lines carrying the cDNA constructs, at least
377  eight independent descendant populations of primary transformants were preselected for the
378  presence of the fluorescent signal. The functional validity of the cDNA constructs was

379  verified in the phototropic bending test, where all candidate lines matched the presented

380  results. Selected lines were used for further phenotypic analysis.

381

382  Plant phenotype analysis

383 The dynamic seedling development was tracked in the custom made dynamic

384  morphogenesis observation chamber equipped with blue and white LED unilateral light

385  sources, infra-red LED back light and a camera for imaging in the infra-red spectra, controlled
386 by the Raspberry Pi3B microcomputer (Raspberry Pi foundation, Cambridge, UK). For the
387  hypocotyl bending assays, the plated seeds were first illuminated for 6 h with white light. The
388  plates were then transferred to the observation chamber for 3-4 d. For the hypocotyl

389  phototropic bending experiments (Friml et al., 2002), the dark-grown seedlings were

390 afterward illuminated for 20 h with unilateral white light and imaged every 20 minutes. For
391 hypocotyl gravitropic bending experiments (Rakusova et al., 2011), the dark-grown seedlings
392  were rotated by 90° clockwise and imaged for 30 h every 60 min. For tracking apical hook

393  development, the seeds were first illuminated for 6 h with white light. They were then
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394  transferred to the observation chamber and their development recorded every 4 h for a total
395 150 - 200 hin infrared spectra. Germination time was set as time 0, when first traces of the
396  main root were observed, individually for each seedling analyzed. Apical hook was

397  determined as an angle between the immobile (non-bending) part of hypocotyl and the distal
398  edge of cotyledons (Zadnikova et al., 2010), using the ImageJ software (Rueden et al., 2017).
399 At least 15 seedlings were analyzed for each line. Each experiment was done at least three
400  times.

401 For protoxylem defects analysis, 5-d old light-grown seedlings were cleared and

402  analyzed as described previously (Bishopp et al., 2011). For examining lateral root density, 8-
403  dold light-grown seedlings were cleared and observed with a DIC microscope (Dubrovsky et
404 al., 2009). Lateral root density was calculated by dividing the total number of lateral roots and
405 lateral root primordia to the length of the main root as described (Dubrovsky et al., 2009).
406  Vertical Growth Index (VGI), defined as a ratio between main root ordinate and main root
407  length, was quantified on 5-d old seedlings as published previously (Grabov et al., 2005). For
408  measuring the Gravitropic Set-point Angle (GSA), plates with 14-d old light-grown seedlings
409  were scanned and the angles between the vertical axis and five innermost 0.5 mm parts of
410 lateral root were determined as described previously (Roychoudhry et al., 2017). In all cases,
411  12-20 seedlings were analyzed for each line. Each experiment was done at least three times.
412 For decapitation experiments, 4-week short-day grown plants were moved into long-
413  day conditions to induce flowering. After the primary bolt reached 10-15 cm, the plant was
414  decapitated. The number of rosette branches was recorded at 7, 10 and 14-d after decapitation
415  (Greb et al., 2003; Waldie and Leyser, 2018). Rosette size was inspected in 18-d light-grown
416  plants prior to documenting. 10 plants were analyzed for each line, the experiment was done
417  three times.

418

419  Microscopy

420 Bright-field microscopy (differential interference contrast, DIC) was conducted on the
421  Olympus BX61 instrument (Olympus, Shinjuku, Tokyo, Japan) equipped with a DP50 camera
422  (Olympus). Routine confocal microscopy was performed on inverted Zeiss Axio Observer.Z1
423  containing the standard confocal LSM880 and Airyscan modules with 20x/0.8 DIC M27 air,
424 40x/1.2 W Kor FCS M27 air and 63x/1.40 Oil DIC M27 objectives (Carl Zeiss AG, Jena,
425  Germany). Gravity-induced polarity change experiments were carried out on Zeiss Axio

426  Observer.Z1 with vertically oriented sample position and the 40x/0.75 glycerol objective.

19


https://doi.org/10.1101/2020.05.02.074070

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.02.074070; this version posted May 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

427 To observe the light-induced polarity change of PIN7a-GFP and PIN7b-RFP, 4-d

428  dark-grown seedlings were irradiated for 4 h with unilateral white light and then imaged with
429  Zeiss Axio Observer.Z1 LSM880 with a vertically oriented sample position, as described
430  (Willige et al., 2013). For analyzing gravity-induced polarity change, 4-d dark-grown

431  seedlings were reoriented by 90° clockwise and imaged 6 and 24 h after rotation, as described
432  (Rakusovéetal., 2011).

433 For BFA treatments, 5-d light-grown seedlings were transferred to liquid 0.5x MS
434 media containing 50 uM BFA. The membrane/cytosol ratio was determined with ImageJ, it
435  was defined as the mean membrane signal intensity divided by the mean fluorescence in the
436  cytosol. For cytoskeleton depolymerizing drug treatments (Geldner et al., 2001), 5-d light-
437  grown seedlings were transferred to liquid 0.5x MS media supplemented with 20 uM of

438  cytochalasin D or 20 uM oryzalin. The co-treatments were done by the direct addition of
439  BFA. For the BFA removal, prior to the addition of the cytoskeleton depolymerizing

440  compounds, seedlings were twice washed out with fresh media and then transferred to that
441  supplemented with the respective cytoskeleton-depolymerizing drug.

442
443  Fluorescent recovery after photobleaching (FRAP)
444 For the FRAP experiments, Zeiss Axio Observer.Z1 equipped with the LSM880

445  confocal and Airyscan modules and the 40x/1.2 W Kor FCS M27 air objective was used. A
446  rectangular region of interest (ROI) of 40 x 20 pixels was selected on the basal or apical PM
447  of cells inside the vascular cylinder in the primary root meristematic area of 5-d light-growth
448  seedlings. ROI was bleached with the maximum 488 nm laser intensity and fluorescence
449  recovery was documented every 1 or 2 sec for a total 200 sec. Recovery time lapses were
450  analyzed with ImageJ. The Slices Alignment plugin (Tseng et al., 2012) for ImageJ was used
451  for the elimination of cell movement caused by root growth. In parallel, another rectangular
452  ROI (100 x 20 pixels) on the non-bleached cell was selected as a reference. To compensate
453  for the fluorophore bleaching during the recovery period, the data were normalized using

454 equation (Lankova et al., 2016)
( It )_( Imin )
Itref Iminref

:( Imax )_( Imin >’
Imax,.s Imin,.¢

456  where In is normalized fluorescence intensity, It is the intensity at the specific time point,

455

457  Imax is the intensity after the initial bleaching, Imax is the intensity before initial bleaching.

458  Itrer, Imaxrer and Iminyes represent the same values for the reference ROI. At least 3 membranes
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459  in 4-5 root tips were analyzed in each experiment. Single-phase exponential fitting was

460  applied to the normalized FRAP data (SigmaPlot, Systat Software, Chicago, ILL, US) as

461  described (Sprague and McNally, 2005; Lankova et al., 2016). Recovery half-time is defined
462 asatime required for the fluorescence recovery to reach half of the steady-state fluorescence
463  intensity (Soumpasis, 1983; Sprague and McNally, 2005).

464

465  Tobacco cell lines and auxin accumulation assays

466 Tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) was cultivated as
467  described (Muller et al., 2019). BY-2 cells were transformed with the pMDC7 constructs by
468  co-cultivation with Agrobacterium tumefaciens strain GVV2260 as earlier described (Petrasek
469 etal., 2006; Mdller et al., 2019). The transgene expression was maintained by cultivation on
470  media supplemented with 40 pg.ml* hygromycin (Roche) and 100 pg.ml* cefotaxime

471  (Sigma). Accumulation assays of radioactively labeled auxin were performed as previously
472  published (Delbarre et al., 1996; Petrasek et al., 2006) with cells cultured for 2 days in -

473  estradiol or DMSO mock treatments. Presented results are from 3 biological replicates for
474 each representative PIN7a and PIN7b line and were confirmed for each on two other

475  independent genotypes. Independent B-estradiol inductions were done within 3-9 months after
476  the establishment of the cell suspension on lines, which showed comparable levels of the

477  expressed PIN7-GFP signal.

478

479  Statistics and sequence analysis

480 For two groups mean comparison, Student’s t-test was applied. Statistical analysis of
481  multiple groups was performed by one-way ANOVA with subsequent Tukey HSD post-hoc
482  test. All statistical tests, including normality tests, were performed in R-studio IDE (R-studio,
483  Boston, MA, USA). In the box plots, the whisker length was defined as Q + 1.5 x IQR, where
484 Qs the corresponding quartile and IQR is the interquartile range. For creating the multiple
485  sequence alignments, the protein sequences were aligned using the Clustal Omega algorithm
486  (Sieversetal., 2011) and graphically outlined by Mega-X, using default ClustalX color code
487  (Kumar et al., 2018).
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