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Summary

Plant development mediated by the phytohormone auxin depends on tightly controlled
cellular auxin levels at its target tissue that are largely established by the by inter- and
intracellular auxin transport mediated by PIN auxin transporters. Among the eight

members of the Arabidopsis PIN family, PING is the least characterized candidate.

In this study we generated functional, fluorescent protein-tagged PIN6 proteins and
performed comprehensive analysis of their subcellular localization and also performed

adetailed functiona characterization of PIN6 and its developmental roles.

The localization study of PING6 revealed a dual localization at the plasma membrane
(PM) and endoplasmic reticulum (ER). Transport and metabolic profiling assays in
cultured cellsand Arabidopsis strongly suggest that PIN6 mediates both auxin transport
acrossthe PM and intracellular auxin homeostasi s, including the regulation of free auxin
and auxin conjugates levels. As evidenced by the loss- and gain-of-function analysis,
the complex function of PING in auxin transport and homeostasis is required for auxin
distribution during lateral and adventitious root organogenesis and for progression of

these developmental processes.

These results illustrate a unique position of PIN6 within the family of PIN auxin
transporters and further add complexity to the developmentally crucial process of auxin

transport.
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Introduction

Auxinisamajor player among plant hormones and its pivotal role in various plant growth and
developmental events has been demonstrated by decades of research (reviewed in: Benjamins
and Scheres, 2008; Mockaitis and Estelle, 2008; Vanneste and Friml, 2009). Among plant
hormones, auxin iswell known for its property that it is transported throughout plant tissuesin
adirectional, regulated manner (reviewed in: Kramer and Bennett, 2006; Blakeslee et al., 2006;
Grunewald and Friml, 2010). Moreover, the transport-assi sted auxin concentration maximaand
gradients at the target tissue/cell types have a crucia role in mediating auxin-mediated

developmental events (reviewed in Adamowski and Friml, 2015).

The transport of auxin across the plasma membrane (PM) is mediated by at least three
protein families, namely the amino acid permease-like AUXIN1 (AUX1)/LIKE AUX1 (LAX)
import mediators, the plant-specific PIN-FORMED (PIN) auxin transport mediators, and the
plant orthologues of the mammalian ATP-binding cassette subfamily B (ABCB)-type
transporters (Bennett et al., 1996; Geisler et al, 2005; Petrasek et al., 2006; reviewed in PetraSek
and Friml, 2009). In Arabidopsis, the PIN family consists of 8 members; PIN1-4 and 7 localize
at the PM to mediate intercellular auxin transport (reviewed in: Petrasek and Friml, 2009;
Zazimalova et al., 2010; Forestan and Varotto, 2012). In contrast, PIN5 and PIN8, characterized
by a short middle cytosolic hydrophilic loop, still having auxin transport activity, localize in
cells of their endogenous expression domain to the endoplasmic reticulum (ER) and were
proposed to have afunction in regulating cellular auxin homeostasis (Mravec et al., 2009; Dal

Bosco et al., 2012; Ding et al., 2012).

PING is another member of the PIN family of auxin transporters, which has been
partialy characterized. The PIN6 gain-of-function phenotype in Arabidopsis thaliana revealed

arolefor PIN6 during lateral root development (Cazzonelli et al., 2013), while al'so arole during
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leaf vasculature development and nectar secretion has been reported (Sawchuk et al., 2013;
Bender et al., 2013). In addition to latera roots, detailed expression study reported their
expression in primary root vasculature, cotyledons, cauline leaves, floral stem, sepels and in
siliques (Nisar et al., 2014). Despite the indication of a subcellular localization at the ER when
expressed heterologously in tobacco BY-2 cells (Mravec et al., 2009) or in Arabidopsis
(Sawchuk et al., 2013; Bender et al., 2013), it is noticeable that the middle hydrophilic loop of
PING has more than 250 amino acid residues but the 'short’ ER-localized PINS; i.e. in PIN5 and
PINS it is less than 50 amino acids in length (Bennett et al., 2014). Moreover, most of the
Ser/Thr phosphorylation sites, which are known to be important for the polar localization at the
PM of ‘long’ PINs (Huang et al., 2010; Zhang et al., 2010), are also present in the PIN6
hydrophilic loop, suggesting that PIN6 may have a unique role, different from the previously

described 'short’ and 'long’ PINs.

Here, we characterized PING with respect to its evolutionary origin, localization and
function in auxin transport and metabolism along with PIN6 developmental roles, revealing

unique properties of PIN6 with adual role both at the ER and the PM.

Materials and Methods

Plant material and DNA constructs

For all experiments, we used Arabidopsis thaliana ecotype Columbia (Col-0). The insertion
mutant we used was pin6-2 (Bender et al., 2013). Other transgenic lines used were PING: PING-
GFP (Sawchuk et al., 2013), PIN6 overexpressor: PIN6-OE#14; DR5:GUSPING-OE#14
(Cazzondlli et al., 2013) and DR5: GUS (Ulmasov et al., 1997). The stably transformed, tobacco

BY-2-derived cell line GVG-PING (Petrasek et al., 2006) was used for transport and metabolic



assays. The 35S PIN6-GFP plasmids were prepared by the Gateway cloning technology
(www.invitrogen.com). The eGFP sequence was inserted in three different positions of the
PING6 coding sequence by overlap PCR and these three independent recombinants were cloned
into pDNR221. The expression clone was prepared by an LR reaction between entry clone and
expression vector pB7WG2.0. The resulting constructs were transformed into Arabidopsis
(Col-0) plants by floral dipping in Agrobacterium tumefaciens liquid cultures (Clough et al.,
1998). The primers used for the preparation of these constructs included in Supporting

Information Table S1.

Growth conditions

Arabidopsis seeds were sterilized with chlorine gas and stratified at 4 °C for 2 days in the dark.
Seedlings were grown vertically on half-strength Murashige and Skoog (MS) medium
supplemented with 1% sucrose and respective nutrients. Plants were grown under long-day
conditions at 21 °C in growth chambers unless stated otherwise. GVG-PING tobacco cells were
grown as described earlier (Petrasek et al., 2006) in presence of 40 pg/L hygromycin and PING

expression was induced by the addition of 1 uM dexamethasone (DEX) for 48 h.

Phar macological and hormonal treatments

ER-tracker dye (Invitrogen) was used in a1:1000 dilution and the seedlings were treated for 30
minutesin AM liquid medium. BFA (Invitrogen) was used in afinal concentration of 25 uM in
dimethylsulfoxide (DM SO) stock solution. Seedlingsweretreated in AM liquid medium for 30
minutes. FM4-64 (Invitrogen) was dissolved in water and the seedlings were labelled with 4
uM FM4-64 for 5 minin MSliquid medium on ice, washed in M S liquid medium and observed

immediately. Indole-3-acetic acid (IAA, Sigma-Aldrich) stock solution was prepared in ethanol



and plates were prepared with the concentrations mentioned. GUS staining was performed as

described earlier (Benkovéaet al., 2003).

Micr oscopy

A Zeiss LSM 710 confocal microscope was used for GFP, FM4-64 and DII-VENUS
observations in Arabidopsis roots. The same confocal microscope was used also for al
immunolocalization images. GUS stained root tips were observed by an Olympus BX53
microscope and images were taken using an Olympus DP26 camera with the help of Olympus
cell Sens Entry software. Lateral and adventitious root densities were measured by counting the

number of lateral and adventitious roots under a Leica EZ2 optical microscope.

Phenotype analysis

For lateral root density measurements, seedlings were grown for 7 days as mentioned above.
Each seedling was marked and plates were scanned on aflat-bed scanner to measure the primary
root length by using imageJ (http://rsb.info.nih.gov/ij/). Lateral roots on each seedling were
counted and the lateral root density was expressed in relation to the primary root length value.
To measure the auxin effect on lateral root development, seedlings were grown vertically for 4
days, and then transferred to plates containing the necessary concentration of auxin and grown
for an additional 4 days. Then, the lateral root density was measured as described above. The
adventitious root density (Sukumar et al., 2003) and the lateral root primordia density (Maamy

et al., 1997) were measured as previously described.

Auxin transport and auxin metabolic profiling assays
For yeast assays, microsomal fractions were prepared from yeast cells as previously described

(Liang and Sze, 1998). Yeast microsomes obtained from the fractionations were used to
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perform uptake assays. The auxin transport assay in tobacco BY-2 cells was performed as
described earlier (Petrasek et al., 2006). Auxin measurements and auxin metabolic profiling

were done as described in Mravec et al., (2009) and Simon et al. (2014).

L ocalization assays

Whole-mount immunol ocalizations on Arabidopsis roots were performed as described (Sauer
et al., 2006). Antibodieswere diluted asfollows: rabbit anti-PIN1 (1:1000) (Robert et al., 2010),
rabbit anti-PIN2 (1:1000) (Wisniewskaet al., 2006), rabbit anti-SEC21 (1:1000; AgriseraAS08
327), rabbit anti-BIP2 (1:200; Agrisera AS09 481), rabbit anti-ARF (1:600; Agrisera AS08
325), mouse anti-GFP (1:600; Sigma G6539), Cy3-conjugated secondary anti-rabbit (1:600;
Sigma C2306) and Alexa Fluor 488 conjugated secondary anti-mouse (1:600; Invitogen
A11029). Anti-GFP immunogold labelling method was adopted from Xu et al. (2014) using
anti-GFP antibodies. Biolistic transient expression of genes in tobacco BY-2 cells was

performed as described in Robert et al., 2011.

Membranefraction isolation and western blotting

Membrane fractions were isolated from whole seedlings as described previously (Abas and
Luschnig, 2010). The proteins were detected by western blot with mouse anti GFP primary
antibody (1:3000; Sigma Aldrich) and subsequently with anti-mouse HRP conjugated antibody

(1:10000; Sigma Aldrich).

Phylogenetic reconstruction

The phylogenetic tree showing the relationship between PIN proteins was constructed from
four different angiosperm species: the basal angiosperm Amborella trichopoda, the monocots
rice (Oryza sativa) and Brachypodium distachyon, and the dicots tomato (Solanum
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lycopersicon) and Arabidopsis thaliana. Protein sequences were retrieved through BLAST
from GenBank. Protein sequences (with the highly divergent hydrophilic loop omitted) were
aligned using ClustaW and manually checked. We used this alignment to reconstruct a
neighbor joining (NJ) tree using the phylogeny.fr platform and bootstrap values from 1000
replicates were calculated (Dereeper et al., 2008; Dereeper et al., 2010; Guindon et al., 2010).
Bootstrap support over 75% from NJ analyses were put on the branches. Lengths of the
hydrophilic loops were estimated with the TMHMM Server v.2.0 and placed next to the taxa

(inamino acids).

Results

Evolution of PIN6 proteins

PING has always been the peculiar one among other Arabidopsis PIN proteins. None of the so
far completely sequenced genomes of non-angiosperm plant species contains obvious
sequences homologous to PING, suggesting that it is absent in plant groups outside
angiosperms. Also, in contrast to all other PINSs, many published phylogenies did not show any
clear PING-like sequences in monocots (Carraro et al., 2012; Forestan et al., 2012, Viaene et
al., 2013; Bennett et a., 2014, Clouse and Carraro, 2014). However, recently published trees
show a close association between AtPING and respectively a few PIN-like transcriptome
sequences from afern species (Microlepia sp., Viaene et al., 2013) and a group of monoliphyte
sequences (Bennett et. al., 2014) Finaly, it was recently suggested that the angiosperm PIN6
clade originated through reduction of a canonical, previously described as ‘long’, PIN protein,
from which probably all land plant PIN proteins evolved and independently of other ‘short’ PIN
proteins (Bennett et a., 2014). To highlight the phylogenetic position of AtPING, we

reconstructed the PIN protein evolution using PIN-sequences from the basal angiosperm
9



Amborella, the monocots rice and Brachypodium and the dicots Arabidopsis and tomato
(Supporting Information Fig. S1). Werecovered all PIN sub-clades that have been identified in
previously published PIN phylogenies. Again, PING6-like sequences from Arabidopsis and
tomato constitute a separate clade from all ‘long’ PINs. Also, we did not recover any clear
monocot PIN6-like homolog, but a putative sequence from Amborella that could be PIN6-like,

further emphasizing a history of recurrent gene loss.

Arabidopsis PIN6 shows a dual ER and PM localization

We designed three independent PIN6-GFP fusion lines by inserting GFP in the PIN6 coding
sequence at three different positions. either between the transmembrane domains 3 and 4
(between two glycines at positions 96 and 97, line 35S PIN6-GFP1), within the hydrophilic
loop (between proline 166 and glycine 167, i.e. line 35S PIN6-GFP2, and between two glycines
at positions 252 and 253, i.e. line 35S PIN6-GFP3) (Fig. 1a). We placed these constructs under
the control of the congtitutive 35S promoter. We a so included in the analysis the PING: PING-
GFP line (Sawchuk et al., 2013), in which GFP isinserted at the end of the central hydrophilic
loop and the construct is placed under the control of its native promoter (GFP4). Unlike the
other two GFP fusion lines, the 35S PIN6-GFP1 line showed wavy root seedling phenotype
and short plant phenotypes corresponding with the already published data for the untagged
PING6 overexpressor (PIN6-OE#14) (Cazzonelli et al., 2013) and older seedlings developed
significantly longer lateral root from root-shoot junction (Supporting Information Fig. S2a,b,c).
Moreover, this construct rescued the partially open flower phenotype of the pin6-2 knock-out
mutant (Supporting Information Fig. S2d). Therefore, this functional PIN6-GFP1 fusion was

used for further analysis.

In the 35S PIN6-GFP1 line, PING localized both at the PM and ER (Fig. 1b,c) and

identical subcellular localizations were observed for the PING: PIN6-GFP line (Fig. 1d). Co-
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localization study with specific subcellular markers, i.e. ER-tracker dye (ER) and the FM4-64
(PM), confirmed the dual localization of PIN6 in PING: PIN6-GFP line (Fig. 1e-g). We aso
conducted a co-localization analysis with the 35S PIN6-GFP1 line. Although PING largely co-
localized with both the ER marker BIP2 and the PM marker FM4-64, it also showed aweak co-
localization with Golgi and trans-Golgi network (TGN) markers Sec21 and ARFL, respectively
(Fig. 1h, Supporting Information Fig. S3a-d). To address the possibility that the ER signal is
not an artifact of the ectopically increased expression, we used aweakly expressing 35S. PING-
GFP1 line and also this line showed ER signal (Supporting Information Fig. S3e). We also
treated 35S.PIN6-GFP1 lines with the vesicle recycling inhibitor Brefeldin A (BFA) and
observed intracellular aggregation of PING in epidermal cells (Fig. 1j), as was shown for ‘long’,
PM-localized, constitutively recycling PINs (Geldner et al., 2001), in contrast to the BFA-
resistant localization of ER-localized PIN5 and PIN8 (Mravec et al., 2009; Ding et al., 2012).
This provides an additional evidence that PING is aso a PM-localized protein undergoing
constitutive recycling. As additional test for the PIN6 subcellular distribution, we transiently
co-expressed 35S PIN6-GFP and 35S. PIN1-RFP in tobacco BY -2 cells and observed internal
ER signa only for PIN6-GFP whereas PIN1-RFP showed dominant PM localization, where it
co-localized with PM-fraction of PIN6 (Supporting Information Fig. S3f). In the same way we
co-expressed 35S PIN6-GFP1 and the ER marker 35S HDEL-RFP and both markers showed
perfect co-localization (Supporting Information Fig. S3g). Anti-GFP immunogold labeling on
ultrathin sections from the 35S PIN6-GFP1 primary roots confirmed the dual localization of
PING at both the ER and PM (Fig. 1i). Finally, to confirm that the PIN6-GFP1 is full length in
al sub-cellular compartments, microsomal membrane fractions were isolated from 35S PING6-
GFP1 plants and performed western blotting using anti-GFP antibody. We observed only 89

kDasingle protein band in both the membranefractionsaswell asintracellular fractions, similar
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to the PIN1-GFP positive control, which is also showed a single band (94 kDa) whereas no

protein was detected in Col-0 (Supporting Information Fig. S3i).

Since PIN6 showed not only ER but also PM localization, we analyzed whether PIN6
also shows an asymmetric polar localization within the cell. Therefore we analyzed the co-
localization pattern of PIN6 with other polarly localized markerslike PIN1 and PIN2. Wefound
that in the 35S PING-GFPL1 line, both PIN1 and PIN2 co-localized with PING in vasculature
and epidermis, respectively (Fig. 1k, 1). Inthe PING: PIN6-GFP line, inwhich PING is expressed
in the vasculature of the root meristem zone, PIN6 also co-localized with PIN1 (Supporting
Information Fig. S3h). This suggests that the PM-residing portion of PIN6 can adopt different

polar localizations and thus may assists in transporting auxin in the directional manner.

PING isafunctional auxin transporter

The auxin transport function of PIN6 was analysed by two independent methods. First, PIN6
was heterologously expressed in yeast and an isolated microsomal fraction was used to run an
auxin uptake assay with radiolabelled IAA. Microsomal fractions from a yeast strain
overexpressing PIN6 showed a higher retention of radioactivity, which is an indication that
PING recognizes IAA as a substrate (Fig. 2a). To characterize the PIN6-mediated auxin
transport in more detail, we used tobacco BY -2 suspension cultured cells in which PIN6 was
overexpressed under a glucocorticoid (dexamethasone)-inducible promoter (Petrasek et al.,
2006). Phenotypic analysis of tobacco BY-2 cells overexpressing PIN6 following
dexamethasone induction showed a typical auxin starvation phenotype characterized by
reduced frequency of cell divisions, pronounced cell elongation and increased amyloplast
formation (Mravec et a., 2008; Petrasek et al., 2006) consistent with presumable PING activity
in decreasing free intracellular auxin levels (Fig. 2b,c). To measure the PIN6-mediated auxin

transport, we used two radiolabelled synthetic auxins, naphthalene-1-acetic acid and 2,4-
12



dichlorophenoxyacetic acid (NAA and 2,4-D, respectively). PIN6 overexpression resulted in a
reduced retention of the radiolabeled NAA in tobacco BY-2 cells suggesting that PING
promoted efflux of NAA from BY -2 cells. The overall decrease in the NAA accumulation was
sensitive to the known auxin efflux inhibitor 1-naphthylphthalamic acid (NPA) and the degree
of NPA-dependent inhibition was roughly the same for both control and PIN6-overexpressing
cells (Fig. 2d). Similar decrease in retention was observed for radiolabelled 2,4-D, suggesting
that PIN6 also recognizes 2,4-D as a substrate for transport out of cells (Fig. 2e) as it was
reported earlier for PIN7 (Petrasek et al., 2006). These results from tobacco cells show that

PIN6 mediates auxin transport out of the cells, similarly to other PM-localized PIN proteins.
PING6 isinvolved in regulating auxin homeostasis

Previously, the ER-localized PIN5 and PIN8 proteins were suggested to regulate auxin
homeostasis and/or metabolism by mediating auxin transport between the cytoplasm and ER-
lumen (Mravec et al., 2009; Ding et al., 2012). To address a potentia role of PIN6G in the
regulation of auxin homeostasis we anayzed tobacco BY-2 cells that conditionally
overexpressed PIN6. PIN6-expressing tobacco BY -2 cells following 2.5 hour incubation with
[3H]-1AA retained more non-metabolized, free IAA in cells (Fig. 3a). Such IAA metabolic

profile has not been observed for overexpression of any PIN transporter analyzed so far.

To confirm the observations from the metabolic profiling, we quantified the levels of
IAA and two IAA metabolites, indole-3-acetyl-aspartate (IAAsp) and indole-3-acetyl-
glutamate (IAGIlu) in Arabidopsis PIN6-OE#14 and pin6-2 knock-out lines using mass
spectroscopy (Mravec et al., 2009). Both knock-out and overexpressor lines showed higher
levels of free IAA in the root tips (Fig. 3b). In addition to that, PIN6-OE#14 aso exhibited a
dlightly and consistently elevated level of IAAsp as it was shown earlier for transgenic lines

overexpressing ER-localized PIN5 (Mravec et al., 2009).
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Altogether, these results suggest arole of PING in regulation of cellular auxin levelsand

homeostasis.

PIN6 mediated auxin homeostasisregulates lateral and adventitiousroot development

Next, we analyzed how the function of PIN6 in auxin transport and homeostasis is reflected in
developmental processes. The PIN6 expression pattern (Benkova et al., 2003) and gain-of-
function studies (Cazzonelli et al., 2013) clearly indicated role of PIN6G in lateral root
development. Therefore, we monitored the expression of the auxin response marker DR5:GUS
(Ulmasov et al., 1997) during this process in seedlings with changed PIN6 activity. We
observed areduced auxin response in PIN6 overexpression lines during initial stages of lateral
root development but a slightly increased response at the tips of developed latera roots after
emergence. In contrast, the pin6-2 knock-out mutant showed an elevated auxin response in al
stages of lateral root development (Fig. 4a), suggesting that PIN6 gain- and loss-of-function
lines have opposite effects on the auxin levels during the initial stages of lateral root

organogenesis.

In line with the changes in auxin response, we observed defects in lateral root
development. The PIN6G overexpressor lines showed a higher number of lateral root primordia
than the wild type (WT) or pin6-2 knock-out (Fig. 4c) but significantly reduced density of
emerged lateral roots (Fig. 4b) suggesting that overexpression of PING leadsto increased lateral
root initiation but delayed lateral root emergence. Notably, exogenous auxin application was
able to rescue the defect in emerged latera roots in the PING overexpression lines (Fig. 4d).
This suggests that PIN6 overexpression reduces the free auxin available for lateral root

primordia progression, which can be circumvented by exogenous auxin supply.
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Adventitious root formation from Arabidopsis hypocotyl is aso an auxin-dependent
process with clear analogies to lateral root development (reviewed in Bellini et al., 2014).
Therefore, we tested a role of PIN6-mediated auxin homeostasis in this process. We detected
the PIN6 expression at the boundaries of the primordium base during adventitious root
formation (Fig.4e) similar to pattern observed in lateral root primordia (Benkova et al., 2003;
Cazzondlli et al., 2013). During this analysis we al so noticed a strong expression of PING in the
area of root-shoot junction (Supporting Information Fig. S4). To test the role of PIN6 on
adventitious root development, we adopted the method of decapitating primary roots in order
to promote adventitious root initiation as recently described (Sukumar et al., 2013). Asin lateral
root development, PIN6 overexpression resulted in a dramatic decrease in adventitious roots
formation even after decapitation of the primary root. On the contrary, the pin6-2 knock-out
line developed more adventitious roots aready in the intact plants and this number further
increased after decapitation (Fig. 4f). Thus, the pin6 gain- and loss-of-function show opposite
effects on adventitious root formation. In summary, the expression and function analysis

revealed arole of PING besides lateral root also in adventitious root development.

Discussion

The amino acid sequence with its “intermediate” hydrophilic loop places PIN6 between “long”,
PM-localized and “short” ER-localized PIN variants (reviewed in Adamowski and Friml,
2015). Previouswork has shown that PIN6 localizesto the ER in BY 2 suspension cultured cells
(Mravec et al., 2009) and Arabidopsis leaf vasculature (Sawchuk et al., 2013). Another study
reported the localization of PING in internal compartments in Arabidopsis nectary (Bender et
al., 2013). A morerecent study analyzed therole of the PIN hydrophilicloop in PIN localization

and observed PM localization of PIN5 when its short hydrophilic loop was replaced with that
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of PIN2 (Ganguly et al., 2014). The same study also reported the PM localization of PIN5 in

the PIN2 expression domain.

Our study explicitly demonstrates the dual localization of PING in all cell types
analyzed. This means that PING itself carries molecular cues necessary to be localized both on
the PM or ER. The overall PING localization pattern under native and 35S promoters appear
dlightly different because of the different strength of the signal and different cell typesthey are
expressed. Nonetheless, in both cases, we see consistently both ER and PM signal whereas
overexpression of PIN1 or other “classical” PM PIN proteins did not result in ER localization
neither in BY -2 nor in Arabidopsis regardless of the level of expression (Petrasek et al., 2006;
Mravec et a., 2009; Lofke et., 2013). To further support the PM presence of PING, the PIN6
transport characteristics are similar to those found for ‘long® PINs (Petrasek et al., 2006). It is
also worth noting that characteristic tyrosine motif (TPNTY), which ismissing in PIN5 and is
believed to be the signal related to the PM trafficking (Mravec et al., 2009), is intact in PIN6

and there is also little variation in the amino acid sequence around this motif.

The higher retention of radioactive IAA in PIN6 over expressed yeast microsomal
fraction is not providing information about PIN6 mediated auxin transport direction but it
indicatesthat IAA is a substrate for PIN6. The reduction of the 2,4-D accumulation after PIN6
induction suggests that 2,4-D is aso a substrate for PIN6, which is not a unique property for
AtPING aone. Active efflux of 2,4-D was aso enhanced after the inducible overexpression of
other PINsin BY -2 cells especially in the case of AtPIN7 as published in Petrasek et al. 2006.
It is also valid for other long PINs tested in our system (unpublished data). So part of PIN6

auxin transport characteristics is analogous to already characterized PM localized long PINSs.

The auxin metabolic profile of BY -2 cells overexpressing PIN6 showed a higher short-

term retention of thefree IAA, which contradicts the auxin starvation phenotype after prolonged
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PING overexpression in BY-2 cells. Similarly, elevated free IAA was detected in the PIN6
overexpressor Arabidopsisroots but theinitial stage of the lateral root development in the same
line showed reduced of DR5-monitored auxin response and only slightly higher auxin response
in the emerged lateral root tips. This observation may reflect a specia property of PING in
regul ating auxin homeostasisin adevelopmental stage-specific manner. Itisplausiblethat PIN6
overexpression causes intracellular compartmentalization of free IAA with hard-to-predict
consequences on the overall auxin metabolism and free IAA levels. Our study also observed
minor localization of PING at the Golgi and trans Golgi network compartments but would be
worth to extend the localization study to other intracellular compartments, in particular the
vacuole since a previous study identified free IAA and IAA metabolites in vacuoles isolated
from Arabidopsis (Ranocha et al., 2013) The higher auxin response at the latera root tip may
be due to the contribution of the polarly, PM-localized PING. It is also possible that PIN6 may
have a tissue-specific, preferentially either PM or ER localization. There is also a strong
expression of PING in the shoot-root junction, which may act as a “gate” for the auxin coming
from the shoot and absence of this barrier could be the reason for the elevated auxin content in
the pin6 knock-out mutants. Considering the complex localization pattern and auxin transport
and homeostasis roles of PING, in future it would be interesting to see them expressed
specifically in different cell types to analyze the differential localization pattern and auxin

content regulation in different cell types.

Taken together, these results demonstrate a dual, PM- and ER-based, subcellular
distribution of the atypical auxin transporter PIN6 and suggest its complex role in the control
of auxin transport and homeostasis during auxin-mediated development including the lateral

and adventitious root organogenesis.
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Figurelegends

Figure 1. PIN6 shows a dual localization at the ER and PM. (a) Schematic representation of
GFP insertion positions in the PIN6 coding sequence. (b) Five-day-old 35S PIN6-GFP1
primary root tip showing both the ER and PM PING-GFP1 localization pattern in the root tip.
(c) Higher magnification image of 35S.PIN6-GFP1 primary root cortex cells. (d) Localization
pattern of PIN6-GFP in PIN6: PIN6-GFP primary root tip vascul aturetissue. (e€) Co-localization
of PIN6-GFP with ER-tracker dye. GFP signal (left panel), ER-tracker dye (middle panel),
merged (right panel). (f) Co-localization of PIN6-GFP with PM-staining dye (FM4-64). GFP
signal (left panel), FM4-64 (middle panel), merged (right panel). (g) Quantification of co-
localization of PIN6-GFP with ER-tracker dye and FM4-64. Error bar represent standard
deviation (n=10 regions). (h) Quantification of co-localization of PIN6-GFP1 with ER marker
BIP2, PM marker FM4-64, TGN marker ARF1 and Golgi marker Sec21. Error bar represent
standard deviation (n=10 regions). (i) Anti-GFP immunogold labelling of 35S PIN6-GFP1 root
ultrathin section. The arrows show ER and PM labels. (j) PIN6-GFP1 after BFA treatment
(arrows) in PIN6-GFP1 lines. (k) Co-localization of PIN6-GFP with the PIN1 basal polar
marker in root vasculature. PIN6-GFP1 signal (left panel), PIN1 (middie panel), merged (right
panel). (1) Co-localization of PIN6-GFP1 with the PIN2 apical polar marker in root epidermis.
PIN6-GFP1 signal (left panel), PIN2 (middle panel), merged (right panel). Scale bars: 100 pm

for (b); 5 umfor (c,d,ef,j,k,l); 2 umfor (i).

Figure 2. PING is a functional auxin transporter. (a) Radiolabelled IAA retention assay in a
PIN6-overexpressing yeast microsomal fraction. Radioactivity is expressed as disintegrations
per minute (dpm). Error bar represent standard deviation (n=3) (b) PIN6 overexpression
phenotype of tobacco BY -2 suspension grown cells. Image shows a clear phenotypic change

between WT (wild type, BY-2) and uninduced and PING-induced cells. (c) Graph representing
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the PIN6 overexpression phenotype in terms of cell length and diameter in comparison of
tobacco BY -2 cells conditionally expressing PING. (d) Accumulation of radiolabelled NAA as
approximation of the active auxin efflux in both PIN6 induced and uninduced BY -2 cells. 1-
Naphthylphthalamic acid (NPA) was used as an inhibitor of the auxin efflux. () Accumulation
of radiolabelled 2,4-D in both PIN6 induced and uninduced BY -2 cells. Graph representing two
independent (biological) experiments. Error bars show standard deviation (technical repetitions,

n=3); if not visible, they fall into symbols.

Figure 3. PIN6 mediates auxin metabolism. (a) Comparison of IAA metabolic profiles between
PIN6G-overexpressing (induced) and uninduced tobacco BY -2 cells. Radiolabelled [*H]-IAA,
incubation time 2.5 h. PIN6 overexpression leads to a higher free IAA retention (three
repetitions with the same result). (b) Quantification of free IAA and IAA metabolites IAASp
and IAGIu in PIN6 overexpression and pin6-2 Arabidopsis root tips. Error bars represent

standard deviation (n=3).

Figure 4. PIN6 mediates auxin-dependent lateral and adventitious root development. () Effect
of PIN6 overexpression and knock-out on auxin response during lateral root development as
monitored by the DR5:GUS signal. The image shows emerged lateral roots and two earlier
stages of thelateral root development (from right to left). (b) Graph showing the emerged | ateral
roots of 8-day-old PIN6 overexpression and knock-out lines. LR, lateral roots, three
independent experiments (n=15). (c) Total lateral root primordia density (calculating al stages
of primordia development) in control (Col-0), PIN6 overexpression (PIN6-OE#14) and knock-
out (pin6-2) lines, three repeats (n=15). (d) Effect of different concentrations of exogenously
applied auxin on lateral root number in PIN6-OE#14 and pin6-2 lines expressed as a percentage
of non-treated (100%) in each line (n-15). (e) PING6: GUS expression during adventitious root

development is shown in stages of root initiation and emergence. (f) Effect of PING
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overexpression and knock-out in adventitious root development. The graph shows both intact
and primary root-decapitated variants of seedlings and the effect on adventitious root formation,
as a proportion of intact Col-0 (100%) (n=15). Asterisks indicate the significance (Student’s t-

test) between control and experimental plants. *, P<0.05; **, P< 0.01. #, P < 0.05 intact plants

(h).

Supporting I nformation

Figure S1. Cladogram showing the evolution of PIN proteins.

Figure S2. Functionality of the 35S PIN6-GFPL1 construct. (a) Wavy root phenotype of 4-days-
old PIN6-OE and 35S PIN6-GFP1 seedlings. (b) Phenotype (root emerging from shoot-root
junction) of 12-days-old PIN6-OE and 35S PIN6-GFP1 seedlings. (c) Comparison of the
phenotype of 4-week old 35S PIN6 and 35S PIN6-GFP1 seedlings with WT (Col-0). (d)
Rescue of the partially closed flower phenotype of the pin6-2 knock-out line by the 35S PING-

GFP1 construct.

Figure S3. PING co-localization study with different markers. 35S PIN6-GFP1 co-localization
with (a) FM4-64, (b) BIP2, (c) ARF1, (d) Sec21. (€) PIN6-GFP expression pattern in a weak
35S PIN6-GFPL1 line. Arrow mark showing the possible ER signal. (f) Co-localization of
35S PIN6-GFP1 and 35S PIN1-RFP constructs in transiently transfected BY -2 cells. (g) Co-
localization of 35S PIN6-GFP1 and 35S HDEL-RFP constructsin BY -2 cells. (h) PING: PING-
GFP co-localization with the PIN1 polarity marker. Left panels: PING, middle panels. PIN1,
right panels: merged. (i) Western blot of microsomal fractions isolated from the 35S PING6G-

GFP1 plants using anti-GFP antibody. Both intracellular and membrane fractions shows a
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single band of PIN6-GFP1 89 kDa (arrow). Positive control PIN1-GFP also showing single

band of protein with 94 kDa, which is absent in Col-0.

Figure $4. PING:GUS expression in shoot-root junction. Expression of PING in root shoot

junction.

Table S1. Primer sequences used for the preparation of PIN6-GFP constructs through overlap

PCR
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Figure S2
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Figure S3
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Figure S4
PIN6:GUS

Root-shoot junction




Table S1 Primer sequences used for preparation of PIN6-GFP construct through overlap PCR

A B C
Name Sequence
AR 5’-GCTCCTCGCCCTTGCTCACCAT ACCACCCGGAAACTCTG-3’
35S:PIN6-GFPI BF 5’-CAGAGTTTCCGGGTGGT ATGGTGAGCAAGGGCGAGGAGCT-3’
BR 5’-GATCCGGCTGCTTGACCACCACC CAGCTCGTCCATGCCGAGAG-3’
CF 5’-CTCGGCATGGACGAGCTG GGTGGTCAAGCAGCCGGATCAATCG-3’
AR 5’-CTCGCCCTTGCTC ACCATTCCTCCGCCGTGGGAGAAAC-3’
ssspiNe.grp2 ~ BF 5-GTTTCTTCCACGGCGGAGGA ATGGTGAGCAAGGGCGAG-3’
BR 5-GGTACCGCTTCCTCCTCC CAGCTCGTCCATGCCGAGAG-3’
CF 5’-GATCACTCTCGGCATGGACGAGCTG GGAGGAGGAAGCGGTA
CCCTTCAG-3’
AR 5’-CTCGCCCTTGCTCACCAT ACCACCACCACCGGCTTTGAAG-3’
355.PING.GEP3 BF 5-TCTTCAAAGCCGGTGGTGGTGGT ATGGTGAGCAAGGGCGAGGAGCTG-3’
‘ BR 5-GAGCCAATCGAGACCACCACC AGCTCGTCCATGCCGAGAGTC-3"
CF 5’-CTCGGCATGGACGAGCTG GGTGGTGGTCTCGATTGGCTCAT-3"
PIN6 ATTBI F 5"-GGGGACAAGTTTGTACAAAAAAGCAGGCTCG ATGATAACGGGAA
ACGAATTCTAC-3’
PIN6 ATTB2 R 5-GGGGACCACTTTGTACAAGAAAGCTGGTC TCATAGGCCCAAGAGG
ACGTAG-3’

A, B and C are three different PCR product fragments. A and C are the two PIN6 fragments between this,
fragment B is inserted which is the GFP fragment. Double spce included in each primer between the

overlapping regions.



