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SUMMARY

The large retromer complex participates in diverse endosomal trafficking pathways and is essential for plant

developmental programs, including cell polarity, programmed cell death and shoot gravitropism in Ara-

bidopsis. Here we demonstrate that an evolutionarily conserved VPS26 protein (VPS26C; At1G48550) func-

tions in a complex with VPS35A and VPS29 necessary for root hair growth in Arabidopsis. Bimolecular

fluorescence complementation showed that VPS26C forms a complex with VPS35A in the presence of

VPS29, and this is supported by genetic studies showing that vps29 and vps35a mutants exhibit altered root

hair growth. Genetic analysis also demonstrated an interaction between a VPS26C trafficking pathway and

one involving the SNARE VTI13. Phylogenetic analysis indicates that VPS26C, with the notable exception of

grasses, has been maintained in the genomes of most major plant clades since its evolution at the base of

eukaryotes. To test the model that VPS26C orthologs in animal and plant species share a conserved func-

tion, we generated transgenic lines expressing GFP fused with the VPS26C human ortholog (HsDSCR3) in a

vps26c background. These studies illustrate that GFP-HsDSCR3 is able to complement the vps26c root hair

phenotype in Arabidopsis, indicating a deep conservation of cellular function for this large retromer subunit

across plant and animal kingdoms.
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INTRODUCTION

Endosomal trafficking pathways affects many developmen-

tal processes in plants through the internalization of pro-

teins at the plasma membrane, trafficking of cargo to the

lytic and storage vacuoles, and recycling of plasma mem-

brane components (Geldner et al., 2001; Surpin et al.,

2003; Sanmart�ın et al., 2007; Kleine-Vehn et al., 2008a,b).

The polarized growth of root hairs has been shown to

depend on endosomal trafficking pathways (Ovecka et al.,

2005; Voigt et al., 2005; Preuss et al., 2006; Larson et al.,

2014a), and represents a powerful system to characterize

cellular components that are essential for tip growth and

cell wall organization in plants. The retromer complex

functions in endosomal trafficking of membrane receptors

from endosomes to the Golgi in yeast (Seaman et al.,

1997), and consists of multi-protein complexes that are

broadly conserved across eukaryotes (Oliviusson et al.,

2006; Koumandou et al., 2011). Recently, a phylogenetic

analysis of Vacuolar Protein Sorting 26 (VPS26) genes,

encoding a member of the large retromer complex, identi-

fied a monophyletic clade of sequences including Ara-

bidopsis VPS26C (At1 g48550), which represent an ancient

clade that evolved prior to the divergence of animals and

plants (Koumandou et al., 2011). The identification of

VPS26C orthologs in both animal and plant species within

this ancient clade led us to investigate two questions: what

is the function of VPS26C in Arabidopsis, and is the func-

tion of VPS26C orthologs conserved across eukaryotes?

Retromers were first characterized in yeast (Paravicini

et al., 1992; Horazdovsky et al., 1997; Nothwehr and Hin-

des, 1997; Seaman et al., 1997) as a complex required for

transporting membrane proteins from the late endosome

to the trans-Golgi network (TGN), and are composed of a

large cargo-binding subunit consisting of VPS35, VPS29

and VPS26 proteins, and a small subunit consisting of
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sorting nexin dimers (VPS5 in yeast; SNX1/2 in animals

and plants). Yeast and mammalian systems encode a sin-

gle VPS35 and VPS29 gene, while two VPS26 paralogs

have been identified as large retromer subunits in several

mammalian systems (Edgar and Polak, 2000; Haft et al.,

2000; Kerr et al., 2005). In contrast, Arabidopsis encodes

three VPS35 proteins, two VPS26 proteins and three sort-

ing nexins (Jaillais et al., 2006; Oliviusson et al., 2006;

Pourcher et al., 2010). Initial studies in yeast and mam-

malian systems suggested that a pentameric retromer

complex composed of both the small and large subunits is

required for endosomal trafficking of cargo from late endo-

somes to the TGN (Seaman et al., 1997). However, more

recent studies suggest that the large and small subunits of

the retromer in both mammalian and plant systems may

also function independently in regulating specific traffick-

ing pathways (Pourcher et al., 2010; Gallon and Cullen,

2015).

In Arabidopsis, genetic analysis of the role of the large

retromer complex indicates that it is essential for multiple

processes in plant development, including cell polarity and

organ initiation (Jaillais et al., 2007), immunity-associated

cell death (Munch et al., 2015), and oil body biogenesis

and breakdown during vegetative growth (Thazar-Poulot

et al., 2015). Additionally, the large retromer complex, con-

sisting of VPS26A and VPS35A, is critical for shoot gravit-

ropism in Arabidopsis, and has been shown to share a

genetic pathway with the SNARE protein VTI11 (Yano

et al., 2003; Hashiguchi et al., 2010) that functions in

anterograde membrane trafficking pathways between the

TGN and the late endosome/vacuole (Zheng et al., 1999).

The large retromer complex was initially proposed to

traffic vacuolar sorting receptors (VSRs) from the pre-

vacuolar compartment(s) (PVC) to the TGN (Yamazaki

et al., 2008; Kang et al., 2012). However, recent studies

indicate that VSRs in plants bind their ligands in the endo-

plasmic reticulum (ER) and Golgi, and are trafficked to the

TGN where the bound ligands dissociate from their recep-

tors and the free VSRs are recycled back to the Golgi

(Kudla and Bock, 2016; K€unzl et al., 2016; Fr€uholz and

Pimpl, 2017). These data support a model in which sorting

nexins, localized to the TGN, may be involved in the retro-

grade sorting of VSRs in plants (Robinson and Neuhaus,

2016). This is consistent with recent studies in animal sys-

tems (Kvainickas et al., 2017; Simonetti et al., 2017), where

sorting nexin (SNX) heterodimers are responsible for the

retrograde trafficking of the mannose-6-phosphate recep-

tor from endosomal membranes to the TGN, in a process

that is independent of the large retromer subunit.

The subcellular localization of the large retromer com-

plex in plants is still controversial (for review, see Robin-

son and Neuhaus, 2016). VPS35 proteins have been

localized to both multivesicular bodies/PVCs (Oliviusson

et al., 2006; Yamazaki et al., 2008; Munch et al., 2015), as

well as an endosomal compartment that lacks VSRs

(Yamazaki et al., 2008). In contrast, VPS29 has been local-

ized to the TGN along with sorting nexins (Jaillais et al.,

2006, 2007; Niemes et al., 2010). These differences in sub-

cellular localization may be due to the large retromer com-

plex protein member studied (VPS35 versus VPS29), or

may suggest that different versions of the large retromer

complex associate with distinct membrane populations in

Arabidopsis during growth.

The presence of multiple VPS35 and VPS26 paralogs in

Arabidopsis and other eukaryotes presents the opportunity

for different versions of the large retromer complex to reg-

ulate distinct endosomal trafficking pathways. In mouse,

VPS26A and VPS26B are non-redundant in function as

deletion of VPS26A results in embryonic lethality while

VPS26B knockout mice appear normal (Kim et al., 2010). In

Arabidopsis, by comparison, whereas vps26a and vps26b

single-mutants appear similar to wild-type in their growth

habit, growth of the vps26a vps26b double-mutant is

severely compromised (Zelazny et al., 2013), suggesting

that VPS26A and VPS26B may share some redundancy in

function. Nonetheless, genetic and cell biology approaches

have identified several unique functions for VPS26 and

VPS35 paralogs in Arabidopsis. For example, VPS35A and

VPS29 were found to be important for trafficking of mem-

brane proteins to the PVC (Nodzy�nski et al., 2013), while

mutations in VPS35A and VPS26A are capable of suppress-

ing the shoot gravitropic phenotype of vti11 mutants

(Hashiguchi et al., 2010). In contrast, vps35b and vps26b

are defective in immunity-associated cell death and autop-

hagy (Munch et al., 2015).

In this paper, we establish that VPS26C (At1G48550) is a

component of the large retromer complex in Arabidopsis

and is required for root hair growth. We provide evidence

for a genetic interaction between the endosomal pathways

defined by the VPS26C-retromer complex and the SNARE

VTI13 in maintaining root hair growth. We also demon-

strate that the human VPS26C ortholog, HsDSCR3, is able

to complement the vps26c root hair growth phenotype.

These results define a new member of the VPS26 family of

proteins in plants, provide evidence that the VPS26C/

DSCR3 clade share

deeply conserved cellular function in eukaryotes, and

establish a role for the large retromer complex in regulat-

ing root hair growth in Arabidopsis.

RESULTS

A VPS26C-VPS29-VPS35A large retromer complex is

required for root hair growth

The VPS26C gene represents the only Arabidopsis member

of an ancient gene family shared by animals and plants

(Koumandou et al., 2011). In order to determine its func-

tion, we examined the phenotype of two T-DNA insertion
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mutants identified in the ABRC collection that were con-

firmed to be nulls based on quantitative reverse transcrip-

tase-polymerase chain reaction (qRT/PCR; Figure S1).

Analysis of vps26c root hair growth indicated that the

mutant alleles were indistinguishable from wild-type seed-

lings when grown on Murashige–Skoog (MS) medium

alone (Figure 1), but that vps26c-1 and vps26c-2 exhibit

much shorter root hairs when grown on MS medium con-

taining 200 mM mannitol (Figure 1a and b). Root hairs of

vps26c-1 seedlings, expressing a GFP-VPS26C fusion under

the transcriptional control of either the 35S promoter (Fig-

ure S2) or the VPS26C endogenous promoter (Figure 1a

and b), were indistinguishable from those of wild-type

seedlings when grown in the presence of mannitol

(Figure 1a and b). Similar results were observed when

GFP-VPS26C was expressed in the vps26c-2 background

(Figure S2). In addition, expression of the GFP-VPS26C

fusion under the transcriptional control of the 35S pro-

moter did not cause any root hair growth aberrations in a

wild-type background (Figure S2).

Due to the sensitivity of vps26c root hair growth to man-

nitol, we also compared root hair growth of vps26c with

wild-type seedlings grown on MS media supplemented

with 30 mM NaCl. Low concentrations of NaCl have been

shown to reduce root hair growth in Arabidopsis, in part

through an impact on the tip-localized Ca2+ gradient (Hal-

perin et al., 2003; Wang et al., 2008). Root hairs of both vp-

s26c mutant alleles were shorter than those of wild-type

seedlings when grown on MS media supplemented with

30 mM NaCl, and this phenotype was complemented by

the expression of GFP-VPS26C in the vps26c mutant back-

ground (Figure 1a and c). To confirm that this phenotype

was due to sodium, we compared wild-type and vps26c

seedlings grown on medium supplemented with 30 mM

potassium chloride (Figure S3) and observed no difference

in root hair length, suggesting that vps26c root hair growth

is sensitive to sodium. These results indicate that VPS26C

function contributes to root hair growth and that the vp-

s26c root hair phenotype is sensitive to osmotic and salt

stress.

The observation that vps26c exhibited a root hair pheno-

type on media supplemented with mannitol and NaCl led

us to hypothesize that VPS26C function may be critical for

polarized growth under conditions of abiotic stress. To

examine this model, we performed qRT-PCR to analyze the

expression of VPS26C in wild-type seedling roots grown

on MS medium and MS medium supplemented with man-

nitol or NaCl (Figure 2). We found that the VPS26C tran-

script is downregulated in seedlings grown in the presence

of mannitol or NaCl (Figure 2a). These data corroborate

the difference in wild-type root hair length observed by

Halperin et al. (2003) for seedlings grown on MS media

supplemented with NaCl (Figure S4). We also compared

this expression with that of VSP26A and VPS26B in wild-

type Arabidopsis roots grown on these three media. In

contrast to VPS26C, qRT-PCR analysis indicated that

VPS26A and VPS26B transcripts were both upregulated by

200 mM mannitol, whereas only VPS26A showed an upreg-

ulation in the presence of 30 mM NaCl in seedling roots

while VPS26B remained unaffected (Figure 2b and c).

These results show that mannitol and NaCl selectively

downregulate VPS26C in Arabidopsis seedling roots. Fur-

ther, they show that a reduced level of the VPS26C, either

due to the presence of mannitol or NaCl in the growth

media or loss of VPS26C in the T-DNA insertion null

mutants, negatively impacts growth of root hairs in Ara-

bidopsis. We also used qRT-PCR to investigate whether

VPS26A or VPS26B were differentially expressed in roots

of vps26c seedlings when compared with wild-type seed-

ling roots (Figure 2d). We found that VPS26A transcripts

are upregulated in vps26c roots relative to wild-type, while

VPS26B transcript levels were downregulated in vps26c

(Figure 2d).

To genetically dissect the role of other large retromer

complex proteins in root hair growth, we analyzed T-DNA

insertion mutants for the other genes encoding the large

retromer complex in Arabidopsis. Mutant alleles for each

of the VPS35 and VPS26 family members (VPS35A;

vps35a-2, VPS35B; vps35b-3, VPS35C; vps35c-2, VPS26A;

vps26a-3, and VPS26B; vps26b-1) and for VPS29 (vps29-6),

a single copy gene in Arabidopsis, were obtained from the

ABRC. qRT-PCR was used to show that each of these

mutants was a null or significantly downregulated (Fig-

ure S1a, b, d–g). Mutant and wild-type seedlings were then

grown for 5 days on MS medium and MS medium supple-

mented with 200 mM mannitol, and the length of their root

hairs was compared (Figure 3). Among these mutants,

only vps35a-2, vps29-6 and vps26c-1 showed a significant

decrease in root hair length when compared with wild-type

seedlings. Interestingly, under normal MS media condi-

tions vps35a-2 and vps29-6 root hairs were also shorter

than those of wild-type seedlings (Figure S5). These data

provide genetic evidence indicating that VPS26C, VPS35A

and VPS29 are part of a large retromer complex that func-

tions in a pathway important for root hair growth in

Arabidopsis.

We observed no other developmental phenotypes in vp-

s26c mutants when compared with wild-type plants when

these two genotypes were grown to seed in growth cham-

bers. In addition, qRT-PCR analysis suggested that the

VPS26C is expressed at comparatively similar levels in var-

ious organs throughout growth (Figure S6), a pattern con-

sistent with existing microarray data (bar.utoronto.ca/efp/

cgi-bin/efpWeb.cgi). These results suggest that while

VPS26C may function in many cell types throughout plant

growth, the VPS26C-large retromer complex may have a

specialized role in maintaining polarized growth in root

hairs.
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Figure 1. vps26c is defective in root hair growth

when grown in the presence of mannitol or NaCl.

(a) Wild-type, vps26c-1, vps26c-2 and vps26c-1

seedlings expressing VPS26C:GFP-VPS26C were

grown on 1 9Murashige–Skoog (MS) medium, pH

6, 1 9MS medium, pH 6 supplemented with 200

mM mannitol, and 1 9MS medium, pH 6 supple-

mented with 30 mM NaCl for 5 days after which root

hairs were imaged using brightfield microscopy.

Both vps26c mutants exhibited root hairs indistin-

guishable from wild-type when seedlings were

grown on standard MS medium, but showed

reduced root hair length when either mannitol or

NaCl was added to the medium. The vps26c root

hair growth phenotypes were complemented in

vps26c-1 mutant lines expressing VPS26C:GFP-

VPS26C for both media conditions. Three

independent transgenic lines expressing VPS26C:

GFP-VPS26C in a vps26c-1 background exhibited

similar root hair growth phenotypes. Scale bars:

100 lm.

(b) Average root hair length (lm) of 5-day-old seed-

lings grown on 1 9MS medium, pH 6 (black bars)

and on 1 9MS medium, pH 6 supplemented with

200 mM mannitol (gray bars). Twenty seedlings per

genotype per treatment were scored, and 10–15
root hairs per seedling were measured for each bio-

logical replicate. The graph shows an average of

three biological replicates. Asterisks indicate statis-

tical significance according to the Student’s t-test,

where wild-type was compared in a pair-wise man-

ner with each of the genotypes for each treatment

(P < 0.05). Error bars represent the standard error of

the mean of three biological replicates.

(c) Average root hair length of 5-day-old seedlings

grown on 1 9MS medium, pH 6 (black) and 1 9MS

medium, pH 6 supplemented with 30 mM NaCl

(gray). Twenty seedlings per treatment per geno-

type were scored, and 10–15 root hairs per seedling

were measured for each biological replicate. The

graph shows an average of three biological repli-

cates. Asterisks indicate statistical significance

according to the Student’s t-test, where wild-type

was compared in a pair-wise manner with each of

the genotypes individually for each treatment (P <
0.05). Error bars represent the standard error of the

mean of three biological replicates.
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VPS26C is part of the large retromer complex containing

VPS35A and VPS29

The large retromer complex in eukaryotes is composed of

VPS35, VPS29 and VPS26, where VPS26 and VPS35 physi-

cally interact with each other in mammalian systems (Col-

lins et al., 2008). To examine whether VPS26C associates

with VPS35 as part of a large retromer complex in planta,

we used bimolecular fluorescence complementation

(BiFC), whereby VPS26C was used to generate a fusion

with the N-terminal portion of YFP (N-YFP-VPS26C) and

the three Arabidopsis VPS35 genes were each used to cre-

ate fusions with the C–terminal portion of YFP (C-YFP-
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Figure 2. Differential expression of VPS26 family

members in wild-type seedlings grown under differ-

ent media conditions.

(a) Quantitative reverse transcriptase-polymerase

chain reaction (qRT-PCR) was used to quantitate

VPS26C transcript levels present in roots of wild-

type seedlings grown on 1 9 Murashige–Skoog
(MS) medium, pH 6, or 1 9 MS medium, pH 6 sup-

plemented with either 200 mM mannitol or 30 mM

NaCl. Seedlings grown in the presence of either

mannitol or NaCl showed a downregulation of

VPS26C expression when compared with wild-type

seedlings grown on MS alone. Asterisks indicate

statistical significance according to the Student’s

t-test, where a pair-wise comparison was per-

formed between VPS26C transcript levels from

roots of seedlings grown on MS media and each of

the treatments (P < 0.05). Error bars represent the

standard error of the mean of three biological repli-

cates, run in triplicate.

(b and c) qRT-PCR analysis of (b) VPS26A and (c)

VPS26B transcript levels in roots of wild-type seed-

lings grown on 1 9 MS medium, pH 6, or seedlings

grown on 1 9 MS medium, pH 6 supplemented

with either 200 mM mannitol or 30 mM NaCl. In con-

trast to VPS26C, wild-type seedlings grown in the

presence of either mannitol or NaCl showed an

induction of VPS26A expression when compared

with wild-type seedlings grown on MS alone. This

upregulation is also observed in the expression of

VP26B in roots of wild-type seedlings grown on

media containing mannitol. Asterisks indicate

statistical significance according to the Student’s

t-test, where pair-wise comparisons were per-

formed betweenVPS26A or VPS26B transcript levels

from roots of seedlings grown on MS media and

the level of these same transcripts in roots of seed-

lings grown under each treatment condition

(P < 0.05). Error bars represent the standard error

of the mean of three biological replicates, run in

triplicate.

(d) VPS26B in wild-type versus vps26c seedling

roots grown on 1 9 MS medium, pH 6. VPS26A

transcript levels were induced in vps26c roots when

compared with wild-type roots, whereas VPS26B

transcript levels were downregulated in vps26c

roots when compared with the wild-type roots.

Asterisks indicate statistical significance according

to the Student’s t-test, where pair-wise compar-

isons were performed betweenVPS26A or VPS26B

transcript levels from roots of wild-type seedlings

grown on MS media and the level of these same

transcripts in roots of vps26c seedlings grown on

MS media (P < 0.05). Error bars represent the stan-

dard error of the mean of three biological repli-

cates, run in triplicate.
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VPS35; Figure 4). Nicotiana benthamiana leaves were then

transfected with both an Agrobacterium tumefaciens strain

containing a N-YFP-VPS26C construct and an A. tumefa-

ciens strain containing a plasmid in which a VPS35 gene

family member was fused to the C-terminal portion of YFP

(C-YFP-VPS35). Using this assay, we showed that VPS26C

interacted in a BiFC complex exclusively with VPS35A (Fig-

ure 4b). No evidence for a large retromer complex was

observed between VPS26C and either VPS35B or VPS35C

(Figure 4c and d). In addition, as was seen by Zelazny et al.

(2013) and Munch et al. (2015), a positive BiFC interaction

between VPS26 and VPS35 required the simultaneous

expression of VPS29 in this assay (Figure 4e). We also

observed a positive BiFC interaction between VPS26A and

VPS35A that depended on the co-expression of VPS29-

mCherry (Figure 4a), as has previously been reported by

Zelazny et al. (2013). These results demonstrate that

VPS26C colocalizes with VPS35A in the presence of VPS29

in planta as a large retromer complex and corroborate our

genetic studies described above, predicting that VPS26C,

VPS29 and VPS35A form a large retromer complex

required for root hair growth in Arabidopsis.

Confocal analysis of Arabidopsis seedlings expressing

VPS26C:GFP-VPS26C in a vps26c background indicated

that VPS26C localizes, at least in part, to a membrane com-

partment in Arabidopsis roots (Figure 5a and b). We used

Brefeldin A (BFA) sensitivity as an assay to investigate

whether VPS26C may be localized to the TGN, as Niemes

et al. (2010) have localized VPS29 to both the TGN and the

core of a BFA-sensitive compartment. BFA has been shown

to inhibit GTP exchange factors (Peyroche et al., 1999;

Richter et al., 2007, 2011), and disrupts trafficking path-

ways between the ER and Golgi as well as endocytosis

from the plasma membrane to the TGN. Five-day-old seed-

lings expressing GFP-VPS26C in a vps26c background were

incubated in either vehicle alone or 100 lM BFA diluted in

1 9 MS media for 90 min (Figure 5a). As a positive control,

transgenic seedlings expressing the TGN marker VTI12-

YFP were also incubated in vehicle alone or 100 lM BFA

diluted in MS media for 90 min (Figure 5a). While VTI12-

YFP formed ‘BFA bodies’ when incubated in the presence

of BFA, VPS26C exhibited no sensitivity to BFA, as its cellu-

lar distribution appeared similar in both BFA-treated and

control seedlings (Figure 5a). These data indicate that

VPS26C is not localized to a BFA-sensitive compartment in

Arabidopsis roots.

The large retromer subunit VPS35A has been shown to

localize to late endosomal membranes and physically
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Figure 3. Large retromer complex mutants vps35a-

2, vps29-6 and vps26c-1 share a defect in root hair

growth.

(a) Average root hair lengths (lm) of T-DNA inser-

tion mutants for the large retromer complex were

compared with those of wild-type seedlings grown

on 1 9 Murashige–Skoog (MS) medium, pH 6 sup-

plemented with 200 mM mannitol. Root hairs of 20

seedlings per treatment per genotype were scored,

and 10–15 root hairs per seedling were measured

for each biological replicate. The data represent the

average of three biological replicates. Asterisks

denote statistical significance (P < 0.05), deter-

mined by the Student’s t-test, where wild-type root

hair length was compared in a pair-wise manner

with that for each of the retromer mutants individu-

ally. Error bars represent the standard error of

mean for the three biological replicates.

(b) vps26c-1, vps29-6 and vps35a-2 and wild-type

seedlings were grown on 1 9 MS medium, pH 6

supplemented with 200 mM mannitol for 5 days,

and were imaged using brightfield microscopy to

characterize root hair growth. Root hair length of

the vps26c-1, vps29-6 and vps35a-2 mutant seed-

lings was significantly reduced when compared

with wild-type seedlings. Scale bars: 100 lm. Error

bars represent the standard error of the mean for

the three biological replicates.
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Figure 4. VPS26C forms a complex with the core ret-

romer component VPS35 in a VPS29 dependent man-

ner.

VPS26C-YN was co-transfected with mCherry-VPS29

and individually with each of the VPS35-YC con-

structs, using Agrobacterium tumefaciens, strain

GV2260 into fully expanded 3-week-old Nicotiana

benthamiana leaves. As a positive control, VPS26A-

YN was shown to interact with VPS35A-YC, demon-

strating the effectiveness of this approach (a).

Bimolecular fluorescent complementation (BiFC) was

used to demonstrate the formation of an in planta

complex between VPS26C-YN and VPS35A-YC,

detected by the presence of YFP fluorescence (b).

This complex also co-localized with mCherry-VPS29

(a and b). No fluorescent signal was detected for

either VPS35B-YC or VPS35C-YC when co-expressed

with VPS26C-YN and mCherry-VPS29 inN. benthami-

ana leaves (c and d, respectively). In addition, no

fluorescent signal was detected when VPS29 was not

co-expressed in the cells containing VPS26C-YN and

VPS35A-YC fusions (e). Lastly, when only VPS26C-

YN was co-expressed with mCherry-VPS29 (f), no flu-

orescent signal was detected. YC, C-terminal end of

YFP; YN, N-terminal end of YFP. Scale bars: 10 lm.
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interact with RABG3f, a Rab7 homolog sensitive to wort-

mannin (Zelazny et al., 2013; Singh et al., 2014). Wortman-

nin targets both PI3K and PI4K at concentrations higher

than 1 lM, and causes swelling and fusion of late endoso-

mal membranes in Arabidopsis roots (Jaillais et al., 2008;

Niemes et al., 2010; Takac et al., 2012). Therefore, to

investigate whether VPS26C is associated with a late

endomembrane compartment, we examined the sensitivity

of GFP-VPS26C localization to wortmannin in Arabidopsis

roots (Figure 5). Five-day-old seedlings expressing GFP-

VPS26C in a vps26c background were incubated in either

vehicle alone or 40 lM wortmannin, diluted in 1 9 MS

media for 90 min (Figure 5b). As a positive control, trans-

genic seedlings expressing RABG3f-mCherry were also

incubated in vehicle alone or 40 lM wortmannin diluted in

MS media for 90 min (Figure 5b). While RABG3f exhibited

sensitivity to wortmannin treatment by swelling of endoso-

mal vesicles, and forming ‘donut-shaped’ structures,

VPS26C cellular organization was unaffected. These data

suggest that the membrane compartments associated with

VPS26C are distinct from endosomal compartments sensi-

tive to wortmannin in Arabidopsis roots.

The large retromer complex subunit VPS26C and SNARE

VTI13 are part of a shared endosomal trafficking pathway

important for tip growth in Arabidopsis

Three members of the VTI family of SNARES in Arabidop-

sis have been characterized. VTI11 and VTI12 function in

endosomal pathways important for trafficking cargo

towards the lytic and storage vacuole, respectively (Surpin

et al., 2003; Sanmart�ın et al., 2007), and VTI13 is required

for root hair growth and localizes to the early endosome

and vacuole membrane (Larson et al., 2014a). Previous

genetic studies using a suppressor screen of the vti11

shoot gravitropic phenotype resulted in the identification

of mutations in VPS26A and VPS35A (Hashiguchi et al.,

2010), indicating a genetic interaction between a VPS26A/

VPS29/VPS35A retromer-dependent pathway and a VTI11

DMSO

DMSO

GFP-
VPS26C

GFP-
VPS26C

40 μM Wm

40 μM Wm

GFP-
VPS26C

RABG3f - mCherry RABG3f - mCherry

YFP-VTI12YFP-VTI12

GFP-
VPS26C

100 μM BFA

100 μM BFADMSO

DMSO

(a)

(b)

Figure 5. VPS26C localizes to membrane compartments in Arabidopsis

roots that are insensitive to both Brefeldin A (BFA) and wortmannin.

(a) To determine if GFP-VPS26C localized to the trans-Golgi network (TGN),

we treated both the transgenic seedlings expressing the TGN marker VTI12-

YFP and transgenic lines expressing GFP-VPS26C with 100 lM BFA for 90

min. VTI12-YFP was sensitive to BFA, forming ‘BFA-bodies’ in response to

this treatment, while GFP-VPS26C showed no sensitivity to BFA. Scale bars:

10 lm.

(b) To determine whether GFP-VPS26C localized to late endosomes, we

treated transgenic seedlings expressing the late endosome marker RABG3f-

mCherry and seedlings expressing GFP-VPS26C with 40 lM wortmannin for

90 min. While RABG3f showed sensitivity to wortmannin by forming

dilated, donut-shaped structures (highlighted in the inset), the localization

pattern of GFP-VPS26C was unaffected by wortmannin treatment. Scale

bars: 10 lm.
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anterograde pathway trafficking cargo to the lytic vacuole.

These studies prompted us to investigate whether VTI13

and VPS26C, both required for root hair growth, also func-

tion in a shared endosomal trafficking pathway. To address

this, we generated a vti13 vps26c double-mutant and com-

pared root hair growth of vti13 vps26c with the single-

mutants and wild-type seedlings. We found that both vti13

and vps26c exhibited significantly shorter root hairs than

wild-type seedlings when grown in the presence of 200 mM

mannitol, and these phenotypes were partially suppressed

in the vti13 vps26c double-mutant (Figure 6). These results

provide genetic evidence for a shared trafficking pathway

involving the SNARE VTI13 and retromer component

VPS26C that contributes to root hair growth in Arabidop-

sis. In addition, our results suggest that the VTI family of

SNAREs may function in endosomal trafficking pathways

in conjunction with the large retromer complex to control

various aspects of plant development.

The observation that vps26c is defective in root hair

growth and shares a genetic interaction with VTI13 led us to

investigate whether VPS26C function might also be essen-

tial for cell wall organization in roots of Arabidopsis. We

have previously shown that in contrast to wild-type

seedlings, root epidermal and hair cells of vti13 mutants

exhibit no surface labeling with LM15, a monoclonal anti-

body that recognizes a xyloglucan epitope in the cell wall

(Larson et al., 2014a). To explore this question, we used live

tissue labeling (Larson et al., 2014b) and confocal micro-

scopy to probe xyloglucan organization on the surface of

root epidermal cells and root hairs in vps26c mutants and

the vti13 vps26c double-mutant. Interestingly, when the vp-

s26c mutation was introduced into a vti13 background, root

epidermal cells and root hairs were labeled with LM15,

unlike the vti13 mutant alone (Figure 7). The suppression of

the vti13 phenotype with respect to root hair growth and

cell wall organization in the vti13 vps26c double-mutant

provides additional data to reinforce a model in which

VPS26C and VTI13 contribute to a shared endosomal path-

way regulating root hair growth and wall organization.

VPS26C orthologs show deep functional conservation in

plants and animals

In Arabidopsis, VPS26A and VPS26B share 91% identity at

the amino-acid sequence level (Figure S7), function redun-

dantly in many aspects of plant development (Zelazny

et al., 2013), and are part of a large clade of sequences that
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Figure 6. The vps26c mutant suppresses the polar-

ized root hair growth phenotype of vti13.

(a) Wild-type, vps26c-1, vti13 and vti13 vps26c dou-

ble-mutant seedlings were grown on 1 9

Murashige–Skoog (MS) media, pH 6 supplemented

with 200 mM mannitol for 5 days and imaged using

brightfield microscopy. Root hairs of the vti13

vps26c double-mutant were longer than either vti13

or vps26c, indicating a suppression of the polarized

growth defect of vti13 in the double-mutant. Scale

bars: 100 lm.

(b) Root hair lengths of wild-type, vps26c, vti13 and

vti13 vps26c mutants grown for 5 days on 1 9MS

medium supplemented with 200 mM mannitol. vp-

s26c and vti13 show a reduction in root hair length,

whereas root hair length of the vti13 vps26c dou-

ble-mutant is not significantly different from wild-

type. Root hairs of 20 seedlings per genotype were

scored, and 10–15 root hairs per seedling were

measured for each biological replicate. An average

of three biological replicates is displayed above.

Asterisks indicate statistical significance (P < 0.05),

determined by the Student’s t-test, where wild-type

was compared in a pair-wise manner with each of

the mutant genotypes individually. Error bars repre-

sent the standard error of the mean for the three

biological replicates.
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includes orthologs from plant and animal species

(Koumandou et al., 2011). Two genomic models are pro-

vided for VPS26C in Arabidopsis. To distinguish between

these models and determine the predicted amino-acid

sequence of VPS26C, we sequenced VPS26C cDNA gener-

ated using RNA isolated from the vps26c mutant express-

ing a GFP-VPS26C fusion as a template. This allowed us to

define the genomic model used for VPS26C expression in

Arabidopsis (Figure S7a). The cDNA sequence shows an

alignment with one of the predicted mRNA sequences in

NCBI, with accession number NM_103751.3, predicting a

protein of 327 amino acids. When the predicted VPS26C

amino-acid sequence is compared with that of ATVPS26A

and ATVPS26B, it was found that VPS26C shares only 20

and 22% amino-acid identity with VPS26A and VPS26B,

respectively (Figure S7b). This divergence in amino-acid

sequence between the VPS26 family members in Ara-

bidopsis is also reflected by a recent phylogenetic analysis

of VPS26 orthologs in eukaryotes (Koumandou et al., 2011)

that indicates VPS26C is present in a separate clade from

VPS26A and VPS26B. Moreover, the phylogenetic analysis

of Koumandou et al. (2011) supports an ancient duplication

event within the VPS26 gene family prior to the diversifica-

tion of plants and animals, giving rise to two eukaryotic

lineages, the VPS26A/B clade and the VPS26C/DSCR3

clade.

To examine the diversity of plant orthologs specifically

within the VPS26C/DSCR3 clade, we queried plant genome

and transcriptome databases and generated a phylogenetic

tree based on predicted amino-acid sequences. These anal-

yses identified a single VPS26C ortholog in Amborella tri-

chopoda, a species sister to other extant angiosperms, as

well as in many eudicots (Figure 8). Surprisingly, unlike

VPS26A and VPS26B genes (Koumandou et al., 2011),

VPS26C sequences were not identified from any of the

grass genomes examined. Based on copy number and the

amino-acid tree topology, our data support the loss of

VPS26C specifically in the lineage leading to monocots, or

at least within the grass clade of monocots.

To examine the sequence conservation of VPS26C/

DSCR3 orthologs, we compared the amino-acid sequence

of VPS26C from Arabidopsis with that predicted for the

DSCR3 protein from humans (HsDSCR3; Figure 9). An

alignment of these sequences indicated that the proteins

are 40% identical at the amino-acid sequence level (Fig-

ure 9a). The identification of VPS26C orthologs in both

animal and plant species led us to examine whether the

function of these orthologs is conserved across eukary-

otes. To this end, we transformed vps26c-1 and vps26c-2

with a 35S-driven GFP fusion to the human ortholog,

DSCR3, and examined its ability to complement the Ara-

bidopsis vps26c root hair growth phenotype. Comparison

of root hair length between wild-type, the vps26c mutant

and the vps26c mutant expressing HsDSCR3/VPS26C

showed that expression of the human sequence is suffi-

cient to complement the root hair growth phenotype of

vps26c in Arabidopsis (Figures 9b and c; and S2 h).

These results support a model in which the function of

the human DSCR3 ortholog is similar to VPS26C from

plants.

DISCUSSION

VPS26C encodes a large retromer subunit essential for

root hair growth

In this paper, we have characterized VPS26C as a new

member of the VPS26 family in Arabidopsis and have

shown that loss-of-function alleles of VPS26C have a nega-

tive effect on root hair elongation in the presence of envi-

ronmental stresses, such as mannitol or NaCl (Figure 1).

BiFC analysis supported the role of VPS26C as part of a

large retromer complex by showing that VPS35A was the

sole member of the VPS35 protein family to form a com-

plex with VPS26C and that this interaction required

co-expression of AtVPS29 (Figure 4). The lack of interac-

tion between VPS26C and VPS35B or VPS35C in the BiFC

assay, two proteins that share significant homology with

VPS35A, in addition to the positive control showing a pre-

viously characterized interaction between VPS35A and

VPS26A using this assay (Zelazny et al., 2013), provides

strong evidence for the specificity of these interactions

(Kudla and Bock, 2016). The formation of the VPS35A/

vps26c vti13 vps26cWT vti13

Figure 7. Cell wall organization of xyloglucan in roots of vps26c and the vti13 vps26c double-mutant is distinct from that of vti13.

Wild-type, vps26c-1, vti13 and vti13 vps26c seedlings were grown on 1 9Murashige–Skoog (MS) medium, pH 6 for 5 days and labeled with LM15, a monoclonal

antibody that recognizes a xyloglucan epitope in cell walls. Root epidermal cells and root hairs of wild-type and vps26c seedlings label similarly with LM15,

whereas vti13 root epidermal cells and root hairs do not exhibit significant LM15 labeling (as previously described in Larson et al., 2014a,b). LM15 labeling of

xyloglucan in root epidermal cells and root hairs is restored in the vti13 vps26c double-mutant, indicating that the vps26c mutation can suppress the vti13 cell

wall phenotype.
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VPS29/VPS26C protein complex in planta identifies a new

and distinct retromer complex functioning in plant sys-

tems.

An examination of T-DNA insertion mutants for the

known retromer subunits in Arabidopsis showed only vp-

s26c, vps35a and vps29 exhibited a root hair growth defect

(Figure 3). The root hair phenotype of vps26c was the most

severe in this assay. For VPS29, the milder root hair

growth phenotype is likely due to our use of a vps29 allele

that is slightly leaky (Figure S1), while the less severe phe-

notype of vps35a may be due to the ability of VPS35B or

VPS35C to substitute in part for VPS35A function in vivo.

In contrast, the severe phenotype of vps26C in these stud-

ies may be due to the inability of VPS26A or VPS26B to

compensate for the loss of VPS26C in regulating root hair

growth (Figure 1). While VPS26A transcripts are

upregulated in the vps26c mutant (Figure 2), the amino-

acid sequence similarity between these two proteins is rel-

atively low (Figure S7), suggesting that they may not have

redundant functions.

While the genetic analysis of vps26c alleles in Arabidop-

sis initially suggested to us that a VPS26C-large retromer

complex functions in endosomal trafficking pathways in

response to abiotic stress, the downregulation of VPS26C

expression in roots of seedlings grown on media supple-

mented with mannitol and NaCl indicates that VPS26C-ret-

romer function may be coordinated with other cellular

mechanisms required for root hair growth. Halperin et al.

(2003) have shown that treatment of root hairs with low

concentrations of NaCl also reduces root hair growth in

Arabidopsis through a disruption of a tip-localized Ca2+

gradient. While we confirmed that root hair growth in wild-

type seedlings was affected by low concentrations of NaCl

under our growth conditions (Figure S4), vps26c exhibited

even shorter root hairs, and both the mannitol and

Na-induced phenotypes were complemented by a GFP-

VPS26C fusion. The sensitivity of vps26c mutant root hairs

to osmotic and salt stress suggests that the large retromer

complex [VPS26C/VPS29/VPS35A] may function in a cou-

pled manner with other cellular pathways required for root

hair growth in Arabidopsis.

VPS26C functions in a cellular pathway that interacts with

SNARE VTI13

A small gene family in Arabidopsis encoding the VTI-

SNARES functions in distinct processes during plant

growth. VTI11 is essential for shoot gravitropism (Yano

et al., 2003), and loss-of-function mutations in retromer

subunits VPS35A and VPS26A are able to suppress the

vti11 shoot agravitropic phenotype (Hashiguchi et al.,

2010). We have previously shown that VTI13 is essential

for root hair growth and root epidermal cell wall organiza-

tion in Arabidopsis (Larson et al., 2014a). Here, we show

that the vti13 vps26c double-mutant partially suppresses

the root hair growth defect that is exhibited by each of the

single-mutants (Figure 6). This result indicates a genetic

interaction between VTI13- and VPS26C-dependent path-

ways. These data also support a model in which trafficking

pathways to the lytic vacuole that involve the SNARES

VTI11 and VTI13 are coordinated with the function of dis-

tinct VPS26-large retromer complexes.

While a cellular mechanism to explain these genetic

interactions has not yet been determined for either VTI11

or VTI13, several possibilities exist. It is possible that muta-

tions in large retromer subunits enhance the ability of

other VTI-family members to substitute for VTI13 function

in root hair growth. This model has been put forward for

the genetic interaction between VTI11 and a large retromer

complex containing VPS26A and VPS35A (Hashiguchi

et al., 2010). We have shown that VPS26A transcript is
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Figure 8. VPS26C genes are single copy in most representative angios-

perms, but have likely been lost in monocots.

Fifty percent majority rule Bayesian phylogram of angiosperm VPS26C-like

genes. Bayesian posterior probabilities are given on each interior branch.

Branch lengths are in substitutions; the scale is provided below the tree.
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upregulated in roots of vps26c, suggesting that VPS26A

may function to partially suppress the root hair phenotype

in the vti13 vps26c double-mutant. However, other poten-

tial mechanisms need to be considered. The large retromer

complex protein VPS35A regulates trafficking of cargo to

the lytic vacuole (Nodzy�nski et al., 2013), and VPS35B func-

tion is required for normal function of late endocytic com-

partments in plants (Munch et al., 2015). Thus, large

retromer complex function may be required for both

anterograde and retrograde trafficking pathways between

the lytic vacuole and the TGN.

We had previously shown that epidermal cell wall orga-

nization of vti13 root epidermal cells and hairs is defective

in xyloglucan organization (Larson et al., 2014a). Interest-

ingly, we found that when a vps26c mutation is introduced

into the vti13 background, xyloglucan staining is indistin-

guishable from that of wild-type (Figure 7). The observa-

tion that xyloglucan can be detected in roots of the vti13

vps26c double-mutant indicates that the defect in vti13 wall

organization is not due to defects in xyloglucan synthesis.

While future experiments will be needed to define a cellu-

lar mechanism responsible for the vti13 and vps26c root

hair phenotypes, these data support a model in which the

vps26c mutant can suppress both the vti13 root hair

growth phenotype and xyloglucan organization phenotype

within the vti13 vps26c double-mutant.

VPS26C associates with endosomal membranes

insensitive to BFA and wortmannin

VPS35A has been localized to the prevacuolar membrane

and is required for the trafficking of membrane proteins in

plants (Nodzy�nski et al., 2013), while VPS35B has been

localized to a wortmannin-sensitive, late endosomal com-

partment in Arabidopsis (Munch et al., 2015). In addition,

proteomic studies have localized VPS35A and VPS35B to a

RABG3f-enriched compartment (Zelazny et al., 2013; Heard

et al., 2015), consistent with their presence on late endoso-

mal membranes. In contrast, Niemes et al. (2010) have
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Figure 9. AtVPS26C and HsDSCR3 orthologs share

40% amino-acid identity and a conserved function

in Arabidopsis.

(a) Alignment of ATVPS26C and HSDSCR3 illus-

trates that these orthologs share 40% amino-acid

sequence identity. Legend: (*): fully conserved resi-

dues; (:) conserved residues with strongly similar

properties; (.) conserved residues having less simi-

lar properties.

(b and c) Wild-type, vps26c-1 and vps26c-1 seed-

lings expressing 35S:GFP-HsDSCR3 were grown on

Murashige–Skoog (MS) media, pH 6 supplemented

with 200 mM mannitol for 5 days, after which root

hair growth was imaged using brightfield micro-

scopy. Fifteen seedlings per genotype were scored

and 10–15 root hairs per seedling were measured

for each biological replicate. The graph represents

the average of three biological replicates. Three

independent transgenic lines expressing GFP-

HsDSCR3 in the vps26c mutant background were

examined. Asterisks denote statistical significance

(P < 0.05), according to Student’s t-test, where wild-

type root hair length was compared in a pair-wise

manner with root hair length of vps26c-1 and vp-

s26c-1 seedlings complemented with GFP-HsDSCR3

individually. Error bars represent the standard error

of the mean for the three biological replicates.
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localized VPS29 to the TGN in Arabidopsis, while Jaillais

et al. (2007) found VPS29 to localize to a wortmannin-sen-

sitive compartment together with SNX1 and RABF2b. To

investigate the nature of the membrane compartment

associated with VPS26C in roots, we contrasted the cellular

distribution of GFP-VPS26C and VTI12-YFP in control seed-

lings and seedlings treated with BFA. We also compared

control seedlings and seedlings expressing GFP-VPS26C or

RABG3f-mCherry treated with wortmannin (Figure 5a and

b). These studies showed that while VTI12-YFP, a TGN

marker (Sanderfoot et al., 2001), was sensitive to BFA and

RABG3f-mCherry, a late endosomal marker (Singh et al.,

2014), was sensitive to wortmannin, the distribution of

GFP-VPS26C on cellular membranes was unaffected by

either of these compounds in root epidermal cells.

Recent analysis of the subcellular localization of VPS26C

(DSCR3) in human cell culture indicates that a VPS26C/

VPS29/VPS35L protein complex resides on endosomal

membranes, with VPS26C directly interacting with SNX17

while the classical retromer complex in humans involves an

interaction between VPS35 and the WASH complex in asso-

ciation with SNX27 (McNally et al., 2017). These authors

also demonstrated that the human complex containing

VPS26C, termed the ‘retriever’, is responsible for recycling

a distinct subset of proteins to the plasma membrane when

compared with the classical retromer complex in humans

(McNally et al., 2017). These results open up the possibility

that VPS26C in Arabidopsis may also be part of a ‘retriever’

complex in plants and may not share an intracellular loca-

tion with previously studied large retromer complexes.

Future experiments, focused on identifying membrane pro-

teins that associate with the VPS26C/VPS29/VPS35A com-

plex in plants, their intracellular location and the cargo that

may be recycled by this complex will assist in establishing

the identity of the membrane compartment associated with

VPS26C, as well as define its role in endosomal trafficking

pathways required for polarized growth in root hairs.

VPS6C shares a conserved cellular function across

eukaryotes

Amino-acid sequence comparisons showed that while

VPS26C shares low amino-acid sequence similarity with

VPS26A and VPS26B in Arabidopsis (Figure S7), it shares

significant similarity with DSCR3-like sequences present in

both animals and plants (Koumandou et al., 2011). We

used phylogenetic analysis to show that a single VPS26C

gene is found in the genomes of most land plants sur-

veyed (Figure 8), although it appears to be absent from the

genomes of monocots for which genomic data are avail-

able. This raises the interesting question of whether

VPS26A and/or VPS26B can compensate for the loss of

VPS26C in retromer-dependent pathways controlling

monocot tip growth, or whether monocots utilize a differ-

ent endocytic trafficking pathway to regulate root hair

growth. Further experiments will be required to determine

if functional orthologs of the Arabidopsis VPS26C protein

exist in monocot species.

Comparison of ATVPS26C and HSDSCR3 amino-acid

sequences indicated a conservation of protein sequence

between these orthologs (Figure 9). Therefore, we asked

whether VPS26C/DSCR3 orthologs are conserved in func-

tion across animal and plant kingdoms. We found that a

GFP-HsDSCR3 fusion was able to complement the root hair

growth phenotype of vps26c-1 and vps26c-2, indicating

that the human ortholog can carry out all the functions of

VPS26C needed for root hair growth (Figure 9).

The ability of HsDSCR3 to complement the vps26c root

hair phenotype in Arabidopsis suggests that VPS26C/

DSCR3 proteins have a conserved function in eukaryotic

cells. A VPS26C/HsDSCR3 complex, termed the ‘retriever’

has been characterized within human cells and has been

shown to function in an endosomal trafficking pathway

that involves the recycling of a number of membrane pro-

teins (McNally et al., 2017). A proteomic analysis of the

VPS26C-retriever complex was shown to include a mini-

mum of 10 proteins involved in ARP2/3 activation and

membrane binding (McNally et al., 2017). Interestingly,

many of these proteins do not have homologs in plants.

Thus, future studies will be necessary to identify other pro-

teins that interact with the VPS26C/VPS35A/VPS29 complex

in a cellular pathway regulating polarized growth and cell

wall organization in Arabidopsis.

EXPERIMENTAL PROCEDURES

Plant material, T-DNA insertion verification and growth

conditions

Analysis of wild-type and SALK mutant lines was performed using
the Columbia-0 ecotype of Arabidopsis. The growth medium for
Arabidopsis seedlings consisted of 1 9 MS salts (Murashige and
Skoog, 1962), 1% (w/v) sucrose, 5 mM 4-morpholineethanesulfonic
acid sodium salt (MES), pH 6, 1 9 Gamborg’s vitamin solution
and 1.3% (w/v) agarose (Invitrogen). For plants grown to maturity,
seeds were sown on soil (Transplanting Mix, Gardener’s Supply,
Intervale Rd, Burlington, VT, USA) and placed in Conviron MTR30
growth chambers (Conviron, Winnipeg, CA, USA), using cool-
white lights (80 lmol m�2 sec�1; Licor photometer LI-189) under a
16:8 h light:dark cycle at 19°C.

Two vps26c T-DNA mutant alleles, SALK_100616 (vps26c-1) and
SALK_036953 (vps26c-2), were obtained from the Arabidopsis Bio-
logical Research Center (ABRC), and polymerase chain reaction
(PCR) was used to confirm the T-DNA insertion in VPS26C
(AT1G48550; NCBI Reference sequence: NC_003070.9; Figure S8). To
generate the vti13 vps26c double-mutant, vps26c-1 homozygotes
were crossed with vti13 homozygotes and F2 plants were genotyped
for the two mutations using PCR. Seedlings homozygous for both
the vps26c and vti13 T-DNA insertion alleles were grown to seed,
and T3 seedlings were analyzed for root hair growth. Primer
sequences used for genomic PCR are listed in Table S1.

The vps26c-1 and vps26c-2 mutants were transformed sepa-
rately with 35S:GFP-VPS26C and VPS26C:GFP-VPS26C, and
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transgenic lines containing these constructs were selected for
BASTA resistance. T3 homozygous lines expressing the GFP-
VPS26C constructs were analyzed for complementation of the vp-
s26c mannitol/NaCl root hair phenotype. In addition, vps26c
mutants were transformed with the VPS26C human ortholog (35S:
GFP-HsDSCR3), and seedlings from homozygous lines expressing
GFP-HsDSCR3 were analyzed for complementation of vps26c root
hair phenotypes.

Characterization of root hair phenotypes

Seeds were sterilized using 20% (v/v) bleach, followed by five-six
washes in sterile distilled water. The sterilized seeds were stored
in sterile water overnight in the dark at 4°C before plating them on
solid media. Seedlings were grown on MS medium using Petri
plates placed vertically under continuous white light at 20°C for
5 days. Where indicated, 200 mM mannitol or 30 mM NaCl was
included in the growth medium. To characterize root hair shape
and growth, seedlings were mounted in sterile water on glass
slides. Images were taken using a Nikon Eclipse TE200 inverted
microscope with SPOT imaging software (Diagnostic Instruments).
The lengths of 10–15 root hairs per seedling for at least 10 seed-
lings per genotype were measured, using the calibrating tool in
the SPOT software, and a Student’s t-test was used for statistical
analysis.

Construction of VPS26C-GFP fusions

To generate the 35S:GFP-VPS26C construct, VPS26C was ampli-
fied by PCR using genomic DNA and primers described in
Table S1. The VPS26C PCR product was cloned into pENTR (Invit-
rogen) and was subsequently recombined into pB7WGF2 to create
a 35S:GFP-VPS26C fusion. This construct was transformed into
Escherichia coli, DH5a, and subsequently into A. tumefacians,
GV3101, and was used to transform 35S:GFP-VPS26C into Ara-
bidopsis using the floral dip method (Clough and Bent, 1998;
Zhang et al., 2006).

To generate the GFP-HsDSCR3 fusion, cloned HsDSCR3 cDNA
was purchased from Origene Technologies (Cat. No.- RC210755)
and used as a template for PCR amplification with primers
described in Table S1. The HsDSCR3 PCR product was cloned into
pENTR (Invitrogen) and transformed into E. coli, strain DH5a. The
insert was confirmed by PCR, and subsequently recombined into
pB7WGF2 using Gateway technology, according to manufac-
turer’s instructions. The GFP-HsDSCR3 construct in pB7WGF2 was
transformed into A. tumefaciens and then into Arabidopsis as
described above.

To generate a VPS26C:GFP-VPS26C construct, 2 kb of genomic
sequence upstream of the VPS26C translation start codon was
amplified using primers containing a SacI and a SpeI restriction
site at their respective 50-ends (Table S1). The VPS26C promoter
PCR product was cloned into pENTR (Invitrogen), digested with
SacI and SpeI, and ligated upstream of GFP-VPS26C in the
B7WGF2 backbone that had previously been digested with SacI
and SpeI to remove the 35S promoter. The VPS26C:GFP-VPS26C
construct was transformed into E. coli DH5a and subsequently
into A. tumefacians, strain GV3101 for transformation into Ara-
bidopsis.

RNA isolation and transcript analysis using RT-PCR and

qRT-PCR

For transcript expression analysis across the developmental
stages of Arabidopsis, 7-day-old seedling roots, 7-day-old whole
seedlings, leaves (45-day-old plant, 10–12 leaved rosette, bolted),

stems, open flowers and green siliques were collected for three
biological replicates. For null mutant analysis, 7-day-old seedlings
were pooled from each genotype and three biological replicates
were generated for RNA extraction. For all other RT-PCR and qRT-
PCR assays, 5-day-old seedling roots were used for RNA isolation.
Roots from approximately 200 seedlings were pooled for each
genotype and treatment, and three biological replicates were gen-
erated. Root tissue was excised from the seedlings leaving only
the differentiation, elongation and meristematic regions of the
root. All isolated tissues were frozen, ground in liquid nitrogen,
and stored at �80°C. Total RNA was extracted using a Qiagen
RNeasy Plant Mini Kit, quantified using a nanodrop (ThermoScien-
tific) followed by generation of first-strand cDNA using Super-
script II Reverse Transcriptase (Invitrogen), according to the
manufacturer’s instructions. For semi-quantitative RT-PCR, root
cDNA was used as a template, and PCR products were amplified
using Phusion polymerase (New England Biolabs) according to
the manufacturer’s instructions. For qRT-PCR, the first-strand
cDNA was diluted 1:10 and then used as a template with iTaq
Universal SYBR green Supermix (Bio-Rad). An Applied Biosys-
tems Step-one Plus instrument was used to run the qRT-PCR.
Three technical and three biological replicates were used for each
qRT-PCR cycle. The differential expression values of transcripts
were standardized against the transcript expression of EF1a and
ACT2 housekeeping genes. The sequence of primers used for
RT- and qRT-PCR are described in Table S1.

BiFC analysis

Full-length genomic clones were amplified for VPS26A, VPS26C,
VPS29, VPS35A, VPS35B and VPS35C using Arabidopsis seed-
lings. The primers used for each of the PCR reactions are listed in
TableS1. VPS26A and VPS26C were each cloned into the destina-
tion vector pSAT4-DEST-nEYFP-C1 (CD3-1089, ABRC) to create
N-terminal YFP fusion constructs. VPS35A, VPS35B and VPS35C
were each cloned into destination vector pSAT5-DEST-cEYFP-C1
(CD3-1097, ABRC) to form C-terminal YFP fusion constructs.
VPS29 was amplified using primers containing KpnI and BamHI
restriction enzyme sequences at their 50-ends, and cloned into
pENTR (Invitrogen). Both VPS29 in pENTR and the destination
vector pSAT6-mCherry-C1-B (CD3-1105, ABRC) were digested with
KpnI and BamHI, gel purified and a mCherry-VPS29 fusion was
generated using T4 DNA ligase and the pSAT6 backbone. All con-
structs were transformed into E. coli strain DH5a. The presence of
VPS sequences was confirmed using PCR, followed by transfor-
mation into A. tumefaciens, strain GV2260 before transfecting into
N. benthamiana leaves.

Nicotiana benthamiana leaves were co-transformed with two
A. tumefaciens strains containing a N-terminal YFP-VPS26C
fusion and a C-terminal YFP fusion to either VPS35A, VPS35B or
VPS35C in a manner similar to that described by Munch et al.
(2015) with the following changes. N-terminal YFP-VPS26A was
co-transformed with a C-terminal YFP fusion to VPS35A as a
positive control. All transformations also included an A. tumefa-
ciens strain containing VPS29 fused with mCherry. Overnight
cultures of A. tumefaciens containing the various YFP fusions
were grown with appropriate antibiotic selection at 28°C, pel-
leted and resuspended in 10 mM magnesium chloride to reach a
final OD600 = 1.5. Two microliters of 100 mM acetosyringone
was added per ml of resuspended bacterial culture. Bacterial
suspensions were incubated at room temperature in the dark for
4 h without shaking and then infiltrated into the abaxial side of
fully expanded 4-week-old N. benthamiana leaves (1 ml of cul-
ture per leaf). Infected plants were grown under continuous light
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at 20°C for 2–3 days, after which leaf tissue was imaged using
confocal microscopy.

Confocal microscopy and drug treatment

Confocal images were obtained using a Zeiss LSM 510 META con-
focal laser-scanning microscope. The LSM META software was
used to acquire images, which were then processed using ImageJ
(https://imageJ.net/Citing). The GFP-VPS26C lines were excited
with a 488-nm laser, and emissions were captured using a 505–
530-nm bandpass filter. The YFP protein fusions for BiFC assays
were excited with a 514-nm laser, and emissions were captured
using a 530–600-nm bandpass filter. The mCherry fusion in the
BiFC assays was excited with an additional laser of 545 nm, and
emissions were acquired using a 560–615-nm bandpass filter. All
signals were captured sequentially and superimposed in a final
composite image.

To investigate the sensitivity of VPS26C to BFA or wortmannin,
5-day-old seedlings were incubated in multi-well plates with either
vehicle alone, or with 100 lM BFA or 40 lM wortmannin diluted in
1 9 MS medium for 90 min before imaging using confocal micro-
scopy. Excitation and emission wavelengths for YFP, GFP and
mCherry fusions were as described above. VTI12-YFP (WAVE 13Y;
CS781654) and RabG3f-mCherry (WAVE 5R; CS781670) were used
as positive controls for the BFA and wortmannin sensitivity
assays, respectively.

Immunohistochemistry of roots and root hairs of

Arabidopsis

For immunofluorescence analysis of roots hairs, the protocol
described in Larson et al. (2014b) was employed. Briefly, whole
roots were washed 3 9 (5 min each) in fresh MS medium, and
then placed in blocking solution consisting of 1% non-fat Carna-
tion Instant Milk in MS for 30 min with gentle agitation. After
washing 3 9 with MS, the roots were placed in the primary anti-
body label consisting of LM15 (Plant Probes, Leeds, UK) diluted 1/
10 in MS for 90 min. After three washes with MS and a 30-min
block (see above), the roots were then incubated in the secondary
antibody label consisting of anti-rat TRITC (Sigma Chemical, St
Louis, MO, USA) diluted 1/75 in MS for 90 min. The roots were
then washed 3 9 with MS, positioned in the well of immunoslide
(EMS; Ft. Washington, PA, USA) containing 50 ll MS and then
covered with a glass coverslip.

Roots were observed with an Olympus Fluoview 1200 confocal
laser-scanning microscope (CLSM) using a 559 laser, and TRITC
filter set with an excitation range of 515–550 nm and an emission
range of 600–640 nm. Intensity levels of LM15-labeled root hair
walls were adjusted using the Hi-Lo pseudocolor control of the
CLSM. The captured image was then changed to green pseudo-
color. Root hair images were captured at a maximum intensity
under conditions that did not show any saturation signals. In
these experiments, a small level of non-specific labeling was
observed in root epidermal cells. All labeling was repeated 3 9,
and the control included the elimination of the primary antibody
step.

Phylogenetic analysis of VPS26C sequences

For phylogenetic analyses, gene sequences of VPS26C from 15
angiosperm genomes were downloaded from Phytozome (v.12.1)
or NCBI. Predicted VPS26C amino-acid sequences were first
aligned with the program Muscle, as implemented in Geneious
version 10.1 (Kearse et al., 2012). The final six positions in the
alignment were trimmed from five accessions to yield sequences

of uniform length. To improve posterior-probability support for
the phylogeny, the amino-acid alignment was reconstructed with
all parameters at default values except the gap-open score, which
was set to 0 to yield the maximum allowable number of gaps. All
sites in the alignment with gaps (55 of 336) were removed from
the dataset, because support values were further improved. The
alignment from which the gaps were removed is provided in
Table S2.

Phylogenetic analysis was performed using the program
MrBayes 3.2.6 (Ronquist et al., 2012) running on EXSEDE via the
Cipres Portal (Miller et al., 2010). A Markov Chain Monte Carlo
analysis was performed for the amino-acid sequences with four
independent Markov chains run for five million generations; trees
were sampled every 1000 generations. Stationarity was deter-
mined using the log-likelihood scores for each run plotted against
generation in the program Tracer version 1.5 (Rambaut and Drum-
mond, 2007). Twenty-five percent of the trees were discarded as a
burn-in phase, and a 50% majority-rule consensus tree was calcu-
lated for the remaining trees. The species sister to all remaining
angiosperms (A. trichopoda) was used as the outgroup for the
phylogenetic analyses (Stevens, 2001).

Statistical analysis

Statistical analyses were done using a Student’s t-test, where
pair-wise comparison was performed between genotypes or
treatments. For example, root hair growth measurements were
compared in a pair-wise fashion between wild-type and each of
the mutants individually, and significance was accepted at the
P < 0.05 level.

ACCESSION NUMBERS

The sequence and T-DNA insertion details mentioned in

this publication are available at the Arabidopsis Information

Resource (TAIR) and are indicated by the following acces-

sion numbers. The mutant alleles and SALK T-DNA inser-

tion lines used for genetic studies are denoted in

parentheses, respectively: VPS26A, AT5G53530 (vps26a-3,

CS831947); VPS26B, AT4G27690 (vps26b-1, SALK_142592);

VPS26C, AT1G48550 (vps26c-1, SALK_100616; vps26c-2,

SALK_036953); VPS29, AT3G47810 (vps29-6, SALK_051994);

VPS35A, AT2G17790 (vps35a-2, SALK_079196); VPS35B,

AT1G75850 (vps35b-3, SALK_052160); VPS35C, AT3G51310

(vps35c-2, SALK_099733); VTI13, AT3G29100 (SALK_

075261).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.
Figure S1. T-DNA mutant lines of retromer subunits exhibited
strongly reduced gene expression.

Figure S2. Overexpression of VPS26C does not affect root hair
growth in wild-type seedlings, and VPS26C/DSCR3 GFP-fusions
complement the vps26-2 root hair phenotype.

Figure S3. Root hair length is unaffected when seedlings are
grown in MS media supplemented with KCl.

Figure S4. Supplementation of MS media with mannitol and NaCl
results in a reduction in root hair length in wild-type seedlings.

Figure S5. vps35a and vps29 exhibit shorter root hairs than wild-
type seedlings independent of media conditions.

Figure S6. qRT/PCR analysis of VPS26C expression in Arabidopsis
thaliana.

Figure S7. Genomic model for VPS26C and alignment of VPS26C
with gene family members VPS26A and VPS26B.

Figure S8. Genotyping of WT, vps26c-1 and vps26c-2 expressing
the GFP-VPS26C/DSCR3 fusions using gene-specific primers and
genomic PCR.

Table S1. List of primers

Table S2. Alignment of VPS26C sequences used to generate
VPS26C phylogeny (consistent with Figure 7)
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