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Aminophospholipid ATPases (ALAs) are lipid flippases involved in transporting specific lipids across membrane bilayers.
Arabidopsis (Arabidopsis thaliana) contains 12 ALAs in five phylogenetic clusters, including four in cluster 3 (ALA4–ALA7).
ALA4/5 and ALA6/7, are expressed primarily in vegetative tissues and pollen, respectively. Previously, a double knockout of
ALA6/7 was shown to result in pollen fertility defects. Here we show that a double knockout of ALA4/5 results in dwarfism,
characterized by reduced growth in rosettes (6.5-fold), roots (4.3-fold), bolts (4.5-fold), and hypocotyls (2-fold). Reduced cell size
was observed for multiple vegetative cell types, suggesting a role for ALA4/5 in cellular expansion. Members of the third ALA
cluster are at least partially interchangeable, as transgenes expressing ALA6 in vegetative tissues partially rescued ala4/5 mutant
phenotypes, and expression of ALA4 transgenes in pollen fully rescued ala6/7 mutant fertility defects. ALA4-GFP displayed
plasma membrane and endomembrane localization patterns when imaged in both guard cells and pollen. Lipid profiling
revealed ala4/5 rosettes had perturbations in glycerolipid and sphingolipid content. Assays in yeast revealed that ALA5 can
flip a variety of glycerolipids and the sphingolipid sphingomyelin across membranes. These results support a model whereby
the flippase activity of ALA4 and ALA5 impacts the homeostasis of both glycerolipids and sphingolipids and is important for
cellular expansion during vegetative growth.

Lipid flippases of the P4-type ATPase family are en-
zymes that hydrolyze ATP to flip lipids across a
membrane bilayer toward cytosolic facing leaflets,
whether that be from the outer leaflet of the plasma
membrane (PM) or luminal leaflet of internal mem-
branes (López-Marqués et al., 2014). Flippase activ-
ity and proper subcellular localization requires a
b-accessory subunit (e.g. cell division control protein 50
in yeast; Saito et al., 2004). Flippases are proposed to be
involved in multiple processes, such as flipping specific
lipids to generate an asymmetric distribution between
the leaflets of a membrane bilayer, generating mem-
brane curvature, assisting vesicle formation, importing
lipids from the environment, and facilitating lipid me-
tabolism (Seigneuret andDevaux, 1984; Gall et al., 2002;
Pomorski et al., 2003; Poulsen et al., 2015; Roland et al.,
2019).
In plants, flippases are referred to as Amino-

phospholipid ATPases (ALAs). The b-accessory subu-
nits of ALAs are referred to as ALA-interacting
subunits (ALISs; Poulsen et al., 2008). The Arabidopsis
(Arabidopsis thaliana) genome contains 12 ALAs that
form five phylogenetic clusters (Baxter et al., 2003).
Representatives from all five ALA clusters have been
studied with either loss-of-function knockout (KO)
mutants or RNA interference (RNAi) lines, revealing

phenotypes that include increased sensitivity to cold
stress (ALA1 RNAi, cluster 1; Gomès et al., 2000), dis-
rupted stomatal regulation and lipid desaturation
levels (ala10 KO, cluster 2; Poulsen et al., 2015; Botella
et al., 2016), increased sensitivity to heat and heavy
metals as well as constitutive male fertility defects
(ala6 KO, ala4 KO, and ala6/7 double KO, cluster 3;
McDowell et al., 2015; Niu et al., 2017; Sanz-Fernández
et al., 2017), impaired pathogen defenses and reduced
growth in rosettes and trichomes (ala3 KO, cluster 4;
Zhang and Oppenheimer, 2009; McDowell et al., 2013;
Underwood et al., 2017), and impaired viral defenses
(ala2 KO, cluster 5; Guo et al., 2017; Zhu et al., 2017).
Lipid transport preferences have been characterized

for four of the five ALA clusters, with fluorescent lipid
uptake studies in yeast providing evidence that ALAs
from different clusters have distinct transport activities.
For example, ALA1 from cluster 1 transports phos-
phatidylserine (PS) . phosphatidylethanolamine (PE;
Gomès et al., 2000), ALA10 from cluster 2 transports
phosphatidylcholine (PC) . PE . PS . phosphatidyl-
glycerol (PG) . lysophosphatidylcholine (LysoPC;
Poulsen et al., 2015; Jensen et al., 2017), ALA3 from
cluster 4 transports PE. PC. PS (Poulsen et al., 2008),
and ALA2 from cluster 5 transports only PS (López-
Marqués et al., 2010). Additionally, ALA10 (cluster 2)
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has been shown to facilitate the uptake of sphingolipids,
including sphingomyelin (SM) and glucosylceramide
(GlcCer; Jensen et al., 2017). To date, the lipid transport
activities for a cluster-3 ALA has not been reported.

In this study, we created a double-KO mutant for the
two cluster-3 ALAs expressed in vegetative tissues,
specifically ALA4 and ALA5. The ala4/5 mutations
resulted in dwarfed plants with underlying defects in
cellular expansion. This growth reduction could be re-
stored by the expression of either ALA4 or ALA5, and
partially restored by the ectopic expression of ALA6,
another cluster-3 ALA normally expressed only in
pollen. Lipidomic profiling of ala4/5 rosettes revealed
perturbations in both glycerolipids and sphingolipids,
including relative increases in the abundance of phos-
phatidic acid (PA), lysophosphatidylethanolamine
(LysoPE), and GlcCers, as well as decreases in glyco-
sylinositolphosphoceramides (GIPCs). Transport assays
using ALA5 expressed in yeast provided evidence that
cluster-3 ALAs can transport both glycerolipids (PC .
PE . PS) and a phosphate-containing sphingolipid SM.
Together, these results support a model whereby ALA4
and ALA5 function as lipid flippases that contribute to
lipid homeostasis, cellular expansion, and plant growth.

RESULTS

In Arabidopsis, transcript expression profiles of genes
encoding cluster-3 ALAs (ALA4–ALA7) generated from

public databases (Winter et al., 2007; Huang et al., 2017)
indicate that ALA4 and ALA5 are expressed primarily
in vegetative structures, whereas ALA6 and ALA7 are
expressed primarily in pollen (Fig. 1, A and B). A
double KO ofALA6 andALA7was previously shown to
result in pollen tubes that were short, slow growing,
and hypersensitive to a heat stress (McDowell et al.,
2015). To investigate the functions of ALA4 and
ALA5 in vegetative tissues, plant lines harboring
T-DNA disruptions in these genes were obtained
from publicly available mutant collections (Fig. 1C;
Sessions et al., 2002; Alonso et al., 2003; Woody et al.,
2007).

A Double Genetic Disruption of ALA4 and ALA5 Results
in Dwarfism

Two independent sets of ala4/5 mutants, namely
ala4-2/5-3 and ala4-3/5-1, were generated as homozy-
gous double disruptions (Fig. 1C). The T-DNA inser-
tions for ala4-3, ala5-1, and ala5-3 were located within
exon-coding sequences and are predicted to disrupt the
expression of full-length proteins (Fig. 1D), with any
truncated protein products lacking essential features of
a typical ATPase (e.g. active site, transmembrane do-
mains). By contrast, the ala4-2 insertion in the second
set of alleles (ala4-2/5-3) was located within an intron,
which has the potential to be spliced out to allow pro-
duction of full-length proteins. A qualitative reverse
transcription-PCR (RT-PCR) analysis indicated that
the ala4-3/5-1 allele set provides a complete KO for
both ala4-3 and ala5-1 (Fig. 2G). However, the ala4-2/5-3
set represents a mixed combination of a KO for ala5-3
but only a knockdown (KD) for ala4-2. The ala4-2/5-3
set is hereafter referred to as ala4/5 KD, whereas ala4/5
KO refers to ala4-3/5-1.
Plants with either ala4/5 -KD or -KO allele sets

showed a similar dwarf phenotype. Compared to wild
type, the rosette diameters were 4-fold and 6.5-fold
smaller for KD and KO plants (P, 1E-11), respectively
(Fig. 2, A and B). KOmutants were also 1.6-fold smaller
than KD mutants (P , 1E-04). Primary root lengths
were shorter, ranging from 3.1-fold (KD) to 4.3-fold
(KO) less than that of wild type after 7 d (Fig. 2C). Both
ala4/5 mutants also exhibited hypocotyls that were
2-fold shorter and 1.5-fold thicker than wild-type con-
trols after 5 d of growth (Fig. 2, D–F). Additionally,
the bolt length of mature ala4/5 plants was reduced
2.3-fold (KD) to 4.5-fold (KO) relative to wild type
(Supplemental Fig. S1). Importantly, neither of the ala4 /
5 mutants displayed reductions in total chlorophyll
content, suggesting that the plants were otherwise
healthy (Supplemental Fig. S2).

To confirm that the T-DNA disruptions were the
cause of dwarfism in ala4/5 mutants, transgenes en-
coding either ALA4 or ALA5 under the control of a
Cauliflower mosaic virus-35S promoter (35S promoter)
were expressed in the mutants, which restored normal
rosette sizes (Fig. 2,A andB). Thus, two independent sets
of gene disruptions and transgene-rescue experiments
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establish that a complete (or even partial) loss of ALA4/
5 function results in severe plant dwarfing.

ala4/5 Mutants Display Reductions in Cell Size

To determine if the dwarfism of ala4/5 plants was
correlated with smaller cell size, cell borders were
stained with propidium iodide. Images showed ala4/5
mutants had significant reductions in leaf pavement
cell area, ranging from 1.5-fold (KD) to 2.7-fold (KO)
less than wild type (Fig. 3, A–D). Hypocotyl cells from
ala4/5 mutants grown in the dark were 1.7-fold shorter
for both allele sets, and 1.5-fold (KD) to 2-fold (KO)
wider relative to wild type (Fig. 3, F–J). Guard cells
were reduced in size for both mutants (P , 1E-05;
Fig. 3E), although this difference was determined to be
,10%.
Trichomes and root hairs were also examined.

Root hairs were clearly visible, but were shorter by
2.5-fold (KD) to 2.6-fold (KO) compared to wild type
(Supplemental Fig. S3, A–D). Trichomes were nearly
absent in the mutants, and when detected showed ei-
ther globular deformities or short pin-like structures
(Supplemental Fig. S3, E–G). The reduced cell sizes
indicate that ALA4/5 flippase activity is important for
cellular expansion of multiple cell types in vegetative
tissues, especially those highly dependent on anisotro-
pic growth.

Ectopic Expression of ALA6 and ALA4 Rescues the
Phenotypes of ala4/5 and ala6/7 Mutants, Respectively

To determine if there was any biochemical redun-
dancy between cluster-3 ALAs expressed in vegetative
tissues (ALA4 /5) and pollen (ALA6/7), we tested the
ability of ALA6 and ALA4 transgenic expression to
rescue ala4/5 and ala6/7 mutant phenotypes, respec-
tively. ALA6 expression driven by a promoter derived
from ALA4 provided a partial reversal of the ala4/5
dwarf phenotype in all five independent transgenic
lines evaluated (Fig. 4).
Conversely, ALA4 was transgenically expressed in

ala6/7 mutants using a promoter from a gene encoding
the autoinhibited Ca21-ATPase9 (ACA9) that drives
expression primarily in pollen (Fig. 5). The ALA4 trans-
gene was able to confer a full restoration of seed set in all
independent transgenic lines tested (Fig. 5, A and B).

Figure 1. Expression patterns of Arabidopsis cluster-3 ALAs and genetic
organization of ALA4 and ALA5 T-DNA disruptions. A, Phylogenetic
tree of Arabidopsis ALA family and other P-type ATPases generated in
the Arabidopsis Heat Tree Viewer (http://arabidopsis-heat-tree.org),
with ALA clusters (Baxter et al., 2003) bracketed by gray rectangles and
thicker lines representing bootstrap values of 98 or greater. B, Database
expression profile of ALA4, ALA5, ALA6, and ALA7 genes in rosette,

root, hypocotyl, trichomes, and mature pollen, generated from the
Arabidopsis eFP browser (Winter et al., 2007), with root hair data from
Huang et al. (2017). Error bars represent 6 SD; n 5 3 expression repli-
cates. Asterisks indicate not detected [ND]. C, Gene diagram of ALA4
and ALA5with exons in black, introns in white, and triangles indicating
position of T-DNA insertion. Allele name and accession number are
detailed above gene schematics. D, Protein topology representing ALA4
and ALA5 with transmembrane domains labeled and represented by
black boxes. Predicted truncated protein products are detailed below
the protein schematic.

Plant Physiol. Vol. 182, 2020 2113

ALA4 and ALA5 Are Important for Vegetative Growth

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/182/4/2111/6116522 by guest on 18 February 2021

http://www.plantphysiol.org/cgi/content/full/pp.19.01332/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01332/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01332/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01332/DC1
http://arabidopsis-heat-tree.org


Additionally, reciprocal crosses were used to evalu-
ate pollen transmission efficiencies (Fig. 5C) using the
same three transgenic lines shown in Figure 5B. To
quantify differences in transmission efficiencies between
mutant pollen with or without an ACA9p::ALA4 rescue
construct, F1 seedlings were scored for a hygromycin-
resistance selectable marker associated with the trans-
gene construct. A transmission efficiency ratio (TEr)
was calculated as the ratio of resistant to sensitive F1
offspring, with a TEr 5 1 expected for normal Men-
delian transmission in an outcross. For transmission
of the rescue-transgene through the female gametes,
none of the plants tested showed evidence of a sig-
nificant difference from the expected TEr of 1, which
confirmed that each transgenic plant was heterozy-
gous for a single transgene insertion. By contrast,
transmission of the transgene through pollen showed
TEr values that were ;88-fold higher. This demon-
strated that the ala6/7 mutant pollen harboring ALA4
transgenes were rescued and able to easily outcompete
mutant pollen without a transgene-rescue construct.
Thus, both ectopic expression studies indicate that
ALA6 and ALA4 are at least partially interchangeable
when the corresponding transgene for each is expressed
ectopically in vegetative tissues or pollen, respectively.

ALA4-GFP Fusions Are Localized to Both the PM
and Endomembrane

To determine the subcellular localization of ALA4/5,
confocal imaging was used to evaluate vegetative cell
types of ala4/5mutants rescued by 35S promoter-driven
expression of ALA4-GFP transgenes (Fig. 6). Compari-
sons were made to the following controls: cytosolic
(GFP), PM (ACA8-GFP), endoplasmic reticulum (ER;
ACA2-GFP), and chloroplast autofluorescence. In
guard cells, ALA4-GFP showed accumulation at both
the PM and internal endomembrane structures, in-
cluding the ER that wraps around the nucleus.

Similar experiments were performed in pollen that
compared the localization of an ACA9p-driven ALA4-
GFP transgene. Comparisons were made to the fol-
lowing controls: cytosolic (yellow fluorescent protein
[YFP]), PM (ACA9-YFP), ER (ACA2-GFP), and ALA6-
GFP controls (Fig. 7). In support of the vegetative lo-
calization results, ALA4-GFP accumulated at both PM
and endomembrane structures, which was similar to
the previously characterized ALA6-GFP control.

Figure 2. Loss of ALA4 and ALA5 results in reduced vegetative growth.
A, Representative image of a growth comparison assay. Scale bar 5
1 cm. B, Rosette diameter quantification of wild-type (WT) Col-0, ala4-
2/5-3 KD (ss948), ala4-3/5-1 KO (ss1270), Rescue 1 (35S::ALA4 in KO,
ss2145, ps1712), and Rescue 2 (35S::ALA5 in KO, ss2146, ps1713)

plants; n 5 8 growth assays. C, Root length quantification from light-
grown seedlings sampled over 7 d; n 5 8 seedlings total from four
growth assays. D, Representative images of dark-grown hypocotyls and
quantifications of length (E) and width (F); n5 39 hypocotyls total from
three growth assays. Arrows indicate root-shoot transition. Different
letters indicate statistically significant difference (P , 0.05; Student’s
t test). G, Expression of ALA4 and ALA5 transcripts in wild type, ala4-2/
5-3 KD, and ala4-3/5-1 KO mutants. ND, not detected. Error bars rep-
resent 6 SE; n 5 3 expression replicates.
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ala4/5 Plants Exhibit Altered Membrane
Lipid Composition

To evaluate whether the loss of ALA4/5 might cause
differences in the relative abundance of specific cellular
lipids, a lipidomic survey of glycerolipids was per-
formed on total lipid extracts taken from rosette tissues
of 14-d–old ala4/5 seedlings (Fig. 8, A and B, for profiles
as percentage of total glycerolipid; Supplemental Fig.
S4, for data normalized to dry weight of tissue). The
profiling included quantification of the following major

Figure 3. Loss of ALA4 and ALA5 results in impaired cellular expansion
in vegetative tissues. Confocal images of propidium iodide-stained leaf
epidermal cells (A–C) and dark-grown hypocotyl cells (F–H) for wild-
type Col-0, ala4-2/5-3 KD, and ala4-3/5-1 KO, with a single cell
shaded gray in each image. Scale bars5 50 mm. Images were analyzed
with Fiji software (Schindelin et al., 2012) to quantify leaf cell area (D),
guard cell length (E), hypocotyl cell length (I), and hypocotyl cell
width (J). Different letters indicate statistically significant difference
(P , 0.01; Student’s t test). Error bars represent 6 SE; n 5 20 cells total
from three plants.

Figure 4. Ectopic expression of ALA6 in vegetative tissues restores
growth in an ala4/5 doublemutant. A, Representative image of a growth
comparison assay. Scale bar5 1 cm. B, Rosette diameter quantification
of wild-type Col-0, ala4-3/5-1 KO mutant (ss1270), and Rescue 1–2
(ALA4p::ALA6 in KO, ss2504-5, ps2809) plants. Shown are two out of
five independent transgenic rescue lines with similar results. Different
letters indicate statistically significant difference (P , 1E-06; Student’s
t test). Error bars represent 6 SD; n 5 5 growth assays.
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lipid components that comprise most of the membrane
content of rosette tissue: digalactosyldiacylglycerol,
monogalactosyldiacylglycerol, PG, PC, PE, and phos-
phatidylinositol (PI). The following minor membrane
components were also analyzed: PS, PA, lysophos-
phatidylglycerol (LysoPG), LysoPC, and LysoPE. All
glycerolipids monitored are detailed in Supplemental
Table S1. The ala4/5 mutants displayed PA concentra-
tions that were increased 3.4-fold (KD) to 4.2-fold (KO),
and LysoPE levels that were increased 1.6-fold (KD) to
1.4-fold (KO; Fig. 8). Whereas other changes were
detected when values were normalized to tissue dry
weight, these changes were attributable to a 1.4-fold
(KD) and 1.5-fold (KO) reduction in total glycerolipid
content (Supplemental Fig. S4), and were not ob-
served when values were normalized to percent total
glycerolipid. Importantly, increases in PA were detec-
ted for both mutants regardless of the normalization
parameter used.

The sphingolipid content of ala4/5 KO and KD
rosettes was also evaluated to determine if the a-
bundances of these structurally distinct lipids were
perturbed. The sphingolipidomic study included
quantification of long chain bases (LCBs), ceramides
(Cers), hydroxyceramides (hCers), GlcCers, and GIPCs.
All sphingolipidsmonitored are detailed in Supplemental
Table S2. Both ala4/5mutants displayed 1.4-fold increased
GlcCers and 1.3-fold reduced GIPCs (Fig. 8C). GlcCer
increases and GIPC decreases were broadly distrib-
uted across sphingolipids containing C16–C26 fatty
acid moieties (Supplemental Fig. S5), and were not
specific to any single GlcCer or GIPC species. In con-
trast to GlcCers and GIPCs, there were no significant
changes in LCBs, Cers, or hCers (Fig. 8C). Together,
these results provide evidence that a deficiency in
ALA4/5 flippase activity impacts the relative abun-
dance of both glycerolipid and sphingolipid membrane
contents.

ALA4/5 Are Flippases that Transport PC, SM, PE, and PS

To test the lipid transport capabilities associated with
cluster-3 ALAs, ALA5 was expressed in yeast either
alone or together with three different ALIS b-subunits.
The yeast host was a Saccharomyces cerevisiae mutant
with negligible background flippase activity due to a
triple mutation of endogenous flippases (drs2Ddnf1,2D).
Yeast transformants were incubated with 7-nitrobenz-
2-oxa-1,3-diazole (NBD)-labeled lipid analogs of PG,
PS, PC, PE, LysoPC, and SM (Fig. 9A). Subsequent flow
cytometry analyses of these yeast cells revealed thatFigure 5. Ectopic expression of ALA4 in pollen restores seed set and

normal pollen transmission in an ala6/7 double KO. A, De-stained si-
lique images.Scale bar5 5mm. B, Seeds per silique counts of wild-type
Col-0, ala6/7 mutants (ss1351), and ala6/7 lines rescued by a pollen-
specific ACA9p::ALA4 construct with a hygromycin-resistance select-
able marker (Transgene rescues: TG-1, TG-2, TG-3, ss2149-2151, and
ps1967). Silique orientation shown with an arrow pointing from stigma
end to base. An asterisk indicates statistically significant difference
compared to wild-type (P, 1E-11; Student’s t test). Error bars represent
6 SD; n 5 10–15 siliques total from at least two plants, specified in

figure. C, Hygromycin resistance and sensitivity counts of male to fe-
male outcrosses performed between Col-0, ala6/7 mutants, and rescue
lines were used to calculate TErs after selection of F1 offspring germi-
nated on hygromycin (TEr 5 #HygR/#HygS). Observed (Obs) and Ex-
pected (Exp) TErs are shown. Statistical confidence P values were
calculated from a Pearson’s chi-squared test (x2).
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expression of ALA5/ALIS complexes, but not ALA5
alone, increased the uptake of exogenous PC, PE, and
SM. By contrast, no increase in uptake was detected for
PG, PS, or LysoPC.
To evaluate whether the perturbations in GlcCer

content observed in ala4/5 mutants might occur from a
direct loss of GlcCer transport, an additional uptake
assay was performed to determine if ALA5 could
transport NBD-labeled Cers or glycosphingolipids such
as GlcCers, lactosylCers (LacCers), or galactosylCers
(GalCers; Fig. 9B). A parallel analysis of GIPCs was not
performed because NBD-labeled GIPCs are not cur-
rently commercially available. Comparisons were made
to a positive control of yeast expressing Dnf1p, which
was recently described as showing GlcCer transport
activity (Roland et al., 2019). Whereas the ALA5/ALIS-
expressing lines failed to show any detectable transport
of Cers, GlcCers, LacCers, or GalCers, the Dnf1p control
facilitated the uptake of GlcCers and GalCers (but not
Cers or LacCers).
As a complementary approach to uptake assays,

growth assays were employed to test survival of the
previously mentioned yeast lines in the presence of
drugs that are toxic when they bind specific surface-
exposed lipids (Fig. 9C). The flippase deficiencies of
drs2Ddnf1,2D yeast cells result in PS and PE accumulating

on the outer leaflet of the PM, a trait that renders the
cells sensitive to cytotoxic drugs papuamide A and
duramycin that respectively bind to PS and PE. Only
lines that expressed both ALA5 and an ALIS were able

Figure 6. Expression of ALA4-GFP in guard cells shows endomembrane
and PM localization. Fluorescence confocal images of guard cells.
Images taken from stable transgenic plants expressing transgenes under
the control of a 35S promoter. An arrowmarks the nucleus. Cells shown
are expressing: cytosolic GFP (ss1811, ps346), PM-localized ACA8-
GFP (ss248, ps396), ER-localized ACA2-GFP (ss2216, ps660), and
ALA4-GFP (ss2145, ps1712). Scale bar 5 5 mm. Similar results were
observed in at least three independent plants. DIC, differential inter-
ference contrast.

Figure 7. Ectopic expression of ALA4-GFP in pollen shows endo-
membrane and PM localization. Fluorescence confocal images of
growing pollen tubes 1 h after germination. Pollen were from stable
transgenic plants expressing transgenes under the control of an ACA9
promoter. Pollen shown are expressing: cytosolic YFP (ss2228, ps532),
PM-localized ACA9-YFP (ss2229, ps580), ER-localized ACA2-GFP
(ss2254, ps585), ALA4-GFP (ss2161, ps2096), and ALA6-GFP (ss2399,
ps1958). Scale bar 5 5 mm. Similar results were observed in at least
three independent plants.
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Figure 8. Loss of ALA4 and ALA5 results in perturbations in the abun-
dance of membrane glycerolipids and sphingolipids in rosettes. The
relative abundance of glycerolipids (A and B) and sphingolipids (C) in
rosettes from wild-type Col-0, ala4-2/5-3 KD, and ala4-3/5-1 KO. An-
alyzed glycerolipids include major components digalactosyldiacylgly-
cerol (DGDG), monogalactosyldiacylglycerol (MGDG), PG, PC, PE,
and PI, as well as minor components PS, PA, LysoPG, LysoPC, and
LysoPE, presented as percentage of total glycerolipid signal; n 5 5 in-
dependent seedling pools profiled for glycerolipids. Analyzed sphin-
golipids include LCBs, Cers, hCers, GlcCers, and GIPCs, presented as
percentage of total sphingolipid; n 5 3 independent seedling
pools profiled for sphingolipids. Single asterisks indicates statisti-
cally significant difference for only KD or KO mutants and double as-
terisks indicates statistically significant difference for both ala4/5
mutants compared to wild type (P , 0.05; Student’s t test). Error bars
represent 6 SD.

Figure 9. ALA5 can transport PC, PE, SM, and PS membrane lipids. The
uptake of NBD-labeled PG, PS, PE, PC, LysoPC, and SM (A), as well
as SM, PC, Cer, GlcCer, GalCer, and LacCer (B) in drs2D dnf1,2D S.
cerevisiae lines expressing ALA5 alone or in combination with
b-subunits ALIS1, ALIS3, or ALIS5, normalized to empty vector (e.v.)
values. Data are averages 6 SD from at least three independent exper-
iments. A two-factor ANOVA followed by a Tukey’s Honest Significant
Difference test was used for statistical analysis. Asterisks indicate sta-
tistically significant difference compared to e.v. (P, 0.05). C, The same
lines were dropped onto media containing Glc and onto Gal plates
containing no added toxins (ø) or increasing concentrations of pap-
uamide A, duramycin, or miltefosine (direction of gradient indicated by
triangles). Error bars represent 6 SD.
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to survive high concentrations of papuamide A or
duramycin, suggesting that ALA5 was capable of flip-
ping both PS and PE from the exoplasmic to cytosolic
membrane leaflet. It is noteworthy that despite the lack
of NBD-PS uptake from exogenous sources (Fig. 9A),
the ability to convey resistance to papuamide A pro-
vides evidence that ALA5 can mediate the flipping of
PS already present in a membrane.
Additional yeast growth experimentswere performed

with miltefosine, an analog of LysoPC that is toxic when
transported into a cell. In accordance to the previous up-
take results (Fig. 9A), none of the ALA5/ALIS-expressing
lines showed sensitivity to high concentrations of mil-
tefosine, providing additional evidence that ALA5 is
unable to transport LysoPC or its analogs.

DISCUSSION

ALA4 and ALA5 Are Important for Cellular Expansion and
Vegetative Growth

In this study, we present genetic evidence that a
double KO of ALA4 and ALA5 results in dwarfism,
characterized by reduced growth in roots, hypocotyls,
bolts, and rosettes (Fig. 2; Supplemental Fig. S1). This
dwarfism was observed in two independent double-
mutant lines, and was reversed through the expres-
sion of ALA4 or ALA5 transgenes driven by a 35S pro-
moter (Fig. 2, A and B). Despite the reduced growth,
ala4/5 plants were otherwise healthy with normal
chlorophyll levels and no obvious chlorotic lesions in-
dicative of cell death or poor health (Fig. 2A;
Supplemental Fig. S2). To date, our observation of a 6.5-
fold reduction in ala4/5 rosette diameter (Fig. 2B) is the
most severe growth defect associated with a plant
flippase deficiency, in comparison to an ;1.2-fold re-
duction for an ala3 KO (McDowell et al., 2013), an;2.5-
fold reduction for ALA1 RNAi lines grown at 8°C to
12°C (Gomès et al., 2000), and no significant changes
reported for an ala2 KO (Zhu et al., 2017), an ala6/7 KO
(McDowell et al., 2015), or an ala10 KO (Poulsen et al.,
2015; Botella et al., 2016).
The loss of ALA4/5 also resulted in cell size reduc-

tions across multiple cell types, including leaf epider-
mal cells that showed a 2.7-fold reduction in surface
area (Fig. 3). Whereas this indicates a deficiency in cell
expansion, it does not by itself explain the more severe
6.5-fold reduction detected in overall rosette diameter.
The disparity between organ and cell size reductions
suggests that ala4/5 plants might also have a deficiency
in generating or responding to growth signals, such as
growth hormones.

ALA4/5 and ALA6/7 Are Functionally
Interchangeable Flippases

ALA4–ALA7 all belong to the cluster-3 ALA sub-
family (Fig. 1A) that is conserved between dicots and

monocots (Baxter et al., 2003). Examination of expres-
sion profiles in public databases indicated that the
genes encoding ALA4 and ALA5 are expressed pri-
marily in vegetative tissues and ALA6/7 in pollen
(Fig. 1B). Despite their expression in different cell types,
ectopic expression of a pollen ALA6 transgene in veg-
etative tissues was capable of partially rescuing growth
defects associated with ala4/5 mutants (Fig. 4). Addition-
ally, a vegetative ALA4 ectopically expressed in pollen
fully rescued the male-fertility defects associated with
ala6 /7 mutants (Fig. 5). ALA4-GFP and ALA6-GFP
also show similar endomembrane and PM localiza-
tion patterns (Fig. 7). These results support a model
whereby cluster-3 ALAs are at least partially redun-
dant in biochemical and cellular functions. In support
of this contention, the Oryza sativa genome contains
only one cluster-3 ALA (Baxter et al., 2003), OsALA7,
which presumably provides the equivalent ALA4,
ALA5, ALA6, and ALA7–dependent functions to all
tissue types.

Cluster-3 ALAs Are Flippases Capable of Transporting PC,
SM, PE, and PS

Using a fluorescent lipid uptake assay in yeast, ex-
pression of ALA5 (with an ALIS b-subunit) was shown
to mediate the transport of NBD-labeled PC . SM .
PE, but not PS, PG, LysoPC, Cers, GlcCers, LacCers, or
GalCers (Fig. 9, A and B). Whereas SM is not made in
plants, the ability to transport SM indicates a potential
for ALA4 and ALA5 to transport at least one type of
sphingolipid. It is also noteworthy that ALA5 trans-
ported both NBD-PC and NBD-SM, which share an
identical choline headgroup. This is consistent with
reports that ALAs contain central cavities that accom-
modate the passage of lipids with specific headgroups
(Jensen et al., 2017). However, no transport was detec-
ted for choline-containing LysoPC (i.e. PC lacking an
sn-2 acyl group), indicating that a common choline
headgroup is not the only feature of importance to
ALA4 and ALA5 substrate specificity.
Whereas no uptake of exogenous NBD-PS was

detected, a potentially more sensitive transport assay
suggested that ALA5 can still flip endogenous PS al-
ready present within the membrane. In this alternative
assay, ALA5/ALIS expression restored growth of a
yeast flippase mutant in the presence of the toxin pap-
uamide A (Fig. 9C), a depsipeptide thought to have a
membrane pore-forming property that is potentiated
when the toxin binds to surface-exposed PS (Parsons
et al., 2006; Andjelic et al., 2008). Thus, ALA5 flippase
activity was still able to remove endogenous PS from
the outer leaflet of the PM and alleviate the toxicity of
papuamide A, despite the lack of detectable uptake
activity for an externally supplied NBD-labeled PS
substrate. This suggests that the fluorescent NBD-lipid
uptake assays might lack the sensitivity to detect very
low levels of flippase activity, and leaves open the
possibility that ALA4 and ALA5 provide functionally
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relevant levels of transport for some lipids that never-
theless fail to show a strong uptake in yeast assays.

Whereas ALA5 transport specificity (PC . SM .
PE . PS; Fig. 9) was distinct from those reported for
flippases from other ALA clusters (Gomès et al., 2000;
López-Marqués et al., 2010; Poulsen et al., 2015; Jensen
et al., 2017), the ability to flip PC and SM makes ALA5
activity most similar to that of ALA10 from cluster 2
(SM . PC . PE . PS . PG . LysoPC . GlcCers).
Cluster-2 ALAs (ALA8–ALA12) are also the most
closely related to cluster-3 ALAs in terms of overall
protein sequence similarities, and the two groupsmight
have conserved structural features related to substrate
specificity. Nevertheless, the dwarfism observed in
ala4/5 plants indicates that cluster-2 ALAs do not share
functional redundancy with ALA4 and ALA5, despite
their overlap in lipid transport preferences and similar
levels of expression in all major vegetative tissues
(Supplemental Fig. S6). Further research will be needed
to identify and understand the unique biochemical or
functional features associated with these two closely
related ALA groups.

PA and LysoPE Accumulate in ala4/5 Mutants

Whereas glycerolipid profiling revealed that ala4/5
rosettes display increased levels of two low-abundance
phospholipids, specifically PA (3.4- to 4-fold) and
LysoPE (1.4- to 1.6-fold; Fig. 8B), it is not yet clear how
these changes are related to the loss of ALA4 and ALA5
activity. PA is a diacyl lipid with a simple phosphate
headgroup that is known to play important roles in
signaling pathways that can impact plant growth
(Hong et al., 2009). Increases in PA can result from
multiple causes, including increased phospholipase D
activity removing headgroups from more complex
phospholipids (PC, PE, or PI), increased phosphoryla-
tion of diacylglycerol by diacylglycerol kinases, or de-
creases in the conversion of PA into other glycerolipids
such as PC, PE, PI, PG, or PS (Athenstaedt and Daum,
1999; Testerink andMunnik, 2011). It is possible that the
loss of ALA4 and ALA5 could directly or indirectly
change one or more of these metabolic pathways. It is
also noteworthy that the loss of ALA6 and ALA7 (from
cluster 3) results in pollen grains with a similar;2-fold
increase in PA (McDowell et al., 2015), indicating a
consistent link among the ALA4–ALA7 clade of flip-
pases and the regulation of PA homeostasis.

The small increase in LysoPE, a monoacyl PE mole-
cule, can also be from multiple causes, including in-
creased phospholipase A activity removing a fatty acid
from the sn-2 position of the PE glycerol backbone
(Bahn et al., 2003), or a decrease in the conversion of
LysoPE to PE via LysoPE acyltransferases (Jasieniecka-
Gazarkiewicz et al., 2017). LysoPE also has connections
to growth signaling, as mutants deficient in LysoPE
acyltransferases display LysoPE accumulation and
growth inhibition. Interestingly, LysoPE is a known
inhibitor of phospholipase D-dependent PAproduction

in plants (Ryu et al., 1997), which raises the possibility
that an increase in LysoPE might be part of a feed-back
mechanism in ala4/5 mutants to try and renormalize
PA concentrations.

Glycosphingolipid Metabolism Is Perturbed in ala4/
5 Mutants

In addition to glycerolipid perturbations, sphingo-
lipid profiling revealed that ala4/5mutants had relative
increases in GlcCers (1.4-fold) that were offset by de-
creases in GIPCs (1.3-fold; Fig. 8C). GlcCers are sphin-
golipids with a simple Glc headgroup, whereas GIPCs
have a headgroup containing phosphate, inositol, and
a variable chain of carbohydrates. Importantly, both
glycosphingolipids are critical for plant growth and
development (Wang et al., 2008; Mortimer et al., 2013;
Msanne et al., 2015; Fang et al., 2016; Tartaglio et al.,
2017). As with PA and LysoPE, it is not yet clear if
changes in GlcCers or GIPCs result from changes in
their biosynthesis or degradation. When considering an
underlying cause, it is difficult to posit specific increases
in the biosynthesis of GlcCers, as published examples
show that increased production of GlcCers are accom-
panied by parallel increases in accumulation of GIPCs
(Luttgeharm et al., 2015), which contrasts with the ob-
served GIPC decreases in ala4/5 profiles (Fig. 8C). Re-
ductions in GIPC biosynthesis also seems unlikely, as
mutant lines defective in GIPC production did not
show any accumulation of GlcCers (Tartaglio et al.,
2017), which is also in contrast to what was observed
in ala4/5 profiles. A simpler alternative is that the loss of
ALA4 and ALA5 specifically decreases catabolism of
GlcCers, or increases the relative catabolism of GIPCs.

There are multiple direct and indirect models to ex-
plain the mechanisms through which ala4/5-dependent
changes in catabolism could impact GIPC homeostasis.
For example, it is possible that ALA4 and ALA5
transport GIPCs across a membrane and away from
degrading enzymes. An alternative indirect model is
that ALA4 and ALA5 are involved in the bulk flow of
GIPCs through a plant cell, perhaps by assisting in
forming vesicles for removal away from a site of deg-
radation. Regardless of the mechanism, the loss of
ALA4 and ALA5 would then increase GIPCs exposure
to their degrading enzymes, increase their rates of ca-
tabolism, and ultimately decrease their abundances.

The possibility for a specific reduction in GlcCer ca-
tabolism is especially intriguing, as lipid flippases have
recently been implicated in GlcCer catabolism in
mammals and fungi (Roland et al., 2019). The proposed
model involves the lipid flippases Dnf1p/Dnf2p
(Yeast) and ATP10D (Human) directly transporting
GlcCers to cytosolic facing surfaces, thus exposing
these lipids to degrading enzymes. As to whether
ALA4 and ALA5 might play a similar direct role in
GlcCer catabolism in plants, it is noteworthy that ALA5
failed to mediate the transport of NBD-labeled GlcCers
in a fluorescent lipid uptake assay in yeast (Fig. 9B).
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However, we cannot rule out that ALA4 and ALA5
have the ability to transport low levels of endogenous
GlcCers across a membrane bilayer, similar to the
ability of ALA5 to remove endogenous PS from the PM
surface and provide resistance to papuamideAwithout
providing detectable uptake of externally supplied
NBD-PS (Fig. 9, A and C). Similar to the above discus-
sion concerning GIPCs, an alternative indirect model is
that ALA4 and ALA5 are involved in the bulk flow of
GlcCers through a plant cell, perhaps by assisting in
forming vesicles for delivery to a site of degradation.
After delivery, the GlcCers are possibly flipped for
degradation by a non-ALA4 or non-ALA5 flippase,
such as ALA1, which shows the highest levels of se-
quence similarity to GlcCer-transporting Dnf1p and
ATP10D (Poulsen et al., 2015), or ALA10, which was
previously shown to flip at least small amounts of
GlcCers (Jensen et al., 2017). It is also possible that
ALAs might form hetero-multimers in plants, with
ALA4 and ALA5 potentially interacting with other
ALAs or plant-specific proteins to form a more robust
GlcCer flipping complex.

Modeling the Potential Mechanisms Behind Dwarfism in
ala4/5 Mutants

Lipid flippases are involved in multiple cellular
processes, which include maintaining the asymmetric
composition of membrane leaflets, creating membrane
curvature for vesicular trafficking, and facilitating lipid
metabolism (Seigneuret and Devaux, 1984; Gall et al.,
2002; Pomorski et al., 2003; Roland et al., 2019). Thus,
dwarfism in ala4/5 mutants could arise from a defi-
ciency in one or more of these important processes.
One possibility is that the accumulation of PA or

LysoPE acts as a signal that inhibits cell expansion and
plant growth. For example, PA is a dynamic secondary
messenger that plays critical signaling roles in growth
promotion (Hong et al., 2009). PA is also known to re-
cruit and activate specific proteins to the surfaces of
membranes, some of which can result in growth inhi-
bition (Yao and Xue, 2018). Conversely, both PA and
LysoPE have been shown to accumulate after the ap-
plication of various biotic and abiotic stresses (Welti
et al., 2002; Testerink and Munnik, 2005; Vu et al.,
2015). Thus, PA or LysoPE accumulation in ala4/5 mu-
tants could potentially disrupt growth signaling by
instigating stress responses that inhibit growth, or by
PA accumulation disrupting the normal recruitment,
activation, and accumulation of important growth sig-
naling proteins. However, whereas mutant lines that
accumulate LysoPE have been shown to have growth
reductions (Jasieniecka-Gazarkiewicz et al., 2017), these
reductions were not as severe as those seen in ala4/5
mutants. Additionally, there are examples of plant lines
that accumulate PA and display normal growth
(Nakamura et al., 2009; Du et al., 2013). Thus, increases
in PA and LysoPE alone cannot fully explain the growth
defects of ala4/5 mutants.

In contrast to the rather minor growth deficiencies
linked to PA or LysoPE perturbations, there are several
examples of plant dwarfism correlated with sphingo-
lipid accumulation (i.e. sphingolipidosis; Chen et al.,
2008; Markham et al., 2011; Luttgeharm et al., 2015).
Of the three previously characterized sphingolipidosis
dwarfs, all displayed increases in Cers, hCers, GlcCers,
and GIPCs containing C16 fatty acidmoieties. Evidence
suggests that these lines exhibited dwarfing due to the
mislocalization of auxin transporters (Markham et al.,
2011) and/or the accumulation of growth-inhibiting
salicylic acid (Luttgeharm et al., 2015). As to whether
ala4/5 mutants are also inhibited by a sphingolipid ac-
cumulation, it is worth noting that there are multiple
features that make the sphingolipid profile of ala4/5
mutants distinct. First, the sphingolipid increases in
ala4/5 plants were limited to GlcCers, and not other
sphingolipid species (Fig. 8C). Additionally, the GlcCer
increases in ala4/5 plants were more broadly dis-
tributed across fatty acid moieties from C16 to C26
(Supplemental Fig. S5), and were not restricted to C16
as reported for other mutants. Thus, it is not clear if
ala4/5 mutants share a common underlying mecha-
nism for a sphingolipidosis-induced growth defect, or if
the growth defects are unrelated. Importantly, reduc-
tions in GIPC content are also associatedwith dwarfism
(Fang et al., 2016; Tartaglio et al., 2017), and we cannot
rule out that both GlcCer increases and GIPC reduc-
tions contribute independently to ala4/5mutant growth
impairments.
Regardless of whether ala4/5 mutant dwarfism is

caused by an imbalance in the concentration of one or
more specific lipid, or a pleiotropic defect related to a
general impairment to vesicular trafficking, this study
demonstrates that the ALA4 and ALA5 lipid flippases
are of critical importance for cellular expansion and
plant growth.

MATERIALS AND METHODS

Plant Materials

ALA4 (At1g17500) and ALA5 (At1g72700) mutant alleles were introgressed
to generate two independent double T-DNA insertion mutants: ala4-2
(SALK_129551)/5-3 (SALK_049232; seed stock ss948) and ala4-3 (WiscD-
sLox_435D3)/5-1 (SAIL_613_F05; ss1270; Sessions et al., 2002; Alonso et al.,
2003; Woody et al., 2007). The ala6-1 (SALK_150173)/7-2 (SALK_125598)
double mutant (ss1351) was generated as described in McDowell et al. (2015).
Mutant lineswere obtained from theArabidopsis Biological Resource Facility at
Ohio State University and were backcrossed to the ecotype Columbia-0.
Double-mutant lines were PCR-genotyped to ensure homozygosity of both
alleles using primers listed in Supplemental Table S3.

Transgenic events were produced by a floral dip method (Clough and Bent,
1998). Transgenic plants were selected for hygromycin resistance (25 mg/L) or
kanamycin resistance (50 mg/L) provided by plant expression vectors used in
this study. Rescues of ala4-3/5-1 were generated by transforming with con-
structs containing either 35S::ALA4 (Rescue 1, ss2145, transformed with plas-
mid stock ps1712), 35S::ALA5 (Rescue 2, ss2146, ps1713), or ALA4p::ALA6
(Rescue1-2, ss2504-5, ps2809). Rescues of ala6-1/7-2 contained ACA9p::ALA4
(TG1-3: ss2149-51, all transformed with ps1967). Imaging was performed on
plant lines transformedwith the following transgenes: 35S::GFP (ss1811, ps346),
35S::ACA8-GFP (ss248, ps396), 35S::ACA2-GFP (ss2216, ps660), 35S::ALA4-GFP
(ss2145, ps1712), ACA9p::YFP (ss2228, ps532), ACA9p::ACA9-YFP (ss2229,
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ps580), ACA9p::ACA2-GFP (ss2254, ps585), ACA9p::ALA4-GFP (ss2161, ps2096),
and ACA9p::ALA6-GFP (ss2399, ps1958).

Growth Conditions

Seeds were spread on plates containing 0.53Murashige and Skoogmedium
(Phytotechnology Laboratories, pH 5.7) with 1% (w/v) agar and 0.05% (w/v)
MES. Plates were stratified for 72 h at 4°C and then transferred to room tem-
perature (;23°C) under constant light conditions. Root growth measurements
were made daily for 7 d. After 10 d of growth, seedlings were transplanted into
soil (Sunshine SMB-238; SunGro Horticulture) supplemented with Marathon
pesticide and Cleary Turf and Ornamental Systemic Fungicide according to
manufacturer’s directed use. Plants were grown to maturity in growth cham-
bers (Percival Scientific) under a long-day photoperiod (16-h light at 22°C/8 h
dark at 22°C, 70% humidity, and ;125 mmol m22 s21 light). Plate-grown
seedlings used in root hair assays were grown as described above, except on
sterile cellulose acetate sheets (Research Products International) and imaged
after 7 d of growth. Seedlings used in dark-grown hypocotyl experiments were
imaged after 6 d of growth at room temperature in the absence of light. Images
were analyzed using Fiji software (Schindelin et al., 2012) for size measure-
ments. Student’s t test was used to determine statistical significance for
all assays unless specified otherwise. F1 progeny from male and female out-
crosses were scored for transgenes by germinating seeds on growth media
supplemented with 25 mg/L of hygromycin B (Gold Biotechnology). Pearson’s
chi-squared test (x2) was used to determine statistical significance for trans-
mission assays. Selection for kanamycin-resistant seedlings was performed on
growth media supplemented with 50 mg/L of kanamycin.

Chlorophyll Measurements

The rosettes of 10-d–old seedlings were dissected from root tissues and in-
cubated in DMSO at 65°C for 1 h to extract total chlorophyll, as described
in Hiscox and Israelstam (1979). The A645 and 663 nm was measured on
an Ultrospec II spectrophotometer (LKB Instruments) and the chlorophyll
content was subsequently calculated using Arnon’s equations and normalized
to fresh weight.

Phylogenetic Tree and Expression Profiles

Protein sequence similarity comparisonsweregeneratedusing theonline tool
Arabidopsis Heat Tree Viewer (http://arabidopsis-heat-tree.org), which uti-
lizes the sequence alignment software ClustalW (Thompson et al., 1994). Phy-
logenetic bootstrap values were presented as thick lines for values. 0.98. Gene
expression data for ALA4–12 was taken from the Arabidopsis eFP browser
(Winter et al., 2007) for rosette, root, hypocotyl, and mature pollen. Root hair
expression data are from Huang et al. (2017).

Plasmid Construction

Allprimer sequences andplant expressionplasmid sequences areavailable in
Supplemental Table S3 and Supplemental File S1, respectively. For expression
in plants, ALA4, ALA5, and ALA6 genomic coding regions were PCR-amplified
from wild-type Arabidopsis (Arabidopsis thaliana) genomic DNA using Phusion
High-Fidelity DNA Polymerase (New England Biolabs) and moved into plant
transformation vectors derived from pGreen II (Hellens et al., 2000) that con-
tained hygromycin-resistance selectable markers. The 35S::ACA8-GFP (ps396)
was the exception that contained a kanamycin-resistance selectable marker.
PCR-derived regions were sequence-verified.

For expression in yeast, the full-length coding sequence of ALA5 was PCR-
amplified from wild-type Arabidopsis complementary DNA (cDNA) and
moved into plasmid pENTR/D-TOPO using the pENTR/D-TOPO Cloning Kit
(Invitrogen, Life Technologies), rendering plasmid pMP2035. The ALA5 cDNA
was subsequently cloned into a yeast expression plasmid by homologous re-
combination, achieved by cotransforming yeast with EcoRI- and SalI-digested
pMP4075 (López-Marqués et al., 2012) andALA5 PCR fragments flanked by the
25-bp region homologous to the opened vector. Yeast cells were lysedwith acid-
washed 0.5-mm glass beads and the recombinant plasmid product (pMP4842)
was isolated using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich). The
plasmidwas bulked in Escherichia coli and sequence-verified. The final construct
contained an untagged version of ALA5 under the control of Gal-inducible

GAL1 promoter linked to a HIS3 selection marker. Cloning of ALIS into yeast
plasmids containing a URA3 marker was described in Poulsen et al. (2008).

Qualitative RT-PCR

Total RNA was extracted from 9-d–old seedlings using an RNeasy Plant
Mini Kit (QIAGEN) followed by reverse transcription to cDNA using an iScript
cDNA Synthesis Kit (Bio-Rad). Amplification for qualitative RT-PCR was
performed using ExTaq Polymerase (Takara) and primer combinations listed in
Supplemental Table S3. PCR products were separated on a 1.5% (w/v) agarose
gel and stained with ethidium bromide before imaging. Gels were analyzed
using the software package Fiji (Schindelin et al., 2012) for pixel density mea-
surements. Mean pixel densities were normalized to actin7 control.

Fixation and Propidium Iodide Staining

Intact hypocotyls and leaf sections were fixed using methods described in
Kalantidis et al. (2000). Fixed tissues were incubated in sterile water with
7.48 mM of propidium iodide (Sigma-Aldrich) at room temperature overnight
before imaging. Images were analyzed with the software Fiji (Schindelin et al.,
2012) for cell size measurements.

Confocal and Light Microscopy

Dark-grown hypocotyls, trichomes, and root hairs were imaged using a 43
objective lens on a S6D dissection microscope (Leica). For subcellular locali-
zation and cell size determination, images were acquired using a model no.
IX81 FV1000 confocal microscope (Olympus) with the software package Fluo-
View v1.07.03.00 (Olympus). A 403 objective lens (numerical aperture 1.30)
was used for PI-stained leaf epidermal cell and hypocotyl cell images, and a
603 objective lens (numerical aperture 1.42) for guard cell and pollen tube
images. An Argon-Ion laser was used for excitation at 488 nm (eGFP and
propidium iodide) and 515 nm (eYFP), and aHeNe laser was used for excitation
at 543 nm (chloroplasts). Spectral emission windows used for imaging vege-
tative cell types were 500–545 nm (eGFP), 687–787 nm (chloroplasts), and
597–637 nm (propidium iodide). Spectral emission windows for pollen imaging
were 500–600 nm (eGFP) and 545–595 nm (eYFP).

In Vitro Pollen Tube Growth

The pollen growth germination media was described in Boavida and
McCormick (2007) and contained: 5 mM of CaCl2, 0.01% (w/v) H3 BO3, 5 mM

of KCl, 10% (w/v) Suc, 1 mM of MgSO4 at pH 7.8, and 1.5% (w/v) low melting
agarose (Nusieve). Pollen from stage 13–14 flowers was applied to 400 mL of
solidified germination media on a microscope slide. Slides were incubated at
room temperature (;23°C) in a humidity chamber. Pollen tubes were grown for
1–2 h before imaging.

Glycerolipid Profiling

Plant tissue was obtained by dissecting 14-d–old rosettes and immediately
performing lipid extractions as described in McDowell et al. (2015), with two
exceptions, (1) the NaCl wash was excluded and (2) four additional 15-min
extractions at 60°C using the lower phase of a solvent consisting of isopropa-
nol/hexane/water (50:20:25, v/v/v; Markham and Jaworski, 2007). Extracts
from five replicates were analyzed by the KS Lipidomics Research Center
(https://www.k-state.edu/lipid/) using a routine polar lipid analysis in which
156 polar lipids were quantified using precursor and neutral loss electrospray
ionization tandem mass spectrometry as described in Shiva et al. (2013). Elec-
trospray ionization voltage was set at 217 V for LysoPG quantification, and
40 V for all other glycerolipids. Compound formula, mass transition, mode,
scan function, and ions detected for all profiled glycerolipids are provided in
Supplemental Table S1.

Sphingolipid Profiling

Rosettes were dissected from 14-d–old seedlings grown on an agar surface
and flash-frozen in liquid nitrogen, followed by freeze-drying at240°C and 133
E1023 mBAR for 3 h in a Freezone 18 Freeze Dry System (Labconco). Sphin-
golipid extraction was performed as described in Markham and Jaworski
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(2007). Lyophilized root tissue was extracted in triplicate using 2–5 mg of tissue
per sample. The subsequent liquid chromatography electrospray ionization
tandemmass profiling of total sphingolipid was performed using a Prominence
ultra-high performance liquid chromatograph (Shimadzu) feeding into a
QTRAP4000 mass spectrometer (AB SCIEX). Electrospray ionization voltage
was set at 5,000 V. Sphingolipids were separated on a Zorbax Eclipse Plus
narrow bore RRHT C18 column, 2.13 100 mm, 1.8-mmparticle size (Agilent) at
40°C and a flow rate of 0.2 mL/min using a binary gradient as described in
Kimberlin et al. (2013). Sphingolipids from three replicates were profiled and
quantified using the Multiple Reaction Monitoring method described in
Markham and Jaworski (2007), with instrument-specific modifications as de-
scribed by Kimberlin et al. (2013). Compound formulae, mass transitions (Q1/
Q3), mode, scan function, and ions detected for all profiled sphingolipids are
provided in Supplemental Table S2. Data analysis was performed using the
softwares Analyst 1.5 andMultiquant 2.1 (AB SCIEX) as described inMarkham
and Jaworski (2007).

Yeast Strain and Culture

Saccharomyces cerevisiae mutant strain ZHY709 (MATa his3 leu2 ura3 met15
dnf1D dnf2D drs2::LEU2; Hua et al., 2002) was used as a host. For coexpression of
ALA5 with ALIS genes, cells were simultaneously transformed by a lithium
acetate method (Gietz andWoods, 2002) with two individual plasmids bearing
the desired genes and His (ALA5) or uracil (ALIS) auxotrophic markers. For
growth assays, transformants were grown in Synthetic Complete Gal (SG)
medium (0.7% [w/v] Yeast Nitrogen Base, 2% [w/v] Gal,1.4 g/L yeast syn-
thetic dropout medium lacking His and uracil; Sigma-Aldrich) at 30°C with
150-RPM shaking for 4 h to induce overexpression. Cultures were diluted with
water to 0.1 OD600/mL, and either 5 or 3 mL was spotted onto solid SG (2% (w/
v) agar added) or synthetic complete Glc (synthetic defined) medium plates (SG
with 2% [w/v] Glc instead of Gal). SG solid media containing toxin gradients
were prepared as described in Liu et al. (2011), except that they were stored at
4°C for 2 d before use to allow for diffusion of the toxins. Gradients contained
the following maximum concentrations: 0.3 mg/mL of papuamide A (Flintbox;
Lynsey Huxham), 1.6 mM of duramycin (Sigma-Aldrich), or 2.5 mg/mL of
miltefosine (hexadecylphosphocholine; Calbiochem). Plates were incubated at
30°C for 4 d before imaging. For NBD-lipid uptake assays, transformants were
grown as described in López-Marqués et al. (2010).

NBD-Lipid Uptake Assays

Fluorescent NBD lipids were purchased from Avanti Polar Lipids: NBD-PS,
NBD-PE, NBD-PC, NBD-PG, NBD-LysoPC, NBD-SM, NBD-Cer, NBD-GlcCer,
NBD-GalCer, and NBD-LacCer. All NBD lipid stocks (4 mM) were prepared in
DMSO. Uptake experiments in yeast were performed as described in Poulsen
et al. (2015). Cells were resuspended to 10 OD600/mL and incubated in selective
SG medium supplemented with 32 mM of NBD lipids for 30 min at 30°C with
periodic mixing. The cells were washed three times in ice-cold selection media
that lacked Gal but contained 2% (w/v) sorbitol, 3% (w/v) bovine serum al-
bumin, and 20 mM of NaN3. Flow cytometry was performed on a BD FACS
(Becton Dickinson) equipped with an argon laser using the software CellQuest
(Becton Dickinson). Before analysis, 107 cells were labeled with 1 mL of 1 mg/
mL propidium iodide for staining of nonviable cells. Twenty-thousand cells
were analyzed. Data were analyzed using the software Cyflogic (CyFlo). Viable
yeast cells were selected based on forward/side-scatter gating and propidium
iodide exclusion. NBD fluorescence of living cells was plotted on a histogram
and the geometric-mean fluorescence intensity was used for further statistical
analysis. Statistical significance was determined by a Tukey’s Honest Signifi-
cant Difference test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbersALA4 (At1g17500),ALA5 (At1g72700),ALA6
(At1g54280), ALA7 (At3g13900). Arabidopsis Mutants: ala4-2 (SALK_129561),
ala4-3 (WiscDsLox_435D3), ala5-1 (SAIL_613_F05), ala5-3 (SALK_049232), ala6-
1 (SALK_150173), ala7-2 (SALK_125598).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Bolt length is reduced in ala4/5 mutants.

Supplemental Figure S2. Chlorophyll content is unchanged in ala4/5
mutants.

Supplemental Figure S3. Loss of ALA4 and ALA5 results in shortened
root hairs and impaired trichome formation.

Supplemental Figure S4. Loss of ALA4 and ALA5 results in severe per-
turbations in glycerolipid content.

Supplemental Figure S5. Profiling of GlcCers and GIPCs in ala4/5mutants
by fatty acid composition.

Supplemental Figure S6. ALA4, ALA5, and ALAs from cluster 2 are
expressed broadly in vegetative tissues.

Supplemental Table S1. Analytic settings for quantification of profiled
glycerolipids.

Supplemental Table S2. Analytic settings for quantification of profiled
sphingolipids.

Supplemental Table S3. PCR primers used in genotyping, cloning, and
qualitative RT-PCR.

Supplemental File S1. Sequences of plant expression vectors.
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