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Fab1/PIKfyve produces  Phospha-
tidylinositol-3,5-bisphosphate (PtdIns 

(3,5) P
2
) from Phosphatidylinositol-3-

phosphate (PtdIns 3-P), and is involved 
not only in vacuole/lysosome homeo-
stasis, but also in transporting vari-
ous proteins to the vacuole or recycling 
proteins on the plasma membrane 
(PM) through the use of endosomes in 
a variety of eukaryotic cells. We previ-
ously demonstrated that Arabidopsis 
FAB1A/B functions as PtdIns-3,5-
kinase in both Arabidopsis and fission 
yeast and plays a key role in vacuolar 
acidification and endocytosis. Although 
the conditional FAB1A/B knockdown 
mutant revealed an auxin-resistant phe-
notype to a membrane-impermeable 
auxin, 2,4-dichlorophenoxyacetic acid 
(2,4-D), the mutant did not exhibit this 
phenotype to a membrane-permeable 
artificial auxin, naphthalene 1-acetic 
acid (NAA). The difference in the sen-
sitivities to 2,4-D and NAA is similar to 
those of the auxin-resistant mutants such 
as aux1. Taken together, these results 
suggest that impairment of the function 
of Arabidopsis FAB1A/B might cause a 
defect in the membrane recycling capa-
bilities of the auxin transporters and 
inhibit proper auxin transport into the 
cells in Arabidopsis.

Phosphatidylinositol-3,5-bisphosphate 
(PtdIns (3,5) P

2
) exists on the exter-

nal membrane of multi-vesicular bodies 
(MVBs) at very low levels in eukaryotic 
cells,1,2 and plays key roles in endomem-
brane homeostasis including endocytosis, 
vacuole/lysosome formation and vacuolar 
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acidification.1,3 PtdIns (3,5) P
2
 deficiency 

causes an enlarged vacuolar structure in 
yeast and mammalian cells.4,5 FAB1 forms 
a protein complex with its regulatory mole-
cules, and synthesizes PtdIns (3,5) P

2
 from 

PtdIns 3P.6-9 In Arabidopsis, there are four 
Fab1/PIKfyve orthologs (FAB1A, FAB1B, 
FAB1C and FAB1D) in the genome, and 
the double homozygous mutant of FAB1A 
and FAB1B exhibited the male gameto-
phyte lethal phenotype.10 Previously, we 
reported that conditional loss-of-function 
and gain-of-function mutants of FAB1A/B 
impair endomembrane homeostasis and 
reveal various developmental phenotypes.11 
Interestingly, lateral root formation by 
exogenous auxin, which is known as a 
typical auxin-responsive phenotype, was 
largely impaired when FAB1A/B expression 
was conditionally downregulated or upreg-
ulated. From these results, we speculated 
that the defect in the endocytosis process 
in fab1a/b mutants might inhibit the pre-
cise recycling process of auxin transporters 
on the PM, thereby inhibiting proper auxin 
transport into the plant cells.11 In this 
report, we tested this hypothesis to assess 
the sensitivity on auxin-dependent lateral 
root formation to a membrane permeable 
auxin, NAA, in the fab1a/b knockdown 
mutant.

Knockdown Mutants  
of FAB1A/B are Insensitive  

to 2,4-D, but Sensitive  
to a Membrane-Permeable  

Artificial Auxin, NAA

In our previous study, we showed that 
membrane impermeable auxin-dependent 
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auxin, 1-naphthaleneacetic acid (NAA), 
indicating that AUX1 mediates the trans-
port of auxin into the plant cells.12-15 It has 
been reported that the PM and intracellu-
lar pools of AUX1 are interconnected by 
actin-dependent constitutive trafficking.16 
If Fab1A/B is involved in the trafficking 
of AUX1, a reduction in the expressions 
of FAB1A/B transcription would inhibit 
AUX1-mediated auxin uptake.

To test this, FAB1A/B knockdown 
plants were grown for four days on 1/2 
MS agar plates with or without estradiol 
and then transferred to 1/2 MS plates 
with or without 0.1 μM NAA. After 
day five, the numbers of lateral roots of 
the mutants were counted. In the control 
plant and FAB1A/B knockdown mutant 
without estradiol, additional lateral root 
formation was induced after five days in 
the presence of NAA (Fig. 1B and C). 
Similarly, the lateral root formation was 
also induced in the presence of NAA 
when FAB1A/B expressions were down-
regulated (Fig. 1A), indicating that the 
sensitivity to a membrane-permeable 
artificial auxin, NAA, was not influenced 
by the FAB1A/B knockdown mutations 
(Fig. 1B). Note that in FAB1A/B knock-
down plants, the expression levels of 
AUX1 and PIN2 did not affect the con-
dition of the plants with or without the 
presence of estradiol (Fig. 1A), indicating 
that the expressions of the auxin trans-
porters were not altered when the expres-
sion levels of FAB1A/B were reduced.

From these results, we concluded that 
the FAB1A/B knockdown plant is sensi-
tive to a membrane impermeable auxin, 
2,4-D, but less sensitive to a membrane 
impermeable auxin, NAA.

FAB1A/B Might Mediate Recycling 
of Auxin Transporters

FAB1A and FAB1B function as PtdIns 3P 
5-kinase, FAB1/PIKfyve, on endosomes 
in plant as well as in yeast and mamma-
lian cells.1,3,11 Whitley et al.10 reported 
that single homogenous mutants of fab1a 
or fab1b showed a curled leaf phenotype,10 
which is known as a typical phenotype of 
auxin-resistant mutants.17 Furthermore, 
in fab1a/b conditional mutants, the gra-
vitropic response of root bending and lat-
eral root formation in response to 2,4-D 

localizes on the PM and facilitates auxin 
uptake into the cells. The aux1 mutant 
is resistant to membrane impermeable 
auxins, indole-3-acetic acid (IAA) and 
2,4-dichlorophenoxyacetic acid (2,4-D), 
yet it is sensitive to a membrane permeable 

lateral root formation was largely 
impaired when the expressions of FAB1A 
and FAB1B were conditionally reduced. 
This phenotype was reminiscent of auxin-
resistant mutants such as aux1. AUX1 is 
a permease-like membrane protein, which 

Figure 1. Downregulation of FAB1A/B expression does not alter the sensitivity to exogenous 
membrane-permeable artificial auxin, NAA, on the lateral root formation. (A) Expressions of 
FAB1A, FAB1B, AUX1 and PIN2 in line 42 were measured using semi-quantitative RT-PCR in the 
presence or absence of estradiol. The expression of ACT2 (At3g18780) was used as an internal 
standard. The number of lateral roots of the amiRNA transgenic line 42, FAB1A/B-amiRNA (B) and 
a mock control GFP expression line, ER-GFP (C) were counted without (white bars) or with (gray 
bars) 0.1 μM NAA treatment in the presence of or absence of 10 μM estradiol. Bars show mean val-
ues ± standard deviations (number of lateral roots counted: FAB1A/B-amiRNA [-] estradiol, n = 93; 
FAB1A/B-amiRNA [+] estradiol, n = 92; ER8-GFP [-] estradiol, n = 84; ER8-GFP [+] estradiol, n = 79). 
Asterisks denote statistically significant differences in the number of lateral roots when compared 
with uninduced conditions (*p < 0.001; Student’s t test).



www.landesbioscience.com	 Plant Signaling & Behavior	 585

References
1.	 Odorizzi G, Babst M, Emr SD. Fab1p PtdIns(3)P 

5‑kinase function essential for protein sorting in the 
multivesicular body. Cell 1998; 95:847‑58.

2.	 Meijer HJG, Divecha N, Van Den Ende H, Musgrave 
A, Munnik T. Hyperosmotic stress induces rapid syn-
thesis of phosphatidyl‑D‑inositol 3,5 bisphosphate in 
plant cells. Planta 1999; 208:294‑8.

3.	 Gary JD, Wurmser AE, Bonangelino CJ, Weisman 
LS, Emr SD. Fab1p is essential for PtdIns(3)P 
5‑kinase activity and the maintenance of vacuolar 
size and membrane homeostasis. J Cell Biol 1998; 
143:65‑79.

4.	 Cooke FT, Dove SK, McEwen RK, Painter G, 
Holmes AB, Hall MN, et al. The stress‑activated 
phosphatidylinositol‑3‑phosphate‑5‑kinase Fab1p is 
essential for vacuole function in S. cerevisiae. Curr 
Biol 1998; 8:1219‑22.

5.	 Jefferies HB, Cooke FT, Jat P, Boucheron C, Koizumi 
T, Hayakawa M, et al. A selective PIKfyve inhibi-
tor blocks PtdIns(3,5)P(2) production and disrupts 
endomembrane transport and retroviral budding. 
EMBO Rep 2008; 9:164‑70.

6.	 Yamamoto A, DeWald DB, Boronenkov IV, 
Anderson RA, Emr SD, Koshland D. Novel PI(4)
P 5‑kinase homologue, Fab1p, essential for normal 
vacuole function and morphology in yeast. Mol Biol 
Cell 1995; 6:525‑39.

7.	 Rudge SA, Anderson DM, Emr SD. Vacuole size con-
trol: Regulation of PtdIns(3,5)P

2
 levels by the vac-

uole‑associated Vac14‑Fig4 complex, a PtdIns(3,5)
P

2
‑specific phosphatase. Mol Biol Cell 2004; 

15:24‑36.
8.	 Duex JE, Tang F, Weisman LS. The Vac14p‑Fig4p 

complex acts independently of Vac7p and couples 
PI3,5P

2
 synthesis and turnover. J Cell Biol 2006; 

172:693‑704.
9.	 Jin N, Chow CY, Liu L, Zolov SN, Bronson R, 

Davisson M, et al. VAC14 nucleates a protein com-
plex essential for the acute interconversion of PI3P 
and PI(3,5)P(2) in yeast and mouse. EMBO J 2008; 
27:3221‑34.

treatment was impaired. These pheno-
types of fab1a/b conditional mutants 
suggest that FAB1A/B plays a role in the 
auxin-signaling pathway in Arabidopsis.11 
On the other hand, the FAB1A/B knock-
down mutant completely retained the 
ability to respond to the membrane-
permeable artificial auxin, NAA. This 
evidence clearly indicates that FAB1A/B 
do not function in the regulatory step of 
auxin-signaling pathway per se, but rather 
that they seem to function in the process 
of transporting auxin into the cell. An 
auxin efflux carrier, AUX1, transports 
primary natural auxins IAA and 2,4-D 
but not NAA.12,13 It has been reported 
that constitutive trafficking and recycling 
of auxin transporters, AUX1 and PINs, 
between the endosomes and the PM led 
to the polar localization of these trans-
porters.18 In the fab1 mutant, mislocal-
ization of these auxin transporters may 
occur due to impairment of the recycling 
process of these proteins between the PM 
and intracellular pools. In future studies, 
direct evidence of sorting defects of these 
auxin transporters in the fab1a/b mutants 
should be shown in order to clarify our 
hypothesis.

10.	 Whitley P, Hinz S, Doughty J. Arabidopsis FAB1/
PIKfyve proteins are essential for development of 
viable pollen. Plant Physiol 2009; 151:1812‑22.

11.	 Hirano T, Matsuzawa T, Takegawa K, Sato MH. 
Loss‑of‑function and gain‑of‑function mutations 
in FAB1A/B impair endomembrane homeostasis, 
conferring pleiotropic developmental abnormalities 
in Arabidopsis. Plant Physiol 2010; 155:797‑807; 
10.1104/pp.110.167981 [Epub ahead of print].

12.	 Yang Y, Hammes UZ, Taylor CG, Schachtman 
DP, Nielsen E. High‑affinity auxin transport by 
the AUX1 influx carrier protein. Curr Biol 2006; 
16:1123‑7.

13.	 Yang H, Murphy AS. Functional expression and 
characterization of Arabidopsis ABCB, AUX1 and 
PIN auxin transporters in Schizosaccharomyces pombe. 
Plant J 2009; 59:179‑91.

14.	 Marchant A, Kargul J, May ST, Muller P, Delbarre 
A, Perrot‑Rechenmann C, et al. AUX1 regulates 
root gravitropism in Arabidopsis by facilitating auxin 
uptake within root apical tissues. EMBO J 1999; 
18:2066‑73.

15.	 Yamamoto M, Yamamoto KT. Differential effects 
of 1‑naphthaleneacetic acid, indole‑3‑acetic acid and 
2,4‑dichlorophenoxyacetic acid on the gravitropic 
response of roots in an auxin‑resistant mutant of 
Arabidopsis, aux1. Plant Cell Physiol 1998; 39:660‑4.

16.	 Kleine‑Vehn J, Dhonukshe P, Swarup R, Bennett M, 
Friml J. Subcellular trafficking of the Arabidopsis 
auxin influx carrier AUX1 uses a novel pathway 
distinct from PIN1. Plant Cell 2006; 18:3171‑81.

17.	 Hobbie L, Estelle L. The axr4 auxin‑resistant 
mutants of Arabidopsis thaliana define a gene impor-
tant for root gravitropism and lateral root initiation. 
Plant J 1995; 7:211‑20.

18.	 Friml J. Subcellular trafficking of PIN auxin eff lux 
carriers in auxin transport. Eur J Cell Biol 2010; 
89:231-5.


