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Coordinated, subcellular trafficking of proteins is one of the fundamental properties of the
multicellular eukaryotic organisms. Trafficking involves a large diversity of compartments,
pathways, cargo molecules, and vesicle-sorting events. It is also crucial in regulating the
localization and, thus, the activity of various proteins, but the process is still poorly geneti-
cally defined in plants. In the past, forward genetics screens had been used to determine
the function of genes by searching for a specific morphological phenotype in the organism
population in which mutations had been induced chemically or by irradiation. Unfortunately,
these straightforward genetic screens turned out to be limited in identifying new regulators
of intracellular protein transport, because mutations affecting essential trafficking path-
ways often lead to lethality. In addition, the use of these approaches has been restricted by
functional redundancy among trafficking regulators. Screens for mutants that rely on the
observation of changes in the cellular localization or dynamics of fluorescent subcellular
markers enable, at least partially, to circumvent these issues. Hence, such image-based
screens provide the possibility to identify either alleles with weak effects or components
of the subcellular trafficking machinery that have no strong impact on the plant growth.
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INTRODUCTION
In the last decade, the field of biological imaging had progressed
at a remarkable pace. Advances in microscopy and fluorescent
reporter protein technology have facilitated the development of
imaging-based approaches aimed at unraveling the mechanisms
that govern plant growth and development.

The major model plant Arabidopsis thaliana is amenable to
genetic manipulation and one can relatively easy generate trans-
genic lines expressing proteins of interest, genetically fused to
fluorescent reporters (Hanson and Köhler, 2001; Nelson et al.,
2007). The root meristem of Arabidopsis has a simple and transpar-
ent architecture and is widely used as a model system to study the
localization and dynamics of fluorescent protein markers in vivo
(Haseloff, 1999). The green fluorescent protein (GFP) marker,
coupled with either conventional epifluorescence microscopy or
confocal laser-scanning microscopy, has become a fundamental
tool for plant cell biologists (Haseloff, 1999; Megason and Fraser,
2003; Held et al., 2008).

The genetically and functionally complex endomembrane sys-
tem of plant cells may compensate the sedentary lifestyle of plants.
Therefore, the intracellular compartments of plant cells fulfill a
multitude of functions, including, storage of proteins, ions, and
metabolites as well as biosynthesis and delivery of cell-wall pre-
cursors (Staehelin, 1997; Marty, 1999; Crowell et al., 2010). Thus,
the plant vesicular trafficking network is crucial for plant devel-
opment, signal transduction, and responses to biotic and abiotic
stresses (Shimada et al., 1997; Shimada et al., 2002; Surpin and
Raikhel, 2004).

Over the last years, various Arabidopsis transgenic lines express-
ing different fluorescent markers were mutagenized by ethyl
methanesulfonate (EMS) and used in forward genetic screens
to find novel regulators of protein trafficking or intracellu-
lar compartments integrity and function. Effective visualization
of the subcellular phenotypes is critical to select mutants and,
subsequently, functionally characterize genes responsible for the
observed phenotypes. Fortunately, a wealth of molecular and
genetic tools are available for Arabidopsis, Consequently, in this
model organism, mutated genes can be nowadays efficiently iden-
tified by mapping or next-generation sequencing (Lukowitz et al.,
2000; Austin et al., 2011).

SCREENING STRATEGIES
One of the first fluorescence-based screening approaches success-
fully used Arabidopsis lines that expressed a fluorescent tonoplast
marker, GFP:δ-tonoplast-intrinsic protein (TIP; Cutler et al., 2000;
Avila et al., 2003). This genetic screen also made use of automated
imaging by means of the Atto Pathway high-throughput confo-
cal microscope system (Atto Bioscience, Rockville, MD, USA).
The GFP:δ-TIP-mutagenized population was screened for broken
or malformed vacuoles as well as mistargeting of the GFP:δ-TIP
protein (Avila et al., 2003; Chary et al., 2008; Agee et al., 2010;
Table 1).

Another, similarly designed forward genetics screen based on
the mislocalization of a well-established marker of the Golgi appa-
ratus, a rat sialyl transferase (ST)-GFP that consisted of a cytosolic
tail and a transmembrane domain of a glycosylation enzyme fused

www.frontiersin.org May 2012 | Volume 3 | Article 97 | 1

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MartaZwiewka&UID=49093
http://www.frontiersin.org/people/JiriFriml/25718/profile
mailto:jiri.friml@psb.vib-ugent.be
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Cell_Biology/archive
http://www.frontiersin.org/Plant_Cell_Biology/10.3389/fpls.2012.00097/abstract


Zwiewka and Friml Fluorescence imaging-based forward genetic screens

T
a

b
le

1
|

S
u

m
m

a
ri

z
e

s
d

if
fe

re
n

t
s
c
re

e
n

in
g

s
tr

a
te

g
ie

s
,
th

e
m

a
rk

e
rs

th
a

t
h

a
v
e

b
e

e
n

u
s
e

d
a

n
d

th
e

ir
c
e

ll
u

la
r

lo
c
a

li
z
a

ti
o

n
.

B
a

c
k
g

ro
u

n
d

L
o

c
a

li
z
a

ti
o

n
S

c
re

e
n

e
d

p
o

p
u

la
ti

o
n

P
h

e
n

o
ty

p
e

M
u

ta
n

t
G

e
n

e
R

e
fe

re
n

c
e

G
FP

:δ
-T

IP
To

no
pl

as
t

9,
00

0
M

2

se
ed

lin
gs

A
bn

or
m

al
,s

ub
ce

llu
la

r
G

FP
:δ

-T
IP

-la
be

le
d

m
em

br
an

e
st

ru
ct

ur
es

,g
en

er
al

di
sr

up
tio

n

of
th

e
in

tr
ac

el
lu

la
r

co
m

pa
rt

m
en

ts

m
vp

1/
go

ld
36

G
en

e
en

co
di

ng
pu

ta
tiv

e

m
yr

os
in

as
e-

as
so

ci
at

ed
pr

ot
ei

n
M

yA
P,

m
em

be
r

of
a

fa
m

ily
of

G
D

S
L

pl
an

t
lip

as
es

A
ge

e
et

al
.(

20
10

),
M

ar
ti

et
al

.

(2
01

0)

D
ef

ec
ts

in
th

e
le

af
ep

id
er

m
is

sh
ap

e
an

d

lo
ss

of
pa

ve
m

en
t

ce
ll

lo
be

s

cs
p-

1
G

en
e

en
co

di
ng

tr
eh

al
os

e-
6-

ph
os

ph
at

e

sy
nt

ha
se

C
ha

ry
et

al
.(

20
08

)

ST
-G

FP
G

ol
gi

ap
pa

ra
tu

s

10
,0

00
M

2

se
ed

lin
gs

A
dd

iti
on

al
to

G
ol

gi
st

ac
ks

,l
ar

ge

flu
or

es
ce

nt
gl

ob
ul

ar
st

ru
ct

ur
es

in
th

e

co
ty

le
do

ns
ce

lls

g9
2/

er
m

o2
S

E
C

24
a

lo
cu

s,
m

em
be

r
of

th
e

co
at

pr
ot

ei
n

co
m

pl
ex

of
C

O
P

II
ve

si
cl

es

re
sp

on
si

bl
e

fo
r

an
te

ro
gr

ad
e

tr
an

sp
or

t

fr
om

th
e

E
R

to
G

ol
gi

Fa
so

et
al

.(
20

09
),

N
ak

an
o

et
al

.(
20

09
)

Pa
rt

ia
ld

is
tr

ib
ut

io
n

of
th

e
G

ol
gi

m
ar

ke
r

to

th
e

E
R

,d
ef

ec
ts

in
th

e
ge

ne
ra

lE
R

pr
ot

ei
n

ex
po

rt
an

d
E

R
or

ga
ni

za
tio

n.

go
ld

36
/m

vp
1

G
en

e
en

co
di

ng
pu

ta
tiv

e

m
yr

os
in

as
e-

as
so

ci
at

ed
pr

ot
ei

n
M

yA
P,

m
em

be
r

of
a

fa
m

ily
of

G
D

S
L

pl
an

t
lip

as
es

M
ar

ti
et

al
.(

20
10

),
A

ge
e

et
al

.

(2
01

0)

D
ef

ec
ts

in
th

e
m

ob
ili

ty
of

G
ol

gi
st

ac
ks

go
m

8
G

en
e

en
co

di
ng

a
pu

ta
tiv

e
G

TP
as

e,
di

st
an

t

m
em

be
r

of
th

e
dy

na
m

in
su

pe
rf

am
ily

S
te

fa
no

et
al

.(
20

12
)

S
P-

G
FP

-H
D

E
L

E
nd

op
la

sm
ic

re
tic

ul
um

1,
74

6
M

2

fa
m

ili
es

D
is

or
ga

ni
ze

d
E

R
m

or
ph

ol
og

y
er

m
o1

/g
nl

1
G

ua
ni

ne
-n

uc
le

ot
id

e
ex

ch
an

ge
fa

ct
or

s
fo

r

A
D

P-
rib

os
yl

at
io

n
fa

ct
or

G
TP

as
es

(A
R

F

G
E

F
G

N
L1

)

N
ak

an
o

et
al

.(
20

09
),

Fa
so

et
al

.(
20

09
)

er
m

o2
/g

92
S

E
C

24
a

lo
cu

s,
m

em
be

r
of

th
e

co
at

pr
ot

ei
n

co
m

pl
ex

of
C

O
P

II
ve

si
cl

es

re
sp

on
si

bl
e

fo
r

an
te

ro
gr

ad
e

tr
an

sp
or

t

fr
om

th
e

E
R

to
G

ol
gi

S
P-

G
FP

-2
S

C
E

nd
om

em
br

an
e

sy
st

em

12
,0

00
M

2

se
ed

lin
gs

A
bn

or
m

al
ag

gr
eg

at
io

n
of

th
e

w
ho

le

en
do

m
em

br
an

e

ka
m

1/
m

ur
3

X
yl

og
lu

ca
n

ga
la

ct
os

yl
tr

an
sf

er
as

e
Ta

m
ur

a
et

al
.(

20
05

),
M

ad
so

n

et
al

.(
20

03
)

D
ef

or
m

ed
en

do
so

m
es

an
d

ab
no

rm
al

ag
gr

eg
at

es
of

va
rio

us
ce

llu
la

r
or

ga
ne

lle
s

ka
m

2/
gf

s2
/g

rv
2

R
ec

ep
to

r-m
ed

ia
te

d
en

do
cy

to
si

s8
(R

M
E

8)
S

ila
dy

et
al

.(
20

04
),

Fu
ji

et
al

.

(2
00

7)
,T

am
ur

a
et

al
.(

20
07

)

se
cG

FP
S

ec
re

te
d

pr
ot

ei
n

14
1,

00
0

M
2

se
ed

lin
gs

E
nh

an
ce

d
in

tr
ac

el
lu

la
r

G
FP

flu
or

es
ce

nc
e

gn
l1

G
ua

ni
ne

-n
uc

le
ot

id
e

ex
ch

an
ge

fa
ct

or
s

fo
r

A
D

P-
rib

os
yl

at
io

n
fa

ct
or

G
TP

as
es

(A
R

F

G
E

F
G

N
L1

)

Te
h

an
d

M
oo

re
(2

00
7)

G
FP

–C
T2

4
Pr

ot
ei

n

st
or

ag
e

va
cu

ol
es

in

se
ed

s

3,
00

0,
00

0
M

2

se
ed

s

A
va

cu
ol

e-
ta

rg
et

ed
G

FP
se

cr
et

ed
in

to
th

e

ex
tr

ac
el

lu
la

r
sp

ac
e,

ca
us

in
g

th
e

gr
ee

n

flu
or

es
ce

nc
e

of
th

e
se

ed
s

gf
s2

/g
rv

2/
ka

m
2

R
ec

ep
to

r-m
ed

ia
te

d
en

do
cy

to
si

s8
(R

M
E

8)
S

ila
dy

et
al

.(
20

04
),

Fu
ji

et
al

.

(2
00

7)
,T

am
ur

a
et

al
.(

20
07

)

gf
s1

0
U

nk
no

w
n

ge
ne

th
at

en
co

de
s

a
no

ve
l

m
em

br
an

e
pr

ot
ei

n

Fu
ji

et
al

.(
20

07
)

vs
r1

Va
cu

ol
ar

so
rt

in
g

re
ce

pt
or

1
V

S
R

1
Fu

ji
et

al
.(

20
07

)

(C
on

tin
ue

d)

Frontiers in Plant Science | Plant Cell Biology May 2012 | Volume 3 | Article 97 | 2

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Cell_Biology
http://www.frontiersin.org/Plant_Cell_Biology/archive


Zwiewka and Friml Fluorescence imaging-based forward genetic screens

T
a

b
le

1
|

C
o

n
ti

n
u

e
d

B
a

c
k
g

ro
u

n
d

L
o

c
a

li
z
a

ti
o

n
S

c
re

e
n

e
d

p
o

p
u

la
ti

o
n

P
h

e
n

o
ty

p
e

M
u

ta
n

t
G

e
n

e
R

e
fe

re
n

c
e

P
IN

1–
G

FP
Po

la
rly

lo
ca

liz
ed

,

pl
as

m
a

m
em

br
an

e

pr
ot

ei
n

1,
50

0
M

1

fa
m

ili
es

E
ct

op
ic

in
tr

ac
el

lu
la

r
P

M
pr

ot
ei

n

ag
gl

om
er

at
io

n

pa
t2

A
P-

3
β

pu
ta

tiv
e

su
bu

ni
ts

of
ad

ap
to

r

co
m

pl
ex

Fe
ra

ru
et

al
.(

20
10

)

1,
92

0
M

1

fa
m

ili
es

pa
t4

A
P-

3
δ

pu
ta

tiv
e

su
bu

ni
ts

of
ad

ap
to

r

co
m

pl
ex

β

Zw
ie

w
ka

et
al

.(
20

11
)

25
,5

50
M

2

se
ed

lin
g

R
es

is
ta

nt
to

in
hi

bi
to

ry
ef

fe
ct

of
B

FA
to

ex
oc

yt
os

is

be
n1

H
om

ol
og

of
A

R
F

G
E

F,
al

so
kn

ow
n

as

M
IN

7/
B

IG
5,

w
hi

ch
be

lo
ng

s
to

th
e

B
IG

cl
as

s
of

th
e

A
R

F
G

E
F

su
bf

am
ily

.

Ta
na

ka
et

al
.(

20
09

)

3,
50

0
M

1

fa
m

ili
es

R
es

is
ta

nt
to

in
hi

bi
to

ry
ef

fe
ct

of
au

xi
n

on

en
do

cy
to

si
s

do
c1

B
IG

//T
IR

3
/U

M
B

1/
A

SA
1

en
co

de
s

a
hu

ge

m
em

be
r

of
th

e
C

al
os

si
n/

Pu
sh

ov
er

fa
m

ily

Pa
ci

or
ek

et
al

.(
20

05
)

M
or

eo
ve

r,
it

in
cl

ud
es

ge
ne

tic
po

pu
la

tio
ns

th
at

ha
ve

be
en

sc
re

en
ed

,
m

ut
an

t
ph

en
ot

yp
e,

an
d

th
e

fu
nc

tio
n

of
th

e
ge

ne
ch

ar
ac

te
riz

ed
in

th
e

sc
re

en
.

Fo
r

ea
ch

ch
ar

ac
te

riz
ed

m
ut

an
t,

ta
bl

e
co

nt
ai

ns
al

so
re

fe
re

nc
e

in
fo

rm
at

io
n.

to GFP (Boevink et al., 1998) allowed the identification of mutants
with an altered distribution of the Golgi stacks in leaf epidermal
cells. Interestingly, this screen of which the aim was the charac-
terization of genes regulating the Golgi activity and integrity also
contributed to the identification of regulators involved in protein
exchange mechanisms between the endoplasmic reticulum (ER)
and Golgi (Boulaflous et al., 2008; Faso et al., 2009; Marti et al.,
2010; Stefano et al., 2012; Table 1).

An Arabidopsis transgenic line SP-GFP-HDEL that expressed
the 2S albumin signal peptide (SP) fused to GFP and followed by
the ER retention signal HDEL, has proven to be a useful tool for the
visualization of the ER morphology within living cells (Mitsuhashi
et al., 2000; Hayashi et al., 2001). In plant cells, the ER network
is distributed evenly in the cytoplasm between the plasma mem-
brane and the vacuolar membrane. Therefore, plant cells are a
good model to observe the fine structure of these organelles by
confocal microscopy. Such an Arabidopsis transgenic line with a
fluorescently marked ER was chemically mutagenized and used in
a screen for mutants with an abnormal ER organization (Nakano
et al., 2009; Table 1).

To isolate mutants with an abnormal endomembrane structure
within the cells, seeds of the transgenic Arabidopsis line SP-GFP-
2SC were used for EMS mutagenesis. This marker line stably
expressed a vacuole-targeting signal peptide of the 2S albumin
of pumpkin (Cucurbita sp.) genetically fused to GFP (Mitsuhashi
et al., 2000). In light-grown SP-GFP-2SC seedlings, the entire
endomembrane system remained fluorescent, including the ER
network and the dot-like structures of the Golgi complex, but not
the vacuoles (Tamura et al., 2003). This screen resulted in the iso-
lation and characterization of two katamari (Japanese word for
aggregate) mutants, kam1 and kam2 (Tamura et al., 2005; Tamura
et al., 2007; Table 1).

Another strategy in designing fluorescent based forward genet-
ics screen for membrane trafficking regulators was to use secretory
GFP (secGFP) line. As the ER retrieval signal had been deleted
from the sequence of the ER-localized GFP, this protein was
translocated from the lumen of the ER and transported to the
apoplast (Wieland et al., 1987; Denecke et al., 1990; Martínez-
Menárguez et al., 1999; Vitale and Denecke, 1999), where the GFP
signal is largely quenched due to the acidic pH of the extra-
cellular environment (Batoko et al., 2000; Zheng et al., 2004).
Selection of seedlings displaying strong intracellular accumula-
tion of secGFP allowed the identification of two allelic mutants
in a previously unidentified guanine-nucleotide exchange factor
for ADP-ribosylation factor GTPase (ARF GEF), component of
secretion (Teh and Moore, 2007; Table 1).

To clarify the sorting machinery for protein storage vacuoles
(PSVs) in seeds, an elegant screen has been designed. Putative vac-
uolar sorting-deficient mutants would produce strongly fluores-
cent seeds if vacuole-targeted GFP (GFP–CT24) were not degraded
in the vacuole, but mislocalized (Nishizawa et al., 2003). For this
purpose, the Arabidopsis GFP–CT24 line was EMS-mutagenized
and the desired mutant seeds were easily identified by the strong
green fluorescence caused by missorting of GFP–CT24 (Fuji et al.,
2007; Table 1).

Other widely screened EMS population was generated by using
the PINFORMED1 (PIN1–GFP) transgenic line expressing PIN1
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chimeric protein under the native promoter (Table 1). The auxin
efflux carrier PIN1 (Petrášek et al., 2006), is a well-characterized
integral membrane protein that undergoes complex and consti-
tutive subcellular dynamics (Geldner et al., 2001; Abas et al.,
2006; Dhonukshe et al., 2007; Kleine-Vehn et al., 2008a,b). By
using epifluorescence microscopy, the EMS-mutagenized PIN1–
GFP population was screened for seedlings displaying an aberrant
marker distribution, hinting at a defective intracellular protein
trafficking (Feraru et al., 2010; Zwiewka et al., 2011). The PIN1–
GFP mutagenized population was also successfully used to better
understand the mechanism of constitutive PIN1 cycling. In this
approach, the fungal toxin brefeldin A (BFA), an inhibitor of pro-
tein trafficking and recycling, was applied to select mutants with
changed sensitivity to the drug (Tanaka et al., 2009).

Moreover, this mutagenized marker line was utilized to gain
more insights into the pathway by which auxin affects trafficking.
A genetic screen had been performed to find mutants resistant
to the inhibitory effect of auxin on endocytosis (Paciorek et al.,
2005).

The presented examples show that the screens based on changes
in the localization or intensity of the fluorescent marker repre-
sent a powerful tool to explore the potential of forward genetics
in Arabidopsis. This approach allows us to address cell biological
questions and to uncover new regulators of protein trafficking and
organellar integrity in the endomembrane system.

TECHNICAL CONSIDERATIONS FOR HIGH-THROUGHPUT
IMAGING-BASED SCREENING
Recent developments of high-throughput technology in life sci-
ences provide quantitative profiling data for numerous biomol-
ecules, such as gene transcripts, proteins, and metabolites from
single cells, tissues, or whole organs. However, those technologies
do not give spatial information about mentioned molecules. On
the other hand, confocal laser microscopy and the use of fluores-
cent tags can reveal dynamics of molecules in vivo at cellular and
subcellular resolution (Held et al., 2008; Salomon et al., 2010).

Generally, two main factors seem to be essential for the success
of a forward genetics screen. The first factor is the specificity of
the screening conditions that enable the identification of mutants
involved in the desired process and limit selection of “uninterest-
ing” mutants in the unrelated pathway. The second, and most
important, factor is a clear phenotype needed to identify the
mutants of interest and later map the mutation.

In forward, reverse, and chemical genetics studies, one is often
interested in a specific phenotype based on changes in subcel-
lular morphology, signal intensity, or location. Current standard
approaches to these screens include manual microscopy, which
is slow (Jorgensen and Mango, 2002), whereas high-throughput
microscopy systems (Salomon et al., 2010) have insufficient
automations and/or inadequate resolutions (Furlong et al., 2001;
Crane et al., 2009). These are frequently a limiting factors in the
cell biological screens based on microscopical observation of rel-
atively variable and subtle changes in the subcellular distribution
of the marker. Abovementioned aspects can impair the identifi-
cation of the underlying gene. Therefore, automated systems for
handling living plant samples during imaging and development
of quantitative image-processing tools are essential to overcome

these difficulties. Unfortunately, a reliable and uniformized setup
is still missing for plant work.

Traditional strategies for the identification of mutations con-
sist of two discrete steps: recombinant genotyping and candidate
gene sequencing. Positional (or map-based) cloning is essentially
an indirect approach: mapping narrows down the genetic inter-
val that contains a mutation by successively excluding all other
parts of the genome. Once an interval is defined, other criteria
have to be employed to find out which of the genes are mutated
within the interval. Naturally, the smaller interval or the higher
mapping resolution, that is mainly determined by the size of the
mapping population, makes this method effortless. Availability of
the sequence information and access to basic molecular biology
techniques vastly enhance molecular mapping output. As a conse-
quence, it is possible to isolate the mutant and map the mutation
within as little as a few months (Lukowitz et al., 2000).

The alternative to traditional strategies are next-generation
sequencing technologies by which high-resolution genotypic
information can be obtained by rapid and, nowadays, relatively
cheap, whole-genome sequencing. Ideally, mutations underlying
phenotypes of interest should be identified simply by sequenc-
ing the mutant genomes. Unfortunately, this is not possible
because numerous unassociated polymorphisms segregate with
the causative mutation in a mutagenized population with a very
low signal to noise ratio. For this reason, most of the next-
generation sequencing approaches overcome the background
noise problem either by defining the genomic region of interest
through prior genetic analysis or via bulk analysis of a very large
number of mutant lines (Austin et al., 2011).

Once a mapping population is available, the short read analysis
pipeline (SHOREmap) method allows a single investigator to iden-
tify a mutation within a bit more than the week, by the Illumina
Genome Analyzer sequencing. Furthermore, the de novo marker
prediction that is used in this approach can be an alternative for
advanced genetics in many species not yet considered genetically
traceable (Schneeberger et al., 2009). Unfortunately SHOREmap
might be not robust enough when small mapping populations are
used, with occasionally occurring false positives, which is typi-
cally the case when an interesting phenotype is difficult to score or
when the organism of study is hard to propagate in large number.
Thus, mapping of mutations with less obvious and more vari-
able phenotype remains the major challenge for the fluorescent
microscopy-based forward genetics approaches.

SIGNAL VERSUS NO SIGNAL SCREENING STRATEGIES
Clear phenotypes and, thus easy selection of the candidate individ-
uals are crucial aspects, not only for identification of the desirable
mutants, but also particularly for the later mapping of the muta-
tion by positional cloning. On the cellular level, the presence or
absence of the fluorescent signal is the easiest feature to distin-
guish, thereby also radically reducing the possibility of selecting
false positive individuals.

SECRETORY GFP SCREEN
Secretory GFP-mutagenized populations have been used to
develop membrane trafficking assays based on the differential flu-
orescence intensity of secreted and retained GFP proteins (Teh and
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Moore, 2007). The secGFP line was created from the ER-localized
GFP version (Haseloff et al., 1997), by replacing its C-terminal ER
retention signal with a sequence encoding the C-Myc epitope. As
a consequence, the protein is transported to the apoplast where it
generates a weak fluorescence signal (Batoko et al., 2000; Zheng
et al., 2004; Figure 1A).

Using a epifluorescence microscope, 141,000 M2 seedlings were
screened for enhanced intracellular GFP fluorescence. As a result,
two mutants that carried allelic mutations causing the accumu-
lation of secGFP in spheroid bodies were isolated (Figure 1B).
Positional cloning and sequencing identified stop codons in the
gene encoding an ARF GEF, the nucleotide exchange factor for
ARF GTPases, closely related to the Arabidopsis ARF GEF GNOM.
Therefore, the mutants were designated Gnom-like1 (Table 1).
Both genes, GNOM and GNOM-like1 belong to ancestral GBF1
family of ARF GEFs, known to be involved in the ER to Golgi
trafficking in mammals and yeast (Geldner et al., 2003; Gilling-
ham and Munro, 2007). Nevertheless, GNOM has been shown to
be essential for recycling of endosomes to the plasma membrane
(Steinmann et al., 1999; Geldner et al., 2003) and also to function
in the regulation of endocytosis (Naramoto et al., 2010), but not
to have a pronounced role in the secretory pathway (Geldner et al.,
2003; Richter et al., 2007).

GNL1 has a role in maintaining the Golgi organization, because
the gnl1 mutants exhibited a striking increase in the size of
the Golgi apparatus stacks and, after BFA treatment, the inte-
gral Golgi markers were rapidly transferred to the ER (Teh and

FIGURE 1 | Cellular phenotype of the mutants selected based on the

presence of fluorescent signal. Arabidopsis secGFP transgenic line (A)

showing weak fluorescence of secreted GFP and (B) pronounced signal
accumulation in the root cells of gnl1 mutant. Adapted from Teh and Moore
(2007). Wild type GFP–CT24 seeds (C), with the vacuole-targeted marker,
signal completely merged with the autofluorescence of PSVs. Mistargeting
and secretion into the extracellular space of GFP–CT24 in gfs2 (D) and vsr1
(E) mutant seeds. Adapted from Fuji et al. (2007).

Moore, 2007). The GNL1 gene has diverse functions in vesicle coat
formation and vesicle–cytoskeleton interactions (Geldner, 2004;
D’Souza-Schorey and Chavrier, 2006). Interestingly, the intracel-
lular accumulation of secGFP in gnl1 mutants suggested that this
close relative of GNOM is functional on a secretory trafficking
pathway.

GFP–CT24 SCREEN
Similar criteria were applied to distinguish mutant phenotypes
in the screen for new molecular players that function in vacuolar
sorting of storage proteins to PSVs. The Arabidopsis transgenic line
used for the screen expressed the GFP–CT24 construct, consisting
of a GFP followed by the 24 amino acids from the C-terminal
end of the storage protein precursor, β-conglycinin (CT24), under
the control of a seed-specific promoter (Nishizawa et al., 2003).
In wild type seeds, the GFP–CT24 signal was completely merged
with the red autofluorescence of PSVs (Figure 1C), showing that
GFP–CT24 was correctly sorted and transported by the vacuolar
sorting receptor 1 (VSR1) into PSVs. In planta, only two factors,
VSR1 and the homolog of the yeast retromer component VPS29,
which is involved in recycling of VSR1 (Shimada et al., 2006), have
been shown to function in vacuolar sorting of storage proteins to
PSVs. Both the vsr1 and vps29 mutants after crossing with GFP–
CT24, secreted a vacuole-targeted marker into the extracellular
space, where GFP was stabilized, causing the green fluorescence of
the seeds. These results suggested that also other mutants deficient
in vacuolar sorting would produce green fluorescent seeds.

Following this idea, transgenic Arabidopsis GFP–CT24 seeds
were mutagenized with EMS to obtain populations suitable for
screening. By means of a fluorescence stereomicroscope, more
than 100 fluorescent seeds were easily selected from 3,000,000
of the mutagenized M2 seeds and 10 green fluorescent seeds
(gfs) mutants have been described (Fuji et al., 2007). Molecular
characterization revealed that the gfs2 mutant, showing defects
in the proper targeting of the GFP marker (Figure 1D), car-
ries the mutation in the same gene as the gravitropism defective
2 (grv2) mutant, previously characterized as deficient in shoot
gravitropism and phototropism (Silady et al., 2004), and Ara-
bidopsis kam2 mutant with deformed endosomes and abnormal
aggregates of various cellular organelles (Tamura et al., 2007).
The GFS2/GRV2/KAM2 gene encodes a homolog of a DnaJ
domain-containing the receptor-mediated endocytosis 8 (RME8)
that is required for endocytosis and the organization of endo-
somes in Caenorhabditis elegans (Zhang et al., 2001), Drosophila
melanogaster (Chang et al., 2004), and human (Girard et al.,
2005; Table 1). It is possible that the DnaJ domain-containing
GFS2/GRV2/KAM2 is involved in the folding of protein(s) needed
for the proper formation of endosomes that mediate protein traf-
ficking to PSVs and the biogenesis of endosomal compartments,
including PSVs (Fuji et al., 2007; Tamura et al., 2007).

Fine-mapping and DNA sequencing of the gfs10 mutant
revealed a single base pair mutation in the gene that encodes a
novel membrane protein of unknown function with 10 putative
transmembrane domains (Table 1). As this protein is specific to
higher plants, plants appear to have a novel mechanism for the
vacuolar sorting of storage proteins. The phenotype of the gfs10
mutant was very similar to that of the vacuolar sorting mutants
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vsr1 (Shimada et al., 2003), vps29 (Shimada et al., 2006), and
gfs2/grv2/kam2 (Fuji et al., 2007; Tamura et al., 2007). Interest-
ingly, four out of 10 gfs mutants characterized in the screen were
mapped as different alleles of vsr1 (Figure 1E). These findings
imply that VSR1 might function primarily in vacuolar sorting of
storage proteins in maturing seeds, in accordance with VSR1 being
one of the seven most abundant VSRs in seeds. Further identifi-
cation of the responsible genes of the other gfs mutants should
provide valuable insights into the complex molecular mechanisms
underlying the vacuolar sorting of storage proteins (Fuji et al.,
2007).

SCREENING STRATEGIES BASED ON CHANGES IN
SUBCELLULAR DISTRIBUTION
The fluorescent protein technology applied to live imaging of
plant cells helped greatly in providing subcellular markers for the
study of the complex spatial and temporal relationships among
intracellular endomembrane compartments. The changes in sub-
cellular distribution of various markers have been used as a basis
for forward genetics screens.

GFP:δ-TIP SCREEN
One of the first microscopy-based forward genetics screen aimed
at identifying mutants with defects in vacuolar biogenesis. Effec-
tive visualization of the vacuolar structure was possible by using
Arabidopsis transgenic lines constitutively expressing a fluorescent
tonoplast marker, GFP:δ-TIP (Cutler et al., 2000; Figure 2A). By
means of confocal microscopy,∼9,000 M2 seedlings were screened

for distorted vacuoles based on mistargeting of the GFP:δ-TIP or
related phenotypes (Table 1). Originally, from obtained 211 puta-
tive mutants with defective vacuole biogenesis, 110 died before
setting seed and/or did not produce any seeds, resulting in a
population of 101 putative vacuolar mutants (Avila et al., 2003).

The modified vacuole phenotype-1 (mvp1) mutant isolated from
the screen displayed more static than the wild type, subcellu-
lar GFP:δ-TIP-labeled membrane structures and a number of
vacuole-related phenotypes (Figure 2B). Studies with other cel-
lular markers indicated a general disruption of the intracellular
compartments, including the ER, Golgi, and mislocalization of
the plasma membrane cargo. This observation suggested that
MVP1 had a more general role early in the endomembrane sys-
tem and that loss of MVP1 function might detain the proteins
destined for other compartments in subcellular aggregates. Posi-
tional cloning revealed that the mvp1 mutation was located in a
gene coding for a putative myrosinase-associated protein MyAP,
which is a member of a large family of GDSL plant lipases. Pull-
down assays demonstrated that MVP1 interacted specifically with
the Arabidopsis myrosinase protein, thioglucoside glucohydro-
lase2 (TGG2). MVP1 was proposed to be functional, in part, in
the correct localization of the myrosinase TGG2 and the preven-
tion of inappropriate glucosinolate hydrolysis that could generate
cytotoxic molecules (Agee et al., 2010).

Because vacuoles occupy most of the volume of plant cells, the
tonoplast marker delineates cell shape, allowing the identification
of the cell shape phenotype-1 (csp-1) mutant with defects in the leaf
epidermis shape and as a consequence, loss of pavement cell lobes

FIGURE 2 | Cellular phenotype of mutants selected based on

subcellular distribution of fluorescent signal. Arabidopsis GFP:δ-TIP
transgenic line (A) constitutively expressing a fluorescent tonoplast
marker. mvp1 mutant (B) accumulating the GFP:δ-TIP fusion protein in
static aggregates (arrowheads). Adapted from Agee et al. (2010). csp-1
mutant (C) with defects in the leaf epidermis cell shape and loss of
pavement cell lobes (arrow). Adapted from Chary et al. (2008). Arabidopsis
line expressing vacuole-targeted GFP-2SC (D), showing GFP fluorescence
in entire endomembranes. kam1 (E) and kam2 (F) mutants displaying
large aggregates of the endomembranes (arrows). Adapted from Tamura
et al. (2005) and Tamura et al. (2007). The ST-GFP Arabidopsis line
expressing Golgi marker (G) at the bigger magnification (J). Fluorescent

spots correspond to Golgi stacks (arrowheads). Adapted from Faso et al.
(2009) and Marti et al. (2010). Mutant g92 (H) showing additional to Golgi
stacks (arrowhead), large fluorescent globular structures (arrow). Adapted
from Faso et al. (2009). gom8 (I) displaying large static, structures that
include aggregates of Golgi stacks and fewer ST-GFP-positive membranes
in the cortical region. Adapted from Stefano et al. (2012). ST-GFP marker in
the gold36 mutant (K) partially distributed to intracellular network,
accumulating in circular structures (empty arrow) and large globular
structures (star). Adapted from Marti et al. (2010). Arabidopsis line
SP-GFP-HDEL (L) displaying fluorescence of ER network. Mutants ermo1
(M) and ermo2 (N) revealing a number of strongly GFP-labeled spherical
structures. Adapted from Nakano et al. (2009).
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(Figure 2C). The gene was annotated in the Arabidopsis genome
database as a trehalose-6-phosphate synthase. Enzymatic activi-
ties of the CSP-1 protein are necessary for the control of the plant
architecture, epidermal pavement cell shape, trichome branch-
ing, and other developmental processes by generating a sugar-
based signal or, more directly, by participating in transcriptional
regulation (Chary et al., 2008).

GFP-2SC SCREEN
Various aspects of plant development and signal transduction
rely on the structural and functional maintenance of endomem-
branes (Surpin and Raikhel, 2004). The transgenic Arabidopsis line
expressing vacuole-targeted GFP-2SC, showing GFP fluorescence
in entire endomembranes (Tamura et al., 2003), was used as a tool
to clarify the molecular mechanisms that regulate endomembrane
organization in plants (Figure 2D).

To isolate Arabidopsis mutants showing abnormal endomem-
brane structure within the cells, GFP-2SC seeds were EMS-
mutagenized and about 12,000 M2 seedlings were examined
with the fluorescence microscope. This screen resulted in
characterization of two mutants, designated katamari (kam1
and kam2) whose endomembrane formed large aggregates
(Figures 2E,F). These aggregates, were composed of many
small particles indicating fragmentation or deformation of
the endomembranes. They were found in most of the cells
of cotyledons and hypocotyls as well as in roots, root
hairs, and trichomes (Tamura et al., 2005; Tamura et al.,
2007).

By using map-based cloning approach, mutation in the kam1
mutant was allocated in the gene encoding a polypeptide sequence
with a single putative transmembrane domain and an exostosin-
like domain having glycosyltransferases activity (Table 1). Pre-
viously described mutant in the same locus, mur3 lacked glyco-
syltransferase activity (Madson et al., 2003). Interestingly, mur3
mutant exhibited normal endomembrane organization when
expressed the vacuole-targeted GFP in the cells which indicates
that glycosyltransferase activity is not involved in the organization
of the endomembranes.

Isolated kam1 mutant showed abnormal actin distribution and
treatment with the actin-depolymerizing reagent, Latrunculin B
caused GFP-2SC cells to develop a kam1-like phenotype. This
implies that KAM1/MUR3 interacts with actin and regulates the
proper distribution of actin filaments which is known to be essen-
tial for endomembrane organization and cell elongation in wild
type plants (Tamura et al., 2005).

Mapping and DNA sequencing of kam2 mutant showed
a single base pair mutation in the RME8 gene (Table 1).
This gene was reported to be responsible for the grv2 and
gfs2 mutant phenotype (Silady et al., 2004; Fuji et al., 2007).
KAM2/GRV2/GFS2 has a single DnaJ domain, known to inter-
act with heat shock protein 70 (Hsp70), a chaperone essen-
tial for proper folding of substrate proteins (Miernyk, 2001).
These results implied that KAM2/GRV2/GFS2 is involved in
the folding of proteins needed for membrane trafficking in
Arabidopsis.

Disruption of the formation of endosomal compartments by
kam2 mutations caused a depletion of the cytosolic or membrane

proteins needed for vesicular trafficking resulting in blocking of
vacuolar trafficking. Moreover, in seeds, large amount of precursor
form of storage proteins are synthesized on ER and delivered to
the PSVs, were the precursors are converted into the mature form
(Shimada et al., 2003). kam2 seeds abnormally accumulated the
precursors, similarly to seeds of vsr1 that lacks a vacuolar sorting
receptor for storage proteins (Shimada et al., 2003). This result
suggests that kam2 has a defect in the vacuolar sorting of storage
proteins in maturing seeds (Tamura et al., 2007).

Despite the similar cellular phenotype, the kam2 aggregates
differ from the aggregates of kam1. The kam2 aggregates con-
tained normal ER bodies, while the kam1 aggregates contained
completely deformed ER bodies. kam2 had sheet-like structures
of endosomes on the cell surface that was responsible for vesicular
trafficking, which have not been seen in kam1. kam2 had normal
organization of actin filaments, while kam1 exhibited the disor-
ganization of actin filaments. These differences between the kam1
and kam2 mutants suggest that the maintenance of endomem-
brane structure is supported by multiple mechanisms (Tamura
et al., 2005; Tamura et al., 2007).

ST-GFP SCREEN
Another approach to identify genes that regulate the function and
morphology of the Golgi utilized the EMS-mutagenized ST-GFP,
the Arabidopsis line expressing the cytosolic tail and transmem-
brane domain of a rat sialyl transferase fused to GFP (Boevink
et al., 1998; Figures 2G,J). The confocal analysis of ∼10,000 indi-
viduals from the M2 generation resulted in the discovery of 219
mutants with clear alterations in the Golgi marker distribution in
leaf epidermal cells.

Screening of ST-GFP mutagenized line resulted in identifica-
tion of the mutant, named g92, that showed additional to Golgi
stacks, large fluorescent globular structures in most of the cells
of the cotyledons (Figure 2H). Interestingly there was no obvious
developmental differences between the g92 mutant compared with
non-mutagenized ST-GFP (Figures 2G,J).

The affected gene had been identified by map-based cloning
and DNA sequencing approach. g92 mutant carried single base
pair mutation in one of the three isoforms of the COPII coat
component, Sec24a the same as in ermo2 mutant, identified in
fluorescence-based screen to characterized new players involved
in proper ER organization (Nakano et al., 2009; Table 1). Novel
mutation in the COPII subunit Sec24a partially affected the mor-
phology of the ER tubular network as well as the Golgi membrane
and soluble secretory protein distribution. The main effect of the
Sec24a allele was a partial deformation of the ER network that cre-
ated a localized membranes cluster containing proteins destined
to other compartments. Therefore, those results indicated that in
addition to protein export from the ER, COPII machinery is also
required for maintenance of the ER tubular network (Faso et al.,
2009).

One of the characterized mutant, designated Golgi defects 36
(gold36), showed large intracellular accumulation of the Golgi
marker ST-GFP, its partial distribution to the ER (Figure 2K)
and also partial retention of the soluble marker destined to the
apoplast, secRFP (Faso et al., 2009) in the ER, indicating defects in
the general ER protein export and ER organization. The mutation
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causing the gold36 phenotype was located in the same gene as in the
mutant mvp1 (Agee et al., 2010; Table 1). Detailed studies indicate
that GOLD36 is a protein destined to post-ER compartments. Nev-
ertheless, the mutant phenotype was linked to a reduced amount
of GOLD36 or the absence of the protein in the ER, leading to
the speculation that GOLD36 is a factor that, while on its way to
final destination, might influence the ER integrity. This model
proposes that GOLD36 participates in the maintenance of ER
integrity either by working as a chaperone for other proteins that
are necessary for the ER integrity or by binding and reducing the
activity of proteins destined to non-ER compartments that may
have deleterious effects in the ER (Marti et al., 2010).

Another mutant isolated in this screen, Golgi movement8
(gom8) displayed defects in the mobility of Golgi stacks
(Figure 2I). The mutation responsible for the gom8 phenotype was
located in the ROOT HAIR-DEFECTIVE 3 (RHD3) gene, encod-
ing a putative GTPase, distant member of the dynamin superfamily
(Wang et al., 1997; Table 1). Detailed studies showed that mutation
in the RHD3 hairpin loop domain provoked the accumulation of
the mutant protein into large structures and, thus, reduced the
availability of putative GTPases over the ER. Proper subcellular
distribution of RHD3 is important for maintenance of the ER mor-
phology, but not for tubule fusion in the peripheral ER (Stefano
et al., 2012).

This screen was aimed at discovering new factors that regulate
biogenesis, organization, and function of a vital organelle, namely
the Golgi apparatus in a multicellular context. Some processes
that regulate protein traffic along the secretory pathway appear
to be conserved among different systems, therefore, this approach
may also contribute to a better understanding of how different cell
systems have evolved (Boulaflous et al., 2008).

SP-GFP-HDEL SCREEN
Among organelles in eukaryotic cells, the ER has the largest surface
area and forms diverse structures. The complex ER morphology
supports various cellular functions, including synthesis of proteins
and lipids, maintenance of calcium homeostasis, and quality con-
trol of proteins (Okita and Rogers, 1996; Staehelin, 1997; Baumann
and Walz, 2001).

Because the molecular mechanisms responsible for the orga-
nization of these compartments is largely unknown, a forward
genetics approach was used to identify novel factors responsi-
ble for the organization and maintenance of ER structures. For
this purpose, the transgenic Arabidopsis line, designated SP-GFP-
HDEL (Figure 2L), expressing the signal peptide of the pumpkin
2S albumin and GFP, followed by an ER retention signal HDEL
(Mitsuhashi et al., 2000; Hayashi et al., 2001), was chemically
mutagenized. The subcellular phenotypes of seedlings from the
1,746 M2 families were checked with a fluorescence microscope.
Two recessive mutants designated ermo1 and ermo2 (endoplasmic
reticulum morphology) with a disorganized ER morphology were
isolated (Nakano et al., 2009).

Both, ermo1 and ermo2 developed a number of strongly GFP-
labeled spherical structures that were not seen in the parental
SP-GFP-HDEL (Figures 2M,N). Additionally, both mutants
developed a normal polygonal ER network. More detailed studies
showed that these compartments were derived from the ER and did

not result of an abnormal accumulation of the coat protein COPII
vesicles or some other post-ER compartments. Moreover, these
compartments did not colocalize with any subcellular marker.

Map-based cloning and DNA sequencing identified a nonsense
mutation in the GNL1 locus of ermo1 and in the SEC24a locus
of ermo2. Interestingly, also g92 mutant, fund in the screen for
regulators of Golgi apparatus distribution was carrying mutation
in the same gene locus (Faso et al., 2009; Table 1). Yeast and
mammalian homologs of both GNL1 and SEC24a are involved
in membrane trafficking between the ER and Golgi (Nakano et al.,
2009). The ermo2 phenotype was caused by a point mutation in
one of the cargo-binding sites to recruit them into the COPII vesi-
cles. This observation suggests impairment in the packaging of
some specific cargos in ermo2/g92, because ERMO1/GNL1 func-
tions in the first step of COPI vesicle budding, hinting at a less
specific interaction with cargo proteins. However, defective ret-
rograde transport may also cause partial defects in anterograde
transport. As ERMO1/GNL1 contributes to retrograde transport
(Teh and Moore, 2007), the protein export from the ER might also
be partially defective in the ermo1/gnl1 mutants.

Enhanced defects in the ermo1/ermo2 double mutant suggest
that when ERMO1/GNL1 and ERMO2/G92 are both defective,
the SEC24a-dependent pathway is blocked and the function of
two other SEC24 homologs is partially disrupted because of
the defective retrograde transport. Furthermore, ERMO1/GNL1
and ERMO2/G92 might be involved in transport of some spe-
cific proteins, which are required for the organization of the ER
morphology (Nakano et al., 2009).

PIN1–GFP SCREEN
To identify new regulators of protein trafficking pathways, a fluo-
rescence imaging-based forward genetics screen was carried out to
find mutants affecting the subcellular trafficking of the PIN1 auxin
efflux carrier (Petrášek et al., 2006) that drives the auxin transport
in a polar direction (Wisniewska et al., 2006). The polar local-
ization of PIN proteins (Figure 3A) changes dynamically during
plant development (Benková et al., 2003; Friml et al., 2003; Sorefan
et al., 2009) and in response to environmental signals (Friml et al.,
2002). The PIN proteins are constitutively shuttling between the
plasma membrane and endosomes, providing a possible mecha-
nism for rapid relocation of PIN proteins (Geldner et al., 2001).
The PIN subcellular movement involves elaborated subcellular
dynamics, including secretion (Dhonukshe et al., 2008), clathrin-
mediated endocytosis (Dhonukshe et al., 2007), polar recycling
(Geldner et al., 2001; Kleine-Vehn et al., 2008a), and trafficking to
the vacuole (Abas et al., 2006; Kleine-Vehn et al., 2008b). Due to its
complex dynamics, PIN1–GFP is a suitable tool for identification
of regulators in multiple trafficking pathways.

Using EMS-mutagenized PIN1–GFP population, three inde-
pendent protein-affected trafficking (pat ) mutants were identified
from ∼500 M1 families (Feraru et al., 2010). Further screen-
ing progenies of 1,920 M1 families, resulted in identifying other
additional allele of the pat mutant – pat4 (Zwiewka et al., 2011;
Table 1).

pat2 and pat4 are recessive mutants with strong defects in the
subcellular trafficking of PIN1–GFP. Besides the normal, basal
localization of the PIN1 protein in root stele cells, all these mutants
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FIGURE 3 | Cellular phenotype of the mutants selected in the screens

performed on PIN1–GFP mutagenized population. Plasma membrane,
polar localization of PIN1–GFP protein (A) in the steel of Arabidopsis root
cells. The mutants pat2 (B) and pat4 (C) displaying ectopic accumulation of
PIN1–GFP marker. Adapted from Feraru et al. (2010) and Zwiewka et al.
(2011). Wild type line (D) accumulating PIN1–GFP in the BFA
compartments. Root cells of ben1 mutant (E) showing smaller BFA-induced
internalization. Adapted from Tanaka et al. (2009). In wild type line (F)

synthetic auxin NAA blocks PIN1 internalization. doc1 mutant (G) shows
resistance to the inhibitory effect of auxin on the endocytosis of PIN1.
Adapted from Paciorek et al. (2005).

display a strong intracellular accumulation of GFP (Figures 3B,C).
Similarly, another polar plasma membrane protein PIN2 (Xu and
Scheres, 2005) as well as an apolar aquaporin PIP2 (Cutler et al.,
2000), and brassinosteroid receptor BRI1 (Friedrichsen et al., 2000;
Geldner et al., 2007) aggregated in intracellular compartments
in the pat2 and pat4 mutants. Also the localization of soluble
proteins, such as aleurain (Di Sansebastiano et al., 2001), was
affected in pat2. Similarly to pat2, pat4 displayed a vacuolar protein
accumulation and an abnormal vacuole (lytic and PSV) morphol-
ogy, but was not defective in protein trafficking to the plasma
membrane, recycling, and early endocytosis (Feraru et al., 2010;
Zwiewka et al., 2011). Moreover, the pat2 and pat4 mutants grown
on medium lacking sucrose showed arrested phenotype corre-
lated with seed age and after long storage, the mutant seeds had a
dramatically reduced germination capability, resembling mutants
defective in vacuolar function (Feraru et al., 2010; Zwiewka et al.,
2011). The molecular characterization of pat2 and pat4 mutants
revealed that they were defective in the AP-3 β and AP-3 δ puta-
tive subunits of the same adaptor complex. The AP-3 complex
have important function in membrane trafficking (Lee et al., 2007;
Niihama et al., 2009). Importantly, biochemical analysis confirmed
the genetic studies and identified the whole AP-3 complex in
Arabidopsis (Zwiewka et al., 2011). Overall, the data indicate that

the AP-3 adaptor complex plays a role in the vacuolar biogenesis in
Arabidopsis, including mediation of the transition between storage
and lytic vacuolar identity.

The pronounced intracellular accumulation of diverse proteins
had surprisingly little impact on plant development and physiol-
ogy. Therefore, usage of the fluorescent microscope as a tool to
screen for cellular phenotypes was a successful strategy to reveal
new genes involved in trafficking pathways in plants.

SCREENING STRATEGIES WITH TRAFFICKING INHIBITORS
Some screens for the identification of trafficking mutants com-
bined subcellular localization of fluorescent markers and treat-
ment with inhibitors of different trafficking steps. Specifically,
the PIN1–GFP transgenic lines were treated with BFA, which is
one of the most useful tool to study vesicle-mediated traffick-
ing in eukaryotic cells (Klausner et al., 1992; Gaynor et al., 1998;
Nebenführ et al., 2002; Langhans et al., 2011). BFA interferes with
the function of the GEFs that catalyze the activation of the small
GTPase ARF on membrane surfaces. The membrane-bound,active
form of ARF, ARF–GTP plays a crucial role in vesicle formation
(Donaldson and Jackson, 2000; Vernoud et al., 2003; D’Souza-
Schorey et al., 2006; Grosshans et al., 2006). BFA rapidly releases
the vesicle coat proteins into the cytosol and prevents further vesi-
cle formation (Donaldson et al., 1990; Robinson and Kreis, 1992;
Ritzenthaler et al., 2002). As a consequence, the integrity of sev-
eral subcellular compartments is severely perturbed by this drug
(Langhans et al., 2011).

In Arabidopsis root tissues, recycling of the PIN1 protein to the
basal side of vascular cells is highly sensitive to BFA, but its endocy-
tosis is relatively resistant to this compound (Geldner et al., 2001).
Consequently, treatment with BFA of Arabidopsis roots results
in intracellular accumulation of PIN1 proteins in agglomerated
endomembrane compartments, designated “BFA compartments”
(Geldner et al., 2003; Figure 2D). The target of BFA in terms of
PIN1 recycling is ARF GEF GNOM. GNOM-dependent traffick-
ing has been demonstrated to be required for targeting the PIN1
protein to the basal side of the plasma membrane. Moreover, pro-
longed treatment with the drug provokes the disappearance of
PIN1–GFP from the BFA compartment and its ectopic appearance
at the apical site of the cell (Kleine-Vehn et al., 2008a).

To better understand the mechanism of the constitutive cycling
of PIN1 and to identify new molecular players regulating this
process, forward genetics screen has been designed on BFA-treated
PIN1–GFP seedling roots (Tanaka et al., 2009). The screening
conditions have been set to select mutants insensitive to BFA.

EMS-mutagenized PIN1–GFP population was screened for
mutants that did not efficiently internalize PIN1–GFP and/or
accumulate it in the BFA compartments after 2 h of BFA treat-
ment. After 25,550 M2 seedling roots had been screened by epi-
fluorescence microscopy, three mutants were identified, in which
BFA did not induce the typical agglomeration of the internalized
PIN1–GFP (Figure 3E), in comparison to the wild type seedlings
(Figure 3D). These mutant lines were designated BFA-visualized
endocytic trafficking defective1 (ben1), ben2, and ben3. The ben1
mutant accumulates less PIN1–GFP proteins in the BFA compart-
ment and the BEN1 gene encodes a homolog of ARF GEF, also
known as MIN7/BIG5, which belongs to the BIG class of the ARF
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GEF subfamily (Table 1). Consistent with its supposed role in early
endosomal trafficking, the BEN1 protein localizes to the TGN/EE.
This analysis also supports previous findings that early endosomal
trafficking is involved in polar localization of PIN proteins, plant
growth, and development, because the ben1 knockout mutants
show clear, albeit only minor, defects in these aspects (Tanaka et al.,
2009). This observation implied that early endosomal trafficking
involving an ARF GEF BEN1/MIN7 function is a critical point in
establishing and/or maintaining polar PIN localization (Tanaka
et al., 2009).

One of the most challenging screens aiming at finding new
players involved in intracellular trafficking was done after the
breakthrough discovery that the plant hormone auxin can inhibit
endocytosis of its own transporters. More detailed studies with
the endocytic tracer FM4-64 showed that this phenomenon is
more general and concerns the plasma membrane and a num-
ber of endogenous and heterologous cargos (Paciorek et al., 2005;
Robert et al., 2010).

To visualize the inhibitory effect of auxin on the endocytosis of
PIN proteins, PIN1–GFP seedlings from a mutagenized popula-
tion were first treated with synthetic auxin, naphthalene acetic acid
(NAA), and then coincubated with NAA and BFA. From ∼3,500
M1 families, eight candidates were identified. One mutant have
been closely characterized that under these conditions, showed
resistance to NAA, displaying normal internalization of PIN1–GFP
into BFA compartments (Figure 3G), whereas in wild type plants,
the BFA-induced PIN1 internalization was inhibited (Figure 3F).

One of the mutants was allelic to transport inhibitor response3
(tir3) that had originally been isolated in a screen for resistance to
auxin transport inhibitors (Ruegger et al., 1997). The correspond-
ing gene, designated BIG (formerly DOC1/TIR3/UMB1/ASA1) is
known to encode a huge member of the Calossin/Pushover fam-
ily (Gil et al., 2001; Table 1). In Arabidopsis, BIG is a single-copy
gene present also in other plant and animal genomes. Mutations
in the BIG protein causes partial resistance to the auxin-inhibitory
effect on endocytosis. This protein might be involved in subcellular
vesicle trafficking, because it affects the subcellular localization of
PIN1 and other plasma membrane proteins, such as PIN2 and
plasma membrane-ATPase (Paciorek et al., 2005). There is no
experimental support for either a connection between the BIG-
dependent auxin signaling pathway inhibiting endocytosis and
the previously characterized Skp1/Cullin/F-box protein Trans-
port Inhibitor Response 1-related auxin signaling regulating gene
expression (Kepinski and Leyser, 2002; Dharmasiri and Estelle,
2004) or a requirement for gene transcription or protein syn-
thesis (Robert et al., 2010). Unfortunately, this screen did not
reveal which molecular pathway auxin uses to exhibit its effect
on endocytosis.

Recent studies showed that auxin-mediated inhibition of
the PIN protein internalization from the plasma membrane
occurs within minutes. These observations imply that non-
transcriptional auxin signaling interferes specifically with the gen-
eral process of clathrin-mediated endocytosis in plant cells. The
putative auxin receptor, auxin binding protein 1 (ABP1) seems
to be a plant-specific, positive regulatory element of the clathrin-
mediated endocytic mechanism. Because ABP1 binds auxin with
high affinity (Jones, 1994; Napier et al., 2002), it is proposed

that auxin mediates its effect on clathrin-mediated endocytosis
via ABP1. Thus, the auxin effect on endocytosis might use a
previously unknown and, thus far, molecularly uncharacterized
signaling pathway that does not involve the regulation of gene
expression.

CONCLUSION AND OUTLOOK
Completion of the Arabidopsis genome sequence allowed the clas-
sical genetic screen method to become a powerful tool for function
determination of over 25,000 Arabidopsis genes. This ability to
map new genes resulted in a rapid exploitation of natural varia-
tion and has proven to possess enormous potential in broadening
the understanding of plant growth, development, and evolution.

Fluorescent marker-based forward genetics screens performed
so far, have demonstrated their efficiency in identifying novel
components of subcellular trafficking or in placing the known reg-
ulators in another functional context. Previous reports confirmed
the robustness of the EMS mutagenesis approach, followed by
confocal microscopy of stable Arabidopsis transformants express-
ing GFP fusions of tonoplast-localized proteins (Avila et al., 2003),
soluble vacuolar cargos (Tamura et al., 2005; Tamura et al., 2007),
Golgi-localized enzymes (Boulaflous et al., 2008), or secreted pro-
teins (Teh and Moore, 2007). These powerful strategies allowed
the isolation of several mutants with an aberrant distribution of
vacuolar, secreted, and ER-retained GFP markers that led to the
elucidation of secretory pathway components (Table 1).

The recent extensive studies employing molecular tools such
as, endosomal markers, dyes, and advanced imaging techniques
and genetic studies, enhanced our knowledge about trafficking in
plants. Moreover, identification of early and late endosomal com-
partments as well as molecular dissection of more than one type
of vacuole, clearly indicate that the plant endomembrane system
is very complex.

Results of fluorescent based forward genetic screens provided
evidence that the secretory and the endocytic machinery are tightly
connected.

The fact that the different alleles of the same genes were char-
acterized in screens based on different marker lines (Table 1),
indicates that the plant endosomal system is not a static set of
clearly separable structures but characterized by the dynamic for-
mation and decomposition, of membrane compartments that are
derived from each other by maturation.

The screening utilizing the PIN1–GFP marker line and epi-
fluorescence microscopy was aiming to identify mutants showing
defects in function of important components of the subcellular
trafficking machinery. Nevertheless, so far, all characterized pat
mutants from this screen are related rather to vacuolar function
or trafficking to the vacuole, but not to the other PIN1 trafficking
processes (Feraru et al., 2010; Zwiewka et al., 2011; Table 1). It is
possible that other pat mutants will be affected in these processes
or that design of the screen was biased toward strong accumulation
of GFP due to a defect in lytic degradation.

Combination of the PIN1–GFP-based approach and treatments
with the trafficking inhibitors BFA and NAA intended to iden-
tify the mutants defective in endocytic step of protein trafficking
and the molecular mechanism underlying the auxin effect on
endocytosis.
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Although, BFA-visualized ben1 carried a mutation in a pre-
viously uncharacterized GTP exchange factor on the ARF com-
ponent of the early endosomal trafficking (Tanaka et al., 2009),
unluckily, extensive research revealed that big mutations led to a
weak physiological resistance to auxin. So far, experimental data
do not support a direct involvement of the BIG protein in the
auxin signaling pathway, but rather in more general intracellular
trafficking processes (Kanyuka et al., 2003).

From the examples given above, fluorescence imaging-based
forward genetics screens can certainly be an excellent tool for
the identification of mutants that alter essential trafficking path-
ways, such as secretion, protein intracellular cycling, sorting of
storage proteins as well as vacuole biogenesis and function (Fuji
et al., 2007; Teh and Moore, 2007; Tanaka et al., 2009). How-
ever, it is important to keep in mind that due to high complexity
and dynamicity of the plant endomembrane systems as well as
limitations in the imaging techniques, screens based on fluores-
cent markers localization may bring some difficulties to obtain
desired mutants despite their eligible phenotype (Paciorek et al.,
2005; Feraru et al., 2010; Zwiewka et al., 2011). Moreover, fluores-
cent technology combined with genetics screen enabled the more
detailed characterization of new molecular regulators of cell shape
establishment, maintenance, morphology, and function of cellu-
lar compartments, and biogenesis of endosomal compartments
(Tamura et al., 2007; Boulaflous et al., 2008; Chary et al., 2008;
Nakano et al., 2009; Agee et al., 2010; Marti et al., 2010; Stefano
et al., 2012; Table 1).

Classical genetic approaches to study the function of
endomembrane system are subject to serious limitations and,
specifically, vesicular trafficking concern gametophyte or embryo
lethality. In Arabidopsis, it is well known that gene redundancy and
loss-of-function mutations frequently leads to failure in producing
observable phenotypes. To overcome these limitations, chemi-
cal genomics approaches have been initiated to facilitate better
understanding of endomembrane trafficking.

Chemical genomics methods are based on the ability of low
molecular mass molecules to modify the activity of proteins or
pathways and confound only one of several functions of a pro-
tein which would be difficult to achieve through gene-based
perturbation alone (Kuruvilla et al., 2002; Zouhar et al., 2004;
Robert et al., 2008). Furthermore, chemical genomics provides
both reversible and tunable plant responses. This gives another
possibility to bypass important restrictions indispensable to con-
ventional genetic approaches (Alaimo et al., 2001; Shogren-Knaak
et al., 2001). Moreover, chemical genomics that unites the power of
chemical screens and genomics strategies, was successfully applied

to dissect biological processes such as endomembrane trafficking.
This was proven by identification of three compounds (Sortin1,
Sortin2, and Sortin3) that resulted in pronounced defects in
vacuole biogenesis and inhibition of root growth in Arabidopsis
seedlings (Zouhar et al., 2004).

In another screen ES1 compound was identified to affect essen-
tial steps in PM/endosome trafficking and disrupt the trafficking
of PIN2, AUX1, and BRI1 but not PIN1 and PIN7. ES1 treatment
induced the rapid agglomeration of plasma membrane proteins
into “endosidin bodies” defined by the SYP61/VHA-a1 as an early
endosome compartment. Those results highlights the power of
bioactive chemicals to dissect essential endomembrane processes
(Robert et al., 2008).

In other approach, visualization of vacuolar morphology
in candidate mutants was enabled by using EMS-mutagenized
population expressing GFP:δ-TIP (Cutler et al., 2000). This
screen revealed that Sortin1-hypersensitive mutants with severe
vacuolar morphology phenotypes also showed defects in
flavonoid accumulation, suggesting a important role of the
flavonoid biosynthesis/transport machinery for vacuolar biogen-
esis and vacuolar cargo delivery in Arabidopsis (Rosado et al.,
2011).

Fluorescence imaging in living cells can directly show whether
the tested compounds have functional roles in the cellular process.
Straightforward and robust phenotypic screen would allow to test
thousands of chemicals in high-throughput manner. Ultimately,
bioactive compounds targeted to specific pathways can be useful
in plants to understand and dissect molecular and biochemical
processes (Norambuena et al., 2009; Robert et al., 2009).

Genetic screens are designed to become more sophisticated
by using specific genetic backgrounds that allow more complex
processes to be assessed. However, the conceptual framework
for genetic screens is still the same as that laid out by the pio-
neers of Arabidopsis genetics and will remain the basis for future
genetic approaches (Page and Grossniklaus, 2002). Rapid progress
in imaging, high-throughput automation, and next-generation
sequencing technologies is expected and will allow further devel-
opment of more refined and efficient cell biological screens that
will provide promising insights into the complex subcellular
trafficking pathways in plants.
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Skůpa, P., Benková, E., Perry, L.,
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