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Late embryogenesis abundant (LEA) proteins are hydrophilic, mostly intrinsically disordered proteins, which play major roles
in desiccation tolerance. In Arabidopsis thaliana, 51 genes encoding LEA proteins clustered into nine families have been
inventoried. To increase our understanding of the yet enigmatic functions of these gene families, we report the subcellular
location of each protein. Experimental data highlight the limits of in silico predictions for analysis of subcellular localization.
Thirty-six LEA proteins localized to the cytosol, with most being able to diffuse into the nucleus. Three proteins were
exclusively localized in plastids or mitochondria, while two others were found dually targeted to these organelles. Targeting
cleavage sites could be determined for five of these proteins. Three proteins were found to be endoplasmic reticulum (ER)
residents, two were vacuolar, and two were secreted. A single protein was identified in pexophagosomes. While most LEA
protein families have a unique subcellular localization, members of the LEA_4 family are widely distributed (cytosol,
mitochondria, plastid, ER, and pexophagosome) but share the presence of the class A a-helix motif. They are thus expected
to establish interactions with various cellular membranes under stress conditions. The broad subcellular distribution of LEA
proteins highlights the requirement for each cellular compartment to be provided with protective mechanisms to cope with
desiccation or cold stress.

INTRODUCTION

During late development, before they enter the desiccation
phase, plant seeds accumulate a class of polypeptides known
as LEA (late embryogenesis abundant) proteins, which share
common properties such as low sequence complexity, repeat
motifs, high hydrophilicity, and often a lack of ordered structure
in the native state (Tunnacliffe and Wise, 2007; Shih et al., 2008;
Tunnacliffe et al., 2010). Although there is a great diversity in
LEA proteins, most can be grouped into eight families in the
PFAM database (Finn et al., 2010) according to their primary
sequences: dehydrin, LEA_1, LEA_2, LEA_3, LEA_4, LEA_5,
LEA_6, and seed maturation protein (SMP). The pertinence of
such classification was reinforced and extended by computa-
tional analysis of the physico-chemical properties of more than

700 LEA protein sequences deposited in LEAPdb, a publicly
available database (Hunault and Jaspard, 2010), which allowed
a more detailed organization of the proteins into 12 non-
redundant classes (Jaspard et al., 2012). Interestingly, LEA
proteins have also been discovered in various species or phyla
of invertebrates (bdelloid rotifers, nematodes, tardigrades, and
arthropods), which are all anhydrobiotes (Tunnacliffe and Wise,
2007). In these organisms, as in the case of plant seeds, LEA
proteins accumulate prior to desiccation, which is a very strong
argument for a role of these proteins in desiccation tolerance.
LEA genes are highly represented in plant genomes with, for

instance, 51 LEA genes in Arabidopsis thaliana (Bies-Ethève
et al., 2008; Hundertmark and Hincha, 2008). According to these
studies, 47 of the corresponding LEA proteins are distributed
within the eight PFAM families. Two proteins were considered to
be members of the LEA_4 family by Hundertmark and Hincha
(2008), who also included two other proteins without PFAM
classification in a group which we will also refer to as AtM.
Quantitative RT-PCR analysis showed that most Arabidopsis

LEA genes were highly expressed in seeds (Hundertmark and
Hincha, 2008), in agreement with the accumulation of LEA proteins
(Gallardo et al., 2002). Interestingly, 22 LEA genes were found to be
highly expressed at the transcript level in vegetative tissues, in
particular under dehydration or exposure to low temperature
(Hundertmark and Hincha, 2008). Indeed, several LEA proteins are
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known as cold responsive proteins, such as COLD RESPON-
SIVE15A (COR15A) in Arabidopsis (Steponkus et al., 1998).

No enzymatic activity has been reported so far for LEA proteins,
which are more likely expected to play a role in stress tolerance as
protectants of biomolecules and membranes. As intrinsically dis-
ordered proteins, they are proposed to have a broad impact in the
abiotic stress response in plants (Sun et al., 2013). Individual LEA
proteins were shown in vitro to protect enzymes from desiccation
and/or freezing induced aggregation (Goyal et al., 2005b; Grelet
et al., 2005; Reyes et al., 2005; Pouchkina-Stantcheva et al., 2007;
Nakayama et al., 2008; Sharon et al., 2009; Boucher et al., 2010).
Such protection of polypeptides might result from chaperone-type
effects, implying direct interaction of LEA proteins with clients to
prevent aggregation (Kovacs et al., 2008), or from space-filling
by LEA proteins, which reduces the collision rates between
aggregating proteins, the so-called molecular shield function
(Chakrabortee et al., 2012). LEA proteins from the dehydrin
family have been shown to bind membranes through their ca-
nonical K-segment, a Lys-rich peptide (Koag et al., 2003, 2009).
The phosphorylation-dependent binding of the K-segment to
phospholipid vesicles was later shown to lower membrane lipid
phase transition, in agreement with a role of dehydrin in cold
tolerance (Eriksson et al., 2011). A pea (Pisum sativum) seed mi-
tochondrial LEA protein of the LEA_4 family was shown to protect
membranes from desiccation (Tolleter et al., 2007, 2010). This
intrinsically disordered protein, located in the matrix space, folds
during dehydration into a class A amphipathic a-helix form that
inserts laterally in the membrane to afford protection in the dry
state. LEA proteins have also been shown to sequester calcium
(Alsheikh et al., 2005), metal ions (Svensson et al., 2000; Kruger
et al., 2002), and reactive oxygen species (Hara et al., 2004), thus
potentially contributing to dehydration and cold stress tolerance.
They have also been shown to contribute to the glassy state,
which is formed by nonreducing sugars such as sucrose or tre-
halose upon desiccation in the cytoplasm of most of anhy-
drobiotes (Wolkers et al., 2001; Shih et al., 2004; Shimizu et al.,
2010).

Ectopic expression of individual LEA proteins in various or-
ganisms has also provided support for a function in stress pro-
tection, although the effects are often moderate (for review, see
Tunnacliffe and Wise, 2007). For instance, a brown mustard
(Brassica juncea) dehydrin overexpressed in yeast (Saccharo-
myces cerevisiae) or tobacco (Nicotiana tabacum) increased salt
and cold tolerance in both organisms (Xu et al., 2008). Another
wheat (Triticum aestivum) LEA protein was shown to increase
cold tolerance when overexpressed in Arabidopsis (NDong et al.,
2002). Recently, a dramatic effect was reported for a brine shrimp
(Artemia franciscana) mitochondrial LEA protein expressed in
cultured human hepatoma cells (Li et al., 2012b). Indeed, mem-
brane integrity of transgenic cells was preserved after a rapid and
uniform cell desiccation, and with the combination of intracellular
loading of trehalose before drying, cells maintained almost normal
proliferation rates after rehydration.

The diversity of LEA proteins in eukaryotes raises the question
of their subcellular localization, and although LEA proteins are
predicted to populate most cellular compartments, relatively few
have been experimentally localized (Tunnacliffe and Wise, 2007).
LEA proteins have been found mostly in the cytosol (Mundy and

Chua, 1988; Franz et al., 1989; Roberts et al., 1993; Goyal et al.,
2005a) and in chloroplasts (Iturriaga et al., 1992; Lin and Thomashow,
1992; NDong et al., 2002). LEA proteins have also been identified
in mitochondria from pea (Bardel et al., 2002; Grelet et al., 2005)
and from the brine shrimp (Menze et al., 2009). LEA proteins have
also been localized in Arabidopsis peroxisomes (Cutler et al., 2000)
and in the endoplasmic reticulum (ER) (Ukaji et al., 2001). In the
bdelloid rotifer Adineta ricciae, two LEA proteins were localized
in the ER and shown to be distributed to vesicles and partially
secreted (Tripathi et al., 2012). Several LEA proteins have been
shown to accumulate in the nucleus (Borrell et al., 2002) or to be
translocated from the cytosol to the nucleus upon phosphorylation
(Jensen et al., 1998; Riera et al., 2004).
For the model plant Arabidopsis, with 51 LEA genes, information

about the subcellular localization of the corresponding proteins can
be mined in the SUBA (Arabidopsis Subcellular Database)
(Heazlewood et al., 2007) and MASCP Gator (Joshi et al., 2011)
databases. Experimental information derived from subcellular pro-
teomics or fluorescent protein translational fusions is only available
for 16 of the Arabidopsis LEA proteins, and among those, four
proteins display several different localizations.
Considering LEA protein diversity, and their major, yet still

enigmatic, functions with respect to desiccation tolerance, and
possibly other stress responses, establishing the cellular loca-
tion of each protein is critical to our understanding of their
precise biological function. Here, we examined the subcellular
localization of the 51 Arabidopsis LEA proteins using a combi-
nation of bioinformatic analysis and experimental localization of
translational protein fusions. The data revealed their wide dis-
tribution and the potential role of the largest family in the pro-
tection of the various cellular membranes.

RESULTS

This work aimed to resolve the subcellular localization of
the LEA proteins encoded by the 51 LEA genes identified by
Hundertmark and Hincha (2008). For the sake of clarity, we will
use their nomenclature, which numbers genes successively on
the genome. Table 1 shows the correspondence with the AGI
code of the protein, alternative names of the proteins, and their
classification using PFAM and LEAPdb. For LEA genes with two
gene models in The Arabidopsis Information Resource (http://
www.arabidopsis.org/), we selected the protein from the gene
model with the highest number of ESTs.

Bioinformatics Subcellular Predictions

A bioinformatics approach was developed in order to predict the
localization of the 51 proteins. Among the several dozen sub-
cellular prediction programs available on the Internet (see http://
www.psort.org/), we selected a panel of eight that were able to
provide localization probabilities for one or several compartments,
including plastid, and thus trained for plant proteins. Two other
programs (BaCelLo andWoLF PSORT), which offer predictions for
multiple compartments, but without scores, were included be-
cause of their reliability (Casadio et al., 2008). All the results ob-
tained with the first eight programs giving prediction scores have
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Table 1. Arabidopsis LEA Protein Nomenclature and Classification

LEA
Gene Model
AGI Code Other Names

Hundertmark and Hincha
(2008) Classification

Bies-Ethève et al. (2008)
Classification

PFAM
Classification

LEAPDB
Classification

Previous Subcellular
Localizationsa

1 At1g01470.1 LEA14 LEA_2 Group 7 PF03168 Class 7 C (1)
2 At1g02820.1 LEA3 LEA_3 Group 6 PF03242 Class 9
3 At1g03120.1 SMP Group 5 PF04927 Class 11
4 At1g20440.1 COR47/RD17 Dehydrin Group 2 PF00257 Class 2 C (2), N (1), Pm (1), P (2)
5 At1g20450.1 ERD10/

LTI45/
LTI29

Dehydrin Group 2 PF00257 Class 2 C (2), Pm (2), P (1)

6 At1g32560.1 LEA4-1 LEA_1 Group 4 PF03760 Class 10
7 At1g52690.1 AtLEA3-3 LEA_4 Group 3 PF02987 Class 6
8 At1g54410.1 Dehydrin PF00257 Class 3 C (1), Pm (2), P (1)
9 At1g72100.1 LEA_4 Group 3 PF02987 Class 6

10 At1g76180.1 ERD14 Dehydrin Group 2 PF00257 Class 1 Perox (1), C (1), Pm (3),
P (4), V (1)

11 At2g03740.1 LEA_4 PF02987 Class 6
12 At2g03850.1 LEA_4 PF02987 Class 6 Pm (1)
13 At2g18340.1 LEA_4 Group 3 PF02987 Class 6 Pm (1)
14 At2g21490.1 Dehydrin Group 2 PF00257 Class 1
15 At2g23110.1 PvLEA18 Group 8 PF10714 Class 12
16 At2g23120.1 PvLEA18 Group 8 PF10714 Class 12 Pm (1)
17 At2g33690.1 PvLEA18 Group 8 PF10714 Class 12
18 At2g35300.1 LEA4-2 LEA_1 Group 4 PF03760 Class 10
19 At2g36640.1 ECP63 LEA_4 Group 3 PF02987 Class 6
20 At2g40170.1 EM6 LEA_5 Group 1 PF00477 Class 5
21 At2g41260.1 M17 AtM Group 9
22 At2g41280.1 M10 AtM Group 9
23 At2g42530.1 COR15B LEA_4 Class 6 P (4)
24 At2g42540.2 COR15A LEA_4 Class 6 P (6)
25 At2g42560.1 LEA_4 Group 3 PF02987 Class 6
26 At2g44060.1 LEA_2 Group 7 PF03168 Class 8 C (1), G (1), Pm (4)
27 At2g46140.1 LEA_2 Group 7 PF03168 Class 7 C (1), Pm (2)
28 At3g02480.1 LEA_4 Group 3 PF02987 Class 6
29 At3g15670.1 AtLEA3-4/

LEA76
LEA_4 Group 3 PF02987 Class 6 N (1)

30 At3g17520.1 LEA_4 Group 4 PF02987 Class 6
31 At3g22490.1 RAB28 SMP Group 5 PF04927 Class 11 N (1)
32 At3g22500.1 ECP31 SMP Group 5 PF04927 Class 11
33 At3g50970.1 XERO2/LTI30 Dehydrin Group 2 PF00257 Class 4
34 At3g50980.1 XERO1 Dehydrin Group 2 PF00257 Class 1
35 At3g51810.1 EM1 LEA_5 Group 1 PF00477 Class 5
36 At3g53040.1 LEA_4 Group 3 PF02987 Class 6
37 At3g53770.1 LEA_3 Group 6 PF03242 Class 9
38 At4g02380.1 SAG21/

AtLEA5
LEA_3 Group 6 PF03242 Class 9

39 At4g13230.1 LEA_4 PF02987 Class 6
40 At4g13560.1 LEA_4 Group 3 PF02987 Class 6
41 At4g15910.1 DI21 LEA_3 Group 6 PF03242 Class 9
42 At4g21020.1 LEA_4 Group 4 PF02987 Class 6
43 At4g36600.1 LEA_4 Group 3 PF02987 Class 6
44 At4g38410.1 Dehydrin Group 2 PF00257 Class 2
45 At4g39130.1 Dehydrin Group 2 PF00257 Class 4
46 At5g06760.1 LEA4-5 LEA_1 Group 4 PF03760 Class 10 Perox (1)
47 At5g27980.1 SMP Group 5 PF04927 Class 11
48 At5g44310.2 LEA_4 Group 3 PF02987 Class 6
49 At5g53260.1 SMP Group 5 PF04927 Class 11
50 At5g53270.1 SMP Group 5 PF04927 Class 11
51 At5g66400.1 RAB18/AtDI8 Dehydrin Group 2 PF00257 Class 1

aData obtained from SUBA database, corresponding to either GFP or tandem mass spectrometry experiments. Numbers indicate the amount of studies
showing same localization. C, cytosol; N, nucleus; Pm, plasma membrane; P, plastid; Perox, peroxisome; V, vacuole; G, Golgi apparatus.
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been gathered in Figure 1 as a heat map and organized by
compartments. The results suggest a rather high representation of
LEA proteins in the cytosolic and nuclear compartments, but re-
veal a lot of heterogeneity in the predictions. If we apply an arbi-
trary cutoff by considering as valid only predictions for which more
than half of the algorithms give scores equal to or over 50% (i.e.,
three out of the four programs used for these compartments), the
heat map appears less scattered (Supplemental Figure 1). The
predictions by BaCelLo and WoLF PSORT, which do not provide
scores, match poorly with the other predictors (Supplemental
Figure 1). In fact, the programs were unanimous in giving high
scores for a single localization for only two out of 51 proteins,
LEA21 and LEA22, which are expected to populate the endo-
membrane system (ES). In summary, this bioinformatics analysis,
for which up to 10 algorithms were applied to the 51 polypeptides,
highlights the difficulty in predicting LEA protein localization with
high confidence.

Expression of Fluorescent LEA Protein Fusions in
Protoplasts, Seedlings, and Plants

In order to acquire experimental data about the subcellular distri-
bution of the 51 LEA proteins, the corresponding coding sequen-
ces were genetically fused with green or red fluorescent proteins

(GFP and RFP) in vectors designed for transient transgene ex-
pression in Arabidopsis leaf protoplasts, which were then observed
by laser scanning confocal microscopy. GFP constructs were de-
signed as both N- or C-terminal fusions to each LEA protein.
Subcellular compartments markers were used in coexpression
experiments to validate the different locations when appropriate
and to confirm some peculiar locations. In addition, six constructs
were also expressed in seedlings, using a transient Agrobacterium
tumefaciens–mediated transformation of Arabidopsis, to examine
their location in a tissue context, and transgenic lines were gen-
erated to confirm the localization of 11 proteins.

Cytosol and Nucleus

For the majority of LEA proteins (36), both the LEA-GFP and the
corresponding GFP-LEA protein fusions were routinely observed to
give a diffuse fluorescent pattern typical of a cytosolic location,
clearly excluding chloroplasts and vacuoles. Since it is difficult to
determine with Arabidopsis protoplast whether cytosolic protein
fusions also enter the nucleus, like GFP alone, all of these LEA-GFP
constructs were coexpressed with a nuclear localization signal
(NLS)-RFP, which is exclusively targeted to the nucleus. Figure 2
shows merged images of the colocalization of NLS-RFP and LEA-
GFP fluorescence for a series of four typical LEA proteins exhibiting

Figure 1. Heat Map of Subcellular Localization Predictions for the 51 Arabidopsis LEA Proteins.

The heat map illustrates the probability, given by the different programs indicated on the right, of LEA protein targeting to various cellular compartments.
LEA proteins are numbered from 1 to 51, and the color coding represents the targeting probability from 0 (yellow) to 100% (red).
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an exclusive cytosolic localization. The images in Figure 2 show
also another series of four LEA proteins displaying a dual locali-
zation in the cytosol and nucleus. Among these 36 LEA protein
fusions, seven were found exclusively cytosolic, while the others
were confirmed with a dual cytosolic-nuclear localization (Table 2).
Images captured in separate channels and using the inverted (GFP-
LEA) fusion for all these constructs are shown in Supplemental
Figure 2. Dual cytosolic-nuclear localization could result from
passive diffusion of the fusion proteins into the nucleus or from the
presence of degraded LEA-GFP having lost the NLS but still re-
maining fluorescent. Plotting the repartition of GFP constructs
between cytosolic or cytosolic-nuclear localizations according to
their molecular mass clearly reveals that dually localized proteins
have smaller molecular masses than the cytosolic constructs,
which are excluded from the nucleus (Supplemental Figure 3).
These data fit well with the classical estimation of the nuclear ex-
clusion limit around 60 kD (Dingwall and Laskey, 1986), and passive
diffusion in the nucleus of highly expressed cytosolic LEA-GFP
would explain their dual cytosolic-nuclear localization. The integrity

of the constructs was verified by protein gel blotting of proto-
plast protein extracts using an antibody directed against GFP
(Supplemental Figure 4). Although some degradation products can
be detected, a major band with a SDS-PAGE apparent molecular
mass close to, or a few kilodaltons higher than, the theoretical size
of the protein fusions is always observed (Supplemental Table 1).
Such increased apparent molecular mass on SDS-PAGE gels
could be attributed to the disordered character of LEA poly-
peptides, which leads to reduced binding of SDS (Tompa, 2002).
In particular, two cytosolic-nuclear constructs (LEA31-GFP and
LEA32-GFP) with respective theoretical masses of 55.370 and
55.405 kD (Supplemental Figure 3) approaching the nuclear ex-
clusion limit displayed strong signals with a very low level of
degradation products (Supplemental Figure 4). This indicates that
these intact constructs still diffuse passively in the nucleus.
Conversely, LEA10-GFP, which has the lower theoretical molec-
ular mass (49.412 kD) of the cytosolic protein group, i.e., below
the nuclear exclusion limit, does not diffuse into the nucleus.
However, it displays a much higher apparent molecular mass of
63 kD (Supplemental Figure 4 and Supplemental Table 1), and its
structural features might prevent passive diffusion through nu-
clear pores. Taken together, these experiments indicate that 36
LEA-GFP constructs likely accumulate in the cytosol, while 29 of
them are able to diffuse passively in the nucleus.

Mitochondria and Plastid

Nine LEA-GFP fusions were found to be targeted to mitochondria,
plastid, or to both organelles. LEA37, 38, and 41 fusions displayed
a typical mitochondrial matrix pattern illustrated by the perfect
colocalization between the GFP signal and the mitochondrial mt-
mCherry marker (Figure 3). Interestingly, two fusion proteins (LEA42
and LEA48) were found to be dually targeted to mitochondria and
plastids (Figure 3). As a control, GFP-LEA fusions, in which GFP
should mask the mitochondrial targeting peptide, were observed in
the cytosol as a diffuse signal (Supplemental Figure 5). Figure 4
illustrates the localization of four LEA-GFP proteins (LEA11, 12, 23,
and 24) that were found exclusively in plastids, where the auto-
fluorescence of the chlorophyll was used as a marker. Like in the
case of the mitochondrial LEA proteins, masking the N terminus
targeting peptides (GFP-LEA fusions) resulted in diffuse cytosolic
localizations (Supplemental Figure 5). For the five LEA protein fu-
sion targeted to mitochondria or dual targeted to plastid and mi-
tochondria, we established transgenic lines. Confocal examination
confirmed the dual targeting of LEA42 and LEA48 and the exclusive
mitochondrial localization of LEA 37, 38, and 41 (Supplemental
Figure 6).
For the fusion proteins localized in plastid or dual targeted, the

verification of fusion protein expression by protein gel blot analysis
of protoplasts (Supplemental Figure 4) revealed major bands with

Figure 2. Transient Expression of Cytosolic LEA Protein in Arabidopsis
Protoplasts.

Representative examples of LEA-GFP fusion proteins located either in
the cytosol only or both in the cytosol and the nucleus were coexpressed
with a RFP nuclear marker in Arabidopsis mesophyll protoplasts. Num-
bers refer to the corresponding LEA proteins. Green, GFP; red, RFP;
blue, chlorophyll. The other LEA proteins with similar locations are il-
lustrated in Supplemental Figure 2. Bars = 10 µm.

Table 2. Cytosolic and Nuclear LEA Proteins

Localization LEA Protein

Cytosol 4, 5, 10, 19, 25, 26, 36
Cytosol and

nucleus
1, 2, 3, 6, 7, 8, 14, 15, 16, 17, 18, 20, 27, 28, 29, 31, 32,

33, 34, 35, 39, 40, 44, 45, 46, 47, 49, 50, 51
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SDS-PAGE apparent molecular masses lower than theoretical
sizes of the protein fusions (Supplemental Table 1). These few
kilodaltons of differences would be in agreement with the
cleavage of targeting peptides during translocation. In the case
of the three proteins (LEA37, 38, and 41) exclusively targeted to
mitochondria, the differences between theoretical masses of the
fusion proteins and their apparent size in protein gel blots were
not convincing with respect to the cleavage of targeting pep-
tides. According to protein gel blots, LEA37 fusion was found
slightly smaller (0.5 kD), LEA41 almost equal, and LEA38 slightly
bigger (1 kD) than their respective theoretical size (Supplemental
Figure 4 and Supplemental Table 1). However, because of the
small size of these LEA proteins (10 to 14 kD), one cannot rule
out the possibility that these proteins would be imported with
a very short targeting peptide or even without any cleavable
sequence.

ER, Vacuole, and Secretion

Three LEA-RFP fusion proteins were found to populate the ER in
transformed protoplasts, as illustrated in Figure 5. LEA13 and
LEA30 signals appeared to clearly colocalize with a GFP-ER
marker. When LEA30-RFP was transiently expressed in a seed-
ling system, in order to examine subcellular distribution in intact

tissues, the protein was also found to colocalize with the ER
marker (Figure 5). In the case of LEA13-RFP, bright red dots,
distinct but close to the ER, were observed in protoplasts, sug-
gesting an additional localization in Golgi. However, we could not
observe colocalization with a Golgi marker (Supplemental Figure
7). When expressed in seedlings, LEA13-RFP was surprisingly
found to accumulate in the vacuole (Figure 6), which could be the
final destination of the protein in the secretory pathway. In order to
gain more information about the targeting of these proteins, we
established transgenic lines, which confirmed the vacuolar local-
ization for LEA13-RFP and showed that LEA30-RFP was localized
both in the ER, as in protoplasts and seedlings, but also in the
vacuole (Supplemental Figure 8). In protoplasts, LEA43-RFP was
found to accumulate specifically in several ovoid regions of the ER
(Figure 5). In transiently transformed seedlings, LEA43-RFP ac-
cumulated in large and rather diffuse areas of the ER (Figure 6),
possibly corresponding to ER sheets, but not in areas known as
fusiform bodies (Hawes et al., 2001). In the transgenic lines
overexpressing LEA43-RFP, the protein was found to reside in the
ER, like in protoplasts and seedlings (Supplemental Figure 8).
Constructs with GFP fused upstream of LEA proteins, in order to

mask a putative N terminus signal peptide, were transformed into
protoplasts. As expected, all three GFP-LEA fusions were found to
reside in the cytosol with a diffuse pattern (Supplemental Figure 9).
To check the integrity of the fusion proteins, protoplasts were

transformed with these LEA-GFP constructs and subjected to
protein gel blotting. The three proteins fusions were clearly
detected with apparent molecular masses close to their theo-
retical mass (Supplemental Figure 4 and Supplemental Table 1).
However, considering the size of the fusions proteins (61 to 78

Figure 3. Transient Expression of Mitochondrial LEA Proteins in Arabi-
dopsis Protoplasts.

LEA-GFP fusion proteins localized in mitochondria or both in mito-
chondria and plastids were coexpressed with a mCherry mitochondrial
marker (mt-mCherry) in Arabidopsis mesophyll protoplasts. In the merged
images, chlorophyll autofluorescence is also shown (in blue). Numbers
refer to the corresponding LEA proteins. Green, GFP; red, mCherry; blue,
chlorophyll. Bars = 10 µm.

Figure 4. Transient Expression of Plastid LEA Proteins in Arabidopsis
Protoplasts.

LEA-GFP fusion proteins localized in plastids were expressed in Arabi-
dopsis mesophyll protoplasts, with chlorophyll as a natural plastid
marker. Numbers refer to the corresponding LEA proteins. Green, GFP;
red, chlorophyll. Bars = 10 µm.
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kD), it is difficult to reach any conclusion regarding the cleavage
or lack of a putative signal peptide.

Two LEA fusions (LEA21-RFP and LEA22-RFP) were identi-
fied as vacuolar proteins in protoplasts expressing the ER-
GFP marker (Figure 7). LEA21-RFP was essentially found in the
vacuole (Figure 7), with additional bright spots that could pos-
sibly correspond to Golgi (Supplemental Figure 10). LEA22-RFP
was observed to accumulate both in the vacuole and in the ER
(Figure 7). To confirm the targeting of these two proteins to the
vacuole via the secretory pathway, a treatment with Brefeldin A
(BFA) was performed to block ER-Golgi transport (Nebenführ
et al., 2002) (Figure 7). In BFA-treated protoplasts, LEA21-RFP
clearly did not reach the vacuole and was instead found to ac-
cumulate in the ER and in large vesicles (Figure 7). These could
possibly correspond to ER-Golgi transport vesicles stacking next to
the ER exit site and unable to reach the BFA impaired cis-Golgi
(Nebenführ et al., 2002). Vacuole accumulation of LEA22-RFP was
also prevented by BFA, and the protein instead remained mostly
associated with ER (Figure 7). This is in agreement with their ER
and vacuolar localization, with BFA blocking the secretion to the
vacuole without hampering ER accumulation. To check the integrity
of the fusion proteins, protoplasts were transformed with the re-
spective LEA-GFP constructs. In agreement with the fact that GFP
targeted to vacuole is readily degraded (Tamura et al., 2003), the
corresponding LEA-GFP constructs were not detected in the
vacuole of transformed protoplasts, but only as bright spots for
LEA21-GFP and ER-type network for LEA22-GFP, although fluo-
rescence was very weak for that construct (Supplemental Figure
11). In protein gel blots, main bands with an SDS-PAGE apparent
molecular mass in the range of the theoretical size of the protein
fusions could nevertheless be detected for the two LEA proteins
(Supplemental Figure 4 and Supplemental Table 1).

The two LEA-RFP fusion proteins were also transiently ex-
pressed in seedlings. Both LEA21 and LEA22 fusions were found

to accumulate in diffuse areas in the intercellular space sur-
rounding transformed cells and hence are likely secreted (Figure
6). While LEA21-RFP appears exclusively secreted in these con-
ditions, LEA22-RFP was also observed in the ER and the vacuole.
GFP-LEA controls were found localized in the cytosol with a dif-
fuse fluorescence, which suggests that putative N terminus signal
peptides would be masked (Supplemental Figure 9). In leaf cells
from a transgenic lines expressing LEA21-RFP, the protein was
found to be clearly secreted in the intercellular space, while fluo-
rescence was also observed in vacuole (Supplemental Figure 8).
In the case of transgenic lines expressing LEA22-RFP, the fusion
protein was found to accumulate in the vacuole, but not in the ER
(Supplemental Figure 8).

Pexophagosome

Interestingly, when expressed in protoplasts, LEA9-RFP dis-
played an unusual pattern that could not be attributed to any
classical compartment (cytosol, nucleus, ER, Golgi, vacuole,
peroxisome, mitochondria, and plastid). The protein accumu-
lates in peculiar spherical and apparently hollow structures
(Figure 8). When LEA9-RFP was expressed in cells expressing
an ER-GFP marker, these structures appeared to neighbor or
partially overlap the ER, suggesting a close association (Figure
8). The coexpression of LEA9-RFP with a peroxisomal cyan
fluorescent protein (CFP) marker revealed that the LEA9 fusion
populated structures that engulfed most peroxisomes (Figure 8).
These unusual structures could therefore correspond to pex-
ophagosomes, which are organelles involved in the recycling of

Figure 5. Transient Expression in Arabidopsis Protoplasts of LEA Pro-
teins Located in the ER.

LEA-RFP fusion proteins localized in the ER were coexpressed with an
ER constitutive marker (ER-GFP) in Arabidopsis mesophyll protoplasts.
Numbers refer to the corresponding LEA proteins. Green, GFP; red, RFP.
Bars = 10 µm.

Figure 6. Transient Expression in Arabidopsis Seedlings of LEA Proteins
Located in the ER, Vacuole, or Secreted.

Seedling cotyledon cells were transiently transformed using Agro-
bacterium infiltration. LEA-RFP fusion proteins were coexpressed with an
ER marker (ER-GFP). Numbers refer to the corresponding LEA proteins.
Green, GFP; red, RFP. Bars = 20 µm.
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peroxisomes (van Zutphen et al., 2008). Analysis of the integrity
of the fusion protein (Supplemental Figure 4) in protoplasts in-
dicates that the apparent molecular mass corresponds to the
theoretical size of the protein fusions (Supplemental Table 1).

In order to confirm this location, LEA9-RFP was expressed in
seedlings where it displayed a pattern typical of pexophagosomes
(Figure 8). Transgenic lines expressing LEA9-RFP and a peroxi-
some marker were established, but few cells were found to ac-
cumulate LEA9-RFP. However, the protein always displayed a
similar pattern, with association with peroxisomes (Supplemental
Figure 8). Finally, a construct with an opposite orientation (GFP-
LEA9) expressed in protoplasts displayed similar images to those
of its LEA-RFP counterpart (Supplemental Figure 9), suggesting
that targeting information was not masked by GFP and, hence,
not located in the N or C terminus of the protein.

Targeting Peptide Cleavage Sites for Mitochondrial and
Plastid LEA Proteins

Proteins targeted to mitochondria and plastids generally carry an
N-terminal targeting peptide, which is cleaved during the import
process (Teixeira and Glaser, 2013). As a result, the mature pro-
teins released inside the organelle are usually shorter than their
cytosolically synthesized precursors. To facilitate the proper
structural and functional characterization of organellar proteins, it
is critical to determine the targeting peptide cleavage sites. We
previously described a method to experimentally determine the
targeting peptide cleavage site of C-terminal GFP fusion proteins
imported into mitochondria or chloroplasts during transient ex-
pression in protoplasts (Candat et al., 2013). In this approach,
protoplasts expressing LEA-GFP proteins are lysed and fusion

proteins are immune-captured with GFP antibodies bound to
magnetic microbeads. Purified protein-GFP fusions are then
separated by electrophoresis and subjected to Edman micro-
sequencing to determine their N terminus. Table 3 displays the
targeting peptide cleavage sites we were able to determine for
LEA proteins identified in plastids or mitochondria. The cleavage
sites for LEA23-GFP and LEA24-GFP, which are localized in
plastids, were determined previously (Candat et al., 2013). In the
case of LEA11 and LEA12, which are two paralogous proteins
targeted to plastids (Figure 4), the cleavage site could be only be
determined for LEA11-GFP (Table 3). The level of expression of the
LEA12-GFP construct in protoplasts was too low for successful N
terminus microsequencing. However, alignment of LEA11 and
LEA12 polypeptide sequences, shown in Supplemental Figure 12,
indicates a high conservation of the cleavage site regions SWV(S/
P)(A/T)↓AVKG(A/D)GNS (arrow indicates cleavage site). It is
therefore highly probable that cleavage of the LEA12 precursor
occurs at the proposed site. In the case of LEA42 and LEA48,
which are dually targeted to plastids and mitochondria (Figure 3),
a unique cleavage site was identified (Table 3). This suggests that
these proteins should carry an ambiguous transit peptide targeting
the precursors to both mitochondria and plastids. We were un-
fortunately unable, so far, to determine a targeting peptide cleav-
age site for the three LEA proteins (LEA37, 38, and 41) identified in
mitochondria (Figure 3). As in the case of LEA12, their relatively
low level of expression in protoplasts hampers the analysis.

Figure 7. Effect of BFA on ER- or Vacuole-Targeted LEA Proteins
Transiently Expressed in Arabidopsis Protoplasts.

LEA-RFP fusion proteins localized in the ER or the vacuole were coex-
pressed with an ER marker (ER-GFP) in Arabidopsis mesophyll proto-
plasts. When indicated, transient expression was performed in the
presence of BFA (+BFA). Numbers refer to the corresponding LEA pro-
teins. Green, GFP; red, RFP. Bars = 10 µm.

Figure 8. Transient Expression of a Pexophagosome-Targeted LEA
Protein in Arabidopsis Protoplasts or Seedlings.

LEA9-RFP fusion protein localized in pexophagosomes was coex-
pressed with an ER marker (ER-GFP) or a peroxisome marker (Perox-
CFP) in Arabidopsis mesophyll protoplasts or in Arabidopsis seedling
cotyledons using Agrobacterium. Green, GFP or CFP; red, RFP; blue,
chlorophyll. Bars = 10 µm for protoplasts and 20 µm for seedlings.
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DISCUSSION

LEA proteins are mostly intrinsically disordered proteins expected
to play major roles in abiotic stress tolerance in anhydrobiotes. In
plants, several dozen genes encode LEA proteins that can be
clustered into several families according to their sequence prop-
erties. The aim of this research was to provide a subcellular map
of the distribution of LEA proteins in the model plant Arabidopsis,
for which 51 LEA genes were inventoried (Hundertmark and
Hincha, 2008). Because of the high number of gene fusion con-
structs to investigate (and both N- and C-terminal fusions), a leaf
mesophyll protoplast transient assay was selected (Yoo et al.,
2007). Although observations performed with mesophyll proto-
plasts are not representative of all cell types and tissues, they
provide a robust system to analyze the intrinsic routing infor-
mation carried by polypeptides, especially in a comparative
manner as in this study. In addition, for most LEA proteins not
displaying a cytosolic localization in protoplasts, complemen-
tary approaches of Agrobacterium-mediated transient expres-
sion in seedlings or stable transgenic lines were used.

Comparison between Subcellular Localization Predictions
and Experimental Data

The subcellular localization of more than 50 related proteins, as
experimentally determined in this work, represents an interesting
data set to examine the performance of different targeting pre-
diction algorithms. A schematic overview of the relative perfor-
mance of eight different software packages is presented in
Supplemental Figure 13. The bar graph illustrates the proportion
of correct and erroneous predictions by the different programs
for ES, mitochondria, plastids, and cytosolic compartments. For
the latter, we considered that all proteins dually localized in the
cytosol and nucleus were actually cytosolic and only diffused
passively into the nucleus. Since we could not demonstrate ex-
clusive nuclear localization for any construct, all the many nucleus
targeting predictions were false and were not included in the
graphical analysis. Clearly, the predictions for ES were more ac-
curate than for other compartments, with only three erroneous
predictions out of a total of 34, with five programs yielding a high
success rate (at least five of the six proteins trafficking in ER) in-
cluding 100% success achieved by PProwler (Supplemental Figure
13). Such efficiency is likely due to the fact that signal peptides

drive the entry of almost all proteins in the secretory pathway in
eukaryotes and prokaryotes and thus share common features that
facilitate the design of prediction algorithms (Nielsen et al., 1997;
Hegde and Bernstein, 2006). At first glance, predictions for cyto-
solic localization seem robust, with six erroneous predictions
alongside 50 correct predictions by four algorithms (Supplemental
Figure 13). However, individual predictions appeared more het-
erogeneous than in the case of SE, and the best success rate was
only 67% for YLoc and much lower for the other programs. In the
case of plastid and mitochondrial compartments, while the success
rate was generally good, the proportion of erroneous predictions
was high (Supplemental Figure 13). This certainly reflects the in-
sufficient knowledge about the targeting peptide information for
these organelles, as well as the similarity in their import machineries
and the increasing number of proteins shown to be dual targeted
(Carrie et al., 2009). Overall, PProwler was the most efficient pre-
dictor, followed by YLoc and TargetP. However, this conclusion
only applies to our data set of proteins, which are highly hydro-
philic, largely disordered, and composed of a majority of cytosolic
proteins. Nevertheless, this study confirms that assigning protein
localization is clearly strengthened by the use of multiple programs,
as was demonstrated by analysis of the plant mitochondrial pro-
teome (Heazlewood et al., 2004).

Subcellular Distribution and Classification of LEA Proteins

The experimental data enables an examination of the subcellular
distribution of the Arabidopsis LEA proteome with respect to the
structural classification of the proteins into several families, which
likely have different evolutionary histories. Figure 9 shows a clado-
gram of the 51 LEA proteins incorporating their PFAM classification
and their subcellular location. Among the nine families, six (LEA_1,
LEA_2, LEA5, LEA6, dehydrin, and SMP) display a cytosolic (or
cytosolic and nuclear) localization for all their members (up to 10 in
the case of the Dehydrin family). The two members of the AtM
family share localization within the secretory pathway, while three
out of four members of the LEA_3 family are mitochondrial, the last
being cytosolic (Figure 9). In contrast to the rather homogenous
location of members of those families, the 18 members of the
LEA_4 family, which is the largest family, displayed multiple local-
izations (cytosol, plastid, mitochondria, ER, and pexophagosome).
This overall analysis clearly highlights a link between protein family
and location, with the members of eight families generally dis-
playing a single common location while the ninth family is distin-
guished by members having targeted to diverse locations.

Cytosolic and Nuclear LEA Proteins

The vast majority (36, distributed in six families) of Arabidopsis
LEA protein appeared cytosolic and able to diffuse passively in
the nucleus. It is noteworthy that we could not observe any LEA
fusion proteins specifically targeted to the nucleus, although
LEA31 was previously assigned a nuclear localization using GFP
constructs (Borrell et al., 2002). However, from the examination
of the published images of Arabidopsis RESPONSIVE TO AB-
SCISIC ACID28 (Atrab28 and LEA31) stably expressed as a GFP
fusion in Arabidopsis (Borrell et al., 2002), the fusion protein
appears in fact to be distributed in both the cytosol and nucleus.

Table 3. Determination of the Mature Protein Sequence Using
Purification of Protoplasts Synthesized Organelle Proteins

LEA
Protein Localization

Experimental Determination of the
Mature Protein N-Terminal End (Edman)

11 Plastid 50-51 AVKGAG
12 Plastid ND
23a Plastid 51-52 VKSDGN
24a Plastid 49-50 AAKGDG
42 Mitochondria

and plastid
40-41 TSVSQN

48 Mitochondria
and plastid

41-42 SSVNHS

ND, not determined.
aDetermined previously (Candat et al., 2013).
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Three other proteins (LEA4, LEA5, and LEA8) were previously
described as cytosolic using GFP fusions (Cutler et al., 2000;
Abu-Abied et al., 2006), which we could confirm. Two others
(LEA10 and LEA46) are tentatively identified as peroxisomal
according to the SUBA database, based on the results of ran-
dom GFP-cDNA expression in Arabidopsis (Cutler et al., 2000).
However, such results should be treated with caution due to the
high proportion of non-native coding sequences (i.e., out-of-frame
cDNAs) in this large-scale analysis, which resulted in peroxisomal-
like localization. Two proteins (LEA7 and LEA29) that appeared
cytosolic in our experiments were proposed to reside mainly in the
ER, based on GFP fusions expressed in protoplasts (Zhao et al.,
2011). However, using colocalization with the ER-GFP marker
(Supplemental Figure 14), we could not find any evidence for an ER
location for LEA7 or LEA29 GFP fusions.

The increasing amount of subcellular proteomic data that are
available in public databases (e.g., MASCP Gator and SUBA)
allows a comparison of our results with those obtained using
other approaches. Among the LEA set of cytosolic proteins, six
(LEA1, 4, 5, 10, 26, and 27) were identified in the cytosolic
proteome of Arabidopsis cell suspensions (Ito et al., 2011). Five
of them (LEA4, 5, 10, 26, and 27), as well as two others (LEA8
and LEA16), were identified in the plasma membrane proteome
of cell cultures or leaves (Alexandersson et al., 2004; Benschop
et al., 2007; Marmagne et al., 2007; Mitra et al., 2009; Keinath
et al., 2010; Elmore et al., 2012; Li et al., 2012a; Nikolovski et al.,
2012). Five proteins (LEA4, 5, 8, 10, and 33) belonging to the
dehydrin family could interact with the plasma membrane since
LEA5, LEA10, and LEA33 have been shown to bind anionic
phospholipid vesicles (Kovacs et al., 2008; Eriksson et al., 2011).
Moreover, dehydrins from maize (Zea mays) and the salt-tolerant
Thellungiella salsuginea have also been shown to bind phos-
pholipid vesicles (Koag et al., 2003, 2009; Rahman et al., 2010,
2013). Interestingly, four dehydrins (LEA4, 5, 8, and 10) with a
clear cytosolic localization in our experiments were also identified
in chloroplast proteome (Kleffmann et al., 2004; Zybailov et al.,
2008; Ferro et al., 2010; Kong et al., 2011) or in the tonoplast in
the case of LEA10 (Whiteman et al., 2008). This suggests in-
teraction of these cytosolic dehydrins with other cellular mem-
branes. LEA26, another cytosolic protein of the LEA_2 family
identified in cytosolic and plasma membrane proteomes (see
above), was also identified in the Golgi proteome (Parsons et al.,
2012). This protein, for which little information apart from its
downregulation following cadmium exposure of Arabidopsis cell
culture (Sarry et al., 2006) is available, could possibly also interact
with membrane. Finally, LEA29, whose localization is debated
above, was identified in the nuclear proteome of Arabidopsis
leaves (Bae et al., 2003), which agrees well with its capacity to
diffuse in the nucleus.

Overall, comparison between our data and that arising from
subcellular proteomics indicates discrepancies for several pro-
teins that are in fact easily explicable: for example, localization in
the nucleus as a result of diffusion rather than targeting or as-
sociation with various compartments as a result of simple con-
tamination or membrane binding. Also, the lack of detection of
many LEA proteins in subcellular proteomics is likely be due to the
absence of transcription or low expression of the corresponding
LEA genes.

AtM LEA Proteins Are Vacuolar or Secreted

Two related LEA proteins (LEA21 and LEA22) could be specific
to Brassicaceae and were previously classified in the AtM family
(Hundertmark and Hincha, 2008). In our study, the two AtM LEA
fusions LEA21- and LEA22-RFP appeared clearly in the ES but

Figure 9. Cladogram Illustrating the Repartition of Arabidopsis LEA
Protein Subcellular Distribution in Each Family.

The rectangular cladogram was built with Dendroscope software (see
Methods) using a multiple alignment of the 51 LEA proteins, which are
indicated by their number. The subcellular localization is indicated by
letters on the right. C, chloroplast; E, ER; M, mitochondria; P, pex-
ophagosome; V, vacuole. All proteins without indication are cytosolic.
The brackets on the right indicate the different LEA protein families. DHN,
dehydrin.
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displayed various localizations (ER, vacuole, and secretion) de-
pending on the expression system, with, for instance, excretion
being undetectable with protoplasts. It is worth noting that these
two proteins were only detected in seeds (Supplemental Figure 15)
in the course a comprehensive organ-specific proteomics analysis
in Arabidopsis (Baerenfaller et al., 2011). This suggests a role for
these LEA proteins, with respect to their ER and vacuolar locali-
zation, in the biogenesis and degradation of protein storage va-
cuoles (Otegui et al., 2006). If the proteins are actually secreted in
seeds, they would be expected to have a role as extracellular
chaperones in dehydration tolerance within the intercellular spaces,
as was suggested for two LEA proteins from an anhydrobiotic
bdelloid rotifer (Tripathi et al., 2012).

Mitochondrial and Cytosolic LEA Proteins in the
LEA_3 Family

Three of the four LEA proteins (LEA37, LEA38, and LEA41)
comprising the LEA_3 family were exclusively targeted to mi-
tochondria, which was confirmed also in transgenic lines, while
the remaining protein (LEA2) was ascribed a cytosolic localiza-
tion. Interestingly, LEA2 and LEA38 are two paralogous proteins
(Hundertmark and Hincha, 2008), which are targeted to different
locations. Although the two sequences are very similar, the lo-
cation differences could be explained by a deletion of six amino
acids (36-ValSerSerGlyGlyArg-43) in LEA2, equating to a region
prior to the putative cleavage site of LEA38 (Supplemental
Figure 16). LEA38 was recently identified in mitochondria, which
is consistent with our observations, and proposed to play major
roles in plant development as well as abiotic and biotic stress
responses (Salleh et al., 2012). Since the protein was previously
shown to improve oxidative stress tolerance when expressed in
yeast (Mowla et al., 2006), an interaction of LEA38 with enzymes
involved in mitochondrial reactive oxygen species metabolism
and signaling was suggested to mediate the pleiotropic effects
observed in overexpressor or antisense Arabidopsis lines (Salleh
et al., 2012). The two other mitochondrial proteins (LEA37 and
41), as well as the cytosolic LEA2, share similar sequence
properties, which would suggest analogous molecular functions
(albeit in a different compartment for LEA2).

In the organ-specific proteomics mapping, while LEA2 and LEA41
were detected exclusively in flowers, and LEA38 in flower and
roots, LEA 37 was not detected in any compartment (Supplemental
Figure 15). Although the levels of expression of these genes at the
transcript level were very low in the publicly available data (EFP
browser: http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), this does
not preclude an increase under particular stress conditions.

Multilocalization within the LEA_4 Family

A striking feature of the LEA_4 family in Arabidopsis is the di-
versity of subcellular locations observed for the 18 corresponding
LEA-GFP or LEA-RFP proteins. While eight proteins appeared
cytosolic, four were identified in chloroplasts, two in mitochondria
and chloroplasts, three in the ER, and one in structures identified
as pexophagosomes. Among the four protein fusions targeted
to chloroplast in this study, LEA23 was previously identified in
chloroplast proteomic analyses (Froehlich et al., 2003; Peltier

et al., 2006; Zybailov et al., 2008; Ferro et al., 2010) and LEA24
was shown to be plastidic by transient expression in protoplasts
(Candat et al., 2013). However, LEA12, which shows a clear
chloroplastic location as a GFP fusion, was previously ascribed
a plasma membrane location (Mitra et al., 2009), which could
possibly result from contamination by the cytosolic precursor.
Organ-specific proteomics indicates that LEA11 and LEA12 are
only detected in flowers, while LEA23 and LEA24 are abundant
in flowers, leaves, and siliques, but are not detected in seeds
(Supplemental Figure 15). These data do not support a general
role for plastid LEA proteins in the desiccation tolerance of
seeds. However, these proteins could be expressed at higher
abundances under stress conditions. Accordingly, LEA23 and
LEA24 are known as cold-regulated proteins (COR15B and
COR15A) involved in the stabilization of chloroplast membranes
or enzymes during freezing (Steponkus et al., 1998; Nakayama
et al., 2008; Thalhammer et al., 2010). Two paralogous LEA
proteins (LEA42 and LEA48) appeared dual targeted to mito-
chondria and chloroplasts, both in protoplasts and transgenic
lines. They are likely orthologous to LEAM, previously identified
in mitochondria from pea seeds (Bardel et al., 2002; Grelet et al.,
2005) and from brine shrimp encysted embryos (Menze et al.,
2009). Since LEAM-GFP was not found to be targeted in the
chloroplast in transformed pea protoplasts (Grelet et al., 2005),
dual targeting of these LEA proteins to mitochondria and plas-
tids might not be a general property in plants. It is expected that
LEA42 and LEA48 play roles similar to that of LEAM with respect
to membrane protection during desiccation (Tolleter et al., 2007),
which is in agreement with their seed-specific expression illus-
trated by their organ-specific proteomics (Supplemental Figure
15) or transcript abundance (EFP browser: http://bar.utoronto.ca/
efp/cgi-bin/efpWeb.cgi).
Three proteins (LEA13, LEA30, and LEA43) were found to en-

gage in the ES pathway. LEA13 was previously detected in a
plasma membrane proteomics analysis (Mitra et al., 2009), which
may be consistent with transit through the ES since vacuole tar-
geting and secretion through the plasma membrane are corre-
lated. For these three proteins, which reside or transit through the
ER, putative retention signals resembling the canonical KDEL
sequence were detected in the C terminus (LEA13: YAEL; LEA30:
DAEL; LEA43: SAEL). However, ER retention signals can be very
specific since a single substitution can abolish their function; more-
over, they can be passenger dependent (Denecke et al., 1992;
Vitale and Denecke, 1999). Therefore, a more detailed analysis
of these putative signals, in particular for LEA13, including the
design of constructs with a central fluorescent protein, would be
required to ascertain their function. According to the organ-
specific proteomics analysis, while these ER proteins can be
detected in flowers, leaves, or pollen, LEA30 and LEA43 are
especially abundant in seeds, suggesting a role in desiccation
tolerance (Supplemental Figure 15).
LEA9, which displays a seed-specific expression pattern

(Supplemental Figure 15), was the sole LEA protein that was ten-
tatively identified in pexophagosomes. This raises the question of
the existence of pexophagosomes in seeds. Since glyoxysomes
and peroxisomes are required for the conversion of lipid reserves
during seed germination and the transition to photoautotrophy in
Arabidopsis (Graham, 2008), pexophagosomes could have an
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important role with respect to the biogenesis and recycling of these
organelles. LEA9 could therefore contribute to the protection of
such structures in the dry state. Since the peroxisome was the only
major organelle for which we could not identify the targeting of
a LEA protein, this suggests that the organelle could be less sus-
ceptible to stress-induced damage or that such damage would not
have immediate consequences for cell survival. Peroxisomes do
not synthesize phospholipids, and although biogenesis of the
organelle is enigmatic, the peroxisomal membrane is ex-
pected to derive from the ER (Heiland and Erdmann, 2005). It
is also postulated that de novo biogenesis from proto-
peroxisomes could be a fast process (Lazarow, 2003). It is
thus possible that damaged peroxisomes would be rapidly
recycled by the pexophagosome, in which LEA9 protein was

identified, to allow either elimination of the damaged organ-
elle or possible repair of their membrane by interaction with
ER membrane.

Systematic Occurrence of Class A a-Helix Motif in the
LEA_4 Family

As explained above, LEA42 and LEA48 are putative orthologs of
LEAM, a pea mitochondrial protein that was previously shown to
fold during dehydration into a peculiar amphipathic helical form,
the so-called class A a-helix, allowing the protein to immerse lat-
erally within the inner layer of the inner membrane, reinforcing the
membrane in the dry state (Grelet et al., 2005; Tolleter et al., 2007,
2010). In the class A a-helix motif, negatively charged residues form

Figure 10. Computational Analysis of the Presence of Class A a-Helix Motif in LEA Proteins.

Polypeptide sequences were scanned with a 36-residue sliding window using the scanning module of HeliQuest Web server that was adjusted in order
to retrieve typical class A a-helix motifs (shown in red/black) as found in pea LEAM protein (PsL) or its putative homolog from A. franciscana (AfL).
Arabidopsis LEA proteins are indicated with their corresponding number and are grouped according to the eight families. Segments shown in orange/
light gray correspond to noncanonical class A (class A-like) a-helix motifs.
[See online article for color version of this figure.]
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a stripe along the axis of the helix, in the middle of the hydrophilic
face, which is flanked on each side by two stripes of positively
charged residues (Supplemental Figure 17). This allows the helix to
interact laterally with membranes by exposing the hydrophobic
face of the helix toward the fatty acid core of the membrane, while
positively charged residues interact with phosphate groups of
phospholipids, allowing the negatively charged residues to in-
teract with polar heads of positively charged phospholipids
(Tolleter et al., 2010). Expectedly, the class A a-helix motif
found in pea LEAM protein was clearly detected in their putative
homologs LEA42 and LEA48, but also in the case of several
other LEA proteins located in different compartments (cytosol,
ER, plastid, mitochondria, and pexophagosome), as shown in
Supplemental Figure 17.

We decided therefore to scan all Arabidopsis LEA proteins for
the occurrence of class A a-helix motifs. A computational analysis
was performed using the screening module of the HeliQuest Web
server (Gautier et al., 2008) that was adjusted in order to detect
protein segments with an a-helix structure sharing sequence pa-
rameters and physico-chemical features typical of the LEAM pro-
tein class A a-helix motifs (see Methods for details). The results
showed that such a structural feature was only shared by proteins
from the LEA_4 family (Figure 10). Among the 18 proteins in the
family, only two of them (LEA23 and LEA24) displayed amphipathic
a-helix motifs resembling those of the class A type, but not ca-
nonical, and thus considered here as class A-like (Supplemental
Figure 18). In particular, the distribution of charges is not as regular
as in the case of other proteins of the LEA_4 family. Interestingly,
these two paralogous proteins were included in the LEA_4 group
by Hundertmark and Hincha (2008) and in our study because they
cluster with other LEA_4 proteins, although they do not match
significantly with a PFAM domain (e-value of 1.2 for LEA23; no
match for LEA24). It is therefore not surprising that these two
proteins do not share structural properties such as the class A
a-helix motif with true members of the LEA_4 family. We propose
that all LEA_4 proteins exhibiting the class A (and class A-like)
a-helix motif would interact and protect various cellular membranes
during dehydration, as was shown for LEAM expressed in pea seed
mitochondria (Tolleter et al., 2007, 2010). This hypothesis is sup-
ported by the fact that LEA_4 proteins are distributed in many
subcellular compartments, which would allow a variety of cellular
membranes to benefit from protection by LEA proteins during de-
hydration resulting from desiccation or freezing. LEA7 was indeed
shown to interact in vitro with synthetic membranes in the dry state
(Popova et al., 2011). Since LEA7 was found to be a cytosolic
protein, it could be involved, like the other cytosolic LEA_4 proteins,
in the protection of the plasma membrane or organellar mem-
branes, acting on the cytosol exposed side of the membranes.
LEA_4 proteins targeted to organelles would provide protection to
the corresponding membranes (e.g., inner mitochondrial mem-
brane, inner membrane of the plastid envelope, thylakoid mem-
brane, ER membrane, tonoplast, and pexophagosome). In the case
of plastids, it is questionable whether the interactions of class A
a-helix motif would be as favorable as in the case of other cell
membranes due to the high proportion of galactolipids, which
could not easily interact with the positive charges of the proteins
because they lack the necessary phosphate group. Indeed, the lipid
composition of the envelope inner membrane of chloroplasts,

etioplasts, or proplastids comprises only 10% phospholipid and
that of thylakoids is even less, at 8%. Whether this would be
sufficient to anchor LEA_4 proteins during dehydration is not
known. It is interesting that the two plastid proteins with class
A-like motifs (LEA23 and LEA24) were shown to protect mem-
branes in vitro (Thalhammer et al., 2010). Interactions of proteins
through such amphipathic a-helix were considered biologically
relevant because they were favored by lipid compositions mimicking
plastid membranes (Thalhammer et al., 2010). Therefore, plastids
could harbor a combination of LEA proteins with either class A
(LEA11, 12, 42, and 48) or class A-like (LEA23, 24) a-helix motif,
which could protect the galactolipid-enriched plastid membranes.
Interestingly, in a recent analysis of the degradome of meta-
caspase 9 (a distant relative of the metazoan caspases) in 2-d-old
Arabidopsis seedlings, seven LEA_4 proteins were identified as
potential substrates of the processing enzyme (Tsiatsiani et al.,
2013). Among these, four proteins (LEA25, 28, 29, and 36) are
cytosolic, while two display dual location in mitochondria and
plastids (LEA42 and LEA48) and one resides in the ER (LEA30).
Since the metacaspase is located in the cytosol (Tsiatsiani et al.,
2013), this suggests that the three organellar proteins would be
processed before import or in the course of organelle and protein
turnover since LEA proteins progressively disappear during early
germination and growth. Finally, among the eight PFAM LEA
families, the LEA_4 family is the most widely distributed, with
representatives in plants, metazoans, fungi, heterolobosea, stra-
menopiles, and bacteria, and it is possible that most of these
proteins harbor the class A a-helix motif and thus could play a role
in stress protection of biological membranes.
Overall, this analysis of the full complement of LEA proteins

within a eukaryotic organism reveals their wide subcellular dis-
tribution, with members identified in almost every cellular com-
partment. Given the current view that all LEA proteins function in
stress tolerance, it follows that each compartment requires the
presence of LEA protein in certain situations, e.g., dehydration,
freezing, cold, or oxidative stress. The predominant cytosolic
location agrees with the central position of this compartment,
which interacts physically and functionally with all organelles.
Cytosolic LEA proteins could therefore be involved in stress
protection not only within the cytosol itself, but at the level of
membranes delimiting the organelles. The only major organelle
for which we could not identify the presence of a LEA protein
was the peroxisome, which suggests their rapid biogenesis
and recycling through pexophagy could compensate for stress-
induced damage.
The complexity of the LEA proteome in plants, which arose

from whole-genome duplication and endoreplication events, has
been retained along evolution, and the apparent redundancy of
LEA proteins in most subcellular compartments likely reflects
the versatility of their function in plant life.

METHODS

Plant Culture, Transformation, and Subcellular Localization of
Fluorescent Proteins

Arabidopsis thaliana plants (Columbia-0 ecotype) or transgenic lines were
grown in Jiffy7 pots (Jiffy Products International) in a growth chamber
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(23°C, 75% RH, 16 h light with an intensity of 80 to 100 µmol$m22$s21).
Transgenic lines expressing ER-GFP or Perox-CFP were obtained from
the ABRC (Nelson et al., 2007). Arabidopsis mesophyll protoplasts were
isolated according to a procedure adapted from Yoo et al. (2007) as
described by Candat et al. (2013). BFA assays were performed after
overnight incubation of transformed protoplasts. Protoplasts were treated
with BFA at 10 µg/mL for 1.5 h in the dark prior to observations. Transient
Arabidopsis seedling transformation was performed according to the
procedure from Marion et al. (2008), with some modifications. Sterilized
Arabidopsis seeds were sown on MS 1% agar medium (Murashige and
Skoog basal medium, Sigma-Aldrich; Agar HP696 CIV, Kalys) in six-well
culture plates (CytoOne reference CC7672-7506) and stratified for 2 d at
4°C. Seedlings were grown for 4 d (same growth conditions as above)
prior to transformation. After overnight growth at 28°C, Agrobacterium
tumefaciens cells (C58 strain) carrying appropriate expression vectors
were collected and resuspended at OD600 = 1 in 2 mL of Murashige and
Skoog medium supplemented with 200 µM acetosyringone and 0.05%
Tween 20 (Sigma-Aldrich). Seedlings were covered by the Agrobacterium
suspension for 30 min in the dark. Excess medium was subsequently
removed and the plates were transferred to a growth room for 3 d (same
growth conditions as above). For a selection of 11 LEA proteins (LEA9, 13,
21, 22, 30, 37, 38, 41, 42, 43, and 48), as well as for the mito-mCherry,
transgenic lines expressing fusion proteins were also established by
Agrobacterium floral dip transformation (Clough and Bent, 1998) of wild
type or lines already expressing organellar markers for ER (YFP-HDEL;
Teh and Moore, 2007), peroxisomes (YFP-SKL; Mathur et al., 2002), or
mitochondria (mito-mRFP1). Plants from 3 to 21 independent transgenic
lines at the T1 stage were selected for microscopy. Subcellular locali-
zation of FP-tagged proteins was examined in protoplasts, cotyledons, or
leaves using a Nikon A1 laser scanning confocal microscope and NIS-
element software (Nikon). GFP, RFP, and chlorophyll were excited with
488-, 561-, or 638-nm laser lines, respectively, with an emission band of
500 to 550 nm for GFP detection, 570 to 620 nm for RFP detection, and
662 to 737 nm for chlorophyll autofluorescence. Experiments using CFP
and YFP constructs were performed using the same settings as above for
GFP and those with mCherry with the settings for RFP detection. For
protoplasts, an average of 50 protoplasts were observed for each ex-
periment (two to five independent protoplast isolation and transformation),
with a transformation rate averaging to 25%. In all cases, the subcellular
pattern of fluorescent protein was homogeneous, and the images shown in
the figures are representative of average protoplasts from a total of 32
transformed protoplasts. Quantitative data are available in Supplemental
Table 2 for LEA-FP constructs.

Vector Construction

Plasmid vectors containing full-length LEA coding sequences were
obtained from the ABRC or from GenScript, or were kindly provided by
Dirk Hincha (Hundertmark and Hincha, 2008) (Supplemental Table 3).
Plasmids purified from bacterial strains were used as template to amplify
coding sequences by PCR. The Phusion proofreading polymerase was
used for amplification following the PCR conditions recommended by the
manufacturer (Fermentas Thermo Scientific). The different primers used
for each coding sequence amplification are listed in Supplemental Table
4. The PCR product corresponding to the full coding sequence was
cloned first in the pENTR/D-TOPO cloning vector (Invitrogen) and then
recombined into the appropriate expression vector (p2GWF7,0; p2FGW7,0;
p2GWR7.0; pK7RWG2,0) obtained from Plant System Biology (Ghent
University) using the LR clonase II kit (Invitrogen). Each coding sequence
was cloned up and downstream from the FP sequence in the expression
plasmid in order to produce a C- or N-terminal FP-fused protein, re-
spectively. Cloning and expression plasmids were amplified in Escherichia
coli One shot DG1 cells (Invitrogen) and purified from an overnight culture
using theNucleoSpin plasmid purification kit (Macherey-Nagel). Constructs

in binary expression vectors were transformed in Agrobacterium strain C58
for transient or stable transformation.

To build the mito-mCherry line, cDNA encoding the mitochondrial
presequence from Nicotiana plumbaginifolia b-ATPase (nucleotides 387
to 666) (Chaumont et al., 1994) was first PCR-amplified using primers
containing 59-BamHI and 39-SpeI restriction enzyme sites. pRSETb
mCherry (Shaner et al., 2004) was obtained from the Tsien Laboratory
(University of California, San Diego, CA). The mCherry sequence was
PCR-amplified using a 59 primer containing a 59-SpeI site and a 39 primer
containing a 39-SacI site and a stop codon. The presequence cDNA and
the mCherry gene were ligated into the BamHI and SacI sites within
pBIN121 downstream of the cauliflower mosaic virus 35S promoter in
place of the b-glucuronidase gene to create pBIN b-ATPase-mCherry.
Agrobacterium was transformed with this vector using standard techni-
ques. The mito-mRFP1 line was generated by transformation with pDCL-
mito-mRFP1. The pDCL-X-mRFP1 Gateway destination vector is a
modified pMDC43 (Curtis and Grossniklaus, 2003) in which the coding
sequence for mGFP6 was replaced by that for mRFP1 (Campbell et al.,
2002) via pMDC7 and pMDC24. The pDCL-mito-mRFP1 vector was the
product of recombination between pDCL-X-mRFP1 and a pENTR vector
containing cDNA encoding theN. plumbaginifolia b-ATPase presequences
as described above.

Analysis of GFP Fusion Proteins

The purification and the analysis of GFP-tagged proteins were performed
as described (Candat et al., 2013). The samples were separated by SDS-
PAGE on a 12% acrylamide gel. They were then electroblotted onto
Immobilon polyvinylidene fluoridemembrane (Millipore Merck) at 100 V for
1 h, in 10 mM CAPS, pH 11, and 10% (v/v) methanol. For protein gel blot
analysis, the membrane was rinsed with deionized water, then blocked for
1 h in TBS buffer (50 mM Tris HCl, pH 7.4, and 150 mM NaCl) containing
1.5% (v/v) Tween 20. The membrane was then incubated for 1 h with a
monoclonal anti-GFP antibody conjugated to horseradish peroxidase
(Miltenyi Biotec) diluted 1:5000 in TBSbuffer containing0.05% (v/v) Tween20.
Themembrane was then washed three times for 10min with the same buffer.
Immunodetection was performed by incubating the membrane for 1 min in
100mMTris, pH 8.5, containing 0.4mMpara-hydroxy coumarin acid, 2.5mM
luminol, and 5.43 mM H2O2. Chemiluminescence was monitored by a mo-
lecular imager Chemidoc TM XRS system (Bio-Rad).

Bioinformatics Analyses

Subcellular localizations were predicted by the following freely avail-
able online programs: PSORT (http://psort.hgc.jp/form.html; Nakai and
Horton, 1999), MultiLoc (http://abi.inf.uni-tuebingen.de/Services/MultiLoc;
Höglund et al., 2006), YLoc (http://abi.inf.uni-tuebingen.de/Services/
YLoc/webloc.cgi; Briesemeister et al., 2010), SubLoc v1.0 (Hua and Sun,
2001), TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson
et al., 2000), Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html;
Small et al., 2004), Protein Prowler v1.2 (http://bioinf.scmb.uq.edu.au/
pprowler_webapp_1-2/; Bodén and Hawkins, 2005), and Mitopred (Guda
et al., 2004). Default settings were used and plant proteins data sets were
selected when available. Predictions were represented as heat map using
the Heatmap Builder 1.0 program (King et al., 2005; http://ashleylab.
stanford.edu/tools/tools-scripts.html). Helical wheel analyses were per-
formed using the screening module of HeliQuest Web server (Gautier
et al., 2008). This module allows the user to screen databases in order to
find sequences that have the general physico-chemical features of a
target a-helix sequence. We used a personal LEA protein database com-
prising the 51 Arabidopsis LEA proteins, the mitochondrial pea (Pisum
sativum) LEAM protein (accession CAF32327), and its ortholog from
Artemia franciscana (accession ACM16586). The module was modified to
incorporate new parameters specific to LEAM protein that exhibits class A
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a-helix motifs (Tolleter et al., 2007). We used a sliding 36-residue window
to scan each of the protein sequence for the presence of segments
exhibiting class A a-helix motifs. A protein was selected if at least one of
its segments fulfilled a set of sequence parameters and physico-chemical
criteria comparable to the class A a-helix segments in LEAM protein.
Segments containing at least one cysteine (possibly engaged in a disul-
fide bridge) and/or a proline (a helix-breaker) were excluded. The mean
hydrophobicity (H) and the mean hydrophobic moment (µH) (Eisenberg
et al., 1982), calculated with the Fauchere-Pliska hydrophobicity scale
(Fauchere and Pliska, 1983), the sum (NSTG) of serine, threonine, and
glycine residues, theminimumnumber (Npol) of uncharged polar residues (Ser,
Thr, Asn, and Gln), the minimum number of alanine (NA), the number (Ncha) of
charged residues at pH 7.4 (Asp, Glu, Lys, and Arg), and the net charge (z) of
the sequence must be within the following ranges: 20.4 # H # 0.05; 0.2 #

µH # 0.4 ; NSTG $ 2; Npol $ 22 ; NA $ 3; 10 # Ncha # 20; –2 $ z $ 1. The
HeliQuest server generated helical projections for each positive segment that
were visually examined to validate the class A a-helix predictions.

Phylogenetic Analysis

A rectangular cladogram of the 51 protein sequences was obtained using
the Dendroscope 3.1.0 software (Huson and Scornavacca, 2012) and
amultiple alignment generatedwith ClustalW2 (http://www.ebi.ac.uk/Tools/
msa/clustalw2/). The alignment (Supplemental Data Set 1) was generated
using Gonnet protein weight matrix (open gap = 10, gap extension = 0.20,
gap distances = 5, no end gaps, no iteration, neighbor-joining clustering).

Accession Numbers

Accession numbers from this article can be found in Supplemental
Table 3.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Heat Map of Subcellular Localization Pre-
dictions of the 51 Arabidopsis LEA Proteins.

Supplemental Figure 2. Transient Expression of Cytosolic LEA
Protein in Arabidopsis Protoplasts.

Supplemental Figure 3. Diffusion of Cytosolic LEA-GFP Proteins in
the Nucleus.

Supplemental Figure 4. Protein Gel Blot Analysis of LEA Protein
Expressed in Protoplasts.

Supplemental Figure 5. Cytosolic Localization of GFP-LEA Fusions
for Proteins Localized in Mitochondria or Plastid When Expressed as
LEA-GFP Fusions (See Figures 3 and 4).

Supplemental Figure 6. Leaf Cells from Arabidopsis Transgenic Lines
Expressing LEA Proteins Targeted to Mitochondria or Dual Targeted to
Mitochondria and Plastid.

Supplemental Figure 7. LEA13-RFP Does Not Colocalize with Golgi
in Arabidopsis Protoplasts.

Supplemental Figure 8. Arabidopsis Leaf Cells from Transgenic Lines
Expressing LEA Proteins Targeted to the Secretory Pathway or the
Pexophagosome.

Supplemental Figure 9. Transient Expression in Arabidopsis Proto-
plasts of GFP-LEA Fusions for Proteins Which Are Targeted to the
Secretory Pathway as LEA-GFP Fusions.

Supplemental Figure 10. Vacuolar and Golgi Localization of LEA 21 in
Arabidopsis Protoplasts.

Supplemental Figure 11. Localization of LEA21-GFP and LEA22-GFP
in Arabidopsis Protoplasts.

Supplemental Figure 12. LEA11 and LEA12 Sequence Alignment.

Supplemental Figure 13. Estimation of Prediction Software Efficiency.

Supplemental Figure 14. Cytosolic Localization of LEA7 and LEA29 in
Arabidopsis Protoplasts.

Supplemental Figure 15. Proteomic Quantification of LEA Proteins in
Different Organs of Arabidopsis.

Supplemental Figure 16. LEA2 and LEA38 Sequence Alignment.

Supplemental Figure 17. Modeling of Class A a-Helix Motif of LEA
Proteins.

Supplemental Figure 18. Modeling of Class A-Like a-Helix Motif of
LEA23 and LEA24.

Supplemental Table 1. Theoretical and Apparent Molecular Masses
of LEA and Fusion Proteins.

Supplemental Table 2. Quantitative Data about Transiently Trans-
formed Protoplasts.

Supplemental Table 3. Arabidopsis LEA Templates Used for PCR
Amplification.

Supplemental Table 4. Primers Used for the Construction of LEA
Gene Fusions and Markers.

Supplemental Data Set 1. ClustalW2 Alignment of the 51 LEA
Proteins.
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Supplemental Figure 1. Heatmap of subcellular localization predictions of the 51 Arabidopsis LEA 

proteins. The heatmap illustrates probability over 50 % of LEA protein targeting to various cellular 

compartments given by the different software indicated on the right. LEA proteins are numbered from 1 to 51, 

and the color coding represents the targeting probability below 50 % (yellow) or between 50 to 100% (red). 

The two qualitative predictors BaCelLo and WoLF PSORT were included with black square indicating a 

positive prediction.  
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Supplemental Figure 2. Transient expression of cytosolic LEA protein in Arabidopsis protoplasts. 

Representative examples of LEA-GFP and GFP-LEA fusion proteins localized either in the cytosol only or both in 

the cytosol and the nucleus were co-expressed with a RFP nuclear marker in Arabidopsis mesophyll protoplasts. 

Numbers refer to the corresponding LEA proteins. Green, GFP; Red, RFP; Blue, chlorophyll. Bar = 10 µm. 
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Supplemental Figure 2. (continued). 
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Supplemental Figure 2. (continued). 
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Supplemental Figure 2. (continued). 
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Supplemental Figure 2. (continued). 
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Supplemental Figure 2. (continued). 
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Supplemental Figure 3. Diffusion of cytosolic LEA-GFP proteins in the nucleus.  

The graph shows the distribution of LEA protein fusions between cytosolic only (C) or cytosolic-nuclear 

(C+N) compartments as a function of their molecular mass. Each box encloses 50% of the data with the 

median value of the variable displayed as a line. The mean is indicated as a dashed line. The top and bottom of 

the box mark the limits of ± 25% of the variable population. The lines extending from the top and bottom of 

each box mark the minimum and maximum values within the data set that fall within an acceptable range. 
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Supplemental Figure 4. Western blot analysis of LEA protein expressed in protoplasts. 

Total proteins extracted from protoplasts expressing LEA-GFP fusions were separated by SDS-PAGE and 

transferred on a nylon membrane. LEA-GFP were immuno-detected with a specific anti-GFP antibody. Each LEA 

protein is indicated by its number. The molecular mass in the scale is in kDa. Lanes between black bars (2, 4, 5, 

21, 26, 30, 36, 38, 41, 47 and 49) were obtained from a second western blot analysis and were merged in the figure 

for more clarity. Arrows indicate the bands of interest.  
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Supplemental Figure 5. Cytosolic localization of  GFP-LEA fusions for proteins localized in 

mitochondria or  plastid when expressed as LEA-GFP fusions (see Figures 3 and 4).   

Representative images of GFP-LEA fusion proteins expressed in wild type Arabidopsis mesophyll protoplasts. 

Numbers refer to different LEA proteins for which LEA-GFP fusions were localized in plastid or mitochondria 

. Green, GFP; Blue, chlorophyll. Bar = 10 µm. 
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Supplemental Figure 6. Leaf cells from Arabidopsis transgenic lines expressing LEA proteins targeted 

to mitochondria or dual targeted to mitochondria and plastid. 

Representative images of LEA-GFP fusion proteins expressed in transgenic lines expressing a RFP 

mitochondrial marker. In the merged images fro LEA42 and 48, chlorophyll autofluorescence is also shown 

(in blue). Numbers refer to different LEA proteins. Green, GFP; Red, RFP; Blue, chlorophyll. Bar = 10 µm. 
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Supplemental Figure 7. LEA13-RFP does not co-localize with Golgi in Arabidopsis protoplasts. 

LEA13-RFP fusion protein was expressed in Arabidopsis mesophyll protoplasts carrying a Golgi 

marker (GFP). Bar = 10 µm.  
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Supplemental Figure 8. Arabidopsis leaf cells from transgenic lines expressing LEA proteins 

targeted to the secretory pathway or the pexophagosome. 

Representative images of LEA-RFP fusion proteins expressed in transgenic lines expressing a YFP ER 

marker (ER-YFP) or a YFP peroxisome marker (Perox-YFP). Numbers refer to different LEA proteins. 

Green, YFP; Red, RFP. Bar = 10 µm. 
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Supplemental Figure 9. Transient expression in Arabidopsis protoplasts of GFP-LEA fusions for 

proteins which are targeted to the secretory pathway as LEA-GFP fusions.  

Representative images of GFP-LEA fusion proteins expressed in wild type Arabidopsis mesophyll protoplasts. 

Numbers refer to different LEA proteins for which LEA-GFP fusions were targeted to the secretory pathway. 

Green, GFP; Blue, chlorophyll. Bar = 10 µm. 
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Supplemental Figure 10. Vacuolar and Golgi localization of LEA 21 in Arabidopsis 

protoplasts. LEA21-RFP fusion protein was expressed in Arabidopsis mesophyll protoplasts 

carrying a Golgi marker (GFP).  Bar = 10 µm.  
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Supplemental Figure 11. Localization of LEA 21-GFP and LEA22-GFP in Arabidopsis 

protoplasts. GFP fusion protein was expressed in wild type Arabidopsis mesophyll protoplasts. In the 

case of LEA22-GFP, the fluorescence signal was very weak. Bar = 10 µm.  
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Supplemental Figure 12. LEA11 and LEA12 sequence alignment. Sequences were aligned using the 

MultAlin software (http://multalin.toulouse.inra.fr/multalin/) using default parameters. The targeting 

peptide cleavage site of LEA11 is indicated with a black arrow.  
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Supplemental Figure 13. Estimation of prediction software efficiency. The bar graph shows the number 

of proteins with correct or false predictions by the different software. For each compartment, the total 

number of experimentally identified proteins is indicated between brackets. Correct predictions were 

achieved when the experimental subcellular localization matched with the prediction. False positives 

correspond to erroneous subcellular compartment attribution with a strong prediction.   
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Supplemental Figure 14. Cytosolic localization of LEA7 and LEA29 in Arabidopsis protoplasts. 

LEA-RFP fusion proteins were expressed in Arabidopsis mesophyll protoplasts carrying a ER marker 

(GFP). Bar = 10 µm.  
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Supplemental Figure 15. Proteomic quantification of LEA proteins in different organs of 

Arabidopsis.  

Proteomic data were obtained from the pep2pro database (http://fgcz-pep2pro.uzh.ch/) and the subcellular 

localizations were added from our experimental observations: C, cytosol ; P, plastid ; M, mitochondria ; 

MP, mitochondria and plastid ; ER, Endoplasmic Reticulum ; V, vacuole ; Pxp, pexophagosome. Values 

are expressed as Log2 of spectral  counts and  normalized (single hits were previously removed). Results 

were color coded as a function of values from yellow to red with Excel. 

LEA# Loc ID Cell culture Flowers Leaves Pollen Roots

Seedling

 shoots Seeds Siliques

1 C At1g01470 -1.31 -1.72 0.94 1.64 0.45 2.81 0.19

2 C At1g02820 -2.31

3 C At1g03120 -3.9 -1.09 -0.6 -2.2

4 C At1g20440 3.55 4.57 6.1 1.26 2.58

5 C At1g20450 -1.34 2.23 2.58 2.68 -0.62 0.8

6 C At1g32560 -1.65

7 C At1g52690 2.5 -2.44 -2.23 1.97

8 C At1g54410 1.4 0.85 -0.5 3.63 0.51 0.29

9 Pxp At1g72100 1.06

10 C At1g76180 -3.9 4.68 5.19 5.41 1.18 5.85

11 P At2g03740 1.79

12 P At2g03850 1.6

13 ER At2g18340 -0.22 -2.14

14 C At2g21490 -1.31 1.16

15 C At2g23110 -3.55 -2.31

16 C At2g23120 6.58 6.18 0.5 6.44 7.38

17 C At2g33690 2.5 0.18

18 C At2g35300 -0.57

19 C At2g36640 0.63 -4.38

20 C At2g40170 1.56

21 V At2g41260 -0.65

22 V At2g41280 0.09

23 P At2g42530 -3.45 6.26 4.22 6.27

24 P At2g42540 -3.58 3.97 2.43 -2.4 3.58

25 C At2g42560 4.63

26 C At2g44060 2.85 2.45 2.07 2.39 4.1 2.23 -2.24 3.04

27 C At2g46140 -0.16 1.8 3.39 2.45 0.99

28 C At3g02480 7.45 2.58 3.78 -1.02 3.13 3.35

29 C At3g15670 -2.99 -4.74 5.87

30 ER At3g17520 -0.62 -4.83 3.38 -2.38

31 C At3g22490 -3.59 0.83

32 C At3g22500 -4.08 -4.83 2.11

33 C At3g50970 0.33 0.51 3.14 -1.82 2.13 -2.3

34 C At3g50980 0.35

35 C At3g51810 -2.79 -2.31 1.67

36 C At3g53040 -4.08 1.56

37 M At3g53770

38 M At4g02380 -3.45 -1.99

39 C At4g13230 1.6 0.31 -1.3

40 C At4g13560 4.16 -2.06 4.7 -0.03

41 M At4g15910 -2.57

42 MP At4g21020 -2.99 0.41

43 ER At4g36600 -2.57 -0.09 0.81

44 C At4g38410 -0.56

45 C At4g39130 -2.79

46 C At5g06760 2.49 -2.91 1.5 2.02

47 C At5g27980 1.16 2.73 -5.15

48 MP At5g44310 0.6

49 C At5g53260

50 C At5g53270

51 C At5g66400 -1.79 -2.55 2.32
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a  b

Supplemental Figure 16. LEA2 and LEA38 sequence alignment. Sequences were aligned using 

the MultAlin software (http://multalin.toulouse.inra.fr/multalin/) using default parameters. The 

targeting peptide cleavage sites of LEA38 shown as black arrows were predicted using the 

MitoProt (a) and TargetP (b) software.    
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Supplemental Figure 17. Modeling of class A α-helix motif of  LEA proteins. 

Helical projections of  α-helices were obtained using the HeliQuest webserver (http://heliquest.ipmc.cnrs.fr/ ). 

Each wheel was obtained with a 36 amino acids window. Residues are color coded with blue for positively (K, 

R) and red (D, E)  for positively charged residues. Non polar residues are shown in yellow or grey, and others in 

purple, light blue or light pink colors. The arrow shows the hydrophobic moment.   
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Supplemental Figure 18. Modeling of class A-like α-helix motif of LEA23 and LEA24. 

Helical projections of  α-helices were obtained using the HeliQuest webserver 

(http://heliquest.ipmc.cnrs.fr/ ). Each wheel was obtained with a 36 amino acids window. Residues are 

color coded with blue for positively (K, R) and red (D, E)  for positively charged residues. Non polar 

residues are shown in yellow or grey, and others in purple, light blue or light pink colors. The arrow shows 

the hydrophobic moment.   
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Supplemental Table 1. Theoretical and apparent molecular masses of LEA and fusion proteins. 

LEA protein Molecular weight (kDa) 
Molecular weight 
with GFP (kDa) 

Molecular weight with GFP 
deduced from Western blot (kDa) 

1 16.543 45.169 43.5 

2 9.827 38.453 38.5 

3 18.941 47.568 51.0 

4 29.896 58.523 77.5 

5 29.547 58.174 64.0 

6 14.890 43.517 44.0 

7 18.100 46.727 46.5 

8 10.795 39.422 39.0 

9 52.703 81.330 80.0 

10 20.786 49.412 63.0 

11 20.016 48.643 44.0 

12 20.578 49.204 45.0 

13 49.838 78.464 78.8 

14 19.297 47.924 64.0 

15 9.712 38.339 39.5 

16 8.482 37.108 43.5 

17 7.555 36.181 40.5 

18 10.480 39.107 40.5 

19 48.492 77.119 87.5 

20 9.933 38.560 38.5 

21 23.887 52.513 56.0 

22 11.431 40.058 37.5 

23 14.960 43.587 38.0 

24 14.605 43.231 39.0 

25 67.195 95.821 99.5 

26 36.036 64.662 64.0 

27 17.846 46.472 48.0 

28 7.144 35.771 36.0 

29 24.186 52.812 55.5 

30 32.559 61.185 63.0 

31 26.743 55.370 65.0 

32 26.778 55.405 63.0 

33 20.909 49.535 50.0 

34 13.434 42.061 46.0 

35 16.612 45.238 46.5 

36 52.084 80.710 85.0 

37 14.418 43.044 42.5 

38 10.291 38.918 40.0 

39 13.063 41.690 43.0 

40 11.584 40.210 41.0 

41 10.965 39.591 39.5 

42 29.422 58.048 57.0 

43 37.959 66.585 68.5 

44 18.255 46.881 52.0 

45 16.259 44.886 48.5 

46 16.178 44.805 43.5 

47 19.515 48.142 52.0 

48 38.451 67.077 63.5 

49 18.272 46.898 50.0 

50 16.660 45.287 45.0 

51 18.463 47.090 53.5 
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protoplasts

1 3 25 10 67 21 38 22 53

2 3 45 11 34 12 108 53 76

3 3 44 23 10 3 46 8 34

4 3 17 4 10 4 96 31 39

5 2 125 42 147 48 90

6 2 42 13 57 23 36

7 3 20 7 53 22 17 6 35

8 3 19 6 33 15 72 26 47

9 5 9 2 34 6 12 4 13 4 19 4 20

10 3 32 8 57 26 126 42 76

11 3 56 4 28 18 99 45 67

12 2 35 4 68 3 7

13 3 25 9 29 3 53 2 14

14 3 19 7 37 11 77 23 41

15 2 49 11 137 46 57

16 2 50 9 145 48 57

17 2 50 7 154 72 79

18 2 60 30 114 17 47

19 2 30 5 164 15 20

20 2 38 26 147 18 44

21 3 27 12 23 5 25 9 26

22 3 38 6 18 3 20 5 14

23 3 36 11 26 14 15 9 34

24 3 77 45 17 5 135 9 59

25 2 8 3 96 12 15

26 2 21 5 92 7 12

27 2 47 16 170 16 32

28 2 12 8 62 10 18

29 3 9 8 24 5 110 11 24

30 3 53 7 12 4 16 2 13

31 3 45 30 10 5 128 11 46

32 3 17 7 25 12 86 9 28

33 3 18 5 19 12 82 2 19

34 3 8 5 13 7 116 14 26

35 2 46 12 53 3 15

36 2 5 2 104 8 10

37 3 18 6 33 18 5 5 29

38 3 55 29 16 7 5 3 39

39 3 115 21 12 3 79 6 30

40 2 18 10 51 3 13

41 3 22 7 19 7 15 7 21

42 2 7 5 6 4 9

43 3 4 2 13 3 32 4 9

44 3 14 6 11 3 88 2 11

45 3 39 12 19 8 58 6 26

46 2 14 6 38 4 10

47 3 72 9 9 3 117 5 17

48 2 12 4 12 6 10

49 3 4 3 72 21 38 4 28

50 2 36 18 54 5 23

51 3 32 11 13 9 69 2 22

LEA
number of 

independant 

transformation

Protopl. 

observed
FP

Protopl. 

observed
FP

Total 

FP

Exp, independent transformation; FP, fluorescent protoplast number

FP
Protopl. 

observed
FP

Protopl. 

observed
FP

Protopl. 

observed

Exp 1 Exp 2 Exp 3 Exp 4 Exp 5

Supplemental Table 2. Quantitative data about transiently transformed protoplasts.
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Supplemental Table 3. Arabidopsis LEA templates used for PCR amplification. 

LEA# Accession number (TAIR) Template Origin 

1 At1g01470 cDNA Arabidopsis seeds MPIMP 

2 At1g02820 pENTR/SD/D-TOPO (+CDS) MPIMP 

3 At1g03120 cDNA Arabidopsis seeds MPIMP 

4 At1g20440 pENTR/SD/D-TOPO (+CDS) MPIMP 

5 At1g20450 pUNI51 (U24382) ABRC  

6 At1g32560 pENTR/SD/D-TOPO (+CDS) MPIMP 

7 At1g52690 pENTR/SD/D-TOPO (+CDS) MPIMP 

8 At1g54410 pENTR/SD/D-TOPO (+CDS) MPIMP 

9 At1g72100 pENTR/SD/D-TOPO (+CDS) MPIMP 

10 At1g76180 pENTR/SD/D-TOPO (+CDS) MPIMP 

11 At2g03740 pENTR/SD/D-TOPO (+CDS) MPIMP 

12 At2g03850 pENTR/SD/D-TOPO (+CDS) MPIMP 

13 At2g18340 cDNA Arabidopsis seeds MPIMP 

14 At2g21490 pENTR/SD/D-TOPO (+CDS) MPIMP 

15 At2g23110 pENTR/SD/D-TOPO (+CDS) MPIMP 

16 At2g23120 pENTR/SD/D-TOPO (+CDS) MPIMP 

17 At2g33690 pUNI51 (U63047) ABRC  

18 At2g35300 cDNA Arabidopsis seeds MPIMP 

19 At2g36640 cDNA Arabidopsis seeds MPIMP 

20 At2g40170 pENTR/SD/D-TOPO (+CDS) MPIMP 

21 At2g41260 pUC57 (synthetic gene) GenScript 

22 At2g41280 pENTR/SD/D-TOPO (+CDS) MPIMP 

23 At2g42530 pENTR/SD/D-TOPO (+CDS) MPIMP 

24 At2g42540 pENTR/SD/D-TOPO (+CDS) MPIMP 

25 At2g42560 pENTR/SD/D-TOPO (+CDS) MPIMP 

26 At2g44060 pUNI51 (U83572) ABRC  

27 At2g46140 pENTR/SD/D-TOPO (+CDS) MPIMP 

28 At3g02480 pENTR/SD/D-TOPO (+CDS) MPIMP 

29 At3g15670 pENTR/SD/D-TOPO (+CDS) MPIMP 

30 At3g17520 pENTR/SD/D-TOPO (+CDS) MPIMP 

31 At3g22490 pENTR/SD/D-TOPO (+CDS) MPIMP 

32 At3g22500 pENTR/SD/D-TOPO (+CDS) MPIMP 

33 At3g50970 pENTR/SD/D-TOPO (+CDS) MPIMP 

34 At3g50980 cDNA Arabidopsis seeds MPIMP 

35 At3g51810 pENTR/SD/D-TOPO (+CDS) MPIMP 

36 At3g53040 pENTR/SD/D-TOPO (+CDS) MPIMP 

37 At3g53770 pENTR221 (pENTR221-AT3G53770) ABRC  

38 At4g02380 pENTR/SD/D-TOPO (+CDS) MPIMP 

39 At4g13230 cDNA Arabidopsis bud MPIMP 

40 At4g13560 pENTR/SD/D-TOPO (+CDS) MPIMP 

41 At4g15910 pUNI51 (U23419) ABRC  

42 At4g21020 pUNI51 (U20045) ABRC  

43 At4g36600 pUNI51 (S63786) ABRC  

44 At4g38410 pENTR/SD/D-TOPO (+CDS) MPIMP 

45 At4g39130 cDNA Arabidopsis seeds MPIMP 

46 At5g06760 pENTR/SD/D-TOPO (+CDS) MPIMP 

47 At5g27980 pUC57 (synthetic gene) GenScript 

48 At5g44310 pUNI51 (U66244) ABRC  

49 At5g53260 pUC57 (synthetic gene) GenScript 

50 At5g53270 cDNA Arabidopsis seeds MPIMP 

51 At5g66400 pENTR/SD/D-TOPO (+CDS) MPIMP 
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Sequence Name Forward primer Length Name Reverse primer Length

FL1 CACCATGGCGAGCTTGCTAGAT 22 RL1 GAAGAAATCTTTAAAAGTAGG 21

FnoL1 CACCGCGAGCTTGCTAGATAAA 22 RsL1 TCAGAAGAAATCTTTAAAAGT 21

FL2 CACCATGGCTCGTTCTCTCGCT 22 RL2 TTGCTTGTTGTTCAAGAG 18

FnoL2 CACCGCTCGTTCTCTCGCTAAC 22 RsL2 TTATTGCTTGTTGTTCAA 18

FL3 CACCATGGCACAGCATCAGCATTC 24 RL3 GAGTTGTTGATTGAGCCT 18

FnoL3 CACCGCACAGCATCAGCATTCTCC 24 RsL3 CTAGAGTTGTTGATTGAGC 19

FL4 CACCATGGCTGAGGAGTACAAG 22 RL4 ATCATCAGACTCTTTTTCTTTC 22

FnoL4 CACCGCTGAGGAGTACAAGAAC 22 RsL4 TTAATCATCAGACTCTTTTTCT 22

FL5 CACCATGGCAGAAGAGTACAAGAAC 25 RL5 ATCAGACACTTTTTCTTTCTTC 22

FnoL5 CACCGCAGAAGAGTACAAGAACACC 25 RsL5 TTAATCAGACACTTTTTCTTTC 22

FL6 CACCATGCAATCGGCGAAACAG 22 RL6 GTAGTGATGATGATTATGATGTCC 24

FnoL6 CACCCAATCGGCGAAACAGAAG 22 RsL6 TTAGTAGTGATGATGATTATGATG 24

FL7 CACCATGGCGTCTCATCAAGAA 22 RL7 CTTCCTCTGTGTCTCACG 18

FnoL7 CACCGCGTCTCATCAAGAACAG 22 RsL7 TCACTTCCTCTGTGTCTC 18

FL8 CACCATGGCAGGACTCATCAAC 22 RL8 ATCGCTGTCGCTGTCACT 18

FnoL8 CACCGCAGGACTCATCAACAAG 22 RsL8 TTAATCGCTGTCGCTGTC 18

FL9 CACCATGACGAATCTTTTGGCC 22 RL9 ACAAGCGGCGCCGAGTCTCTG 21

FnoL9 CACCACGAATCTTTTGGCCTTG 22 RsL9 TCAACAAGCGGCGCCGAGTCT 21

FL10 CACCATGGCTGAGGAAATCAAG 22 RL10 TTCTTTATCTTTCTTCTCCTCC 22

FnoL10 CACCGCTGAGGAAATCAAGAAT 22 RsL10 TTATTCTTTATCTTTCTTCTCC 22

FL11 CACCATGTCGATCTCCGGAGCT 22 RL11 TGCATCAGTTTTTGGAGGC 19

FnoL11 CACCTCGATCTCCGGAGCTGTG 22 RsL11 CTATGCATCAGTTTTTGGA 19

FL12 CACCATGGCGATGTCGATCTCC 22 RL12 AGTTTTTGGAGGCATTATAGC 21

FnoL12 CACCGCGATGTCGATCTCCGGA 22 RsL12 TTAAGTTTTTGGAGGCATTAT 21

FL13 CACCATGATGGAGAGAAGAAGAAC 24 RL13 GAGCTCAGCATAACGGTC 18

FnoL13 CACCATGGAGAGAAGAAGAACGG 23 RsL13 TTAGAGCTCAGCATAACG 18

FL14 CACCATGGCGGATTTGAGGGAC 22 RL14 TGGGTGGTTGTGGTTATG 18

FnoL14 CACCGCGGATTTGAGGGACGAA 22 RsL14 TCATGGGTGGTTGTGGTT 18

FL15 CACCATGGAGGATCAGAAAAAGCC 24 RL15 CGGAACGCCCTGACGGTT 18

FnoL15 CACCGAGGATCAGAAAAAGCCACC 24 RsL15 TCACGGAACGCCCTGACG 18

FL16 CACCATGGAGGCCGGGAAAACA 22 RL16 CGGAGCTTTCGCATCGGT 18

FnoL16 CACCGAGGCCGGGAAAACACCA 22 RsL16 TCACGGAGCTTTCGCATC 18

FL17 CACCATGTCGAAGAGTGAAGAGAA 24 RL17 CTTCTTAGCTTTTTGGTTAGCG 22

FnoL17 CACCTCGAAGAGTGAAGAGAAACA 24 RsL17 TCACTTCTTAGCTTTTTGGTTA 22

FL18 CACCATGCAGTCGGCGAAGGAA 22 RL18 GATCTGTCCCGGCGGGTA 18

FnoL18 CACCCAGTCGGCGAAGGAAAAG 22 RsL18 TTAGATCTGTCCCGGCGG 18

FL19 CACCATGGCGTCAGACAAACAAAA 24 RL19 CAGCTTTCCCTTATCTTTCC 20

FnoL19 CACCGCGTCAGACAAACAAAAGGC 24 RsL19 TCACAGCTTTCCCTTATCTT 20

FL20 CACCATGGCGTCTCAACAAGAG 22 RL20 GGTCTTGGTCCTGAATTTGG 20

FnoL20 CACCGCGTCTCAACAAGAGAAG 22 RsL20 TTAGGTCTTGGTCCTGAATT 20

FL21 CACCATGGGAAACCTCAAGTCTC 23 RL21 TGGCTTAGCTTGTTGGGC 18

FnoL21 CACCGGAAACCTCAAGTCTCTCG 23 RsL21 TCATGGCTTAGCTTGTTGG 19

FL22 CACCATGGGAAACCTCATGTCT 22 RL22 TGGCTTAGCTTCTTCCTT 18

FnoL22 CACCGGAAACCTCATGTCTCTC 22 RsL22 TCATGGCTTAGCTTCTTCC 19

FL23 CACCATGGCGATGTCTTTATCAGG 24 RL23 GGACTTTGTGGCATTCTTAG 20

FnoL23 CACCGCGATGTCTTTATCAGGAGC 24 RsL23 TCAGGACTTTGTGGCATTCT 20

FL24 CACCATGGCGATGTCTTTCTCAGG 24 RL24 CTTTGTGGCATCCTTAGC 18

FnoL24 CACCGCGATGTCTTTCTCAGGAGC 24 RsL24 CTACTTTGTGGCATCCTT 18

FL25 CACCATGGCGTCAGAGCAAGCA 22 RL25 ACGTTGTCCATGTTCCCG 18

FnoL25 CACCGCGTCAGAGCAAGCAAGG 22 RsL25 TCAACGTTGTCCATGTTC 18

FL26 CACCATGTCGACATCTGAGGATAA 24 RL26 TTCCTCATCGTCGTCATC 18

FnoL26 CACCTCGACATCTGAGGATAAACC 24 RsL26 TTATTCCTCATCGTCGTC 18

FL27 CACCATGGCATCAGCGGATGAA 22 RL27 AAAGAAGTCGCGAAGGGA 18

FnoL27 CACCGCATCAGCGGATGAAAAG 22 RsL27 TTAAAAGAAGTCGCGAAG 18

FL28 CACCATGGACAACAAGCAAAACGC 24 RL28 GTGGCTTTTGTTCATGCC 18

FnoL28 CACCGACAACAAGCAAAACGCGAG 24 RsL28 TTAGTGGCTTTTGTTCAT 18

FL29 CACCATGGCATCCAACCAACAG 22 RL29 CTTCCTCTGATAAGTCTGATGA 22

FnoL29 CACCGCATCCAACCAACAGAGC 22 RsL29 TCACTTCCTCTGATAAGTCTGA 22

FL30 CACCATGGGGTTAGAGAGGAAA 22 RL30 GAGCTCAGCATCATCGTC 18

FnoL30 CACCGGGTTAGAGAGGAAAGTG 22 RsL30 TCAGAGCTCAGCATCATC 18

FL31 CACCATGAGTCAAGAAGAACAACC 24 RL31 TATATCAGCTCTCTCGTTAAGC 22

FnoL31 CACCAGTCAAGAAGAACAACCAAA 24 RsL31 TCATATATCAGCTCTCTCGTTA 22

FL32 CACCATGAGCCAAGAGCAACCA 22 RL32 TATATCAACTCTCTCGTTAAGC 22

FnoL32 CACCAGCCAAGAGCAACCAAGG 22 RsL32 TCATATATCAACTCTCTCGTTA 22

FL33 CACCATGAATTCTCACCAGAATCA 24 RL33 GTGATGACCACCGGGAAG 18

FnoL33 CACCAATTCTCACCAGAATCAAAC 24 RsL33 CTAGTGATGACCACCGGG 18

FL34 CACCATGGAGTCTTACCAAAACC 23 RL34 ATGATGACCACCCGGAAG 18

FnoL34 CACCGAGTCTTACCAAAACCAG 22 RsL34 CTAATGATGACCACCCGG 18

FL35 CACCATGGCGTCAAAGCAACTG 22 RL35 CTTGTTGGTGAACTTTGACTC 21

FnoL35 CACCGCGTCAAAGCAACTGAGC 22 RsL35 TCACTTGTTGGTGAACTTTGA 21

FL36 CACCATGGCATCAGGACAACGG 22 RL36 CAGCTTTTTCTCTCCCAC 18

FnoL36 CACCGCATCAGGACAACGGGAG 22 RsL36 CTACAGCTTTTTCTCTCC 18
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FL37 CACCATGTCTCAATCACTTTTCAA 24 RL37 GCTCACTACGTACGTCTTTTG 21

FnoL37 CACCTCTCAATCACTTTTCAATCT 24 RsL37 TTAGCTCACTACGTACGTCTT 21

FL38 CACCATGGCTCGTTCTATCTCTAA 24 RL38 CTGCTTGTTGTTCAAGAGAGC 21

FnoL38 CACCGCTCGTTCTATCTCTAACGT 24 RsL38 TCACTGCTTGTTGTTCAAGAG 21

FL39 CACCATGACAAGCTTCGCGGTC 22 RL39 TTTGAGGTTCTTGGTGTTC 19

FnoL39 CACCACAAGCTTCGCGGTCGTTG 23 RsL39 TTATTTGAGGTTCTTGGTG 19

FL40 CACCATGTCGCAACAACAATTC 22 RL40 TTTCTTCTCGTTCATGCC 18

FnoL40 CACCTCGCAACAACAATTCAAC 22 RsL40 TCATTTCTTCTCGTTCAT 18

FL41 CACCATGGCCGCTCGTTCACTC 22 RL41 GAAAGACTTTGCTTTGTTTTTC 22

FnoL41 CACCGCCGCTCGTTCACTCTCC 22 RsL41 TCAGAAAGACTTTGCTTTGTTT 22

FL42 CACCATGGCGGCCATGCAACTAAC 24 RL42 GTTAAATGTTATGAAATCGTCC 22

FnoL42 CACCGCGGCCATGCAACTAACAAG 24 RsL42 TCAGTTAAATGTTATGAAATCGTC 24

FL43 CACCATGATGCTTACGACGGTG 22 RL43 AAGCTCAGCGCTACGGTC 18

FnoL43 CACCATGCTTACGACGGTGGTG 22 RsL43 CTAAAGCTCAGCGCTACG 18

FL44 CACCATGGCGGATCATCCTCGT 22 RL44 GGTTTCCTTCTTCTTCTCATC 21

FnoL44 CACCGCGGATCATCCTCGTTCT 22 RsL44 CTAGGTTTCCTTCTTCTTCTC 21

FL45 CACCATGGCGGATCTGAAAGAC 22 RL45 AAGATCATTATGGTGGCC 18

FnoL45 CACCGCGGATCTGAAAGACGAA 22 RsL45 TCAAAGATCATTATGGTG 18

FL46 CACCATGCAGTCGATGAAAGAA 22 RL46 TCCAGTATATCCCCCGCC 18

FnoL46 CACCCAGTCGATGAAAGAAACA 22 RsL46 TTATCCAGTATATCCCCC 18

FL47 CACCATGAGCGAAGAACAGCTG 22 RL47 TTTGGACTGATTGATCCG 18

FnoL47 CACCAGCGAAGAACAGCTGCAG 22 RsL47 TCATTTGGACTGATTGAT 18

FL48 CACCATGGCGGCTATGCAGTTAACG 25 RL48 GAACCTCTTGAAATCATCATCC 22

FnoL48 CACCGCGGCTATGCAGTTAACGAG 24 RsL48 TTAGAACCTCTTGAAATCATCATC 24

FL49 CACCATGGGTTCATCAAAAGATAG 24 RL49 AAGAGACGATGGATCGTG 18

FnoL49 CACCGGTTCATCAAAAGATAGTGC 24 RsL49 TCAAAGAGACGATGGATCG 19

FL50 CACCATGATGTTCGGGTTCGGC 22 RL50 AAGAGATACATTGCATGG 18

FnoL50 CACCATGTTCGGGTTCGGCCTT 22 RsL50 TCAAAGAGATACATTGCA 18

FL51 CACCATGGCGTCTTACCAGAAC 22 RL51 ACGGCCACCACCGGGAAG 18

FnoL51 CACCGCGTCTTACCAGAACCGT 22 RsL51 TTAACGGCCACCACCGGG 18

U16034 (At3g10920) MSD1-F CACCATGGCGATTCGTTGTGTAGC 24 MSD1-R GTTGTTTTCCTTCTCATAAACCTC 24

U12392 (At4g05180) PsbQ-F CACCATGGCTCAAGCAGTGACTTCG 25 PsbQ-R ACCGAGCTTGGCAAGAACATTGTTC 25

U13389 (At5g38430) RBCS1B-F CACCATGGCTTCCTCTATGCTCT 23 RBCS1B-R AGCATCAGTGAAGCTTGG 18

p2FGW7 FpGX GCGAAACCCTATAAGAACC 19 RpGX ACCACTACCAGCAGAACA 18

FpXG GTGGTGCAGATGAACTTCAG 20 RpXG GCACAATCCCACTATCCTTC 20

RevEGFP TTACTTGTACAGCTCGTCCAT 21

p2GWR7 RFP-F CACCATGGAGGGCTCCGTGAACGG 24 RevRFP TTAGGCGCCGGTGGAGTGGC 20

NLS-F CACCATGCCACCAAAAAAGAAAAGAAAGGTT 31 NLS-R AACCTTTCTTTTCTTTTTTGGTGGCAT 27

PDHA1 (NM_000284) PDHE1-F ATGAGGAAGATGCTCGCC 18 PDHE1t-R CCTGGTGAGCACTGTTGTGA 20
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