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Plant peroxisomes are highly dynamic organelles that mediate a suite of metabolic processes crucial to development. Peroxisomes
in seeds/dark-grown seedlings and in photosynthetic tissues constitute two major subtypes of plant peroxisomes, which had been
postulated to contain distinct primary biochemical properties. Multiple in-depth proteomic analyses had been performed on leaf
peroxisomes, yet the major makeup of peroxisomes in seeds or dark-grown seedlings remained unclear. To compare the metabolic
pathways of the two dominant plant peroxisomal subtypes and discover new peroxisomal proteins that function specifically
during seed germination, we performed proteomic analysis of peroxisomes from etiolated Arabidopsis (Arabidopsis thaliana)
seedlings. The detection of 77 peroxisomal proteins allowed us to perform comparative analysis with the peroxisomal proteome
of green leaves, which revealed a large overlap between these two primary peroxisomal variants. Subcellular targeting analysis by
fluorescence microscopy validated around 10 new peroxisomal proteins in Arabidopsis. Mutant analysis suggested the role of the
cysteine protease RESPONSE TO DROUGHT21A-LIKE1 in b-oxidation, seed germination, and growth. This work provides a
much-needed road map of a major type of plant peroxisome and has established a basis for future investigations of peroxisomal
proteolytic processes to understand their roles in development and in plant interaction with the environment.

Peroxisomes, originally known as microbodies, are
small and single-membrane eukaryotic organelles that
compartmentalize various oxidative metabolic functions.
Most peroxisomal matrix proteins carry a C-terminal
tripeptide named PEROXISOME TARGETING SIGNAL
TYPE1 (PTS1), and fewer contain an N-terminal nona-
peptide, PTS2 (Lanyon-Hogg et al., 2010). PTS1 is fur-
ther divided into major and minor PTS1s. Major PTS1
tripeptides, such as SKL. and SRL. (. represents the
stop codon), are by themselves sufficient to direct a
protein to the peroxisome (Reumann, 2004), whereas
minor PTS1s are usually found in low-abundance proteins
and require additional upstream elements for peroxisomal

targeting (Kaur et al., 2009). Peroxisomes are highly
variable morphologically and metabolically, as their
size, shape, abundance, and enzymatic content can dif-
fer depending on the species, tissue and cell type, and
prevailing environmental conditions (Beevers, 1979;
van den Bosch et al., 1992; Kaur et al., 2009; Hu et al.,
2012; Schrader et al., 2012).

Plant peroxisomes participate in a wide range of met-
abolic processes, such as lipid metabolism, photorespir-
ation, detoxification, biosynthesis of jasmonic acid, and
metabolism of indole-3-butyric acid (IBA), nitrogen, sul-
fite, and polyamine (Kaur et al., 2009; Hu et al., 2012).
Specific names had been given to certain types of per-
oxisomes due to their unique metabolic properties. For
example, the term glyoxysome was coined when a new
type of organelle that contained enzymes of the glyoxy-
late cycle was identified from the endosperm of castor
bean (Ricinus communis; Breidenbach et al., 1968). It was
later realized that glyoxysomes are in fact a type of per-
oxisome, and Beevers (1979) subsequently classified plant
peroxisomes into three subtypes based on their primary
biochemical functions. Glyoxysomes are located in stor-
age organs such as fatty seedling tissues and play a major
role in converting fatty acids to sugar; leaf peroxisomes
are involved in photorespiration; and nonspecialized
peroxisomes exist in other plant tissues and perform
unknown functions.

The primary function of leaf peroxisomes is the
recycling of phosphoglycolate during photorespiration,
a process coordinated by chloroplasts, peroxisomes, mito-
chondria, and the cytosol. In this pathway, phosphoglycolate
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produced by the oxygenase activity of Rubisco is ul-
timately converted to glycerate, which reenters the
chloroplastic Calvin-Benson cycle (Foyer et al., 2009;
Peterhansel et al., 2010). The peroxisome-localized
enzymes glycolate oxidase (GOX), catalase, amino-
transferase (serine:glyoxylate aminotransferase [SGT]
and glutamate-glyoxylate aminotransferase [GGT]),
HYDROXYPYRUVATE REDUCTASE1 (HPR1), and
peroxisomal malate dehydrogenase (PMDH) are in-
volved in the process (Reumann and Weber, 2006). On
the other hand, lipid mobilization through fatty acid
b-oxidation and the glyoxylate cycle is the main function
for peroxisomes in seeds and germinating seedlings. In
this process, fatty acids are first activated into fatty acyl-
CoA esters by the acyl-activating enzyme (AAE)/acyl-
CoA synthetase before entering the b-oxidation cycle,
during which an acetyl-CoA is cleaved in each cycle by
the successive action of acyl-CoA oxidase (ACX), mul-
tifunctional protein (MFP), and 3-keto-acyl-CoA thiolase
(KAT). Acetyl-CoA, an end product of b-oxidation, is
further converted to four-carbon carbohydrates by the
glyoxylate cycle, in which isocitrate lyase (ICL) and
malate synthase (MLS) are two key enzymes that func-
tion exclusively in this pathway. Products of the glyox-
ylate cycle exit the peroxisome, enter gluconeogenesis,
and are further converted to hexose and Suc to fuel
the postgerminative development of seedlings (Penfield
et al., 2006).
Immunocytochemical studies of germinating seeds

from pumpkin (Cucurbita pepo), watermelon (Citrullis
vulgaris), and cucumber (Cucumis sativus) demonstrated
that seed peroxisomes (glyoxysomes) are directly trans-
formed into leaf peroxisomes during greening of the
cotyledons without de novo biogenesis of leaf peroxi-
somes (Titus and Becker, 1985; Nishimura et al., 1986;
Sautter, 1986). This conversion was illustrated by the
import of photorespiratory enzymes and their concom-
itant presence with glyoxylate cycle enzymes within the
same organelle. Furthermore, the increase in abundance
of photorespiratory enzymes coincided with the marked
decrease, and subsequently the absence, of glyoxylate
cycle enzymes (ICL and/or MLS) at the culmination of
this process (Titus and Becker, 1985; Nishimura et al.,
1986; Sautter, 1986). It was suggested that the specific
names for plant peroxisomal variants should be elim-
inated because protein composition between leaf per-
oxisomes and glyoxysomes may differ by only two
proteins (i.e. ICL and MLS) out of the over 100 total
proteins in the peroxisome (Pracharoenwattana and
Smith, 2008). This prediction needed to be tested. In
addition, mutants lacking core peroxisome biogenesis
factors or major b-oxidation enzymes are nonviable,
suggesting that peroxisomes are essential to embryo-
genesis and seed germination (Hu et al., 2012). How-
ever, how peroxisomes contribute to seed germination
and seedling establishment is not completely under-
stood. In the past, studies have been successfully un-
dertaken to catalog the proteome of mitochondria and
plastids isolated from different plant tissues, which
uncovered unique facets of organelle metabolism in

various tissues (van Wijk and Baginsky, 2011; Havelund
et al., 2013; Lee et al., 2013). As such, it was necessary to
establish a protein atlas for peroxisomes in dark-grown
seedlings.

Proteomic analyses of leaf peroxisomes and per-
oxisomes from suspension-cultured, leaf-derived cells
followed by protein subcellular localization studies
confirmed a total of over 30 new peroxisomal pro-
teins, uncovering additional metabolic functions for
leaf peroxisomes (Fukao et al., 2002; Reumann et al.,
2007, 2009; Eubel et al., 2008; Babujee et al., 2010; Kataya
and Reumann, 2010; Quan et al., 2010). For Arabidopsis
(Arabidopsis thaliana), around 100 peroxisomal proteins
were shown to be present in leaves or leaf-derived cells.
Compared with the over 80 bona fide peroxisomal pro-
teins detected by leaf peroxisomal proteomics (Reumann
et al., 2007, 2009), the number of proteins identified from
peroxisomal proteomic studies on etiolated seedlings
was significantly smaller, with less than 10 known per-
oxisomal proteins from Arabidopsis (Fukao et al., 2003)
and approximately 31 from soybean (Glycine max; Arai
et al., 2008a, 2008b). Thus, a more in-depth analysis of
the proteome of peroxisomes from these tissues was
highly needed.

Here, we performed proteomic analysis of peroxi-
somes isolated from etiolated Arabidopsis seedlings
and detected peroxisomal proteins that encompass most
of the known plant peroxisomal metabolic pathways.
Fluorescence microscopy verified the peroxisomal lo-
calization of a number of proteins newly identified in
this study or detected from previous proteomics that
had not been verified by independent means. Reverse
genetic analysis demonstrated the role for a Cys pro-
tease in germination, b-oxidation, and growth.

RESULTS

Isolation of Peroxisomes from Etiolated Seedlings

To select a developmental stage that yields an ade-
quate amount of tissue for organelle isolation but also
coincides with the peak activity of peroxisomes, we
monitored the activity of ICL, a marker enzyme for
peroxisomes in seeds and early seedlings, in 3- to 6-d-old
dark-grown Arabidopsis seedlings. Consistent with a
previous report (Germain et al., 2001), the highest ICL
activity was found to be present in 3-d-old seedlings
(Supplemental Fig. S1), which were thus chosen for
subsequent peroxisome isolation (Fig. 1A).

Peroxisome purification was performed using a pro-
tocol adopted from the two-density gradient centrifuga-
tion method developed for leaf peroxisomes (Reumann
et al., 2007) and with some modifications of the Percoll
and Suc concentrations (see “Materials and Methods”).
Pellet from the Percoll gradient, which contained peak
activity of ICL (Fig. 1B, fraction 14), was washed and
loaded onto the Suc gradient (Fig. 1C). A distinctive
white band was observed in the 51% (w/v) Suc after
the second gradient centrifugation, which is similar to
what we normally see for leaf peroxisome isolation
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(Reumann et al., 2007, 2009). To ascertain the compo-
sition of this band, immunoblot analysis was per-
formed on proteins from crude extract, pellet fraction
(P1) after Percoll gradient centrifugation (fraction 14 in
Fig. 1B), and the fraction that contained the white band
(PE) after Suc gradient centrifugation (fraction 9 in
Fig. 1C; Supplemental Fig. S2) using organelle-specific
antibodies (Fig. 1D). Antibodies against the chloroplast
inner envelope protein TIC110 from pea (Pisum sativum)
and the mitochondrial outer membrane-localized voltage-
dependent anion-selective channel protein (VDAC) from
maize (Zea mays) detected minimal presence of these
proteins (112 and 30 kD, respectively) in the PE fraction
compared with crude exact and P1 (Fig. 1D). In con-
trast, antibodies against the Arabidopsis peroxisomal
membrane protein PEX14 revealed a high enrichment of
this protein in the PE fraction (Fig. 1D). Interestingly,
a-PEX14, which detected a single band of approxi-
mately 75 kD in 8-d-old light-grown seedlings (Monroe-
Augustus et al., 2011), consistently detected two bands
around approximately 75 kD in the etiolated samples
(Fig. 1D). This pattern is similar to what was observed
for the phosphorylated PEX14 proteins in the yeasts
Pichia pastoris (Johnson et al., 2001; Johnson and Olsen,
2001) and Hansenula polymorpha (Komori et al., 1999).
Although whether this doublet is associated with pro-
tein phosphorylation has not yet been confirmed, Arabi-
dopsis PEX14 has been found to be phosphorylated by
multiple phosphoproteomic studies (Sugiyama et al.,
2008; Jones et al., 2009; Reiland et al., 2009, 2011;
Nakagami et al., 2010; Wang et al., 2013).

As a second line of confirmation, we also measured
ICL activity in various fractions of the two gradients
after centrifugation (Fig. 1, B and C). As expected, the
PE fraction possessed a peak activity of ICL. In contrast,
fraction 3 of the Suc gradient, which showed another
peak ICL activity, had much higher contamination from
mitochondria, as evidenced by the detection of a strong
VDAC band on the immunoblot (Fig. 1C). Fraction 3
was thus considered to contain broken peroxisomes.

These results together suggested that our isolation
procedure was successful in obtaining a fraction con-
taining highly enriched peroxisomes that was fairly well
separated from plastids and mitochondria. Consistent
with previous reports on Arabidopsis leaf peroxisomes
(Reumann et al., 2007, 2009), fraction 9 of the Suc gra-
dient contained highly enriched peroxisomes and was
collected from subsequent peroxisomal preparations.

One-Dimensional Gel Electrophoresis Followed by Liquid
Chromatography-Tandem Mass Spectrometry-Based
Identification of Peroxisomal Proteins

After purity assessment by immunoblots, peroxisomal
samples were subjected to one-dimensional gel electro-
phoresis (1-DE) followed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). To maximize
the coverage of peroxisomal proteins, we employed
three different approaches for protein separation. First,

Figure 1. Isolation of peroxisomes from etiolated Arabidopsis seed-
lings. A, Image of 3-d-old dark-grown seedlings. B and C, Measure-
ment of ICL activity and detection of chloroplast and mitochondrial
contaminants in various fractions in Percoll (B) and Suc (C) density
gradient centrifugations. The number label for each lane of the im-
munoblots correlates to the number of the fraction shown in the as-
sociated graph. D, Immunoblot analysis of approximately 10 mg of
protein each from crude extracts (CE), pellet fraction after Percoll
gradient centrifugation (fraction 14 in Fig. 2B; P1), and highly enriched
peroxisomes obtained after Suc gradient centrifugation (fraction 9 in
Fig. 2C; PE). For immunoblots, proteins were separated on an SDS-PAGE
gel and detected by antibodies against the following organelle membrane
proteins: chloroplast TIC110, mitochondrial VDAC, and peroxisomal
PEX14 proteins. [See online article for color version of this figure.]
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approximately 200 mg of total peroxisomal proteins
was separated in a single lane on an SDS-PAGE gel,
which was later cut into 10 slices. From two biological
replicates (named T1 and T2), we identified 147 and
135 proteins, respectively (Supplemental Tables S1 and
S2). In the second approach, we used a ZOOM IEF
Fractionator (Invitrogen), a solution-phase isoelectric
focusing apparatus that can divide total proteins into
different subgroups based on each protein’s pI, in an
attempt to identify low-abundance proteins that might
have been masked by abundant proteins in the same
gel lane in the first approach. Approximately 800 mg
of peroxisomal proteins combined from three to four
preparations was fractionated into five pH groups: 3.0
to 4.6 (Z1), 4.6 to 5.4 and 5.4 to 6.2 (later combined as
Z2), 6.2 to 7.0 (Z3), and 7.0 to 10.0 (Z4). Proteins were
then separated by 1-DE before each gel lane was cut
into three to five slices depending on the amount of
proteins in the lane. Totals of 85, 147, 72, and 108
proteins were identified from Z1 to Z4, respectively
(Supplemental Tables S3–S6). In the third experiment,
we enriched the peroxisomal membrane fraction by
treating approximately 600 mg of total peroxisomal pro-
teins combined from two to three preparations with
100 mM Na2CO3 and used the membrane-enriched sam-
ple for 1-DE, after which the gel lane was sliced into eight
pieces. A total of 55 proteins was detected from this
fraction (Supplemental Table S7).
Out of the proteins identified from T1 and T2, 29%

(T1) and 31% (T2) were known to be peroxisomal; thus,
there were still significant numbers of proteins from
other subcellular compartments, most notably plastids
and the secretory system, which had been copurified
with peroxisomes (Supplemental Fig. S3). To evaluate
the enrichment of peroxisomes more precisely, the rela-
tive abundance of proteins assigned to various subcel-
lular organelles was compared using quantitative value
(QV). These values were derived from normalized spec-
tral abundance factors, which normalize spectral counts
according to the length of each protein and variation
between sample runs (Paoletti et al., 2006). Peroxisomal
proteins accounted for 61% in T1 and 71% in T2 of the
total proteins (Fig. 2, A and B). Notably, subcellular
distribution as well as spectral count-based quantifica-
tion of peroxisomal proteins in this study are compa-
rable to the data reported for peroxisomes isolated from
human liver tissue (Gronemeyer et al., 2013a). ZOOM
fractionation before 1-DE allowed us to detect 26 ad-
ditional peroxisomal proteins that were undetected in
T1 and T2, including two new peroxisomal proteins
later verified in this study (see below), and therefore
significantly improved the coverage of the peroxisomal
proteome (Fig. 2C). From the peroxisomal membrane,
we identified 31 peroxisomal proteins, including inte-
gral membrane proteins such as the ATP-binding cas-
sette transporter PXA1/CTS/PED3 and PEROXIN11a
(PEX11a), that were undetected in the total peroxisomal
samples using the first two approaches.
Altogether, 77 true peroxisomal proteins were identified

from etiolated seedling peroxisomes (Table I), including

the 11 proteins later validated in this study. These pro-
teins covered all those identified from previous proteome
studies of etiolated seedlings except for GLYOXYSOMAL
PROTEIN KINASE1 plus an additional 53 proteins,
representing more than 3-fold improvement over pre-
vious peroxisomal proteome studies of the same tissue
(Fig. 2D).

Validation of New Peroxisomal Proteins by
Fluorescence Microscopy

To identify new peroxisomal proteins and reveal
previously unknown peroxisomal functions of etiolated
seedlings, we selected candidate proteins for in vivo
subcellular targeting analysis. First, for each protein on
our list of nonredundant proteins identified from this
study, we queried the Arabidopsis Subcellular Database
SUBA3 (Tanz et al., 2013) to retrieve data regarding fluor-
escent protein localization, identification in prior proteo-
mics studies, and predicted localization (Supplemental
Table S8). Using this information, we excluded proteins
that had experimentally proven nonperoxisomal fluores-
cent protein localization or had been repeatedly isolated
from proteomics studies of other organelles. The remain-
ing 36 candidates were tested for subcellular localization
(Supplemental Table S4). Among them, ACAT2-GFP
had been found to be cytosolic in a previous study
but the C terminus was blocked in the fusion protein
(Carrie et al., 2007), and BADH was shown to target to
punctate structures without a peroxisomal marker as a
reference (Missihoun et al., 2011). Thus, these two pro-
teins were retested in our study.

To express proteins under the control of the CaMV35S
promoter, the coding region of each candidate gene was
fused to enhanced yellow fluorescent protein (YFP) in
the Gateway-compatible destination vectors generated
in our previous study (Reumann et al., 2009). Proteins
containing C-terminal PTS1 or PTS1-like sequences
were fused to the C terminus of YFP, proteins with
N-terminal PTS2 or PTS2-like sequences were fused to
the N terminus of YFP, and those without recognizable
PTS were cloned in both orientations. Since minor PTS1s
in plants are very diverse, here we classified proteins
with C-terminal tripeptides that differed by one amino
acid from the high-targeting-strength residues [SA][KR]
[LMI] (Lingner et al., 2011) as PTS1-like. We used to-
bacco (Nicotiana tabacum) leaves to transiently coexpress
the YFP fusion proteins and the peroxisomal marker
cyan fluorescent protein-PTS1 (SKL). Two days after
inoculation of agrobacteria containing the constructs,
confocal laser scanning microscopy was performed to
examine the subcellular localization of the fusion pro-
teins in leaf epidermal cells.

Six proteins that contained PTS or PTS-like sequences
and had also been identified from previous peroxisomal
proteomics but not validated, ACYL-ACTIVATING
ENZYME5 (AAE5), SHORT-CHAIN DEHYDROGENASE/
REDUCTASE ISOFORM d (SDRd), COBALAMIN-
INDEPENDENT METHIONINE SYNTHASE1 (ATMS1),
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GLYCOLATE OXIDASE ISOFORM3 (GOX3), a protein
with unknown function (UP3), and BETAINE ALDE-
HYDE DEHYDROGENASE (BADH), colocalized with
the peroxisomal marker (Supplemental Fig. S4). Out of
the proteins that contained PTS or PTS-like sequences
and were only identified in this proteomic study, four of
them, BENZOYLOXYGLUCOSINOLATE1/BENZOATE-
COENZYME A LIGASE (BZO1; At1g65880, SRL.), an
ortholog of petunia (Petunia hybrida) PhCNL (Lee et al.,
2012), SERINE CARBOXYPEPTIDASE-LIKE20 (SCPL20;
At4g12910, SKI.), the papain-like Cys proteinase RD21A-
LIKE PROTEASE1 (RDL1; At4g36880, SSV.), and a
protein with unknown function (UP9; At1g29120, ASL.),
were localized to peroxisomes when fused to the
C terminus of YFP (Fig. 3, A–D). Interestingly, YFP-BZO1
appeared to encircle the peroxisome in the form of a
narrow strip at the center of the organelle (Fig. 3D). In
contrast, none of the proteins that contained no rec-
ognizable PTS or PTS-like sequences were found to be
peroxisome localized (Supplemental Table S9).

Considering the presence of dual-localized peroxi-
somal proteins (Carrie et al., 2007, 2009a, 2010; Aung
and Hu, 2011, 2012), we also reanalyzed a few proteins
that had been categorized as contaminants in previ-
ous proteomic works. Comparing our list of identi-
fied proteins with listed contaminants from previously
conducted peroxisome proteomics experiments, we
short listed five proteins that had the potential to be
dual localized. Among them, GLYCERALDEHYDE
3-PHOSPHATE DEHYDROGENASE C2 (GAPC2) had
a PTS1-like sequence (SKA.) and 2-CYS PEROXI-
REDOXIN had a putative PTS2 (RVxSL). Rab GTPase
homolog E1b was included because of the reported
association of Rab proteins with peroxisomes in both
plant and mammalian systems (Schollenberger et al.,
2010; Cui et al., 2013; Gronemeyer et al., 2013b). Glu-
tathione S-transferase f8 was chosen, given that some
of the glutathione S-transferase isoforms detected in
plant peroxisome proteomic experiments had been
confirmed to be peroxisomal by localization studies

Figure 2. Subcellular distribution of proteins identified from total peroxisomes in this study and comparison of the number of
peroxisomal proteins identified by different methods and from different studies. A and B, Relative abundance (QV%) of proteins
in various subcellular compartments identified from the two total peroxisome samples, T1 (A) and T2 (B). Among the perox-
isomal proteins, the abundance of proteins involved in core fatty acid b-oxidation, glyoxylate cycle, and photorespiration are
compared. C and D, Comparison of the number of peroxisomal proteins identified by different methods in this study (C) and
from three independent studies (D).
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(Reumann et al., 2007, 2009; Eubel et al., 2008). Lastly,
ASPARTATE AMINOTRANSFERASE2 was selected
on the basis of the reported dual localization of an-
other aminotransferase (Carrie et al., 2009b). Confocal
imaging showed that out of the five proteins, only
GAPC2 displayed colocalization with the peroxisome
marker (Fig. 3E). Consistent with previous reports using
GAPC2-YFP (Guo et al., 2012; Vescovi et al., 2013), we
also observed strong cytosolic signals for YFP-GAPC2
(Fig. 3E).

Taken together, 11 of the 36 proteins tested were
confirmed to be peroxisomal (Supplemental Table S9)
and thus constituted new additions to Arabidopsis per-
oxisomal proteins (Table I). Seven proteins have been
detected in peroxisomes isolated from leaves, cell cul-
tures, and etiolated seedlings, while RDL1, SCPL20,
UP9, and BZO1 were newly discovered in etiolated
seedling peroxisomes (Table I). Since BZO1’s function
in benzoic acid (BA) biosynthesis has been shown (see
“Discussion”), we searched for homologous sequences
in other species for RDL1, SCPL20, and UP9, all of
which contained well-established PTS1. Interestingly,
we could only locate homologous sequences of these
proteins in plant lineages, as opposed to GAPC2, whose
orthologs in other eukaryotic systems had been char-
acterized (see “Discussion”), suggesting that these three
proteins may carry out plant-specific roles within per-
oxisomes. Amino acid sequence analyses revealed that
all of these homologous sequences have conserved
PTS1 or PTS1-like sequences, indicating that the cor-
responding proteins fulfill similar functions in plant
peroxisomal metabolism (Fig. 4, A–C). GAPC2’s homol-
ogous sequences from fungal genomes carry experimen-
tally validated PTS1, but their homologous sequences in
plants exhibited great diversity in the C-terminal tripep-
tide, most of which are PTS1-like (Fig. 4D).

Peroxisomal Metabolic Pathways in Etiolated Seedlings

To analyze the metabolic events that occur in per-
oxisomes of etiolated seedlings, we compared the list
of proteins identified in this study with those from two
previously conducted major peroxisome proteomic in-
vestigations (Eubel et al., 2008; Reumann et al., 2009).
Shared among the three peroxisomal proteomic exper-
iments were 59 proteins that covered all the major bio-
chemical processes associated with leaf peroxisomes,
from b-oxidation and detoxification to photorespira-
tion (Supplemental Table S10; Supplemental Fig. S5),
suggesting that the core peroxisome proteome is largely
conserved among peroxisomes from starkly different
tissues.

From this study, only eight proteins appeared to be
unique to (or much more abundant in) peroxisomes of
etiolated seedlings (Supplemental Table S11; Supplemental
Fig. S5). Among them were ICL and MLS, enzymes that
operate strictly in the glyoxylate cycle (Eastmond et al.,
2000; Cornah et al., 2004; Pracharoenwattana et al., 2005),
small heat shock protein AtHsp15.7, ACETYL-COENZYMET
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A THIOLASE1.3 (ACAT1.3), and the newly identi-
fied BZO1, RDL1, SCPL20, and UP9, suggesting that
besides the glyoxylate cycle, there may also be a few
biochemical processes more prevalent in seedling
peroxisomes.

Peroxisomes in etiolated seedlings contained similar
levels of core b-oxidation enzymes (Fig. 2, A and B) to
those in leaf peroxisomes (Reumann et al., 2009), in-
dicating that fatty acid b-oxidation is a major peroxi-
somal function throughout development. However,

Figure 3. Peroxisomal localization validation. Shown are confocal microscopic images of leaf epidermal cells from 4-week-old
tobacco plants coexpressing YFP fusions of the candidate proteins and the peroxisomal marker protein cyan fluorescent protein
(CFP)-PTS1. Bars = 10 mm.
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some isoforms of b-oxidation enzymes found in leaf as
well as cell culture peroxisomes were undetected in
this study (Supplemental Table S11). For example,
only four of the five functional ACX isoforms were
detected. ACX5, the undetected isoform, is involved
in wound-induced jasmonate biosynthesis (Schilmiller
et al., 2007). In the case of thiolases, while KAT1 was
only found in Z4, KAT2 was detected in all seven pro-
teomics experiments, which is in agreement with pre-
vious studies that showed PED1/KAT2 to be the major
form of 3-ketoacyl-CoA thiolase in seedlings (Hayashi
et al., 1998; Germain et al., 2001). Enoyl-CoA isomerase,
an important enzyme for the catabolism of unsaturated
fatty acids with cis-double bonds at odd-numbered
carbons (Goepfert et al., 2008), is the only other major
core b-oxidation component that was undetected in
etiolated seedling peroxisomes. Lastly, for AAEs and
thioesterases, enzymes catalyzing reactions pertaining
to the core peroxisomal b-oxidation pathway (Tilton
et al., 2000; Shockey et al., 2003; Reumann et al., 2009),
only three of the nine known AAEs and three of the six
thioesterases were detected in our study, possibly due
to the low abundance of the undetected isoforms or lack
of their substrate(s).
Somewhat unexpectedly, except for SGT, we detected

all the proteins implicated in peroxisomal steps of
photorespiration (Table I), suggesting that peroxisomes
of etiolated seedlings may have begun to accumulate
photorespiratory enzymes even before light perception,

or these enzymes have acquired nonphotorespiratory
functions (see “Discussion”).

Peroxisomes in etiolated seedlings house most of the
known antioxidative enzymes (Table I). However, ex-
cept for ASCORBATE PEROXIDASE3 (APX3), proteins
of the peroxisomal ascorbate-glutathione detoxification
system (Kaur et al., 2009), including the previously
identified GR1, MDAR1 (Eubel et al., 2008; Reumann
et al., 2009), and DHAR (Reumann et al., 2009), were
not detected in this study. This suggests that catalase
and copper/zinc superoxide dismutase may have more
prominent roles in eliminating ROS species from seed-
ling peroxisomes.

The five-member PEX11 family of peroxisome mem-
brane proteins oversees the early steps of peroxisome
division/proliferation (Lingard and Trelease, 2006; Orth
et al., 2007). In contrast to leaf peroxisomes (Reumann
et al., 2009), only three of the five members, PEX11a,
PEX11d, and PEX11e, were detected in this study
(Table I). PEX11b is induced by light (Desai and Hu,
2008); therefore, its absence in peroxisomes from dark-
grown seedlings was not unexpected. However, we
were intrigued by the lack of detection of PEX11c, es-
pecially since we found the less abundant isoform
PEX11a (Orth et al., 2007) in this study. It has been
speculated that the PEX11 isoforms have discrete roles
in peroxisome multiplication (Hu, 2009); however, their
functions have proven difficult to tease apart. Our data
suggest that seedlings unexposed to light may mainly

Figure 4. Alignment of C-terminal sequences of newly validated, plant-specific peroxisomal proteins and their homologs in
other species. PTS1 or PTS-like tripeptide sequences are underlined. Abbreviations of species names are as follows: At, Arabi-
dopsis; Bd, Brachypodium distachyon; Br, Brassica rapa; Cs, Citrus sinensis; Gm, soybean; Hs, Homo sapiens; Md, Malus
domestica; Me,Manihot esculenta; Mm,Mus musculus; Mt,Medicago truncatula; Os, rice; Pp, Physcomitrella patens; Pt, Populus
trichocarpa; Pv, Phaseolus vulgaris; Rc, R. communis; Sb, Sorghum bicolor; Sl, tomato; Sm, Selaginella moellendorffii; Um,
Ustilago maydis; Vv, Vitis vinifera; Zm, maize.
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use PEX11a, PEX11d, and PEX11e to promote peroxi-
some elongation.

Expression Profiling of Genes Encoding Peroxisomal
Proteins in Etiolated Seedlings

To determine whether genes encoding peroxisomal
proteins of etiolated seedlings identified from this study
confer any tissue-specific expression pattern, we quer-
ied the Botany Array Resource expression browser
with all 77 genes (technically 76, as GOX1 and GOX2
shared the same probe), downloaded log2-normalized
data for the relative expression of these genes from
the AtGenExpress developmental time-line data set
(Schmid et al., 2005; Toufighi et al., 2005; Supplemental
Tables S12 and S13), and generated heat maps that
clustered the peroxisomal genes based on their level of
coexpression. Consistent with their established role in
the postgermination process, genes encoding metabolic
enzymes pertaining to b-oxidation and the glyoxylate
cycle were strongly coexpressed in dry seeds and im-
bibed seeds. Conversely, photorespiratory enzyme
genes appeared to be repressed at the same develop-
mental stage. Hierarchical clustering also grouped genes
encoding proteins in distinct biochemical processes,
such as glyoxylate cycle, b-oxidation, and photorespir-
ation, in discrete groups (Supplemental Fig. S6A). Fo-
cusing on 14 genes encoding proteins newly validated
(Fig. 3; Supplemental Fig. S4) and proteins uniquely
found in our study of etiolated seedlings (Supplemental
Table S10), we found that, in line with their discovery in
etiolated seedling peroxisomes, the genes for RDL1,
SCPL20, BZO1, and UP9 were also highly expressed in
dry seeds and imbibed seeds compared with other
development time points or tissues (Fig. 5A). These
results prompted us to examine the expression patterns
of these genes during germination in more detail.

To dissect the expression profiles of genes encoding
peroxisomal proteins in etiolated seedlings in the course of
germination, we downloaded microarray data (GSE30223)
from a recent study that carried out extensive tran-
scriptional profiling of Arabidopsis seeds at crucial de-
velopmental intervals of the germination process (Narsai
et al., 2011). All genes in this data set could be ordered
into one of four distinct clusters of gene expression:
cluster 1, genes steadily induced over the germination
time course; cluster 2, stored transcripts highly expressed
in the initial stages followed by a decline; cluster 3, genes
exhibiting a characteristic expression spike toward the
end of stratification that lasted only up to a period of 6 h
of exposure to light; and cluster 4, genes with expression
level unchanged during germination (Narsai et al., 2011).
Log2-normalized data were extracted for peroxisomal
genes (Supplemental Table S14) to generate a heat map
(Supplemental Fig. S6B).

The same 14 genes were analyzed, using RPK1, which
was previously classified as a cluster 3 peroxisomal gene
(Narsai et al., 2011), as a reference (Fig. 5B). GAPC2,
SCPL20, and RDL1 were cluster 1 genes, up-regulated

during germination and continuing to be so well
into post germination. The transcript abundance of
AtHsp15.7 and ACAT1.3 decreased in the germination/
postgermination time period, indicating that they were
cluster 2 genes. Similar to the cluster 3 gene RPK1,
GOX3 showed an expression peak followed by a de-
cline. Akin to the marker genes ICL and MLS, the
expression of BZO1 and UP9 did not appear to vary

Figure 5. Heat maps showing relative expression levels of genes en-
coding a subset of peroxisomal proteins found in etiolated seedlings.
A, Log2-normalized expression at various developmental stages. Col-
umns are as follows: 1, seedling cotyledons; 2, vegetative rosette;
3, flowering rosette; 4, flower stage 12; 5, senescing leaf; 6, seed 6
silique; 7, seed 10 silique; 8, embryo heart, cotyledon; 9, embryo
torpedo, cotyledon; 10, dry seeds; 11, 24-h imbibed seed. B, Log2-
normalized expression during seed germination as compared with dry
seed. Columns are as follows: 1, fresh seeds; 2, 12-h stratified seeds;
3, 48-h stratified seeds; 4, 6-h light-grown seeds; 5, 12-h light-grown
seeds; 6, 24-h light-grown seeds; 7, 48-h light-grown seeds.
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greatly during germination, so they were considered
cluster 4 genes (Fig. 5B).
In summary, the identification of some proteins only

from this proteomic study of etiolated seedling per-
oxisomes seemed to be largely attributed to the much
higher expression level of their genes in seeds.

Mutant Analysis Revealed the Role for a Cys Protease in
b-Oxidation and Development

To elucidate the functions of the newly validated
peroxisomal proteins in plant development, we resorted
to a reverse genetics approach by analyzing the transfer
DNA (T-DNA) insertion mutants of these genes. We
were able to obtain homozygous mutants for BZO1,
SCPL20, GOX3, GAPC2, and RDL1 (Fig. 6A). Reverse
transcription (RT)-PCR analysis showed that while
bzo1-4, scpl20-1, gox3-1, gapc2-2, and rdl1-2 appeared to
be null, rdl1-1 retained partial expression of the gene,
and interestingly, a T-DNA insertion in the 39 untrans-
lated region of the SCPL20 gene in scpl20-2 resulted in
overexpression of the gene (Fig. 6B).
Given that b-oxidation of fatty acids is a major cat-

abolic pathway contributing to gluconeogenesis dur-
ing germination, mutants in b-oxidation components
show compromised growth in the absence of exoge-
nous Suc during early development (Hu et al., 2012).
To test whether any of these newly validated peroxi-
somal proteins were involved in fatty acid b-oxidation,
we measured the hypocotyl length of 7-d-old mutant
seedlings grown in the dark on one-half-strength
Linsmaier and Skoog (1/2 LS) medium with or without
Suc. Although the control mutant pex14, which is de-
fective in peroxisome matrix protein import (Hayashi
et al., 2000), displayed strong Suc dependence, no ob-
vious deficiencies were observed for any of the tested
mutants (Supplemental Fig. S7A).
Since the conversion of IBA to indole-3-acetic acid

also requires peroxisomal b-oxidation (Zolman et al.,
2000), we checked if the mutants were disrupted in this
aspect of peroxisome metabolism by measuring growth
inhibition of primary root in response to IBA treatment.
To this end, mutant seedlings were grown on 1/2 LS
supplemented with different concentrations of IBA, and
the length of primary root was measured after 7 d.
Compared with wild-type plants, the two rdl1 mutant
alleles exhibited statistically significant resistance to 10 mM

IBA (Fig. 7A), whereas the overexpression line scpl20-2
showed hypersensitivity to 10 mM IBA (Supplemental
Fig. S7B). Based on these data, we predicted that both
RDL1 and SCPL20 might play positive roles in per-
oxisomal b-oxidation.
We also examined if the functions of the identified

proteins extended to photorespiration by comparing
the growth of the mutants in ambient air versus low-
CO2 (80 mL L21) conditions. Only rdl1-2 exhibited no-
ticeable differences in appearance under low CO2 by
showing strong growth inhibition, and this phenotype
could not be rescued by elevated CO2 (1,000 mL L21),

under which conditions rdl1-2 plants were still small
and had chlorotic and faster senescing leaves (Fig. 7B).
Thus, these peroxisomal proteins do not seem to play
strong roles in photorespiration, and RDL1 appears to
be involved in nonphotorespiratory processes that
impact plant growth under stress conditions.

It has been proposed that peroxisomal metabolic
pathways are an important determinant of germina-
tion potential and postgerminative seedling growth
(Footitt et al., 2006; Hu et al., 2012). Considering the
detection of these new proteins in seedling peroxi-
somes and the strong expression for some of them
during seed germination, we investigated their roles in
germination. Since fresh seeds from all the mutants
germinated normally on regular medium, we quanti-
fied radicle emergence from the seeds in the presence

Figure 6. Identification of T-DNA insertion mutants of newly validated
peroxisomal genes. A, Gene structures. Black boxes, Coding regions;
white boxes, untranslated regions; solid lines, introns; dashed lines,
intergenic regions; triangles, positions of the T-DNA insertions. Primers
used for genotyping and RT-PCR are also indicated. B, RT-PCR analysis
of RNA from 7-d-old seedlings. PCR products amplified from UBQ10
are loading controls.
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of the phytohormone abscisic acid (ABA), a known
inducer of seed dormancy and inhibitor of germination.
Like the wild type, bzo1-4, scpl20-1, scpl20-2, gapc2-2,
and gox3-1 showed steadily decreased radicle emergence
with increased concentrations of ABA (Supplemental
Fig. S7C). However, both rdl1-1 and rdl1-2 were par-
tially hypersensitive to ABA (Fig. 7C), indicating that
RDL1 possibly represses the ABA response pathway in
seed germination. Interestingly, after prolonged storage,
the germination rate of the rdl1 mutant seeds dropped
significantly in comparison with wild-type plants and
other mutants. Within 7 months of seed harvesting, seed
germination rate decreased approximately 20% in the
knockdown allele rdl1-1 and approximately 30% in the
null allele rdl1-2 (Fig. 7D), supporting a role for RDL1 in
seed viability.

DISCUSSION

A Road Map of the Peroxisomal Proteome in Etiolated
Arabidopsis Seedlings

Proteome analyses of the Arabidopsis leaf perox-
isomes provided a comprehensive understanding of
the metabolic pathways occurring in peroxisomes of

photosynthetic tissues (Reumann et al., 2007, 2009).
However, what exactly occurs inside another major
plant peroxisomal variant (i.e. those in seeds and dark-
grown seedlings) remained poorly understood. This work
has presented a much-needed comprehensive view of the
metabolic pathways in peroxisomes in dark-grown seed-
lings. We demonstrated that the proteomes of the two
dominant peroxisomal subtypes in Arabidopsis overlap
significantly, differing mainly in the use of isozymes. In
addition to proteins in the glyoxylate cycle, this study
also revealed and later confirmed the existence of previ-
ously unknown peroxisomal proteins that would suggest
tissue-specific peroxisomal functions (see below).

Although the detection of photorespiratory enzymes
in etiolated seedlings was somewhat surprising, a pre-
vious analysis of peroxisomes from 7-d-old etiolated
soybean seedlings found some of the photorespiratory
enzymes as well (Arai et al., 2008a), and immunoblot of
the dark-grown soybean tissue detected the GOX protein
(Arai et al., 2008b). These data suggest that peroxisomes
may have begun to accumulate enzymes involved in
photorespiration even without perceiving light. This is
similar to the observed abundant presence of Rubisco
and several other proteins that function in photo-
synthesis in the rice (Oryza sativa) etioplast proteome

Figure 7. Phenotypic analysis of the rdl1 mutants. A, IBA response assays. Relative root lengths (on IBA versus without IBA) of
7-d-old seedlings on 1/2 LS medium supplemented with 5, 10, or 15 mM IBA are shown. Data represent means 6SE of three
independent experiments. For each experiment, n = 50. Asterisks indicate changes significantly different from that in the wild
type (Col-0, Columbia; Student’s t test: *P, 0.05, **P, 0.005). B, Images of 4-week-old plants grown in ambient air (400 mL L21

CO2) or under low (80 mL L21) or high (1,000 mL L21) CO2. C and D, Seed germination assays. Percentage of radicle emergence
from seeds 6 d after growing on Linsmaier and Skoog medium (C) or Linsmaier and Skoog medium supplemented with the
indicated concentrations of ABA (D) was quantified. Each data point represents the mean6 SE of three independent experiments
(n = 100 per experiment). For Student’s t test in C, P , 0.005. In D, asterisks indicate changes significantly different from that in
the wild type (Student’s t test: *P , 0.05, **P , 0.005).
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(von Zychlinski et al., 2005; Kleffmann et al., 2007).
An alternative explanation would entail the functional
diversification of these enzymes to acquire nonphoto-
respiratory functions. Although roles in pathogen de-
fense have been reported for Arabidopsis GOX (Rojas
et al., 2012), melon (Cucumis melo) SGT (Taler et al., 2004),
and soybean HPR (Okinaka et al., 2002), their roles in
etiolated tissues remain unclear.
The use of duplicate experiments on total peroxi-

somes and ZOOM fractionation prior to 1-DE allowed
us to enhance the dynamic range of protein detection
and provided a significant improvement over previous
proteomic studies conducted on similar tissue. How-
ever, the low tissue yields of dark-grown Arabidopsis
seedlings added a level of difficulty to isolate large
amounts of highly pure peroxisomes for membrane
enrichment. Thus, despite the identification of 77 pro-
teins, we were still unable to detect many membrane
proteins known to be involved in peroxisome biogene-
sis, a persistent problem in plant membrane peroxisome
proteomics investigations to date. Therefore, improve-
ments need to be made in the choice of species (prefer-
ably oilseed species with large seeds and seedlings) and
in isolation procedures to identify peroxisomal mem-
brane proteins.
Although the vast majority of the proteins are con-

served in the peroxisomal proteome of leaf, cell cul-
ture, and etiolated seedlings, it is worth noting that
some differences also exist. This is unlike mammalian
peroxisome proteomics studies, where only one pro-
tein was found to vary between liver and kidney tis-
sues (Kikuchi et al., 2004; Ofman et al., 2006; Islinger
et al., 2007). In the case of plants, it is also apparent
that physiology is an important determinant of the
nature of peroxisomal proteins that are found or miss-
ing, as the case may be. For instance, all 16 proteins
undetected in cell cultures but found in etiolated seed-
lings share high expression in seeds/imbibed seeds
(Supplemental Fig. S6A). One of these genes encodes
a small heat shock protein, AtHsp15.7, a previously
characterized peroxisome matrix protein (Ma et al.,
2006) that could not be detected in Arabidopsis leaf
peroxisomes. Likewise, eight proteins that are found
only in leaf peroxisomes are encoded by light-inducible
genes (Peschke and Kretsch, 2011). Furthermore, en-
zymes belonging to protein families seem to utilize
specific isoforms in different tissues; thus, proteomic
studies enable the dissection of functional roles of such
isozymes. Finally, for many proteins, it is likely that
variations in different tissues are more quantitative
than qualitative in nature, a hypothesis that requires
further testing in the future by analyzing plant per-
oxisome proteome dynamics.
The peroxisomal localization of ATMS1 and GAPC2

suggests that SAK. and SKA. may be new PTS1 se-
quences. In contrast, despite possessing a major C-terminal
PTS1, one of the candidate proteins (GSA2, SRL.) did
not localize to peroxisomes, possibly because the tar-
geting signal was not surface exposed. Other candidate
proteins that contain weak PTS1s (LKL.) or PTS1-like

tripeptides (AKA., GKL., MLL.) did not localize to
peroxisomes either (Supplemental Table S9). Peroxisome
prediction algorithms have been refined by incorporat-
ing information from upstream enhancer sequences
(Lingner et al., 2011); thus, proteins that failed to localize
to peroxisomes can now be used as a false positive data
set to improve prediction algorithms. Moreover, we
cannot rule out the possibility that several candidate
proteins that failed to localize to peroxisomes in our
hands are subject to other means of peroxisome target-
ing via “piggybacking” or the use of regulatory strate-
gies that result in differential compartmentalization of
proteins. Plant peroxisomal proteins such as KAT5,
transthyretin-like protein, soybean Asp aminotransfer-
ase, and enzymes of the isoprenoid pathway employ
such transcriptional and translational variants for lo-
calization (Gebhardt et al., 1998; Carrie et al., 2007;
Reumann et al., 2007; Sapir-Mir et al., 2008; Lamberto
et al., 2010; Thabet et al., 2011). Additionally, some
proteins may use internal signals to direct proteins to
peroxisomes, which may have been occluded in our
fluorescent protein fusion constructs, accounting for the
lack of peroxisomal localization in our transient assays.

Revelation of Peroxisomal Proteolysis in
Etiolated Seedlings

Seed germination is defined by rapid surges in the
plant’s transcription and translation circuitry as it gears
toward the switch from a heterotrophic to an autotro-
phic mode of life (Weitbrecht et al., 2011). This transi-
tion also affects peroxisomes, which similarly need to
rewire their metabolism by proteome remodeling, pos-
sibly through importing new proteins or degrading su-
perfluous proteins. Two peroxisomal proteases had
been characterized in Arabidopsis, both of which are
conserved in eukaryotes. DEG15 is a trypsin-like Ser
protease that cleaves the N-terminal sequence from
PTS2-containing proteins (Helm et al., 2007; Schuhmann
et al., 2008). LON2 is a member of the AAA ATPase
superfamily that has been detected in both leaf (Reumann
et al., 2009) and etiolated seedling (this study) peroxi-
somes. Its absence from plants resulted in retarded plant
growth due to a deleterious effect on the import of matrix
proteins (Lingard and Bartel, 2009).

Germination is a complex process that can be di-
vided into three phases: (1) rapid imbibition of water
by the dry seed, (2) relatively limited water uptake,
and (3) an increase of water uptake followed by radicle
emergence from the seed (Weitbrecht et al., 2011). RDL1
belongs to the plant papain-like Cys protease subfamily
1 that contains eight other members, including RD21A
(Richau et al., 2012). A Daikon radish (Raphanus sativus)
homolog of RDL1 has Cys protease activity and is ex-
clusively expressed during early phases of germination
(Tsuji et al., 2013). Similarly, the expression of Arabi-
dopsis RDL1 remains relatively low in dry seed but is
rapidly induced in response to seed imbibition and
steadily increases until it reaches a peak toward the end
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of the germination period (Fig. 5). Both rdl1 mutant
alleles are resistant to 10 mM IBA and hyperresponsive
to ABA-mediated inhibition of seed germination, and
seeds of the null rdl1 allele lose vigor in an age-dependent
manner (Fig. 7, A, C, and D). IBA resistance and reduced
seed germination phenotypes are also associated with a
plethora of mutants in the peroxisomal b-oxidation
pathway (Russell et al., 2000; Zolman et al., 2001;
Pinfield-Wells et al., 2005; Pracharoenwattana et al.,
2005; Kanai et al., 2010). Together, these results led
us to conclude that RDL1 may impact peroxisomal
b-oxidation-related pathways in seed germination. In
addition, rdl1-2’s increased vulnerability to both low- and
high-CO2 conditions (Fig. 7B) indicates that RDL1 may be
crucial to the stress response. This is similar to the
reported role of Arabidopsis RD21A, an ortholog of to-
mato (Solanum lycopersicum) immune protease C14, in
plant immune response (Shindo et al., 2012). The identi-
fication of substrates for RDL1 may shed light on its role
in peroxisomal metabolism and disparate physiological
processes pivotal to seed vigor and stress adaptation.

Serine carboxypeptidase-like (SCPL) proteins are
annotated as peptidases but have diversified in plants
to include acyltransferase, lyase, and esterase activities
involved in the production of an array of secondary
metabolites (Fraser et al., 2005; Gershater et al., 2007;
Clauss et al., 2008; Vlot et al., 2008). SCPL20 is one of
the two members of clade IB of the SCPL family, with
conserved catalytic triad and carboxylate-binding resi-
dues (Fraser et al., 2005). Activity-based protein profiling
coupled with Multidimensional Protein Identifica-
tion Technology (MudPIT) analysis established SCPL20
as a Ser hydrolase (Kaschani et al., 2009). The over-
expression allele of SCPL20 is hypersensitive to 10 mM

IBA (Supplemental Fig. S7B), indicating that SCLP20
may facilitate b-oxidation, a hypothesis that needs to
be further tested with additional genetic and biochem-
ical analyses. SCPL20 was also detected in the apoplast
proteome in response to Verticillium longisporum infec-
tion, suggesting that it might play a role in plant de-
fense (Floerl et al., 2012). Given the wide spectrum of
activities associated with SCPLs, a more detailed char-
acterization is needed to establish whether SCPL20 is
involved in degradation, metabolism, or defense. In light
of the recent finding that SCPLs carry out benzoylation
and sinapoylation of glucosinolate side group R (Lee
et al., 2012), it would be particularly interesting to
examine the glucosinolate profile of the scpl20 alleles.

BA Biosynthesis in the Peroxisome

BA is the precursor for the synthesis of a variety of
phytochemicals, including salicylic acid and aromatic
volatiles, which play diverse roles in plant metabolism
and defense (Wildermuth, 2006). BA biosynthesis is pro-
posed to occur via several alternate routes; one branch is
known to utilize the peroxisomal b-oxidation pathway to
produce BA from cinnamic acid (Beuerle and Pichersky,
2002). Reducing the expression of any of the petunia

enzymes catalyzing successive steps of this b-oxidative
pathway led to profoundly compromised emission of
benzenoid volatiles, providing conclusive evidence for
BA synthesis in peroxisomes (Van Moerkercke et al.,
2009; Colquhoun et al., 2012; Klempien et al., 2012;
Qualley et al., 2012). Peroxisomal enzymes responsible for
this conversion were identified as the acyl-activating en-
zymes PhCNL and PhAAE, followed by cinnamoyl CoA
hydratase/dehydrogenase and PhKAT (Van Moerkercke
et al., 2009; Colquhoun et al., 2012; Klempien et al., 2012;
Qualley et al., 2012).

BZO1, the Arabidopsis homolog of PhCNL, was ini-
tially identified from a forward genetic screen conducted
on seeds for altered accumulation of benzoylglucosino-
lates (Kliebenstein et al., 2007). A more recent study
confirmed that, akin to PhCNL, BZO1 acts in the first
committed step of peroxisomal BA biosynthesis (Lee et al.,
2012). It is worth noting that, unlike in petunia, the
highest level of benzoylglucosinolates is found in seeds
in Arabidopsis (Petersen et al., 2002; Brown et al.,
2003). Thus, it is not surprising that we found BZO1
only in proteomics of etiolated seedling peroxisomes.
BZO1 exhibits a somewhat unusual ring-like localization
pattern on the peroxisome (Fig. 3D); whether there is any
biological significance to this phenomenon awaits further
investigation. BZO1 belongs to the plant-specific clade of
the acyl-activating enzyme superfamily, of which several
members (e.g. close homologs AAE11 and AAE12) con-
tain PTS1 (Shockey et al., 2003). Although AAE11 shares
high sequence similarity with PhAAE, it is unknown
whether AAE11 or AAE12 also acts in BA biosynthesis.

CHY1 is another peroxisomal protein implicated in
BA synthesis, although its exact mode of action has not
been resolved (Ibdah and Pichersky, 2009). The iden-
tity of Arabidopsis peroxisome proteins corresponding
to PhCNL and PhKAT is still unclear. However, con-
sidering the gene expression profile, sequence similar-
ity, and the suggestion that developing seeds synthesize
BA exclusively through the peroxisomal pathway,
AIM1 and KAT5 appear to be likely candidates playing
equivalent roles to PhCNL and PhKAT. Furthermore,
based on enzyme activity and coexpression with BZO1,
1,4-DIHYDROXY-2-NAPHTHOATE-COENZYME A
THIOESTERASE2 seems likely to oversee the conver-
sion of BA-CoA to BA in peroxisomes (Widhalm et al.,
2012). Finally, recent works have credited a suite of
peroxisomal proteins with roles in immune responses
(Taler et al., 2004; Lipka et al., 2005; Bednarek et al.,
2009; Clay et al., 2009; Coca and San Segundo, 2010; Li
et al., 2012; Rojas et al., 2012). Given that BA deriva-
tives such as salicylic acid, benzoylglucosinolates, and
phytoalexins are important for plant defense, it will be
interesting to explore the roles of the peroxisomal BA
biosynthetic proteins in defense-related functions.

Dual-Localized GAPC2

GAPCs are ubiquitous enzymes of the glycolytic
pathway, phosphorylating glyceraldehyde-3-phosphate
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to convert it to 1,3-bisphosphoglycerate. GAPC in mam-
mals also performs nonmetabolic functions in pro-
cesses such as apoptosis, vesicular transport, DNA
repair and replication, transcription, and tRNA export
(Sirover, 2011; Tristan et al., 2011). These functions are
partially achieved via posttranslational modifications
of the substrate enzyme following oxidative stress to
affect the localization and function of the enzyme.
Arabidopsis possesses seven GAPCs, of which GAPC1
and GAPC2 were found in the cytosol and the remaining
five in the plastid (Rius et al., 2006; Muñoz-Bertomeu
et al., 2009). GAPC1 and GAPC2 have also been attrib-
uted nontraditional roles as oxidative stress sensors that
bind phospholipase D to transduce hydrogen peroxide
signals, thereby activating plant stress responses (Guo
et al., 2012).
GAPC2 protein isoforms in several fungal species

are peroxisomal as a consequence of alternative splic-
ing or translational read-through events (Freitag et al.,
2012). We have shown that at least a fraction of GAPC2
goes to peroxisomes (Fig. 3E). It should be noted that
previous reports on GAPC2’s localization had YFP
fused to the C terminus of the protein, which would
mask PTS1 (Guo et al., 2012; Vescovi et al., 2013). Since
NADH is a by-product of GAPC reaction, we speculate
that GAPC2 may play an auxiliary role in augmenting
the peroxisomal pool of reduced cofactor.

UP9, a Peroxisomal Lipase?

YFP-UP9 only partially overlaps with the peroxisomal
marker, which is reminiscent of the peripheral peroxi-
some association exhibited by SNOWY COTYLEDON3
(SCO3; Albrecht et al., 2010). These proteins carry matrix-
targeting signals (UP9, ASL.; SCO3, SRL.) but appear
to be associated with the surface of the organelle, sug-
gesting that the mechanics of peroxisome protein import
and targeting are very complex and our knowledge of
the mechanics is far from complete. Although UP9’s func-
tion is unknown, this protein contains an a/b-hydrolase
fold typically found in lipases (Hunter et al., 2012). Per-
oxisomal lipases exist in both yeast (Thoms et al., 2008)
and mammals (Yang et al., 2003). Interestingly, the in-
tracellular localization of mammalian phospholipase
A2g is dynamically regulated at both transcriptional
and translational levels, which determine whether the
protein localizes to peroxisomes or mitochondria or both
(Mancuso et al., 2004). Information from The Arabidopsis
Information Resource database (www.arabidopsis.org)
indicates that UP9 also has two other alternative protein-
coding isoforms, neither of which terminates in a PTS1,
suggesting that, like mammalian phospholipase
A2g, the protein targeting of UP9 may be regulated
at the transcriptional level. The localization pattern,
protein domain assignment, and relatively high ex-
pression in seeds (Fig. 5), a developmental time
frame that strongly coincides with lipid mobilization,
suggest that UP9 is likely a peroxisome membrane-
associated lipase.

CONCLUSION

In this study, we provide a comprehensive atlas of
the peroxisomal proteome in etiolated seedlings. The
identification of 77 peroxisomal proteins from this tis-
sue enabled us to compare the metabolic pathways in
the two major plant peroxisomal variants, which turned
out to be largely overlapping. Mutant analysis discov-
ered the involvement of the RDL1 Cys protease in
b-oxidation and development. In summary, this study
revealed common functions of peroxisomes in dark-
grown seedlings and green leaves and uncovered ac-
tivities highly expressed in peroxisomes of dark-grown
seedlings, providing the basis for future investigations
of peroxisomal proteolytic processes and their contri-
bution to germination and postgerminative growth.

A recent in silico analysis of the Arabidopsis genome
predicted the number of plant peroxisomal proteins to
possibly exceed 400 (Lingner et al., 2011). To under-
stand the full spectrum of peroxisomal functions and
the dynamics of the peroxisomal proteome, new tech-
nologies will be needed to uncover low-abundance
proteins and transient proteins that are only present
in specific tissues/cell types or in response to certain
environmental cues. A complete understanding of the
metabolic capabilities of various peroxisomal variants
and their regulation in plants will be instrumental to
studies aimed at rational engineering of peroxisome-
related processes, such as photorespiration and lipid
metabolism, to improve biomass production. To this
end, proteomics should be combined with other large-
scale approaches such as transcriptomics and metab-
olomics. Finally, technologies employed in the reference
plant Arabidopsis may also be applied to the study of
crop species, such as rice, which was predicted to contain
a conserved peroxisomal proteome with Arabidopsis
(Kaur and Hu, 2011), and other economically important
plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used for peroxi-
some isolation. A piece of autoclaved Whatman paper was placed on top of an
autoclaved WypAll wipe (Kimberly-Clark; for absorbing water) at the bottom
of a 150- 3 15-mm petri dish and soaked with autoclaved deionized water.
Seeds were surface sterilized and evenly spread on the Whatman paper. The
petri dish was then sealed with a Parafilm membrane and wrapped in alu-
minum foil. After 2 d of stratification at 4°C, petri dishes were exposed to light
for 1 h to synchronize germination, rewrapped in foil, and placed in a Percival
growth chamber at 22°C. Three days later, germinated seedlings were used for
peroxisome isolation.

For other assays, Columbia-0 and Columbia-3 were used as controls.
Mutants obtained from the Arabidopsis Biological Resource Center and the
Nottingham Arabidopsis Stock Centre include scpl20-1 (SAIL_392C07),
scpl20-2 (SALK_147839), gox3-1 (SALK_020909), rdl1-1 (SALK_085378), rdl1-2
(SALK_051510), and gapc2-2 (SALK_070902). The T-DNA insertion mutant line
bzo1-4 (SALK_094196; Kliebenstein et al., 2007) was obtained from Dr. Clint
Chapple. Seeds were surface sterilized and plated on 1/2 LS medium (Caisson
Laboratories) solidified with 1% (w/v) agar and supplemented with Suc or
hormones, as indicated. Plants were grown at 22°C under continuous illu-
mination at 75 mmol photons m22 s21 or darkness. Homozygous lines were
identified by PCR screening using genomic DNA from seedlings.
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Isolation of Peroxisomes and Protein Separation

Approximately 25 g of 3-d-old etiolated seedlings (from approximately
eight petri dishes of approximately 3 g of seeds) was used for each peroxisome
isolation, using procedures modified from the protocol described by Reumann
et al. (2007). Seedlings were scraped off in complete darkness from the
Whatman papers and kept in darkness until grinding buffer was added to the
sample in the mortar, after which the procedure was performed under light.
Samples were homogenized using a mortar and pestle in grinding buffer that
contained 0.17 M Tricine-KOH (pH 7.5), 0.5 M Suc (17.1 g per 100 mL), 2%
(w/v) bovine serum albumin, 2 mM EDTA, 5 mM dithiothreitol (0.0385 g per
100 mL), 10 mM KCl, 1 mM MgCl2, 0.5% (w/v) polyvinylpyrrolidone-40,
0.1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail contain-
ing 0.2 mM «-amino carproic acid, 0.2 mM benzamide, and 1 mg mL21 aprotinin,
leupeptin, and peptatin. The homogenized sample was filtered through two-
layer Miracloth to obtain crude extract and centrifuged at 7,000 rpm (SS34 rotor
on a Sorvall RC 5C plus) at 4°C for 5 min to remove most chloroplasts. After
discarding the pellet, the supernatant was loaded onto the top of a Percoll
density gradient prepared in TE buffer (20 mM Tricine-KOH, pH 7.5, and 1 mM

EDTA; gradient from bottom to top: 3 mL of 25% [w/v] Suc, 3 mL of 1:1 mixture
of 25% [w/v] Suc and 32% [v/v] Percoll, 10 mL of 32% [v/v] Percoll, and 3 mL
of 15% [v/v] Percoll) and centrifuged at 10,500 rpm for 15 min and then at
15,000 rpm (SS34 rotor) for 20 min at 4°C. Most of the supernatant was removed,
leaving 2 to 3 mL at the bottom of the tube for pellet resuspension. The resus-
pended pellet was then washed with 2 volumes of 25% (w/v) Suc in TE buffer
(added slowly), followed by centrifugation at 18,000 rpm for 30 min. The pellet
was gently homogenized and loaded on top of a discontinuous Suc density
gradient prepared in TE (bottom to top: 1 mL of 60% [w/v] Suc, 1 mL of 55%
[w/v] Suc, 0.5 mL of 51% [w/v] Suc, 2 mL of 49% [w/v] Suc, and 1 mL of 46%
[w/v] Suc, 44% [w/v] Suc, 41% [w/v] Suc, and 36% [w/v] Suc) and then
ultracentrifuged for 30 min at 25,000 rpm (Beckman SW40 Ti). A milky band in
the 51% Suc, which contained highly enriched and intact peroxisomes, was the
target fraction and was carefully harvested with a pipetman or glass pipette.
Typically, approximately 200 to 300 mg of peroxisomes was obtained from ap-
proximately 25 g of starting material, as determined by the Lowry method of
protein estimation (Lowry et al., 1951).

To get peroxisomal membranes, isolated peroxisomes were diluted in 4
volumes of TE buffer and centrifuged at 50,000g. The pellet was washed in
100 mM Na2CO3 and then centrifuged at 100,000g. The pellet, which contains
integral membrane proteins, was dissolved in SDS-PAGE loading buffer and
used for 1-DE LC-MS/MS.

A ZOOM IEF Fractionator (Invitrogen) was used to separate peroxisomal
proteins by pI. We used the standard configuration, which covers a pH range of
3.0 to 10.0. Total proteins were separated into five groups with the following pI
ranges: 3.0 to 4.6, 4.6 to 5.4, 5.4 to 6.2, 6.2 to 7.0, and 7.0 to 10.0. Proteins in each
subgroup were then subjected to 1-DE LC-MS/MS for protein identification.
Due to the low amount of proteins in fractions with pH 4.6 to 5.4 and 5.4 to 6.2,
gels from these two fractions were combined for mass spectrometry analysis.

Immunoblot Analysis

For immunoblot analysis of samples from density gradients, the Percoll
gradient was divided into 14 fractions (2 mL per fraction) and the Suc gradient
was divided into 11 fractions (1 mL per fraction) from the top to the bottom of
the tube. After collection, each fraction was briefly centrifuged, and the super-
natant from each fraction was mixed with 4 volumes of SDS buffer and sub-
jected to electrophoresis using a 10% (w/v) SDS-PAGE gel. After proteins were
transferred to polyvinylidene difluoride membranes (Millipore), the mem-
branes were blocked with 4% (w/v) nonfat dry milk dissolved in 13 Tris-
buffered saline buffer and incubated for 1 h at room temperature with the
following primary antibodies for western analysis: TIC110 (1:5,000, rabbit),
PEX14 (1:2,500, rabbit), and VDAC (1:2,500; mouse).

Mass Spectrometry Analysis and Peptide Identification

After 1-DE, each gel lane was cut into slices, which were digested by trypsin
before LC-MS/MS using an LTQ-FTICR mass spectrometer (ThermoFisher) as
described previously (Reumann et al., 2009). Tandem mass spectra were
converted to peak lists by BioWorks browser version 3.2 (ThermoFisher)
software with default parameters and analyzed using Mascot version 2.2
(Matrix Science). Mascot was set up to search The Arabidopsis Information
Resource 9 database (20090619 version; 33,410 entries) assuming that the

digestion enzyme was nonspecific. Mascot was searched with a fragment ion
mass tolerance of 0.80 D and a parent ion tolerance of 10.0 mL L21. The iodo-
acetamide derivative of Cys was specified in Mascot as a fixed modification.
Oxidation of Met was specified in Mascot as a variable modification.

Scaffold (version Scaffold_3_00_03; Proteome Software) was used to vali-
date tandem mass spectrometry (MS/MS)-based peptide and protein identi-
fications. Peptide identifications were accepted if they could be established at
greater than 50.0% probability as specified by the Peptide Prophet algorithm
(Keller et al., 2002). Protein identifications were accepted if they could be
established at greater than 99.0% probability and contained at least one identified
peptide. Protein probabilities were assigned by the Protein Prophet algorithm
(Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not
be differentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Reverse directory matches were manually removed.
QV, number of assigned spectra, number of unique peptides, number of unique
spectra, percentage coverage, percentage of total spectra, and protein identifica-
tion probabilities were exported from Scaffold version 3.00.3 after selecting the
Biological Sample view for each of the seven proteomics experiments. False
discovery rates reported are as determined by Scaffold version 3.00.3 with the
specified settings (99% confidence for protein identification with a minimum
of one peptide detected with 50% confidence for peptide identification). For
proteins with single peptide identifications (only found in Z4), MS/MS spectra
were manually screened andMascot ion scores were inspected (cutoff of 30) prior
to inclusion of the known peroxisomal proteins (MS/MS spectra for these known
peroxisomal proteins are shown in Supplemental Document S1) on our list.

The Arabidopsis Subcellular Database SUBA3 (Tanz et al., 2013) was
queried to retrieve information about the subcellular localization for all pro-
teins identified in the respective experiments. We also compared the identified
proteins with a list of known peroxisomal proteins (Kaur and Hu, 2011) to
assign proteins unambiguously to the peroxisome. Proteins newly validated to
be peroxisomal in this study were later included in this list. QV (exported from
Scaffold 3.00.3) were totaled for the proteins assigned to each subcellular
compartment (QVCompartment) and compared with QV for all proteins identified
(QVAll) in the experiment. Percentage distribution of proteins was calculated
as (QVCompartment/QVAll) 3 100.

Measurement of ICL Activity

ICL catalyzes the hydrolysis of isocitrate into glyoxylate and succinate, and
its activity was measured as described previously (Dixon and Kornberg, 1959)
using cell extracts from germinated seedlings or various fractions collected
from the peroxisome isolation process.

In Vivo Targeting Analysis of YFP-Tagged Proteins

We used the Gateway cloning vectors developed for the leaf peroxisome
study (Reumann et al., 2009) to clone candidate genes as either N- or C-terminal
YFP fusion proteins. Primer sequences used for cloning are listed in Supplemental
Table S15. Agroinfiltration and confocal laser scanning microscopy of tobacco
(Nicotiana tabacum) leaf epidermal cells transiently expressing the tested proteins
were performed as described by Reumann et al. (2009). Localization results for all
clones tested are listed in Supplemental Table S9.

Microarray Analysis

For expression at various developmental stages, log2-normalized data for
the relative expression were obtained from the Botany Array Resource ex-
pression browser (Schmid et al., 2005; Toufighi et al., 2005) and are listed in
Supplemental Table S12. Details of the AtGenExpress developmental time-line
data set used (Schmid et al., 2005; Toufighi et al., 2005) are listed in Supplemental
Table S13. For expression in the course of germination, CEL files were downloaded
from the Gene Expression Omnibus data set GSE30223 from the National Center
for Biotechnology Information database. Log2-normalized values for peroxisomal
genes were extracted (Supplemental Table S14). Heat-map and clustering analyses
were carried out as described previously (Kaur et al., 2013).

RNA Analysis

Plants were grown for 7 d on medium with 1% (w/v) Suc, and total RNA
was isolated from seedlings as described previously (Mallory et al., 2001). After
treating with DNaseI (Qiagen), 1 mg of each RNA sample was reverse
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transcribed using the iScript cDNA Synthesis kit (Bio-Rad). PCR amplification
using 50 ng of complementary DNA was performed for 25 (for UBQ10) or 35
(for tested genes) cycles. The gene-specific primers used for RT-PCR and geno-
typing are summarized in Supplemental Table S16.

Physiological Assays

For germination assays, seeds were plated on Linsmaier and Skoogmedium
supplemented with or without ABA (Sigma-Aldrich), stratified at 4°C for 4 d,
and grown in Percival growth chambers. After day 6, radicle emergence was
scored. All the data are representative of at least three independent experi-
ments. For each experiment, n = 100.

For Suc dependence analysis, seeds were placed on plates supplemented
with or without 1% (w/v) Suc and stratified at 4°C for 2 d. Hypocotyls were
measured on 7-d-old seedlings grown in the dark. To study the IBA response,
seeds were sown on plates containing 0.5% (w/v) Suc and IBA (Sigma-
Aldrich) and stratified at 4°C for 2 d before the plates were placed in a
growth chamber with continuous low-intensity light for 7 d. Hypocotyls were
scanned using an EPSON scanner (Epson Perfection 4870 PHOTO) and mea-
sured using ImageJ version 1.43u. All the data are representative of at least three
independent experiments. For each experiment, n = 50.

To observe photorespiratory phenotypes, 2-week-old seedlings were
transferred from plates to soil and placed in a controlled-environment growth
cabinet with light intensity of 115 mmol photons m22 s21, 20°C, a 16-h/8-h
photoperiod, and CO2 concentration of 80, 400 (ambient air), or 1,000 mL L21.
Plants were photographed with a COOLPIX 8800 VR camera (Nikon).

Accession numbers of all the proteins described in this study can be found in
Table I. Sequences used for alignment in Figure 4 are shown in Supplemental
Document S2.

Supplemental Data

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

Supplemental Figure S1. ICL activity of Arabidopsis seedlings after grow-
ing 3 to 6 d.

Supplemental Figure S2. Silver-stained gel for the immunoblot shown in
Figure 1D.

Supplemental Figure S3. Subcellular distribution of proteins identified
from total peroxisomes (T1 and T2) in this study based on protein
number.

Supplemental Figure S4. Verification of peroxisomal localization for six
proteins identified from this study and our previous leaf peroxisomal
proteomics but not confirmed before.

Supplemental Figure S5. Comparison of the number of peroxisomal pro-
teins identified from different tissues by different studies.

Supplemental Figure S6. Heat maps showing relative expression levels of
genes that encode peroxisomal proteins identified from etiolated seed-
lings in this study.

Supplemental Figure S7. Phenotypic analysis of the mutants of the newly
validated peroxisomal genes.

Supplemental Table S1. Proteins identified from total peroxisomes in
experiment T1.

Supplemental Table S2. Proteins identified from total peroxisomes in
experiment T2.

Supplemental Table S3. Proteins identified from ZOOM 1 fraction pH
3.0 to 4.6.

Supplemental Table S4. Proteins identified from ZOOM 2 fraction pH
4.6 to 6.2.

Supplemental Table S5. Proteins identified from ZOOM 3 fraction pH 6.2
to 7.0.

Supplemental Table S6. Proteins identified from ZOOM 4 fraction pH
7.0 to 10.0.

Supplemental Table S7. Proteins identified from peroxisomal membrane
proteomics.

Supplemental Table S8. Summary of nonredundant proteins identified
from the seven proteomic experiments in this study.

Supplemental Table S9. Proteins tested for subcellular localization in this
study.

Supplemental Table S10. Proteins identified from three plant peroxisome
proteomic studies.

Supplemental Table S11. Proteins common or exclusive to the peroxi-
somal proteome of cell culture, leaves, or etiolated seedlings.

Supplemental Table S12. Data used to generate the heat maps in Figure
5A and Supplemental Figure S6A.

Supplemental Table S13. Details of the AtGenExpress data sets used in
Supplemental Figure S6A.

Supplemental Table S14. Data used to generate the heat maps in Figure 5B
and Supplemental Figure S6B.

Supplemental Table S15. Primers used for subcellular localization.

Supplemental Table S16. Primers used for genotyping and RT-PCR
analysis.

Supplemental Document S1. MS/MS spectra for single peptide
identifications.

Supplemental Document S2. Sequences used for the alignment shown in
Figure 4.
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