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Abstract Newly synthesized proteins in eukaryotic cells can
only function well after they are accurately transported to spe-
cific organelles. The establishment of protein databases and
the development of programs have accelerated the study of
protein subcellular locations, but their comparisons and eval-
uations of the prediction accuracy of subcellular location pro-
grams in plants are lacking. In this study, we built a random
test set of maize proteins to evaluate the accuracy of six com-
monly used programs of subcellular locations: iLoc-Plant,
Plant-mPLoc, CELLO, WoLF PSORT, SherLoc2, and
Predotar. Our results showed that the accuracy of prediction
varied greatly depending on the programs and subcellular lo-
cations involved. The programs using homology search
methods (iLoc-Plant and Plant-mPLoc) performed better than
those using feature search methods (CELLO, WoLF PSORT,
SherLoc2, and Predotar). In particular, iLoc-Plant achieved an
84.9% accuracy for proteins whose subcellular locations have
been experimentally determined and a 74.3 % accuracy for all
of the proteins in the test set. Regarding locations, the highest
prediction accuracies for subcellular locations were obtained
for the nucleus, followed by the cytoplasm, mitochondria,
plastids, endoplasmic reticulum, and vacuoles, while the low-
est were obtained for cell membrane, secreted, and multiple-

location proteins. We discussed the accuracy of the six pro-
grams in this article. This study will assist plant biologists in
choosing appropriate programs to predict the location of pro-
teins and provide clues regarding their function, especially for
hypothetical or novel proteins.
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Introduction

In eukaryotic cells, proteins are encoded by DNA in the nu-
cleus, synthesized in the cytoplasm and then sorted to different
organelles to execute their biological tasks (Claros et al.
1997). Newly synthesized proteins can only function well in
their proper subcellular locations. The subcellular location of a
protein can provide insight for revealing the protein’s function
and exploring protein-protein interactions in the cellular net-
work system (Millar et al. 2009). Information of subcellular
locations of proteins is useful for molecular cell biology, proteo-
mics, system biology, and drug development and is important for
the revolution ofmedicinal chemistry (Chou 2015). Determining
the subcellular location of an unknown protein is the primary
step in deducing its biological function (Jensen et al. 2002).

The approaches for determining the subcellular locations of
proteins can be divided into two categories: experimental and
computational methods. The experimental methods include
fluorescent protein tagging (Kenri et al. 2004), immunofluo-
rescence and immunoelectron microscopy (Kumar et al.
2000), the use of PhoA protein fusions (Bina et al. 1997),
and Western/SDS-PAGE analysis of subcellular fractions
(Hancock and Nikaido 1978). While such methods can
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provide high-quality location information, they can be costly
and/or time-consuming.

Alternatively, numerous computational methods that pro-
vide fast and accurate localization predictions based on large-
scale protein data are available. The computational prediction
methods employed by these programs can be mainly separat-
ed into three categories: (1) predictions based on N-terminal
sorting or signal sequences, as used by Predotar (Small et al.
2004) and TargetP (Emanuelsson et al. 2000); (2) predictions
based on the amino acid composition, as used by ProtLock
(Cedano et al. 1997); and (3) predictions based on various
factors, such as N-terminal signal sequences, the amino acid
composition, sequence homology, and Gene Ontology (GO)
terms, as used by MultiLoc which employs N-terminal
targeting sequences, sequence motifs, and amino acid compo-
sitions (Höglund et al. 2006) and SherLoc2 which employs
the amino acid composition, sorting signals, functional motifs,
homology similarity, and GO terms (Briesemeister et al.
2009).

The accuracy of the predictor is continuously increased due
to constantly updated databases and improvement of the algo-
rithm. In recent years, a large number of computational pro-
grams for predicting the subcellular localization of proteins
have been developed (Emanuelsson et al. 2000; Small et al.
2004; Yu et al. 2006; Horton et al. 2007; Briesemeister et al.
2009; Shen and Chou 2010a, b; Wu et al. 2011). Especially,
two series of web-servers are popular: PLoc series (consisting
of six web-servers) and iLoc series (consisting of seven web-
servers), for predicting the subcellular localization of proteins
with both single and multiple sites in different species based
on their sequences information alone (Chou 2015). However,
there is a lack of comparisons and evaluation of the accuracy
of such programs in plants.

In the present study, to evaluate the accuracy of subcellular
location programs, we selected six current commonly used
programs to test a selected dataset of maize sequences regard-
ing the prediction of protein subcellular locations, including
five programs employing comprehensive strategies
(SherLoc2, WoLF PSORT, Plant-mPLoc, iLoc-Plant, and
CELLO) and one single-strategy program (Predotar). The re-
sults will assist plant biologists in choosing appropriate pro-
grams to predict the locations of proteins and obtain clues
regarding their function, especially for hypothetical or novel
proteins.

Materials and Methods

Datasets

The test set of maize protein sequences was selected from the
UniProtKB database (http://www.uniprot.org/uniprot/). The
UniProtKB database has been checked by experienced

molecular biologists. The UniProtKB database currently
includes 61,743 maize proteins, among which 747 proteins have
been reviewed. Among the 747 reviewed maize proteins, only
proteins with a full-length sequence and an identified subcel-
lular location were selected for our test dataset. The selected
proteins were divided into a single-location group and a
multiple-location group based on whether the protein was lo-
cated in one or more subcellular locations. According to the
GO information of proteins in the UniProtKB database, the
subcellular location of a protein was determined experimen-
tally or assumed non-experimentally (by similarity).

Prediction Methods

We selected six commonly used protein subcellular localiza-
tion programs to compare their prediction accuracy. The se-
lected programs were iLoc-Plant, Plant-mPLoc, CELLO,
WoLF PSORT, SherLoc2, and Predotar. These six programs
possess the following characteristics: they are public resources
available with a web server that predict eukaryotic proteins
and accept large batches of sequences. The prediction features
of these programs are listed in Table 1. The predictable sub-
cellular locations include the cytoplasm, nucleus, mitochon-
dria, vacuoles, peroxisomes, endoplasmic reticulum, Golgi
apparatus, cell membrane, plastids/chloroplasts, secreted/ex-
tracellular, lysosomes, and the cell wall. According to the
applied prediction method, these tools can be divided into
those that employ homology search methods, including
iLoc-Plant (http://www.jci-bioinfo.cn/iLoc-Plant), and Plant-
mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/),
and feature search methods, including CELLO (http://cello.
life.nctu.edu.tw/), WoLF PSORT (http://wolfpsort.org/),
SherLoc2 (http://abi.inf.uni-tuebingen.de/Services/SherLoc2)
, and Predotar (http://urgi.versailles.inra.fr/predotar/predotar.
html).

Data Analysis

When single-location proteins were predicted to show two or
more locations, a positive result was accepted or rejected
based on different criteria depending on the different pro-
grams. For the statistical programs iLoc-Plant, Plant-mPLoc,
and CELLO, we accepted all predicted locations; for the scor-
ing strategy predictor WoLF PSORT, we accepted those loca-
tions within 1 score from the highest score of the predicted
location; and for the probability strategy predictor SherLoc2,
we accepted those locations within a score of 0.2 from the
highest score.

For the statistical analysis of the data, if the predicted pro-
grams only predicted one location for a single-location protein
and the predicted result was consistent with the actual subcel-
lular location indicated in the UniProtKB database, the predic-
tion results were marked as BA.^ If the programs predicted two
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subcellular locations for a single-location protein and either of
the results was consistent with the real location, the results
were marked as BB.^ Accordingly, if there were three predict-
ed results, the results were marked as BC,^ and so on.

The match percentage was used to evaluate the accu-
racy of the programs, which were displayed as proteins
with experimental evidence, non-experimental evidence,
and all proteins. The prediction results were shown as
the total match percentages for each predictor for all
single-location proteins, the total match percentages for
each predictor for each subcellular location, and the de-
tailed match percentage of each subcellular location ob-
tained by each predictor. The following related equa-
tions were employed: ‘Match score=1× the number of
A+0.5×the number of BB^+1/3×the number of BC^’;
BMatch percentage=match score / the number of pro-
teins×100 %^; BTotal match score=match score for pro-
teins with experimental evidence+match score for pro-
teins with nonexperimental evidence^; and BTotal match
percentage=total match score / the total corresponding
number of proteins×100 %.^ A match percentage ex-
ceeding 60 % was regarded as an acceptable match
percentage, while a percentage exceeding 80 % was
considered a reliable match percentage, which is more

meaningful for guiding users to choose the appropriate
programs.

For multiple-location maize proteins, the predicted results
were relatively complicated. Such results were analyzed and
checked using the methods described by Chou (2013). For the
prediction accuracy, the arithmetic of BAccuracy^ described
by Chou (2013) was used.

Results

In our experiment, we separated all of the proteins in
the test set into a single-location group and a multiple-
location group. According to the annotation of proteins
in UniProtKB, the single-location protein group included
proteins located in the cytoplasm, nucleus, plastid, mi-
tochondrion, vacuole, peroxisome, endoplasmic reticu-
lum, Golgi apparatus, secreted, and cell membrane.
The final test dataset consisted of 431 full-length maize
proteins, including 411 single-location proteins (185
with experimental evidence and 226 with nonexperimen-
tal evidence) and 20 multiple-location proteins (Fig. 1). A
total of 431 full-length maize proteins were predicted by the
six programs (Table S1).

Table 1 The prediction strategies and predictable subcellular locations of six programs

Programs Prediction strategy Predicted
locations

Subcellular locations

Cyt ER GA CM Mit Nuc Per Plt/Chl Sec/Ext Vac Lys CW

iLoc-Plant Sequence-based predictions (pseudo aa
composition, GO blast, sequential
evolution feature). Multi-Label KNN
classifier identify the number of
sub-locations

12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Plant-mPLoc Sequence-based predictions
(aa composition, functional domain,
sequential evolution feature, GO terms)

12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Plt+Chl ✓ ✓ – ✓

CELLO Sequence-based predictions (aa
composition, dipeptide composition,
partitioned aa composition,
physicochemical properties of aa)

12 Cyt+Cyk ✓ ✓ ✓ ✓ ✓ ✓ Chl ✓ ✓ ✓ –

WoLF
PSORT

Sequence-based predictions (aa
composition, sorting signals, functional
motifs), homology similarity, GO terms

12 Cyt+Cyk ✓ ✓ ✓ ✓ ✓ ✓ Chl ✓ ✓ ✓ –

SherLoc2 Sequence-based predictions (aa
composition, sorting signals),
homology similarity, GO terms

11 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Chl ✓ ✓ ✓ –

Predotar Mitochondrial, plastid, and ER targeting
sequences

3 Ew ✓ Ew Ew ✓ Ew Ew ✓ Ew Ew Ew Ew

B✓^means that the software can predict these sites; Bplt/chl^means plt or chl; Bplt+chl”means that Plant-mPLoc can predict in both of the two locations,
proteins located in these two locations were counted into Bplt^; Bcyt+cyk^means that CELLO orWoLF PSORTcan predict in both of the two locations,
proteins located in these two locations were counted into Bcyt”; Bchl”means the prediction of proteins located in chloroplast, the results were counted into
Bplt”; Bvm^ means the prediction of proteins located in vacuolar membrane, the results were counted into Bvac^

Nuc Nucleus, Per Peroxisome, Plt Plastid, Sec Secreted, Vac Vacuole, Cyt Cytoplasm, Cyk Cytoskeleton, ER Endoplasmic reticulum, GA Golgi
apparatus, CM Cell membrane, Mit Mitochondrion, Lys Lysosome, Ew Elsewhere, Ext Extracellular
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Prediction Results for Single-location Proteins

The results obtained for the 411 full-length single-location
maize proteins using the six programs were evaluated

(Table S1). The total match percentages for all of the single-
location proteins reflected the general prediction accuracy of
each predictor (Fig. 2a). The three most reliable programs
were iLoc-Plant, Plant-mPLoc, and CELLO, followed by

Fig. 1 The distribution of
subcellular locations of proteins
used in the test set

Fig. 2 Comparison of the
percentages of prediction
accuracy by six predictors. a
single-location proteins; b
multiple-location proteins. Blue
histogram, experimental proteins;
red histogram, nonexperimental
proteins; green histogram, all
proteins
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SherLoc 2 or WoLF PSORT, while Predotar was always the
least reliable. The total match percentages for proteins with
nonexperimental evidence were all lower compared with
those with experimental evidence. Among the six programs,
WoLF PSORT, Plant-mPLoc, and CELLO were able to pre-
dict the subcellular localizations of proteins relatively consis-
tently, with less than a 10 % difference between the total
match percentages for proteins for which experimental evi-
dence and nonexperimental evidence were observed.

The acceptable match percentages obtained with the six
programs were compared (Fig. 3). Because of the limited
numbers of proteins showing peroxisome and Golgi apparatus
locations, the match percentages for these two locations did
not present sufficient credibility and will not be discussed
further.

For all of the proteins, iLoc-Plant, Plant-mPLoc, and CEL-
LO indicated five subcellular locations with acceptable match
percentages. Among these locations, iLoc-Plant and Plant-
mPLoc showed five and four locations, respectively, with re-
liable match percentages, including the nucleus, vacuoles,
plastids, and mitochondria in both and the cytoplasm in
iLoc-Plant, while CELLO only showed one such location (cy-
toplasm). SherLoc 2 and WoLF PSORT both indicated three
subcellular locations with acceptable match percentages,

whereas SherLoc 2 only showed reliable match percentages
for the cytoplasm and nucleus (Fig. 3a). The match percent-
ages in all of the subcellular locations predicted by Predotar
were lower than 60 %. With the exception of Predotar, the
other programs all showed a greater than 70 % match percent-
age in the nucleus. iLoc-Plant performed best in predicting the
subcellular localizations of all proteins.

For the proteins with experimental evidence, iLoc-Plant
indicated four reliable match percentages, in the nucleus, vac-
uole, plastid, and cytoplasm. Plant-mPLoc showed three reli-
able match percentages, in the nucleus, vacuole, and plastid.
CELLO and SherLoc indicated two locations, the cytoplasm
and the nucleus. WoLF PSORT only performed reliably for
the nucleus, and Predotar showed no reliable match percent-
ages (Fig. 3b).

Compared with the results for proteins with experimental
evidence, the accuracy of the prediction for proteins with non-
experimental evidence exhibited some variations. The reliable
match percentages were consistent for the nucleus, vacuoles,
and plastids in Plant-mPLoc, but only for the nucleus in iLoc-
Plant. Among all of the programs, secreted proteins were first
reliably predicted by CELLO (Fig. 3c). The match percent-
ages for all subcellular locations obtained by Predotar were
lower than 60 %, except for proteins with nonexperimental

Fig. 3 The acceptable match
percentages obtained by six
predictors. a All proteins, b
experimental proteins, c
nonexperimental proteins
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evidence in the endoplasmic reticulum. The results showed
that iLoc-Plant and Plant-mPLoc presented the most accept-
able and reliable match percentages for proteins with both
experimental evidence and nonexperimental evidence. For
all proteins and the proteins with nonexperimental evidence
in some locations (nucleus, vacuoles, and plastids), Plant-
mPloc showed a higher prediction consistency than iLoc-
Plant.

Prediction Results for Multiple-location Proteins

Only iLoc-Plant, Plant-mPLoc, and WoLF PSORT have the
capability to predict the subcellular locations of multiple-
location proteins among the six programs. The match percent-
ages for 20 multiple-location proteins were analyzed. It was
found that iLoc-Plant performed best, showing prediction ac-
curacies of 48.6 % for proteins with experimental evidence,
35.9 % for proteins with nonexperimental evidence, and
40.3 % for all proteins (Fig. 2b).

Prediction Accuracy of the Six Programs for Individual
Subcellular Locations

The prediction accuracy of the six programs varied among
different subcellular locations. The detailedmatch percentages
of each subcellular location obtained with each predictor were
determined (Figure S1). The predictions for proteins located in
the cytoplasm, nucleus, plastids, mitochondria, and vacuoles
were relatively better than those in other subcellular locations,
and reliable match percentages could be obtained with some
of the programs.

For proteins located in the cytoplasm, SherLoc 2, CELLO,
and iLoc-Plant were able to obtain reliable match percentages
for all proteins and proteins with experimental evidence.
SherLoc 2 performed the best, and Plant-mPLoc performed
the worst (Figure S1 a). For proteins located in the nucleus, all
of the programs displayed high match percentages, with the
two most reliable programs being Plant-mPLoc and iLoc-
Plant (Figure S1 b). The accuracy of prediction for all of the
proteins located in the nucleus was also checked using Nuc-
Ploc (Shen and Chou 2010a, b), a commonly used web server
that specifically predicts the location of proteins found in the
nucleus, and the accuracy of the prediction reached to 100 %.
For proteins located in plastids, the two programs with the
highest reliable match percentages were iLoc-Plant and
Plant-mPLoc (Figure S1 c). For proteins located in the mito-
chondria, only iLoc-Plant and Plant-mPloc presented reliable
match percentages for all proteins and proteins with nonex-
perimental evidence (Figure S1 d). For proteins located in
vacuoles, Plant-mPLoc and iLoc-Plant could obtain reliable
match percentages, even though the accuracy of prediction for
proteins with nonexperimental evidence was 77.8 % for iLoc-
Plant (Figure S1 e).

For proteins located in the cell membrane, no reliable
match percentages were obtained with the six programs, and
acceptable results could only be predicted with CELLO
(Figure S1 f). Although CELLO showed a reliable match per-
centage for proteins with nonexperimental evidence located in
secreted locations, the accuracy of prediction was quite low
for proteins with experimental evidence (Figure S1 g). For
proteins located in the endoplasmic reticulum, Plant-mPLoc
performed with a consistently acceptable accuracy, for pro-
teins with both experimental evidence and nonexperimental
evidence (Figure S1 h).

At present, only two maize proteins located in peroxisomes
or Golgi apparatus were retrieved from the UniProtKB data-
base, so the accuracy of prediction was not analyzed for both
locations (Figure S1 i and j).

Discussion

Prediction Accuracy Varies for Different Programs

The overall percentage of accurate predictions obtained using
iLoc-Plant and Plant-mPLoc showed the best performance
among all of the programs we selected. Both of these pro-
grams are reliable for the nucleus, vacuole, plastids, and mi-
tochondria, showing very close match percentages, presum-
ably due to their similar protein formulation and computation-
al algorithms. iLoc-Plant and Plant-mPLoc were developed in
the same laboratory and employ the BLAST homology search
method to deduce the subcellular localizations of unknown
proteins when they show significant homology to any protein
(GO information not empty) in the UniProtKB database. Oth-
erwise, the sequential evolution pattern will be used to predict
the result. These tools employ the same prediction strategy,
and both can generate predictions for multiple-location pro-
teins. Compared with Plant-mPLoc, iLoc-Plant exhibits an
improvement in the extraction of GO information and the
involvement of an optimal threshold factor during the progress
of prediction but removes a functional domain descriptor. Ho-
mology searchmethods rely mainly on BLAST results and the
mining of GO information, based on the hypothesis of Nair
and Rost (Nair and Rost 2002) that the information on the
subcellular location of an unknown protein can be inferred if
a close homolog with an experimentally verified localization
can be found. Even for predicting multiple-location proteins,
such strategy programs assume that the number of different
subcellular locations of an unknown protein should be the
same as its nearest neighbor protein. Based on the results of
our experiment and other validation tests, the accuracy of
programs employing this type of strategy is better than other
approaches, when the query sequence shares high homology
(≥30 %) with the curated protein with distinct subcellular lo-
calization. However, the prediction result lacks accuracy when
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the query protein presents no highly homologous relationships
in the database because fewer features are extracted for protein
formulation.

The overall percentage of accurate predictions obtained
using CELLO and SherLoc 2 ranged from 64 to 89 % for
the cytoplasm, nucleus, plastid, membrane, mitochondria,
and secreted subcellular locations. In contrast to iLoc-Plant
and Plant-mPLoc, both CELLO and SherLoc 2 are established
based on a support vector machine system that integrates fea-
tures extracted directly from sequences and then uses a sup-
port vector machine classifier to generate prediction results.
This strategy performs better for sequences with low homol-
ogy because it takes mining information from the sequence
itself into account, even though some programs, such as
SherLoc 2, also combine an annotation-based prediction strat-
egy. Although the accuracy of predictions obtained using this
type of predictor is not good compared with homology search
methods, the prediction results should still be acceptable due
to putting a great deal of effort into predicting sequences with
low homology.

WoLF PSORT presented a match percentage above 70 %
in the plastid, cytoplasm, and nucleus locations in our exper-
iment. This tool was created as a hybrid predictor, combining
a feature selection progress and a KKN classifier for both
simplex and multiple-location proteins. In the present study,
its prediction of multiple-location proteins was poor.

The method employed by Predotar only involves N-
terminal targeting sequences and covers three locations (plas-
tids, mitochondria, and endoplasmic reticulum). The results
obtained using Predotar were the poorest among all of the
programs, even for its available predictive locations, due to
its single feature extraction strategy and inappropriate
algorithm.

We also used a feature-based predictor, Nuc-PLoc, to check
the match percentage for proteins located in the nucleus, and
the final match percentage was 100 %. This type of strategy
predictor emphasizes sequence descriptions, and it performs
comparably to homology search methods in high-homology
and conserved regions, such as the nucleus, and performs
better than homology-based methods in the case of low
homology.

In this study, we showed that homology search methods
perform better than feature search methods for maize proteins,
but we strongly suggest the use of a practical guide combining
programs employing both search methods for an unknown
protein if it lacks a homology protein or GO information in
the database. The same predictor or a different predictor may
yield markedly different match percentages when tested using
different benchmark datasets. This is because the more strin-
gent a benchmark dataset is in excluding homologous se-
quences, the more difficult it is for a predictor to achieve a
high match percentage. Additionally, the greater the number
of subsets (subcellular locations) a benchmark dataset covers,

the more difficult it is to achieve a high overall match percent-
age, as elaborated in a recent review.

Prediction Accuracy Varies for Different Subcellular
Locations

Even though all of the programs were designed to identify
more than one subcellular location, the match percentage var-
ied for different subcellular locations due to different protein
features, the number of reviewed proteins and GO information
in the UniProtKB database.

The greatest number of match percentages and those of the
highest reliability were obtained in the nucleus for all of the
programs, except for Predotar. Such a high accuracy of pre-
diction may mainly be due to the significantly highly con-
served nuclear localization signal that is always included in
the sequence of nucleus-located proteins (Boulikas 1993;
Neufeld et al. 2000; Davidson et al. 2006). Some nucleopro-
teins do not include any nuclear location signal, and before
being transported to the nucleus, all nuclear proteins are syn-
thesized in the cytoplasm (Borer et al. 1989). Therefore,
nucleus-located proteins can be predicted to be located in the
cytoplasm, which is consistent with the findings of cell bio-
logical research (Su et al. 2007).

Proteins located in the cytoplasm could also be predicted
reliably by SherLoc 2, CELLO, and iLoc-Plant for the set of
all proteins. Most proteins are synthesized in the cytoplasm
and include a specific sorting signal to guide their localization.
There has been a great deal of research on cytoplasmic sorting
signals, and the SH2 and SH3 domains are elements that con-
trol the interactions of cytoplasmic signaling proteins (Koch
et al. 1991). SH2 plays a major role in mediating precise
downstream signaling events (Wagner et al. 2013). Therefore,
it is not surprising that a higher accuracy was obtained for the
cytoplasm for proteins with experimental evidence by all of
the programs.

In this study, reliable match percentages for plastid-located
proteins were obtained when using Plant-mPLoc and iLoc-
Plant, and the percentages were higher than previously report-
ed (Shen and Chou 2010a, b). This high accuracy of predic-
tion may due to the large volume of reviewed plastid-located
proteins in the UniProtKB database, and there are many pro-
tein import receptors in plastids (Bauer et al. 2000; Kaundal
et al. 2013). The accuracy of prediction for plastid-located
proteins varies greatly between programs employing homolo-
gy search methods versus feature search methods, which may
result from a lack of conserved regions and ambiguous se-
quence features.

The protein formulation for mitochondrion-located pro-
teins may be more complicated. Mitochondria are organelles
that contain their own genetic system. Precursor forms of mi-
tochondrial proteins include targeting and sorting signals that
are essential to direct them to the mitochondria. Recently, a
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great deal of experimental evidence concerning the nature of
these signals has been obtained (Pfanner et al. 1992; Verner
1993). Most of the hundreds of proteins that function in the
mitochondria are encoded by nuclear DNA, synthesized in the
cytoplasm and then transferred to the mitochondria, which
may result in multi-labeling and a lack of a sorting signal
during the transportation progress. In this study, iLoc-Plant
and Plant-mPLoc were both able to obtain reliable match per-
centages in this location, and the percentages were slightly
higher than reported previously (Shen and Chou 2010a, b).

An acceptable match percentage for ER-located proteins
with experimental evidence was generated by iLoc-Plant,
which was consistent with a previous study (Shen and Chou
2010a, b), as more ER-located proteins were selected in our
test set. However, the results differed greatly when programs
employing the feature search method were used. Endoplasmic
reticulum proteins contain a special sequence at the beginning
of the protein. Short cytoplasmic sequences serve as retention
signals for transmembrane proteins in the endoplasmic retic-
ulum (Nilsson et al. 1989). Proteins that permanently reside in
the lumen of the endoplasmic reticulum must somehow be
distinguished from newly synthesized secretory proteins, and
it has been proposed that a carboxy-terminal sequence marks
proteins that are to be retained in the endoplasmic reticulum
(Munro and Pelham 1987). Several soluble proteins that reside
in the lumen of the ER contain a specific C-terminal sequence
that prevents their secretion. Therefore, such results may arise
from an insufficient number of ER-located proteins in the
database and a lack of feature extraction.

The match percentage was lower than 32 % for all of the
programs except for iLoc-Plant and Plant-mPLoc, which per-
formed well in this location, presenting a match percentage
above 80 %. Vacuoles play central roles in plant growth, de-
velopment, and stress responses. However, there has been
little research on the plant vacuole proteome. In Arabidopsis
thaliana, 89 vacuole-localized proteins of unknown function
have been identified, which could represent potential cargo of
the N- and C-terminal propeptide sorting pathways or be re-
lated to the association of the vacuole with the cytoskeleton
(Carter et al. 2004).

Proteins located in peroxisomes always contain a specific
peroxisomal targeting signal, such as peroxisomal targeting
signal 1 (Gould et al. 1989) or peroxisomal targeting signal
2 (Osumi et al. 1991; Swinkels et al. 1991). These special
signals can readily transport newly synthesized peroxisomal
proteins to the peroxisome. Peroxisomes do not possess their
own genome, and the functional conversion of these organ-
elles requires the transport of newly synthesized peroxisomal
proteins from the cytosol into peroxisomes. Furthermore, cer-
tain proteins in plant peroxisomes lack both the typical perox-
isomal targeting signal 1 and peroxisomal targeting signal 2,
such as catalase (Esaka et al. 1997) and ascorbate peroxidase
(Bunkelmann and Trelease 1996). The match percentage

obtained for 21 proteins located in peroxisomes reached
66.7 % when using Plant-mPLoc, and the match percentage
obtained for 21 proteins located in the Golgi apparatus was
76.2 % when using iLoc-Plant.

Acceptable results for cell membrane-located proteins and
multiple-location proteins were not obtained by any of the
programs because current methods perform very poorly in
these locations (Sprenger et al. 2006). For multiple-location
proteins, most prediction programs can currently only predict
one location correctly. This low accuracy for multiple-location
proteins is not surprising, as the prediction of these proteins
relies not only on improvement of the algorithm but also on
the experimental information in the database.

Most existing prediction tools available were established
based on the assumption that a protein resides at only one
subcellular location and cannot be used to deal with multiplex
proteins. Only a few programs for specific species can predict
well for multiplex proteins, such as, iLoc-Gpos (Wu et al.
2012) for gram-positive proteins, Euk-mPLoc 2.0 (Chou and
Shen 2010) and iLoc-Euk (Chou et al. 2011) for eukaryotic
proteins. However, proteins with multiple location sites are
very important to both basic research and drug development
because they may have some unique biological functions.
This area remains challenging, and we propose the use of
several types of programs employing comprehensive strate-
gies to predict multiple-location proteins to obtain hints re-
garding their real locations.

Conclusion

To evaluate the accuracy of most types of prediction pro-
grams, we selected six commonly used programs to test a
requested dataset of maize sequences selected from the
UniProtKB database for protein subcellular location predic-
tion. The prediction results varied greatly among the programs
employing different strategies and among subcellular loca-
tions. Programs using homology search methods, such as
iLoc-Plant and Plant-mPLoc, can achieve more accurate re-
sults for protein sequences showing high homology, while
programs using the feature search method perform better in
predicting low-homology sequences. For proteins located in
the nucleus, cytoplasm, plastids and mitochondria, programs
can provide more reliable results due to the relatively large
number of reviewed proteins from these locations with clear
GO information in the UniProtKB database showing con-
served or well-studied sequence features that are consistent
with the information obtained from cell biology research and
the theory of biological evolution. For proteins located in oth-
er subcellular locations or in multiple locations, iLoc-Plant
performs relatively better than the other programs, even
though it cannot provide reliable results or acceptable results
in some locations. These results can guide researchers in
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choosing appropriate programs for predicting hypothetical or
novel maize proteins, and we propose that programs
employing both the homology and feature search methods
should be used to predict unknown proteins to obtain more
accurate and reliable hints about their actual subcellular
locations.
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