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Background

Malaria is the most devastating parasitic disease in the
world. The disease affects more than 216 million people
and kills nearly 655,000 people every year [1]. More than
forty percent of the world$ population lives at risk of in-
fection [2]. Parasite resistance to available chemotherapy
drugs and also vector resistance to insecticides are in-
creasing and spreading around the world, which impacts
disease control [3,4]. The persistent huge socioeconomic
impact of the disease and reports of resurgence in
African countries show that, despite the control efforts,
malaria is still a global health challenge [5]. Hence, new
strategies to control malaria are essential to combat,
eliminate or even eradicate the disease [6].

In recent years, the sequencing of genomes, transcrip-
tomes and proteomes and their related high-throughput
analyses have become major strategies for unraveling the
detailed aspects of Plasmodinm biology and the interac-
tions between the parasite and its vertebrate and inverte-
brate hosts [7,8]. Genome sequence data is available for
at least eight Plasmodinm species, providing opportun-
ities for many groups to join the renaissance in malaria
research and translate this massive amount of data into
commercially available new drugs and anti-malarial vac-
cines, which are still promises of the genomic era [3,9].

The first step in genome-wide identification of new
drug targets or vaccine candidates is mainly based on
identification of molecules in the interface between para-
site and hosts or members of unique biochemical path-
ways in the parasite through in silico strategies, and
these analyses are highly dependent on the accuracy of
genome annotations. Massive-scale sequencing has con-
siderably improved the annotation strategies, particularly
the process of identifying coding sequences (CDS) [10].
However, gene annotation is still far from trivial, espe-
cially in eukaryotic genomes, and one of the most diffi-
cult tasks is the identification of the initial methionine
and intron/exons boundaries [11].

Homology reflects the evolutionary history of genes
and, after the recent expansion of genomics, has ree-
merged as one of the key concepts of evolutionary biol-
ogy. Orthologs are genes derived from a single ancestral
gene in the last common ancestor of the species being
compared, whereas paralogs are genes related via duplica-
tion events [12]. Orthology is the basis of any compara-
tive genetic analysis, because orthologs tend to retain
equivalent molecular and biological functions [13], justify-
ing its use in interspecific comparative analyses to assist
in gene annotation, by exploring evolutionary gene histor-
ies, conservation, variability of molecular sequences and
functional characterizations [14].

Protein trafficking is essential for all organisms and
this process is primarily governed by intrinsic signals
found in protein sequences. The best-known and studied
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transport motif is the signal peptide, usually located in
the N-terminal end of proteins that are translocated
across the plasma membrane (prokaryotes) or the endo-
plasmic reticulum membrane (eukaryotes) [15-17]. Sig-
nal peptides play an indirect role on the biological
function of proteins in the sense that they help deter-
mine the subcellular environment a given protein will be
available for interactions [18]. Since function is usually
conserved among orthologous proteins, it was hypothe-
sized that subcellular localization and, consequently, sig-
nal peptide status are expected to behave accordingly.
Divergences among orthologs could be explained by
(/) misannotation of protein sequences; (i) limitations
of the methodologies used to predict signal peptides
or to assign orthology relationships; or (/i) true bio-
logical divergence resulting from singular evolutionary
history of that gene in each species.

In order to study the source of divergences among
Plasmodiwm proteins, an innovative yet computationally
simple strategy was devised, in which signal peptide pre-
dictions and orthology were combined. This strategy
helped to determine the prevalence of N-terminal se-
quence misannotations among Plasimodinm  proteins
and, more importantly, it guided the process of revision
of misannotated proteins, therefore improving the avail-
able information on protein sorting for the genus.

Methods

Combining orthology and signal peptide prediction:
classification and selection of orthologous groups

Amino acid sequences for all predicted proteins from
Plasmiodium vivax, Plasmodium knowlesi, Plasmodiim
falciparum, Plasmodium berghei and Plasmodiwm yoelii
were obtained from PlasmoDB (version 7.1) [19] along
with information on their clustering within orthologous
groups, according to OrthoMCL (version 4) [20]. Plas-
modiwm chabaudi sequences were not included in this
study due to systematic annotation inconsistencies in its
dataset from PlasmoDB (version 7.1). Protein sequences
were then submitted to signal peptide prediction using
SignalP 3.0 [21] following the default settings from
PlasmoDB. Signall” 3.0 employs two methods for the pre-
diction of signal peptides, SignalP-NN and SignalP-HMM.
The former runs two artificial Neural Networks and out-
puts five scores (S-score, C-score, Y-score, Mean-S and
D-score) that vary gradually from 0 to 1 and have different
thresholds. The D-score was proven to be the best dis-
criminating parameter for SP prediction. SignallP-HMM
uses a Hidden Markov Model and also gives out a score,
termed Signal peptide probability (HMM probability),
which also varies from 0 to 1. During a run of Signall 3.0,
SignalP-NN and SignalP-HMM can be used either con-
currently or separately. Standard settings for Signall 3.0
state that a given protein is positive if its D-score or its
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HMM probability are equal or higher than 0.43 and 0.5,
respectively. However, the criteria for considering a posi-
tive prediction in PlasmoDB are different from the
software's stand-alone version. In the default configura-
tions of PlasmoDB, both D-score and HMM probability
were kept as single parameters with thresholds of 0.5
and a third parameter was set by combining the
remaining four scores (S-score, C-score, Y-score, Mean-S)
from SignalP-NN. Each of the four scores was given a
value of 1, if its threshold was met or 0 otherwise, the
third parameter is the sum of values from each of the
four scores, therefore varying from 0 to 4 in a unitary
scale, and its preset threshold is 3. In PlasmoDB, a signal
peptide prediction is considered positive if any of the
three parameters is above the established cutoffs. By de-
fault Signall® 3.0 only considers the 70 amino acids on the
N-terminal end of proteins for predicting signal peptides.
Orthology information (from OrthoMCLDB version 4),
extracted from PlasmoDB (version 7.1}, was used to
cluster proteins into their respective orthologous groups.
Signal peptide predictions (negative/positive) were ana-
lysed within orthologous groups and were used to clas-
sify groups into three classes: (i) Positive groups, in
which all proteins have a positive signal peptide predic-
tion; (#) Negative groups, in which all proteins have
negative signal peptide predictions; and (i) Mixed
groups, those presenting a mosaic of positive and nega-
tive signal peptide predictions among orthologous pro-
teins. Groups containing two or more proteins from the
same species (paralogous proteins) were excluded from
inspection and reannotation (see Discussion section).

Inspection of orthologous groups and reannotation

of proteins

Each orthologous group was submitted to multiple global
alignments of their proteins by MAFFT (version 6.717b)
using default parameters [22]. Alignments for all Mived
groups were visualized using Jalview (version 2.6.1) [23]
and manually inspected in search of putatively misanno-
tations in protein sequences. Inspection was directed at
the N-terminal end of proteins, approximately the first
100 amino acids, since Signall® was set to analyse the first
70 amino acids. A protein was considered putatively mis-
annotated and was selected for reannotation when se-
quence inconsistencies (missing or protruding stretches
of amino acids) or a clear lack of sequence conservation
restricted to one or few proteins were observed, after
comparative analyses among orthologs (see examples in
Additional file 1). Nucleotide coding sequences, their
upstream flanking regions and the coordinates for their
original gene models were obtained, from PlasmoDB
(version 7.1), for each selected protein and its ortho-
logs as well. The original gene models were projected
onto these nucleotide sequences and analysed with the
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Artemis software (release 12.0) [24]. Several features of
the gene models such as number and size of exons,
conservation of exon/intron junctions, and relative
position of putative initial methionine to neighboring
landmarks were subjected to a comparative analysis.
Whenever possible, an alternative gene model, featur-
ing the proposed exon boundaries of the CDS of rean-
notated protein, was proposed. It is important to note
that signal peptide predictions were only used to clas-
sify groups, but were not used to guide the selection
of which proteins should be reannotated, these were
chosen based exclusively on manual inspections of
multiple alignments.

After complete inspection (alignment and gene mod-
els) of all Mixed groups, they were further separated
into three categories: (i) No Misannotations, where vis-
ual inspection did not detect any protein sequence that
needed reannotation (Additional file 1); (/i) Containing
Putative Misannotations, where at least one putatively
misannotated protein was identified; (iii) Inconclusive,
where visual inspection was insufficient to detect
which protein would most likely be prone to reannota-
tion. Groups Containing Putative Misannotations were
further divided into two subcategories: (i) Reannotated,
where all detected misannotations were revised
(Additional file 1); (if) Partially reannotated, where at
least one of the putatively misannotated proteins could
not be reannotated.

The error rate for Mived groups was calculated as the
number of Reannotated groups (331) divided by the sum
of Reannotated plus No misannotations (442). To cal-
culate the error rates on Positive and Negative groups,
randomly chosen subsets of 169 and 291 groups, re-
spectively, were selected and manually inspected to iden-
tify misannotated proteins. Inspection was carried out
following the same criteria set for Mived groups, how-
ever, proteins were only marked for reannotation but
new gene models were not proposed. The Chi-square test
was performed for differences among proportions, fol-
lowed by the Marascuilo procedure for pairwise compari-
son of proportions (Stat Tools) [25]. Confidence Intervals
(c.i. 95%) were calculated taking into consideration the
total number of groups in each class before reannotations,
398 Positive, 3380 Negative and 541 Mived.

Search for optimized signal peptide prediction
parameters

Different combinations of thresholds for signal peptide
prediction parameters were tested and the total numbers
of Negative, Positive and Mixed groups were registered
at each combination. Groups containing multiple pro-
teins per species were also considered for this analysis,
and were counted as well, First, for a broad view of the
entire prediction space, D-score and HMM probability
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values were set to start at 0.05 and were raised to 1.0
(maximum) by adding 0.05 at each iteration, while
NN-Sum was tested at 1, 2, 3 and 4. Once the region
with the lowest values was identified, a new round
of combinations with a shorter range was run, with
D-score and HMM probability values varying by 0.01,
and the NN-Sum set at its optimal threshold. The com-
bination yielding the lowest number of Mixed groups
was chosen as the optimized set of parameters and its
impact on orthologous groups was measured by deter-
mining their resulting reclassifications. Twenty-six
Negative and Positive groups that changed their classifi-
cation to Mixed after optimization were inspected in
search of putative misannotated proteins.

Functional annotation of revised genes

The Apiloc database [26] was queried for published data
on experimental localization of Plasmodium proteins.
ApiLoc uses a structured vocabulary to describe protein
subecellular localization in apicomplexan parasites. De-
scriptive labels were obtained for each reannotated pro-
tein and/or their respective orthologs, whenever available
in ApiLoc, and were analysed in respect to which signal
peptide prediction outcome would be expected for each
of these proteins. The Blast2go Description Annotator
(BDA) algorithm, available in the Blast2go suite (default
settings: e-value cutoff of 1.0E-3, HSP length cutoff 33,
nr database) [27], was used to recover the best possible
description for all reannotated proteins.

Samples, RNA extraction and ¢cDNA synthesis

A blood sample (5 mL) was collected from a patient in the
University Hospital Julio Muller in Cuiaba, MT, after the
acute infection with P. vivax was confirmed by microscopy
and written consent was given. The patient was treated
according to the guidelines from the Brazilian Ministry of
Health [28], and the blood sample was stored in RNALater
(Invitrogen). After removal of RNALater by centrifugation
the sample at 16,000 x g for 10 minutes, RNA extrac-
tion was carried out with TRIZOL reagent (Invitrogen)
following the manufacturer's instructions. RNA was treated
with RQ1 DNAse (Promega) and submitted to cDNA syn-
thesis using the ImProm-II Reverse Transcription system
(Promega) for efficient synthesis of full-length cDNAs,
since amplifications were targeted to the 5
scripts. To identify putative genomic DNA contamination
each sample was also performed in the absence of

end of tran-

reverse transc L"i[)t'ﬁSL"’.

Validation of new gene models by RT-PCR

Seven reannotated proteins from P. vivax were selected
for experimental validation of the proposed new gene
models in detriment of original models. The main criter-
ion for gene selection was that during reannotation the
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number of exons must have been altered, so that the dif-
ferent exon/intron junctions could be explored in the
design of primers for RT-PCRs, For each gene, three for-
ward (Control, Before and After) primers and one re-
verse primer were designed using Primer-BLAST [29]
forming three pairs (Additional file 2). One of the pairs
would amplify only if the original gene model were cor-
rect (Before), whereas another pair would only work in
case the proposed new model was a better fit (After).
The third pair was a positive control and would work on
both situations. Whenever possible, the primers were
designed to generate different sized fragments when
amplified from genomic DNA or ¢DNA to avoid misin-
terpretation of results due to DNA contamination of
RNA samples. Detailed amplification settings for each
gene are in Additional file 2.

Statistical analysis

The Chi-square test was used for assessing the statistical
significance of differences between two proportions. For
more than two proportions, the Chi-square was followed
by the Marascuilo procedure to analyse differences be-
tween each pair of proportions. The level of significance
() for the analyses was 0.05.

Results

Groups showing diverging signal peptide predictions
present a higher rate of sequence misannotations
Orthologous groups, defined by OrthoMCL v4.0, were
used to cluster all proteins predicted in genomes of five
Plasmodiwm species (P. falciparum, P. vivax, P. knowlesi,
P. berghei and P. yoelii). There were 5,127 groups con-
taining two or more proteins from at least one of the
species studied, approximately 16% of these groups have
more than one protein from the same species (Multiple
proteins per species) and were excluded from further
analysis (Figure 1A). The remaining 4319 groups contain
from two to five proteins, with species being represented
only once (Single proteins per species) (Figure 1A). Signal
peptide predictions for each protein in these 4319 groups
were combined with orthology information and groups
were classified into the three classes: (i) 9.2% were Posi-
tive groups (all proteins have predicted signal peptides);
(if) 78.3% were Negative groups (proteins have no predic-
tion of signal peptides); and (iif) 12.5% were Mixed groups
(proteins with and without predicted signal peptides)
(Figures 1B and 2A). The majority of orthologous groups
have proteins from all five species (Figure 2B), retlecting
their close evolutionary relationship.

Putatively misannotated proteins were identified through
the visual inspection of multiple alignments of orthologs,
searching for protruding or missing N-terminus that could
possibly be adjusted by selecting an alternative initiation
codon. Inspection of subsets from the three classes above
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B Multiple proteins per species

Figure 1 Clustering, selection and classification of orthologous groups. (A] Selection of orthologous groups. Clustering of predicted proteins
from five species (P vivax, P knowlesl, P falciparum, P. berghel, P yoeli) according to orthologs groups defined in OrthoMCL (version 43, Numbers
in blue: erhologous groups; in red: total protein numbers, (B} Classification of groups according to signal pepride predictions based on the satus
of their proteins. The numbers in blue indicate orthologous groups. (€ Categorization of Mived groups, after visual inspection, into three
Containing putative misganctanions; and (i ncondusive, The Containing putative misannerarions category
was divided into two subcategories: (1) Reannorared, and (i) Parrialy reannerared, Mumbers in blue; orthelogous groups, in pink numbers of
putative misannotated proteins into each categony/subcategory. (D) Group reclassification of signal peptide prediction after protein reannotations.
Numbers in blue; orthologous groups; in green inside square brackets: reannotated proteins; in orange inside curly brackets; putatively
misannotated proteins that could not be revised. To the right, graphs representing the percentages of orthologous groups in each panel,
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demonstrated that the rate of groups containing at least
one misannotated protein was significantly higher in
Mixed groups (78.8%) than in Positive (14.2%) and Nega-
tive groups (33.7%) (Figure 2C).

The majority of proposed new gene models have altered
signal peptide predictions

Multiple alignments of proteins from each of the 541
Mixed groups were carefully manually inspected and
sorted into three categories: (i) No misannotations (111
groups in Figure 1C), in which the N-terminal sequences
of all proteins appear to be properly annotated
(Additional file 1); (ii) Containing putative miisannota-
tions (413 groups), in which 561 putatively misanno-

tated proteins were identified (Figure 1C); (iii)

Inconclusive (17 groups in Figure 1C), for which visual
inspection was insufficient to determine the annotation
status of one or more proteins. The 413 groups that Con-
taining putative misannotations were further divided into
two subcategories: (i) Reamnotated (331 groups in
Figure 1C), in which all proteins identified as being mis-
annotated were revised (Additional file 1); (ii) Partially
reannotated (82 groups in Figure 1C), in which at least
one putatively misannotated protein from each group
could not be modified. From the 561 proteins initially
selected for manual correction, 83 could not have a new
gene model proposed (orange numbers in curly brackets
in Figure 1D). For most of them it was because of miss-
ing sequence information in the upstream flanking re-
gion of the gene due to incomplete genome assembly
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and in one case there was a frame shift in the middle of

an exon, interpreted as a possible sequencing error that

prevented the reannotation. Some of the groups Partially

reannotated presented some proteins that were reanno-
tated (in addition to those that were only marked), thus,
six of these groups were reclassified as negative even
though groups were not fully reannotated (Figure 1D). A
total of 478 proteins had their gene models revised and
their amino acid sequences reannotated (green numbers
in square brackets in I—mute 1D).

A total of 364 (~75%) proteins had their signal peptide
predictions altered, with changes to positive slgnal peptide
predictions being the most common alteration observed in
reannotated proteins (Table 1). A total of 114 (~24%) pro-
teins, albeit having had their sequences modified through
reannotation, kept their original signal peptide predictions
(Table 1). However, these proteins were more frequently
found in groups that had multiple proteins reannotated

1

(Figure 3) and were probably selected for reannotation
only as by-products of the reannotation process.

Plasmodium yoelii followed by P. vivax were the two
species presenting highest numbers of reannotated pro-
teins, 208 and 158, respectively (Table 1). This might
reflect the overall annotation status of genomes from
these species when compared to others more extensively
studied such as P berghei and P. falciparum. Apart from
P. berghei, all the other four species showed, as a net
result, an increased number of positively predicted
proteins, especially P vivax and P. yoelii, which had over
80 proteins added to their previous counts of proteins
featuring signal peptides. Proportionately, P. vivax was
the species that showed the highest impact from reanno-
tations in its final count of positively predicted proteins
(Table 1). The complete list of reannotated proteins,
with their new proposed sequences is available
(Additional file 3)
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Table 1 Signal peptide predictions of proteins from Plasmodium species after reannotations

Signal peptide prediction of Total proteins with positive signal
reannotated proteins peptide predictions

Species Became Negative Became Positive Same Prediction TOTAL Before After Af  Bf (%)
P vivax 16 105 37 158 822 an 89 (10.8%)

15 29 21 65 840 854 14 (1.7%)

5 15 8 28 1057 1067 10 (0.94%)
P berghel 8 5 ] 19 807 804 -3 (-0.4%)
P.yoelli 4 125 42 208 953 1067 B4 (8.5%)
TOTAL 85 279 114 478 4509 4703 194 (4.3%)
Reannotations alter the classification of groups The inversion observed between the percentage of Posi-

Before proteins were reannotated, Mixed groups were  tive and Mixed groups suggests that the divergence of
more numerous than Positive groups. However, as previ-  signal peptide predictions among orthologous proteins is
ously demonstrated, the reannotations resulted in chan-  indeed a rare event, especially for proteins from closely
ged prediction status for most proteins, consequently  related species (belonging to the same genus).
impacting on the number of Mixed groups, as 74 were
reclassified as Negative and 178 were reclassified as Posi-  Transcripts expression supports the new gene models
tive groups (Figure 1C and D). The original 541 Mixed  The numbers of exons as well as exon/intron junctions
groups were reduced to 289 and proportionately their  in their N-terminal region where signal peptides are usu-
representation dropped to only 6.7% of groups, whereas  ally found have changed for several reannotated pro-
Positive and Negative groups both increased their repre-  teins. Seven genes were selected for assessing the
sentation to 13.4% and 79.9%, respectively (Figure 4A).  verisimilitude of their proposed reannotations. The pri-
mers designed to confirm the new gene models were
= ~  able to amplify products with the expected sizes for all

40 of them (Figure 5). Both negative (in the absence of re-

" verse transcriptase) and positive (using control primers)
; ’ controls worked properly, corroborating the new gene
models proposed. Three of the validated genes became
30 - positive after reannotations [PlasmoDB:PVX_002580,
PlasmoDB:PVX_083025, PlasmoDB:PVX_100770], three
became negative [PlasmoDB:PVX_081500, PlasmoDB:
PVX 116975, PlasmoDBPVX_118150| and one [PlasmoDB:
PVX_083205] kept its original negative prediction
(Additional file 3)

Reannotated proteins have functional annotation support
Since the biological roles of proteins are ultimately influ-
enced by the presence or absence of signal peptides, the
functional annotations of reannotated proteins were ana-
lysed. First, experimental evidence available for reanno-

Reannotated proteins keeping original SP prediction (%)

| tated proteins or their orthologs were searched in the
Single Multiple ApiLoc database. Only 8 out of 478 reannotated proteins
have already had their localizations directly confirmed

Quanityulreannoaid prolabzperaoun by experimental approaches, and all show a positive SP

Figure 3 Proportion of reannotated proteins keeping original prediction, with 6 having turned positive only after rean-
signal peptide predictions in groups with single or multlple
revised pmtelns All reannotated proteins were o i

) groups with only one :
iple

notation (Table 2). Subcellular localizations that rely on
the presence of a signal peptide were described for 7 of
these proteins, with one of them [Plasanb:PPl"l-_O.'JI?’]
localizing to the food vacuole but also to the cytosol.
The only reannotated protein that had a 5P predic-
i tion conflicting with its experimentally verified localization
i ' - R was [PlasmoDB:PEBO400w] (6-cysteine protein). Moreover,

- groups with ar leas
wirmbers of pr
tion in each cat

le;r“aI pepride pre
69 (Multple). The
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although this protein had its sequence reannotated, its
SP prediction was already positive, which means that the
disagreement was not due to the reannotation.

In addition, there are 57 reannotated proteins whose
orthologs have experimental evidence of cellular
localization (Additional file 4). For 40 of these proteins,
final SP predictions were positive and, impressively,
39 (98%) of them have orthologs whose localizations con-
cur with the presence of a signal peptide. [PlasmoDB:
PVX_117660] (serine hydroxymethyltransferase) is the
only reannotated protein whose positive SP prediction
clearly conflicts with the experimental validation of its
ortholog [PlasmoDB:PF14 0534], which does not have a
signal peptide and localizes to the mitochondrion. Of the
17 reannotated proteins with negative SP predictions and
experimentally validated localization of orthologs, only 8
show experimental data agreeing with an absent signal
peptide. However, 5
already had negative predictions before reannotation.
Also, SP predictions are negative for the orthologs of 8
out of these 9 proteins as well, despite their experimental

out of the 9 remaining proteins

localizations suggesting the presence of signal peptides
(Additional file 4).

Gene product descriptions were also considered as
hints on putative biological functions. However, approxi-
mately 60% of reannotated proteins are described as un-
known or hypethetical according to PlasmoDB (v7.1).
Thus, protein description was complemented by running

the Blast2go Description Annotator (BDA) and hypo-
thetical/unknown proteins were reduced to approxi-
mately 35% only (Additional file 3). After that, the focus
of the functional analysis on P. vivax proteins was in the
relevancy of proposed reannotations and how they may
contribute in efforts to control malaria. In addition to
the above mentioned experimental evidences involving
P. vivax proteins, the level of agreement between rean-
notation outcome and product description for all rean-
notated proteins in this species was analysed. Out of 158
reannotated proteins, 53 are described as hypothetical or
unknown and could not be analysed. Out of the
remaining 105 proteins, product descriptions accorded
with signal peptide predictions (after reannotation) for
78, disagreed for 15 and were considered inconclusive
(insutficient descriptive information) for 12 proteins
(Additional file 3).

Among the proteins that turned to a positive SP predic-
tion there are 4 tRNA-synthetases, 1 tRNA-amidotranster-
ase (GATase), 2 translation initiation factors, 2 DNA gyrase
subunits and 1 ferredoxin (Table 3). The first seven are
involved in transcription/translation of proteins, the gyrase
subunits participate in DNA replication and the exact func-
tion of the ferredoxin remains unkonwn. The P. falciparum
orthologs for these 10 proteins all have signal peptides and
localize to the apicoplast. After the proposed reannotations,
the P. vivax proteins are in perfect parallelism to their P
falciparum orthologs, including the orthology affiliations of
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Table 2 Reannotated proteins with direct experimental validation of subcellular localization

PlasmoDB Species Ortholog Signal peptide prediction ApilLoc*

GaneR group Before After Localization Reference
PF14_0517 PF DG4 10725 Megative Positive Cytosol and food vacuole during rophozoite [60]
PFBO400w Pf 0G4_42799 Positive Positive Cytoplasm during gametocyte stage v [48a]
PVX_090075 Py 0G4 54213 Negative Positive Rhoptry during schizont [45]
PY0D3011 Py 004_48314 MNegative Pasitive Apical and basal and nor nucleus during salivary gland sporozoite [B1]
PY00454 Py OC4_21677 Positive Paositive Microneme guring sporozoite [62]
PY0O0819 Py OG4_10672 Negative Fasitive Apicoplast during hepatocyte schizont and salivary gland sporozoite [63]
PY07052 Py D04_47550 Negative Positive Apical and not surface during salivary gland sporozoite [61]
PY04986 Py 004_25099 MNegative Positive Apical during oocyst, sporozoite [&4]

*Recovery of experimental data from the literature, available in the ApiLoc database, describing the localization and timing of expression for reannotated proteins.

Species: Pf Plasmodium falciparum, Pv Plasmodium vivax, Py Plasmodium yoefii.

the negatively predicted counterparts for the tRNA-
synthetases and gyrases.

Mixed groups can be further reduced by optimization

of signal peptide prediction parameters

Although reannotations resulted in a significant reduc-
tion of Mixed groups, there are other interventions that
could translate into further reclassification of Mived
groups. In line with the proposed hypothesis, erroneous
predictions of signal peptides could create artificial
Mixed groups or even conceal genuine Mived groups,
therefore the impact of changing prediction parameters
on the classification of groups was tested. Optimization

was carried out only once, after reannotation of proteins,
and optimal threshold values were defined as the com-
bination resulting in the lowest number of Mived
groups. Initially, the best NN-Sum threshold was identi-
fied at 4, which in combination to D-score at 0.45 and
HMM probability at 0.90 defined 476 Mixed groups (in-
cluding groups with multiple proteins per species)
(Figure 6A). These results were further refined within a
shorter range (Figure 6C), previously delimited (dotted
square in Figure 6B), where 465 Mived groups were
identified using the best threshold combination:
NN-Sum=4; D-Score=0.48; IIMM probability=0.87, 0.90
or 091 (Figure 6C). HMM probability of 0.90 was

Table 3 Plasmodium falciparum orthologs supporting signal peptide predictions of Plasmodium vivax reannotated

proteins

P. falciparum ortholog

P vivax ortholog

Protein description Ortholog PlasmoDB Gene SP Predicted PlasmoDB Gene SP
group 1D prediction localization ID prediction®
Froline tRMA synthetase QG4 11862 FFO 2400 + Apicoplast Fux_000680 " +
00410599 PFLOGT0C - Cytosol Py _123380 -
Asparagine tRNA synthetase 004_44547 FFEO47 5w + Apicoplast Py _oas040 " +
00410257 PFBO52 5wy - Cytosol PR _002940 -
Methionine tRNA synthetase DG4 47490 PFI0_00523 + Apicoplast PUX_094445 " +
OG4_10181 PF10_0340 - Cytosol PYX_110680 -
Leucine tRNA synthetase OG4.11105 FFO8_0011 + Apicoplast Pux_nagads ¥ +
00410828 FFF1095w - Cytosol PVX_114235 =
Glutamare tRMNA amidotransferase DG4 10803 PFOO7EDw + Apicoplast Pux_ngases " +
subunit A
Initiation Factor-1 0G4 12019 MALBPT.27 + Apicoplast PVK_DE9095 w +
Initiation Factor-3 0G4 14117 PF14_0858 + Apicoplast PYX_117015 " +
DMNA gyrase subunit A 0G4 12828 PFL1120c + Apicoplast Pux_1237a5 " +
00410497 PF14_0318 - Mucleus P _084855 -
DNA gyrase subunit B 0G4._12159 PEL1915w + Apicoplast Pvx_100925 7 +
DG4 10746 PF10_04712 - Mucleus Py%_111340 -
Ferredoxin DG4 14702 fMALTIP1SS + Apicoplast Pux_122725 ™ +

" Reannotated proteins.

* Signal peptide prediction result for the new sequence if the protein has been reannotated.
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{dotred rectangle) for a refined search using intervals of 0.01 units (€} The lowest number of Mixed groups (4651 was achieved by resetting

chosen as the optimal threshold for further analysis as  optimization also led to the reclassification of 34 Positive
it was the most representative of the three HMM pro-  (26) and Negative (8) groups as Mixed (Table 4 and
babilities obtained. Applying these settings to the 4319  Additional file 5), explaining the small difference be-
groups (Figure 1B) further reduced the number of tween default and new settings. Among the 34 groups
Mixed groups from 289 (after reannotation) to 262  reclassified as Mixed, 8 were actually reverting to their
(Figure 4B). A total of 61 original Mixed groups were original classification after they were reclassified as Posi-
reclassified as Negative (50) or Positive (11) (Table 4  tive after reannotations. In addition, the other 26 groups
and Additional file 5) due to optimization, however, that were also reclassified as Mixed were submitted to

Table 4 Number of orthologous groups in signal peptide
group classes after optimization of signal peptide
prediction parameters

Group Before After optimization**

Classes  optimization* Mixed, were considered for reannotation. Interestingly,
Negative Positive Mixed Total  gptimization of signal peptide prediction parameters

Negative 3454 = 0 8 3496 caused the reclassification of Mixed groups (61/289,

Positive 576 0 - 26 sa1  21.1%) in a greater proportion than Positive (26/576

Mixed 289 50 1 8 262 4.5%) and Negative groups (8/3454 0.002%), indicating

Total 4310 0 1 1 4110 that parameter optimization preferentially acts upon

*NMN-Sum=3; Dscore=0.50; HMM probability=0.50. :
**NN-Sum=4; Dscore=048; HMM probability=0.90. orthologs are more likely to be observed.

visual inspection and the need for reannotation was
revealed in 13 (50%) of them (Additional file 5), indicat-
ing that optimization was indeed beneficial as more
groups, previously overlooked for not being classified as

those groups in which spurious divergences between
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Signal peptide patterns mirroring the phylogeny of
Plasmodium are more common in groups consistently
classified as Mixed

Reannotations and/or optimization of prediction para-
meters may change the original classification of groups
(Figure 4). However, 228 groups have retained their mixed
classification throughout (Additional file 5). Among these
228 groups, there are 87 (70 groups Paitially reannotated
and the 17 Inconclusive groups) that could still be reclas-
sified as a result of future reannotations and were
excluded from this analysis. The remaining 141 groups
are stll classified as Mixed (Additional file 5) despite hav-
ing already undergone inspection, reannotation or param-
eter optimization. Therefore, according to the proposed
hypothesis, it is likely that true biological diversity might
be found among these 141 groups, as a consequence of
orthologs genuinely evolving to have divergent signal pep-
tide states. There are three signal peptide prediction pat-
terns that mirror the phylogeny of the Plasmodium
genus, with divergence being restricted to (i) P falcip-
arwm, {ii) Rodent parasites (P berguei and P. yoelii), or
(iii) P. vivax and P. knowlesi (Figure 7A). Interestingly,
these 141 groups show higher proportions of these pat-
terns when compared to 301 orthologous groups that
were originally Mixed but have been reclassitied either
due to reannotations or optimization {Figure 7B). This
correspondence between signal peptide predictions and
phylogeny supports the notion of biological novelties
within these groups.

Discussion

The approach intended in this work shifts the percep-
tion of signal peptide data as an exclusive property of in-
dividual proteins to a perspective where it also becomes
a descriptive characteristic of orthologous groups of
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proteins, with groups being classified into three distinct
categories: Positive, Negative or Mixed. It is important
to note that paralogs, in general, evolve diverging func-
tions more rapidly and more often than orthologs
[12,30]. Therefore, the expected conservation of signal
peptide predictions among orthologs does not necessar-
ily hold true for paralogs, as demonstrated for . vivax
VIR protein family [31]. Even though OrthoMCL will
only cluster recent paralogs [20], groups containing mul-
tiple proteins per species were excluded from the rean-
notation analyses. This was done because, generally,
paralogs are not as conserved as orthologs in function
and, consequently, in signal peptide state, according to
the ortholog conjecture [32]. The ortholog conjecture is
the paradigm behind the widespread use of orthology in
comparative biology, however, it has always been a ra-
ther theoretical proposition, and only recently it was put
to the test. Some studies have contested its validity, es-
pecially for the direct link made between function and
sequence similarity. In one particular study, paralogs
were shown to be better predictors of function than
orthologs [33]. On the other hand, the ortholog conjec-
ture has been reaffirmed by other studies that showed
significantly more conservation of protein structure and
expression profiles among orthologs than paralogs [32].
These recent studies clearly signal that the debate is still
open. The conservation of signal peptides has not been
addressed directly until now.

The strategy was applied to the predicted protein sets
of five Plasmodium species and found that an expressive
number of proteins showed diverging signal peptide pre-
dictions when compared to their orthologs. The rate of
Mixed groups observed was higher than expected, con-
sidering the rarity of divergence and the close evolution-
ary proximity of the species studied (same genus).
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Therefore, a few probable explanations were considered:
({) Misannotated proteins, particularly their N-terminal
end; (if) Errors or shortcomings in the predicting pro-
grams; and (4ii) Biological diversity due to divergence in
the course of evolution, which constituted the real
Mixed groups.

Misannotated sequences were the most likely source of
diverging signal peptide predictions. It is known that def-
inition of initial methionine is the most challenging tasks
for gene annotating algorithms, particularly for eukar-
yotes, which means that annotation of the N-terminal
end of proteins, exactly where most signal peptides are
found, is intrinsically less accurate [34]. The majority
of Mived groups had at least one protein that needed
N-terminal sequence reannotation. Comparing Positive
and Negative groups, the rate of misannotated proteins in
Mixed groups is much higher, signaling that the combin-
atory strategy was efficient for enrichment of misanno-
tated sequences, a desirable trait in a quality control
mechanism for sequence accuracy in genomic scale.

Most protein reannotations resulted in altered signal
peptide predictions, which in turn were converted into
the reclassification of orthologous groups. The new dis-
tribution of Positive, Mixed and Negative groups demon-
strates that having orthologs drastically diverging in
their putative subcellular targeting is far less usual than
previously shown, and this erroneous interpretation was
mostly due to sequence misannotation. The observed re-
duction of Mixed groups from 541 to 289 due to rean-
notation is, indeed, a conservative estimate as additional
reannotations are still a possibility for the 17 Inconclu-
sive groups and the 82 groups Partially reannotated, in
which there are proteins that could not be reannotated
at this moment. Therefore, the eventual correction of
these groups could result in an even lower rate of Mived
groups.

The main reason preventing the reannotation of pro-
teins from groups Partially reannotated was the trunca-
tion of the upstream flanking region. This is directly
related to the assembly states of genomes and explains
why P yoelii genes were most affected. According to
PlasmoDB (v7.1), among the studied species, . yoelii
has the genome with the highest count of unassigned
contigs (5687), followed by P. vivax (2770). Another re-
flection of the assembly state of P. yoelii genome is made
clear in Figure 2A, in which proteins from this species
seem to be missing from several orthologous groups.
Improvements in the genome assembly would likely re-
sult in the identification of these missing orthologs by
gene prediction algorithms,

Sequence misannotations are more likely to generate
negatively predicted proteins. Since signal peptides are
defined by typical structural constrains [35], the pro-
bability that any randomly chosen amino acid stretch
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(40 amino acids), coded by a genomic sequence and
having a methionine in the first position, will hold a
signal peptide is lower than otherwise (data not
shown). Therefore, proteins with wrongly assigned ini-
tial methionine tend to show negative signal peptide
predictions. Thus, while most proteins without signal
peptide will preserve their signal peptide predictions
even if misannotated, most proteins with signal peptide
will have their predictions inverted when misannotated.
This uneven effect explains why the rate of misannota-
tions is higher in Negative than in Positive groups and
why most suggested reannotations have resulted in
proteins turning from negative to positive predictions.
The underlying message is that, as a rule, this particu-
lar reannotation strategy tends to increase the set of
proteins predicted to have signal peptides, as demon-
strated for four out of the five species studied, and this
biased enrichment of positive proteins may be benefi-
cial in the search for new vaccine targets.

In an effort to understand the persistent classification
of some groups as Mixed, signal peptide prediction itself
was also investigated as a source of divergence among
orthologs. When combining orthology and signal
peptide information, the default settings applied by
PlasmoDB for signal peptide prediction were used,
however, there were concerns on how well adjusted
were these settings, and whether was there room for
improvement. With the intention of avoiding or, at
least, reducing the number of false Mixed groups cre-
ated by faulty predictions, it was reasoned that optimal
prediction conditions would be found when predictions
among orthologs reached their highest level of agree-
ment, minimizing the number of Mixed groups.
Optimization was carried out only once, after reannota-
tions were incorporated to the database, when ideally,
parameter optimization and sequence reannotations
should work to complement each other in an iterative
process, with new reannotations being incorporated at
each round and optimal conditions being recalculated
afterwards. Therefore, the new thresholds suggested
here should be considered with caution because there
are still many factors that could cause further altera-
tions (new reannotations, incorporation of new genes,
changes in orthology), and should not be taken as de-
finitive values.

Also, optimization by itself does not correct intrinsic
software limitations such as a biased training dataset. Al-
though SignalP is a robust application and has been
widely employed, its eukaryotic training dataset is domi-
nated by mammalian sequences [36] and it is possible
that signal peptides from Plasmodimwmn proteins are
somewhat different from those of mammals. This differ-
ence alone could be responsible for overestimation of
the divergence. Nonetheless, the results offer a
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refreshing view on how to improve signal peptide pre-
dictions within clusters of species without having to im-
plement major changes in existing prediction softwares,
and it could also contribute to the development of predic-
tors as Mixed groups may help identify which sequences
are beyond current detection limits and should, therefore,
be incorporated in future training data sets.
Pre-calculated orthology clustering was chosen over an
independent assessment because this information is
readily available for download from PlasmoDB reflecting
the resources available to the malaria community. For
the same reason, PlasmoDB§ Signall* prediction settings
were used instead of settings from SignalP standalone
version. Also, by using pre-calculated clustering the
strategy became less computationally demanding. Inde-
pendent clustering could have an impact in reannota-
tions, as groups could have been added or lost, but the
major results and the overall conclusions would not
change. Last, considering the evolutionary proximity of
the studied species and the high conservation observed
among orthologs in most groups, clustering would not
vary much from that obtained from OrthoMCL.
Biological features of Plasmodium could also justify
difficulties in signal peptide prediction. Some Plasmio-
dium secretory proteins use unconventional protein
secretion’ which collectively describe several kinds of
unusual trafficking pathways that lead to the exposure
of proteins on cell surfaces or to their release into
the extracellular space [37,38]. This incudes Golgi-
independent trafficking of integral membrane proteins
[39] and other variations of transport modes within
the classical secretory pathway [37,38]. In these cases,
typical signal peptides are not present, and many
known secreted proteins of Plasmodiisn are included
in this category, for example, RESA, GBP-130, Pf41-2,
PfHPRT, FIRA, among others [40]. However, even for
these proteins the expected conservation of signal
peptide prediction state is applicable. If a given pro-
tein is trafficked via an alternative route and features
a negative signal peptide prediction, the same result
is to be expected from its orthologs, as they would
also be subjected to the same biological processing.
Plasmodium has a very complex life cycle with mul-
tiple invasion steps mediated by highly specialized apical
organelles (rhoptries, micronemes and dense granules),
and targeting to these organelles is signal peptide
dependent [41]. Once invaded, red blood cells (RBCs)
are remodeled by Plasmodinm in a process that involves
the export of several parasite proteins to the cytoplasm
and membrane surface of RBCs [42]. And again, signal
peptides are required for allowing entrance into the ER
and subsequent targeting to the parasitophorous vacuole
(PV) lumen, the default secretory pathway for P. falcip-
arum proteins [43]. Biological diversity within the
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Plasmodim genus is also a possible explanation for
Mixed orthologous groups, and the implications of di-
vergent orthologs are rather interesting, as they are likely
to be involved in processes that are unique to a few or
even one organism. In Plasmiodium, these genes could
mediate or interfere with any of the several singular phe-
nomena that set species apart, such as sequestration in
P. falcipariwm, host cell invasion preferences of mero-
zoite, variability in the maturation or morphology of
gametocytes or the formation of latent stages in P. vivax
[44]. Identification of such instances, where interspecific
diversity could be occurring, is of utmost relevance to
malariology. However, unequivocal demonstration of
biological divergence, in terms of protein localization,
demands experimental procedures (i.e.: fluorescent pro-
tein tagging, immunohistochemistry with specitic anti-
bodies), which are beyond the scope of this work.
Nonetheless, the likelihood of finding true biological di-
versity was narrowed to a subset of 141 groups that have
kept their mixed classification despite efforts of reanno-
tation and optimization. Interestingly, signal peptide pre-
diction patterns that concur with the phylogeny of
Plasmiodium species were significantly over represented
in these groups, which argues in favor of biological nov-
elties as the observed divergences could then be attribu-
ted to the particular evolutionary history of each species.
The proteins from these groups in particular warrant
further studies to confirm or reject their link to bio-
logical phenomena restricted to subsets of Plaswiodiim
species.

The reannotations being proposed redefine the sets of
proteins that are targeted to the ER of Plasmodium
organisms and are highly relevant, since protein traffick-
ing is crucial for the successful development of these
organisms within their hosts. Therefore, direct as well as
indirect experimental evidences were important to sup-
port reannotations. Although validation of new gene
models through RT-PCR does not allow proper identifi-
cation of initial methionine, it clearly demonstrated that
the new gene models are a good fit to the mRNAs being
expressed by parasites, whereas original gene models
were not. Only some reannotated proteins were prone to
RT-PCR validation as a difference in the number of
exons or a modification of exon/intron boundaries be-
tween original and new gene models are required. Apart
from this prerequisite, targets for validations were
chosen so both inversion and maintenance of signal pep-
tide prediction cases were covered.

Available evidences of protein localization and their
correlation to signal peptide predictions for the new pro-
tein sequences were also analysed. Although only eight
have been experimentally validated, most of their loca-
lizations are in accordance to their newfound signal
peptide predictions. In fact, one of them [PlasmoDB:
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PVX_090075], a protein localized in the rhoptries, has
been characterized as a promising vaccine candidate
capable of eliciting a humoral immune response and
the proliferation of lymphoeytes from human patients
[45]. The only conflicting protein is a male-specific pro-
tein [PlasmoDB:PFB0400w| said to be cytoplasmatic
according to immunofluorescence assays, however its
patchy and diffuse pattern coupled to secretory signal
sequence, also identified in the manuscript, suggested
that the protein may be located in cytoplasmic vesicles
instead [46]. Even when experimental evidence from
orthologs were considered, signal peptide prediction of
a given protein and the localization of its orthologs
were highly agreeable. Out of 40 proteins with positive
predictions, only one [PlasmoDBPVX_117660| shows a
signal peptide prediction incompatible with its orthologh
localization. However, this protein shows a positive pre-
diction, even before reannotation and it is the only pro-
tein in its orthologous group with a signal peptide, thus
it remains to be experimentally demonstrated whether
this P. vivax protein is indeed different from its orthologs.
Among the negatively predicted proteins, concordance to
orthologous localizations was lower, however, most signal
peptide predictions from the orthologs themselves con-
flicted with their localizations. A possible explanation for
contradiction between negatively predicted proteins and
subeellular localization might be alternative sorting routes
independent of signal peptides as discussed before.

Another challenge for signal peptide prediction in
Plasmodium species is the presence of a unique organ-
elle from apicomplexa resulting from secondary endo-
symbiosis, the apicoplast. This organelle is an active site
of protein transcription/translation and DNA replication
[47,48]. Pharmacological and genetic perturbation of the
apicoplast led to parasite death [49,50] and it was re-
cently described that the essential function of the apico-
plast is biosynthesis of an isoprenoid precursor during
the blood-stage growth. Its essentiality for the parasite
survival and the absence of a metabolic counterpart in
human host make the apicoplast proteins promising tar-
gets for anti-malarial drug development [51]. As only a
few proteins (~50 mostly housekeeping genes) are
encoded in the organellar genome [52], most of apico-
plast housed proteins (~500 proteins), coded in the nu-
clear genome, must be transported to the apicoplast, via
a mechanism mediated by a bipartite sorting element
formed by a signal peptide followed by a transit peptide
[53]. Several of the reannotated proteins that became
positively predicted have orthologs that are apicoplast-
targeted, demonstrating how these reannotation efforts
may assist in the quest for new anti-malarial drugs.

The search for new intervention targets for disease
control is increasingly dependent on computational
approaches that query and filter vast amounts of
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biological data, which makes annotation accuracy a pri-
ority since imprecise inputs will return low quality
results, Signal peptides, for example, are extensively
employed as a filter in reverse vaccinology strategies
[54], as targets for humoral response are usually
secreted or surface attached proteins, and misinforma-
tion on protein N-terminal sequences would certainly
prevent correct identification of putative targets. Most
of the major Plasmodium vaccine candidates (ie.:
AMA-1, Pfs230, CS, PvDBP) [55] are proteins that have
predicted signal peptides, demonstrating how important
this feature can be in the discovery of new vaccine tar-
gets. Also, information on signal peptides can be incor-
porated in the process of selecting drug targets when it
is known or expected that the metabolic process to
suffer intervention takes place in membrane bound
organelles or cellular compartments. Once more, Plas-
modium stands as a good example, as it has already
been demonstrated that the food vacuole [56] and the
apicoplast [49] are susceptible to anti-malarial com-
pounds, and protein targeting to both these organelles
is signal peptide dependent [57]. Apicoplast targeting
was one of the filtering criteria for identifying attract-
ive drug targets in Plasmodinm falciparum in a study
that used a comprehensive in silico approach [58].

Conclusions
The combinatorial strategy presented here proved to be a
powerful tool for identification of misannotated N-
terminal sequences, and allowed the redefinition of the list
of proteins destined for ER targeting in five Plasmtodium
species. It might have an important impact in the available
data for genome-wide searching of potential vaccine and
drug targets and proteins involved in host/parasite interac-
tions, particularly for P. vivax. Most of the proposed rean-
notations are already available in PlasmoDB as user
comments, and the remaining set will be uploaded shortly.
This study suggests that misannotated proteins are
frequently found in genome databases, reflecting lim-
itations and shortcomings of the gene prediction algo-
rithims used in genome annotations. Therefore, new
strategies incorporating additional information, such as
signal peptide prediction to these algorithms may im-
prove the annotation process. Moreover, despite the ana-
lyses were restrained to Plasmodiwm species at the
moment, this strategy can be readily applied to the pre-
dicted proteins of any cluster of species in order to assist
in efforts to curate protein sequence information,
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