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The early control and prevention of cancer contributes effectively interventions and
cancer therapies. Secretory protein, one of the richest biomarkers, is proved important
as molecular signposts of the physiological state of a cell. In this work, we aim
to propose a proteomic high-throughput technology platform to facilitate detection
of early cancer by means of biomarkers that secreted into the bloodstream. We
compile a new benchmark dataset of human secretory proteins in plasma. A series
of sequence-derived features, which have been proved involved in the structure and
function of the secretory proteins, are collected to mathematically encode these
proteins. Considering the influence of potential irrelevant or redundant features, we
introduce discrete firefly optimization algorithm to perform feature selection. We
evaluate and compare the proposed method SCRIP (Secretory proteins in plasma)
with state-of-the-art approaches on benchmark datasets and independent testing
datasets. SCRIP achieves the average AUC values of 0.876 and 0.844 in five-fold the
cross-validation and independent test, respectively. Besides that, we also test SCRIP
on proteins in four types of cancer tissues and successfully detect 66∼77% potential
cancer biomarkers.

Keywords: secretory proteins, human plasma, human proteome, cancer biomarker, discrete firefly algorithm

INTRODUCTION

Cancer is a major public health problem in the world, a recent survey reports that more than 1.7
million new cancer cases were diagnosed in the United States in 2018 (Siegel et al., 2019). The
number is even three times higher than that in China. Early detection of cancer facilitates timely
diagnosis and therapy in its pre-invasive state prior to metastasis, which increases the chances of
successful treatment (Kessler, 2017). For instance, the cancers of the breast, larynx, colon and skin
can be effectively controlled in their early state. As a result, they can benefit from early prevision
and diagnosis (Medicine et al., 2003). Recently, increasing efforts and financial resources are
invested in early cancer detection research. Among these efforts, blood assays detecting promises

Frontiers in Genetics | www.frontiersin.org 1 June 2019 | Volume 10 | Article 542

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.00542
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2019.00542
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00542&domain=pdf&date_stamp=2019-06-06
https://www.frontiersin.org/articles/10.3389/fgene.2019.00542/full
http://loop.frontiersin.org/people/639086/overview
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00542 June 6, 2019 Time: 16:21 # 2

Zhang et al. Prediction of Human Secretory Proteins in Plasma

high probabilities on patients’ survival for early cancers (Kim
et al., 2013). Additionally, blood assays detecting is non-invasive
and financially reasonable (El-Zein et al., 2017), which makes it
widely available.

As one of the rich source of biomarkers, secretory proteins are
favored by biologists because they show various states of the cells
at real time under given conditions (Tonry et al., 2016). Featured
by the capability of reflecting various stages of diseases, secretory
proteins are desirable for diagnosis, prognosis, etc., Particularly,
in clinical diagnosis, direct analysis of blood/plasma is widely
used as one of the non-invasive patient screenings (Lin et al.,
2011). By coincidence, the proteins secreted by cells as responses
to various stimuli are most likely secreted into blood/plasma. As a
result, the accurate recognition of secretory proteins as potential
cancer biomarkers is becoming a promising approach.

Compared with time-consuming and labor-intensive
biochemical or biophysical approaches, computation-based
methods are becoming more and more popular in high-
throughput in-vivo research. Benefit from their convenience
and effectiveness, biologists focus on the in silico research to
handle the explosive growth of unknown protein sequences.
Hung et al. used informative physicochemical properties
together with inheritable bi-objective genetic algorithm to
predict secretory proteins (Hung et al., 2010). Liu et al. adopted
manifold ranking algorithm and regarded this problem as a
semi-supervised problem (Liu et al., 2010). SecretP was designed
for distinguishing three types of proteins (classically secreted
proteins, non-secreted proteins, and non-classically secreted
proteins) in mammals. It also fusing several new features into
Chou’s pseudo-amino acid composition (Yu et al., 2010). Hong
et al. collected features between proteins found in the normal
urine and that deemed not to be urine excretory. They trained
the model and used it for the identification of gastric cancer
markers in urine (Hong et al., 2011). NClassG+ was a classifier
that designed for non-classically secreted gram-positive bacterial
proteins (Restrepo-Montoya, 2011). Luo et al. (2012) used PSSM
together with auto covariance scheme. The former represented
the multiple sequence alignment profiles, and the latter was
applied to take the neighboring effects of the sequences into
account. Wang et al. proposed a sequence-based method for
identification of human salivary proteins from blood circulation.
They also used the model and predicted 31 candidate biomarker
proteins in saliva for breast cancer (Wang et al., 2013). Sun et al.
proposed a mathematical method to predict saliva-secretory
proteins. Using the predictor, they predicted potential salivary
biomarkers for head and neck squamous cell carcinoma
(Sun et al., 2015). iMSP was a sequence-based predictor for
identification of mammalian secreted proteins (Zhang et al.,
2018). It also predicted 272 potential secreted proteins with
high confidence.

The above-mentioned research contributes to the knowledge
of secretory proteins. However, as far as we know, there exists
several shortcomings, which should be further considered. First,
few research investigates the intrinsic attributes of secretory
proteins. Some significant properties of secretory proteins have
remained unknown; second, for a typical machine learning
approach, feature selection is not only necessary but also crucial

for constructing a robust model (Zeng et al., 2017). The existences
of potential redundant or noisy features will somewhat influence
the feature space as well as ruin the constructed model; third,
secretory proteins find wide application in early cancer detection
research. Up to now, no specific predictor is proposed for the
in silico identification these special secretory proteins that serve
as cancer biomarkers.

To successfully address the above-mentioned issues, we focus
on the challenge of proposing an accurate predictor for the
identification of human secretory proteins in plasma/blood.
A number of sequence-based features that related to secretory
proteins are used to encode the proteins. We perform
comprehensive computation-based analysis and statistics for
these proteins. Considering the fact that machine learning
strategy is sensitive to the choice of feature space, we introduce
discrete firefly optimization algorithm to perform feature
selection. To further test the generalization of the proposed
method, we perform both benchmark and independent test and
compare SCRIP with current predictors. Besides that, we also
use SCRIP to recognize potential secretory proteins that serve as
biomarkers on four different types of cancers. SCRIP is expected
to become a promising tool for predicting and analyzing human
secretory proteins in plasma/blood.

MATERIALS AND METHODS

Framework of the Proposed Method
Figure 1 illustrates the framework of the proposed SCRIP.
The overall framework is consists of two parts, namely model
construction and query prediction. For the model construction
part, the training dataset is first quantified into various type of
features. Then, the feature space is filtered for optimal feature
subset by adopting discrete firefly optimization algorithm. Next,
the optimal feature subset is fed into the logistic regression to
generate the training model. For the query prediction part, the
query protein is encoded as a feature vector, and then filtered
by the optimal feature subset. After predicting by the pre-trained
model, it outputs the probability of being a secretory protein.

Benchmark Datasets
We collect a total number of 20,325 human proteins from
Swiss-Prot (December 16, 2018). From these human proteins,
we further collect 505 secretory proteins. To evaluate whether
these secretory protein has been detected experimentally in
blood/plasma, we check these proteins against Human Plasma
Proteome Project (Schwenk et al., 2017). We remove the proteins
that have less than 50 residues because these proteins are tend
to be segments. Then, blastclust (Altschul et al., 1997) is used to
cluster these proteins with the threshold of 30%. For each cluster,
we randomly pick one protein as the representative. Finally,
we obtain 332 secretory proteins in plasma/blood as positive
samples. To compile negative samples, we collect the rest 14,368
human proteins which are not annotated as secretory proteins.

We randomly pick 250 secretory proteins from positive
dataset and 250 non-secretory proteins from negative dataset
as the training dataset. The rest 82 secretory proteins and
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FIGURE 1 | Overall framework of the proposed SCRIP method.

randomly picked 82 non-secretory proteins are used as the
testing dataset. To avoid potential bias on the sampling, we
repeat this procedure for ten times. The reported results are
the average and standard deviation of the ten experiments. For
comparison with previous studies, we also adopt the independent
testing datasets from iMSP (Zhang et al., 2018). The datasets
that used to generate and evaluate SCRIP are free available at
http://www.inforstation.com/webservers/SCRIP/.

Feature Construction
The Features of Relative Amino Acid Composition
As the basic element of proteins, amino acids play vital roles
in determining the protein folding into a specific structure.
However, all residues in a protein are not equally important.
Some are essential for constructing stable structure and function
of the proteins, while others can be readily replaced. The sequence
of amino acids determines protein’s activity and function. Given
the importance of the amino acids, the features of amino
acid composition has been widely used in mathematically
describing protein structures and functions (Wei et al., 2017;
Zhang et al., 2017a).

The features of amino acid composition is quantified
as relative differences between secretory proteins and non-
secretory proteins. We compute relative amino acid composition
(RAAC) using Composition Profiler (Vacic et al., 2007).
Specifically, we calculate RAAC for secretory proteins
against Swiss-Prot database and secretory proteins against
non-secretory proteins.

The Features of Secondary Structure
The secondary structure involves protein tertiary structure and
function sites. The proteins, which are enriched with folds, are
usually in a stable arrangement. Although molecular evolution in
families of related proteins tend to form similar structures, it may
eliminate some similarities on sequence or peptide motifs (Wink,
2018). This gives rise to the proteins belong to the same families
with similar secondary structures because they all diverge from a
common ancestor.

Besides secondary structure elements, some proteins
show propensities on certain super-secondary structure
motifs (Koch and Schaefer, 2018). For instance, “β-α-β” is
a typical common super-secondary structure. The central
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TABLE 1 | The RAAC values for secretory proteins against Swiss-Prot database and secretory proteins against non-secretory proteins.

AA type Secretory proteins
vs. Swiss-Prot

Secretory proteins
vs. non-secretory

proteins

AA type Secretory proteins
vs. Swiss-Prot

Secretory proteins
vs. non-secretory

proteins

A −0.138 (0.000) −0.042 (0.000) M −0.125 (0.000) 0.003 (0.766)

C 0.578 (0.000) 0.098 (0.000) N −0.088 (0.000) 0.067 (0.000)

D −0.085 (0.000) 0.020 (0.051) P 0.274 (0.000) −0.057 (0.000)

E −0.012 (0.073) −0.098 (0.000) Q 0.088 (0.000) −0.118 (0.000)

F −0.072 (0.000) 0.056 (0.000) R −0.086 (0.000) −0.136 (0.000)

G −0.063 (0.000) 0.002 (0.883) S 0.243 (0.000) −0.002 (0.537)

H 0.051 (0.000) −0.068 (0.000) T 0.355 (0.000) 0.383 (0.000)

I −0.225 (0.000) 0.096 (0.000) V −0.045 (0.000) 0.090 (0.000)

K −0.128 (0.000) −0.102 (0.000) W 0.133 (0.000) 0.068 (0.001)

L −0.004 (0.319) −0.038 (0.000) Y −0.129 (0.000) 0.042 (0.003)

The values in brackets are the p-values. The bold indicates the significantly enriched (>0.1, p-value < 0.05) or depleted (<−0.1, p-value < 0.05) amino acid.

FIGURE 2 | Statistics of super-secondary structure motifs in secretory proteins. (A) Fraction of residues that locate on corresponding super-secondary structure
motif. (B) Fraction of corresponding super-secondary structure motif.

α helix connects the C-termini of the first β strand, and
the N-termini of the second β strand. This results packing
its side chains against the β strand and therefore shielding
the hydrophobic residues of the β strands from the surface
(MacCarthy and Perry, 2019). Here, we introduce the features
of secondary structure (SS), which contains both putative
secondary structure probabilities as well as local super-secondary
structure motifs.

The Features of Evolutionary Conservation
With the evolution of generations, mutation occurs and
randomly changes residues in any positions of proteins (Zou
et al., 2015). Evolutionary conservation indicates that a set of
residues or peptide has been maintained by natural selection.
The conserved parts of a sequence are always related to its
space skeleton or biological function (Zou et al., 2018). In
this study, evolutionary conservation is calculated by aligning

the protein primary sequence against Swiss-Prot database. We
use psi-blast (Altschul et al., 1997) to perform the sequence
alignment and obtain the position-specific scoring matrix
(PSSM) as follows:

PSSM=


S1→A S2→R · · · S1→V
S2→A S2→R · · · S2→V
...

... · · ·
...

SL→A SL→R · · · SL→V

 (1)

Si→AA quantifies the probability of the i-th amino acids
(AA) being substituted by AA during the evolutionary
process. A higher score indicates this substitution is
favored, while the lower value represents the opposite.
The preferences of 20 amino acids being substituted
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FIGURE 3 | Relative difference of evolutionary conservation matrix between secretory and non-secretory proteins. The 20 amino acids residues are shown at the top
and right. Values higher than 5% indicate the corresponding substitution is favored by secretory proteins compared with that of non-secretory proteins, and are
colored blue. The red grids are the values lower than –5% and stand for the opposite. The amino acids are grouped using agglomerative clustering with complete
linkage.

TABLE 2 | The predictive performance of different types of features on training dataset using 5-fold cross-validation.

Type of features Sensitivity Specificity Precision Accuracy MCC F1 AUC

RAAC Average Stdev 0.623 ± 0.019 0.573 ± 0.015 0.593 ± 0.009 0.598 ± 0.010 0.196 ± 0.020 0.608 ± 0.012 0.645 ± 0.010

SS Average Stdev 0.614 ± 0.013 0.573 ± 0.015 0.590 ± 0.011 0.593 ± 0.012 0.187 ± 0.023 0.601 ± 0.012 0.647 ± 0.019

EC Average Stdev 0.684 ± 0.021 0.691 ± 0.018 0.689 ± 0.016 0.687 ± 0.016 0.375 ± 0.031 0.686 ± 0.017 0.749 ± 0.011

PP Average Stdev 0.562 ± 0.018 0.660 ± 0.027 0.624 ± 0.023 0.611 ± 0.019 0.224 ± 0.039 0.591 ± 0.019 0.652 ± 0.011

The threshold is set where the MCC achieve the maximum value.

TABLE 3 | The predictive performance the combination of different types of features on training dataset using 5-fold cross-validation.

Type of features Sensitivity Specificity Precision Accuracy MCC Fl AUC

RAAC+SS Average stdev 0.630 ± 0.016 0.581 ± 0.015 0.601 ± 0.009 0.606 ± 0.009 0.212 ± 0.018 0.615 ± 0.010 0.647 ± 0.011

RAAC+EC Average stdev 0.690 ± 0.020 0.698 ± 0.016 0.695 ± 0.014 0.694 ± 0.014 0.387 ± 0.027 0.692 ± 0.015 0.752 ± 0.009

RAAC+PP Average stdev 0.625 ± 0.010 0.663 ± 0.019 0.650 ± 0.013 0.644 ± 0.010 0.289 ± 0.021 0.637 ± 0.009 0.656 ± 0.008

RAAC+SS+EC Average stdev 0.692 ± 0.019 0.702 ± 0.018 0.699 ± 0.017 0.697 ± 0.017 0.394 ± 0.034 0.696 ± 0.017 0.652 ± 0.013

RAAC+SS+PP Average stdev 0.645 ± 0.018 0.653 ± 0.009 0.650 ± 0.007 0.649 ± 0.009 0.298 ± 0.017 0.647 ± 0.012 0.651 ± 0.013

RAAC+EC+PP Average stdev 0.698 ± 0.014 0.706 ± 0.012 0.703 ± 0.010 0.702 ± 0.010 0.404 ± 0.020 0.701 ± 0.011 0.757 ± 0.006

RAAC+SS+EC+PP Average stdev 0.707 ± 0.017 0.716 ± 0.010 0.713 ± 0.008 0.711 ± 0.009 0.423 ± 0.018 0.710 ± 0.011 0.765 ± 0.010

The threshold is set where the MCC achieve the maximum value.

are statistically classified and analyzed by using the
following formula:

Si,j =

L∑
i=1

Si→j × δ

{
δ = 1, Ri = AAj
δ = 0, Ri 6= AAj

(2)

where Ri indicates the i-th residues in the protein sequence. The
Si,j is further normalized by using logistic function to eliminate
the influences of the length of the proteins. The features of
evolutionary conservation (EC) for each sequence is encoded as a
vector with 400 dimensions.

The Features of Physicochemical Properties
We collect eleven common used physicochemical properties (PP)
to encode secretory proteins. These properties include aliphatic

(Avrahami et al., 2001), sulfur (Suliman et al., 2002), aromatic
(Scheiner et al., 2002), hydrophobic (Strub et al., 2004), charge
(Heard and Weiner, 1998), polar (Kamtekar et al., 2010), positive
(Heard and Weiner, 1998), acidic (Goodwin et al., 2010), small
(Sghaier et al., 2013), tiny (Sghaier et al., 2013), and hydroxylic
(Chai and Zhang, 2018). For each properties, we first sum up the
values for each of the residues in the whole sequence, and then
calculate the average values for each properties.

Logistic Regression
In this work, we utilize logistic regression to build the models.
Logistic regression is a simple non-linear regression. Consider its
simplicity and effectiveness, logistic regression has been recently
widely used in predicting protein structures and functions
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FIGURE 4 | Comparison of predictive accuracy and fitness of three swarm optimization algorithms. (A) Discrete firefly algorithm, (B) discrete particle swam
optimization, and (C) genetic algorithm.

(Zhang et al., 2017b). Logistic regression assigns various weights
to each features in the optimal feature subsets. It is easy
to identify the valuable features and further investigate the
reasons. This leaves informative clues for future researchers.
Moreover, the outputs of logistic regression is between zero
and one, which indicates the probability of a query protein
to be non-secretory protein (0%) or secretory protein (100%).
Since logistic regression is a simple non-linear regression, it
has less chance to lead to overfitting. This attribute endows it
a good generalization. Particularly, the effectiveness of logistic
regression also promises the large scale of application, such
as human proteome.

Discrete Firefly Optimization Algorithm
Discrete firefly optimization algorithm is proved to be a powerful
nature-inspired algorithm for solving complex discrete problems,
such as flow shop scheduling (Marichelvam et al., 2014), fault
diagnosis (Fister et al., 2013), and feature selection (Long et al.,
2017). Discrete firefly optimization algorithm follows three basic
rules (Fister et al., 2013). First, a firefly will be attracted by other
fireflies regardless their sex; second, attractiveness is proportional

to their brightness and decreases with the distance among
them increases; third, the landscape of the objective function
determines the brightness of a firefly.

In the standard firefly algorithm, the light intensity I of a firefly
is defined as follows:

I (r)=I0e−γr2
(3)

where I0 denotes the light intensity of the source. Light
absorption is approximated using the fixed light absorption
coefficient γ. The distance between any two fireflies
is expressed as:

ri,j=||si − sj||=

√√√√k=n∑
k=1

(
sik − sjk

)2 (4)

where n is the dimensionality of the problem. The movement of
the i-th firefly is attracted by another more attractive firefly j, and
is applied as:

si=si + β0e−γr2
ij
(
si − sj

)
+ αεi (5)
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where i is a random number drawn from Gaussian distribution.
In this work, the position of a firefly is changed from binary bits
to real values by using sigmoid function:

si=
1

1+ e−xik
(6)

In this study, the fitness function is consist of two parts,
namely the prediction accuracy (MCC) as well as the number of
selected features. Thus, we defined the fitness as:

fi=ωαMCCi + ωβ(1−
n
N
)i (7)

where ωα and ωβ are the weights of the predictive accuracy of the
model and the size of optimal feature space, and ωα + ωβ = 1.

Evaluation Criteria
The proposed predictor outputs both binary and real-valued
predictions. To compare with previous methods, we introduce
both binary and real-valued predictions criteria. In detail, binary
predictions, namely secretory proteins vs. non-secretory proteins,
are evaluated using sensitivity, specificity, precision, accuracy,
F1-measure (F1), and Matthews correlation coefficient (MCC).
Equation 8∼13 give the definition of these criteria. True positives
(TPs) and true negatives (TNs) stand for correctly recognized
secretory and non-secretory proteins, respectively. False positives
(FPs) indicate incorrectly predicted non-secretory proteins as
secretory ones, while false negatives (FNs) represent incorrectly
predicted secretory proteins as non-secretory ones.

Sensitivity =
TP

TP + FN
(8)

Specificity =
TN

TN + FP
(9)

Precision =
TP

TP + FP
(10)

Accuracy =
TP + TN

TP + FP + TN + FP
(11)

F1 − measure = 2 ×
Sensitivity × Pr ecision
Sensitivity + Pr ecision

(12)

MCC =

TP × TN − FN × FP
√
(TP + FN)× (TP + FP) × (TN + FP ) × (TN + FN)

(13)

Binary prediction criteria may suffer from the imbalanced data,
which benefits from the real-valued prediction criteria. The latter
criteria is capable of providing unbiased assessment without
considering the threshold. The research illustrates receiver
operating characteristic curve (ROC curve) to demonstrate the
overall predictive quantity. ROC curve plots the TPR (true
positive rate) against the FPR (false positive rate) at various
thresholds. Besides that, we also calculate the area under
ROC curve (AUC). TA
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RESULTS AND DISCUSSION

The Characteristics of the Considered
Features
In this work, we encode the proteins by calculating the two types
of RAAC values. That is, the RAAC of secretory proteins against
Swiss-Prot, and the secretory proteins against non-secretory
proteins. As listed in Table 1, compared with the amino acid
distribution in Swiss-Prot, secretory proteins prefer cysteine,
threonine, serine, proline. When compared with non-secretory
proteins, secretory proteins are significantly enriched in
threonine, while depleted in lysine, glutamine and arginine.

Figure 2A illustrates the fraction of residues that locate on
various super-secondary structure motifs. “CHC” occupies the
biggest 27%, which means that most of the residues tend to locate
on this type of motif. However, if we consider the fraction of
super-secondary structure motifs, “CHC” is not the biggest. By
contrast, “CEC” occupies the largest part (Figure 2B), although
only 13% of residues locate on it. This indicates that the length of
“CEC” is about half of “CHC” in secretory proteins. Generally,
six prevalent super-secondary motifs occupy the majority of
all considered motifs. They are “CHC,” “HCH,” “ECH,” “HCE,”
“ECE,” and “CEC,” respectively.

Figure 3 shows statistical frequencies of residues in public
available super-secondary structure motifs. Compared with non-
secretory proteins, secretory proteins tend to favor R-X, P-X,
Q-X, E-X, H-X, and W-X related substitutions. Particularly,
R-X, P-X and S-X related substitutions are most favored. By
contrast, V-X, I-X, and L-X related substitutions are not enriched.
C-X, i.e., cysteine-rich secretory proteins predominantly found
in the mammalian male reproductive tract and in the venom
of reptiles (Sevier and Kaiser, 2002). The formation of disulfide
bonds contribute to the protein folding and stabilization of
space structure (Sevier and Kaiser, 2002). This procedure
will make proteins easily been secreted into the extracellular
medium. Zhang et al. (2017c) pointed out that branched
chain amino acids (isoleucine, leucine and valine) enhance
protein synthesis and secretion. As a result, the substitutions
for I-X, L-X, and V-X are relatively lower that the non-
secretory proteins.

The Performance of the Considered
Features
In this section, we evaluate each type of features on the training
dataset by using 5-fold cross-validation. We randomly pick
250 proteins secretory proteins and the equal number of non-
secretory proteins. We repeat the under-sampling for ten times to
avoid potential bias. Table 2 lists the average and stand deviation
of the ten experiments. Generally, the considered four types of
features all produce decent predictive results. RAAC gives out the
average MCC of 0.196 and AUC of 0.645. SS produce the average
MCC of 0.187 and the AUC of 0.647. Although we use eleven
physicochemical properties, the constructed model still produce
a decent average MCC of 0.224 and the AUC of 0.652. By contrast,
EC yields the highest prediction performance with the average
MCC of 0.375 and the AUC of 0.749.
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TABLE 6 | Comparison of stat-of-the-art predictors with the proposed method on
iMSP’s testing dataset.

Predictor Sensitivity Specificity Accuracy MCC AUC

SecretomeP 0.632 0.787 0.762 0.340 0.764

SRTpred 0.678 0.802 0.782 0.392 0.770

iMSP-U 0.631 0.866 0.829 0.443 0.821

iMSP-H 0.538 0.908 0.850 0.441 0.817

SCRIP 0.716 0.884 0.858 0.537 0.865

Next, we investigate that whether the combination of different
types of features contributes the recognition of secretory
proteins. The models that built on two types of features
slightly increase the average AUC values when compared with
that built on one type. This is also true for three types
of features than that on two types of features (shown in
Table 3). This indicates that each type of features contribute
to the identification of secretory proteins. When using the
considered four types of features, the model gives out the average
AUC of 0.765, and the average MCC and F1 of 0.423 and
0.710, respectively.

Comparison of Different Feature
Selection Approaches
We compare discrete firefly algorithm with other feature
selection approaches. These approaches include LASSO
(Least Absolute Selection and Shrinkage Operator) (Yamada
et al., 2014) and two swarm optimization algorithms, namely
particle swarm optimization and genetic algorithm. The initial
parameters are set as follows: for LASSO algorithm, the lambda
is set between 1 and 100, the predicted performance of the
model with the highest AUC is kept. The corresponding
feature subset is regarded as the optimal feature subset;
for genetic algorithm, we set the crossover equals 0.6 and
the mutation is 0.033; for discrete swam optimization
algorithm, we set the C1 and C2 as 1 and 2, respectively;
for discrete firefly algorithm, we set the randomness as
0.9 and the absorption coefficient as 0.5. Besides that,
the populations/particles/fireflies for three algorithms are
set as 50, and the max generation as 3000. We use the
same fitness function to optimize the swarm optimization
algorithms as well as the models. For Eq.7, we set ωα
and ωβ as 0.55 and 0.45, respectively. That is, we aim to
select less number of features with the capability of produce
high accuracy model.

We compare the performance of three optimization
algorithms in feature selection as well as model construction

(shown in Figure 4). With the increase of the iterations,
the average fitness values of three considered algorithms all
obviously rise. Table 4 lists the predictive performance of
the considered four different algorithms. LASSO performs
feature selection by quantifies the linear dependency between
input features and output values (Fonti and Belitser, 2017).
As listed in Table 4, LASSO gives out the average AUC
of 0.784, and the MCC of 0.484, which is about 2.5% and
14.4% improvement than that of the direct combination of all
features. The improvement is relative slight when compared
with three swarm optimization algorithms. Concisely, the
average MCC value for discrete firefly algorithm increases from
about 0.28 to about 0.57. By contrast, discrete particle swam
optimization and genetic algorithm produce the average MCC
values from 0.28 to about 0.55, and 0.25 to 0.55, respectively.
Moreover, we notice that, discrete firefly algorithm select
254 features. It is much less than that of discrete particle
swam optimization (280 features) while slightly higher than
genetic algorithm (233 features). Although LASSO selects
the least number of features (74 for LASSO vs. 254 for
DFA), its prediction performance is unsatisfactory. That
is, LASSO incorrectly ignores many informative features.
To further evaluate whether the improvement of DFA is
significant or not, we further calculate the p-values between
DFA and other strategies. We first check the considered data
is normal or not. If it is normal, we use t-test. Otherwise,
we use wilcoxon rank test (Taheri and Hesamian, 2013). The
p-values indicate that, the performance of DFA is statistically
outperform other methods.

Comparison With Other Predictors on
Benchmark Testing Datasets
We compare our method with SecretomeP, SREpred, iMSP
on benchmark testing dataset. Table 5 reports the average
prediction performance of the considered predictors.
SecretomeP and SRTpred output the average AUC values
of 0.709 and 0.714, and achieve the average MCC values
of 0.426 and 0.431. General and species-specific models
of iMSP produce slightly different results (0.449 vs. 0.469
for MCC values, and 0.795 vs. 0.817 for AUC values). Our
method yields decent performance with the average MCC
of 0.519 (∼11% higher than the second best iMSP-H) and
the average AUC of 0.844 (∼4% higher than the second
best iMSP-H). It also gives out the best sensitivity and
specificity among all considered methods. Particularly, the
calculated p-values indicates the improvements of SCRIP
compared with other predictors are statistically significant.

TABLE 7 | Application of SCRIP to cancer biomarkers identification.

Types of Cancer Sensitivity Specificity Precision Accuracy MCC F1 AUC

Breast Cancer 0.769 0.718 0.057 0.719 0.156 0.107 0.776

Gastric Cancer 0.733 0.820 0.193 0.815 0.311 0.306 0.804

Lung Cancer 0.733 0.666 0.045 0.667 0.120 0.085 0.792

Pancreatic Cancer 0.667 0.691 0.135 0.689 0.190 0.224 0.811
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Comparison With Other Predictors on
iMSP’s Testing Dataset
We test the predictive performance of the proposed method
on iMSP’s testing dataset. It contains 398 secretory proteins
and 2126 non-secretory proteins. We compare our method with
SecretomeP, SREpred, and iMSP. We use the general model
(iMSP-U) and species-specific model (iMSP-H) of iMSP. The
results are listed in Table 6. Comparatively, the proposed method
produces a good result with the sensitivity of 0.716 and the
specificity of 0.884. Although our specificity is not the highest, it
is slightly lower than the highest specificity of iMSP-H. The latter
gives out the specificity of 0.908. However, we yield much higher
sensitivity at 0.716 than that of 0.538 for iMSP-H. We achieve the
highest MCC and AUC values of 0.537 and 0.845, respectively.
They are about 22% (0.537/0.443≈1.22) and 5% (0.865/0.821≈
1.05) higher than the second best iMSP-U. It proves our predictor
has a good performance of generalization.

Application to Cancer Biomarkers
Identification
In this research, we adopt the proposed method to recognize
cancer biomarkers. To do this, we collect four sets of cancer
proteins from the Human Protein Atlas (Uhlen et al., 2010). We
collect 2,451 breast cancer proteins, 257 gastric cancer proteins,
2,838 lung cancer proteins, and 317 pancreatic cancer proteins.
Then we remove the proteins with less than 50 residues. Next, we
map these proteins into Swiss-Prot to extract secretory proteins.
After that, we map the secretory proteins into the Human Plasma
Proteome Project to obtain related secretory plasma proteins.
We finally obtain 52, 15, 60, and 21 secretory proteins in
breast cancer, gastric cancer, lung cancer and pancreatic cancer,
respectively. We use these proteins as positive samples and the
rest proteins as negative samples. Table 7 lists the predictive
performance on the considered cancer proteins. Generally,
SCRIP produces a decent prediction of cancer biomarkers with
the AUC values range from 0.77 to 0.81. However, we notice the
relative low values of the MCC and F1 when compared with that
on the benchmark training dataset. It is because these datasets are
class-imbalanced, which will somewhat influence the threshold-
dependent criteria. Actually, SCRIP produces higher than 0.77 of
the AUC values on four types of considered cancer proteins.

CONCLUSION

This work proposed a novel computation-based method
named SCRIP for the identification of human secretory

proteins in plasma/blood. We collected and analyzed a
series of sequence-based features, which has been proved
to be related to human secretory proteins. These features
included relative amino acid composition, secondary structure,
evolutionary conservation and physicochemical properties. We
used logistic regression, which is fast and less likely to lead
to the overfitting, to build the prediction model. In order
to get rid of potential redundant features, we introduced
discrete firefly algorithm to perform feature selection. The
test on benchmark testing datasets and independent testing
datasets proves the good generalization of our method.
Particularly, we also applied the proposed predictor for the
recognition of cancer biomarkers. SCRIP successfully recognized
more than 66% of cancer secretory proteins with the AUC
values higher than 0.77. We conclude SCRIP is a promising
predictor, which relies on novel design and elaborate feature
selection strategy, for accurate identification of human secretory
proteins in plasma.

DATA AVAILABILITY

The datasets generated for this study can be found in SCRIP,
http://www.inforstation.com/webservers/SCRIP/.

AUTHOR CONTRIBUTIONS

JZ conceived the idea of this research, compiled the benchmark
datasets, and revised the manuscript critically. YZ performed
the research including data collection, test, and analysis. ZM
supervised the whole research. All authors have read and
approved the final manuscript.

FUNDING

This work was supported in part by the National Natural
Science Foundation of China under the grants 61802329,
by the Project of Science and Technology Department of
Henan Province (No. 192102310478), by the Open Fund of
Key Laboratory of Symbolic Computation and Knowledge
Engineering of Ministry of Education (93K172019K09),
by the Innovation Team Support Plan of University
Science and Technology of Henan Province (Grant
19IRTSTHN014), and by the Nanhu Scholars Program for Young
Scholars of XYNU.

REFERENCES
Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al.

(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Avrahami, D., Oren, Z., and Shai, Y. (2001). Effect of multiple aliphatic amino acids
substitutions on the structure, function, and mode of action of diastereomeric
membrane active peptides. Biochemistry 40, 12591–12603. doi: 10.1021/
bi0105330

Chai, H., and Zhang, J. (2018). “Identification of Mammalian Enzymatic
Proteins Based on Sequence-derived Features and Species-specific Scheme,” in
Proceedings of the Recent Computational Methods in Knowledge Engineering and
Intelligence Computation, (Piscataway, NJ: IEEE).

El-Zein, R. A., Abdel-Rahman, S., Santee, K. J., Yu, R., and Shete, S.
(2017). Identification of small and non-small cell lung cancer markers
in peripheral blood using cytokinesis-blocked micronucleus and spectral
karyotyping assays. Cytogenet. Genome Res. 152, 122–131. doi: 10.1159/00047
9809

Frontiers in Genetics | www.frontiersin.org 10 June 2019 | Volume 10 | Article 542

http://www.inforstation.com/webservers/SCRIP/
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1021/bi0105330
https://doi.org/10.1021/bi0105330
https://doi.org/10.1159/000479809
https://doi.org/10.1159/000479809
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00542 June 6, 2019 Time: 16:21 # 11

Zhang et al. Prediction of Human Secretory Proteins in Plasma

Fister, I., Fister, I. Jr., Yang, X.-S., and Brest, J. (2013). A comprehensive review of
firefly algorithms. Swarm Evolution. Comput. 13, 34–46. doi: 10.1016/j.swevo.
2013.06.001

Fonti, V., and Belitser, E. (2017). Feature Selection Using Lasso. Amsterdam: VU
Amsterdam Research Paper in Business Analytics.

Goodwin, G. H., Sanders, C., and Johns, E. W. (2010). A New Group of chromatin-
associated proteins with a high content of acidic and basic amino acids. FEBS J.
38, 14–19. doi: 10.1111/j.1432-1033.1973.tb03026.x

Heard, T. S., and Weiner, H. (1998). A regional net charge and structural
compensation model to explain how negatively charged amino acids can
be accepted within a mitochondrial leader sequence. J. Biol. Chem. 273,
29389–29393. doi: 10.1074/jbc.273.45.29389

Hong, C. S., Cui, J., Ni, Z., Su, Y., Puett, D., Li, F., et al. (2011). A computational
method for prediction of excretory proteins and application to identification of
gastric cancer markers in urine. PLoS One 6:e16875. doi: 10.1371/journal.pone.
0016875

Hung, C. H., Huang, H. L., Hsu, K. T., Ho, S. J., and Ho, S. Y. (2010). Prediction of
non-classical secreted proteins using informative physicochemical properties.
Interdiscipl. Sci. Comput. Life Sci. 2, 263–270. doi: 10.1007/s12539-010-
0023-z

Kamtekar, S., Schiffer, J. M., Xiong, H., Babik, J. M., and Hecht, M. H. (2010).
Protein design by binary patterning of polar and nonpolar amino acids. Science
352, 155–166. doi: 10.1385/1-59745-187-8:155

Kessler, T. A. (2017). Cervical cancer: prevention and early detection. Semin. Oncol.
Nurs. 33:172. doi: 10.1016/j.soncn.2017.02.005

Kim, C. H., Choi, K. J., Yoo, S. S., Lee, S. Y., Won, D. I., Lim, J. O., et al.
(2013). Comparative analysis of whole-blood interferon-γ and flow cytometry
assays for detecting post-treatment immune responses in patients with active
tuberculosis. Cytomet. Part B Clin. Cytom. 86, 236–243. doi: 10.1002/cyto.b.
21110

Koch, I., and Schaefer, T. (2018). Protein super-secondary structure and quaternary
structure topology: theoretical description and application. Curr. Opin. Struct.
Biol. 50, 134–143. doi: 10.1016/j.sbi.2018.02.005

Lin, J., Chen, R., Feng, S., Pan, J., Li, Y., Chen, G., et al. (2011). A novel blood
plasma analysis technique combining membrane electrophoresis with silver
nanoparticle-based SERS spectroscopy for potential applications in noninvasive
cancer detection. Nanomed. Nanotechnol. Biol. Med. 7, 655–663. doi: 10.1016/j.
nano.2011.01.012

Liu, Q., Cui, J., Yang, Q., and Xu, Y. (2010). In-silico prediction of blood-secretory
human proteins using a ranking algorithm. BMC Bioinform. 11:250. doi: 10.
1186/1471-2105-11-250

Long, Z., Shan, L., and Wang, J. (2017). Optimal feature selection using
distance-based discrete firefly algorithm with mutual information
criterion. Neural Comp. Appl. 28, 2795–2808. doi: 10.1007/s00521-016-
2204-0

Luo, J., Yu, L., Guo, Y., and Li, M. (2012). Functional classification of
secreted proteins by position specific scoring matrix and auto covariance.
Chemometr. Intel. Labor. Syst. 110, 163–167. doi: 10.1016/j.chemolab.2011.
11.008

MacCarthy, E., and Perry, D. (2019). “Advances in Protein Super-Secondary
Structure Prediction and Application to Protein Structure Prediction,” in
Protein Supersecondary Structures, ed. A. Kister (New York, NY: Springer),
15–45. doi: 10.1007/978-1-4939-9161-7_2

Marichelvam, M. K., Prabaharan, T., and Xin, S. Y. (2014). A discrete firefly
algorithm for the multi-objective hybrid flowshop scheduling problems.
IEEE Trans. Evolution. Comput. 18, 301–305. doi: 10.1109/tevc.2013.224
0304

Medicine, I. O., Board, N. R. C. N. C. P., Curry, S. J., Byers, T., and Hewitt, M.
(2003). Fulfilling the potential of cancer prevention and early detection. Oncol.
Nurs. Forum 31, 648–648.

Restrepo-Montoya, D. (2011). NClassG+: a classifier for non-classically secreted
Gram-positive bacterial proteins. BMC Bioinform. 12:21. doi: 10.1186/1471-
2105-12-21

Scheiner, S., Tapas Kar, A., and Pattanayak, J. (2002). Comparison of various types
of hydrogen bonds involving aromatic amino acids. J. Am. Chem. Soc. 124,
13257–13264. doi: 10.1021/ja027200q

Schwenk, J. M., Omenn, G. S., Sun, Z., Campbell, D. S., Baker, M. S., Overall,
C. M., et al. (2017). The human plasma proteome draft of 2017: building on the

human plasma PeptideAtlas from mass spectrometry and complementary
assays. J. Proteome Res. 16, 4299–4310. doi: 10.1021/acs.jproteome.
7b00467

Sevier, C. S., and Kaiser, C. A. (2002). Formation and transfer of disulphide bonds
in living cells. Nat. Rev. Mol. Cell Biol. 3:836. doi: 10.1038/nrm954

Sghaier, H., Thorvaldsen, S., and Saied, M. N. (2013). There are more small
amino acids and fewer aromatic rings in proteins of ionizing radiation-resistant
bacteria. Ann. Microbiol. 63, 1483–1491. doi: 10.1007/s13213-013-0612-2

Siegel, R. L., Miller, K. D., and Jemal, A. (2019). Cancer statistics, 2019. CA Cancer
J. Clin. 69, 7–34. doi: 10.3322/caac.21551

Strub, C., Alies, C., Lougarre, A., Ladurantie, C., Czaplicki, J., and Fournier,
D. (2004). Mutation of exposed hydrophobic amino acids to arginine
to increase protein stability. BMC Biochem. 5:9. doi: 10.1186/1471-
2091-5-9

Suliman, M. E., Bárány, P., Divino Filho, J. C., Qureshi, A. R., Stenvinkel, P.,
Heimbürger, O., et al. (2002). Influence of nutritional status on plasma and
erythrocyte sulphur amino acids, sulph-hydryls, and inorganic sulphate in end-
stage renal disease. Nephrol. Dial. Transplant. 17, 1050–1056. doi: 10.1093/ndt/
17.6.1050

Sun, Y., Du, W., Zhou, C., Zhou, Y., Cao, Z., Tian, Y., et al. (2015).
A computational method for prediction of saliva-secretory proteins and
its application to identification of head and neck cancer biomarkers for
salivary diagnosis. IEEE Trans. Nanobiosci. 14:167. doi: 10.1109/TNB.2015.239
5143

Taheri, S., and Hesamian, G. (2013). A generalization of the Wilcoxon signed-
rank test and its applications. Stat. Pap. 54, 457–470. doi: 10.1007/s00362-012-
0443-4

Tonry, C. L., Emma, L., Cinzia, R., Finn, S. P., John, A., and Pennington, S. R.
(2016). The role of proteomics in biomarker development for improved patient
diagnosis and clinical decision making in prostate cancer. Diagnostics 6:E27.
doi: 10.3390/diagnostics6030027

Uhlen, M., Oksvold, P., Fagerberg, L., Lundberg, E., Jonasson, K., Forsberg, M.,
et al. (2010). Towards a knowledge-based human protein atlas. Nat. Biotechnol.
28:1248. doi: 10.1038/nbt1210-1248

Vacic, V., Uversky, V. N., Dunker, A. K., and Lonardi, S. (2007). Composition
profiler: a tool for discovery and visualization of amino acid composition
differences. BMC Bioinform. 8:211. doi: 10.1186/1471-2105-8-211

Wang, J., Liang, Y., Wang, Y., Cui, J., Liu, M., Du, W., et al. (2013). Computational
prediction of human salivary proteins from blood circulation and application to
diagnostic biomarker identification. PLoS One 8:e80211. doi: 10.1371/journal.
pone.0080211

Wei, L., Xing, P., Su, R., Shi, G., Ma, Z. S., and Zou, Q. (2017). CPPred-RF: a
sequence-based predictor for identifying cell-penetrating peptides and their
uptake efficiency. J. Proteome Res. 16, 2044–2053. doi: 10.1021/acs.jproteome.
7b00019

Wink, M. (2018). “Introduction: biochemistry, physiology and ecological functions
of secondary metabolites,” in Annual Plant Reviews Biochemistry of Plant
Secondary Metabolism, ed. M. Wink (Hoboken, NJ: Wiley).

Yamada, M., Jitkrittum, W., Sigal, L., Xing, E. P., and Sugiyama, M. (2014). High-
dimensional feature selection by feature-wise kernelized lasso. Neural Comput.
26, 185–207. doi: 10.1162/NECO_a_00537

Yu, L., Guo, Y., Li, Y., Li, G., Li, M., Luo, J., et al. (2010). SecretP: identifying
bacterial secreted proteins by fusing new features into Chou’s pseudo-amino
acid composition. J. Theor. Biol. 267, 1–6. doi: 10.1016/j.jtbi.2010.08.001

Zeng, X., Lin, W., Guo, M., and Zou, Q. (2017). A comprehensive overview and
evaluation of circular RNA detection tools. PLoS Comput. Biol. 13:e1005420.
doi: 10.1371/journal.pcbi.1005420

Zhang, J., Chai, H., Guo, S., Guo, H., and Li, Y. (2018). High-throughput
identification of mammalian secreted proteins using species-specific scheme
and application to human proteome. Molecules 23:1448. doi: 10.3390/
molecules23061448

Zhang, J., Chai, H., Yang, G., and Ma, Z. (2017a). Prediction of bioluminescent
proteins by using sequence-derived features and lineage-specific scheme. BMC
Bioinform. 18:294. doi: 10.1186/s12859-017-1709-6

Zhang, J., Ma, Z., and Kurgan, L. (2017b). Comprehensive review and
empirical analysis of hallmarks of DNA-, RNA-and protein-binding residues
in protein chains. Brief. Bioinform. doi: 10.1093/bib/bbx168 [Epub ahead
of print].

Frontiers in Genetics | www.frontiersin.org 11 June 2019 | Volume 10 | Article 542

https://doi.org/10.1016/j.swevo.2013.06.001
https://doi.org/10.1016/j.swevo.2013.06.001
https://doi.org/10.1111/j.1432-1033.1973.tb03026.x
https://doi.org/10.1074/jbc.273.45.29389
https://doi.org/10.1371/journal.pone.0016875
https://doi.org/10.1371/journal.pone.0016875
https://doi.org/10.1007/s12539-010-0023-z
https://doi.org/10.1007/s12539-010-0023-z
https://doi.org/10.1385/1-59745-187-8:155
https://doi.org/10.1016/j.soncn.2017.02.005
https://doi.org/10.1002/cyto.b.21110
https://doi.org/10.1002/cyto.b.21110
https://doi.org/10.1016/j.sbi.2018.02.005
https://doi.org/10.1016/j.nano.2011.01.012
https://doi.org/10.1016/j.nano.2011.01.012
https://doi.org/10.1186/1471-2105-11-250
https://doi.org/10.1186/1471-2105-11-250
https://doi.org/10.1007/s00521-016-2204-0
https://doi.org/10.1007/s00521-016-2204-0
https://doi.org/10.1016/j.chemolab.2011.11.008
https://doi.org/10.1016/j.chemolab.2011.11.008
https://doi.org/10.1007/978-1-4939-9161-7_2
https://doi.org/10.1109/tevc.2013.2240304
https://doi.org/10.1109/tevc.2013.2240304
https://doi.org/10.1186/1471-2105-12-21
https://doi.org/10.1186/1471-2105-12-21
https://doi.org/10.1021/ja027200q
https://doi.org/10.1021/acs.jproteome.7b00467
https://doi.org/10.1021/acs.jproteome.7b00467
https://doi.org/10.1038/nrm954
https://doi.org/10.1007/s13213-013-0612-2
https://doi.org/10.3322/caac.21551
https://doi.org/10.1186/1471-2091-5-9
https://doi.org/10.1186/1471-2091-5-9
https://doi.org/10.1093/ndt/17.6.1050
https://doi.org/10.1093/ndt/17.6.1050
https://doi.org/10.1109/TNB.2015.2395143
https://doi.org/10.1109/TNB.2015.2395143
https://doi.org/10.1007/s00362-012-0443-4
https://doi.org/10.1007/s00362-012-0443-4
https://doi.org/10.3390/diagnostics6030027
https://doi.org/10.1038/nbt1210-1248
https://doi.org/10.1186/1471-2105-8-211
https://doi.org/10.1371/journal.pone.0080211
https://doi.org/10.1371/journal.pone.0080211
https://doi.org/10.1021/acs.jproteome.7b00019
https://doi.org/10.1021/acs.jproteome.7b00019
https://doi.org/10.1162/NECO_a_00537
https://doi.org/10.1016/j.jtbi.2010.08.001
https://doi.org/10.1371/journal.pcbi.1005420
https://doi.org/10.3390/molecules23061448
https://doi.org/10.3390/molecules23061448
https://doi.org/10.1186/s12859-017-1709-6
https://doi.org/10.1093/bib/bbx168
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00542 June 6, 2019 Time: 16:21 # 12

Zhang et al. Prediction of Human Secretory Proteins in Plasma

Zhang, S., Zeng, X., Ren, M., Mao, X., and Qiao, S. (2017c). Novel metabolic and
physiological functions of branched chain amino acids: a review. J. Anim. Sci.
Biotechnol. 8:10. doi: 10.1186/s40104-016-0139-z

Zou, Q., Hu, Q., Guo, M., and Wang, G. (2015). HAlign: Fast multiple
similar DNA/RNA sequence alignment based on the centre star
strategy. Bioinformatics 31, 2475–2481. doi: 10.1093/bioinformatics/
btv177

Zou, Q., Qu, K., Luo, Y., Yin, D., Ju, Y., and Tang, H. (2018). Predicting diabetes
mellitus with machine learning techniques. Front. Genet. 9:515. doi: 10.3389/
fgene.2018.00515

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Zhang and Ma. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 12 June 2019 | Volume 10 | Article 542

https://doi.org/10.1186/s40104-016-0139-z
https://doi.org/10.1093/bioinformatics/btv177
https://doi.org/10.1093/bioinformatics/btv177
https://doi.org/10.3389/fgene.2018.00515
https://doi.org/10.3389/fgene.2018.00515
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	In silico Prediction of Human Secretory Proteins in Plasma Based on Discrete Firefly Optimization and Application to Cancer Biomarkers Identification
	Introduction
	Materials and Methods
	Framework of the Proposed Method
	Benchmark Datasets
	Feature Construction
	The Features of Relative Amino Acid Composition
	The Features of Secondary Structure
	The Features of Evolutionary Conservation
	The Features of Physicochemical Properties

	Logistic Regression
	Discrete Firefly Optimization Algorithm

	Evaluation Criteria

	Results and Discussion
	The Characteristics of the Considered Features
	The Performance of the Considered Features
	Comparison of Different Feature Selection Approaches
	Comparison With Other Predictors on Benchmark Testing Datasets
	Comparison With Other Predictors on iMSP's Testing Dataset
	Application to Cancer Biomarkers Identification

	Conclusion
	Data Availability
	Author Contributions
	Funding
	References


