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Abstract 

Background: The zone adjacent to a transcription start site (TSS), namely, the pro-
moter, is primarily involved in the process of DNA transcription initiation and regula-
tion. As a result, proper promoter identification is critical for further understanding the 
mechanism of the networks controlling genomic regulation. A number of method-
ologies for the identification of promoters have been proposed. Nonetheless, due to 
the great heterogeneity existing in promoters, the results of these procedures are still 
unsatisfactory. In order to establish additional discriminative characteristics and prop-
erly recognize promoters, we developed the hybrid model for promoter identification 
(HMPI), a hybrid deep learning model that can characterize both the native sequences 
of promoters and the morphological outline of promoters at the same time. We devel-
oped the HMPI to combine a method called the PSFN (promoter sequence features 
network), which characterizes native promoter sequences and deduces sequence 
features, with a technique referred to as the DSPN (deep structural profiles network), 
which is specially structured to model the promoters in terms of their structural profile 
and to deduce their structural attributes.

Results: The HMPI was applied to human, plant and Escherichia coli K-12 strain data-
sets, and the findings showed that the HMPI was successful at extracting the features 
of the promoter while greatly enhancing the promoter identification performance. 
In addition, after the improvements of synthetic sampling, transfer learning and label 
smoothing regularization, the improved HMPI models achieved good results in identi-
fying subtypes of promoters on prokaryotic promoter datasets.

Conclusions: The results showed that the HMPI was successful at extracting the 
features of promoters while greatly enhancing the performance of identifying promot-
ers on both eukaryotic and prokaryotic datasets, and the improved HMPI models are 
good at identifying subtypes of promoters on prokaryotic promoter datasets. The HMPI 
is additionally adaptable to different biological functional sequences, allowing for the 
addition of new features or models.

Keywords: Promoter identification, Convolutional neural networks (CNNs), Fully 
connected networks, Structural profiles
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Introduction
According to their definition in genetics, functional areas around transcription start 
sites (TSSs), which are crucial to initiating and regulating DNA transcription are 
referred to as promoters [1, 2]. Therefore, reliable promoter identification is a crucial 
course of action in genomics for furthering our present understanding of genetic regula-
tion networks.

Researchers face a significant barrier in identifying promoters and nonpromoters, 
such as human and plant promoters, that have a greater variety and are more difficult 
to describe [3, 4]. In recent years, a variety of biological experimental base approaches 
have been used to find promoters [5]. Such traditional procedures were both difficult 
and costly [6]. Newer promoter identification methods based on computational tech-
niques with lower complexity and running costs have recently been proposed [7]. There-
fore, determining the difference between nonpromoters and promoters and extracting 
the most distinctive characteristics for promoter recognition among various species is 
critical. Context features, signal features and CpG features are the three types of traits 
employed to characterize promoters in general. Transcription factor recognition ele-
ments [8], CAAT boxes [9], TATA boxes [10] and other functional promoter element 
regions are always used to extract signal features. Consequently, a number of other 
regions of the promoter are discarded. Context features are obtained by executing 
k-length windows and estimating the k-mer (plausible subsequences of length k) fre-
quency [11]. Nonetheless, certain information, such as the spatial connections among 
the base pairs placed within the sequences, has still been overlooked. The existence of 
CpG islands was used for the identification of promoter regions in CpG feature-based 
approaches [12, 13]. However, because CpG islands are contained within only 70% of 
promoters, the methods are unlikely to significantly enhance the identification outcome. 
To conclude, the techniques comprising three single features are frequently insufficient.

Furthermore, novel sequence feature-based techniques for promoter identification 
have recently been proposed and have yielded promising results. Successful identifica-
tion of promoter areas was made by Umarov et al. (2017) using primary sequences of 
promoters without any prior understanding of certain promoter properties [14]. To pre-
dict the strength of Escherichia coli promoters, Bharanikumar et al. used position weight 
matrices to represent the promoter sequences [15]. These findings suggest that the pri-
mary sequences of promoters may imply more information on discriminative factors 
than these aforementioned traits. However, because promoters are typically complicated 
and heterogeneous, promoter sequence-based signals cannot reliably identify promot-
ers very well. According to recent research, structural characteristics have a key role in a 
variety of bioprocesses [16]. Although DNA is frequently represented as a rather inflex-
ible double-helical structure, the innate structural attributes provide a wealth of useful 
details [17]. Whereas the nucleotide sequence mostly determines these structural fea-
tures, research has demonstrated that promoters do possess different patterns in terms 
of their structure compared to other sequences [18]. This outcome suggests that the 
structural attributes that indicate promoter structural profiles have the potential to be 
employed as a supplement to the primary sequences in promoter identification.

The focus of such research has always been the identification methods and models, 
in addition to the methods describing promoter properties. Deep neural networks have 
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recently been used in tasks such as promoter identification and recognition, owing to 
the remarkable performance and excellent application of deep learning models in differ-
ent sectors. Convolutional neural networks (CNNs) were utilized for the analysis of the 
sequence characteristics of eukaryotic and prokaryotic promoters and for building pre-
diction models by Umarov et al. [14]. In addition, Oubounyt et al. postulated the Dee-
Promoter model for examining and analysing the essential features of the sequences of 
short eukaryotic promoters and for the accurate recognition of the promoter sequences 
of mice and humans [19]. The DCDE deep learning method for the extraction of distinc-
tive characteristics from human promoters was proposed by Xu et al. [20].

For better modelling of the promoters and improvement in the identification out-
comes, we developed a hybrid model for promoter identification (HMPI) aimed at iden-
tifying the promoter. The HMPI is in fact inspired by these aforementioned studies and 
the outstanding modelling potential of deep learning-based algorithm. We propose the 
PSFN (promoter sequence features network) method to model the original promoter 
sequences and derive the sequence features based on CNNs. Additionally, in the PSFN, 
we incorporate the centre loss as an aspect of the classification loss function to further 
boost the specificity of promoters and nonpromoters. The validity of the HMPI is dem-
onstrated by the identification results using the primary promoter sequences as input. 
Furthermore, to model the promoter structural profiles and extract structural features, 
we propose the DSPN (deep structural profiles network), which contains smaller con-
nections among layers, based on a fully connected network and DenseNet [21]. Owing 
to the DSPN layers being directly connected, the network can be much deeper, more 
efficient, and more precise for modelling promoter structural characteristics. Ultimately, 
we build the HMPI, which combines the DSPN and PSFN. The efficiency of the HMPI 
was demonstrated by experiments on datasets corresponding to both plants, humans 
and the Escherichia coli K-12 strain.

The main contribution of the present research is the advancement of an effective 
hybrid deep learning model called the HMPI for promoter identification. In the HMPI, 
the original sequences and structural profiles of promoters are modelled simultane-
ously through the PSFN and DSPN, which are methods we proposed based on CNNs, 
fully connected networks and DenseNet. Additionally, instead of deriving a single type 
of feature, we extracted and combined the sequence features and structural features 
for promoter identification. The experimental results demonstrate that the HMPI can 
significantly improve the promoter identification performance on both eukaryotic and 
prokaryotic promoter datasets. The results also suggest that the structural information 
recovered by the DSPN and the distinguishing element information extracted by the 
PSFN may complement one another in promoter identification. In addition, after the 
improvements of synthetic sampling, transfer learning and label smoothing regulariza-
tion, the improved HMPI models achieved significant results in identifying subtypes 
of promoters on the subdatasets of prokaryotic promoters. Furthermore, as a hybrid 
model, the HMPI can be extended to include more characteristics and has the prospects 
of application to various functional biological sequences.
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Experiments and results
A variety of experiments are presented in this section to provide evidence of the 
efficacy of our approaches and models. We used Keras, which is a Python-based 
approach, to conduct the experiments (https:// keras. io/).

Data preparation and performance assessments

The datasets used in the investigation were gathered from eukaryotes and prokary-
otes. To identify eukaryotic promoters, we collected promoter datasets from both 
plants and humans. To obtain sufficient promoter data to conduct the experiments, 
the Eukaryotic Promoter Database (EPD) was searched, and all the cases of 29,597 
human promoters were collected [22]. Furthermore, PlantPromDB was searched 
and all the cases of 8272 plant promoters were obtained [23]. These datasets provide 
verified high quality promoter data. For negative datasets, nonpromoters for humans 
were collected from the UCSC database (http:// www. genome. ucsc. edu), and nonpro-
moters for plants were processed from TAIR [24]. The negative sequences were gath-
ered from regions such as exons, coding regions, introns, and 3’ untranslated regions, 
and the negative sequence start site was selected randomly based upon the premise 
that the sequence length of 251 bp was sufficient. Table 1 lists the specifics of these 
datasets.

To identify prokaryotic promoters, the Regulon DB [25] was searched and the data 
were processed as the same processing flow proposed by Bin et al. [26]. All the cases of 
2860 promoters of Escherichia coli K-12 strain were collected. These promoters came 
from six different subtypes of promoter data, and the negative samples were selected 
randomly from coding regions of the Escherichia coli K-12 strain. Table 2 lists the specif-
ics of these datasets.

Table 1 Datasets and the details of eukaryotic promoters

Organism Data sources Dataset type Numbers of 
sequences

Location/length

Human EPD Promoters 29,597 [− 200, + 50] bp

UCSC Non-promoters 50,000 251 bp

Plants PlantProm DB Promoters 8272 [− 200, + 50] bp

TAIR Non-promoters 12,834 251 bp

Table 2 Datasets and the details of prokaryotic promoters

Organism Data sources Subtype/type Numbers of 
sequences

Location/length

Escherichia coli K-12 Regulon DB σ24 484 [− 60, + 20] bp

σ28 134 [− 60, + 20] bp

σ32 291 [− 60, + 20] bp

σ38 163 [− 60, + 20] bp

σ54 94 [− 60, + 20] bp

σ70 1694 [− 60, + 20] bp

Non-promoters 2860 81 bp

https://keras.io/
http://www.genome.ucsc.edu
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In this study, all samples are divided according to the same proportion, 1/5 as a test 
set, 4/5 as a training set. The widely used measures of the sensitivity Sn , the specificity 
Sp , the Matthew correlation coefficient Mcc [27], and the accuracy Acc are utilized to 
assess the performance of models.

Effectiveness of the PSFN at identifying eukaryotic promoters

The PSFN for modelling the original promoter sequences and deriving sequence fea-
tures in the HMPI is developed in “Modelling the original promoter sequences” sec-
tion of “Methods”. The results of the studies in this section are shown to confirm the 
efficiency of the features derived from promoter sequences through the PSFN. We 
also compared a method called PSFNcce, which has a model structure that is nearly 
identical to the PSFN. Only the loss function distinguishes these two approaches. The 
PSFN employs the joint loss function (Eq. 9) whereas PSFNcce employs the categor-
ical cross-entropy (CCE) loss function (Eq.  8). In these two approaches, the Adam 
optimizer is employed to optimize both objective functions [28]. In addition, as com-
parison tests, two more cutting-edge deep learning classification models, GoogLeNet 
[29] and ResNet [30], are utilized to predict promoters. Table 3 shows the outcomes 
of using these four approaches to identify the promoters and the negative samples in 
the test set, on the datasets of humans and plants which are indicated in Table 1.

Table  3 shows that PSFNcce has higher sensitivity Sn than the other three tech-
niques, implying that it performs better on positive samples (promoter sequences). 
On both human and plant datasets, the PSFN outperforms the other three approaches 
in terms of the Mcc , Acc , and Sp . The results demonstrate the efficiency of the 
PSFN, and the sequence features recovered by the PSFN can be used to characterize 
human and plant promoters from a variety of angles. As previously stated, the PSFN 
approach uses the centre loss as a component of the joint loss function to improve 
the discriminative ability of the learned sequence features. We lower the dimensions 
by PCA (principal component analysis) and TSNE (t-distributed stochastic neigh-
bor embedding) methods [31] and show the features of the sequences extracted via 
PSFNcce and the PSFN to check the validity of the centre loss intuitively. The reduc-
tion and display of the plant datasets is as an example due to space limits. Figure 1a, b 
depicts the sequence features retrieved from the training set, and Fig. 1c, d represents 
the features derived from the test set.

Table 3 Detailed outcomes of the four methods mentioned above

The best results of each measure are shown in bold

Organism Method Sn (%) Sp (%) Acc (%) Mcc

Human PSFNcce 86.79 92.32 90.26 0.7930

PSFN 85.16 94.42 90.97 0.8055
ResNet 82.13 90.60 87.45 0.7303

GoogLeNet 83.75 86.84 85.69 0.6982

Plants PSFNcce 87.92 94.62 91.99 0.8314

PSFN 86.96 96.96 93.04 0.8539
ResNet 80.92 89.56 86.17 0.7086

GoogLeNet 87.92 92.83 90.90 0.8089
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The comparison in Fig. 1 clearly shows that, in the right figures, the data in clusters lie 
close to each other, and there are clearly fewer interleaved and overlapped parts among 
the various classes of clusters in the left figures. With the centre loss as a loss function 
element, the models reveal increased intraclass compactness and interclass dispersion.

Effectiveness of the DSPN at identifying eukaryotic promoters

We develop the DSPN in “Extraction of the structural characteristics of promoters” 
section of “Methods” and used the DSPN in the HMPI to model the structure-related 
profiles and extract the structural features from the primary promoter sequence. The 
outcomes of the trials for confirming the efficiency of the structural features retrieved 
with the DSPN will be presented in this section.

The matrices of the structural profile properties derived from the sequences of the 
promoter through Eq. (11) are used as the inputs of the DSPN to evaluate the capa-
bilities of the DSPN to characterize structural profiles and authenticate the efficiency 
of the deduced structural features. With a 12× (L− 1) input of the matrix (see Eq. 11) 

Fig. 1 a Features derived from the training sets of plants through the PSFNcce. b Features derived from the 
training sets of plants through the PSFN. c Features derived from the test sets of plants through the PSFNcce. 
d Features derived from the test sets of plants through the PSFN
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from a primary sequence of promoters, as discussed in the “Extraction of the structural 
characteristics of promoters” section of “Methods”, the softmax activation function is 
employed to allow the possibility of the input sequence belonging to each category, and 
the CCE loss function (see Eq. 8) is employed as the supervision signal for training the 
network. Moreover, the comparative experiments utilize a set of three frequently applied 
deep learning models with comparatively better efficiency. With the same inputs as the 
DSPN, the CNNs [14], GoogLeNet [29], and ResNet [30] are applied to identify promot-
ers. Table 4 shows the results of the DSPN and three other comparative models with the 
input of matrix S of promoters and negative samples in the test set, on the datasets of 
humans and plants, which are indicated in Table 1.

Table 4 shows that the CNNs outperforms the other three models in terms of the Sn , 
and the DSPN outperforms the other three models in terms of the Mcc , Acc , and Sp 
on the human dataset, which implies that the DSPN is better at describing the struc-
tural profiles of the human promoters of sequences, and the CNNs is better at describ-
ing human promoters than nonpromoters. On the plants dataset, Table 4 shows that the 
DSPN has the best performance on the Mcc and Acc , and GoogLeNet and the CNNs 
have the best Sp and Sn . This implies that promoter sequences can be best characterized 
by CNNs, and nonpromoter sequences can be best characterized by GoogLeNet. Simi-
larly, the plant datasets can be comprehensively characterized by the DSPN.

Comparing Table  3 with Table  4 shows that simply using promoter structural pro-
files to identify promoters is less successful than using promoter sequences, indicating 
that original sequences include more discriminative information than generated struc-
tural characteristics. Furthermore, the identification results utilizing the sequences of 
promoters on plant datasets are superior to those on human datasets, as presented in 
Table 3; however, the opposite is true in Table 4, utilizing the structural profiles of pro-
moters. It can be inferred that the extracted sequence features can be distinctly differ-
entiated from the structural features. The information implied in structural features and 
the information implied in sequence features may complement each other.

Effectiveness of the HMPI at identifying eukaryotic promoters

In this part, we will first show the conservative property of the structural profiles 
of promoter sequences. Statistical analysis is performed on the twelve properties 
described in Additional file  1: Table  S1. Owing to space constraints, we show the 

Table 4 Detailed outcomes of the four methods mentioned above with the input of matrices of 
structural profile properties

The best results of each measure are shown in bold

Organism Method Sn (%) Sp (%) Acc (%) Mcc

Human DSPN 80.60 90.36 86.73 0.7144
CNNs 82.63 86.76 85.22 0.6874

ResNet 80.81 86.84 84.59 0.6725

GoogLeNet 78.31 89.56 85.37 0.6847

Plants DSPN 75.24 90.33 84.41 0.6695
CNNs 81.76 85.50 83.23 0.6607

ResNet 71.37 90.80 83.18 0.6428

GoogLeNet 67.51 93.69 83.42 0.6500
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statistical results on the plant datasets as a demonstration in Additional file  1: Fig-
ure S1. Figure S1 shows that there were obvious differences in the average expression 
of each structural profile ( SP ) property between plant promoters and nonpromot-
ers. Especially in the core promoter regions near the TSSs (locations at coordinate 
0 in Additional file 1: Figure S1), the statistical results of promoters show significant 
variation in the expression of each SP property while the curves of nonpromoters are 
relatively flat. This indicates that these twelve SP properties of promoter sequences 
are strongly conserved and can be used for further feature extraction and promoter 
identification.

Next, we will compare the performance of the HMPI on plant and human data-
sets and compare the HMPI to the most sophisticated and elaborate classification 
models GoogLeNet and ResNet, the promoter identification techniques for humans 
[20, 32, 33], and the promoter identification techniques for plants [27, 34] that have 
been recently put forward. SD-MSAEs [32] created a human promoter recognition 
technique by combining the advantages of several sparse autoencoders and statisti-
cal divergence within deep learning. SCS [33] used decision trees to build a hierar-
chical promoter recognition system that included CpG, k-mer, and structural data. 
DCDE-MSVM [20] was found to be a highly effective deep convolutional divergence 
encoding technique based on CNNs and statistical divergence. using a genetic algo-
rithm. PromoBot [34] chose triplet pairs utilizing a genetic algorithm to differentiate 
between promoters and nonpromoters on the basis of the frequency of nonadjacent 
triplet pairs and later classified them using an SVM. TSSPlant [27] employed a model 
based on a backpropagation artificial neural network to predict promoters based on 
eighteen major signal and compositional properties of plant promoter sequences. 
Table 5 shows how different strategies compare in terms of performance.

Table 5 clearly shows that the HMPI has the best Mcc , Sp , and Sn results on human 
datasets. Similarly, the HMPI has also been able to achieve the highest Mcc and Sp on 
the plant datasets. This suggests that the HMPI is quite good at identifying human 
promoters. TSSPlant has the best Sn results on the plant datasets, but it also has the 

Table 5 The comparison of the performance of the HMPI and other methods mentioned above at 
identifying eukaryotic promoters

The best results of each measure are shown in bold
* The represented measurements are not calculated

Organism Results source Sn (%) Sp (%) Mcc Method

Human This article 85.84 94.72 0.8151 HMPI

82.13 90.60 0.7303 ResNet

83.75 86.84 0.6982 GoogLeNet

[32] 85.19 81.91 ∗ SD-MSAEs

[33] 78.45 ∗ 0.6413 SCS

[20] 79.67 78.90 * DCDE-MSVM

Plants This article 90.34 95.95 0.8684 HMPI

80.92 89.56 0.7086 ResNet

87.92 92.83 0.8089 GoogLeNet

[34] 89 86 * PromoBot

[27] 94 86 0.82 TSSPlant
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lowest Mcc and Sp , implying that it has a larger false-positive rate, which suggests 
that the HMPI continues to have the best overall identification results on the plant 
datasets. These results authenticate the validity of the HMPI.

Application of the HMPI to identify prokaryotic promoters and their types

In this section, we will first compare the performance of the HMPI at identifying pro-
moters on the Escherichia coli K-12 strain datasets to those of several identification 
models [26, 35–37]. Stability [35] used DNA double stranded stability features to iden-
tify promoters. iPro54 [36] considered local and global pseudonucleotide composition 
(PSEKNC) characteristics for promoter identification. iPromoter-2L [26] considered the 
influence of different sliding windows based on PSEKNC. MULTiPly [37] applied global 
statistical features to classify promoters. To accommodate the changes in the data length 
of Escherichia coli K-12 strain promoter sequences, the number of nodes in the DSPN is 
set to 80, 500, 80, 150, 500, 500, and 128, respectively, in this section. Table 6 shows the 
outcomes of identifying promoters through the HMPI and four other comparative mod-
els on the Escherichia coli K-12 datasets, which are indicated in Table 2.

Table 6 shows that compared to the other four methods, the HMPI achieves the best 
results in all four indices of the Sn , Sp , Acc and Mcc . This indicates that the features 
derived from the HMPI can better represent the promoter of the Escherichia coli K-12 
strain and that the HMPI is well suited for identifying prokaryotic promoters. However, 
there are always multiple subtypes of prokaryotic promoters. For instance, six subtypes 
for promoters of the Escherichia coli K-12 strain are indicated in Table 2. We will con-
tinue with several experiments to confirm the validity of the HMPI at identifying prokar-
yotic promoter subtypes in this section.

As illustrated in Table 2, the data volumes of promoters in each subtype vary greatly, 
and several of the volumes are quite small for modelling. To better adapt to these prob-
lems, we made different changes to the HMPI, and the improved HMPIs are denoted as 
HMPIat and HMPIlsr.

First, in HMPIat, we introduce an adaptive synthetic sampling approach ADASYN 
[38] for learning imbalanced datasets, which uses a weighted distribution for differ-
ent minority class examples according to their level of difficulty in learning and gener-
ates more synthetic data for minority class examples. In addition, because the one-hot 
encoding of the promoter sequence is difficult for adaptive synthetic sampling, we apply 
transfer learning on the second layer of the PSFN [39] to generate synthetic data. Fig-
ure 2a depicts the training set features derived by the second layer of the PSFN within 

Table 6 The comparison of performance of the HMPI and other methods mentioned above at 
identifying prokaryotic promoters

The best results of  each measure are shown in bold

Organism Method Sn (%) Sp (%) Acc (%) Mcc

Escherichia coli K-12 HMPI 90.21 88.11 89.16 0.7834
Stability 76.61 79.48 78.04 0.5615

iPro54 77.76 83.15 80.45 0.6100

iPromoter-2L 79.20 83.15 80.45 0.6343

MULTiPly 87.27 86.57 86.92 0.7385
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the HMPI, and Fig. 2b depicts the training set features derived by the second layer of 
the PSFN model within HMPIat, both on the Escherichia coli K-12 dataset. As shown 
in Fig. 2, the application of the ADASYN and transfer learning makes the distribution of 
minority classes clearer.

Second, in HMPIlsr, we propose the utilization of a label smoothing regularization 
(LSR) method to assign a uniform label distribution to the nonground truth classes, 
which can regularize the supervised model, as inspired by Zhedong et al. [40]. The distri-
bution of the ground truth is denoted by q(k) in Eq. (7), and the distribution of LSR can 
be denoted as follows.

where K  is the number of classes and ε is a small number. In this paper, we set ε as 0.2 . 
Substituting Eq. (1) into Eq. (6), we obtain the categorical cross-entropy loss function 
with LSR, as shown in Eq. (2). In addition, compared to the HMPI method, Eq. (2) 
replaces Eq. (6) in the HMPIlsr method.

Finally, we compared the promoter subtype identification performance of the HMPI, 
HMPIat and HMPIlsr with iPromoter-2L [26] on the Escherichia coli K-12 datasets. 
Table  7 shows the outcomes of identifying promoter subtypes through the HMPI, 
HMPIat, HMPIlsr and iPromoter-2L methods on the Escherichia coli K-12 dataset, 
which are indicated in Table 2.

According to the comparison in Table 7, HMPIlsr achieves the best results and outper-
forms iPromoter-2L [26] on both the Acc and Mcc indices on three subtypes of σ24, σ32 

(1)qLSR(k) =
ε
K , k �= y
1− ε + ε

K , k = y

(2)LLSR = −(1− ε)log(p(y))−
ε

K

K
∑

k=1

log(p(k))

Fig. 2 a The training set features derived by the second layer of the PSFN within the HMPI. b The training set 
features derived by the second layer of the PSFN within the HMPIat
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and σ70, which demonstrates that the HMPIlsr model with improved labelling smooth-
ing regularization achieves good performance at identifying prokaryotic promoter sub-
types. Besides, HMPIat achieves the best results on both the Acc and Mcc indices on the 
σ28 subtype, outperforming iPromoter-2L by 13.7% on the Mcc ; achieves the best Mcc 
on the σ38 subtype; and achieves the best Acc on σ54. This demonstrates that the HMPIat 
model with the improvement of the ADASYN method and transfer learning has advan-
tages in enhancing the identification performance of subtypes with small data volumes. 
In summary, the experiments in this section indicate that the HMPI performs very well 
at identifying prokaryotic promoters, and the improved HMPI models achieve good 
results in identifying subtypes of prokaryotic promoters. It is further demonstrated that 
the hybrid HMPI model is effective at identifying promoters.

Discussion
Table 5 demonstrates the validity of the HMPI at identifying eukaryotic promoters when 
compared to several existing methods. Besides, according to Tables 6 and 7, the HMPI 
performs very well at identifying prokaryotic promoters, and the improved HMPI mod-
els achieve good results in identifying subtypes of prokaryotic promoters. We attribute 
these results to the framework and detail settings of the HMPI. The PSFN in the HMPI 
utilizes three CNNs blocks to capture fine-grained small-scale local characteristics, the 
medium-grained features and the larger local features of promoter sequences respec-
tively, and incorporate the centre loss as a portion of the categorization loss function to 
achieve both intraclass compactness and interclass dispersion. The DSPN in the HMPI is 
equipped with direct connections which make it has the potential to increase promoter 
structural profile utilization and enhance information flow.

In addition, HMPI also outperforms both DSPN and PSFN, comparing Table  5 to 
Tables 3 and 4. The findings suggest that the deduced information implied in structural 
features may complement the information implied in sequence features in the identifica-
tion problem of promoters.

Table 7 Comparison of the performance of the HMPI, HMPIat, HMPIlsr, and iPromoter-2L on 
identifying subtypes of Escherichia coli K-12

The best results are shown in bold

Organism Subtype iPromoter-2L HMPI HMPIat HMPIlsr

Acc (%) Mcc Acc (%) Mcc Acc (%) Mcc Acc (%) Mcc

Escherichia coli K-12 σ24 93.50 0.7338 95.45 0.8443 94.76 0.8138 96.85 0.8901
σ28 96.82 0.5708 97.20 0.6547 97.55 0.7078 97.20 0.6777

σ32 94.41 0.6524 93.71 0.6343 94.76 0.6855 95.10 0.7100
σ38 94.69 0.2962 94.41 0.2644 94.41 0.3782 94.06 0.2219

σ54 94.04 0.6459 96.50 0.2616 96.85 0.3196 96.15 0.2531

σ70 80.66 0.6056 85.66 0.7037 86.01 0.7117 86.36 0.7188
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Conclusion
It is critical to correctly identify promoters in order to continue understanding genomic 
regulatory networks. In the current paper, we developed the HMPI, a hybrid deep learn-
ing model for the identification of promoters, which is able to model the structural 
profiles of promoters and original sequences of promoters simultaneously to compre-
hensively identify promoters. To derive the features from the original sequences, we first 
introduce the PSFN, an approach that utilizes and enhances CNNs by incorporating the 
centre loss as a portion of the categorization loss function to achieve both intraclass 
compactness and interclass dispersion. Furthermore, we developed the DSPN, a fully 
connected network with direct links among multiple layers, to represent the structural 
features of promoters. Since the network is equipped with direct connections, it may 
be significantly deeper, more efficient and valid; and this network has the potential to 
increase promoter structural profile utilization and enhance information flow. Finally, 
we developed the HMPI, a hybrid architecture that combines the DSPN and PSFN to 
precisely identify promoters. The HMPI can be extended to additional models and fea-
tures, and it could also be utilized for various biological functional sequences. The HMPI 
was applied to human, plant and Escherichia coli K-12 strain datasets, and the results 
showed that the HMPI was successful at extracting the features of promoters while 
greatly enhancing the performance of identifying promoters on both eukaryotic and 
prokaryotic datasets. In addition, after improving synthetic sampling, transfer learning 
and label smoothing regularization, the improved HMPI models achieved good results 
at identifying subtypes of promoters on prokaryotic promoter datasets.

Methods
The framework of the HMPI

Recently, studies employing original sequences have yielded promising results in terms 
of the identification of promoters, indicating that original promoter sequences might 
include additional discriminative details compared to signal features recovered from 
recognized functional regions [14, 15]. We propose the PSFN method to extract pro-
moter sequence characteristics and model the original promoter sequences based on 
this assumption. Quadrature encoding is employed for encoding promoter sequences, 
and the class label is turned into a class centre vector using an embedding layer to calcu-
late the centre loss.

Furthermore, when compared to coding or nonregulatory sequences, investigations 
have demonstrated that promoters do have distinct structural profiles, and the sequence 
itself is primarily responsible for determining them [18]. The structural profile property 
matrix was used to generate the structural profiles of dinucleotides, twelve in number, 
within promoter sequences in this work. We develop the DSPN to extract additional 
structural traits and details out of these twelve attributes. Because of the relatively 
straightforward connections among layers, the input structural features and additional 
front-layer data could be exploited in a better way.

Because promoter sequence features have a better probability of characterizing the 
information pertaining to promoter elements whereas structural features indicate the 
structural information of the promoter, we combined the DSPN and PSFN to design the 
HMPI.
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Each of the individual sequence traits extracted through the PSFN and the structural 
traits extracted through the DSPN are concatenated as one novel characteristic in order 
to illustrate the nonpromoter or original promoter sequences. A completely connected 
layer (indicated as Dense in Fig. 3) and a softmax layer identify the new features. Fig-
ure 3 depicts the overall framework.

Modelling the original promoter sequences

The original sequences of the promoter are employed as input for the analysis and 
extraction of the possible features within the sequence comprising the promoter and 
to improve the performance in terms of the identification of promoters. We proposed 
the PSFN method for modelling the original promoter sequences using CNNs and 
used experiments to confirm its validity. Our inspiration was primarily based on the 
application of CNNs in promoter categorization and functional gene element analysis 
[14, 41]. Figure 4 depicts the PSFN methodical framework. The method’s details are 
described as follows.

Fig. 3 The framework of the HMPI (hybrid model for promoter identification)



Page 14 of 20Wang et al. BMC Bioinformatics  2022, 23(Suppl 1):206

Promoter sequence encoding

To encode promoter sequences, quadrature encoding is employed in an attempt to lose 
the least possible sequence information during encoding. Seq = B1B2B3 · · ·Bj · · ·BL , 
where Bj ∈ (A,C,G,T) is used to express a sequence of raw genomes of length L . Fol-
lowing the one-hot encoding of individual bases, the sequence Seq can be depicted as 
a 4 × L matrix S:

Feature extraction

We make various tweaks to the basic CNNs [42] to minimize the computational com-
plexity and obtain more useful features. A set of three CNNs blocks are used in the 
PSFN to learn the encoding matrices. A dropout layer, a LeakyReLU activation layer, and 
a convolution layer compose each block of the CNNs. The CNNs block can be summa-
rized as follows:

where x denotes the input of a CNNs block, and conv(x) denotes the convolution layer. 
Because the first block is the basis for the follow-up blocks, we utilized one-dimensional 
convolutional kernels, and the feature mappings act on 4 channels. Thirty-two feature 
maps comprise the first convolution block for capturing fine-grained and small-scale 
local characteristics having a slim receptive field, with a kernel size of 3. Sixty-four 

(3)Si,j =

{

1, if Bj is the ith item of (A,C,G,T)
0, Otherwise

.

(4)f (x) = Dropout(LeakyReLU(conv(x)))

Fig. 4 The framework of the PSFN (promoter sequence features network)
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feature maps comprising a kernel size of 4 constitute the second convolution block 
for learning the medium-grained features using the first block’s feature maps. Within 
the last convolution block, the size of the kernel is 5 to extract the local features with 
larger receptive fields. High-level and coarse-grained local features are stored by 128 
feature maps. Finally, the last convolution block’s output is flattened, and a completely 
connected layer is utilized to deduce the ultimate sequence characteristics. Later, as a 
numeric vector, the expression of an original sequence of promoters is possible.

In an attempt to attain a network that is sparser, the LeakyReLU activation func-
tion, which aids in accelerating the calculations and alleviating the vanishing gradient 
problem, is employed as the activation layer [43]. The LeakyReLU function is pre-
sented in Additional file 1: Equation S1. To confirm the activity of adequate neurons, 
the α in the LeakyReLU function is 0.2.

Furthermore, the ReLU is utilized as activation function in the last connected layer. 
The function is given Additional file 1: Equation S2.

During training, a dropout layer is employed to randomly remove units from the 
network with a given probability with the goal of preventing units from overadapting 
[44]. The likelihood of dropping out is set to 0.25 in this case.

The loss function

A loss function is employed as the supervisory signal to train a network in the major-
ity of the existing CNNs. Following the feature extraction layer, there is a fully con-
nected layer with K  neurons ( K=2 in a binary classification task, such as promoter 
identification) that uses the softmax activation function to calculate the probability 
that the sample is placed in every class:

Herein, the probability that the input belongs to category k is represented via 
p(k) ∈ [0, 1], k = 1, . . . ,K .

The CCE loss is the most frequently employed softmax loss function and is repre-
sented by the following expression:

In this equation, the distribution of the ground truth is denoted by q(k) , the output 
class is represented by k and the actual class is y.

Then Eq. (6) is equivalent to Eq. (8).

(5)p(k) = Softmax(WT
k x + bk) =

eW
T
k x+bk

∑K
i=1 e

W
T
i x+bi

(6)LCCE = −

K
∑

k=1

log(p(k))q(k)

(7)q(k) =

{

0, k �= y
1, k = y

(8)LCCE = − log(p(y))
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The softmax loss function LCCE decreases whereas and the interclass dispersion 
increases as model training progresses. The centre loss is utilized as a portion of the 
loss function within CNNs to improve the discriminative capability of the modelling 
effect [45]. We may prepare CNNs to attain features possessing two primary learning 
objectives, intraclass compactness and interclass dispersion, simultaneously using the 
combined supervision of the centre loss and softmax loss.

The cluster centre is ascertained using the real class of a specific sample feature, and 
the centre loss is given by the Euclidean distance among the cluster centres and the sam-
ple features. The joint loss function is shown in the diagram below.

Herein, the sample feature is denoted by x , and the cluster centre of class y is denoted 
by cy . The label of the class is converted into the vector of class centre cy with the identi-
cal length as x using an embedding layer.

Extraction of the structural characteristics of promoters

Structural profile properties refer to specific characteristics of DNA molecules, such as 
their stability and bendability, which are related to dynamic DNA structure (potential 
to change in conformation) [16]. Although the nucleotide sequence mostly determines 
these structural profile properties, research has demonstrated that promoters do possess 
different patterns in these properties compared to other sequences, and these properties 
play an important role in promoter identification [17, 18]. The values of twelve structural 
profile properties associated with each dinucleotide are provided in Additional file  1: 
Table S1.

To obtain the structural characteristics of promoters, we first obtained the structural 
profile property matrix and calculated the twelve properties of dinucleotides in the 
structural profiles of promoter sequences. We also conduct normalization (subtract the 
mean and divide by the standard deviation) for properties to ensure that each property 
can possess the same opportunity to be calculated. Second, the DSPN was developed to 
model the twelve considered structural profile qualities and extract promoter structural 
traits. The following are the specifics.

The matrix of structural profile properties

For each of the sixteen combinations of dinucleotides that include AA,AC,AG,AT,CA,. . . , 
and TT in a DNA sequence, there are various structural profile ( SP ) properties. Herein, 
the twelve SP properties listed as follows [46] have been implemented: (1) SP1 : A-phi-
licity [47], (2) SP2:base stacking [48], (3)SP3:B-DNA twist [49], (4)SP4:bendability [50], 
(5)SP5 : bending stiffness of DNA [51], (6)SP6 : denaturation of DNA [52], (7)SP7:duplex 
disrupt energy [53], (8)SP8:duplex free energy [54], (9)SP9:propeller twist [49], (10)SP10 : 
deformation of protein [55], (11)SP11 : twist of protein-DNA [55], and (12) SP12:Z-DNA 
[56]. Additional file 1: Table S1 has the original values for each of these twelve attributes 
for each dinucleotide. We standardized the original values of the twelve characteristics 
because of their various distributions. The following is the normalization equation:

(9)LCCE−CL = − log(p(y))+ �
∥

∥x − cy

∥

∥

2
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As mentioned above, for every dinucleotide, such as AA,AC,AG,AT,CA,. . . , and TT (a 
total of 16 combinations), there are 12 SP properties. Herein, SPik denotes the value 
of the ith ( i = 1, 2, · · · , 12)SP property for the k - th(k = 1, 2, · · · , 16 ) combination of 
dinucleotides. In addition, the normalized SPik is represented by SPistdk  . Furthermore, 
meanK (SPi) represents the mean and stdK (SPi) represents the standard deviation of SPi 
for the K - th combination of dinucleotides.

We apply a window 2  bp long on the raw promoter sequence of length L to obtain 
the matrix of structural profile properties, and the dinucleotides within the window 
were represented with twelve normalized values. Finally, we can attain the 12× (L− 1) 
matrix of structural profile properties. As an example, a length L promoter sequence 
Seq = B1B2B3 · · ·Bj · · ·BL , B ∈

{

A,C,G,T
}

 can be presented as a matrix S like the one 
presented below.

Herein, SPistd
(

BjBj+1

)

 defines the i - th ( i = 1, 2, · · · , 12 ) normalized SP value corre-
sponding to dinucleotide BjBj+1.

The DSPN (deep structural profiles network)

The DSPN uses DenseNet [21] and a fully connected network to represent the consid-
ered promoter structural profiles. We develop the DSPN, which has partial direct con-
nections among layers, for the further modelling of the calculated structural properties 
and for extracting structural features. Several layers are furnished with uninterrupted 
attainment to link the gradients directly from the loss function with the input structural 
attributes. These direct connections ensure a more desirable flow of information and use 
of the structural profiles of promoters. Furthermore, the links in the network produce 
short routes, which help to alleviate the vanishing gradient issue, encourage reuse of fea-
tures, and make the network relatively easy to train. The DSPN framework is shown in 
Fig. 5.

(10)SPistdk =
SPik −meanK (SPi)

stdK (SPi)

(11)Si,j = SPistd
(

BjBj+1

)

Fig. 5 The framework of the DSPN (deep structural profiles network)
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In the DSPN, seven blocks are employed, as seen in Fig. 5. A fully connected layer, a 
LeakyReLU activation layer, a dropout layer, and a normalization layer make up indi-
vidual blocks. The following is a description of each block.

In this equation, Dense(x) represents the fully connected layer.
Moreover, the LeakyReLU activation function is utilized in the activation layer to 

obtain a better sparse network. Then, a dropout layer is utilized to drop units at ran-
dom at a probability of 0.2. In the normalization layer, batch normalization (shown 
in Additional file 1: Equation S3) is used to reproduce the distribution, strengthening 
the training process stronger and enhancing the training accuracy.

The structural properties of SPs are concatenated as part of the inputs of blocks 3 
and 6. In addition, the features extracted by block 2 are linked to block 6 due to the 
direct linkages. Furthermore, because certain blocks are directly linked to the gra-
dients, the vanishing gradient problem is mitigated to a certain extent. In the seven 
DSPN blocks, the number of neurons in the connected networks is set to 250, 1000, 
250, 1000, 1500, 1000, and 128, respectively. The output of the 7th block is a vector 
that represents the extracted structural feature of the primary promoter sequence, 
which is fed in as the matrix of the properties of structural profiles.

In DSPN, a fully connected layer containing two nodes follows the extracted struc-
tural features and outputs the probability that the sample sequence belongs to each 
category utilizing a softmax activation function (see Eq. 5). The CCE loss is the loss 
function used in the DSPN (see Eq. 8).

Abbreviations
TSS: Transcription start site; HMPI: Hybrid model for promoter identification; PSFN: Promoter sequence features network; 
DSPN: Deep structural profiles network; CNNs: Convolutional neural networks; EPD: Eukaryotic promoter database; Sn: 
Sensitivity; Sp: Specificity; Mcc: Matthew correlation coefficient; Acc: Accuracy; PSFNcce: The PSFN utilizing categorical 
cross-entropy as loss function; PCA: Principal component analysis; TSNE: T-distributed stochastic neighbor embedding; 
CCE: Categorical cross entropy; SP: Structural profile; PSEKNC: Pseudonucleotide composition; HMPIat: The HMPI with 
adaptive synthetic sampling approach; HMPIlsr: The HMPI with a label smoothing regularization.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s12859- 022- 04735-6.

Additional file 1. Supplementary Material for a Successful Hybrid Deep Learning Model aiming at Promoter 
Identification.

Acknowledgements
We would like to thank all the reviewers for their insightful suggestions towards improving this article.

About this supplement
This article has been published as part of BMC Bioinformatics Volume 23 Supplement 1, 2022: Selected articles from the 
Biological Ontologies and Knowledge bases workshop 2020.  The full contents of the supplement are available online at 
https:// bmcbi oinfo rmati cs. biome dcent ral. com/ artic les/ suppl ements/ volume- 23- suppl ement-1.

Author contributions
YW, QP conceived and supervised the project. YW, XM processed the data, YW, Xinyuan Wang, TH and HL developed the 
models and performed the experiments. YW, ZS and Xiao Wang drafted the manuscript. YW, QP and Xiao Wang contrib-
uted to the final manuscript. All authors read and approved the final manuscript.

Funding
The research work and the publication charge for this article are funded by the National Natural Science Foundation of 
China (Grant No. 61872288). The funding bodies did not have any role in the design of the study and collection, analysis, 
and interpretation of data and in writing the manuscript.

(12)f (x) = BatchNorm
(

Dropout(LeakyReLU(Dense(x)))
)

https://doi.org/10.1186/s12859-022-04735-6
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-23-supplement-1


Page 19 of 20Wang et al. BMC Bioinformatics  2022, 23(Suppl 1):206 

Availability of data and materials
The datasets generated and analyzed during the current study are available at https:// github. com/ YingW ang- SEI/ HMPI.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 12 May 2022   Accepted: 16 May 2022
Published: 31 May 2022

References
 1. Fickett JW, Hatzigeorgiou AG. Eukaryotic promoter recognition. Genome Res. 1997;7(9):861–78.
 2. Haberle V, Stark A. Eukaryotic core promoters and the functional basis of transcription initiation. Nat Rev Mol Cell 

Biol. 2018;19(10):621–37.
 3. Zeng J, Zhu S, Yan H. Towards accurate human promoter recognition: a review of currently used sequence features 

and classification methods. Brief Bioinform. 2009;10(5):498–508.
 4. Yamamoto YY, et al. Identification of plant promoter constituents by analysis of local distribution of short sequences. 

BMC Genomics. 2007;8(1):67.
 5. Abdolazimi Y, Stojanova Z, Segil N. Selection of cell fate in the organ of Corti involves the integration of Hes/Hey 

signaling at the Atoh1 promoter. Development. 2016;143(5):841–50.
 6. Ma Y, Sun S, Shang X, Keller ET, Chen M, Zhou X. Integrative differential expression and gene set enrichment analysis 

using summary statistics for scRNA-seq studies. Nat Commun. 2020;11(1):1–13.
 7. Sun S, et al. Differential expression analysis for RNAseq using Poisson mixed models. Nucleic Acids Res. 

2017;45(11):e106–e106.
 8. Juven-Gershon T, Kadonaga JT. Regulation of gene expression via the core promoter and the basal transcriptional 

machinery. Dev Biol. 2010;339(2):225–9.
 9. Kutach AK, Kadonaga JT. The downstream promoter element DPE appears to be as widely used as the TATA Box in 

drosophila core promoters. Mol Cell Biol. 2000;20(13):4754–64.
 10. Zhang Y, et al. Cellular microRNAs up-regulate transcription via interaction with promoter TATA-box motifs. RNA. 

2014;20(12):1878–89.
 11. Lubliner S, Keren L, Segal E. Sequence features of yeast and human core promoters that are predictive of maximal 

promoter activity. Nucleic Acids Res. 2013;41(11):5569–81.
 12. Ioshikhes IP, Zhang MQ. Large-scale human promoter mapping using CpG islands. Nat Genet. 2000;26(1):61–3.
 13. Illingworth RS, et al. Orphan CpG islands identify numerous conserved promoters in the mammalian genome. PLoS 

Genet. 2010;6(9):e1001134.
 14. Umarov RK, Solovyev VV. Recognition of prokaryotic and eukaryotic promoters using convolutional deep learning 

neural networks. PLoS ONE. 2017;12(2):e0171410.
 15. Bharanikumar R, Premkumar KAR. A Palaniappan (2018) PromoterPredict: sequence-based modelling of Escherichia 

coli σ70 promoter strength yields logarithmic dependence between promoter strength and sequence. PeerJ. 
2018;6:e5862.

 16. Abeel T, Saeys Y, Bonnet E, Rouze P, Van P. Generic eukaryotic core promoter prediction using structural features of 
DNA. Genome Res. 2008;18(2):310–23.

 17. Kobe F, Yvan S, Sven D, Pierre R, Yves VDP. Large-scale structural analysis of the core promoter in mammalian and 
plant genomes. Nuclc Acids Res. 2005;33(13):4255–64.

 18. Gan Y, Guan J, Zhou S. A pattern-based nearest neighbor search approach for promoter prediction using DNA 
structural profiles. Bioinformatics. 2009;25(16):2006–12.

 19. Oubounyt M, Louadi Z, Tayara H, Chong KT. DeePromoter: robust promoter predictor using deep learning. Front 
Genetics. 2019;10(286):2019.

 20. Xu W, Zhu L, Huang D-S. DCDE: an efficient deep convolutional divergence encoding method for human promoter 
recognition. IEEE Trans Nanobiosci. 2019;18(2):136–45.

 21. Huang G, Liu Z, Pleiss G, Van Der Maaten L, Weinberger K. Convolutional networks with dense connectivity. IEEE 
Trans Pattern Anal Mach Intell. 2019. https:// doi. org/ 10. 1109/ TPAMI. 2019. 29182 84.

 22. Dreos R, Ambrosini G, Périer RC, Bucher P. The eukaryotic promoter database: expansion of EPDnew and new pro-
moter analysis tools. Nucleic Acids Res. 2015;43(D1):D92–6.

 23. Shahmuradov IA, Gammerman AJ, Hancock JM, Bramley PM, Solovyev VV. PlantProm: a database of plant promoter 
sequences. Nucleic Acids Res. 2003;31(1):114–7.

 24. Swarbreck D, et al. The arabidopsis information resource (TAIR): gene structure and function annotation. Nucleic 
Acids Res. 2007;36:D1009–14.

 25. Gama-Castro S, et al. RegulonDB version 9.0: high-level integration of gene regulation, coexpression, motif cluster-
ing and beyond. Nucleic Acids Res. 2016;44(D1):D133–43.

https://github.com/YingWang-SEI/HMPI
https://doi.org/10.1109/TPAMI.2019.2918284


Page 20 of 20Wang et al. BMC Bioinformatics  2022, 23(Suppl 1):206

 26. Liu B, Yang F, Huang D-S, Chou K-C. iPromoter-2L: a two-layer predictor for identifying promoters and their types by 
multi-window-based PseKNC. Bioinformatics. 2018;34(1):33–40.

 27. Shahmuradov IA, Umarov RK, Solovyev VV. TSSPlant: a new tool for prediction of plant Pol II promoters. Nucleic 
Acids Res. 2017;45(8):e65–e65.

 28. Kingma DP, Ba J. Adam: a method for stochastic optimization. arXiv preprint arXiv: 1412. 6980; 2014.
 29. Szegedy C et al. Going deeper with convolutions. In: Proceedings of the IEEE conference on computer vision and 

pattern recognition; 2015. p. 1–9.
 30. He K, Zhang X, Ren S, Sun J. Deep residual learning for image recognition. In: Proceedings of the IEEE conference on 

computer vision and pattern recognition; 2016. p. 770–778.
 31. Sun S, Zhu J, Ma Y, Zhou X. Accuracy, robustness and scalability of dimensionality reduction methods for single-cell 

RNA-seq analysis. Genome Biol. 2019;20(1):269.
 32. Xu W, Zhang L, Lu Y. SD-MSAEs: promoter recognition in human genome based on deep feature extraction. J 

Biomed Inform. 2016;61:55–62.
 33. Zeng J, Zhao X-Y, Cao X-Q, Yan H. SCS: signal, context, and structure features for genome-wide human promoter 

recognition. IEEE/ACM Trans Comput Biol Bioinf. 2008;7(3):550–62.
 34. Azad A, Shahid S, Noman N, Lee H. Prediction of plant promoters based on hexamers and random triplet pair analy-

sis. Algorithms Mol Biol. 2011;6(1):19.
 35. Silva SA, et al. DNA duplex stability as discriminative characteristic for Escherichia coli σ54-and σ28-dependent 

promoter sequences. Biologicals. 2014;42(1):22–8.
 36. Lin H, Deng E-Z, Ding H, Chen W, Chou K-C. iPro54-PseKNC: a sequence-based predictor for identifying sigma-54 

promoters in prokaryote with pseudo k-tuple nucleotide composition. Nucleic Acids Res. 2014;42(21):12961–72.
 37. Zhang M, et al. MULTiPly: a novel multi-layer predictor for discovering general and specific types of promoters. 

Bioinformatics. 2019;35(17):2957–65.
 38. He H, Bai Y, Garcia EA, Li S. ADASYN: adaptive synthetic sampling approach for imbalanced learning. In: 2008 IEEE 

international joint conference on neural networks (IEEE world congress on computational intelligence), IEEE; 2008. 
p. 1322–1328.

 39. Long M, Zhu H, Wang J, Jordan MI. Deep transfer learning with joint adaptation networks. In: International confer-
ence on machine learning; 2017. p. 2208–2217.

 40. Zheng Z, Zheng L, Yang Y. Unlabeled samples generated by gan improve the person re-identification baseline 
in vitro. In: Proceedings of the IEEE international conference on computer vision; 2017. p. 3754–3762.

 41. Zhou J, Troyanskaya OG. Predicting effects of noncoding variants with deep learning-based sequence model. Nat 
Methods. 2015;12(10):931–4.

 42. Krizhevsky A, Sutskever I, Hinton GE. Imagenet classification with deep convolutional neural networks. In: Advances 
in neural information processing systems; 2012. p. 1097–1105.

 43. Zhang X, Zou Y, Shi W. Dilated convolution neural network with LeakyReLU for environmental sound classification. 
In: 2017 22nd international conference on digital signal processing (DSP), IEEE; 2017. p. 1–5.

 44. Srivastava N, Hinton G, Krizhevsky A, Sutskever I, Salakhutdinov R. Dropout: a simple way to prevent neural networks 
from overfitting. J Mach Learn Res. 2014;15(1):1929–58.

 45. Wen Y, Zhang K, Li Z, Qiao Y. A discriminative feature learning approach for deep face recognition. In: European 
conference on computer vision, Springer; 2016. p. 499–515.

 46. Xu Z-C, Wang P, Qiu W-R, Xiao X. iss-pc: identifying splicing sites via physical-chemical properties using deep sparse 
auto-encoder. Sci Rep. 2017;7(1):1–12.

 47. Cuán A, Galván M, Chattaraj PK. A philicity based analysis of adsorption of small molecules in zeolites. J Chem Sci. 
2005;117(5):541–8.

 48. Yakovchuk P, Protozanova E, Frank-Kamenetskii MD. Base-stacking and base-pairing contributions into thermal 
stability of the DNA double helix. Nucleic Acids Res. 2006;34(2):564–74.

 49. Gorin AA, Zhurkin VB, Wilma K. B-DNA twisting correlates with base-pair morphology. J Mol Biol. 1995;247(1):34–48.
 50. Ozoline O, Deev A, Trifonov E. A novel feature in E. coli promoter recognition. J Biomol Struct. 1999;16(4):825–31.
 51. Kang H, et al. Identification of cation-binding sites on actin that drive polymerization and modulate bending stiff-

ness. Proc Natl Acad Sci. 2012;109(42):16923–7.
 52. Drukker K, Wu G, Schatz GC. Model simulations of DNA denaturation dynamics. J Chem Phys. 2001;114(1):579–90.
 53. Breslauer KJ, Frank R, Blöcker H, Marky LA. Predicting DNA duplex stability from the base sequence. Proc Natl Acad 

Sci. 1986;83(11):3746–50.
 54. Sugimoto N, Nakano S-I, Yoneyama M, Honda K-I. Improved thermodynamic parameters and helix initiation factor 

to predict stability of DNA duplexes. Nucleic Acids Res. 1996;24(22):4501–5.
 55. Olson WK, Gorin AA, Lu X-J, Hock LM, Zhurkin VB. DNA sequence-dependent deformability deduced from protein–

DNA crystal complexes. Proc Natl Acad Sci. 1998;95(19):11163–8.
 56. Rich A, Zhang S. Z-DNA: the long road to biological function. Nat Rev Genet. 2003;4(7):566–72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

http://arxiv.org/abs/1412.6980

	A successful hybrid deep learning model aiming at promoter identification
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Experiments and results
	Data preparation and performance assessments
	Effectiveness of the PSFN at identifying eukaryotic promoters
	Effectiveness of the DSPN at identifying eukaryotic promoters
	Effectiveness of the HMPI at identifying eukaryotic promoters
	Application of the HMPI to identify prokaryotic promoters and their types

	Discussion
	Conclusion
	Methods
	The framework of the HMPI
	Modelling the original promoter sequences
	Promoter sequence encoding
	Feature extraction
	The loss function

	Extraction of the structural characteristics of promoters
	The matrix of structural profile properties
	The DSPN (deep structural profiles network)


	Acknowledgements
	References


