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Abstract

The innate immune response of Anopheles gambiae involves the transcriptional upregula-

tion of effector genes. Therefore, the cis-regulatory sequences and their cognate binding

factors play essential roles in the mosquito’s immune response. However, the genetic con-

trol of the mosquito’s innate immune response is not yet fully understood. To gain further

insight on the elements, the factors and the potential mechanisms involved, an open chro-

matin profiling was carried out on A. gambiae-derived immune-responsive cells. Here, we

report the identification of cis-regulatory sites, immunity-related transcription factor binding

sites, and cis-regulatory modules. A de novo motif discovery carried out on this set of cis-

regulatory sequences identified immunity-related motifs and cis-regulatory modules. These

modules contain motifs that are similar to binding sites for REL-, STAT-, lola- and Deaf1-

type transcription factors. Sequence motifs similar to the binding sites for GAGA were found

within a cis-regulatory module, together with immunity-related transcription factor binding

sites. The presence of Deaf1- and lola-type binding sites, along with REL- and STAT-type

binding sites, suggests that the immunity function of these two factors could have been con-

served both in Drosophila and Anopheles gambiae.

Introduction

Some mosquito species are vectors of infectious microbes that cause human disease. Anopheles
gambiae is the main vector of Plasmodium parasites in sub-Saharan Africa. Despite the applica-

tion of multiple strategies in order to control malaria transmission, these parasites still kill

hundreds of thousands of people, mainly children, around the world. It has been recently dem-

onstrated that, during the sporogonic cycle, the passage of the parasite through the mosquito
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tissues results in a radical modification of its virulence [1]. This finding underscores the rele-

vance continuing to carry out more intense and detailed studies on the interactions between

the mosquitoes and the invading microorganisms. An important component of these interac-

tions is the vigorous innate immune response of mosquitoes when their tissues are invaded by

a diversity of microorganisms. The innate immune response of A. gambiae relies largely on the

transcriptional activation of the effector genes. This has been confirmed by multiple studies on

the transcriptional profiling of the innate immune response of mosquitoes [2–4]. These tran-

scriptomic studies have revealed the differential transcription of some immunity effector

genes, both in vivo and in vitro (4a-3B cells). In the immune-responsive cell, the transcripts of

a small number of immunity genes are increased by a diversity of immunity challenges. How-

ever, not only the genes identified as immunity genes become upregulated; this points to the

presence of additional physiological changes upon immune stimulation. The transcription of

each gene can be regulated by a number of cis-regulatory sequences, which can be proximal,

such as promoters, or distal, such as enhancers. Distal cis-regulatory sequences can be located

hundreds of kilo bases (Kb) away from their target gene transcriptional start site (TSS). These

regulatory sequences contribute to establish expression levels through DNA-protein interac-

tions involving transcription factors (TFs) and other regulatory factors. Key TFs involved in

the transcriptional regulation of the innate immune response of mosquitoes have been identi-

fied. These include immunity-related REL [5] and C/EBPalpha TFs, both of which have been

shown to be involved in the regulation of the Defensin 1 gene (Def1) [6, 7]. Two STAT tran-

scription factors participating in the transcription regulation of the immune response of A.

gambiae have also been identified [8]. Also a LITAF-like factor (LL3) involved in the clearance

of Plasmodium parasites in the midgut epithelium of A. gambiae [9]. However, the current

understanding of the genetic control of the innate immune response of mosquitoes is still

incomplete. Despite the identification of key immunity TFs, no specific mechanisms of genetic

control have been described in A. gambiae.

Additional factors and mechanisms, which have not yet been identified, may play impor-

tant roles in defining the transcriptional profiles generated by an immune challenge in A. gam-
biae. An important step towards uncovering these mechanisms and factors is the identification

of cis-regulatory sequences. Therefore, we set out to identify the cis-regulatory sequences, the

transcription factor binding sites (TFBSs), the cis-regulatory modules (CRMs), and the candi-

date factors potentially involved in the innate immune response of these mosquitoes.

Hemocytes play key roles in the cellular and humoral innate immune response of the mos-

quitoes. However, there are only about two to four thousand hemocytes in each mosquito [10].

Only a small fraction of the total DNA (under 5%) is involved in the cis-regulatory function in

a given cell type in metazoans. Therefore, we used an A. gambiae 4a-3B hemocyte-like cell line

to obtain enough cis-regulatory DNA. These cells have been previously used to characterize

the immune response of the mosquitoes. Many immunity genes activated in mosquitoes have

also been found to be upregulated when these cells are stimulated during the immune response

[4, 11]. This indicates that this cell line is well suited to identify the cis-regulatory sequences

involved in the innate immune response of A. gambiae. Open chromatin is a hallmark of the

cis-regulatory function and, in contrast to ChIP-seq, it does not require specific antibodies

[12–14]. TFBSs within open chromatin sites have been shown to be robust candidates for in
vivo occupancy [15]. Here, we report the genome-wide identification of cis-regulatory

sequences in a hemocyte-like immune-responsive A. gambiae-derived cell line. A de novo
motif discovery applied to these cis-regulatory sequences shows significant enrichment of

motifs, similar to the binding sites of immune transcription factors. These motifs frequently

co-occur within cis-regulatory sequences to form immunity-related cis-regulatory modules

(CRMs). Among these immunity-related sequence motifs, we found that some are similar to
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the binding sites for Drosophila’s lola- and Deaf1-type TFs. These motifs are also within

CRMs, together with other motifs matching A. gambiae’s innate immunity TFBSs, such as

those for REL- and STAT-type TFs. These data suggests potential conservation of the role of

Deaf1- and lola-type TFs in innate immunity both in A. gambiae and Drosophila. We provide

genomic coordinates for the set of open chromatin sites identified in this work.

Results

Open chromatin profiling

In order to experimentally identify the active cis-regulatory sites in A. gambiae-derived 4a-3B

immune competent cells, a genome-wide open chromatin profiling was carried out by FAIRE-

seq. A total of 19 919 open chromatin sites were identified from open chromatin DNA libraries

derived from 4a3B cells, as detected from the resulting sequencing reads through a MACS

algorithm with a cut-off p-value threshold of 10−8. Since there are no previously determined

cis-regulatory sequence datasets in this species, peak detection was also carried out by DFilter

[16] to confirm the robustness of our data. Applying a cut-off p-value threshold of 1x10-8, this

algorithm identified 38 305 open chromatin, cis-regulatory sites. The comparison of the sites

identified by MACS and the sites identified by DFilter produced an overlapping set of 26 440

open chromatin sites (S1 File: Dataset), since a single site identified by MACS may contain a

number of shorter sites identified by DFilter. Most sites (69%) were identified using both algo-

rithms. Furthermore, the MAnorm analysis [17] indicated that more than 80% of the sites

were present in both biological replicates (Figure A in S2 File). This indicates our data are

robust, and they allow a high-sensitivity detection of open chromatin cis-regulatory sites. A

locus was then selected to validate the individual cis-regulatory sites by a FAIRE-qPCR and

DNase I-qPCR sensitivity assay. This locus is located on chromosome 2R, and it contains gene

AGAP002236. According to the ensembl! database, this gene is a putative orthologous gene to

serpent, a Drosophila gene coding for a hematopoietic GATA-type TF [18]. This TF has been

shown to participate in fly hematopoiesis, and it is, therefore, expected that there will be active

cis-regulatory sites driving the expression of this orthologous gene in the hemocyte-like A.

gambiae-derived cell line. This locus also contains gene AGAP002235, a putative orthologous

gene to Drosophila’s pannier, according to OrthoDB [19], as well as other putative members of

the GATA-type family of TFs. Fig 1A shows that the sites detected by FAIRE-seq within this

locus can also be detected by a FAIRE-qPCR assay in independently prepared samples. In addi-

tion, some of these individually validated sites were also verified using an independent nucle-

ase-sensitivity assay (Fig 1B). Although it is known that not all sites detected using a FAIRE

assay can be detected using a DNaseI assay (nor vice versa), four of the FAIRE-tested sites were

shown to be hypersensitive to DNaseI, confirming their status as open chromatin, cis-regula-

tory sites. These data on individually confirmed sites are consistent with the robust detection

of cis-regulatory sequences using the genome-wide open chromatin profiling approach applied

in this study.

Genomic distribution of open chromatin cis-regulatory sites

Next, the genomic distribution of the open chromatin sites identified, relative to the Vector-

Base gene-annotation data (http://www.vectorbase.org, A. gambiae PEST, AgamP3), was

determined [20, 21]. A proximal upstream fraction was defined as up to 2 Kb upstream of a

gene annotation. Similarly, a downstream fraction was defined as up to 2 Kb downstream of a

gene annotation. Intragenic sites were those mapping within the 5-prime and 3-prime end

annotations of transcripts. Sites were defined as overlapping TSSs when mapping within -60

and +40 bp from the TSS. Finally, sites were defined as distal when mapping outside of all the

Discovering candidate transcription factors potentially participating in Anopheles gambiae immune response

PLOS ONE | https://doi.org/10.1371/journal.pone.0186435 October 13, 2017 3 / 13

http://www.vectorbase.org
https://doi.org/10.1371/journal.pone.0186435


previously defined regions. Distal open chromatin sites (more than 2 Kb away from any gene

annotation) corresponded to 45.22% of the total sites. The remaining 54.78% of the newly

identified open chromatin sites mapped within 2 Kb of the gene annotations (Fig 2). This

genomic distribution of the proximal sites is distinct from that found in other metazoans,

including Drosophila [14] and humans [22, 23]. However, in the case of these two species, vari-

ous cell types and developmental stages have been considered, in contrast with our study of a

single cell type. Nevertheless, what A. gambiae shares with those two species is the largest single

genomic fraction of 4a-3B cis-regulatory sites, which is the distal. In order to compare total,

hematopoietic and immunity gene sites, the sites proximal to gene annotations [24, 25] were

considered. The genomic distribution of these proximal sites is depicted as blue bars in Fig 2.

Taken together, the reproducibility of detection and the genomic distribution of open chroma-

tin sites indicates an appropriate genome-wide identification of cis-regulatory sites.

According to the phenotype of this hemocyte-like immune-responsive cell line, it was

expected that some cis-regulatory sites, proximal to hematopoietic and immunity genes, would

appear in an open chromatin conformation. First, A. gambiae orthologous genes to Drosophila
hematopoietic and immunity genes [26] were identified in public databases. A search for cis-
regulatory sites mapping within 2 Kb of either end of A. gambiae hematopoietic and immunity

gene annotations was carried out. More than one hundred open chromatin cis-regulatory sites

were shown to map within two Kb of the hematopoietic gene annotations. The genomic distri-

bution of this subset of cis-regulatory sites is included in Fig 2 as red bars. A similar search pro-

duced more than two hundred cis-regulatory sites mapping within two Kb of immunity gene

annotations. The distribution of these immunity gene cis-regulatory sites is shown in Fig 2, as

green bars. The comparison of total, hematopoietic and immunity sites shows that they have

Fig 1. FAIRE-qPCR and DNaseI-qPCR validation of selected cis-regulatory sites detected by FAIRE-seq. (A) Cis-regulatory sites

identified at the locus of A. gambiae’s putative orthologous gene to Drosophila hematopoietic serpent gene were confirmed by FAIRE-

qPCR. The cis-regulatory sites identified by FAIRE-seq at -10 Kb, -4 Kb and +8 Kb from A. gambiae’s putative serpent gene (AGAP002236,

ensembl!) are enriched in independently prepared open chromatin samples. The cis-regulatory sites identified by FAIRE-seq at -2 Kb, +7

Kb, +11 Kb and +12 Kb from A. gambiae’s putative pannier gene locus (AGAP002235) are also enriched in independently prepared open

chromatin samples. (B) Nuclease sensitivity assay by DNaseI-qPCR for some open chromatin sites identified by FAIRE-seq, also detected

by FAIRE-qPCR. The genomic coordinates for the tested cis-regulatory sites are relative to the annotated transcriptional start site of each

gene.

https://doi.org/10.1371/journal.pone.0186435.g001
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Fig 2. Genomic distribution of cis-regulatory sites relative to gene annotations. Genomic distribution of proximal cis-regulatory sites relative to

gene annotations. The distribution of sites proximal to hematopoietic (Hemo, red) and immunity genes (Immunity, green) is compared to the

distribution of sites proximal to all gene annotations (Total, blue). Genomic regions were defined as upstream for up to two kilo bases upstream of the

annotated TSS. The TSS fraction comprises from coordinate -60 to coordinate +40 base pairs from the TSS. Intragenic for the region +41 base pairs

from the TSS to the 3-prime end. Downstream for the region including up to 2 kilo bases from the 3-prime end of gene annotations.

https://doi.org/10.1371/journal.pone.0186435.g002
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differential enrichment of genomic fractions. Immunity gene annotations are enriched for

proximal upstream (22.4%) and TSS-overlapping (2.9%) cis-regulatory sites, in comparison to

hematopoietic and total cis-regulatory sites. This suggests that the promoters of some immu-

nity genes are already in an open chromatin conformation, active or poised for transcription.

These findings are consistent with the immune-responsive phenotype of 4a-3B cells. Together,

proximal hematopoietic cis-regulatory sites and proximal immunity cis-regulatory sites consti-

tute 3.5% of the total sites in 4a-3B cells. This could constitute an underestimation of sites

resulting from the high statistical astringency used for their detection (P< 1 x 10−8). In addi-

tion, a relatively short distance (2Kb from either end of the gene annotations) was applied

when selecting the proximal sites. These parameters might seem too astringent, but it is impor-

tant to note that there are no previous A. gambiae cis-regulatory site datasets with which to

compare them. Furthermore, there are no significant numbers of previously validated cis-regu-

latory sites that could be used as positive controls. Therefore, here we are referring to the sites

identified with the highest confidence, although there may be others (general, proximal to

hematopoietic genes and proximal to immunity-gene sites).

Immunity-related motifs are overrepresented in cis-regulatory sites

To identify cis-regulatory sites and elements, potentially binding immunity-related transcrip-

tion factors (TFs), a de novo motif discovery was carried out with MEME-ChIP from the Suite

motif analysis tools [27, 28]. The discovered motifs were compared with Drosophila-derived

transcription factor binding sites (TFBS) by means of TOMTOM [29]. Many of the sequence

motifs identified in our dataset are similar to the Drosophila TFBSs. Consistent with the hemo-

cyte-like phenotype of the 4a-3B cells, six sequence motifs similar to the Drosophila hemato-

poietic TF serpent binding site were identified (top srp site E 1.2 x 10−14). Furthermore, many

sequence motifs similar to the binding sites of immunity TFs were also identified within this

dataset. The top enriched motif (E 5.2x10-155), which is similar to a known TFBS, matches the

binding site of Drosophila immunity lola-type TF. This TF participates in the antimicrobial

humoral response [30], as well as in the larval lymph-gland hematopoiesis of Drosophila [31].

An A. gambiae putative orthologous gene to the Drosophila lola gene (FBgn0005630;

FBgn0283521) has been identified: It is gene AGAP005245, located on chromosome 2L, as

recorded in ensembl! [32] and Genomicus V3.1 [33]. Another highly enriched motif (E 7.4 x

10−17) of interest is similar to the binding site of epidermal and immunity Drosophila
Deformed epidermal auto-regulatory factor (Deaf1). This factor has recently been shown to

participate in the innate immune response of Drosophila [34, 35]. Therefore, our finding that a

motif similar to the TFBS for this factor is overrepresented in the set of cis-regulatory sites sug-

gests that this TF could be playing a similar role in the innate immunity process of A. gambiae.

The gene with ID AGAP004905 in A. gambiae has been identified as the orthologue to Dro-
sophila’s Deaf1. There were also additional enriched motifs similar to Dorsal-type TFBS (E 1.4

x 10−20), to CEBP-type TFBSs (E 1.6 x 10−14), and to lola-type TFBS (E 8.9 x10-26).

Identification of immunity-related cis-regulatory modules

Transcription factors often form multiprotein complexes on top of cis-regulatory sequences to

control the expression of their target genes. A cis-regulatory module (CRM) is a cluster of tran-

scription factor-binding sites that coordinates the cooperative interaction of TFs, and it is

often distal to the TSS of the gene it regulates. To investigate the potential cooperation between

immunity-related transcription factors and to identify the immunity-related A. gambiae cis-
regulatory modules (CRMs), the co-occurrence of motifs representing TFBSs was investigated.

In order to identify the CRMs, the analysis of the cis-regulatory sequences identified in this
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work was carried out by SIOMICS, an algorithm capable of detecting co-occurring motifs

within heterogeneous samples [36]. One of the classes of CRMs identified here includes three

distinct motifs, and it is similar to Dorsal TFBS (dl-A E 2.9 x10-4; dl-A E 7.9x10-8; dl-A E
9.9x10-4). These three motifs co-occur in 46 cis-regulatory sequences. This finding and the fre-

quency of this type of CRM show that it is a key feature of many immunity-related cis-regula-

tory sequences. This is consistent with the clustering of TFBSs in the case of REL-type TFs and

with the cooperative interactions previously described for the promoter region of the A. gam-
biae Def1 gene [6]. Sixty six open chromatin sites were found to contain at least one such motif

and map within 5 Kb upstream of an immunity gene (S1 File: Dataset). This is consistent with

the relevance of the REL-type TFs involved in the mosquitoes’ innate immunity. A motif simi-

lar to the STAT-type TFBS co-occurs in a CRM with a motif similar to the REL-type TFBS.

This STAT-type motif also co-occurs with the Deaf1-e and dl-type motifs. Members of the

JAK/STAT immunity pathway have been identified in A. gambiae, including two STAT tran-

scription factors: STAT–A and STAT-B [8, 37]. A motif similar to the TFBSs for members of

the RUNT domain family of TFs was also found to co-occur with motifs similar to the REL-

type TFBSs. In Aedes aegypti, the RUNT-related TF 4 (RUNX4) has been shown to cooperate

with REL1 in the control of the pro-phenol-oxidase gene expression [38]. Our data suggest

that this CRM could also participate in the control of the gene expression during A. gambiae’s

immune response, which also points to the cooperation between these two types of TFs. A

motif similar to the Deaf1-type TFBS in Drosophila appears in a novel CRM, together with

motifs similar to immunity REL-type TFBSs. A highly significant motif (E val 5.8 x 10−59), sim-

ilar to a Trl (Trithorax)-like binding site, co-occurs in 52 cis-regualtory sequences with a lola-

type top motif. Trl is a GAGA-type transcription factor that has been shown to counteract the

effects of chromatin repression in Drosophila, maintaining open chromatin and recruiting

RNA Pol II [39]. The cis-regulatory module identified here suggests that the mosquitoes’ Trl

factor could maintain open chromatin at cis-regulatory sites, where immunity TFs can bind.

The example motifs described in the Results section are summarized in Fig 3.

Discussion and conclusion

Innate immunity effector functions are directly coded in the genome. Therefore, cis-regulatory

sequences are key components of the gene regulatory networks involved in the innate immune

response. In our study, open chromatin profiling was applied to identify cis-regulatory

sequences potentially involved in the genetic control of A. gambiae’s innate immune response.

The cis-regulatory sequences identified in this work include sites mapping to proximal regions

of immunity and hematopoietic gene annotations. These findings are consistent with the

immune-responsive phenotype of hemocyte-like A. gambiae-derived model cell line 4a-3B.

The sequence analysis using a de novo motif discovery revealed a heterogeneous array of

motifs. This was expected, given that FAIRE is able to detect all classes of cis-regulatory sites as

long as they are in an open chromatin conformation. Nevertheless, among the highly signifi-

cant motifs identified, many were similar to immunity-related TFBSs.

As a reference point, we focused on motifs similar to the REL-type TFBSs, since this type of

TFs have been shown to regulate the expression of innate immunity genes in A. gambiae, in
vivo and in vitro. Therefore, we investigated which other motifs co-occur with this type. Focus-

ing on SIOMICS-detected CRMs containing a motif with the better matching STAMP E value
(9.2 x10-8) to the Dorsal (dl)-type TFBS, the following REL potential partners were identified:

REL, STAT, lola and Deaf1. These findings suggest that AgDeaf1 and Aglola are robust innate

immunity TF candidates, and that their function in innate immunity could be conserved both

in Drosophila and A. gambiae. These findings extend the potential set of TFs that may
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participate in the genetic control of the innate immune response of A. gambiae. Some of the

motifs found in significant modules do not match known motifs in public databases. These

constitute newly discovered putative binding sites for TFs yet to be identified. Taken together,

the findings on motifs and CRMs suggest an extended TF combinatorial potential of the tran-

scriptional regulation of the innate immunity response in A. gambiae. A potential caveat of

this study could relate to the fact that 4a-3B has been shown to have some cell-lineage hetero-

geneity [11]. However, the FAIRE assay, combined with a DFilter peak detection, has been

shown to detect specific cis-regulatory sites in heterogeneous tissue samples [16]. Nevertheless,

this work adds newly identified immunity-related A.gambiae cis-regulatory sequences, motifs

and CRMs. In this study, the motifs and modules discovered in cis-regulatory sites are robust

TFBS and cis-regulatory module candidates that predict the participation of their cognate fac-

tors in the innate immunity gene regulation of A. gambiae. The presence of motifs similar to

immunity TFBSs predicts multiple protein-DNA and protein-protein interactions potentially

involved in the innate immune response of A. gambiae. The set of cis-regulatory sequences

identified in this work is a valuable complement to the A. gambiae immune response transcrip-

tomes previously described [2–4]. These cis-regulatory elements will be useful to further define

the molecular mechanisms that participate in the genetic control of the innate immune

response in A. gambiae. In conclusion, the data presented in this work uncover the potential

participation of Deaf1- and lola-type TFs in A. gambiae’s innate immunity process, suggesting

the potential conservation of the immunity molecular networks in both this mosquito species

and Drosophila.

Materials and methods

Cell culture

The 4a-3B, Anopheles gambiae-derived cell line (MRA-919), was cultured in Schneider´s Dro-
sophila medium, supplemented with 10% FCS, as previously described [11].

Open chromatin profiling

Two biological replicates of 108 4a3B cells, each in culture, were used to prepare FAIRE DNA.

Cells were cultured in duplicate and fixed in formaldehyde; then chromatin was extracted.

Chromatin was sheared in a Biorruptor UCD200 to obtain fragments (200 to 500 base pairs in

length), prior to chemical fractionation. The fractionation of sheared chromatin was carried

out by phenol-chloroform extraction in order to obtain DNA samples enriched in nucleo-

some-depleted regions according to the FAIRE method, as previously described [13]. These

Fig 3. Identified cis-regulatory sites contain motifs relevant for gene regulation in immunity. Highly significant motifs

identified by de novo motif discovery (MEME-ChIP) in the set of cis-regulatory sequences. Discovered motifs matching immunity-

related TFBSs with an E < 1 x 10−4. Top logos represent motifs found in A. gambiae cis-regulatory sequences identified in this work.

Bottom logos represent similar Drosophila motifs from public databases. The name of the Drosophila transcription factor binding

each motif is also indicated.

https://doi.org/10.1371/journal.pone.0186435.g003
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samples were then purified and cleaned using Zymo Research clean and concentration col-

umns, following the manufacturer’s instructions. The DNA from each replicate was used to

create a library, and both libraries were subsequently sequenced. DNA samples enriched in

open chromatin fragments were then assembled into ChIP-type DNA fragment libraries for

massive parallel sequencing.

Sequencing and mapping

Single-end 36 cycle high-throughput massively parallel sequencing of libraries was carried out

on an Illumina GA IIx instrument (Instituto de Biotecnologı́a, Universidad Nacional Autón-

oma de México). Sequence tags were filtered by quality and aligned to the A. gambiae genome

assembly AgamP4 Anopheles gambiae PEST, available at VectorBase (http://www.vectorbase.

org) [20, 21, 24, 25]. One library produced 7 240 988 q30 unique reads, and the replicate library

produced 8 887 301 q30 unique reads. Unique non-duplicated aligned sequence tags were

used for open chromatin site peak calling. Prior to peak calling, aligned and filtered sequence

tag datasets were validated by CHip-seq ANalytics and Confidence Estimation (CHANCE)

software (https://github.com/songlab/chance).

Open chromatin site peak calling

A set of cis-regulatory sites, which could be useful to contrast our results with, is currently lack-

ing. Therefore, the data were analyzed for peak detection using two algorithms with their

respective software programs. We used the Model-based Analysis for ChIP-Seq software

(MACS) [40] and the DFilter software, both previously validated for FAIRE-seq samples [16].

The set of peaks was obtained by intersecting MACS called peaks with DFilter called peaks

(both with a threshold P value of 1x10-8). For the purpose of the de novo motif discovery, a

600-bp sequence length was considered for all detected sites, centered on the peak summit

(most enriched base pair for each detected peak). The comparison between the replicates were

performed using BEDTools, version 2.17 [41, 42] and MAnorm [17]. FAIRE-seq can detect

cis-regulatory regions with similar sensitivity to DNaseI-seq, when an increased number of

tags are used for peak calling [16]. In this study, we used a number of sequence tags similar to

that recommended for this type of data, according to the genome size [43]. To validate the

peak-calling process, reproducibility of the cis-regulatory sites identified here was carried out

on selected sites by FAIRE-qPCR and DNaseI-qPCR verification. Selected sites were con-

firmed in independently prepared open chromatin samples. Tested sites were chosen as exam-

ples of proximal, distal and intragenic cis-regulatory sites. The reproducibility of the peaks

identified at genome-wide scale between replicates was determined as described in S2 File:

Supporting Information (Methods).

De novo motif discovery in cis-regulatory sequences and motif

comparison

The sequences corresponding to the open chromatin sites identified in this work were masked

using the Repeat Masker server [44]. They were subsequently subjected to sequence composi-

tion analysis for the de novo motif discovery and the detection of cis-regulatory modules

(CRMs). The motif analysis was carried out with the MEME-ChIP sequence analysis tool [27,

28]. The motif co-occurrence analysis was carried out using the SIOMICS software version

V1.4 [36, 45] in order to discover motifs corresponding to potential TFBSs and their predicted

interactions. For this analysis, a sequence length of six base-pairs was used as a seed; a p-value

threshold of 10−4 and 20 analysis iterations were also set. The DNA motif comparison within

SIOMICS was carried out with the STAMP suite, applying the Pearson Correlation Coefficient
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for column comparison and the ungapped Smith-Waterman alignment method to find the

best matching motifs within the modules. The discovered motifs were compared against

curated motif databases, including FlyReg (Bergman/Pollard) (http://www.benoslab.pitt.edu/

stamp/) [46, 47].

Real Time PCR reactions

The oligonucleotides for the FAIRE-qPCR were designed and validated by PCR, melting curve

analysis, and qPCR dynamic range. The Real Time PCR reactions were carried out with the

SYBR Advantage reagent (Clontech) in a FAST 7500 Applied Biosystems Thermal Cycler.

Enrichment was calculated using the comparative Ct method [48] with a control DNA sample

as a reference for each site. Enrichment for all sites was normalized with an amplicon directed

to a region where no open chromatin sites were detected. The oligonucleotide sequences are

listed in Supplemental Methods, Table A in S2 File.

DNaseI sensitivity assay

The DNaseI-qPCR analysis was carried out as previously described [49]. The oligonucleotides

were the same ones used for the FAIRE-qPCR (Table A in S2 File), and the qPCR reactions

were carried out as above.

Supporting information

S1 File. Dataset. Genomic coordinates of the summits of 26 440 open chromatin cis-regula-

tory sites identified by FAIRE-seq and overlapping detection by DFilter and MACS.

(XLSX)

S2 File. Supplemental methods. Supplemental Methods, supplemental Tables and supple-

mental Figures.

(PDF)
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Writing – review & editing: Bernardo Pérez-Zamorano, Sandra Rosas-Madrigal, Oscar

Arturo Migueles Lozano, Verónica Valverde-Garduño.

References
1. Spence PJ, Jarra W, Levy P, Reid AJ, Chappell L, Brugat T, et al. Vector transmission regulates

immune control of Plasmodium virulence. Nature. 2013; 498(7453):228–31. https://doi.org/10.1038/

nature12231 PMID: 23719378.

2. Dong Y, Aguilar R, Xi Z, Warr E, Mongin E, Dimopoulos G. Anopheles gambiae immune responses to

human and rodent Plasmodium parasite species. PLoS pathogens. 2006; 2(6):e52. https://doi.org/10.

1371/journal.ppat.0020052 PMID: 16789837

3. Baton LA, Robertson A, Warr E, Strand MR, Dimopoulos G. Genome-wide transcriptomic profiling of

Anopheles gambiae hemocytes reveals pathogen-specific signatures upon bacterial challenge and

Plasmodium berghei infection. BMC genomics. 2009; 10:257. https://doi.org/10.1186/1471-2164-10-

257 PMID: 19500340

4. Dimopoulos G, Christophides GK, Meister S, Schultz J, White KP, Barillas-Mury C, et al. Genome

expression analysis of Anopheles gambiae: responses to injury, bacterial challenge, and malaria infec-

tion. Proceedings of the National Academy of Sciences of the United States of America. 2002; 99

(13):8814–9. https://doi.org/10.1073/pnas.092274999 PMID: 12077297

5. Barillas-Mury C, Charlesworth A, Gross I, Richman A, Hoffmann JA, Kafatos FC. Immune factor Gam-

bif1, a new rel family member from the human malaria vector, Anopheles gambiae. The EMBO journal.

1996; 15(17):4691–701. PMID: 8887560

6. Meredith JM, Munks RJ, Grail W, Hurd H, Eggleston P, Lehane MJ. A novel association between clus-

tered NF-kappaB and C/EBP binding sites is required for immune regulation of mosquito Defensin

genes. Insect molecular biology. 2006; 15(4):393–401. https://doi.org/10.1111/j.1365-2583.2006.

00635.x PMID: 16907826

7. Eggleston P, Lu W, Zhao Y. Genomic organization and immune regulation of the defensin gene from

the mosquito, Anopheles gambiae. Insect molecular biology. 2000; 9(5):481–90. Epub 2000/10/13.

PMID: 11029666.

8. Gupta L, Molina-Cruz A, Kumar S, Rodrigues J, Dixit R, Zamora RE, et al. The STAT pathway mediates

late-phase immunity against Plasmodium in the mosquito Anopheles gambiae. Cell Host Microbe.

2009; 5(5):498–507. https://doi.org/10.1016/j.chom.2009.04.003 PMID: 19454353

9. Smith RC, Eappen AG, Radtke AJ, Jacobs-Lorena M. Regulation of anti-Plasmodium immunity by a

LITAF-like transcription factor in the malaria vector Anopheles gambiae. PLoS pathogens. 2012; 8(10):

e1002965. https://doi.org/10.1371/journal.ppat.1002965 PMID: 23093936

10. Bryant WB, Michel K. Blood feeding induces hemocyte proliferation and activation in the African malaria

mosquito, Anopheles gambiae Giles. The Journal of experimental biology. 2014; 217(Pt 8):1238–45.

https://doi.org/10.1242/jeb.094573 PMID: 24363411

11. Müller HM, Dimopoulos G, Blass C, Kafatos FC. A hemocyte-like cell line established from the malaria

vector Anopheles gambiae expresses six prophenoloxidase genes. J Biol Chem. 1999; 274(17):11727–

35. PMID: 10206988.

12. Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD. FAIRE (Formaldehyde-Assisted Isolation of Regula-

tory Elements) isolates active regulatory elements from human chromatin. Genome research. 2007; 17

(6):877–85. https://doi.org/10.1101/gr.5533506 PMID: 17179217

13. Giresi PG, Lieb JD. Isolation of active regulatory elements from eukaryotic chromatin using FAIRE

(Formaldehyde Assisted Isolation of Regulatory Elements). Methods. 2009; 48(3):233–9. https://doi.

org/10.1016/j.ymeth.2009.03.003 PMID: 19303047

14. Thomas S, Li XY, Sabo PJ, Sandstrom R, Thurman RE, Canfield TK, et al. Dynamic reprogramming of

chromatin accessibility during Drosophila embryo development. Genome biology. 2011; 12(5):R43.

Epub 2011/05/17. https://doi.org/10.1186/gb-2011-12-5-r43 PMID: 21569360

15. Li XY, Thomas S, Sabo PJ, Eisen MB, Stamatoyannopoulos JA, Biggin MD. The role of chromatin

accessibility in directing the widespread, overlapping patterns of Drosophila transcription factor binding.

Genome biology. 2011; 12(4):R34. Epub 2011/04/09. https://doi.org/10.1186/gb-2011-12-4-r34 PMID:

21473766

16. Kumar V, Muratani M, Rayan NA, Kraus P, Lufkin T, Ng HH, et al. Uniform, optimal signal processing of

mapped deep-sequencing data. Nature biotechnology. 2013; 31(7):615–22. Epub 2013/06/19. https://

doi.org/10.1038/nbt.2596 PMID: 23770639.

Discovering candidate transcription factors potentially participating in Anopheles gambiae immune response

PLOS ONE | https://doi.org/10.1371/journal.pone.0186435 October 13, 2017 11 / 13

https://doi.org/10.1038/nature12231
https://doi.org/10.1038/nature12231
http://www.ncbi.nlm.nih.gov/pubmed/23719378
https://doi.org/10.1371/journal.ppat.0020052
https://doi.org/10.1371/journal.ppat.0020052
http://www.ncbi.nlm.nih.gov/pubmed/16789837
https://doi.org/10.1186/1471-2164-10-257
https://doi.org/10.1186/1471-2164-10-257
http://www.ncbi.nlm.nih.gov/pubmed/19500340
https://doi.org/10.1073/pnas.092274999
http://www.ncbi.nlm.nih.gov/pubmed/12077297
http://www.ncbi.nlm.nih.gov/pubmed/8887560
https://doi.org/10.1111/j.1365-2583.2006.00635.x
https://doi.org/10.1111/j.1365-2583.2006.00635.x
http://www.ncbi.nlm.nih.gov/pubmed/16907826
http://www.ncbi.nlm.nih.gov/pubmed/11029666
https://doi.org/10.1016/j.chom.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19454353
https://doi.org/10.1371/journal.ppat.1002965
http://www.ncbi.nlm.nih.gov/pubmed/23093936
https://doi.org/10.1242/jeb.094573
http://www.ncbi.nlm.nih.gov/pubmed/24363411
http://www.ncbi.nlm.nih.gov/pubmed/10206988
https://doi.org/10.1101/gr.5533506
http://www.ncbi.nlm.nih.gov/pubmed/17179217
https://doi.org/10.1016/j.ymeth.2009.03.003
https://doi.org/10.1016/j.ymeth.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19303047
https://doi.org/10.1186/gb-2011-12-5-r43
http://www.ncbi.nlm.nih.gov/pubmed/21569360
https://doi.org/10.1186/gb-2011-12-4-r34
http://www.ncbi.nlm.nih.gov/pubmed/21473766
https://doi.org/10.1038/nbt.2596
https://doi.org/10.1038/nbt.2596
http://www.ncbi.nlm.nih.gov/pubmed/23770639
https://doi.org/10.1371/journal.pone.0186435


17. Shao Z, Zhang Y, Yuan GC, Orkin SH, Waxman DJ. MAnorm: a robust model for quantitative compari-

son of ChIP-Seq data sets. Genome biology. 2012; 13(3):R16. https://doi.org/10.1186/gb-2012-13-3-

r16 PMID: 22424423

18. Herrero J, Muffato M, Beal K, Fitzgerald S, Gordon L, Pignatelli M, et al. Ensembl comparative geno-

mics resources. Database: the journal of biological databases and curation. 2016; 2016. https://doi.org/

10.1093/database/bav096 PMID: 26896847

19. Kriventseva EV, Tegenfeldt F, Petty TJ, Waterhouse RM, Simao FA, Pozdnyakov IA, et al. OrthoDB v8:

update of the hierarchical catalog of orthologs and the underlying free software. Nucleic acids research.

2015; 43(Database issue):D250–6. https://doi.org/10.1093/nar/gku1220 PMID: 25428351

20. Lawson D, Arensburger P, Atkinson P, Besansky NJ, Bruggner RV, Butler R, et al. VectorBase: a home

for invertebrate vectors of human pathogens. Nucleic acids research. 2007; 35(Database issue):D503–

5. Epub 2006/12/06. https://doi.org/10.1093/nar/gkl960 PMID: 17145709

21. Megy K, Emrich SJ, Lawson D, Campbell D, Dialynas E, Hughes DS, et al. VectorBase: improvements

to a bioinformatics resource for invertebrate vector genomics. Nucleic acids research. 2012; 40(Data-

base issue):D729–34. Epub 2011/12/03. https://doi.org/10.1093/nar/gkr1089 PMID: 22135296

22. Song L, Zhang Z, Grasfeder LL, Boyle AP, Giresi PG, Lee BK, et al. Open chromatin defined by DNaseI

and FAIRE identifies regulatory elements that shape cell-type identity. Genome research. 2011; 21

(10):1757–67. Epub 2011/07/14. https://doi.org/10.1101/gr.121541.111 PMID: 21750106

23. Boyle AP, Davis S, Shulha HP, Meltzer P, Margulies EH, Weng Z, et al. High-resolution mapping and

characterization of open chromatin across the genome. Cell. 2008; 132(2):311–22. Epub 2008/02/05.

https://doi.org/10.1016/j.cell.2007.12.014 PMID: 18243105

24. Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nusskern DR, et al. The genome

sequence of the malaria mosquito Anopheles gambiae. Science. 2002; 298(5591):129–49. Epub 2002/

10/05. https://doi.org/10.1126/science.1076181 PMID: 12364791.

25. Sharakhova MV, Hammond MP, Lobo NF, Krzywinski J, Unger MF, Hillenmeyer ME, et al. Update of

the Anopheles gambiae PEST genome assembly. Genome biology. 2007; 8(1):R5. Epub 2007/01/11.

https://doi.org/10.1186/gb-2007-8-1-r5 PMID: 17210077

26. Waterhouse RM, Kriventseva EV, Meister S, Xi Z, Alvarez KS, Bartholomay LC, et al. Evolutionary

dynamics of immune-related genes and pathways in disease-vector mosquitoes. Science. 2007; 316

(5832):1738–43. https://doi.org/10.1126/science.1139862 PMID: 17588928

27. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif dis-

covery and searching. Nucleic acids research. 2009; 37(Web Server issue):W202–8. https://doi.org/10.

1093/nar/gkp335 PMID: 19458158

28. Machanick P, Bailey TL. MEME-ChIP: motif analysis of large DNA datasets. Bioinformatics. 2011; 27

(12):1696–7. https://doi.org/10.1093/bioinformatics/btr189 PMID: 21486936

29. Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS. Quantifying similarity between motifs.

Genome biology. 2007; 8(2):R24. https://doi.org/10.1186/gb-2007-8-2-r24 PMID: 17324271

30. Kleino A, Valanne S, Ulvila J, Kallio J, Myllymaki H, Enwald H, et al. Inhibitor of apoptosis 2 and TAK1-

binding protein are components of the Drosophila Imd pathway. The EMBO journal. 2005; 24

(19):3423–34. https://doi.org/10.1038/sj.emboj.7600807 PMID: 16163390

31. Mondal BC, Shim J, Evans CJ, Banerjee U. Pvr expression regulators in equilibrium signal control and

maintenance of Drosophila blood progenitors. Elife. 2014; 3:e03626. https://doi.org/10.7554/eLife.

03626 PMID: 25201876

32. Kersey PJ, Allen JE, Armean I, Boddu S, Bolt BJ, Carvalho-Silva D, et al. Ensembl Genomes 2016:

more genomes, more complexity. Nucleic acids research. 2016; 44(D1):D574–80. https://doi.org/10.

1093/nar/gkv1209 PMID: 26578574

33. Muffato M, Louis A, Poisnel CE, Roest Crollius H. Genomicus: a database and a browser to study gene

synteny in modern and ancestral genomes. Bioinformatics. 2010; 26(8):1119–21. https://doi.org/10.

1093/bioinformatics/btq079 PMID: 20185404

34. Reed DE, Huang XM, Wohlschlegel JA, Levine MS, Senger K. DEAF-1 regulates immunity gene

expression in Drosophila. Proceedings of the National Academy of Sciences of the United States of

America. 2008; 105(24):8351–6. https://doi.org/10.1073/pnas.0802921105 PMID: 18550807

35. Kuttenkeuler D, Pelte N, Ragab A, Gesellchen V, Schneider L, Blass C, et al. A large-scale RNAi screen

identifies Deaf1 as a regulator of innate immune responses in Drosophila. Journal of innate immunity.

2010; 2(2):181–94. Epub 2010/04/09. https://doi.org/10.1159/000248649 PMID: 20375635.

36. Ding J, Dhillon V, Li X, Hu H. Systematic discovery of cofactor motifs from ChIP-seq data by SIOMICS.

Methods. 2014. https://doi.org/10.1016/j.ymeth.2014.08.006 PMID: 25171961.

Discovering candidate transcription factors potentially participating in Anopheles gambiae immune response

PLOS ONE | https://doi.org/10.1371/journal.pone.0186435 October 13, 2017 12 / 13

https://doi.org/10.1186/gb-2012-13-3-r16
https://doi.org/10.1186/gb-2012-13-3-r16
http://www.ncbi.nlm.nih.gov/pubmed/22424423
https://doi.org/10.1093/database/bav096
https://doi.org/10.1093/database/bav096
http://www.ncbi.nlm.nih.gov/pubmed/26896847
https://doi.org/10.1093/nar/gku1220
http://www.ncbi.nlm.nih.gov/pubmed/25428351
https://doi.org/10.1093/nar/gkl960
http://www.ncbi.nlm.nih.gov/pubmed/17145709
https://doi.org/10.1093/nar/gkr1089
http://www.ncbi.nlm.nih.gov/pubmed/22135296
https://doi.org/10.1101/gr.121541.111
http://www.ncbi.nlm.nih.gov/pubmed/21750106
https://doi.org/10.1016/j.cell.2007.12.014
http://www.ncbi.nlm.nih.gov/pubmed/18243105
https://doi.org/10.1126/science.1076181
http://www.ncbi.nlm.nih.gov/pubmed/12364791
https://doi.org/10.1186/gb-2007-8-1-r5
http://www.ncbi.nlm.nih.gov/pubmed/17210077
https://doi.org/10.1126/science.1139862
http://www.ncbi.nlm.nih.gov/pubmed/17588928
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
https://doi.org/10.1093/bioinformatics/btr189
http://www.ncbi.nlm.nih.gov/pubmed/21486936
https://doi.org/10.1186/gb-2007-8-2-r24
http://www.ncbi.nlm.nih.gov/pubmed/17324271
https://doi.org/10.1038/sj.emboj.7600807
http://www.ncbi.nlm.nih.gov/pubmed/16163390
https://doi.org/10.7554/eLife.03626
https://doi.org/10.7554/eLife.03626
http://www.ncbi.nlm.nih.gov/pubmed/25201876
https://doi.org/10.1093/nar/gkv1209
https://doi.org/10.1093/nar/gkv1209
http://www.ncbi.nlm.nih.gov/pubmed/26578574
https://doi.org/10.1093/bioinformatics/btq079
https://doi.org/10.1093/bioinformatics/btq079
http://www.ncbi.nlm.nih.gov/pubmed/20185404
https://doi.org/10.1073/pnas.0802921105
http://www.ncbi.nlm.nih.gov/pubmed/18550807
https://doi.org/10.1159/000248649
http://www.ncbi.nlm.nih.gov/pubmed/20375635
https://doi.org/10.1016/j.ymeth.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25171961
https://doi.org/10.1371/journal.pone.0186435


37. Barillas-Mury C, Han YS, Seeley D, Kafatos FC. Anopheles gambiae Ag-STAT, a new insect member

of the STAT family, is activated in response to bacterial infection. The EMBO journal. 1999; 18(4):959–

67. https://doi.org/10.1093/emboj/18.4.959 PMID: 10022838

38. Zou Z, Shin SW, Alvarez KS, Bian G, Kokoza V, Raikhel AS. Mosquito RUNX4 in the immune regulation

of PPO gene expression and its effect on avian malaria parasite infection. Proceedings of the National

Academy of Sciences of the United States of America. 2008; 105(47):18454–9. https://doi.org/10.1073/

pnas.0804658105 PMID: 19011100

39. Fuda NJ, Guertin MJ, Sharma S, Danko CG, Martins AL, Siepel A, et al. GAGA factor maintains nucleo-

some-free regions and has a role in RNA polymerase II recruitment to promoters. PLoS Genet. 2015;

11(3):e1005108. https://doi.org/10.1371/journal.pgen.1005108 PMID: 25815464

40. Feng J, Liu T, Qin B, Zhang Y, Liu XS. Identifying ChIP-seq enrichment using MACS. Nat Protoc. 2012;

7(9):1728–40. Epub 2012/09/01. https://doi.org/10.1038/nprot.2012.101 PMID: 22936215.

41. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformat-

ics. 2010; 26(6):841–2. https://doi.org/10.1093/bioinformatics/btq033 PMID: 20110278

42. Quinlan AR. BEDTools: The Swiss-Army Tool for Genome Feature Analysis. Current protocols in bioin-

formatics / editoral board, Andreas D Baxevanis [et al]. 2014; 47:11 2 1–34. https://doi.org/10.1002/

0471250953.bi1112s47 PMID: 25199790

43. Furey TS. ChIP-seq and beyond: new and improved methodologies to detect and characterize protein-

DNA interactions. Nature reviews Genetics. 2012; 13(12):840–52. Epub 2012/10/24. https://doi.org/10.

1038/nrg3306 PMID: 23090257

44. Smit A, Hubley, R & Green, P. Repeat Masker Open-4.0. 2015.

45. Ding J, Hu H, Li X. SIOMICS: a novel approach for systematic identification of motifs in ChIP-seq data.

Nucleic acids research. 2014; 42(5):e35. https://doi.org/10.1093/nar/gkt1288 PMID: 24322294

46. Mahony S, Benos PV. STAMP: a web tool for exploring DNA-binding motif similarities. Nucleic acids

research. 2007; 35(Web Server issue):W253–8. https://doi.org/10.1093/nar/gkm272 PMID: 17478497

47. Bergman CM, Carlson JW, Celniker SE. Drosophila DNase I footprint database: a systematic genome

annotation of transcription factor binding sites in the fruitfly, Drosophila melanogaster. Bioinformatics.

2005; 21(8):1747–9. https://doi.org/10.1093/bioinformatics/bti173 PMID: 15572468.

48. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. Epub 2002/02/16. https://doi.org/10.

1006/meth.2001.1262 PMID: 11846609.

49. McArthur M, Gerum S, Stamatoyannopoulos G. Quantification of DNaseI-sensitivity by real-time PCR:

quantitative analysis of DNaseI-hypersensitivity of the mouse beta-globin LCR. J Mol Biol. 2001; 313

(1):27–34. https://doi.org/10.1006/jmbi.2001.4969 PMID: 11601844

Discovering candidate transcription factors potentially participating in Anopheles gambiae immune response

PLOS ONE | https://doi.org/10.1371/journal.pone.0186435 October 13, 2017 13 / 13

https://doi.org/10.1093/emboj/18.4.959
http://www.ncbi.nlm.nih.gov/pubmed/10022838
https://doi.org/10.1073/pnas.0804658105
https://doi.org/10.1073/pnas.0804658105
http://www.ncbi.nlm.nih.gov/pubmed/19011100
https://doi.org/10.1371/journal.pgen.1005108
http://www.ncbi.nlm.nih.gov/pubmed/25815464
https://doi.org/10.1038/nprot.2012.101
http://www.ncbi.nlm.nih.gov/pubmed/22936215
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1002/0471250953.bi1112s47
https://doi.org/10.1002/0471250953.bi1112s47
http://www.ncbi.nlm.nih.gov/pubmed/25199790
https://doi.org/10.1038/nrg3306
https://doi.org/10.1038/nrg3306
http://www.ncbi.nlm.nih.gov/pubmed/23090257
https://doi.org/10.1093/nar/gkt1288
http://www.ncbi.nlm.nih.gov/pubmed/24322294
https://doi.org/10.1093/nar/gkm272
http://www.ncbi.nlm.nih.gov/pubmed/17478497
https://doi.org/10.1093/bioinformatics/bti173
http://www.ncbi.nlm.nih.gov/pubmed/15572468
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1006/jmbi.2001.4969
http://www.ncbi.nlm.nih.gov/pubmed/11601844
https://doi.org/10.1371/journal.pone.0186435

