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transcription factors only second to MYBs [1]. To mod-
ulate gene expression, the bHLH transcription factors 
bind as dimers to specific DNA sequences. This function 
is conserved through two functionally distinct regions 
in the basic helix-loop-helix domain. The basic region is 
located at the N-terminus of the domain and consists of 
mainly basic residues [2]. It functions as a DNA binding 
domain [3], recognizing a hexanucleotide motif in the 
major groove [4–6]. At the C-terminus of the domain, 
the helix-loop-helix region is located. It consists of two 
amphipathic helices separated by a loop [2]. Through 
the interaction of hydrophobic residues, it mediates 

Introduction
A basic helix-loop-helix (bHLH) domain is the charac-
teristic and name-giving feature of the bHLH transcrip-
tion factor family. This gene family is found in three 
major eukaryotic lineages (animals, plants, fungi). In 
plants, the bHLH family is one of the largest groups of 
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Abstract
Background The bHLH transcription factor family is named after the basic helix-loop-helix (bHLH) domain that is a 
characteristic element of their members. Understanding the function and characteristics of this family is important 
for the examination of a wide range of functions. As the availability of genome sequences and transcriptome 
assemblies has increased significantly, the need for automated solutions that provide reliable functional annotations 
is emphasised.

Results A phylogenetic approach was adapted for the automatic identification and functional annotation of the 
bHLH transcription factor family. The bHLH_annotator, designed for the automated functional annotation of bHLHs, 
was implemented in Python3. Sequences of bHLHs described in literature were collected to represent the full 
diversity of bHLH sequences. Previously described orthologs form the basis for the functional annotation assignment 
to candidates which are also screened for bHLH-specific motifs. The pipeline was successfully deployed on the two 
Arabidopsis thaliana accessions Col-0 and Nd-1, the monocot species Dioscorea dumetorum, and a transcriptome 
assembly of Croton tiglium. Depending on the applied search parameters for the initial candidates in the pipeline, 
species-specific candidates or members of the bHLH family which experienced domain loss can be identified.

Conclusions The bHLH_annotator allows a detailed and systematic investigation of the bHLH family in land plant 
species and classifies candidates based on bHLH-specific characteristics, which distinguishes the pipeline from other 
established functional annotation tools. This provides the basis for the functional annotation of the bHLH family in 
land plants and the systematic examination of a wide range of functions regulated by this transcription factor family.
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protein-protein interactions used for dimerization [4–
6]. Both the formation of homo- and heterodimers was 
reported for bHLH transcription factors [4, 5, 7]. The 
most recognized target sequence is the E-box CANNTG 
[8–12]. While recognizing the E-box, each monomer of 
the bHLH dimer binds one half of the motif in the major 
groove [5, 6].

In addition, the bHLHs are also able to interact with 
other classes of transcription factors [1]. This enables the 
formation of multimeric complexes [13, 14]. A famous 
example is the MYB-bHLH-WD40 (MBW) complex, 
which is involved in the regulation of anthocyanin and 
proanthocyanidin biosynthesis in the flavonoid pathway 
and controls epidermal cell fates like trichome initiation 
or root hair formation [15–18]. The ternary protein com-
plex is composed of a R2R3-MYB, a bHLH, and a WD40-
repeat protein [18]. R2R3-MYBs from the subfamilies 5, 6 
and 15 and bHLHs from the subfamily 3f can participate 
in the complex formation. The bHLHs from the subfam-
ily 3f are associated with a conserved N-terminal motif 
outside the bHLH domain [19].

The functionality of the different elements of a bHLH is 
determined by certain amino acid residues, which form a 
conserved motif (Fig. 1).

In plants, the basic region of a bHLH is represented by 
the first 10 to 19 amino acids [1, 9–12, 21]. Conserved 
positions in this region determine the DNA binding 
behaviour [4–6, 22]. Crucial are the positions 5, 9 and 13 
in the conserved motif (Fig. 1), which mainly define the 
hexanucleotide target motif [4–6, 22]. The positions 10 
and 12 are occupied by arginine residues contacting the 
DNA backbone [4, 22].

In the helix regions, the hydrophobic amino acids form 
the core at dimer formation, thus stabilising the interac-
tion [4]. Consistent with this function, analyses of the 
animal bHLH residues have shown less sequence variabil-
ity for buried helix positions than for exposed ones [23]. 
The loop region shows high variation regarding length 
and sequence [1, 9–12, 21]. In eukaryotes, the minimum 
found loop length is five amino acids long [4, 23]. Con-
served positions in the loop have been shown to stabilise 
the shape of the loop [4, 5]. Also, for animal bHLHs, a 
lysine residue in the loop was reported to participate in 

DNA binding by interacting with the DNA backbone [4] 
or being mandatory for DNA binding [24].

Based on their DNA binding properties, members of 
the bHLH family can be categorised into groups. The first 
distinction is between DNA binding bHLHs and non-
binding HLHs. The latter group is also called ‘atypical 
bHLHs’. For the prediction of DNA binding ability, the 
number of basic residues in the basic region is inspected 
[9]. Most studies use a minimum of 5 basic residues as 
cutoff to consider candidates as binding bHLHs [11, 12, 
25]. The DNA binding bHLHs are further differentiated 
based on their hexanucleotide target motif. The amino 
acid composition at specific positions in the basic region 
determines the motif that is recognized by a bHLH [9]. 
The most abundant motif in plants and animals is the 
E-box CANNTG [8–12]. E-box binders are distinguished 
from non-E-box binders based on the presence of glu-
tamic acid and arginine at the positions 9 and 12 [9, 11, 
12, 25–27]. The glutamic acid contacts the first two bases 
(CA) of the E-box [4–6, 22] and has been shown to be 
important for DNA binding [28]. This interaction is sta-
bilised by the arginine residue, which directs the side 
chain of the glutamic acid while contacting the DNA 
backbone [5]. In plants, as well as animals, the most com-
mon E-box motif is the G-box CACGTG [8–12]. There-
fore, the group of E-box binders is categorised into G-box 
binders and non-G-box binders. G-box binders are iden-
tified by histidine, glutamic acid and arginine at the posi-
tions 5, 9, and 13 [9, 11, 12, 25–27]. The histidine residue 
binds to the last base (G) of the motif [4, 6, 22]. The argi-
nine residue at position 13 distinguishes the G-box from 
the E-box motif CAGCTG [4, 6]. In terms of DNA bind-
ing specificity, the interaction of bHLH and DNA is not 
limited to the target motif or basic region. Flanking bases 
outside the target motif have been shown to discriminate 
binding for certain animal bHLHs [28] and to be recog-
nized by amino acids in the basic region [5, 6, 22]. Also, 
residues outside the basic region participate in DNA 
binding. Contacts with the phosphate groups of the DNA 
backbone have been observed for residues in the loop 
and helix 2 region [4, 6], like the lysine residue in the loop 
mentioned before.

The atypical bHLHs are defined by their lack of basic 
residues in the basic region and therefore predicted not 

Fig. 1 Conservation of amino acid residues of plant bHLH domain. Hydrophobic amino acids are coloured black. Hydrophilic amino acids are coloured 
blue and neutral amino acids green. The motif is based on conserved residues of bHLHs in Arabidopsis thaliana, Oryza sativa, Physcomitrella patens and 
Selaginella moellendorffii [10, 11]. Constructed with Weblogo [20]
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to be able to bind DNA. Instead, HLHs have shown to 
contain proline residues in the basic region [9]. Because 
the HLH region and therefore the ability to dimerize is 
still intact, they are proposed to be negative regulators of 
DNA binding by forming heterodimers with DNA bind-
ing bHLHs [9, 11]. While this behaviour had been found 
in both plant and animal bHLHs [13, 29], previous stud-
ies found no similarity between the plant and animal 
HLHs [9, 11].

Based on their phylogenetic relationship, the bHLH 
transcription factors can be grouped into subfamilies. 
Depending on the analysed species and criteria, the num-
ber of subfamilies varies. Multispecies analyses have pre-
dicted 26 [10] or 32 subfamilies, if atypical bHLHs were 
included in the analysis [11]. Because the deep notes of 
the phylogenetic trees in the analyses have low statisti-
cal support, no strong conclusion about the relationship 
between the subfamilies should be drawn. The subfami-
lies themself are highly supported, allowing examination 
of subfamily specific characteristics and evolutionary 
relationship [1, 8–11, 30, 31]. The plant subfamilies are 
proposed to be monophyletic, as they do not cluster 
together with other eukaryotic bHLHs [9, 10]. Further-
more, they are conserved among different plant spe-
cies and most families have been shown to be present 
in early land plants before the evolution of mosses [10]. 
Subfamily characteristics are the number and positions 
of introns [1, 9, 11, 31], the predicted protein length, and 
the position of the domain [1]. Conserved motifs out-
side the bHLH domain can be associated with individual 
subfamilies [1, 9–11, 31]. Some motifs can be observed 
in different subfamilies, but the relative spatial location 
is subfamily associated [10]. Most subfamilies belong 
to the same group with respect to their DNA binding 
properties. Some distant subfamilies share DNA binding 
properties which suggests that some features might have 
developed independently in separate lineages [9, 11]. The 
functional diversification within the subfamilies is vari-
able. Some subfamily members are involved in similar 
biological processes or have redundant functions, while 
other subfamilies contain highly functionally specialised 
members [1, 11].

In plants, the bHLH family has been expanded through 
gene duplication [1, 9] and domain shuffling [9–11]. Evi-
dence for this theory are the presence of the same con-
served motifs in different subfamilies [10, 11], as well as 
the sequence diversity outside of the bHLH domain [9]. 
Domain shuffling also has been suggested for animal 
bHLHs [30, 32]. Additional named arguments concern-
ing regarding animal bHLHs are the loss of the basic 
domain in some subgroups and the spatial variation of 
the domain [32], which also apply to plant bHLHs [1, 9, 
11].

The bHLH transcription factor family controls a wide 
range of biological processes, which warrants in-depth 
investigations of functions and characteristics. The avail-
ability of plant sequence data has increased significantly 
with development of new sequencing technologies 
like next-generation sequencing (NGS) [33] and more 
recently long read sequencing technologies [34, 35]. 
While structural annotation can be achieved automati-
cally with the integration of external hints, the func-
tional annotation of predicted genes remains a challenge. 
This reinforces the need for automated annotation of 
sequences.

Various approaches for the automated annotation of 
sequences are deployed. Established tools assign a func-
tional description based on sequence similarity to anno-
tated protein sequences or based on the detection of 
hidden Markov Model (HMM) profiles. HMM profiles 
for this annotation method can be retrieved from Pfam 
[36, 37] which is a comprehensive protein domain pro-
file database. InterProScan5 is a tool that assigns Pfam 
domains and other annotation ontology terms to given 
sequences [38]. To provide standardised vocabularies, 
Gene Ontology (GO) terms [39, 40], the KEGG Orthol-
ogy (KO) entries from the KEGG database [41] or the 
plant specific MapMan BIN ontology [42, 43] can be 
utilised. The automated functional annotation pipeline 
Blast2GO assigns GO terms to a set of given sequences 
based on sequence similarity to previously charac-
terised reference sequences [44]. For KO entries, the 
KEGG Automatic Annotation Server (KAAS) [45] can 
be deployed, which is conceptually similar to Blast2GO. 
Mercator4 [43, 46] is a plant specific functional annota-
tion pipeline, assigning MapMan BIN annotations to 
novel sequences [47]. The input sequences are classi-
fied by scanning for BIN specific HMM motifs. Input 
sequences that cannot be assigned to a MapMan BIN are 
annotated by performing a BLASTP search against the 
Swiss-Prot database [43, 48].

Other functional annotation initiatives rely on the 
concept that orthologs are likely to have the same func-
tion [49], thus specifically identifying orthologs. One 
approach is the identification via clustering, which is 
performed by OrthoMCL [50, 51]. Another approach 
is the investigation of the phylogenetic relationship 
through identification of homologs, the alignment of all 
sequences, and the construction of a phylogenetic tree. 
Based on the inferred relationships in the tree, func-
tional predictions and further analysis can be performed 
[52]. A similar approach was developed for the identifi-
cation of gene families based on massive collections of 
transcriptome assemblies [53]. OrthoFinder applies this 
approach for the identification of orthologs between spe-
cies [54]. KIPEs can identify enzymes in a pathway based 
on orthology to previously characterised sequences and 
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downstream inspection of functionally important amino 
acid residues [55, 56]. SHOOT can identify the ortholog 
of a given sequence in a collection of sequence data sets 
that represent a range of species [57]. The MYB_anno-
tator represents a pipeline for the automated functional 
annotation of the MYB transcription factor family by 
phylogenetic identification of orthologs and a detailed 
characterisation of identified candidates based on spe-
cific sequence features [58].

Here, the objective was to develop a pipeline for the 
automated identification and functional annotation of 
bHLHs in plants based on orthology to previously char-
acterised sequences. Initial candidates are recognized 
through similarity to a collection of bait sequences or by 
a bHLH-specific HMM. The pipeline harnesses a phylo-
genetic approach to define orthologs as final candidates. 
Special characteristics of the bHLH family like the sub-
family-specific motifs and DNA binding properties are 
analysed. Screens of data sets with numerous isoforms 
like de novo transcriptome assemblies are enabled by a 
parallelization option.

Materials and methods
Development of a workflow for automatic bHLH 
annotation
An automatic basic helix-loop-helix (bHLH) annota-
tion pipeline was implemented in Python3 [55]. The 
bHLH_annotator builds on a strategy derived from the 

MYB_annotator [58] and includes the identification of 
bHLH candidates based on sequence similarity revealed 
through BLASTp v2.12.0+ [59], the construction of a 
global alignment of candidate sequences with MAFFT 
v7 [60] or Muscle5 [61], the construction of phylogenetic 
trees with FastTree2 v2.1.10 [62] or RAxML-NG v0.9.0 
[63], the identification of orthologs and paralog clusters 
with DendroPy 4.5.2 [64], the domain check and screen-
ing for subfamily specific motifs with HMMER 3.3.2 [65] 
and the prediction of DNA binding group based on resi-
dues in the basic region (Fig. 4). The MYB_annotator [58] 
was optimised to annotate members of the MYB family 
with a highly conserved repeat motif. The bHLH_annota-
tor was adjusted to the highly variable bHLH domain in 
members of the bHLH family. In contrast to the MYB_
annotator [58], Muscle5 [61] is set as the default align-
ment tool because it provided a more reliable alignment 
of the bHLHs in our tests. To allow alignments with Mus-
cle5 [61] for a high number of identified candidates (over 
600 candidates), the bHLH_annotator was equipped with 
an optimised bait collection and a parallelization option, 
which reduces the computational costs of the classifica-
tion step by partitioning the candidates into bins that are 
separately analysed. Furthermore, additional steps ana-
lysing bHLH specific characteristics were added. They 
include a domain check and extraction of the bHLH 
domain, screening for subfamily specific motifs with 
HMMER 3.3.2 [65], and the prediction of DNA binding 
groups based on residues in the basic region (Fig. 4).

Input data sets
If run with default settings, the reference sequences used 
to annotate ortholog candidates are the Arabidopsis 
thaliana bHLHs. These sequences were annotated by the 
latest public data release on The Arabidopsis Informa-
tion Resource (TAIR) website [66, 67]. Also, the subfam-
ily name of each reference sequence was retrieved from 
a multi species study of the bHLH family [10]. From the 
same study [10], sequences of subfamily specific motifs 
were collected, aligned with Muscle5 [61], and a HMM 
motif specific for a subfamily was built with the HMMER 
3.3.2 [65] function “hmmbuild” if possible. For the pre-
diction of DNA binding groups, AT1G09530 was chosen 
as reference. Residue positions of the candidate bHLH 
domains are determined based on this polypeptide 
sequence.

Bait sequence collection
Previously in literature described bHLH sequences from 
various plant species were retrieved to form the bait 
sequence collection. Sequences were taken from the sup-
plementary data of the respective publication or extracted 
from the plants predicted polypeptide sequences speci-
fied in the respective publication (Table  1). Duplicate 

Table 1 Plant polypeptide sequences used to collect bHLH 
sequences. The species, version and database source are given
Species Version Source
Aquilegia coeruela v3.1 Phytozome [69, 70]

Arabidopsis thaliana TAIR10 Phytozome [66]

Brassica napus v5 Brassica napus Genome 
Browser [71]

Brassica rapa v1.2 Brassicaceae Database [72]

Camellia sinesis - Tea Plant Information 
Archive [73]

Citrus grandis v1.0 Phytozome [69, 74]

Cucumis melo v3.5.1 Cucurbit Genomics Data-
base [75]

Eucalyptus grandis v2.0 Phytozome [69, 76]

Gossypium hirsutum “TM-1” genome 
NAU-NBI_v1.1

Cottongen [77, 78]

Musa acuminata DH-Pahang v4 Banana Genome Hub [79]

Nicotiana tabacum v4.5 SolGenomicsNetwork [80]

Oryza sativa 7.0 Rice Genome Annotation 
Project [81]

Phaseolus vulgaris v2.1 Phytozome [69]

Physcomitrella patens JGI v1.1 Phytozome [69]

Populus trichocarpa v1.1 Phytozome [69]

Prunus persica v2.1 Phytozome [69, 82]

Vitis vinifera v2.1 Phytozome [69, 83]

Zea mays B73 RefGen_v3 MaizeGDB [84]
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sequences were removed from the bait collection. bHLHs 
with a high grade of sequence divergence were identi-
fied in the well studied species A. thaliana [1, 9, 11] and 
Oryza sativa [11, 31] (see Additional file 1 for details). 
The BLASTp-based Python script “collect_best_BLAST_
hits.py” v0.29 [68] was used to find the best BLAST hits 
in predicted polypeptide sequences of Brassica napus for 
the diverged sequences in A. thaliana and Zea mays in 
O. sativa. The obtained sequences were added to the bait 
sequence collection to represent the diverged sequences 
with a higher phylogenetic diversity.

Additional bHLH-like outgroup sequences were identi-
fied based on sequence similarity to bHLH sequences and 
a phylogenetic placement outside of the monophyletic 
bHLH clade (see Additional file 2 for details). The collec-
tion of bait and outgroup sequences was reduced to rep-
resent the full sequence diversity with a minimal number 
of sequences. This optimisation of the bait sequence col-
lection substantially reduces the computational costs and 
run time of the analysis (see Additional file 2 for details). 
With the HMMER 3.3.2 [65] option “hmmbuild” an 
HMM motif of the optimised bait collection was created.

The bHLH bait sequence collection and outgroup 
sequence collection represent the bait collection v0, 
which was used for benchmarking. For the bait collec-
tion v1, the bHLH candidates (type 1 and 2) identified in 
the benchmarking of the A. thaliana Col-0 accession and 
not described in the literature [1, 9, 11] were added. Also, 
the remaining bHLH sequences of B. napus and Z. mays 
were added, as these species are only represented by the 
diverged sequences in v0. The final bait collection v1.1 
was obtained by removing bait sequences with an inter-
changed phylogenetic placement regarding the bHLH 
baits and outgroup.

A phylogenetic analysis of the bait collection v1.1 and 
the optimised bait collection v1.1 was performed to iden-
tify subfamilies proposed by previous multi-species stud-
ies [10]. For each subfamily, a Weblogo was created and 
the representation of the land plant lineages in the sub-
families was analysed (see Additional file 3 for details).

Parameter optimisation
Optimal BLAST parameters would allow a comprehen-
sive identification of all bHLHs while minimising the 
number of false-positive candidates that need to be fil-
tered out in the following steps. To avoid overfitting of 
parameters, the optimisation was performed on A. thali-
ana as representative of eudicot plants as well as O. sativa 
as representative of monocot plants (see Additional file 1 
for details).

Proof of concept and benchmarking
As proof of concept, the pipeline v1.01 with the bait col-
lection v0 was deployed on the Araport11 polypeptide 

sequence collection of the A. thaliana accession Col-0 
[67]. A. thaliana bait sequences were temporarily 
removed from the bait sequence set before deployment. 
Afterwards, the pipeline was deployed on polypep-
tide sequences of the A. thaliana accession Nd-1 [85], 
Dioscorea dumetorum [86] and Croton tiglium [87] with 
the complete bait collection. The identified candidates 
in the A. thaliana Nd-1 accession were assigned to the 
Col-0 candidates by using them as baits for the BLASTp-
based Python script “collect_best_BLAST_hits.py” v0.29 
[68] to compare the results of both accessions.

Results
bHLH and outgroup bait collection
The bait collection consists of 4,545 bHLH sequences of 
28 plant species [88] (Additional file 4, Additional file 
5). The optimisation process resulted in an optimised 
bait collection of 318 sequences representing 27 species 
(Additional file 6). For each sequence the species name, 
the reference labelling it as bHLH, the accession identi-
fier, and the source of the sequence was documented. As 
representatives of bryophytes, lycophytes, gymnosperm, 
and several angiosperm species are included, both the 
bHLH bait collection and the optimised bait collection 
cover a wide phylogenetic range of land plant species 
(Fig.  2). The collection of outgroup sequences contains 
136 identified non-bHLH sequences of 16 species (Addi-
tional file 7). The optimised outgroup collection contains 
84 non-bHLHs and still represents the same 16 species 
(Additional file 8).

The phylogenetic analysis identified 27 subfamilies in 
the bait collection and optimised bait collection (Addi-
tional file 3, Additional file 9). The Weblogos of the 
subfamilies (Additional file 10) demonstrate a variable 
position of the bHLH domain between the subfamilies, 
which conforms with the results of previous studies [1, 
9–11]. As observed in other multi-species studies [10, 
11], the subfamilies are highly conserved among the land 
plant lineages (Additional file 3, Additional file 11).

The phylogenetic relationship shows the outgroup 
sequences forming a group separated from the mono-
phyletic bHLH sequences (Fig. 3, Additional file 12). The 
phylogenetic separation of the outgroup sequences is also 
shown in a phylogenetic tree inferred with IQ-TREE 2 
[92] (Additional file 13). A few bHLH sequences of the 
optimised bait collection are not matched by the HMM 
motif of the optimised bait collection.

bHLH identification and annotation workflow
The pipeline comprises several mandatory and optional 
steps (Fig.  4). In step 1, initial candidates are identified 
via BLAST [94, 95] or HMMER [65]. In step 2, the can-
didates are classified as ingroup (bHLH) or outgroup 
(non-bHLH) members. For a high number of identified 
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candidates (over 600 candidates), a parallelization option 
is provided in this step. A phylogenetic tree containing 
the clean candidate and bait sequences is constructed 
(step 3). Based on the tree, orthologous baits and orthol-
ogous bHLH reference sequences are assigned to each 
candidate (step 4). In the following steps, an analysis 
of the bHLH domain is performed based on a HMM 
motif and the DNA binding group is predicted (step 5). 
Also based on HMM motifs, subfamily specific motifs 
are identified in the candidate sequences (step 6). Next, 
phylogenetic trees are constructed containing clean can-
didate sequences and A. thaliana bHLHs (step 7), respec-
tively. Step 8 provides the option to collapse large groups 
of similar sequences by defining one representative per 
clade. This option is intended for the analysis of de novo 
transcriptome assemblies, which are usually rich in tran-
script isoforms. In step 9, another phylogenetic tree of 
the representative candidates retained in step 8 and A. 
thaliana bHLHs is created. The bHLH_annotator pipe-
line is publicly available through a GitHub repository: 
https://github.com/bpucker/bHLH_annotator.

Step 0: input data and integrity check
Prior to execution of the bHLH_annotator, several inputs 
are checked. Users need to supply an input FASTA file 

containing coding or peptide sequences (subject file) and 
to specify an output folder. Additional input files like the 
HMM motif for the HMMER search can be defined in a 
config file or as arguments.

The defined files are checked for forbidden characters 
in the sequence identifiers and for consistency of identifi-
ers across files. The input FASTA file is cleaned to remove 
forbidden characters. A mapping file is created to docu-
ment the connection between cleaned identifiers and the 
original identifiers of the user-supplied subject file.

Step 1: identification of initial candidates
Initial candidates can be identified via BLAST [94, 95] 
or HMMER [65]. For HMMER, a HMM motif must be 
defined (the HMM motif of the bait collection is defined 
as default in the config file). As default option, BLAST is 
used to perform a search with the bait sequence collec-
tion against the user-supplied subject file. The hits are 
filtered based on bit score, alignment length and percent-
age of identical matches (described as similarity) to retain 
the initial bHLH candidates.

Step 2: classification into ingroup and outgroup sequences
A phylogenetic tree of the initial candidates and bait col-
lection is constructed. As an alignment tool, Muscle5 

Fig. 2 Phylogenetic relationship of all plant species represented in the bait sequence collection v1.1. Number of sequences in bait collection, optimised 
bait collection, outgroup collection and optimised outgroup collection. Different plant lineages are indicated with colours: Angiosperms (green), Gym-
nosperms (red), Lycophytes (blue), and Bryophytes (yellow). Orders of plant species were retrieved from WFO [89]. Phylogenetic relationship of orders 
and families revised by [90, 91]
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[61] or MAFFT v7 [60] can be selected with Muscle5 
[61] being the default option. Each alignment is trimmed 
by removing positions with less than 10% occupancy in 
a given alignment position. Tree construction can be 
done via default FastTree2 [62] with option “-wag” or 
RAxML-NG [63]. In case of a high number of candidates 
(over 600 candidates), parallel tree construction with a 
fixed number of candidates per tree is possible with the 
parallelization option. This is recommended as it allows 
the reduction of computational costs and substantially 
reduces the run time. All candidates are screened for the 
presence of the defined HMM motif. The classification 

of candidates is based on the phylogenetic distance to 
neighbouring ingroup and outgroup leaves representing 
bait sequences (Fig. 5).

With DendroPy 4.5.2 [64], patristic distance and 
edge count of each candidate leaf to all other leaves of 
the tree are computed. The classification is performed 
on each candidate leave separately. Neighbouring 
leaves are sorted based on ascending edge count and a 
defined number of these leaves is selected for classifi-
cation. Singular leaves with a patristic distance longer 
than the mean nearest taxon distance (calculated with 
DendroPy v4.5.2 [64] multiplied by a defined factor are 

Fig. 3 Maximum likelihood tree showing the phylogenetic relationship between optimised bHLH bait collection and optimised outgroup collection 
v1.1. Bootstrap values are represented by the size of green circles on the branches. Clades with an average branch length distance below 0.8 are collapsed. 
The figure was created with iTOL [93]
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removed from the selection to exclude outliers. The 
ingroup and outgroup baits among the selected leaves 
are counted and the relative contribution of ingroup 
sequences is calculated as a score. Based on a defined 
minimum score and a minimum number of ingroup 
and outgroup baits in the selection, the candidate leaf 
is classified as ingroup or outgroup. Also, candidates 
missing the bHLH motif can be excluded from the 
ingroup if the user specified the presence of this motif 
as mandatory.

With the candidates classified as ingroup, a second 
classification with a newly constructed tree is started to 
filter candidates that were previously falsely accepted. 

The second phylogenetic tree is expected to be of higher 
quality due to the reduced number of non-bHLHs in the 
multiple sequence alignment. The ingroup candidates 
of the second classification are accepted as final bHLH 
candidates.

Step 3: construction of a final tree
A phylogenetic tree of the final candidate and bait 
sequences is constructed as described above. Because 
the contribution of non-bHLH sequences is the small-
est among all analyses, the resulting tree is assumed to 
represent the phylogenetic relationship of the candidates 
with the highest possible reliability.

Fig. 4 Schematic illustration of the bHLH_annotator pipeline. The pipeline steps and output files are numbered. Input files are coloured blue. The pipe-
line steps are coloured green. All output files with format are numbered and coloured yellow. Step 8 and step 9 are only performed if the collapse option 
is chosen.
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Step 4: assignment of orthologs and annotation
An ortholog bait sequence is assigned to each final bHLH 
candidate. DendroPy v4.5.2 [64] is used to calculate the 
edge and patristic distances from each candidate to all 
baits in the final tree (step 3). The bait sequence with 
the minimum edge distance to each candidate is defined 
as ortholog. As a result, all ortholog candidates per 
bait sequence are collected. Also, for all candidates, the 
assigned bait sequences are listed together with edge dis-
tance and patristic distance.

In the following step, the final bHLH candidates are 
annotated based on orthologous relationships to the 
reference sequences. The reference file defines the func-
tional annotation description, an alternative sequence 
name, and the name of the phylogenetic subfamily for all 
reference sequences. Based on the assigned orthologs, 
the candidates are annotated with this information from 
the reference file. While annotated A. thaliana bHLHs 
are provided as standard references, users could also 
run the analysis with their own references. The reference 
sequences must be included in the complete bait collec-
tion, or the A. thaliana bHLHs file (step 7).

Step 5: bHLH domain check and prediction of binding group
All final candidates are checked for the presence of the 
bHLH domain using HMMER [65] and the defined 
HMM motif (the HMM motif of the bait collection is 
defined as default in the config file). The results are sum-
marised and identified bHLH domains are exported into 
a FASTA file.

For prediction of DNA binding groups, the cru-
cial domain positions are analysed for each candidate. 
Based on determined positions in the reference bHLH 
AT1G09530, the crucial locations are identified in the 
trimmed alignment that served as basis for the final phy-
logenetic tree (step 3). For each candidate, several infor-
mation are listed: (1) the number of basic residues in the 
basic region, (2) the amino acids at the positions of 5, 9 
and 13 (based on AT1G09530), (3) DNA binding ability, 
(4) E-box binding ability, and (5) G-box binding ability.

Step 6: identification of motifs
All final candidates are screened for the presence of sub-
family specific motifs using HMMER [65]. For each can-
didate, the recognized motifs are listed, and the motif 
sequences are extracted. The subfamily specific motifs 
are defined in the motifs file and the collection can be 
extended by users.

Step 7: construction of a tree with A. thaliana bHLHs
A phylogenetic tree of the final candidates and A. thali-
ana bHLHs is constructed as described above. While 
most users might consider the well-studied A. thaliana 
bHLHs helpful, it is also possible to provide the bHLHs 
sequences of a different species or bHLH sequences of 
multiple species through this option.

Step 8: collapsing paralogous clusters
De novo transcriptome assemblies are characterised by a 
high level of sequence redundancy due to large numbers 

Fig. 5 Schematic illustration of the classification into ingroup and outgroup candidates. The brackets denote the neighbouring leaves considered for 
the classification of each candidate. The number of considered neighbouring leaves for classification is 3. Candidates with a score higher than 0.5 are 
considered as ingroup bHLHs (in); candidates with a score below 0.5 are considered as outgroup candidates (out)
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of transcript isoforms per gene. Large groups of similar 
sequences (expected paralogs or isoforms) are collapsed 
by defining one representative sequence per clade. For 
each leaf of the final tree (step 3), the mean nearest taxon 
distance and patristic distance to all other leaves of the 
trees is calculated using DendroPy v4.5.2 [64]. The neigh-
bouring leaves are sorted by ascending edge distance 
and are analysed in this order. All candidate leaves with 
a patristic distance less than the mean nearest taxon dis-
tance multiplied by a defined cutoff factor are identified 
as members of the paralog group. The analysis is stopped 
at the first bait sequence. All members of the paralog 
group are excluded from further group member iden-
tifications to prevent overlapping clusters. Each para-
log group is collapsed by defining the member with the 
longest sequence as representative. A phylogenetic tree 
of the representatives and bait sequences is constructed 
under the same conditions as described above.

Step 9: construction of phylogenetic tree with representatives 
and A. thaliana bHLHs
A phylogenetic tree of the representative candidates and 
the A. thaliana or other landmark bHLH sequences is 
constructed as described above (step 7). Also, another 
phylogenetic tree is constructed containing the subfam-
ily and alternative sequence names of all reference bHLH 
sequences in their labels. Based on the phylogenetic rela-
tionship to the references, subfamilies are assigned to the 
representative candidate sequences.

Proof of concept and benchmarking
A. thaliana accession Col-0
As a technical validation, the Col-0 sequences were 
screened for bHLHs. The pipeline identified 571 ini-
tial candidates in the A. thaliana accession Col-0 [67]. 
After the first phylogenetic classification in the pipeline, 
this number was reduced to 249 candidates. The second 
classification identified 241 possible bHLH candidates 
(Fig. 6), as eight candidates were placed differently in the 
phylogenetic tree of the more stringent second classifica-
tion round.

These possible bHLH candidates included 165 of the 
167 A. thaliana bHLHs that were described in the lit-
erature [1, 9, 11]. The two candidates not identified are 
AT1G25310 and AT5G50010, which were not detected 
by BLAST due to a sequence similarity below 40% and/or 
bit score below 60. The 76 candidates identified in addi-
tion to previous reports in the literature can be divided 
into four types: (1) 5 bHLH candidates that are not men-
tioned in publications [1, 9, 11], but are annotated as 
bHLHs in TAIR; (2) 3 sequences not annotated as bHLH 
but harbouring the bHLH domain and placed within 
bHLH clades; (3) 13 candidates missing the bHLH motif 
and not being annotated as bHLH, but placed within 

bHLH clades; (4) 55 outliers on singular long branches or 
in groups on long branches with not more than one bait 
sequence. With the filter option to exclude candidates 
missing the bHLH motif, the false positives were reduced 
to members of the first type (AT1G10585, AT1G06150, 
AT5G01305, AT2G20100, AT1G49830) i.e. bHLHs not 
mentioned in the publication, but annotated as bHLH in 
TAIR and the second type (AT2G40435, AT3G56220 and 
AT5G64980) i.e. not annotated as bHLH but harbouring 
the characteristic domain.

When deploying the pipeline with the option to search 
for initial candidates via HMMER [65] instead of BLAST 
[94, 95], 198 initial candidates were identified. The clas-
sification reduced this number to 186 possible bHLH 
candidates. These candidates included all 167 A. thaliana 
bHLHs of the bait collection and 19 additional candi-
dates. The additional candidates included all members of 
type one and two identified in the BLAST search.

A. thaliana accession Nd-1
To test the pipeline on a well-defined annotation without 
perfectly matching sequences, another A. thaliana acces-
sion was analysed. The pipeline identified 584 initial can-
didates in the A. thaliana accession Nd-1 [85]. After the 
first classification, this number was reduced to 239 can-
didates. The second classification identified 235 bHLH 
candidates (Fig. 7).

Of these candidates, 213 were directly assigned to 
candidates identified in the Col-0 accession. Two other 
candidates (NdChr1.g2497.t1, NdChr5.g28287.t1) were 
assigned to the A. thaliana bHLHs of the bait collection 
not identified in Col-0 (AT1G25310 and AT5G50010). 
The 20 remaining candidates were not assigned to Col-0 
orthologs. 18 of these candidates fitted the description of 
candidates with unclear phylogenetic placement (type 4 
candidates in A. thaliana Col-0), as they were outliers on 
very long branches or in groups located on long branches 
with not more than one bait sequence. Of the identified 
Col-0 candidates, 30 candidates did not have an assigned 
Nd-1 candidate. Of these candidates, 27 were outli-
ers with unclear phylogenetic placement (type 4), while 
one bHLH candidate described in the literature [1, 9, 11] 
(AT4G28790) and two candidates grouping into bHLH 
clades (type 3) were without assignment.

Monocot species D. dumetorum
To test the performance on a crop with huge phyloge-
netic distance to the model organism A. thaliana, the 
monocotyledonous species D. dumetorum was anal-
ysed. The pipeline identified 747 initial candidates in D. 
dumetorum [86]. After the first classification, this num-
ber was reduced to 254 candidates. The second classifica-
tion identified 235 possible bHLH candidates (Fig. 8). Of 
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these candidates, 200 contained the bHLH motif of the 
optimised bait collection.

Transcriptome assembly of C. tiglium
A transcriptome assembly was screened for bHLHs to 
validate the performance of the pipeline on a highly 
redundant sequence data set. The pipeline identified 
1458 initial candidates in the transcriptome assembly 
of C. tiglium [87]. In a first attempt without the parallel 
option, the pipeline was aborted in the first classification 

as the alignment with Muscle5 [61] was too memory 
consuming when aligning the 1893 sequences used for 
the classification. With the parallel option, the first clas-
sification was distributed onto five phylogenetic trees, 
which reduced the number of candidate sequences per 
analysis. As a result, 648 candidates were identified. The 
second classification was distributed onto three phyloge-
netic trees and identifies 552 possible bHLH candidates 
of whom 308 harboured the bHLH motif of the bait col-
lection. By utilising the collapsing option of the pipeline, 

Fig. 6 Cladogram derived from a maximum likelihood tree showing the phylogenetic relationship between identified candidates in A. thaliana accession 
Col-0 and A. thaliana bHLHs of the bait collection. Bootstrap values are represented by green circle size. The figure was created with iTOL [93]
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178 representative candidates for the isoforms of the 
transcriptome assembly were determined, of whom 120 
contain the bHLH motif (Fig. 9).

Discussion
Our bHLH_annotator pipeline enables the automatic 
identification and annotation of the bHLH gene fam-
ily in a plant species. The bHLH bait collection covers a 
wide phylogenetic range of land plant species, including 
early branching species like Physcomitrella patens. As 
observed in other multi-species studies [10, 11], bHLH 

sequences from various species cluster together in highly 
conserved subfamilies. The full diversity of these subfam-
ilies is represented by the optimised bHLH bait collection 
with a minimal number of sequences. The optimiza-
tion reduced the computation costs and run time of the 
analysis substantially. In agreement with the assumption 
that the bHLH family is monophyletic [9, 10], the out-
group sequences form a distinct clade separated from the 
bHLH sequences.

A major challenge has been the construction of 
an accurate multiple sequence alignment due to low 

Fig. 7 Cladogram derived from a maximum likelihood tree showing the phylogenetic relationship between identified candidates in the A. thaliana 
accession Nd-1 and A. thaliana bHLHs of the bait collection. Bootstrap values are represented by green circle size. The figure was created with iTOL [93]
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sequence conservation in certain regions of bHLHs. 
Alignments produced by Muscle5 have been shown to 
lead to phylogenetic trees with the most consistent sep-
aration of the outgroup sequences. This is in agreement 
with the Muscle5 publication that claims a higher accu-
racy than other established alignment tools [61]. How-
ever, Muscle5 has been shown to be time- and resource 
consuming which makes it less well suited for large data-
sets [61]. Thus, the number of sequences aligned must be 
minimised by utilising the optimised bait collection as 

a minimal, but diversity representing collection of bait 
sequences for the alignments. The number of initially 
identified candidates is another factor that contributes 
to the computational costs. The bHLH_annotator comes 
with a parallel option, which assigns the initial candidates 
to separate bins to perform several parallel classifications. 
The successful deployment of the pipeline on the C. tig-
lium sequences with the parallel option demonstrates the 
ability to functionally annotate the bHLH transcription 

Fig. 8 Cladogram derived from a maximum likelihood tree showing the phylogenetic relationship between identified candidates in D. dumetorum and 
A. thaliana bHLHs of the bait collection. Bootstrap values are represented by green circle size. The figure esd created with iTOL [93]
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factor family in transcriptome assemblies with large 
numbers of transcript isoforms.

Deploying the pipeline on the A. thaliana accession 
Col-0 resulted in the identification of 165 out of 167 
bHLHs. This means that some sequences are missed via 
BLAST [94, 95]. Because the bHLH family in A. thali-
ana is well studied [1, 9, 11], it is very likely that also 
bHLHs with a high degree of specialisation and corre-
sponding sequence divergence are described in the litera-
ture. These sequences can be challenging to identify via 
similarity to bait sequences due to their high degree of 
sequence divergence. The addition of diverged B. napus 

and Z. mays sequences to the bait collection promised a 
more extensive identification in closely related monocot 
and eudicot species. However, HMMER [65] is a sensitive 
approach to identify even diverged candidate sequences 
in all species and outperformed BLAST in this respect. 
Regardless, a comprehensive identification of the bHLH 
family is demonstrated in the Col-0 accession of A. thali-
ana, which is also supported by the identification of eight 
additional bHLHs not described in the literature (type 
1 + 2, see results for details). The observation that all 
but one candidate of the bHLH candidates described in 
the literature [1, 9, 11] and identified in Col-0 were also 

Fig. 9 Cladogram derived from a maximum likelihood tree showing the phylogenetic relationship between identified representative candidates in C. 
tiglium and A. thaliana bHLHs of the bait collection. Bootstrap values are represented by green circle size. Figure created with iTOL [93]
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identified in Nd-1 demonstrates that the identification is 
not prevented by a small number of sequence variations.

Through BLAST [94, 95], 68 additional candidates were 
identified in the Col-0 accession that miss the bHLH 
domain and are not described in literature. While 13 
of these candidates were placed into clades of bHLHs 
(type 3, see results for details), 55 candidates repre-
sented outliers on long branches or were placed into 
groups of long branches with not more than one bHLH 
(type 4, see results for details). Some of these were rec-
ognized because they were placed between the outgroup 
sequences and bHLHs in the phylogenetic tree and were 
not filtered in the classification. There are several expla-
nations for the identification of the remaining candidates. 
One possible explanation is that members of the bHLH 
family lost both their characteristic domain and, per-
haps, their function. A possible example is AT5G50960, 
which was functionally annotated by TAIR as a nucleo-
tide binding protein that homodimerizes. An argument 
against the domain loss theory for this protein is the 
localisation in the cytosol predicted on TAIR [66, 67]. 
Another explanation is the evolution of the bHLH fam-
ily via domain shuffling [9–11]. If the affected bHLH gene 
is the result of domain shuffling, identified candidates 
can represent orthologs that emerged prior to the inser-
tion of the bHLH encoding exons into the gene. It is also 
possible that some of the candidates represented pseu-
dogenes, which have also been observed in other stud-
ies [11, 31], or artefacts. Furthermore, some candidates 
can be misplaced in the phylogenetic tree because no 
member with a close phylogenetic relationship was con-
tained in the bait sequence collection. In total, 30 of the 
Col-0 bHLH candidates, mainly representing outliers on 
long branches, were not assigned to any identified bHLH 
candidate in Nd-1. The same applies to 20 candidates in 
Nd-1. Keeping this observation in mind, the interpreta-
tion of candidates on long branches must be performed 
with high caution and justifies an in-depth investigation 
of their phylogenetic relationship. The candidates miss-
ing the HMM motif and with a phylogenetic placement 
inside the bHLHs (type 3, see results for details) can be 
interpreted with a higher certainty. These might repre-
sent good candidates for the investigation of domain loss 
events.

However, if the identification of bHLH candidates 
with domain loss is not an objective of the study, 
candidates missing the HMM motif can be excluded 
by applying the filter domain option or utilising the 
HMMER [65] search option. As the HMMER [65] 
search identified all A. thaliana bHLHs described 
in the literature [1, 9, 11] and the additional identi-
fied bHLHs (type 1 + 2, see results for details) in the 
Col-0 accession, it demonstrated a sensitive identifica-
tion of sequences harbouring the bHLH domain. This 

included even diverged sequences and reduced the 
number of additional candidates.

The bHLH_annotator pipeline was developed to func-
tionally annotate the bHLH transcription factor family. 
This is also possible with other available tools intended 
for the functional annotation of sequences: The Pfam 
database [36, 37] provides the HMM motif PF00010, 
which represents the bHLH domain [96]. InterProScan5 
[96] can be applied to identify members of the bHLHs. 
Also, motifs like IPR045239 are provided by InterPro, 
which is described as a transcription factor bHLH95-
like bHLH domain, identifying a specific group of plant 
bHLHs [96]. Although no detailed functional annotation 
is provided by Pfam, it can be useful for initial identifi-
cation of bHLHs comparable to the initial results of the 
bHLH_annotator pipeline. A functional annotation can 
be assigned to sequences by the Mercator4 pipeline [43, 
46]. Sequences assigned to bin 15.5.32 are annotated 
as bHLHs with no further functional description. An 
example for a bin providing a functional description is 
26.1.2.1.3, which describes bHLHs involved in the regula-
tion of blue light perception, like cryptochrome interact-
ing bHLHs (CIBs) [43, 46]. Also, loss of function can be 
detected by identifying bins with no assigned sequences 
[43]. But as the pipeline only provides functional anno-
tation and does not put the sequences into phylogenetic 
context, no further information can be obtained. A phy-
logenetic approach is recommended for the annotation 
of entire gene families [52, 97]. Through the investiga-
tion of the phylogenetic relationship, gene duplications 
can be recognized and functional annotations can be 
placed into context [52]. Moreover, bHLH family mem-
bers that experienced loss of function can be identified 
through a phylogenetic approach. But there are also some 
pitfalls that must be kept in mind. Functional diversifi-
cation might cause orthologs to have (slightly) different 
functions in different species. Furthermore, paralogs can 
appear as orthologs, if their respective ortholog is lost 
[49]. OrthoFinder is a tool that enables the phylogenetic 
identification of orthologs if clear one-to-one relation-
ships exist between genes in different species [54]. But as 
no direct functional annotation is provided, this step has 
to be done manually for example by inferring the Gene 
Ontology (GO) terms of identified orthologs [39, 40].

The bHLH_annotator pipeline was developed for the 
functional annotations of the bHLH transcription factor 
family in plants. During conceptualization and imple-
mentation, bHLH-specific characteristics have been 
considered. Additional functionalities are provided by 
the recognition of subfamily specific motifs and the 
prediction of DNA binding properties. This allows an 
automatic and detailed investigation of the bHLH tran-
scription factor family in a wide range of plant species. 
For future improvement of the pipeline, a more diverse 
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outgroup could possibly lead to a refinement of the can-
didate classification. Adding reference sequences of other 
species than A. thaliana to the reference collection used 
for functional annotation would be helpful for the anno-
tation of species that are distantly related to A. thaliana. 
Therefore, users are enabled to add their own collection 
of landmark bHLH sequences to the set of reference 
sequences.

Conclusion
With the bHLH_annotator, a pipeline for the auto-
matic identification and functional annotation of the 
basic helix-loop-helix (bHLH) transcription factor 
family in plants is available. Along with the pipeline, a 
comprehensive collection of bHLH sequences is pro-
vided, which represents the full diversity of the bHLH 
gene family. An optimised collection of the bHLH 
sequences containing only representative sequences 
of each bHLH lineage saves time and resources during 
analysis. The pipeline performs functional annotation 
through the phylogenetic identification of orthologs, 
which are often considered to share a common func-
tion. Depending on the utilised search option, former 
bHLHs which experienced domain loss can be identi-
fied via BLAST. A sensitive identification limited to 
bHLHs harbouring the bHLH domain is provided by 
HMMER. Phylogenetic trees constructed with the 
optimised bait sequence collection and A. thaliana 
bHLHs allow a detailed investigation of the annotated 
bHLHs. Characteristics like the subfamily specific 
motifs and prediction of DNA binding properties are 
analysed. Furthermore, the bait collections, reference 
sequences utilised for the annotation, and A. thaliana 
bHLH sequences can be customised for the intended 
purpose. This provides a powerful set of options for 
exploring the bHLH transcription factor family in land 
plants, including the analysis of transcriptome assem-
blies. The bHLH_annotator simplifies the analysis 
of the bHLH family’s evolution, the identification of 
events related to domain loss, and the understanding 
of the development of biological functions.
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