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Abstract

The basic helix-loop-helix (bHLH) proteins play essential roles in a wide range of developmental
processes in higher organisms. bHLH family members have been identified in over 20 organisms,
including fruit fly, zebrafish, and human. This study identified 54 bHLH family members in the
pea aphid, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), genome. Phylogenetic analyses
revealed that they belong to 37 bHLH families with 21, 13,9, 1, 9, and 1 members in group A, B,
C, D, E, and F, respectively. Through in-group phylogenetic analyses, all of the identified A.
pisum bHLH members were assigned into their correspondent bHLH families with confidence,
among which 51 were defined according to phylogenetic analyses with orthologs from
Drosophila melanogaster Meigen (Diptera: Drosophilidae), and 3 of them were defined
according to phylogenetic analyses with orthologs from Bombyx mori L. (Lepidoptera:
Bombycidae) and Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae). Analyses on
genomic coding regions revealed that the number and average length of introns in A. pisum
bHLH motifs are higher than those in other insects. The present study provides useful
background information for future studies on structure and function of bHLH proteins in the
regulation of A. pisum development.
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Introduction

The basic helix-loop-helix (bHLH) proteins
form a large superfamily of transcription
factors that play important roles in a wide
range of developmental processes including
neurogenesis, myogenesis, hematopoiesis, sex
determination, and gut development. The
bHLH domain is approximately 60 amino
acids long and comprises a DNA-binding
basic region (b) and two helices separated by
a variable loop region (HLH) (Massari and
Murre 2000). The HLH domain promotes
dimerization, allowing the formation of
homodimeric or heterodimeric complexes
between different family members. The two
basic domains which are brought together
through dimerization bind specific
hexanucleotide sequences.

Since the first characterization of the murine
bHLH transcription factors E12 and E47
(Murre et al. 1989), Atchley et al. (1999)
developed a predictive motif for the bHLH
domains based on amino acid frequencies at
all positions of 242 bHLH proteins, among
which 19 sites were highly conserved in all
the organisms. With the completion of
genome sequencing projects for an increased
number of organisms, over one thousand
bHLH family members have been identified
in organisms whose genome sequences were
available. These include 8 bHLH genes in
Saccharomyces cerevisiae, 16 in Amphimedon
queenslandica, 33 in Hydra magnipapillata,
33 in Caenorhabditis elegans, 104 in Gallus
gallus, 46 1in Ciona intestinalis, 50 in
Strongylocentrotus purpuratus, 51 in Apis
mellifera, 52 in Bombyx mori, 57 in Daphia
pulex, 59 in Drosophila melanogaster, 63 in
Lottia gigantea, 64 in Capitella sp 1, 68 in
Nematodtella vectensis, 78 in Branchiostoma
floridae, 87 in Tetraodon nigroviridis, 114 in
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Mus musculus, 118 in Homo sapiens, 139 in
Brachydanio rerio, 147 in Arabidopsis, and
167 in Oryza sativa (Zheng et al. 2009; Li et
al. 2006; Satou et al. 2003; Simionato et al.
2007; Toledo-Ortiz et al. 2003; Wang et al.
2007, 2008, 2009).

Based on phylogenetic analyses to the
available bHLH proteins, Ledent and
Vervoort (2001) defined 44 orthologous
families and 6 higher-order groups for bHLH
proteins, among which 36 include bHLH from
animals only, two have representatives in both
yeasts and animals, two are present only in
yeast, and four are present only in plants.
They named the 44 families according to their
first reported names, common abbreviations,
or their best-known members of the family.
And the higher-order groups were named A,
B, C, D, E, and F based on their different
DNA-binding properties of these groups.
Group A and B include bHLH proteins that
bind hexameric DNA sequences referred to as
“E boxes” (CANNTG), in which group A
binds to CACCTG or CAGCTG and group B
binds to CACGTG or CATGTTG (Murre et
al. 1989; Van Doren et al. 1991; Dang et al.
1992). Group C corresponds to the family of
bHLH proteins known as bHLH-PAS which is
about 260-310 amino acids long (Crews
1998). bHLH-PAS proteins bind the core
sequence of ACGTG or GCGTG. Group D
corresponds to HLH proteins that lack a basic
domain. They form inactive heterodimers with
group A proteins. Group E corresponds to the
family of bHLH proteins which bind
preferentially to sequences typical of N boxes
(CACGCG or CACGAG). They also contain
one additional Orange domain and one
WRPW peptide in their carboxyl terminus.
Group F corresponds to the family of bHLH
proteins that have the COE domain which has
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an additional domain involved in both
dimerization and DNA binding (Ledent and
Vervoort 2001).

Ledent et al. (2002) defined 44 families for
bHLH proteins from animals only, among
which 20, 12, 7, 1, 3, and 1 families are
included in groups A, B, C, D, E, and F,
respectively. In 2007, it was found that the
MyoR family could be expanded into three
families, i.e. MyoRa , MyoRb, and Delilah,
and the originally separated families, Hairy
and E(spl), needed to be combined into one
family, H/E(spl), due to insufficient evidence
from the phylogenetic analyses (Simionato et
al. 2007). Therefore, at present, animal bHLH
proteins are classified into 45 families.

The pea aphid, Acyrthosiphon pisum (Harris)
(Hemiptera: Aphididae), is the primary aphid
species used in laboratory and genetic studies.
A. pisum has been intensively studied as a
model for understanding bacterial endo-
symbiosis, phenotypic plasticity, clonal vs.
sexual reproduction, and the development of
resistance to pesticides (Wilson et al. 2010;
Srinivasan et al. 2010). bHLH proteins are
important transcription factors with regulatory
functions in various developmental processes
in eukaryotes. Identification of bHLH protein
members encoded in the A. pisum genome
will facilitate studies on gene structure and
function involved in regulation of A. pisum
development. However, there have been no
reports on identification and characterization
of bHLH genes in A. pisum. In this study,
amino acid sequences of 59 D. melanogaster
Meigen (Diptera: Drosophilidae) bHLH
motifs were used to conduct tblastn searches
against A. pisum genome  sequences
(http://www.ncbi.nlm.nih.gov/genomeprj/136

46) to obtain candidate bHLH members in 4.
pisum. Subsequent examination and analyses
led to successful identification of 54 bHLH
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members in A. pisum and definition of
orthologous families for them with sufficient
confidence. Moreover, it was found that the
number and average length of introns in A.
pisum bHLH motifs are higher than those in
other insects. These results provide useful
background information for future studies on
structure and function of bHLH proteins in the
regulation of A. pisum development.

Materials and Methods

Tblastn searches

Amino acid sequences of 59 D. melanogaster
bHLH motifs were obtained from the
additional files of previous reports (Ledent
and Vervoort 2001; Simionato et al. 2007).
Each sequence was used as query sequence to
perform tblastn searches against the 4. pisum
genome sequences. The expected value (E)
was set at 10 in order to obtain all bHLH
related sequences. The obtained subject
sequences were manually examined to keep
only one sequence for those that have the
same contig number, reading frame, and
coding regions; to add the missing amino
acids to corresponding sites by EditSeq
program (version 5.01) of the DNAStar
package; and to find introns within the bHLH
motifs. Intron analysis was done using
NetGene2 application online
(http://www.cbs.dtu.dk/services/NetGene2/).

Sequence alignment

All sequences that had been improved by the
above methods were aligned using MEGA4
(Tamura et al. 2007) built-in ClustalW
program (version 4.0) with default settings.
Each sequence was examined for their amino
acid residues at the 19 conserved sites by
manual checking. Sequences with less than
nine variations were regarded as potential
ApbHLH (4. pisum bHLH) members. The
sequences which have less than ten
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conservations were discarded and the rest
sequences were aligned again using ClustalW.
The aligned ApbHLH motifs were shaded in
GeneDoc Multiple Sequence Alignment
Editor and Shading Utility (Version 2.6.02)
(Nicholas et al.1997) and copied to rich text
file for further annotation.

Phylogenetic analyses

Phylogenetic analyses to all the identified
ApbHLH members were carried out in two
steps. First, all obtained ApbHLH motif
sequences were used to build neighbor-joining
(NJ) distance tree with the 59 D.
melanogaster bHLH motif sequences using
PAUP 4.0 Beta 10 (Swofford 1998) based on
a step matrix constructed from Dayhoff PAM
250 distance matrix by R. K. Kuzoff
(http://paup.csit.fsu.edu/). Then, each
ApbHLH motif sequence was used to conduct
in-group phylogenetic analyses (Wang et al.
2007) with D. melanogaster bHLH motif
sequences. That is, each amino acid sequence
of A. pisum bHLH motifs was used to
construct NJ, maximum parsimony (MP), and
maximum likelihood (ML) phylogenetic trees
with D. melanogaster bHLH family members
of the corresponding group, respectively. The
NJ trees were bootstrapped with 1000
replicates to provide information about their
statistical reliability. MP analysis was
performed wusing heuristic searches and
bootstrapped with 100 replicates. ML trees
were constructed using TreePuzzle 5.2
(Schmidt et al. 2002) with quartet-puzzling
tree-search procedure and 25,000 puzzling
steps. Model of substitution was set to the
Jones-Taylor-Thornton (Jones et al. 1992).
Other parameters were set to default values.

Results and Discussion

Identification of AppbHLH members

Dang et al.

The tblastn searches, sequence alignment, and
examination of the 19 conserved amino acid
sites revealed that there were 54 bHLH genes
in A. pisum genome. The alignment of all 54
ApbHLH members is shown in Figure 1 and
the phylogenetic tree constructed using amino
acids from 54 ApbHLH motifs and 59 D.
melanogaster bHLH motifs is shown in
Figure 2. Figure 1 and 2 show that there were
21, 13,9, 1, 9, and 1 ApbHLH members in
group A, B, C, D, E, and F, respectively. In
Figure 1, there are two most conserved sites
located at sites 24 and 51 of the bHLH motif,
respectively. Besides these, there are seven
other sites that are also conserved (indicated
with asterisks on top of Figure 1). Because the
phylogenetic  analyses  have  provided
sufficient bootstrap support, the identified
ApbHLH motifs were named according to
nomenclature used by D. melanogaster bHLH
sequences. In the case where one D.
melanogaster bHLH sequence has two or
more A. pisum homologues, the researchers
used ‘a’, ‘b’, and ‘¢’ or ‘1°, °2°, and ‘3’ etc to
number them. For instance, two homologues
of the D. melanogaster Mist, Bmx and Stichl,
genes were found in A. pisum. Therefore,
these ApbHLH genes were named ApMistl
and ApMist2, ApBmxl and ApBmx2, and
ApStichla and ApStichlb, respectively. Fifty-
four ApbHLHs were named in accordance
with the corresponding D. melanogaster and
other insect homologues as listed in Table 1.

Identification of orthologous families

Ortholog identification has been very
uncertain since there is no absolute criterion
that can be used to decide whether two genes
are orthologous (Ledent and Vervoort 2001).
However, in previous studies (Wang et al.
2007, 2008) in-group phylogenetic analysis
was adopted to identify homologues for the
unknown sequences that would form a
monophyletic clade among themselves. So a

Journal of Insect Science | www.insectscience.org

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 20 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science:Vol. | | | Article 84

more certain criterion was used based on the
criterion used by Ledent et al. (Ledent and
Vervoort 2001; Ledent et al. 2002): If an
unknown single A4. pisum bHLH forms a
monophyletic clade with another bHLH of
known family in phylogenetic trees
constructed with different methods, and all the
bootstrap values exceed 50 then the known
member will be regarded as a homologue of
the unknown sequence. Figure 3, as an
example here, shows NJ, MP, and ML
phylogenetic trees constructed with one A.
pisum bHLH member (ApDa) and seven
group A DbHLH members from D.
melanogaster. In all three trees, ApDa formed
monophyletic clade with Da (daughterless)
specimens of D. melanogaster with all
bootstrap values as 100. Therefore, ApDa was
considered an ortholog of Da D.
melanogaster. Similar in-group phylogenetic
analyses were conducted for each of the
identified 4. pisum bHLH members. All the
bootstrap values of constructed NJ, MP, and
ML trees for each of the identified A. pisum
bHLH members were listed in Table 1 without
showing the correspondent constructed trees.
Table 1 showed that the orthology of A. pisum
bHLH members with D. melanogaster and
other insect species can be divided into the
following categories:

First, among all the 54 A. pisum bHLH
members: 32 AppbHLH members have all the
bootstrap values over 50 (54 =!Dbootstrap
values =!100) in constructed NJ, MP, and ML
trees except ApMax3 of which the bootstrap
value of the MP tree is 42. These 32
ApbHLHs are ApDa, ApMistrl, ApMistr2,
ApOli, ApNet, ApMyoR, ApDel, ApTwi,
ApFerl, ApFer3, ApHand, ApSCL, ApNSCL,
ApMnt, ApMaxl1, ApMax2, ApMax3, ApCrp,
ApMLX, ApSREBP, ApTai, ApClk, ApDys,
ApSs, ApSim, ApTrh, ApSima, ApTgo, ApEmc,
ApStichla, ApSide, and ApKn(col). The
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researchers have sufficient confidence to
define the orthology of these AppbHLH motifs
as corresponding to D. melanogaster bHLH
orthologs.

Second, 5 ApbHLH members (namely Ap7ap,
ApFer2, ApDm, ApUSF, and ApBmx2) have
bootstrap values ranging from 77 to 99 in NJ
and MP trees, except ApDm of which the
bootstrap value of the MP tree is 45. In NJ and
MP trees, each of them formed a
monophyletic clade with the same D.
melanogaster bHLH orthologue. However,
they formed monophyletic clades (bootstrap
value:58=bootstrap values=89) with other D.
melanogaster bHLH members in ML trees.
Specifically, the orthologue of ApTap was tap
of D. melanogaster in NJ and MP trees, but
was cato in ML trees. The orthologue of
ApFer2 was Fer2 of D. melanogaster in NJ
and MP trees, but was Pxs in ML trees. The
orthologues of ApDm, ApUSF, and ApBmx2
were dm, USF, and bmx of D. melanogaster,
respectively, in NJ and MP trees, but all were
SREBP in ML trees. The orthology for these 5
ApbHLH members has been defined
according to the statistical support from NJ
and MP trees.

Third, 7 AppbHLH members (namely ApAto,
ApSage, ApPxs, ApBmx1, ApHey, ApStichlb,
and ApH) formed monophyletic clades with
bootstrap values ranging from 52 to 100 in NJ
and MP trees, but did not form any
monophyletic groups with any single bHLH
sequence in ML trees (marked with n/m* or
n/m in Table 1). Four other ApbHLH
members (namely ApCato, ApRst(1)JH,
ApCyc, and ApDpn) formed monophyletic
clades with bootstrap values ranging from 45
to 96 in one of the NJ, MP, and ML trees, but
did not form any monophyletic clades in the
other two trees. Although these 11 ApbHLH
members did not have sufficient bootstrap
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support, the orthologs were defined because
they each have one or two bootstrap supports
to testify to their orthology to the
correspondent D. melanogaster ortholog. This
phylogenetic divergence of bHLH motif
sequences between A. pisum and D.
melanogaster probably means that these two
insect species have evolved in quite different
circumstances.

Finally, there are 6 ApbHLH sequences which
did not form monophyletic clade with any D.

melanogaster  bHLH sequence in all
constructed phylogenetic trees. They are
ApASCbh, ApAtonall, ApMad, ApHESI,

ApHES?2, and ApHES3 (marked with * or ® in
Table 1 and Figure 2). Each of them was used
to conduct in-group phylogenetic analyses
with corresponding sequences from 3 other
insect species, namely 4. mellifera, B. mori,
and Tribolium castaneum. For example,
Figure 4 shows that ApASCb formed a
monophyletic clade with TcASCb with
bootstrap values ranging from 78 to 99.
Therefore, it was considered an ortholog of
TcASCb. Similarly, ApMad was found to be
an ortholog of TcMad with all bootstrap
values at 100 (Table 1). Orthology of ApHES
could also be defined, although the bootstrap
values were not sufficiently high (35 =!
bootstrap values =!44) and no monophyletic
calde was formed in two phylogenetic trees
constructed. Orthology of ApHES2, ApHES3,
and ApAtonall were the least clear. It was
evident that ApHES2 and ApHES3 belonged
to the H/E(spl) family. ApAtonall was clearly
a member of the Atonal family. Therefore,
they have been named numerically (Table 1).

Identification of protein sequences and
genomic contigs

Protein sequence accession numbers for all
the identified ApbHLH motifs are listed in
Table 1. There are 3 ApbHLH motifs, of
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which, protein sequence accession numbers
were not found in any protein databases. They
are ApSREBP, ApDys, and ApFer2,
respectively. Protein sequence accession
numbers for 14 ApbHLH motifs were only
found in the ‘Ab initio protein’ database in
which all protein sequences were predicted
from their corresponding genomic sequences.
ApCyc protein sequence accession number
was found in ‘RefSeq protein’ database. The
rest of the ApbHLH protein sequences
accession numbers were found in ‘Non-
RefSeq protein’ database.

The coding regions and intron analysis for 54
A. pisum bHLH motifs are listed in Table 2.
These data indicate that there are 26 ApbHLH
members with introns in their bHLH motifs,
and the total number of intron is 34. Eighteen
ApbHLH members have one intron, among
which  ApDa, ApClk, ApTgo, ApCyc,
ApStich2, and ApHESI have introns in the
basic region; ApMistrl, ApMistr2, and ApPxs
have introns in helix 1 region; ApASCb,
ApUSF, ApCrp, ApBmx1, and ApSREBP have
introns in the loop region; and ApSage,
ApSCL, ApMnt, and ApBmx2 have introns in
helix 2 region. Eight ApbHLH members have
two introns, among which ApH, ApDpn,
ApSidel, ApSide2, ApHES3, and ApKn(col)
have introns in the basic and loop regions,
ApTai has introns in the basic and helix 2
regions, and ApMad has introns in the loop
and helix 2 regions. The longest intron in the
A. pisum bHLH motif is 30,718 bp (base
pairs), and the average length of intron is 4193
bp. Compared with other insect species, the
number and length of introns are remarkably
higher in A. pisum. For instance, in the B.
mori and Apis mellifera bHLH motifs, there
are only 12 and 9 introns with the longest
introns being 7083 bp and 4460 bp, and the
average length of introns being 1352 bp and
1326 bp, respectively. Also, 8 ApbHLH
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motifs have two introns, while no bHLH motif
has been found to have two introns in Bombyx
mori and A. mellifera (Wang et al. 2007,
2008).

Conclusion

Our study identified 54 bHLH members in the
A. pisum genome. All ApbHLH members
have been defined by their names and families
according to various phylogenetic analyses
with bHLH homologues of D. melanogaster,
A. mellifera, B. mori, and T. castaneum.
Among all AppbHLH members, 48 ApbHLH
members  have  homologues in D.
melanogaster, and 3 ApbHLH members have
homologues in B. mori and T. castaneum.
Three ApbHLH motifs’ protein sequence
accession numbers were not found in any
protein database. The researchers also found
that the number and average length of introns
in ApbHLH motifs are higher than those in
other insect species, which is quite possibly
the consequence of the insertion of increased
numbers of transposable elements in the
coding regions of ApbHLH proteins as
revealed by the International Aphid Genomics
Consortium (2010). The above results would
provide useful background information for
future studies on functions of bHLH proteins
in the regulation of 4. pisum development.
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4 1\
Basic | Helix1 | Loop He | ix2
TITT11111122222222 443443448
Name Family  12345678901234567890123456789012345678901234567890123456789012 Group
* L * * *
ApASCb  ASCb  VVARRNARERE-VOATNWAFARE-RKVVPLEENKS-———- KRUSZVKTHOMA IEYINOLQ A
ApDa E12/E47  REOANNARE |- IRD[INEALKENGRUCMTHLKTDK-———POTJLG IINMAVEV(NSLE A
ApTap Ngn REMKANDR N -MHMINEALDRI-RCVLP TYPDDA- —KLTAIETARFAHNY[WALS A
ApMistrl  Mist R}l R -RRLSJIETHTLAKNY(IALT A
ApMistr2  Mist R R -RKLSJLETHTLAKNY[MALT A
ApOl i Betad  Vjl R -RKLSJIATHLLAKNY[ILWOA A
ApCato  Atonal R R REAIPTS |EDE-——HKLSJYETROMAGSY|ISALG A
ApAto Atonal R ~HONINKAFDRI-RTVLP-TLGND- A Group A
ApAtonall Atonal R —~MNG ENEAFDRE-RGVVP-AADDE— A
ApNet Net R ~VHT[ISAAFDTII-RAT I PSYSRNG- A
ApMyoR  MyoR P ~MRVESKAFGRI-KT TLPWVPADT- A
ApDe | Delilah REKTANARE;S -HRE[NEAFE A
ApSage Mesp Y KSACDR! —~MRD/NKAFDL, A
ApPxs Paraxis | SGANARE:D;~TQS/NSAFDV] A
ApTwi Twist 0 ~TQSINEAFAS A
ApFer1 PTFa  QOAANLRER;-MOS[INEAFEG] A
ApFer2  PTFb  PSQHII IMNZLV-FSS|INSAFDE A
ApFerd  PTFb Gl £ R;-MYNENEAFD A
ApHand ~ Hand  RGl iRG-TOS[INNAFS A
ApSCL SCL PCTVINSREW;~OHN TGAFAE A
APNSCL ~ NSCL  YM iVi-VEAFNVAFGE] A
Aphint Mnt TEEVHNKLEIN-RAHIKECFEL-KKOVPASODEKK T-———- SNLSIRSAIRY[JQVLR B
ApMad Mad YR TTNNEVS HHTRAHIRNCLEKI-KEMVPLGHESSRH-————TTLGLATKAKRFIKNLE B
ApMax1 Max K{AHHNAL K ~RDH[IKDSFTST-RDSVPSLOGEKV AS—————(zAQ IIIKKAADY[IOFMR B
ApMax2  Max SEEHHN | SZK-RDO[IKDNFE | [I-KE T1PVLRGDKPVS————AE INRKASEYLEYMK B
ApMax3  Max SEERHN IL[Z;K;-RDO[IKON 101 I-KDMI PVLRGDKPAT —AEIMKKASEYIEYHK B
ApDin Myc KRALHNDL S Z-RVE TSHLFUNI-SHOVSFLDDNRK | P————S 1S IBRGAKRECOLMM B
ApUSF USF RGL THNEV RS-RDKTINOW IMYT-SKI I PDCAEENK TNY—ONOS GG ITAKACDYINELK B
ApCrp AF4 RE | ANSNERE-MOS[INAGFONI-RTL I PHHEG—EK-———LSJAAIMOHT ADYIIYOLE B
ApBax1 TF4 RAEAHTOAZ0K;—RDAIIKKGYDCI-GDLVPTCOQTDSSG——YKLSSATVIRKS IDY[IOYLL B
ApBmx2  TF4 REEAHI 08 Z0K-REAIKOGYNGI-YDLVS TYQQTDI SG—-YKLS FATVOKS IDY[lQYSL B
pANLX  MLX RGVGHINAZOK-RON[JKNGFDIE-NIL | POINONPNT———KNSJAAMIOKGADYIILOLR B
ApSREBP  SREDP  PLSSHNV I JRY-RTS/INDK IME[I-KDMIL 6-~TEAKLN————SAIKKA IDY[KYLE B ]
ApTai SRC SQLNKCRNZ(R;-REGEN I Y IEEJAEL ISASFADMNSLS—-VKPDCAIMOETVNG[RAGT B Group B Group C
ApClk Clock KK IRNASEING-RDOFNNL INEINR-——HLS—TTNR-——KNDZSTVIIKTT INYINKOK G
ApRst (1) JH Clock  SESRNLAZAN;-ROKINKF I TONTELVPL IS—NSSK-——KVEXTSVERLSAAFIRLKR G
ApDys AHR ATKSTKGAS L :-RDL|INAE IANI-RDLLPLPPS TROR-———LSQLOLTALVCVYIRKAN G
ApSs AHR GGVGKSNPSRH-RERINAELDTIANLLPF——EHN |L—-SKLDGLS INRLSVSYIRTKS ¢
ApSim Sim MZERSRNAALT-RENENAEFLEJAKLLPLP-—AAI TS——QLDJASVIIRLTTSYIKIRH ¢
ApTrh Trh RUEKSRDAALS i~RGKENYEFYEJAKNLPLP-—AAI TS——QLDJASIJIRLT ISYIKLRD ¢
ApSima  HIF RUEKSRDAALSS-RSKETE I FTDBGSALPLP-—ASV IS——QLDJATVIERLT IASFKIND G
ApTgo ARNT  SEENHOE | Z5R;-RNKTITAY I TESOUVPA——COSLA——RKPDJLT IIRIAVNHIKSLR  C
ApCyc BMAL  KJHNHSE | ZR;~RDKINSY | TEJASH I PH——CHTMP——RKLDALSVIIRMAVOHIKTIR  C
ApEme Emo - ——————-SK[I-KDLVPL | PKDKR | ~—————~-SSLEV[JHHV I DY[JCDLE D
Aphey Hey REKRRG | 112 TSLSEJIRRLVPTAYEKQGSA-——KLEZAE IOLTVOHIKMIH  E
ApStichla Hey DPMSHR | NCLADESRL IPAEYHKKGRG-——RVETE IfIEMAIKHKYLO  E
ApStichib Hey APSKNRVY VSFEE[-RTVLPPSDSNAS————LGSADI[INHAIDL[IRVLO E
ApH HES RESNKP I NCLNE[IKTL ILDATKKDPAR-—HSKLE SAD INENTVKHIESHO  E G E
ApDpn HES RUNNKP IM QCLNE[KTL ILDALKKDPAR-—HTKLE JADIMEMTVRHIGSLH  E roup
ApSide HES K ANKPLM 0SLALBKTL ILDSTRTENTK-—HSKLESADIBELTVRHIOROK  E
ApHEST HES RUVHKPML} RCLDEIKEL MVVALONEGEN-—VSKLE JADIELTVRHIHKLR  E
ApHES2  HES RY I TKPLLE; RCLDEKDLMFSALEAEGEN-—VDKLE JADINEFTVKHIOKIT  E
ApHES3  HES RL I RKPLM 0SLDE[KR I VDAEKF AGODL SRVNKLE ZADIMIENTVRYIIKRKS  E A X . . .
N Figure 2. Phylogenetic relationship of 54 ApbHLH members with
ApKn (col)  COE ~————-sLs-£PT[JoYararl-oKFVPRYPGDPEK———— LefeviIkrARDLAEALY F

59 Drosophila melanogaster bHLH members. A neighbor-joining (NJ)
tree is shown. Bootstrap values less than 50 are not shown. The
Figure 1. Alignment of 54 ApbHLH members. Designation of basic, higher-order group labels are in accordance with Ledent et al.
helix 1, loop, and helix 2 follows Ferre-D’Amare et al. (1993). The (2002). ApbHLH member marked with 2 or ®meant that it did not
family names and high-order groups have been organized according form a monophyletic clade with any single D. melanogaster bHLH
to Table | in Ledent et al. (2002). Highly conserved sites are member and was subject to separate phylogenteic analyses with
indicated with asterisks on the top. High quality figures are available bHLH members from Apis mellifera, Bombyx mori, and Tribolium

online. castaneum. High quality figures are available online.
\ Y, \
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Figure 3. In-group phylogenetic analyses of ApDa. (a), (b),
and (c) are NJ, MP, and ML trees, respectively, constructed
with one Acyrthosiphon pisum bHLH member (ApDa) and
seven group A bHLH members from Drosophila melanogaster.
In all trees, OsRa (the rice bHLH motif sequence of R family)
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Figure 4. In-group phylogenetic analyses of ApASCb. (a), (b),
and (c) are NJ, MP, and ML trees, respectively, constructed with
one Acyrthosiphon pisum bHLH member (ApASCb) and nine ASC
family members from Apis mellifera, Bombyx mori, and Tribolium
castaneum. In all trees, bHLH motif sequence of DmUSF
(Drosophila melanogaster upstream stimulation factor) was used

as the outgroup. High quality figures are available online.
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Table I. A complete list of Acyrthosiphon pisum bHLH genes. - ~
Table 2. Table 2. Coding regions, intron location and length of 54
g reg g
ApbHLH motifs.
1 |ApASCh* ASCb TeASCh 99 95 78 XP _001949172.1
2 |4pDa E12/E47 |da 100 100 100 XP_001950085.1
3 |ApTap Ngn tap 99 93 58(cato) |hmm145914
T |ApMisr]  |Mist Mistr 100 | 98 87 |XP 001944687.1 ey PRPTEa e I N [T Y T
5 |ApMistr2  |Mist Mistr 99 95 60 hmm401334 - Faitm = : 3 2372422787 | P P
6 |ApOli Beta3 |0l 100 | 100 98 XP_001950802.1 EI2E47  |dpDa NW_001932071.1 (—=3=3397-2278 Basic: 300bp A
7 |ApCato Atonal cato 79 | n/m* n/m hmm31924 Ngn ApTap NW_001924998.1 2 88937-89095 A
8 |ApAto Atonal ato 99 88 n/m* hmm125654 Mist ApMistrl  |[NW_001938180.1 i i?g(’j‘ﬁggz‘ Helix 1: 7882bp A
9_|Apdtonall” |Atonal |2 w/m* | n/m* n/m* _|hmm61024 Mist ApMisir2  |NW_001918733.1 2 5055730495 Helix 1: 2304bp A
10 [ApNet Net net 99 | 92 74 hmm79024 i ’or —— 2 [omiooawos |77
T [ApMyoR _[MyoR _[MyoR | 100 | 99 | 8 |XP 0019486161 T 77 A5 X s ] 5571528 A
12 _|ApDel Delilah  |dle 99 92 78 XP_001945346.1 Atonal ApAto NW_001922225.1 -1 195743-195585 A
13 |ApSage Mesp  [sage 100 | 99 wm _ [XP_001948879.1 s ;‘ﬁ;{,ﬁj""” e .
14 |ApPxs Paraxis  |Pxs 61 52 n/m hmm169244 MyoR pMvoR  [NW 0019364171 ) 37043 36886 A
15 |ApTwi Twist wi 100 | 100 93 XP_001946602.1 Delilah ApDel NW _001921951.1 1 32101-32277 A
16 [ApFerl PTFa Ferl 100 | 94 30 hmm95774 Mesp ApSage  [NW_001923944.1 : i‘;?i(‘,;‘l’:g Helix 2: 7107bp A
17_|ApFer3 PTFb Fer3 100 | 100 | 96(Pxs) hmm24?594 Paraxis ApPxs NW_001917684.1 § f:zzz:{f(g‘; Helix 1: 109bp A
18 |ApFer2 PTFb Fer2 94 | 77 72 Not available Twist ApTwi NW _001935314.1 1 36567-46722 A
19 |ApHand Hand Hand 99 96 66 XP_001945320.1 PTFa ApFer] NW_001923357.1 2 22925-23083 A
20 [4pSCL SCL SCL 100 99 75 NP 001156144.1 PTFb ApFer2 NW_001934059.1 2 40763-40921 A
21 [ApNSCL__|NSCL__|NSCL | 100 | 100 | 69 |XP 0019516161 Hand—|doflasT—|NW 00153585 T|——T—[so770-59831 A
22 |ApMnt Mnt Mt 9 | 93 69 XP_001947496.1 SCL ApSCL NW_001924455.1 3 SANSTAI0S fyelix 2: 8156bp A
23 |ApMad® Mad TeMad, 100 | 100 100 XP_001944077.1 NSCL JpNSCL W OOSTEAT 3 3?32;:37:;3 A
24 |ApMax] Max Max 100 | 96 92 XP_001942656.1 St At NW_001919193.1 3 7859178740 |1 2 s087bp &
25 |ApMax2 Max Max 90 54 72 hmm160354 21 fiﬁi&gzﬁsbz —
= - 22 -220763 | Loop: P
20 [phoes IMax Mix & {42 53 3794 Mad ApMad  [NW_001931419.1 | 1 [216844-216730 [Helix 2 B
27 |ApDm Myc dm 79 45 | 72(SREBP) |hmm384 P = 30718bp
28 [4pUSF__ [USF__ [USF__ [ 98 | 84 [68(SREBP)|XP 0019474441 T 777 B A T N 1 72101 5
29 |4pCrp AP4 crp 100 | 97 97 XP_001945298.1 Max ApMax2__|[NW_001931491.1 3 3315-3157 B
30 [ApBmxl __|TF4___|bmx 100 | 94 wm___|XP_001947371.1 o 2 AL T .
(2 A 3 - D~ D
31 |ApBmx2 | TF4 bmx 98 | 87 |S9(SREBP) |XP_001951901.1 U:F A’ o Taw oo T PRse | "
32 |ApMLX MLX  |MLX 100 | 100 63 XP_001950231.1 : e - i 2 [91122861 | o7 O
33 |ApSREBP |SREBP |SREBP | 94 | 82 77 Not available AP4 ApCrp [NW_001935115.1 e —{Loop: 23289bp B
34 [ApTai SRC___[wi 100 | 100 6 [XP 001944363.1 = e e e T [5743657365 |- a7or =
35 |4pCik Clock _|clk 100 | 93 74 |XP 0019445491 e = T kb
36 |ApRst(1)JH |Clock Ret(1)JH | n/m* | n/m* 59 hmm126914 TF4 ApBmx2 NW_001920521.1 3 ;849-5‘8-57l Helix 2: 628bp B
37 |ApDys AHR dys 100 | 100 93 Not available MLX JpMLX __[NW_001917260.1 3 53285164 B
38 |ApSs AHR _ |ss 100 | 100 87 |XP 001946523.1 SREBP | ApSREBP |NW_001919193.1 — =3 BI2ESSL 1 oop: 71bp B
39 |4ApSim Sim sim 93 74 66 XP 001944204.1 1 65269-65276___|Basic: 7719bp
40 ApTI'/I Trh trh 100 94 90 XP 001949586.1 SRC ApTai NW_001935890.1 1 72996-73158 Helix 2: 2082bp B
— : i 7524175243
41 |ApSima HIF sima 96 94 56 XP_001951675.1 2 2 3 18999-19003 o :
42 Liplgp _ JARNT ligo  [To0 100 [ 91 |XP7O0IoA50MD.1 R r e
oc] DRst(1). 540. 248- 9 ]
43 |ApCyc BMAL _|eye 96 | n/m n/m__ |NP 001164574.1 AHR .4;,1)” NW 0019380871 3 [33505-33344 C
44 |ApEmc Emc emc 99 98 95 XP_001947113.1 AHR ApSs NW _001933871.1 3 §8950-89111 G
- 3 Sim ApSim NW_001938176.1 2 52175-52336 C
A5 APH‘?‘ Hey Hf{‘ 100} 98 nim*  JXP 001944649.1 Trh Aﬁ)T:-lly: NW_001932608.1 3 11282-11443 C
46 |ApStichla _|Hey stichl 100 | 100 71 hmm38594 HIF JApSima___|NW_001935860.1 3 9501395174 [No C
47 |ApStichlb _|Hey stichl 55 52 n/m*  |XP 001945126.1 ARNT ApTgo NW_001927816.1 f };;;;fg;;;z Basic: 11117bp c
48 _[dpH H/EGp]) | 9% | 95 wm* _|XP_001949685.1 : T T
49 [ApDpn H/E(spl) |dpn 45 |wm* | wm* _ |XP_001947900.1 BMAL — |dpCye — [NW_001922094.1 ———remaorTawaan | oosic: S18bp ¢
50 |4pSide H/E(spl) |side 99 | 97 95 [XP_001945055.1 T A T N 2
BmHES!] | n/fm* | 50 n/m* He JipStichla_|[NW_001934199.1 2 183026-183193 E
51 |ApHESI® H/E(spl XP_001946911.1 X L -
i i (sp) ’72'1'”551 44 50 58 - Hey ApStichlb  |NW_001918065.1 f :8‘:52: 1|00|0|2z75| Basic: 62bp E
52 |ApHES2" |H/E(spl) |? Wm* | wWm* | n/m*  |XP 001949270.1 S (S EF (N TR AT
53 |ApHES3® H/E(spl) |? n/m* | n/m* n/m* XP_001943580.1 H/E(spl)  |ApH NW_001932152.1 -1 4889-4776 Loop: 74bp E
54 |ApKn (col) |COE Kn(col) | 100 | 100 86 XP 001946640.1 R SIET
ApbHLH genes were named according to their D. melanogaster homologues. HEGp)  |pDpn  |NW_001917026.1 B L L VI IR E
Bootstrap values were from in-group phylogenetic analyses with D. melanogaster 2 73498-73504 | Basic: 13384bp _
. . . H/E(sp! Side NW_001936436.1 3 $6889-86984 | Loop: 73bj E
bHLH motif sequences using NJ, MP, and ML algorithms, respectively. OsRa (the Sl i i T 3(7’(,53_87,29 SR TR
rice bHLH motif sequence of R family) was used as the outgroup in every WEGp)  |ApHESI — |NW_001920856.1 R Basic: 604bp E
constructed tree except those for ApASCb, ApCato2, ApMad and ApHESI =l 30930-40925 | Basic: 1069bp
£S2 918124, 3 985530 “oop: z
which used separate outgroup sequence. n/m means that a ApbHLH does not FURGRD: | ApHES: NW_goI1812A = :3;927259;82 Loy B !
; ; ; ; * 1 11104-11223__|Basic: 192h,
form a monophyletic group with any other single bHLH motlf' sequence. rf/m R R e T T L:;‘;: 15571';p i
means that a ApbHLH does not form a monophyletic clade with any specific 2 13076-13159 :
bHLH motif sequence but forms a monophyletic clade with other bHLH COE ApKn (col) [NW_001916783.1 ; 2333§§3§ZT ?3:;: :::Z‘; F
proteins of the same family. a means that the gene’s orthology was defined by in- 2___[51776-51820
group phylogenetic analyses with bHLH orthologs from Bombyx mori, Tribolium N\ J
castaneum and/or Apis mellifera. b means that the gene was merely named
numerically due to lack of orthologs in other insect species. The accession
numbers are from different protein resources. Those labeled as “NP”, “XP”and
“hmm” are from ‘RefSeq protein’, ‘Non-RefSeq protein’ and ‘Ab initio protein’
\databases, respectively. )
Journal of Insect Science | www.insectscience.org I

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 20 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



