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Introduction 

Segmentation is the process by which repeated units of similar groups of cells are created along the 

anterior-posterior axis of a developing embryo. This is a fundamental property of all arthropods and 

molecular mechanisms for this process were first elucidated by large scale developmental mutant 

screens performed by Christiane Nüsslein-Volhard and Eric Wieschaus in the insect model Drosophila 

melanogaster [1]. In fruitflies this complex developmental process begins with cytoplasmic 

inheritance of mRNAs that are maternally produced and provided to the oocyte. These maternal 

factors create gradients that provide the coordinates to define the anterior and posterior end of the 

embryo. Once translated these maternal factors function to activate a group of genes known as gap 

genes. Gap genes are expressed in broad, well-defined domains in the early embryo and activate the 

next set of transcription factors, the pair-rule genes. Pair-rule genes are expressed in every other 

segment of the developing embryo and together they activate the expression of segment polarity 

genes which are expressed in every segment of the developing embryo. Together, gap, pair-rule and 

segment polarity genes function to activate homeotic genes, which once activated in a specific region 

confer the character or identity of the given segment [2,3]. Decades of comparative studies in diverse 

arthropod species has shown that some aspects of the segmentation pathway are highly conserved 

while other aspects have undergone evolutionary change [4]. While all the genes discussed in this 

report were initially identified because of their role in embryonic patterning and segmentation in 

Drosophila, many of them have other important cellular functions during embryogenesis such as pole 

cell development, neural stem cell maintenance, sex determination, and immune function and thus 

their presence or absence in Diaphorina citri needs to be considered in these additional contexts.   

Of the 32 Drosophila maternal effect, gap, pair-rule and segment polarity genes examined only 23 

were identified in the D. citri v3.0 genome. All of the genes reported as absent in this genome have 

been reported as absent in at least one other insect suggesting our current assembly is likely complete 

with respect to genes known to be involved in the developmental process of segmentation.   

Results and Discussion 

Maternal effect genes 

One-to-one orthologs were found for the caudal (cad), dorsal (dl), and nanos (nos) genes in the D. citri 

v3.0 genome. One TGF- ligand, homologous to the maternal effect gene gurken (grk) and its paralogs 

Keren (Krn) and spitz (spi) was identified. Orthologs for bicoid (bcd) and oskar (osk) were not found 

(Table 1).  Further information on the manual annotation of these genes can be found below. 



 

Table 1:  Maternal Effect Ortholog Number. The Drosophila melanogaster numbers were determined from Flybase. Ortholog 
numbers for Apis mellifera [5], Tribolium castaneum [6] and Acyrthosiphon pisum [7] are based on genome publications. 
Diaphorina citri ortholog numbers represent our final manual annotation.  

caudal 

One cad ortholog has been identified and manually annotated in the D. citri genome v3.0. While 

genome assembly errors are present at this locus the Cad protein sequence in our manual annotation 

appears complete as PacBio IsoSeq and MCOT transcriptome evidence support our final annotation 

(Table 2). 

dorsal 

dl was previously annotated in the D. citri genome v1.0 because of its role in innate immunity as the 

Rel/NFB transcription factor target of Toll signalling [8]. In this version of the genome (v3.0) a second 

isoform was annotated (Table 1). Both isoforms are supported with independent de novo 

transcriptome evidence (Table 2). Additionally, dl genes in several other insect species have been 

shown to produce alternative transcripts that result in different protein products [9–11]. Therefore, 

our findings are consistent with dl orthologs in other insects.  

nanos 

One nos ortholog was found in the D. citri genome v3.0 (Table 1). Unfortunately, it was only able to 

be annotated as a partial gene due to genome assembly errors. Initial blasts to the D. citri genome 

using full length Nos protein sequences from Drosophila, Tribolium castaneum, Cimex lectularius, and 

Acyrthosiphon pisum were unsuccessful. However, when a partial Nos protein sequence from A. pisum 

was used as the query sequence the nos locus was identified. The expression of the nos gene in D. citri 

was confirmed by its presence in a de novo D. citri transcriptome (Table 2). The current annotation, 

while incomplete, does show some of the conserved residues known to be present in Nos insect 

orthologs [12] and reciprocal blast analysis confirms its identification as Nos.  

Maternal Effect

Drosophila 

melanogaster

Apis 

mellifera

Tribolium 

castaneum

Acyrthosiphon 

pisum

Diaphorina 

citri

caudal 1 1 1 1 1

dorsal like genes

(dorsal, dorsal related 

immunity factor) 2 1 2 2 1

nanos 1 1 1 4 1

bicoid 1 0 0 0 0

oskar 1 0 0 0 0

tgf ligand 

(gurken, Keren, spitz ) 3 1 1 1 1



 

Table 2:  Annotated D. citri segmentation genes. Each manually annotated gene has been assigned an OGS3 gene identifier.  

☨denotes genes present in OGS2 but missing from OGS3. For each manually annotated gene it has been denoted as a partial 
or complete model based on available evidence. Evidence for manual annotation was also recorded. MCOT evidence means 
a de novo Oases or Trinity model from an independent transcriptome was identified and the sequence from that transcript 
was used to validate or modify our model. IsoSeq means single reads generated with Pacific Biosciences technology were 
available and were used to help validate the exon structure of the model. RNASeq means that individually mapped Illumina 
RNASeq reads were used to help validate or modify our model. Ortholog means ortholog sequences from other insects and 
information about conserved motifs and domains had to be used to help determine the final annotation. 

 

gurken 

In Drosophila there are three TGF- ligand paralogs (grk, Krn, spi). In other insects, including Nasonia 

vitripennis [13], Tribolium [6], honeybee [5] and pea aphid [7], only one TGF- ligand has been 

identified (Figure 1). In the D. citri genome v3.0 we also identified one TGF- gene (Table 1) which had 
strong PacBio IsoSeq and MCOT transcriptome support (Table 2).  



 
bicoid  

A bcd ortholog was not identified in the D. citri genome v3.0. This result was expected as decades of 

insect studies [14–17] and genome sequencing projects [5,6,18] have suggested that bcd is a dipteran 

innovation.  

oskar 

Like bcd, osk was initially only found in dipterans [12,19,20] and thus it was hypothesized that osk also 

evolved as a novelty in the dipteran lineage. An apparent absence of osk orthologs in Bombyx mori 

[21], Tribolium [6], Apis mellifera [18], A. pisum [7], Rhodnius prolixus [22] and Pediculus humanus [22] 

supported this hypothesis. However, later findings of osk orthologs in the hymenopteran insects 

Nasonia and Messor pergandei, called this hypothesis into question [22]. Lynch et al suggested that 

osk was an evolutionary novelty of all holometabolous insects (thus not present in hemimetabolous 

insects) which was then independently lost in some holometabolous insects [22]. Our findings do not 

contradict this hypothesis as we were unable to find an osk ortholog in D. citri (Table 1). BLASTs using 

Drosophila, Aedes aegypti and Nasonia Osk orthologs resulted in no significant hits to the D. citri 

genome, protein database or MCOT transcriptome.  

Gap genes 

One-to-one orthologs were found for the gap genes tailless (tll), Kruppel (Kr), hunchback (hb) 

huckebein (hkb), empty spiracles (ems), cap-n-collar (cnc), and collier (col) in the D. citri v3.0 genome. 

Two knirps related (knrl) genes were identified and 1 orthodenticle (otd) homolog was found.  giant 

(gt) and buttonhead (btd) appear to be absent in the current D. citri genome assembly (Table 3). 

Further information on the manual annotation of these genes can be found below. 

Figure 1:  Bootstrap consensus neighbor-joining tree of TGF-alpha homologs. Full length proteins sequences were used 
in phylogenetic analysis. Colors denote insect orders. Purple:  Diptera. Blue:  Coleoptera. Green:  Hymenoptera. Gray:  
Hempitera. A single TGF-apha homolog seems to be the norm in insects. In the Drosphila lineage there has been a 
duplication resulting in three paralogs (gurken, Keren, spitz). 



 

Table 3:  Gap Gene Ortholog Number. The Drosophila melanogaster numbers were determined from Flybase. Ortholog 
numbers for Apis mellifera [5], Tribolium castaneum [6] and Acyrthosiphon pisum [7] are based on genome publications. 
Diaphorina citri ortholog numbers represent our final manual annotation. 

tailless 

Tll codes for a protein belonging to the nuclear receptor superfamily. Nuclear receptors, including Tll, 

are evolutionally conserved in species across metazoans [23]. Analysis of the D. citri genome v3.0 

suggests that one tll ortholog is present in D. citri (Table 3). There were no PacBio IsoSeq or de novo 

MCOT models to confirm gene structure and sequence. However, comparisons to Drosophila, A. pisum 

and Bemisia tabaci Tll orthologs suggests this manual annotation represents the full length protein 

(Table 2).  

       knirps  

Drosophila has three knirps related genes, knirps (kni), knirps related (knrl) and eagle (eg). While kni 

was the first identified it is actually a paralog of knrl, is highly divergent and the most atypical member 

of the family. Phylogenetic analysis using 28 knirps family genes from 15 arthropods suggests that a 

single ancestral gene duplicated early in the insect lineage producing the knrl and eg paralogs (Perl et 

al). Subsequent duplications in various insect lineages has resulted in most insects having 2 or 3 knirps 

genes. In the hemipterans examined thus far (A. pisum, R. prolixus, P. humanus) it appears that knrl 

may have duplicated in the hemipteroids resulting in two knrl genes and one eg gene [24]. In the D. 

citri genome v3.0 w 

e were only able to identify two knirps family genes (Table 3). These two genes are located on the 

same chromosome, about 400 kb apart in the current assembly. Both predicted proteins contain the 

highly conserved 94 amino acid N terminal domain and the C terminal PIDLS motif commonly found 

in knirps family members. However, neither contained the GAS motif that is exclusively found in the 

Eg protein. Due to the lack of this signature motif the resulting D. citri annotations were named knirps 

related 1 (knrl1) and knirps related 2 (knrl2). Despite the lack of GAS motif, it is possible that D. citri 

knrl2 is the ortholog of eg as our phylogenetic analysis was unable to resolve the relationship of knirps 

related genes in insects (data `not shown). Interestingly, knrl1 contains a small exon just 5’ of the 

universally conserved typical first coding exon (Figure 2). This small exon has been shown to be present 

in some fruitfly, honeybee, pea aphid and human louse knrl genes [24]. The conservation of this small 

exon across diverse insect orders suggests a common origin for this 5’ exon in insects.  

Gap

Drosophila 

melanogaster

Apis 

mellifera

Tribolium 

castaneum

Acyrthosiphon 

pisum

Diaphorina 

citri

tailless 1 1 1 1 1

knirps family 

(knirps, knirps related, 

eagle ) 3 3 2 3 2

giant 1 1 1 0 0

Kruppel 1 1 1 1 1

hunchback 1 1 1 1 1

huckebein 1 1 1 0 1

orthodentical 1 2 2 1 1

buttonhead 1 1 1 0 0

empty spiracles 1 1 1 1 1

cap-n-collar 1 1 1 1 1

collier 1 1 1 1 1



 

Figure 2:  Conservation of knirps related genes. Perl et al reported a 94 amino acid core sequence found in knirps related 
genes which contains the DNA binding domain [24]. Panel A shows this conserved sequence. The red box indicates the 
universally conserved first exon. Muscle alignment was performed in Mega7.0. Named genes have been manually annotated. 
Unnamed genes are computationally predicted. 7 insect genomes were examined. Dm; Drosophila melanogaster. Tc; 
Tribolium castaneum. Am; Apis mellifera. Nv; Nasonia vitripennis. Ph; Pediculus humanus. Ap; Acyrthosiphon pisum. Dc; 
Diaphorina citri. Panel B shows that five of the depicted proteins have sequence upstream of the universally conserved 
sequence which typically begins in the first exon. In these species the conserved core sequence begins in the 2nd exon. Blue 
box shows the first exon in these organisms. Red box is the second exon in these organisms. Panel C shows the typical exon 
structure of knirps family genes with the conserved core sequence (black box) starting in the 1st exon (red box) and extending 
into the second exon (note:  In some organisms additional exons are present after exon 2) and the exon structure of one knirps 
related gene in Dm, Am, Ph, Ap and Dc which contains an addition exon upstream of the universally conserved 1st exon (blue 
box). 

giant 

Whether gt is conserved among hemipterans is unclear. A gt ortholog was not found in the A. pisum 

genome [7], however, an ortholog was identified in R. prolixus [25]. The R. prolixus Gt, while highly 

diverged from other identified insect giants does have a leucine-zipper domain and appears to 

function as Gt [25]. Despite the sequence information from R. prolixus we were unable to identify a 

clear gt ortholog in the D. citri genome v3.0 (Figure 3, Table 3).  

 

Figure 3:  Bootstrap consensus neighbor-joining tree of giant homologs. Full length proteins sequences were used in 
phylogenetic analysis.  Purple:  Diptera. Blue:  Coleoptera. Green:  Hymenoptera. Gray:  Hempitera. Black:  Par domain 
proteins as an outgroup. D. citri PAR-domain protein 1 was the top BLAST hit when using insect giant sequences as a query. 
This protein is clearly not orthologous to other insect giants as it clusters with the Drosophila PAR-domain protein 1 outgroup. 



Kruppel 

In a variety of insects, including the hemipteran R. prolixus, Kruppel (Kr) orthologs have been identified 

and found to function as a gap gene in the segmentation process [26–34]. In D. citri genome v2.0 we 

identified one Kr ortholog (Table 3). The sequence of our annotation was confirmed by sequence from 

an independent de novo transcriptome (Table 2).  During the assembly of genome v3.0, several 

duplicate contigs containing the Kr ortholog were removed during deduplication such that Kr is 

currently missing from the v3.0 genome (Table 2). 

hunchback 

hb plays an important role in anteroposterior patterning in many insects, although its regulation and 

specific functions differ to some extent [35–38]. hb is also important in the developing nervous system 

in Drosophila [39,40], a role which is thought to be conserved in most protostomes [41].  Because Hb 

has different functions at different life stages, it has been identified as a potential target for insect 

control strategies [42]. We identified a single copy of hb in the D. citri genome v3.0 (Table 3).  IsoSeq 

transcripts support the presence of two hb isoforms that differ only in 5’ UTR sequence (Table 2). 

huckebein 

In Drosophila hkb is a terminal gap gene which plays an important role in head development [43]. 

However, this function is unlikely to be widely conserved across insects as hkb is not expressed in a 

gap gene pattern in the basal dipteran moth midge Clogmia albipunctata [44] or in Tribolium [45]. 

While it’s function in D. citri is unknown, an ortholog of hkb was found in the D. citri genome v3.0 and 

its expression was confirmed via a de novo transcriptome (Table 2), despite its reported absence in A. 

pisum [7] (Table 3).   

buttonhead 

btd is a member of the Sp-family of transcription factors. Drosophila has three Sp-family members, 

btd, Sp1 and Sp1-like factor for pairing sensitive-silencing (Spps). While initial reports suggested that 

btd might be a Drosophila specific duplication [46,47] more recent reports indicate that three Sp 

members is likely the ancestral state for arthropods and perhaps all metazoans [48]. The insect species 

Anopheles, Bombyx, Apis, Nasonia, Tribolium, Thermobia domestica and Folsomia candida, the non-

insect arthropod Daphnia pulex and the basal metazoans Trichoplax adhaerens and Nematostella 

vectensis all contain three Sp-family genes which cluster into three monophyletic clades (Sp5/btd, Sp1-

4 and Sp6-9 clades) [48]. Despite the fact that three Sp-family members appears to be the ancestral 

state, btd is absent from the A. pisum genome [7] and repeated efforts to clone btd from Oncopeltus 

fasiatus has only resulted in the identification of the two non btd Sp genes [48,49]. We too were 

unable to find a true btd ortholog in either the D. citri genome v3.0 or in independent de novo 

transcriptomes (Tables 2 & 3). In D. citri all evidence suggests there are only two Sp-family members, 

which are orthologous to Sp1 and Spps.   

 empty spiracles 

ems acts as a head gap gene in Drosophila [50].  It is expressed in the head of a variety of other 

arthropods, but in a smaller domain [51–53]. In the D. citri genome v3.0 we identified one ems 

ortholog (Table 3). This sequence is supported by an independent D. citri transcriptome (Table 2). 

orthodenticle 

Along with btd and ems, otd was identified in Drosophila as a head gap gene [50]. While some aspects 

of the head gap gene patterning system are specific to the Drosophila lineage, expression analysis and 



loss of function studies in a variety of arthropods have shown that otd likely has a conserved role in 

patterning the arthropod head [53–58]. While Drosophila has only one otd gene there is evidence that 

a single ancestral otd duplicated before the radiation of arthropods, the result being that most insects 

examined contain 2 otd genes. Functional studies in several insects suggest that otd-1 is expressed in 

the early blastoderm and is responsible for patterning the head while otd-2 is expressed much later in 

development [55,56]. In A. pisum only one otd gene has been identified [7]. This otd is more similar to 

otd-2 in other insects, both in sequence and expression pattern, suggesting there has been a loss of 

otd-1 in pea aphids [17]. We too were only able to find one otd gene in the D. citri v3.0 genome (Table 

3). The D. citri otd also appears to be more similar to insect otd-2 (Figure 4) suggesting the gene loss 

of otd-1 may have occurred in the lineage leading to sap sucking insects.  

 

Figure 4:  Maximum likelihood tree of otd homologs. Full length proteins sequences were used in phylogenetic analysis. Green:  
otd-1. Blue:  otd-2.  Acyrthosiphon pisum and Diaphorina citri have a single otd homolog which appears more similar to insect 
otd-2 genes.  

cap-n-collar 

In Drosophila cnc is important for patterning of the head [59]. We identified one cnc ortholog in the 

D. citri genome v3.0 (Table 3). This annotation has both de novo transcriptome and PacBio IsoSeq 

support (Table 2). In Drosophila multiple isoforms for cnc have been identified [60]. PacBio IsoSeq data 

suggest that multiple isoforms also exist in D. citri.   

collier 

In Drosophila, col acts downstream of otd and ems and upstream of cnc [61]. One ortholog of the head 

gap gene col was also identified in the D. citri v3.0 genome (Table 3). In Drosophila multiple isoforms 

of this gene have been identified [60] Based on independent de novo transcriptome evidence (Table 

2) two isoforms for this gene have been annotated in the current D. citri genome.  

Pair-rule genes 

One-to-one orthologs were found for all pair-rule genes examined. This includes paired (prd), odd 

skipped (odd), sloppy paired (slp), runt (run), even skipped (eve), hairy (h) and odd paired (opa). Further 

information on the manual annotation of these genes can be found below. 



 

Table 4:  Pair-rule Ortholog Number. The Drosophila melanogaster numbers were determined from Flybase. Ortholog 
numbers for Apis mellifera [5], Tribolium castaneum [6] and Acyrthosiphon pisum [7] are based on genome publications. 
Diaphorina citri ortholog numbers represent our final manual annotation. 

paired 

Prd is a member of the Pax3/7 family of proteins. In Drosophila there are three Pax3/7 family genes 

which are known to play a role in segmentation and neurogenesis, prd, gooseberry (gsb) and 

gooseberry neuro (gsb-n). While the number of Pax3/7 genes varies in arthropods, data from insects 

and arachnids suggest that the Pax3/7 roles in segmentation and neurogenesis are likely to be 

conserved in all arthropods [62]. In the D. citri genome v3.0 we also found three Pax3/7 genes which 

have been named D.citri_paired, D. citri_gooseberry and D. citri_gooseberry neuro (see below for a 

discussion of gsb and gsb-n orthologs) (Tables 4 & 5). Due to the condition of the D. citri genome we 

were only able annotate a partial gene model as D. citri_paired. This partial sequence was confirmed 

with de novo MCOT transcript evidence (Table 2). Pax3/7 proteins are defined by the presence of three 

conserved domains; the paired domain, the paired class homeodomain and a short octapeptide motif 

typically found between the paired domain and the homeodomain [63]. This partial gene model 

contains the complete homeodomain but is missing part of the 5’ sequence, thus the paired domain 

is incomplete in this model. A more complete model for paired can be found in the D. citri MCOT 

transcriptome as model MCOT01278.2.CO. 

odd skipped  

odd is a zinc finger transcription factor. odd is closely related to two other zinc finger transcription 

factors known as brother of odd with entrails limited (bowl) and sister of odd and bowl (sob). In 

Drosophila it has been reported that all three genes are found clustered within the genome, with sob 

and odd being particularly close [64]. Analysis of insects with sequenced genomes indicates that this 

clustering may be conserved. In D. citri genome v3.0, odd and sob are actually overlapping one another 

on opposite strands.  The overlap may be an artefact of local misassembly, but it is likely that the genes 

are closely associated.  bowl is located on the same chromosome about 25 Mb away. odd and sob are 

supported by MCOT transcripts. MCOT models were not available to confirm the annotation of bowl, 

however, PacBio IsoSeq reads support the gene structure of this annotation (Table 2).  

 

sloppy paired  

In Drosophila there are two slp genes involved in segmentation (slp-1 and slp-2)[65]. In more basal 

insects and other arthopods one slp homolog is typically found [66–68]. As expected in D. citri one slp 

ortholog was identified (Table 4). The sequence of this annotation has more similarity with Drosophila 

Slp2 than Slp1. However, following the naming convention found in other insects we have named this 

gene D. citri_sloppy paired. Independent de novo transcriptome sequence was used to confirm the 

final Slp sequence (Table 2).  

Pair-rule

Drosophila 

melanogaster

Apis 

mellifera

Tribolium 

castaneum

Acyrthosiphon 

pisum

Diaphorina 

citri

paired 1 1 1 1 1

odd-skipped 1 1 1 1 1

sloppy paired 2 1 1 1 1

runt 1 1 1 1 1

even-skipped 1 1 1 1 1

hairy 1 1 1 1 1

odd paired 1 1 1 1 1



runt 

In insects there are four runt domain containing genes 1) run 2) Runt related A (RunxA) 3) Runt related 

B (RunxB) and 4) lozenge (lz) which are typically found clustered on one chromosome. The order and 

orientation of these four genes is well conserved across insects [69] (Figure 5). In addition to the runt 

domain, RDPs also contain a C terminal pentapeptide VWRPY sequence. We were able to annotate a 

full length runt, RunxA and RunxB  and a partial lz gene. It appears that the cluster is intact, with all 

four RDP genes identified in their expected order (Figure 5). lz appears to be transcribed in the 

opposite direction compared to other insects, but it is possible that this is due to local misassembly. 

 

Figure 5:  Runt Cluster in Insects. Cluster information from other insects was obtained from [69] The runt cluster in Drosophila 
melanogaster and Tribolium castaneum have three genes in a core cluster with lozenge separated, but on the same 
chromosome, distal to runt. The runt cluster in Apis mellifera and Pediculus humanus have all four genes clustered together 
with lozenge proximal to runt. The runt cluster in Diaphorina citri most closely follows the pattern seen in Apis mellifera and 
Pediculus humanus.  

even skipped 

One eve gene has been identified and manually annotated in the D. citri genome v3.0 (Table 4). This 

annotation is supported by single read PacBio IsoSeq sequence and transcripts from a de novo 

transcriptome (Table 2). In Drosophila eve the coding region is contained within two exons and the 

conserved homeodomain is found in its entirety in the second exon. In amphioxus [70], the polychaete 

annelid Capitella teleta [71], and Tribolium [72] eve genes contain a second intron within the 

homeodomain resulting in a three exon gene. The homeodomain of the D. citri eve gene is split 

between the second and third coding exons as seen in amphioxus, C. teleta and Tribolium.    

hairy 

In a previous version of the genome a partial gene model for h was annotated. With the help of PacBio 

IsoSeq evidence, the MCOT transcriptome and ortholog sequences we were able to correct the 

previous gene model so that a full length protein has now been annotated (Table 2) in the D. citri 

genome v3.0. 

odd paired 

A single copy of the Zic family member opa [73] was identified and manually annotated in the D. citri 

genome v3.0 (Table 4). It was also found as a de novo model in the MCOT transcriptome (Table 2). 



Segment polarity genes 

Segment polarity genes include members of the Wnt and Hedgehog signalling pathways. The manual 

annotation of these genes in the D. citri genome v3.0 has been reported in independent reports on 

signalling pathways. Here we report on the manual annotation of the segment polarity genes 

gooseberry (gsb) and engrailed (en), which are targets of the Wnt and Hedgehog signalling pathways, 

and the related genes gooseberry-neuro (gsb-n) and invected (inv). One ortholog for the genes 

engrailed (en), gooseberry (gsb) and gooseberry-neuro (gsb-n) was found in the D. citri v3.0 genome. 

An ortholog for invected (inv) was not able to be identified in the current genome assembly.  

 

Table 5:  Segment polarity gene ortholog number. Tribolium castaneum engrailed gene numbers [6,74] and Acyrthosiphon 
pisum engrailed and gooseberry gene numbers [7] were acquired through genome publications. Ortholog numbers for 
Drosophila melanogaster, Apis mellifera, Tribolium castaneum gooseberry and gooseberry-neuro and Acythosiphon pisum 
gooseberry-neuro were determined using NCBI’s gene database. Diaphorina citri  

Engrailed family 

The engrailed gene family includes two closely related homeodomain-containing transcription factors, 

en and inv. In Drosophila, they both share a regulatory region and are functionally redundant [75]. 

One copy of en was found in the D. citri v3.0 genome (Table 5). The annotated model is supported by 

de novo transcriptome data (Table 2). MCOT model predictions and RNAseq data suggests the 

presence of two different isoforms (Figure 6). An ortholog for inv was not found within the D. citri v3.0 

genome. The En protein is necessary for the establishment of posterior cell identity within a segment 

[76]. en mutations can cause mild to severe alterations to phenotype and can even prove lethal in 

developing embryos whereas loss of inv has no observable effect on phenotype [75]. Although inv 

appears to be redundant to en and could theoretically have been lost through evolution of D. citri, 

many hexapods have both en and inv. A future version of the D. citri genome could reveal the presence 

of inv.  

 

Figure 6: Alternative splicing of engrailed in Diaphorina citri resulting in two different isoforms. 

Gooseberry 

The Pax3/7 gene gsb encodes a transcription factor that is necessary for establishing a wingless-

gooseberry autoregulatory loop that is independent of hedgehog signaling [77]. gsb expression has 

also been associated with determining the developmental fate of certain neuroblasts by acting as a 

selector gene for the homologous gsb-n gene [78]. The gsb ortholog that has been manually annotated 

in D. citri is characterized by a paired-type homeodomain and a paired domain. The annotation is 

supported by IsoSeq sequence evidence and de novo transcriptome data (Table 2). Along with prd and 

Segment polarity

Drosophila 

melanogaster

Apis 

mellifera

Tribolium 

castaneum

Acyrthosiphon 

pisum

Diaphorina 

citri

gooseberry 1 1 1 1 1

engrailed 2 2 2 2 1



gsb, gsb-n is a Pax3/7 gene.  gsb-n is found near the homologous gsb gene in an area called the 

gooseberry locus. This two-gene gene cluster appears conserved in insects however, within D. citri 

and other hemipterans, the two genes are transcribed in the same direction whereas in Drosophila 

and Tribolium they are transcribed in opposite directions. Phylogenetic analysis alone made it difficult 

to resolve the true orthology the Pax 3/7 genes (prd, gsb, gsb-n) found in D. citri (Figure 7). However, 

the positional information of gsb-n in other insects helped determine proper orthology in the D. citri 

v3.0 genome. The manually annotated model for gsb-n is supported by IsoSeq and de novo 

transcriptome data (Table 2).  

 

  

Figure 7:  Neighbor-joining tree of gsb-n, gsb and prd homologs. Full length protein sequences were used for 
phylogenetic analysis except in the case of pairberry 1 and pairberry 2 where only partials were available. In 
one case (prd) transcriptome sequence was used due to an incomplete genome annotation. D. citri has 
three Pax 3 genes. We have named them gsb-n, gsb, and prd despite the fact that bootstrap values are low 
because of their position in the genome. Navy genes show more similarity to gsb-n. Purple sequences show 
similarity to gsb and teal genes show similarity to prd. Black genes ey and toy are Pax6 genes which are 
acting as an outgroup for this analysis.  
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