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Carotenoids are conjugated isoprenoid molecules with many important physiological functions in organ- 
isms, includ ing roles in photosynthesis, oxidative stress reduction, vision, diapause, photoperiodism, and 
immunity. Until recently, it was believed that only plants, microorganisms, and fungi were capable of
synthesizing carotenoids and that animals acquired them from their diet, but recent studies have dem- 
onstrated that two arthropods (pea aphid and spider mite) possess a pair of genes homologous to those 
required for the first step of carotenoid biosynthesi s. Absent in all other known animal genomes, these 
genes appear to have been acquired by aphids and spider mites in one or several lateral gene transfer 
events from a fungal donor. We report the third case of fungal carotenoid biosynthesis gene homologs 
in an arthropod: flies from the family Cecidomyiidae, commonly known as gall midges. Using phyloge- 
netic analyses we show that it is unlikely that lycopene cyclase/phytoe ne synthase and phytoene desat- 
urase homologs were transferred singly to an ancient arthropod ancestor; ins tead we propose that genes 
were transferred independent ly from related fungal donors after divergence of the major arthropod 
lineages. We also examine variation in intron placement and copy number of the carotenoid genes that 
may underlie function in the midges. This trans -kingdom transfer of carotenoid genes may represent a
key innovation, underlyi ng the evolution of phytophagy and plant-galling in gall midges and facilitating 
their extensive diversification across plant lineages.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

Horizontal or lateral gene transfer is the movement of genes 
between distantly related organisms. Such recruitment of novel 
genetic material can facilitate adaptation, evolutionary innovation 
and niche shifts (Graham et al., 2008 ; Keeling, 2009; Acuna et al.,
2012). Lateral gene transfer (LGT) is well-documen ted in bacteria 
and viruses, having a clear basis in the mechanis ms of microbial 
sex and gene uptake. Among eukaryotes (i.e., not involving bacteria 
or viruses), LGT is less commonly described and remains a notable 
discovery, particularly when associated with phenotypes that con- 
fer obvious selective advantages or other ecological conseque nces 
(Kaessmann, 2010; Dunning Hotopp, 2011; Syvanen, 2012 ).

Recently, genes acquired from fungi and involved in caroteno id
biosynthesis were identified in two groups of arthropods, aphids 
and mites (Moran & Jarvik, 2010; Grbic ´ et al., 2011 ). The signifi-
cance of these descriptions was twofold. First, carotenoids are 
essential in animal metaboli sm. Because they must be acquired 
in the diet, it is thought that the acquisition and allocation of
ll rights reserved.
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caroteno ids is an important life history axis on which natural 
selection acts (McGraw, 2006 ). The discovery of genes for endoge- 
nous carotenoid biosynth esis thus raises new opportunities for 
understa nding the functions and importance of carotenoids in ani- 
mal life history and physiology (Fukatsu, 2010 ). Second, in both 
arthropo d groups, variation in the fungally-acq uired genes is asso- 
ciated with ecologically- important phenotypes. The assignment to
these LGT genes of phenotyp es that are functiona lly or ecologically 
important suggests the possibility of further such discoveries on
the selective ly-advantageous innovations conferred by lateral gene 
transfer in animals.

We describe a third case of carotenoid genes in diminutive flies
in the family Cecidomyiidae , commonly known as gall midges.
These genes share a common ancestry with the aphid and spider 
mite gene trees, permitting the evaluation of alternative scenarios 
for the evolution of carotenoid genes in animals. We show that it is
unlikely that these genes have been laterally-trans ferred between 
animals themselves, or that there has been retention of an ancient 
gene set in animals. Rather, our analysis points to the likelihoo d of
independen t acquisition from a common fungal donor lineage,
after the divergence of the major arthropod classes and orders.
We discuss the evolution of fungally-derive d carotenoid genes in
animals, present initial hypotheses for some of the potential roles 
aces: Gall midges, lateral gene transf er, and carot enoid biosynthesis in ani- 
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of these carotenoid genes in midges, and speculate upon their role 
in gall midge evolution and diversification.

1.1. Carotenoids and lateral gene transfer 

Carotenoids are organic pigments consisting of conjugated iso- 
prenoid molecules manufactured by photosyntheti c plants, micro- 
organisms, and some fungi (Umeno et al., 2005; Cazzonelli, 2011 ).
Among the list of processes they mediate are photosynthes is, oxi- 
dative stress, vision, diapause, photoperiodism, and immunity 
(Briscoe, 2001; Lesser, 2006; von Lintig, 2010; Heath et al.,
2013a). In animals, they are also important as precursors to visual 
pigments and in ornament-bas ed signaling (McGraw, 2006; Svens- 
son & Wong, 2011 ). While there are over 600 described caroteno id
compounds , their biochemical origins ultimately can be traced to
the action of only a few structura l genes (Klassen et al., 2010 ).
These genes, encoding synthases, desatura ses, and cyclases, form 
the simple beginnings in both microbes and eukaryot es of all 
downstream products. In fungi, two genes, encoding a desatura se
and a cyclase/syntha se fusion protein, tend to be positionally clus- 
tered, divergently transcribed , and share regulatory elements.

Until recently, it was thought that animals must acquire carote- 
noids from their diets, because they lack the small set of structural 
genes that initiate endogenous biosynthesis . In 2010, genes homol- 
ogous to those required for the biosynthesis of carotenoids were 
discovered in the pea aphid genome (Moran & Jarvik, 2010 ). Phylo- 
genetic placement of the pea aphid homologs suggested that 
aphids acquired these genes from fungi. Remarkably , pea aphids 
exhibit an intraspecific red/green color polymorphis m that affects 
trophic interactions with parasitoids and predators (predators pre- 
fer red morphs, parasitoids tend to prefer green morphs; Losey
et al., 1997 ). The polymorphis m derives from the inactivation of
one of the fungally-derive d carotenoid biosynthetic genes in green 
morphs (Moran and Jarvik, 2010 ). Further analysis of 34 aphid spe- 
cies and their adelgid relatives indicated a likely acquisition of
these genes early in the radiation of this group (Nováková & Moran,
2012). The genes are absent from white flies, another relative of
aphids (Nováková & Moran, 2012 ). However, sequencing of the 
bacterial symbiont of whiteflies (Portiera) revealed symbiont- 
encoded bacterial homologs of the fungal carotenoid genes (Sloan
& Moran, 2012 ). To date, homologous sequence s have not been 
described in other bacterial symbionts of insects. The second 
description of carotenoid biosynthetic genes in the nuclear gen- 
omes of animals accompanied the recent publication of the spider 
mite genome (Tetranychus urticae ; Grbic ´ et al., 2011 ). While these 
share a common ancestry with the fungally-der ived genes in
aphids, the main phenotypic effects of caroteno ids in spider mites 
appear related to a role in diapause and photoperiodi sm (Altincicek
et al., 2011 ). Fungal genomes typically contain only single copies of
each gene. Two copies of lycopene cyclase/phytoe ne synthase and 
phytoene desatura se have been annotated in T. urticae . Aphids 
exhibit considerabl e copy number variation of both genes between 
species, with evidence of gene loss and pseudogenizati on
(Nováková & Moran, 2012 ).

1.2. Hypotheses for the evolution of carotenoid biosynthesis in animals 

A small set of arthropod groups appear to have converged on
the retention or uptake of the structura l genes for carotenoid bio- 
synthesis. Spider mites and aphids last shared a common ancestor 
at the earliest stages of the invertebr ate radiation, in the early 
Cambrian. How then did aphids and spider mites come to share a
common carotenoid gene set? One hypothesis is that both received 
the genes independently from a common fungal donor; perhaps an
entomopath ogen infectious to both (Fukatsu, 2010 ). Alternative 
hypotheses include the possibilit y that the genes are remnants of
Please cite this article in press as: Cobbs, C., et al. Carot enoids in unexpected pl
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ancient biosynthetic capacities in animals, lost in most lineages 
but retained in a scattered few, or even that there has been direct 
transfer from one animal to the next. Grbic ´ et al. (2011) favor sce- 
narios that include some mixture of the latter two hypotheses.
Conservati on of an unusual exon–intron structure in both genes 
shared by aphids and spider mites, differing from that of known 
extant fungal species, suggests a common donor. However, genes 
in the two species have undergone duplication and pseudogeni za- 
tion, and expresse d copies share only about 50–60% of amino acids.
Spider mites also have phylogenetical ly divergent copies of phyto- 
ene desaturase (Grbic ´ et al., 2011 ). Together, this pattern suggests 
an ancient and complex history of acquisition and evolution of the 
gene complexes in arthropods. Whether gained independen tly or
retained over the eons, the tantalizin g questions remain: why are 
these genes maintained in these lineages and how have they influ-
enced their evolution and diversification? 
2. Material and methods 

Cecidom yiids (‘‘gall midges’’) are a diverse family belonging to
the fly infraorder Bibionomor pha (sister group to the ‘‘higher’’ flies)
and the superorder Sciaroidea (fungus gnats). The adults are deli- 
cate, and resemble gnats or mosquitoes. Some, like the Hessian 
fly (Mayetola destructor ), the most significant wheat pest, cause 
large crop losses worldwide (Harris et al., 2003 ; Stuart et al.,
2012). The larvae and even adults of many gall midge species are 
bright orange or yellow in color (e.g., Sitodiplosis mosellana and
Contarini a tritici , which are important pests of wheat, are com- 
monly known as the orange and yellow wheat blossom midge,
respectivel y). It is known that these colors are due to carotenoids 
(Heath et al., 2013b ), but whether they come from dietary seques- 
tration, endosymbiont s, or de novo biosynthesis, or some combina- 
tion of each, is not yet known.

2.1. Transcripto me sequencing, assembly, and database searches 

We generated 4 Gb of paired-en d Illumina sequence of the gold- 
enrod gall midge, Asteromyia carbonifera collected from tall golden- 
rod (Solidago altissma ) in Tennessee. Total RNA was isolated from 
pooled larva in TRIZOL and RNeasy kits (Qiagen). Library prepara- 
tion and paired-end 50 bp Illumina indexed sequencing was per- 
formed at the Hudson-Alp ha Genome Facility (http://www.
hudsonal pha.org/ ; in Huntsville, Alabama). The resulting data was 
assembled de novo using the Velvet short read and Oases assem- 
blers (Zerbino & Birney, 2008 ; http://www.ebi .ac.uk/~zerbino/ 
oases/). We used Geneious software (http://www.gene ious.com/ )
as a centraliz ed data managemen t tool (Drummond et al., 2011 ).

2.2. Gene identification and annotation 

We used protein sequences for phytoene desaturase and phyto- 
ene synthase/lycop ene cyclase from Acyrthosipho n pisum and the 
tBLASTn algorithm to search against the assembled A. carbonifera 
contigs with BLASTn. Positive hits were verified with reciprocal 
BLASTx searches of the putative ortholog against the Genbank 
non-redu ndant protein database. We then used the putative ortho- 
logs to search the Hessian fly (Mayetiola destructo r) genome, made 
available in GenBank (Assembly ID: GCA_000149185.1) by the 
Baylor College of Medicine Human Genome Sequencing Center.
We verified gene location and predicted introns in the M. destructor 
scaffolds with the Wise2 program (EMBL; Birney et al., 2004 ).
Intron positions were verified by visual inspection of predicted 
intron/ex on splice sites and manual translation of the expected 
protein. Using blastn, we queried the remaining regions of M.
destructo r ‘‘hit’’ scaffolds against the GenBank database to identify 
aces: Gall midges, lateral gene transf er, and carotenoi d biosynthesis in ani- 
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insect gene homologs in regions surrounding lycopene cyclase/ 
phytoene synthase and phytoene desaturase homologs. The genes 
were translate d to amino acid sequence s based on the Wise2 out- 
put, and we used resulting proteins to search the NCBI Conserved 
Domains database (Marchler-Bauer et al., 2005 ) and annotate 
lycopene cyclase, phytoene synthase, and phytoene desaturase 
domains in the M. destructor homologs. We performed similar 
analyses using other publically available insect genomes, including 
mosquitoes and Drosophila species. No significant BLAST hits to A.
pisum lycopene cyclase/phytoe ne synthase or phytoene desaturase 
homologs were identified. We conducted general searches in the 
GenBank protein database for hits to ‘lycopene cyclase’, ‘phytoen e
synthase’, or ‘phytoen e desatura se’ to find amino acid sequences 
from all domains of life to include in phylogen etic analysis 
(Table S2).

2.3. Surveys of other gall midge species, gene amplification and 
sequencing

To more broadly survey the distribution of carotenoid genes in
gall midges, samples were collected from Georgia, Missouri, Utah,
Ohio, Indiana, New York, New Mexico, Florida, and Tennessee be- 
tween 2009 and 2012 (Table S1). Specimens were preserved and 
identified following Gagné (1989) and Gagné (2004). We extracted 
genomic DNA from individua l samples with the DNeasy Blood &
Tissue kit (Qiagen, Inc.) following the manufactur er’s instructions.
We used both TOPO TA-cloning (Invitrogen Life Technologies,
Carlsbad, CA) or paralog specific primers to amplify lycopene cy- 
clase/phyto ene synthase and phytoene desaturase gene fragments 
from genomic DNA of 11 gall midge species by PCR, using standard 
methods described elsewhere (Table S3; Abbot et al., 2007 ;
Stireman et al., 2010 ). PCR products were Sanger sequenced at
GENEWIZ, Inc. (http://www.genewiz.com ).

2.4. Phylogenetic methods 

Protein sequences downloaded from GenBank were aligned by
homolog (lycopene cyclase, phytoene synthase , cyclase/syntha se
fusion protein, or phytoene desatura se) with MUSCLE (Edgar,
2004) as impleme nted in Geneious ver. 6.05 (Drummond et al.,
2011), using 16 iterations and default paramete rs. Alignments 
were subsequent ly manually curated in Mesquite ver. 2.75 (build
566) to remove large gaps, followed by automatic removal of una- 
lignable regions with GBLOCKS ver. 0.91b (Castresan a, 2000 ),
allowing gap positions, and otherwise using default parameters.
Phylogenetic analysis was conducted first by determination of
the optimal substitut ion model for each alignment with ProtTest 
2.4 (Abascal et al., 2005 ) and DataMonkey Server (http://
www.datamon key.org ; Delport et al., 2010 ), using the Akaike 
Information Criterion (AIC) and Bayesian Information Criterion 
(BIC) for ML and Bayesian analysis, respectively (Sullivan & Joyce,
2005). We constructed maximum likelihoo d trees in RAxML ver.
7.2.8 with the appropriate model of protein substitut ion using 
the RAxML GUI front end (Stamatakis, 2006; Silvestro & Michalak ,
2011). The best tree and bootstrap proportions were determined 
by 1000 iterations using the ‘‘ML+rap id bootstrap’’ and PROT- 
GAMMA or PROTGAMMAI options. Bootstrap consensus trees were 
summarized in MEGA ver. 5.05 (Tamura et al., 2011 ). Bayesian 
analysis was conducted in MrBayes ver. 3.2.1, using the appropri- 
ate protein substitution model, gamma-shaped rate variation with 
a proportio n of invariable sites, and the covarion option selected.
Two searches of the posterior distribut ion were run with four 
chains for 1,000,000 generations sampled each 100th iteration,
using default temperature increments between chains, and a rela- 
tive burn-in of 25% for diagnost ics. A 50% majority rule consensus 
tree was constructed after a burn-in fraction estimate d in Tracer 
Please cite this article in press as: Cobbs, C., et al. Caro tenoids in unexpected pl
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ver. 1.5 (Rambaut & Drummond, 2009 ). Trees were edited for 
accessibil ity in Mesquite (Maddison & Maddison, 2011 ).
3. Results 

3.1. Multiple copies of fungally-deri ved lycopene cyclase/phyto ene 
synthase and phytoene desaturase genes are present in Asteromyia 
carbonifera and Mayetiola destructor 

Like aphids and spider mites, phytoene desatura se has been 
duplicated in gall midges. Two copies are present in the M. destruc- 
tor genome, both of which were recovered from the A. carbonifera 
transcrip tome. However, unlike aphids and spider mites, there is
only a single copy of phytoene desaturase homolog in the M.
destructo r genome and A. carbonifera transcriptom e. Fragments of
one or both genes were recovered from all gall midge species that 
we surveyed, spanning two of the five subfamilies in the 
Cecidom yiidae (Table S1).

Prelimina ry chromosomal anchor data place one of the phyto- 
ene desaturase copies and lycopene cyclase/phy toene synthase 
on chromosom e X1, arranged tail-to-tai l and apparently diver- 
gently-transcr ibed as with fungi and some copies of the genes in
mites and aphids. An additional copy of phytoene desaturase is
present on chromosom e A2 (Fig. 1). The lycopene cyclase/phytoe ne
synthase homolog consists of six exons, an arrangement that is un- 
like that found in the homologous genes of the spider mite (Grbic ´
et al., 2011 ) or pea aphid (Moran & Jarvik, 2010 ; Fig. 2). While one 
copy of Hessian fly phytoene desaturase has a single intron life that 
of aphids and mites, the presumptive ‘original’ copy in the tail- 
to-tail arrangement with the lycopene cyclase/phytoe ne synthase 
homolog contains two introns.
3.2. Gall midges, aphids, and spider mites have a similar fungal donor 

After filtering poorly aligned regions in GBLOCKS, alignmen ts
and model selection of lycopene cyclase/phytoe ne synthase and 
phytoene desaturase produced matrices of 248 and 311 amino 
acids (>90% polymorphic sites for both not including the extremely 
divergen t T. urticae lycopene cyclase/phytoe ne synthase paralog),
and which were analyzed under either BLOSUM62 or WAG models 
of protein evolution, respectively . In both the maximum likelihood 
and Bayesian analyses of lycopene cyclase/phytoe ne synthase,
aphids, spider mites and gall midges form a well-supported arthro- 
pod clade within fungi (Figs. 3a and 4a). Consistent with previous 
work, the arthropods nest within the Mucorales , indicating that a
relative of the Mucorales was likely the donor of cyclase/sy nthase 
homologs in all three arthropod groups. Bayesian analysis provided 
some support for a topology in which gall midges are basal to an
aphids + mite clade. The best maximum likelihoo d tree produced 
a similar topology for the arthropo ds, but with only weak boot- 
strap support. For phytoene desaturase, the arthropo d copies form 
a well-sup ported clade within fungi generally, but in contrast to
lycopene cyclase/phytoe ne synthase, spider mites are basal to a
midge + aphid clade, with weak to reasonabl e confidence in the 
ML and Bayesian analyses, respectively (Figs. 3b and 4b). More- 
over, a Mucorales/ar thropod clade was not recovered in the phyto- 
ene desatura se gene tree. A copy of T. urticae phytoene desaturase 
show significant divergence from other arthropo d homologs and 
falls outside of all fungi (a single copy is shown in Fig. 3b; the cur- 
rent T. urticae scaffolds have additional divergent and fragmentary 
copies). While this could indicate a second transfer of a bacterial or
plant homolog of phytoene desaturase, the copy nests basal to all 
fungal/arthrop od species, but exclusive of known bacterial homo- 
logs. Blastp searches of the protein sequence against the Genbank 
aces: Gall midges, lateral gene transf er, and carot enoid biosynthesis in ani- 
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Fig. 1. Location of lycopene cyclase/phytoene synthase and phytoene desaturase genes on Mayetiola destructor chromosomes. Annotations below each gene name indicate 
the gene’s closest homolog, as determined by BLASTp searches. All genes appear to be of insect origin, ruling out the possibility of contamination in the genome assembly 
being the source of the fungally-derived genes (red boxes). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)

Fig. 2. Predicted gene architecture of arthropod and (a) fungal lycopene cyclase/phytoene synthase homologs based on prior annotation and Wise2 protein-to-genome 
analysis. Solid boxes indicate exons (animals in blue, fungi in grey), scaled to approximate size with the numbers of base pairs indicated, while solid and dotted lines 
correspond to conserved functional domains. Arrows indicate the region used in the alignment of sequences from various gall midge species. The phase of each intron (0, 1 or
2) is indicated in the gap between exons. Intron sizes are not shown. Genbank accessions numbers or scaffold IDs, from top to bottom, are: scaffold X.1, random.38;
XM_001950752.2; XM_003241621.1; XM_003241620.1; scaffold HE587301.1 ; scaffold HE587311.1 ; AJ250827.1; AJ276965.1; AY176663.1.
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nr protein database resulted in best hits with Acyrthosipho n pisum 
homologs.

Finally, screens of additional gall midge species with degenerate 
primers suggests that the genes are not unique to M. destructor or
Please cite this article in press as: Cobbs, C., et al. Carot enoids in unexpected pl
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A. carbonifera , but are broadly distribut ed across the Cecidomyii- 
nae, the largest subfamily in the Cecidomyiidae . For lycopene cy- 
clase/phyto ene synthase, we sequenced fragments spanning 
exons 2 and 3 (in the M. destructor annotation shown in Fig. 2) from 
aces: Gall midges, lateral gene transf er, and carotenoi d biosynthesis in ani- 
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Fig. 3. Maximum likelihood analysis of arthropod and fungal (a) lycopene cyclase/phytoene synthase and (b) phytoene desaturase from animals and selected fungi. Best trees 
are shown. Both trees are rooted with bacterial homologs, in grey. The arthropods are indicated with blue branches and highlighted. Bootstrap support is shown for 
representative nodes in the fungal clade and for nodes in the arthropod clade with missing values indicating bootstrap support 50.
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Fig. 4. Bayesian analysis of (a) lycopene cyclase/phytoene synthase and (b) phytoene desaturase from animals and selected fungi. Both trees are rooted with bacterial 
homologs. The arthropods are indicated with blue branches and highlighted. Clade credibility support is shown for nodes in the arthropod clade, and for representative nodes 
in the fungal clade.
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11 species, across five genera and two of the most species-rich 
supertribes in the subfamily. These form a monophy letic group 
closely allied to the M. destructor sequences (Table S1; tree not 
shown). We did not survey phytoene synthase as extensively, but 
screens identified the presence of copies across similarly broad 
taxonomic distances within the Cecidom yiinae. Like aphids, it
appears likely that both genes were acquired early in the radiation 
of at least the subfamily, if not the family itself.

RNA-seq data and gene sequence s have been deposited at
Genbank.
4. Discussion 

4.1. Carotenoid gene acquisition in animals 

Aphids and adelgids, spider mites, and gall midges have ac- 
quired homologous genes for caroteno id biosynthesis from a
Mucorales-rel ated fungal donor. Despite the ubiquity and impor- 
tance of carotenoids in animal physiology, these genes are absent 
from all other animal genomes that have been surveyed to date.
In some, novel strategies for carotenoid biosynth esis have evolved.
In whiteflies, for example, which are sap-feeding insects like 
aphids, the enzymes for carotenoid biosynthesis are encoded by
bacterial symbionts, and are not encoded in the host genome 
(Sloan & Moran, 2012 ). Aphids and their relatives, spider mites,
and gall midges, have apparently opted for a different strategy:
the acquisition of endogenous production of caroteno ids via lateral 
gene transfer. The obvious question is what explains the unusual 
pattern of gene acquisition. The evolutionary disparity between 
aphids, midges and mites, which last shared a common ancestor 
roughly 600 million years ago, suggests a common attribute or
set of attributes that predisposed them to the acquisition and 
retention of fungal caroteno id genes. Absent the discovery of other 
animals with these genes, what is so special about these animals? 

One possibility is that they have retained an ancient, laterally- 
acquired gene set that has been selectively pruned during the radi- 
ation of the major arthropod lineages. Grbic et al. (2011) suggested
that the shared caroteno id genes in aphids and spider mites have 
resulted from a single ancient acquisition from fungi, with perhaps 
a subsequent direct transfer between mite and aphid lineages. The 
difficulty with supposin g only a single, ancient transfer event at
the time of the basal radiation of the arthropods is that it requires 
an extensive and peculiar pattern of episodic losses spanning 
arthropod diversity. After acquisition by the last common ancestor 
of the Neoptera (aphid/midges) and Acari (mites) about 600 mil- 
lion years ago, the genes would have to have been lost in most 
Chelicerata, but not in those in the stem lineage leading to mites.
Subsequentl y, they would then have been lost in most insect lin- 
eages, but not in the common ancestor of aphids and gall midges.
This scenario requires 200 million years of maintenance in the 
Chelicerata prior to widespre ad loss; in Endo- and Exopterygot a,
the requirement would be roughly 300 and 400 million years of
maintenanc e, respectively . It is not yet certain how widely distrib- 
uted these genes are in gall midges or related families (no other 
genomes have been sequenced in the superfamily, Bibionomorph a,
to which they belong), outside of those reported here. But they are 
not present in the sequenced genomes of any other lower flies (the
Nematocera), and are also absent in unpublished Illumina tran- 
scripts from another Nematoceran family, the Chironomidae (Oleg
Gusev, unpublished data).

Moreover, while the intron/exon structure of both genes is con- 
served within aphids and between aphids and mites (Nováková
and Moran, 2012 ; Grbic ´ et al., 2011 ), the Hessian fly does not exhi- 
bit conservation of intron/exon boundaries in lycopene cyclase/ 
phytoene synthase . It possesse s an additional three introns, one 
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disrupting the lycopene cyclase domain, unlike the pattern found 
in aphids and mites, but similar to that of some Mucorales fungi.
Thus, an alternative hypothesis is that the genes derive from a
taxonomi cally restricted but genetically diverse group of donors 
related to the Mucorales, which now are either extinct or have 
not yet been discovered, and the acquisitions occurred from such 
a group after the initial radiation of the major arthropod lineages.
Our data lends some support for this scenario. The lycopene cy- 
clase/phyto ene synthase gene structure in gall midges does not 
suggest a common acquisition with mites and aphids and thus a
single point of entry of carotenoids into animals, unless it has 
undergone unusual patterns of intron acquisition. Moreover, ML
and Bayesian trees of lycopene cyclase/phytoe ne synthase provide 
some support for a topology in which the gall midges are placed 
basal to mites and aphids, which is within the scope of single gene 
trees but not generally consisten t with the expected pattern.
Neverthel ess, the evolutionar y divergence between the genes in
the three arthropo d groups is substantial, similar to that of other 
nuclear-e ncoded orthologs. The transfer from fungi is likely an- 
cient, and the acquisition may well have occurred early in the 
radiation of the groups. Is so, until other fungal taxa are examined 
that better resolve the gene trees, it may prove difficult for phylo- 
genetic methods alone to resolve with certainty an ancient history 
of caroteno id acquisition in these groups.

4.2. Functional roles of carotenoid s in gall midges 

There have been only a handful of functiona l studies of carote- 
noids in arthropods (Fretwell, 1978; Heath et al., 2013a ). These 
have identified roles for carotenoids in insect color, defense, vision,
oxidative stress managemen t, and communicati on via the produc- 
tion of volatile apocarotenoids . The long-term maintenanc e of lat- 
erally-ac quired genes in gall midges indicates that these genes 
serve important roles, possibly contributi ng to their herbivoro us
life styles. Some studies suggest that caroteno ids may facilitate 
herbivory in insects (Eichenseer et al., 2002; Carroll and Beren- 
baum, 2006; Mittapalli et al., 2007 ; Heath et al., 2013b ). Gall mid- 
ges, like aphids and mites, have mouthpar ts adapted for piercing 
and sucking, and digest their food extra-orally by secretion of
digestive enzymes and other secreted products (Mamaev, 1975 ;
Gagné, 1989 ). In A. carbonifera , larvae are bright orange in color,
with clear localization of carotenoids in their secretory glands 
(Heath et al., 2013b ). In some species, these glands produce the silk 
used to form cocoons, or for zoophagous species, the venoms used 
to paralyze prey, or the factors involved in the production of nutri- 
tive cells and perhaps gall formation (Stuart & Hatchett, 1987;
Stuart et al., 2012 ). Localization of carotenoids in the transcription- 
ally-activ e secretory glands may indicate a role as anti-oxid ants;
they may secreted themselv es, and have functions relating to the 
complex interactio ns they have with their host plants, enemies 
and mutualists (Heath et al., 2013b ).

Gall midges are the most successful lineage of gall-form ing ani- 
mals with over 6000 described species (Gagné, 2010 ). They have 
been able to colonize a remarkable diversity of plant lineages from 
ferns to conifers to most angiosperm families, in contrast to other 
galling taxa such as cynipid wasps and tephritid flies which tend to
be taxonomically restricted in their host use. Endogenous caroten- 
oid synthesis in plant-associated midges could potential ly contrib- 
ute to diversification in host use via the midge’s improved ability 
to orchestrate the complex series of biochemical steps involved 
in successfu l host plant attack (Stuart et al., 2012 ). If so, then 
caroteno ids may be key molecules in explainin g the explosive 
diversification of gall midges, in which ecological factors such as
host plant shifts and natural enemies are thought to have played 
important roles (Stireman et al., 2010, 2012; Heath et al., 2013b ).
Regardles s, it is likely that the biosynthetic capabilities conferred 
aces: Gall midges, lateral gene transf er, and carot enoid biosynthesis in ani- 
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by endogen ous production of carotenoids are both physiologically 
and evolutionarily diverse. Given that only a small fraction of gall 
midge species have been studied, these insects offer unique oppor- 
tunities to explore new ways in which carotenoids have shaped 
animal life.
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