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A B S T R A C T   

In some aphid species, intraspecific variation in body colour is caused by differential carotenoid content: whilst 
green aphids contain only yellow carotenoids (β-, γ-, and β,γ-carotenes), red aphids additionally possess red 
carotenoids (torulene and 3,4-didehydrolycopene). Unusually, within animals who typically obtain carotenoids 
from their diet, ancestral horizontal gene transfer of carotenoid biosynthetic genes from fungi (followed by gene 
duplication), have imbued aphids with the intrinsic gene repertoire necessary to biosynthesise carotenoids. In the 
pea aphid, Acyrthosiphon pisum a lycopene (phytoene) desaturase gene (Tor) underpins the red/green phenotype, 
with this locus present in heterozygous form in red individuals but absent in green aphids, resulting in them 
being unable to convert lycopene into the red compounds 3,4-didehydrolycopene and torulene. The green peach 
aphid, Myzus persicae, separated from the pea aphid for ≈45MY also exists as distinct colour variable morphs, 
with both red and green individuals present. Here, we examined genomic data for both red and green morphs of 
M. persicae and identified an enlarged (compared to A. pisum) repertoire of 16 carotenoid biosynthetic genes (11 
carotenoid desaturases and five carotenoid cyclase/synthase genes). From these, we identify the homolog of 
A. pisum Tor (here called carotene desaturase 2 or CDE-2) and show through 3D modelling that this homolog can 
accommodate the torulene precursor lycopene and, through RNA knockdown feeding experiments, demonstrate 
that disabling CDE-2 expression in red M. persicae clones results in green-coloured offspring. Unlike in A. pisum, 
we show that functional CDE-2 is present in the genomes of both red and green aphids. However, expression 
differences between the two colour morphs (350–700 fold CDE-2 overexpression in red clones), potentially 
driven by variants identified in upstream putative regulatory elements, underpin this phenotype. Thus, whilst 
aphids have a common origin of their carotenoid biosynthetic pathway, two aphid species separated for over 
40MY have evolved very different drivers of intraspecific colour variation.   

1. Introduction 

Carotenoids are a diverse group of natural tetraterpenes produced by 
photosynthetic plants and algae, as well as some bacteria, archaea and 
fungi, and are the most common pigment compounds found in nature 
(Maoka, 2020). They are essential compounds in photosynthetic or
ganisms due to their photoreceptive and antioxidant properties enabling 
collection and transfer of light energy to chlorophylls through 
singlet-singlet excitation transfer. Carotenoids include two distinct 

groups: the hydrocarbon carotenes and the more chemically complex 
xanthophylls, with the latter being the more numerous group with over 
800 individual compounds identified to date (Maoka, 2020). 

Most animals are unable to synthesize their own carotenoid com
pounds de novo and instead acquire them through dietary intake 
(Maoka, 2020). In the animal kingdom dietary carotenoids provide a 
variety of benefits including enhanced immune responses (Chew and 
Park, 2004), protection from oxidative stress (Fiedor and Burda, 2014; 
Miki, 1991) and synthesis of visual pigments (Cazzonelli, 2011; von 
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Lintig, 2012). In some organisms carotenoids also play important roles 
in visual signalling, sexual signalling, warning colouration and crypsis 
(Maoka, 2020). 

Aphids (superfamily: Aphidoidea) often exhibit distinct colour poly
morphisms with green, red or pink individuals present. Although under 
the same conditions body colouration remains stable in the partheno
genetically reproducing female clones (Moran and Jarvik, 2010) it can 
be influenced by various biotic and abiotic factors including tempera
ture (Caillaud and Losey, 2010), light intensity (Alkhedir et al., 2010), 
endosymbiotic bacteria (Tsuchida et al., 2010, 2014) and nutrient 
depravation (Wang et al., 2019). In the well-studied pea aphid Acyr
thosiphon pisum body colouration is thought to provide protection 
against some natural enemies, although this effect is countered by 
increased susceptibility to others (Losey et al., 1997) and, more recently, 
the effect of selection pressure is thought to be minor (Ives et al., 2020). 
There is also evidence that in this aphid, host plant preference affects 
colour morph prevalence, with pink aphids predominately found on pea 
(Pisum sativum) and at lower frequencies on red clover (Trifolium pra
tense) (Simon et al., 2003). Red coloured A. pisum have been shown to be 
more likely to drop off plants and produce a higher proportion of winged 
offspring (Weisser and Braendle, 2001). 

Aphid colouration in A. pisum is associated with the type of carot
enoid compounds present; green A. pisum contain only yellow caroten
oids (β-carotene (β,β-carotene), γ-carotene (β,ψ-carotene), and 
β,γ-carotene) whereas red aphids possess red carotenoids (torulene 
(3′,4′-didehydro-β,ψ-carotene) and 3,4-didehydrolycopene (3,4-dide
hydro-ψ,ψ-carotene) in addition to β-, γ-, and β,γ–carotenes (Moran and 
Jarvik, 2010). 

The biosynthesis of carotenes involves a cascade reaction series 
(Takemura et al., 2021), the first step of which involves the condensa
tion of geranylgeranyl pyrophosphate into phytoene by phytoene syn
thase following which phytoene is desaturated to produce lycopene. 
Subsequent enzymatic steps can then convert lycopene into the 
red-coloured 3,4-didehydrolycopene and torulene, or the yellow 
γ,γ-carotene, γ,ψ-carotene or β,γ-carotene. 

Moran and Jarvik (2010) demonstrated that unlike most members of 
the animal kingdom, the pea aphid is capable of de novo synthesis of 
carotenoid compounds with aphid colouration linked to the activity of 
carotenoid biosynthetic genes gained through horizontal gene transfer 
from fungi, which have been integrated into the aphid genome and 
subsequently duplicated (Fukatsu, 2010; Moran and Jarvik, 2010). 
Through functional analysis, Takemura et al. (2021) has since eluci
dated the full biosynthetic pathway, demonstrating that just four en
zymes are needed to complete this pathway in A. pisum. 

Interrogation of genomic sequences showed the molecular basis of 
red-green colour polymorphism in the pea aphid is linked to presence of 
a heterozygous locus, Tor+, approximately 30 Kb in size and found only 
in red morphs (Moran and Jarvik, 2010). This allele contains a copy of 
one of the four genes identified by Takemura et al. (2021), a carotenoid 
desaturase gene, crucial for the production of torulene (although this 
carotenoid desaturase actually converts lycopene to 3,4-didehydrolyco
pene which is then converted to torulene by a separate carotenoid 
cyclase (Takemura et al., 2021)). It has been conclusively proven that 
green A. pisum completely lack Tor+ and so are not capable of producing 
torulene (Moran and Jarvik, 2010). A chromosome level genome as
sembly of A. pisum and cytogenetic experiments placed the location of all 
carotenoid metabolism genes into a single locus located on a 
sub-terminal portion of autosome one (Li et al., 2019; Mandrioli et al., 
2016). With the expansion of genomic data from other aphids, carot
enoid genes have also been found in other members of the aphid family 
(Nováková and Moran, 2011) as well as phylloxerids (Zhao and Nabity, 
2017), gall midges (Cobbs et al., 2013) and spider mites (Altincicek 
et al., 2012). 

In the current study we studied the green peach aphid Myzus persicae, 
a ubiquitous insect pest, capable of feeding on more than 400 host 
species over the world, with the ability to shift to novel host plants and 

with high insecticide resistance propensity (Singh et al., 2020). Like the 
pea aphid, M. persicae clones display a wide array of colour poly
morphism ranging from green to brownish red. Previous studies have 
demonstrated that body colouration in M. persicae is under the control of 
a single locus with red dominant to green (Takada, 1981). Nováková and 
Moran (2011) showed that, in common with other aphids, carotene 
desaturases necessary for carotenoid biosynthesis are also found in 
Myzus persicae. However, Myzus persicae and Acyrthosiphon pisum last 
shared a common ancestor 45MYA (CI: 42.5–48.0 MYA) (Kumar et al., 
2017), and thus whether in M. persicae it is the same genomic deletion of 
the Tor homolog that causes green colouration, or some other mecha
nism, is unknown. Although a number of horizontally transferred 
carotenoid genes have been identified in M. persicae (Nováková and 
Moran, 2011) the emergence of high quality chromosome level assem
blies for this species (Mathers et al., 2017; Singh et al., 2021) now allow 
for a more detailed characterization of the genomic locus involved in 
carotenoid production. 

In this paper we report a detailed characterization of the carotenoid 
gene locus in M. persicae, identify the M. persicae ortholog of the Tor 
carotenoid desaturase gene, and propose that unlike in A. pisum where it 
is absence of Tor+ in green morphs which underlies the colour pheno
type, in M. persicae, both colour morphs carry the Tor + ortholog and it is 
differential regulation which mediates pigmentation in M. persicae. 
Upstream variants putatively driving this gene expression are identified. 

2. Methods 

2.1. Aphid clones 

Red coloured M. persicae clones were collected from tobacco in Italy 
(124, 57), Greece (5191A), and Zimbabwe (5410R). Green M. persicae 
clones were collected from Italy (1X) from peach, from the UK (4106A, 
US1L) from potato and sugar beet, and from Germany (NS) from an 
unknown weed host plant. Clones were reared asexually on individual 
Chinese cabbage leaves (Brassica napus L var. chinensis cv. Tip-Top) in 
small plastic cups maintained at 18 ◦C under a 16:8-h light:dark regime 
for at least 1 year before molecular analyses. 

2.2. DNA and RNAseq and in silico data mining 

We leveraged a recently published chromosome level assembly of the 
G006 clone (green in colour) of M. persicae (Singh et al., 2021) for data 
mining and expression analyses. BLAST within Geneious 10.2.3 (Bio
matters, NZ) was used to identify carotenoid biosynthesis genes in 
M. persicae using sequences from A. pisum (Moran and Jarvik, 2010) as 
queries. All novel M. persicae carotenoid biosynthesis gene sequences 
identified were verified by reciprocal BLAST against the NCBI nucleo
tide (nt) database. DNA scaffolds containing genes of interest were 
extracted from AphidBase (Gauthier et al., 2007) (M. persicae clone 
G006) and manually curated using Geneious with publicly available 
DNA and RNA short read sequencing data (Singh et al., 2020). Identi
fication of the ortholog of Tor (Gene ID:100169245) in M. persicae was 
undertaken through phylogenetic analysis of sequences using MEGAX 
(Kumar et al., 2018) with tree construction undertaken using the most 
appropriate model as determined through the MODEL function (LG + G 
for the CDE tree and JTT + G for the CCS tree). Gene order was also 
determined in a representative red aphid clone 5410R by leveraging 
long-single molecule sequencing (PacBio) reads that had been generated 
in a previous study (Singh et al., 2021). 

Identification of colour-specific promoter and UTR modifications of 
the Tor ortholog was undertaken through alignment of upstream se
quences from both the G006 and 5410R clones in Geneious. 

Estimation of expression level was undertaken through alignment of 
publicly available RNAseq data from green (NS, 1X, 926B, 4106a, US1L, 
23, 5410G) and red clones (5410R, 5191a, 124, JR, 124) to the appro
priate genomic scaffold with calculation of transcripts per million (TPM) 
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values for each gene conducted in Geneious. 

2.3. RNA knockdown validation 

In order to functionally validate orthologs putatively involved in 
carotenoid biosynthesis, RNA knockdown feeding experiments were 
conducted. RNA knockdown assays were designed by AUM Lifetech, 
USA, using 2′-deoxy-2′-fluoro-β-D-arabinonucleic acid anti-sense oligo
nucleotides (FANAs), synthetic single-stranded nucleic acid analogs that 
can modulate gene expression by enzymatic degradation of a target RNA 
(Kalota et al., 2006). Sequences of oligos can be found in Supplementary 
Table S1. FANA stocks were dissolved to 1 mM in nuclease free water. 
Synchronized fourth instar nymphs were placed in plastic cups (25 mm 
in diameter) layered with a parafilm pouch containing 140 μl of com
plete artificial diet (adapted from Paliwal (2017)) and either 10 μl of 1 
mM gene specific FANA oligos, 10 μl of 1 mM scrambled FANA (a FANA 
oligo designed with a scrambled (random) sequence not targeting any 
aphid gene) or just diet. Each treatment consisted of 4 replicates (N = 15 
insects per replicate). Aphids were kept for seven days at 20 ◦C under a 
16:8h light: dark regime after which they were visually inspected for 
colour change with surviving insects snap frozen in liquid nitrogen. 

2.4. RNA extractions and quantitative real-time PCR 

Aphid clones were age synchronized under identical environmental 
conditions and 4 biological replicates, each comprising 10 apterous fe
males, were used for RNA extraction using the ISOLATE II RNA Mini Kit 
(Bioline, UK) following the manufacturer’s instructions. Maxima H 
Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientific, USA) 
with 1 μg total RNA was used for cDNA synthesis following the manu
facturer’s instructions. Quantitative PCR was used to examine the 
expression of candidate genes found to be differentially expressed by 
RNA-Seq (CDE-2, CCS-3 and CCS-9) (primers shown in Supplementary 
Table S1) with SYBR® Green JumpStart™ Taq ReadyMix™ (SimgaAl
drich, USA) as described previously (Bass et al., 2013). Data were ana
lysed according to the ΔΔCT method (Pfaffl, 2001) using the geometric 
mean of two housekeeping genes (actin and para) for normalization 
according to the strategy described previously (Vandesompele et al., 
2002). 

2.5. 3D modelling of the Tor homolog 

Molecular models of the A. pisum Tor enzyme and the M. persicae 

CDE-2 homolog were generated using Alphafold2 (Jumper et al., 2021) 
as described previously (Duarte et al., 2022). The primary sequence of 
each protein was submitted to the ColabFold web interface (Mirdita 
et al., 2022) and AlphaFold2 was run using default options. For both 
A. pisum and M. persicae enzymes, the top-ranking model was selected 
and the thirty amino acids of the C-terminus were removed due to their 
low local Distance Difference Test (lDDT) scores. The ‘iterative magic fit’ 
function of SwissPDBViewer (Guex et al., 1999) was used to superim
pose A. pisum and M. persicae model structures and to calculate the 
resulting root mean square deviation (RMSD). 

Docking predictions for lycopene with either A. pisum Tor or 
M. persicae CDE-2 models were generated as described (Shi et al., 2020). 
A 3-dimensional structure of lycopene was generated using Marvin
Sketch (v19.22) of the ChemAxon suite (http://www.chemaxon.com). 
AutoDockTools (v1.5.7) (Molecular Graphics Laboratory, Scripps 
Research Institute, La Jolla, CA, USA) was used to merge the non-polar 
hydrogens in the models and to define rotatable bonds in lycopene. 
Automated ligand docking studies were performed using Auto-Dock 
Vina (version 1.1.2) (Trott and Olson, 2010) using a grid of 60 × 60 
× 60 points (1 Å spacing), which encompassed the entire model. A figure 
was produced using PyMOL (DeLano Scientific, San Carlos, CA, USA). 

2.6. Dual luciferase expression analysis of upstream regulatory variants 

Quantification of the ability of haplotypes upstream of the Tor 
ortholog to drive differential expression was attempted using the dual 
luciferase assay system. In order to disentangle the putative regulatory 
effects of the GC indel from the direct-repeat region, multiple constructs 
were synthesised to represent the multiple combinations of the GC indel, 
and the presence of 1 or 2 direct repeats. However, unfortunately it did 
not prove possible to successfully produce a plasmid with 2 repeats 
together, likely due to the large total insert size when both repeats were 
present (over 11 Kb) and consequent difficulties transforming E. coli. 
Synthesised sequences were subcloned into pGL3-Basic (Promega) and 
transformed into Library Efficiency DH5α Competent Cells (Invitrogen). 
Plasmids were extracted with the GeneJet plasmid miniprep kit (Fer
mentas), sequenced and then adjusted to 400 ng/μl for use in dual 
luciferase assays using the Sf9 insect cell line. Approximately 1 × 106 

cells per well were plated into 6-well plates 2 h prior to transfection and 
allowed to reach 60%–70% confluency. Insect GeneJuice Transfection 
Reagent (Novagen) was used for transfection of constructs and the Dual- 
Luciferase Reporter Assay (Promega) used for promoter activity mea
surements according to the manufacturer’s protocols. 2 μg of reporter 

Fig. 1. (A) Pictorial representation of clone G006 chromosome 1 (black line) illustrating all 16 carotenoid biosynthesis genes identified in M. persicae. Genes are 
depicted in green below the chromosome. Exons are shown in dark grey on the chromosomes with pseudogenes in blue. CDE: carotenoid desaturase, CCS: carotenoid 
synthase/cyclase. (B) Matrix of amino acid identities between the five carotenoid desaturase genes identified in M. persicae and the Tor gene of A. pisum. 
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constructs and pGL3 without insert (as a control) was co-transfected 
with 4 ng Renilla luciferase pRL-CMV using GeneJuice and incubated 
at 27 ◦C. 4 hr post-transfection, the transfection mixture was removed 
and replaced with supplemented Grace’s Insect Medium (GIBCO). 
Following further incubation at 27 ◦C for 48 h and washing of cells with 
PBS, cells from each well were harvested in 500 μL passive lysis buffer 
(Promega) and luciferase activity measured on a GloMax 20/20 
(Promega). Construct luciferase activity was normalized to Renilla 
luciferase activity as instructed in the manufacturer’s protocol. 

3. Results and discussion 

3.1. Mapping and identification of carotenoid biosynthesis genes 

Interrogation of publicly available genomic data from the chromo
some level M. persicae clone G006 reference assembly (Singh et al., 
2021) yielded sequences for five carotenoid desaturase genes (CDE) and 
seven carotenoid cyclase/synthase genes (CCS) (Fig. 1; Table 1). All 
identified sequences mapped to a single approx. 300 kb locus on auto
some 1, further confirming recent cytogenetic reports on the carotenoid 
locus being linked with the sub-terminal portion of autosome 1 (Man
drioli et al., 2016). Further manual curation of the genomic data within 
the ~300 Kb section, where orthologs to all previously known carot
enoid biosynthesis genes are located, yielded four additional carotenoid 
cyclase/synthase genes that were not automatically predicted (Fig. 1). 
These genes are referred to here as Novel CCS-8, Novel CCS-9, Novel 
CCS-10 and Novel CCS-11. This takes the total carotenoid biosynthesis 

genes found in M. persicae to 16 (11 carotenoid cyclase/synthase and 5 
carotenoid desaturase genes), over double the number of genes anno
tated in A. pisum (Moran and Jarvik, 2010). However, we do note that 
this genomic analysis did not recover a desaturase gene equivalent to 
Myzus persicae copy C of Nováková and Moran (2011) and therefore 
there may be additional sequences in the genome. One region between 
CCS-3 and CCS-4 (annotated in blue in Fig. 1A) yielded BLAST hits 
(>50%) when carotenoid cyclase/synthase genes were used as queries 
in the initial search but did not contain any ORFs greater than 150bp. 
This section most likely represents the locus of a pseudogene that has 
accrued mutations and lost its function due to interruptions in the ORF. 

3.2. CDE-2 is the ortholog of Tor and is found in both red and green 
M. persicae genome assemblies 

Comparison of M. persicae CDE protein sequences showed that CDE-2 
and CDE-5 form a clade with A. pisum Tor (Supplementary Figure 1). 
Whilst CDE-2 and CDE-5 show the highest identity (93.96%) and simi
larity (97.17%) of any gene pair, CDE-2 is closer (91.32% identity) to 
Tor than CDE-5 (89.06% identity) (Fig. 1B) indicating CDE-2 is most 
likely the ortholog of the A. pisum Tor gene. When aligned, gene archi
tectures of Tor and CDE-2 were also very similar with a large intron in 
the 5′ UTR, two exons separated by a short intron and a large 3’ UTR. 
Identical gene architectures were seen in both green (G006) and red 
(5410R) clones. However, despite their similarities at the amino acid 
level CDE-2 and CDE-5 are not neighbouring, tandemly repeated genes, 
instead being separated by over 220 kb (Fig. 1A). 

3.3. CDE-2 undergoes differential gene expression between red and green 
morphs of M. persicae 

Using publicly available RNAseq data for seven green and five red 
morphs we mapped raw reads to the G006 assembly and calculated 
average expression of carotenoid biosynthesis genes. Only 3 out of 16 
genes were shown to be differentially expressed between red and green 
morphs: CDE-2, CCS-3 and CCS-2 (Fig. 2A), with the starkest change in 
expression for CDE-2, where red clones show approximately 100-fold 
higher expression than green morphs. We verified TPM calculations 
using qPCRs for these three differentially expressed genes (CDE-2, CCS-3 
and CCS-9) (Fig. 2B, C and D). In the case of CDE-2 the high level of 
expression in red clones (5410R and 57) was clearly confirmed, showing 
approximately 350-700-fold overexpression when compared to 3 tested 
green clones (4106a, IX and US1L). CCS-3, whilst differentially 
expressed from RNASeq data, is actually up-regulated in the green 
morphs and differential expression in individual strains was not sup
ported by qPCR (Fig. 2C). Whilst CCS-9 is strongly differentially 
expressed in strain 57 and is upregulated in the other red strain studied 
(5410R) it is also upregulated in one of the green strains (1X) so the 
signal from this gene is not consistent. Since CDE-2 is the likely homolog 
of A. pisum Tor its differential expression between red and green morphs 
provides strong evidence that this gene has a pivotal role in the 
M. persicae colour phenotype. Further investigation of the expression 
profile of CDE-2 in red clones across different life stages and tissues 
showed that CDE-2 is most highly expressed in bacteriocytes and during 
late-stage nymph development (Fig. 3), however, the change in 
expression level is relatively modest (approximately 3-fold higher) 
through the lifespan of the insect. It has been shown that the level of 
bacteriocytes reaches its peak in late-stage nymphs (Vogel and Moran, 
2011) and that densities of the Buchnera endosymbiont are affected by 
host age, genotype and environmental factors with numbers increasing 
over the juvenile stages then beginning to drop after the aphid becomes 
an adult (Komaki and Ishikawa, 2000). 

3.4. Functional validation of CDE-2 

In order to functionally verify if high expression of CDE-2 has a 

Table 1 
List of annotated carotenoid genes in Myzus persicae. Function based upon 
Interpro domain (Blum et al., 2020).  

Name NCBI accession 
no. 

Function Exons 

CCS-7 XM_022317511 Squalene/phytoene synthase 
(IPR002060) 
Trans-isoprenyl diphosphate synthases, 
bacterial-type (IPR044843) 

3 

CCS-6 XM_022317500 Squalene/phytoene synthase 
(IPR002060) 
Trans-isoprenyl diphosphate synthases, 
bacterial-type (IPR044843) 

3 

CDE-4 XM_022317507 Carotenoid/retinoid oxidoreductase 
(IPR014105) 

2 

CSS-5 XM_022317503 Squalene/phytoene synthase 
(IPR002060) 

3 

CCS-4 XM_022317509 Squalene/phytoene synthase 
(IPR002060) 

3 

CCS-3 XM_022317504 Squalene/phytoene synthase 
(IPR002060) 

3 

CCS-2 XM_022317496 Squalene/phytoene synthase 
(IPR002060) 

5 

CCS-1 OP714165 Squalene/phytoene synthase 
(IPR002060) 

4 

CDE-3 XM_022317505 Carotenoid/retinoid oxidoreductase 
(IPR014105) 

2 

CDE-2 XM_022317517 Carotenoid/retinoid oxidoreductase 
(IPR014105) 

2 

CDE-1 XM_022317513 Carotenoid/retinoid oxidoreductase 
(IPR014105) 

2 

CDE-5 OP714166 Carotenoid/retinoid oxidoreductase 
(IPR014105) 

2 

CCS-8 
(N) 

XM_022317487 Squalene/phytoene synthase 
(IPR002060) 

3 

CCS-9 
(N) 

XM_022317518 Squalene/phytoene synthase 
(IPR002060) 
Trans-isoprenyl diphosphate synthases, 
bacterial-type (IPR044843) 

3 

CCS-10 
(N) 

OP714167 Squalene/phytoene synthase 
(IPR002060) 

4 

CCS-11 
(N) 

XM_022317501 Squalene/phytoene synthase 
(IPR002060) 

3  
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causal effect on M. persicae pigmentation, we conducted an RNA 
knockdown experiment feeding aphids on a diet containing one of six 
synthesised FANA oligos (Seq1-6, Table S1) that target various portions 
of the CDE-2 transcript. For all six FANA aphid treatments, marked 
downregulation of CDE-2 expression was observed compared to con
trols, with the greatest levels of knockdown observed for FANAs Seq3-6 
(Fig. 4A). In a red aphid clone (clone 124) fed one of FANA Seq3-6, 
changes to pigmentation were observed after 7 days of continuous 
treatment, with around 50–60% of individuals in each treated replicate 
turning green (Fig. 4B). Molecular analysis of the red and green aphids 
from this experiment by qPCR showed a tight and consistent correlation 
between the level of CDE2 expression and pigmentation, with CDE2 

expression levels 10-30-fold lower in aphids that turned green than 
those that remained red (Fig. 4C). Similar experiments in A. pisum using 
RNAi mediated knockdown of Tor resulted in a reduction of pigmenta
tion in red and pink individuals (Ding et al., 2020). Our results indicate 
that FANA oligos are a viable tool for gene suppression experiments in 
M. persicae and can be used as an alternative to established RNAi tech
niques in aphids. Although classical RNAi approaches have been suc
cessfully used by others, it has been reported that endonucleases may 
limit the efficacy of orally delivered RNAi in M. persicae (Ghodke et al., 
2019). The 2′-deoxy-2′-fluoro-beta-D-arabinonucleic acid sugar modifi
cation of FANA oligos increase resistance to degradation (Watts et al., 
2009) and may provide improved resistance to endonucleases in 

Fig. 2. (A) Average expression levels of all carotenoid desaturase (CDE) and carotenoid cyclase/synthase (CCS) in red (N = 5) and green morphs (N = 7) of 
M. persicae. Values shown are Transcripts Per Million (TPM) (error bars = standard deviation). Statistical significance was calculated using two-tailed t-tests for each 
gene pair. P values: * = P < 0.01 and ** = P < 0.001. (B) qPCR validation of differential expression of CDE-2 (B), CCS-3 (C) and CCS-9 (D) using green clone 4106A as 
a reference. Error bars represent SEM. 

Fig. 3. (A) Expression of CDE-2 in specific aphid tissues (shown relative to carcass) and (B) different life stages and adult forms relative to apterous adult in a 
representative red morph of M. persicae. Error bars represent SEM. 
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M. persicae. However, it is important to acknowledge that despite the 
high levels of CDE2 knockdown by the tested FANA oligos we did not 
observe a universal response in pigmentation (i.e. not all treated aphids 
turned green). Further optimisation of this technology in aphids may 
lead to more consistent results. 

3.5. 3D modelling of CDE-2 

Molecular models of A. pisum Tor and M. persicae CDE-2 were 
generated using Alphafold2 (Jumper et al., 2021) in order to assess their 
structural similarity. When the two enzyme models were superimposed, 
the root mean square deviation (RMSD) was 0.29 Å for the backbone 
atoms, indicating very close structural alignment (Fig. 5). As lycopene is 
a substrate for A. pisum Tor (Takemura et al., 2021), we next sought to 
compare docking predictions for this ligand with both enzyme models. 
Lycopene was found to adopt a similar docking pose in a narrow, hy
drophobic centrally-located cavity present in both models (Fig. 5) and 
the estimated free energy of binding (ΔGb) was an equivalent − 10.95 
kcal/mol for A. pisum Tor and − 10.66 kcal/mol for M. persicae CDE-2. 
Furthermore, it was found that all 48 amino acids found within 6 Å of 
the docked ligand are conserved between A. pisum Tor and M. persicae 
CDE-2, indicating both enzymes share an identical set of binding con
tacts. Taken together, these results suggest that M. persicae CDE-2 is a 
close structural homolog of A. pisum Tor and that lycopene can be 
accommodated in the M. persicae CDE-2 active site as a putative 
substrate. 

3.6. Promoter characterisation 

In order to understand what is driving differential expression of CDE- 
2 between colour morphs we examined the genomic sequence of CDE-2 
in both the green morph (G006) and red morph (5410R) M. persicae 
clones. Unlike in A. pisum where the Tor gene is completely absent in 
green morphs (Moran and Jarvik, 2010) alignment of this region in 
G006 and 5410R shows this locus is present in both. Mapping 
sequencing reads from other red and green clones did not identify any 

Fig. 4. Results of RNA knockdown of CDE-2 using FANA oligonucleotides. (A) Expression level of CDE-2 in aphids (clone 124) fed one of six different FANA oligos 
(Seq1-6) compared to controls comprising aphids fed diet without FANAs (labelled Control) or aphids fed on a FANA oligo designed with a scrambled (random) 
sequence not targeting any aphid gene (labelled Scramble) (B) Mean number of aphids (clone 124) from four cups (N = 15 per cup), which changed body colour from 
red (red bars) to green (green bars) following feeding for 7 days on a diet containing one of FANA oligos Seq3-6. Error bars represent SEM. Significantly different 
results between treatment and controls as determined by one-way ANOVA are denoted with **** corresponding to P value of <0.0001. C) Relative expression of CDE- 
2 in aphids which turned green and those which remained red following feeding on a diet containing one of FANA oligos Seq3-6. Error bars represent 95% confidence 
limits with 4 biological reps each including 5 adults. 

Fig. 5. Docking predictions for lycopene with enzyme models. Lycopene is 
shown as yellow sticks in the A. pisum Tor model (black) and as blue sticks in 
the M. persicae CDE-2 model (white). 
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coding sequence SNPs or insertions/deletions consistently different be
tween red and green morphs. However, investigation of the putative 
promoter region directly upstream of CDE-2 showed a two base pair (bp) 
GC indel 71bp upstream of the transcriptional start site (Fig. 6) with the 
GC present only in the red morphs analysed. Short read data from green 
morphs mapped to the 5410R locus also consistently showed the GC 
duplet to be absent, pointing to homozygous absence at this locus, 
whilst, on average, 46% of reads obtained from red morphs did contain 
the additional base pairs, indicating that the indel is heterozygous in 
most red clones. Using raw PacBio data for G006 and 5410R we were 
also able to compare structural differences between the promoter region 
of CDE-2 of red and green morphs. We identified a large tandem repeat, 
consisting of two 5.55 kb units 1.2 kb upstream of the transcriptional 
start site in red morphs, whilst only a single repeat unit is present in all 
green morphs (Fig. 6). When G006 reads (n = 8) were mapped to the 
5410R locus all reads showed a large gap that spanned exactly the length 
of a single copy of the repeat, suggesting the deletion is homozygous. 
More in-depth analysis of the repeated region showed that two copies 
differ by only 3 SNPs. Short read data from other red morphs mapped to 
the locus showed equal numbers of reads for both versions of SNPs, 
indicating that the duplication is homozygous in red coloured aphids. 
NCBI and pfam BLAST searches yielded no significant hits for the single 
repeat sequence. We also did not identify any terminal inverted repeats 
(TIRs), which would indicate the origin of the sequence as a possible 
mobile element or that its duplication was mediated by a transposable 
element. It is therefore likely that this duplication arose through other 
means, possibly via homologous recombination (Reams and Roth, 
2015). The carotenoid locus sits in the region of the autosome 1 
frequently involved in recurrent chromosomal rearrangements (Man
drioli et al., 2016), which could explain the apparent diversity in pro
moter structure of CDE-2 gene between red and green morphs. 

Interestingly, we identified what appear to be two distinct upstream 
sequences in red morphs which allow us to speculate on the causative 
polymorphism driving differential expression. Clone 57 differs from 
other red clones in two respects. Firstly, it is homozygous for the up
stream GC indel (which is heterozygous in other red morphs). Secondly, 
it differs from other red clones in having a 4.17 Kb deletion located 
100bp upstream of the transcriptional start site (Fig. 6) that removes the 
majority of one of the tandem repeats. Lack of any short reads mapping 
to this region suggests this locus is homozygous. Expression of CDE-2 in 
clone 57 is typical of other red morphs (TPM value of 263,212 compared 
to the average of 261,153 in red morphs) indicating that it is the GC 
indel, rather than two copies of the repeat region which is associated 
with altered expression. Additionally, the repeat itself is unlikely to be a 
transcriptional enhancer as there are no additional copies of it anywhere 
else in the genome. Even relatively modest changes to the promoter 

region can have significant effects on gene expression. In M. persicae, 
insertion of a CA motif within the promoter of the P450 gene CYP6CY3 
significantly upregulated its expression contributing to nicotine toler
ance (Bass et al., 2013) whilst a single SNP in the core promoter of the 
Culex quinquefasciatus CYP9M10 promoter is associated with significant 
expression changes (Itokawa et al., 2015). Thus, this GC indel is the 
potential causative driver of CDE-2 over-expression in red M. persicae. To 
provide functional evidence of this, we created constructs with and 
without the GC indel or the repeat unit and used reporter gene assays to 
explore the effect of this on gene expression. Unfortunately, the pro
moter constructs generated were not active when expressed in a lepi
dopteran cell line (Supplementary Figure 2). Thus, demonstration of the 
causal role of the GC indel on expression will require further future 
investigation using alternative methodologies such as CRISPR/CAS 
genome editing. Nevertheless, the absolute association between the 
indel and colouration is suggestive of a regulatory role for this 
polymorphism. 

4. Conclusions 

Here we provide evidence that M. persicae CDE-2 is the homolog of 
A. pisum Tor and that whilst CDE-2 is found in both red and green forms 
it is highly differentially expressed between red and green colour 
morphs. Our RNAi data and 3D modelling strongly support the 
involvement of this gene in the red/green phenotype. Whilst our 
investigation of promoter polymorphisms implicate a GC-indel as the 
regulatory variant driving this phenotype, further confirmatory work, 
possibly involving CRISPR-modification is needed. 
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