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Supplementary Figure 1. Functional analysis of three phytoene desaturase gene sequences (ApCrtI1, ApCrtI2, and ApCrtI3) existing in the genome of the pea aphid.
HPLC-PDA chromatograms of extracts from E. coli that carried pACHP-Phy plus pUC-ApCrtI1 (upper, ApCrtI1), pACHP-Phy plus pUC-ApCrtI2 (middle, ApCrtI2), and pACHP-Phy plus pUC-ApCrtI3 (lower, ApCrtI3). UV-visible spectra of peaks 1, 2, and 3 are shown in right column. 1, phytoene; 2, lycopene; 3, neurosporene. 
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Supplementary Figure 2. Functional analysis of four carotene (lycopene) β-cyclase/phytoene synthase gene sequences (ApCrtYB1, ApCrtYB2, ApCrtYB3, and ApCrtYB4) existing in the genome of the pea aphid.
     HPLC-PDA chromatograms of extracts from E. coli that carried pACHP-GGPP plus pUC-ApCrtYB1-4 (left column, ApCrtYB1-4), and pACHP-Lyc plus pUC-ApCrtYB1-4 (middle column, ApCrtYB1-4). UV-visible spectra of peaks 1, 2, and 4 are shown in right column. 1, phytoene; 2, lycopene; 4, β-carotene.
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Supplementary Figure 3. Plasmids constructed and used in this study.
     *1, XXX indicates either CrtI1, CrtI2, CrtI3, CrtYB1, CrtYB2, CrtYB3, CrtYB4, or Tor, which carries the corresponding genes. *2, ApCrtYB represents either ApCrtYB1, ApCrtYB2, ApCrtYB3, or ApCrtYB4, which retains the corresponding gene.
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Supplementary Note 1. Information related to the individual shot images in Figure 1.

a) Photo information on the individual aphids are as follows: the broad bean aphid (wingless form), in Nonoichi-shi, Ishikawa on May 16, 2020 by NM; the broad bean aphid (winged form),in Koka-shi, Shiga on May 25, 2018 by NK; the pea aphid, in Koka-shi on May 24, 2020 by NK; Japanese radish aphid, in Koka-shi on May 6, 2018 by NK; “Taiwan bear aphid”, in Koka-shi on June 3, 2018 by NK; the black bean aphid, in Nonoichi-shi on June 1, 2020 by NM. The pictures of the red-dragonfly larva, adult, and joro spider were taken in Koka-shi on June 11, 2015 by NK, in Fukui-shi on July 31, 2014 by TU, and in Yokosuka-shi, Kanagawa on Oct. 1, 2009 by Kiyoshi Hagiwara, respectively. The snapshots of sasa-spider and seven spotted ladybird were taken in Koka-shi by NK on May 14, 2018 and on Sep. 5, 2016, respectively. Photo information on other herbivorous insects are as follows: bloodworm, in Koka-shi on Sep. 8, 2009 by NK; chironomid, in Koka-shi on Feb. 22, 2016 by NK; the green rice leafhopper, in Hamamatsu-shi, Shizuoka on Jan. 22, 2015 by MH.

b) The pictures of diapause egg and freshly hatched larva were recorded by TU. The photos of larva (July), and teneral adult were taken in a rice-paddy field, Nonoichi-shi by Jun-ichiro Hattan, and in Minakuchi Kodomono-mori Museum, Koka-shi by NK, respectively. The pictures of immature adults (left and right) were recorded by NK and TU, respectively. The snapshots of the two mature adults were taken in Tenjin-jima, Yokosuka-shi by Kiyoshi Hagiwara. The picture of the winged form of the broad bean aphid is shown as one example of aphids, which was recorded in Ishikawa Prefectural University, Nonoichi-shi on May 13, 2020 by Jun-ichiro Hattan.




Supplementary Note 2. 1H NMR spectral data of (6’S)-β,γ-carotene and γ,γ-carotene

(6’S)-β,γ-Carotene: 1H NMR δ (in CDCl3 at 500 MHz) 0.82 (3H, s, H-16’), 0.90 (3H, s, H-17’), 1.03 (6H, s, H-16,17), 1.33 (2H, dd, J=14, 7 Hz, H-2’), ~1.46 (2H, m, H-2), ~1.63 (2H, m, H-3), 1.72 (3H, s, H-18), 1.95 (3H, s, H-19’), 1.97 (9H, s, H-19, 20, 20’), 2.02 (2H, t, J=7 Hz, H-4), 2.07 (2H, m, H-3’), 2.29 (2H, m, H-4’), 2.51 (1H, d, J=9.5 Hz, H-6’), 4.57 (1H, br. s, H-18’), 4.73 (1H, br. s, H-18’), 5.84 (1H, dd, J=15.5, 9.5 Hz, H-7’), 6.12 (1H, d, J=11.5 Hz, H-10’), 6.13 (1H, d, J=15.5 Hz, H-8’), 6.14 (1H, d, J=16 Hz, H-8), 6.14 (1H, d, J=10 Hz, H-10), 6.15 (1H, d, J=16 Hz, H-7), 6.24 (2H, m, H-14, 14’), 6.33 (1H, d, J=15.5 Hz, H-12’), 6.35 (1H, d, J=15.5 Hz, H-12), 6.62 (1H, dd, J=15.5, 11.5 Hz, H-11’), 6.63 (2H, m, H-15, 15’), 6.65 (1H, dd, J=15.5, 11.5 Hz, H-11’). 

γ,γ-Carotene: 1H NMR δ (in CDCl3 at 500 MHz) 0.82 (6H, s, H-16, 16’), 0.90 (6H, s, H-17, 17’), 1.33 (4H, dd, J=14, 7 Hz, H-2, 2’, 1.95 (6H, s, H-19, 19’), 1.97 (6H, s, H-20, 20’), 2.07 (4H, m, H-3, 3’), 2.29 (4H, m, H-4, 4’), 2.51 (2H, d, J=9.5 Hz, H-6, 6’), 4.57 (2H, br. s, H-18, 18’), 4.73 (2H, br. s, H-18, 18’), 5.84 (2H, dd, J=15.5, 9.5 Hz, H-7, 7’), 6.12 (2H, d, J=11.5 Hz, H-10, 10’), 6.13 (2H, d, J=15.5 Hz, H-8, 8’), 6.24 (2H, m, H-14, 14’), 6.33 (2H, d, J=15.5 Hz, H-12, 12’), 6.61 (2H, dd, J=15.5, 11.5 Hz, H-11, 11’), 6.63 (2H, m, H-15, 15’).
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Supplementary Table 2. The other primer sequences for PCR.

primer name primer sequence

PtacF CGAATTCAGCTGTTGACAATTAATC

PtacR AGGTACCGCTCGAGTGTTTCCTGTGTGAAATTG

TrrnBF CGGTACCCTGTTTTGGCGGATGAGAG

TrrnBR CCCATGGCTGCTTTCCTGATGCAAAAAC

HpIDIF ACTCGAGGAGGCAGCTATGCTTCGTTCGTTGCTC

HpIDIR AGGTACCCAGATCTTACGCTTCGTTGATGTG

CrtEF AGGATCCAGGAGGCAGCTATGACGGTCTGCGCAAAA

CrtER TGGTACCCAGATCTTAACTGACGGCAGCGAG

CrtBF CGGATCCAGGAGGCAGCTATGAATAATCCGTCGTTAC

CrtBR AGGTACCGCAATTGCTAGAGCGGGCGCTGCCAG

CrtIF CGAATTCAGGAGGCAGCTATGAAACCAACTACGGTA

CrtIR AGGTACCCAGATCTCATATCAGATCCTCCAG

ApCrtYB1F' GGGATCCAGGAGGCAGCTATGTTGACTTACATAGATG

ApCrtYB1R' AGGTACCGCAATTGTCAACAGTGCTTGCAGCG

ApCrtYB2F' GGGATCCAGGAGGCAGCTATGTTAACCTACATTGGCGC

ApCrtYB2R' AGGTACCCAGATCTTAAAAAATGTATTGGATGC

ApCrtYB3F' AGGATCCAGGAGGCAGCTATGTTAACCTACATAGATT

ApCrtYB3R' AGGTACCCAGATCTTATACAACGTATTGAATAC

ApCrtYB4F' GGGATCCAGGAGGCAGCTATGGCAGGAGCGTGTTACG

ApCrtYB4R' AGGTACCCAGATCTAAAATATAATCTTACA

515F1 GTGCCAGCMGCCGCGGTAA

806R1 GGACTACHVGGGTWTCTAAT

515F2 * AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGCGGTAA

806R2 * CAAGCAGAAGACGGCATACGAGATGCGCGTGTATCTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT

*  The Illumina MiSeq-specific P5/P7 adapters and 12 bp index sequences were underlined.
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Supplementary Table 3. Carotenoid content and composition of other insect herbivores.

insect herbivore species* bloodworm; larvae chironomid; adults the green rice leafhopper

Chironomidae Gen. sp. Chironomidae Gen. sp.

Nephotettix cincticeps

total carotenoid content (μg/g) 1.3 46.0 0.1

carotenoid composition (%)

β-carotene 20 30.8 50.2

β-cryptoxanthin 11.6 53.1 35.5

zeaxanthin 19.4 16

lutein 25.3 13.5

others 23.7 0.8

body mass examined (g) 20 20 50

*Samples were collected in Koka-shi, Shiga.
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Supplementary Table 4. Carotenoid content and composition of predatory arthropods that eat aphids.

arthropod species* sasa-spider ("sasa-gumo") seven-spotted ladybird; larvae seven-spotted ladybird; adults

Oxyopes sertatus Coccinella spetempunctata Coccinella spetempunctata

total carotenoid content (μg/g) 10.5 1.75 125.0

total carotenoid content (μg/body) 0.59 6.0

carotenoid composition (%)

β,β-carotene (β-carotene) 23.8 42.8 37.7

β-zeacarotene 3.0 7.5

β,

y

-carotene (γ-carotene) 12.9 18.2 15.9

γ,

y

-carotene

β,γ-carotene  6.3 24.1 20.5

γ,γ-carotene  4.7 4.2

torulene 14.0 3.1 3.2

β-caroten-2-ol** 23.5

echinenone 1.4 1.7 4.9

β-cryptoxanthin 2.0 4.5

zeaxanthin 2.1

lutein 3.5

others 2.8 10.1 1.6

body number examined 10 35 15

* Arthropod samples were collected in Koka-shi, Shiga between May and June, 2019.

** R:S (2:1)
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                 and their primer sequences for PCR.

accession no. accession no.

gene (this study) (protein) primer name primer sequence

ApCrtI1

LC517091 XP_001943225.2 ApCrtI1F GGAATTCGATGGCAATTAAGATCATTAT

ApCrtIR1 GGTCGACTTAAAATCGAAAGAAAAACC

ApCrtI2

LC517092 XP_001950764 ApCrtI2F GGAATTCGATGGTGGTTAAAATTATCAT

ApCrtI2R GGTCGACTAAAATCTAAAAAAAAACC

ApCrtI3

LC517093 XP_001946689.2 ApCrtI3F GGAATTCGATGGTGGTTAAAATTATCAT

ApCrtI3R GGTCGACTTAAAATAAAGTGCAAAAAATC

ApTor 

* LC517094 XP_001943938

(

ApCrtI4

)

ApCrtYB1

LC517095 XP_001943170 ApCrtYB1F GGAATTCGATGTTGACTTACATAGATG

ApCrtYB1R CGTCGACTCAACAGTGCTTGCAGCG

ApCrtYB2

LC517096 XP_001950787 ApCrtYB2F GGAATTCGATGTTAACCTACATTGGC

ApCrtYBR CGTCGACTTAAAAAATGTATTGGATGC

ApCrtYB3

LC517097 XP_003241668.1 ApCrtYB3F GGAATTCGATGTTAACCTACATAGATT

ApCrtYB3R GCTCGAGTTATACAACGTATTGAATAC

ApCrtYB4

LC517098 XP_008178846 ApCrtYB4F GGAATTCGATGGCAGGAGCGTGTTAC

ApCrtYB4R GGTCGACTAAAATATAATCTTACA

* chemically synthesized according to the codon usage of 

E. coli 

strain K12.

Supplementary Table 1. Carotenoid biosynthesis genes of the pea aphid analyzed in this study


