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ABSTRACT

Carotenoids can be enzymatically converted to apocarotenoids by carotenoid cleavage dioxygenases. Insect genomes encode only one member of this ancestral
enzyme family. We cloned and characterized the ninaB genes from the silk worm (Bombyx mori) and the flour beetle (Tribolium castaneum). We expressed BmNinaB
and TcNinaB in E. coli and analyzed their biochemical properties. Both enzymes catalyzed a conversion of carotenoids into cis-retinoids. The enzymes catalyzed a
combined trans to cis isomerization at the C11, C12 double bond and oxidative cleavage reaction at the C15, C15” bond of the carotenoid carbon backbone. Analyses
of the spatial and temporal expression patterns revealed that ninaB genes were differentially expressed during the beetle and moth life cycles with high expression in
reproductive organs. In Bombyx mori, ninaB was almost exclusively expressed in female reproductive organs of the pupa and adult. In Tribolium castaneum, low
expression was found in reproductive organs of females but high expressions in male reproductive organs of the pupa and imagoes. We performed RNAi experiments
to characterize the role of NinaB in insect reproduction. We observed that RNAi treatment significantly decreased the expression levels of BmninaB and TcninaB and
reduced the egg laying capacity of both insects. Together, our study revealed that NinaB's unique enzymatic properties are well conserved among insects and

implicate NinaB function in insect reproduction.

1. Introduction

In animals, carotenoids play critical roles as ornaments, blue light
filters, and antioxidants (Demmig-Adams and Adams, 2002; Krinsky,
1993; Krinsky et al., 2003; Toews et al., 2017). These pigments also can
be enzymatically converted to apocarotenoids, including retinoids,
which serve as signaling molecules and chromophores in various phy-
siological processes (von Lintig, 2010; von Lintig, 2012; Ziouzenkova
and Plutzky, 2008).

In insects, the color of caterpillar integument, wings of butterflies,
and cocoons of silkworm are related to the accumulation of carotenoids.
Butterflies use these pigments as ornaments for warning, photo-pro-
tection, mate attraction, and concealment (Bybee et al., 2012; Mallet
and Joron, 1999). For instance, the carotenoids lutein, -carotene, cy-
ptoxanthin and canthaxanthin were detected in the swallowtail Battus
philenor adult (Rothschild et al., 1986). Phytoene, lutein, neoxanthin
and flavoxanthin were identified in the common blue butterfly, Poly-
ommatus icarus Rott (Feltwell and Valadon, 1970). Similarly, the colors
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of the silkworm cocoons derive from the specific accumulation of
dietary carotenoids. Lutein and p-carotene are the major pigments
which contribute to the yellow and red colors of the silk (Tsuchida and
Sakudoh, 2015). In insect integument and hemolymph, carotenoids can
be bound to proteins to give green, blue-green, blue and red colors
(Grayson et al., 2008). Additionally, all insects convert carotenoids to
retinoids (vitamin A and its derivatives) which are critical for insect
vision (Harris et al., 1977; von Lintig et al., 2001).

In recent years, much progress has been made in identifying key
players for carotenoid metabolism in insects. In Drosophila, carotenoids
absorption and cellular uptake has been shown to be mediated by
scavenger receptor NinaD and its related protein SANTA MARIA (Kiefer
et al., 2002; Wang et al., 2007). The carotenoid cleavage dioxygenase
and isomerase NinaB metabolize the carotenoids to the visual chro-
mophore (Oberhauser et al., 2008; von Lintig and Vogt, 2000; Wang
et al., 2007). In silkworm Bombyx mori, CBP, Cameo2 and SCRB15 are
the key regulators selective absorption of carotenoids from dietary
mulberries to specific tissues (Sakudoh et al., 2007, 2010, 2013).
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The analysis of the ninaB mutant demonstrated that carotenoids are
critical for Drosophila vision (Voolstra et al., 2010). However, the role of
ninaB gene in other insect species has not yet been studied. We here
cloned ninaB homologous gene from Bombyx mori and Tribolium casta-
neum. We expressed these genes in E. coli and characterized the bio-
chemical properties of the recombinant proteins. We then screened
select tissues for ninaB expression and found differential expression in
reproductive organs of male and female of pupa/adult in both silkworm
and red flour beetle. RNAI treatment caused a decrease in ninaB mRNA
levels and resulted in a reduction of the number of eggs and additional
abnormal phenotypes in the beetle. Thus, our study unravels a novel
function of NinaB and implicates carotenoids in insect reproduction.

2. Materials and methods
2.1. Strains and culture of silkworm and beetle

The Silkworm strain Dazao was maintained at the Southwest
University of China. Silkworms were reared on fresh mulberry leaves at
25 °C under a natural light/dark cycle. The Georgia-1(GA1) strain of T.
castaneum was reared on whole-wheat flour containing 5% (w/v) of
brewers’ yeast in a 30 °C growth chamber with 65% humidity on a dark
condition (Haliscak and Beeman, 1983; Parthasarathy et al., 2009).
Pupae were separated by sex based on the genital papillae differences.
The adult beetles with untanned cuticle which emerged soon were
designated as 0 hand staged thereafter.

2.2. RNA extraction and reverse transcription polymerase chain reaction
(RT-PCR)

RNA was isolated from a wide range of developmental stages and
tissues of silkworm and beetles. For silkworm, we isolated RNA from
silkworm embryo, larva, pupa and moth stages as well as different
tissues of day 3 of the 5th instar larva (midgut, anterior silkgland,
middle silkgland, posterior silkgland, integument, fat body, malpighian
tubes, gonads, head and hemolymph). Beetles were collected at dif-
ferent developmental stages including embryo, larvae, pupa, adults.
Larvae tissues (fat body, Malpighian tubes, midgut, hindgut, head, cu-
ticle, ovary, testis, CNS) were dissected, RNA was isolated from whole
animals and tissues using TRIzol reagent (Invitrogen) according to the
manufacture's protocol. Reverse transcription of RNA to cDNA was
performed using oligo(dT) primer and M-MLV reverse transcriptase
(Promega) according to the manufacture's protocol.

RT-PCR were performed using primer sets listed in Table 1. For
BmninaB, the following RT-PCR conditions were employed: initial de-
naturation at 95 °C for 3 min, then 30 cycles of 95 °C for 30s, 60 °C for
30s and 72 °C for 90s. The cycling protocol was followed by a final
extension step at 72 °C for 10min. The rpl3 gene and 16S gene were used
as normalization control in B. mori and T. castaneum, respectively. For
TcninaB, we used the following RT-PCR conditions: initial denaturation
at 94 °C for 4 min, then 30 cycles of 94 °C for 30s, 60 °C for 30s and
72°C 30s, followed by a final extension step at 72 °C for 10min.

2.3. High-performance liquid chromatography (HPLC) analysis of NinaB
engyme activity and products

HPLC analyses were carried out with an Agilent 1260 Infinity
Quaternary HPLC system (Santa Clara, CA, USA) equipped with a pump
(G1312C) with an integrated degasser (G1322A), a thermostatic
column compartment (G1316A), an autosampler (G1329B), a diode-
array detector (G1315D), and online analysis software (Chemstation).
Analyses were performed at 25°C using a normal-phase Zorbax Sil
(5um, 4.6 X 150 mm) column (Agilent Technologies, Santa Clara, CA)
protected with a guard column. Detection of carotenoids and retinoids
was performed at 360 nm —430nm wavelength.

Enzymatic assays were carried out as previously described (Babino
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Table 1
Primers used to amplify BmninaB and TcninaB genes. Lowercase letters in the
primers for dsRNA synthesis are T7 polymerase promoter sequences.

Primers name Sequence (5’-3%)

For cloning TcninaB-F AACGATGGCATCACAGAG
TcninaB-R CTTGACGTTTCTCCCAAT
BmninaB-F AGATTTTTAGTTACAATGGCTGC
BmninaB-R AATATTAGTAGTTTGTGGGAGAAAC

For RT-PCR and  TcninaB -QF CCAGAATCAACTATGGGCAA

qPCR TcninaB-QR GTGTCTTCTCTACCCCAT

Tc16S—F TTCGCCTGAATACTGTGTGC
Tc16S-R CTGATCGCTTTCGAACCTCT
BmninaB-rtF GCGATTCGAGTGTTTGGTTGAGAT
BmninaB-rtR TAAGCAGGAAAGACGGCAAGGAGT
Rpl3-F TTCCCGAAAGACGACCCTAG
Rpl3-R GAAACCTCCCATCGGTGTAAT
BmninaB-QF CTAAGCAGGAAAGACGGCAAGG
BmninaB-QR GTCAGCGTTACTTTGCATAGTCTCGA

For dsRNA dsTcninaB-F taatacgactcactatagg

synthesis GTTGCCTTCTACGTAATGGAC
dsTcninaB-R taatacgactcactatagg
CTGAGTAAAATTTGTAAGCCAG
dsBmninaB-F taatacgactcactatagg
GCGATTCGAGTGTTTGGTTGAGAT

dsBmninaB-R taatacgactcactatagg

TAAGCAGGAAAGACGGCAAGGAGT

et al., 2016). OTG micelles loaded with substrate were prepared as
follows: 33 uL 10% OTG detergent solution was mixed with 2000 pmol
(final concentration 20 uM) of substrate, dissolved in acetone, in a 2-mL
Eppendorf tube. This mixture was then dried in a Speedvac (Eppendorf
Vacufuge Plus). To substrate, 100 puL of cell lysate was added and vor-
texed vigorously for 20s and then placed on an Eppendorf thermo-
shaker set at 28 °C for 8 min at 300 rpm. Control assays were performed
with non-induced E. coli cell pellet lysates. Reactions were stopped by
adding 100 pL of water and 400 pL of acetone. Lipids were extracted by
adding 400 L of diethyl ether and 100 pL petroleum ether, then vor-
texed for 3 x 10s periods, centrifuged at 15,000 X g for 1 min and fi-
nally the resulting organic phase was collected. The extraction was
performed twice and the collected organic phase was dried in a
Speedvac. The dried supernatant then was re-dissolved in mobile phase
(90:10 (v/v) hexane: ethyl acetate for (3, -carotene and 70:30 (v/v)
hexane: ethyl acetate for zeaxanthin) and subjected to HPLC analysis.
The flow rate for all systems was 1.4 mL/min.

2.4. RNA interference

We used primers tailed with T7 promoters on the 5’ side to syn-
thesize gene-specific dsRNA, which target the RPE65 domain se-
quences. RNAi was carried out to evaluate the role of BmninaB and
TcninaB in development. dsRNAs were synthesized using RiboMAX™
Large scale RNA production system-T7 Kit (Promega) according to
manufacturer's manual. The primers used for dsRNA synthesis are listed
in Table 1. The diagrammatic position and sequences for those RNAi
targeted are shown in Supplemental Fig. 1 and Supplemental Fig. 2. For
Bombyx mori, we injected 150 pg BmninaB dsRNA per pupa at the stage
of 4d after cocooning. The weight of Dazao pupa is about 700-1000 mg
which is almost 250 times of beetle 20d larva's weight. The late (20-
day) beetle larvae were selected for injections of TcninaB dsRNA
(dsTcninaB) at doses 800 ng/larva. The mortality owing to injection
damage was smaller than 10%. The injected insects were reared under
standard conditions and phenotypes were recorded every day after the
injection. QPCR was used to monitor the change of the TcninaB ex-
pression after the injection of dsRNA.

To examine effects of dsTcninaB injection on insect growth and
development, a large number of 20-day larvae were injected with
dsTcninaB or buffer as controls. After the injected larvae developed into
pupae, we gathered statistics from pupation rate and the following
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Fig. 1. Structure of BmninaB and TcninaB genes.
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Fig. 2. Phylogenetic analysis of NinaB orthologs from different species. The evolutionary history was inferred using the Neighbor-Joining method. Accession
numbers are shown in brackets after taxa names. The percentages of bootstrap values are shown next to branches. The triangles are shown before TcNinaB and
BmNinaB. Abbreviations: Aa, Aedes aegypti; Dm, Drosophila melanogaster; Tc, Tribolium castaneum; Am, Apis mellifera; Gm, Galleria mellonella; Ha, Helicoverpa armigera;
Px, Papilio xuthus; Bm, Bombyx mori; Cr, Caenorhabditis remanei; Mm, Mus musculus; Hs, Homo sapiens; Gm, Glycine max; Zm, Zea mays.

eclosion rate, meanwhile separating the males and females at 5-day
pupae. At 5 days post-eclosion, we paired the same period adults as
follows: 1) male and female adults from wild type larvae; 2) male and
female adults raised from larvae injected with buffer; 3) male and fe-
male adults from the larvae injected with dsTcninaB. Each treatment
group consisted of at least eight mating pairs, and each experiment was
repeated three times with at least 30 individuals. Beetle eggs were
collected after mating five days, whereas egg hatchability was ex-
amined five days after the eggs were collected. After mating, we care-
fully observed the beetles’ phenotypic appearance and the remaining
dorsal body fat content. We also dissected the mated adults to examine
whether testis displayed abnormal phenotypes as compared with con-
trols. In addition, we weighed adults individuals from 3- and 5- days
post-eclosion, and 5 days after mating following the injections of
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dsTcninaB.

2.5. RT-qPCR

The relative transcript levels of BmninaB and TcninaB were analyzed
by qPCR using SYBR Green with the StepOne real-time PCR detection
system. qPCR was performed with three biological replicates, each with
two technical replicates. The transcript levels of TcninaB were ex-
pressed as normalized transcript abundance using Tc16s as an internal
reference gene. The relative TcninaB transcript levels were calculated
with the 2 —AACt method.
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Fig. 3. Expression patterns of BmninaB in different
tissues and different developmental stages. (A)
E2h, 2h after egg laying(AEL); E1d, 1d AEL; E2d, 2d
AEL; E3d, 3d AEL; E4d, 4d AEL; E5d, 5d AEL; E6d, 6d
AEL; E7d, 7d AEL; E8d, 8d AEL; E9d, 9d AEL. (B) L1-
L5 is new molted silkworm for 1% instar, 2"¢ instar,
3rd instar, 4™ jnstar and 5™ instar, respectively. Tissue
samples is from 3™ day of 5" instar larva. Mg,
midgut; As, anterior silkgland; Ms, middle silkgland;
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Fig. 4. Expression patterns of TcninaB in different
tissues and different developmental stages. (A)
Eld, 1d embryo; E5d, 5d embryo; L1d, 1d larva;
120d, 20d larva; Fb, fat body; Mt, Malpighian tubes;
Mg, midgut; Hg, hindgut; H, head; Cu, cuticle; Ov,
ovary; Te, testis; CNS, central neuron system. (B) 2Q,
2d —6Q, 6 are ovary samples from 2d, 4d and 6d
female pupas and male pupas. H, head of male
beetle; B, body remainder (except head and testis) of
male beetle; R, male reproductive of male beetle; W,
the whole body of male beetle; (C) 1Q, 15 -89,
8 are reproductive system samples from female
and male beetles of 1d, 2d, 3d, 4d, 5d, 6d, 7d and 8d,
respectively.

Adult (A) \

Egg (E)Q
Pupa (P)

~ Larva (L)

X

Gl

™
TeninaB

168

2.6. Site-directed mutagenesis

Mutagenesis of BmNinaB was performed using the QuikChange XL
site-directed mutagenesis kit (Agilent). Mutants were firstly verified by
sequence analysis of plasmids purified by QIA quick purification kits
(Qiagen). The primers used were H312A: 5-CAAAGCAGTTGATGATG
GCAAGGAAGAAGAGGGTCT-3’ and 5- GACCCTCTTCTTCCTTGCCATC
ATCAACTGCTTTG-3'; E387S: 5- GTATCCTCGGAGTCGAACAGCCGAG
GTCGG-3’ and 5- CCGACCTCGGCTGTTCGACTCCGAGGATAC-3'. The
sequencing-verified mutated plasmids were transformed into [(-car-
otene producing XL1Blue competent cells. The bacteria pellets were
collected, lysis, the lipid crude extracts were undergone HPLC analysis.

3. Results
3.1. Cloning of BmninaB and TcninaB

We identified a Drosophila ninaB orthologous gene in the silkworm
genome. BmninaB (Accession no. AFH88673) is located on the reverse
strand of nscaf2825 on chromosome 12. The gene consists of 14 exons
and encoded two mRNA isoforms, isoform1 and isoform 2. The length
of isoform1 is 2139bp, encoding a 511-amino acid long putative pro-
tein. The length for 5'UTR is 381bp and the length of the 3’ UTR is
222bp. The total length of isoform2 mRNA transcript is 2028bp. This
putative splicing variant lacks exon3 of isoform 1 and encodes for 474
amino acids long putative protein (Fig. 1A). Both transcripts are pre-
dicted to encode a protein containing the RPE65 domain which is
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characteristic for this protein family. The BmNinaB protein shares 78%
sequence identity with Amyelois transitella, 54% with T. castaneum, 55%
with Drosophila NinaB, and 34% with human RPE65, respectively.

In the T. castaneum genome, we also identified a TcninaB ortholo-
gous gene based on sequence identity to other insect ninaB genes. The
gene is located on Nc_007425 of linkage group 10. The predicted mRNA
sequence was completely identical to the sequence published in NCBI
(accession no. XM_008201405). Our analysis showed that TcninaB gene
consisted of 9 exons and that the length of its predicted mRNA was
1919bp and encoded for 531 amino acids (Fig. 1B). The TcNinaB shared
the highest sequence identity of 68% with Aethina tumida. It shared
57% identity with Drosophila NinaB and 35% identity with human
RPEG65, respectively.

Carotenoid cleavage dioxygenases were identified from a diverse set
of species. The phylogenetic analysis on these enzymes reveals that
BmNinaB was firstly grouped with Lepidopteran orthologs, including H.
armigera, G. mellonella and P. xuthus, then grouped with orthologs from
other insects. All the mammalian NinaB homologs grouped together in
the phylogenetic dendrogram. Vertebrate Bcol, Bco2 and RPE65
grouped in different branches which indicated these genes evolved in-
dependently before the separation from insect homologs (Fig. 2).

3.2. Spatial and temporal expression profiles of BmninaB and TcninaB
Gene expression patterns of BmninaB and TcninaB were analyzed by

reverse transcriptase-polymerase chain reaction (RT-PCR) in different
developmental stages of B. mori and T. castaneum and different tissues
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Fig. 5. Enzymatic activity tests with BmNinaB and TcNinaB. (A) Comparison on the pellets' color before and after cleavage of B-carotene to retinoids in E. coli. 1.
pellet from B-carotene producing E. coli only. 2. pellet from B-carotene producing and BmNinaB expressed E. coli. 3. pellet from [-carotene producing and TcNinaB
expressed E. coli. 4, 5 and 6 were the upper layer of the samples from 1, 2, and 3, respectively. (B) Western blotting detection on the expression of BmninaB and
TcninaB in E. coli. (C) & (D) HPLC profiles at 350 nm of lipid extract from an in vitro test for BmNinaB and TcNinaB enzymatic activity, respectively. a, B, B-carotene;
b, 11-cis-retinaloxim(syn); c, all-trans-retinaloxim(syn); d, 9-cis-retinaloxim(syn); (E) UV/vis spectra of corresponding peaks a, b, ¢ and d in (C) & (D). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Tests for enzyme activity of BmNinaB and

A M 1 2 3 4 TcNinaB on f3, B-carotene. (A) Western blotting
100 kDa — — detection on the expression of recombinant BmninaB
70 kDa = and TcninaB in XL1blue bacteria, respectively. 1 and
3 were pellet samples of BmNinaB recombinant
45 - a protein before and after IPTG induction, respec-
B ——Control 250 b 2 tively; 2 and 4 were pellet samples of TcNinaB re-
40 } 3 —TcNinaB 200 - combinant protein before and after IPTG induction,
: 2150 - respectively. (B) HPLC profiles at 360 nm of lipid
35 ¢ ——BmNinaB 100 <1 crude extracts from in vitro tests for enzyme activity
= EO 5 using BmNinaB and TcNinaB cell lysate and (3, (3-
2 30 r 50 ’ carotene as a substrate. a, b and c are the UV/vis
E 0! 7 Y 0! . Y spectra of corresponding peaks in (B). a, B, B-car-
:af | a a 350 450 550nm 290 340 390 nm otene; b, 11-cis-retinaloxim(syn); c, all-trans-re-
S22} C6 tinaloxim(syn).
5
2 4
<y sy
£
10
bt
5 b 0
Ll 290 340 390nm
0 —~ v T v 3
0 5 10 15 20 min
Time(min)

of larvae. BmninaB showed high mRNA expression levels in unfertilized
eggs and eggs one day after egg laying. Later, NinaB was continuously
expressed in low level until hatching (Fig. 3A). We also detected low
expression of BmninaB in freshly molted silkworm of each larvae instar.
In tissues of 3d 5th instar silkworm larvae, BmninaB was strongly ex-
pressed in gonads and the head. It also was expressed at low levels in
other tissues (Fig. 3B). Interestingly, we observed high BmninaB ex-
pression in female reproductive systems of pupa and moth whereas
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BmninaB expression was absent or low in the male reproductive system.
The expression of BmninaB seemed to increase during silkworm pupa
maturation. We further examined the expression of BmninaB in dif-
ferent body parts of male and female moth and observed major differ-
ences between female and male reproductive systems but not in others
tissues (Fig. 3C).

In embryonic and larvae stage of Tribolium, we did not detect any
expression of TcninaB. The expression of TcninaB was firstly detected in
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Fig. 7. Test for enzyme activity of BmNinaB on a-carotene (A) and zeaxanthin (B). In Fig. 7A, a, a-carotene; b, 11-cis-retinaloxim (syn, with -ionone ring); c,
trans-a-retinaloxim (syn, with e-ionone ring). In Fig. 7B, a, 11-cis-retinaloxim; b, zeaxanthin. The UV/vis spectra of corresponding peaks are shown in the figure.

pupa stage and TcninaB showed apparently high expression levels in
males when compared to females (Fig. 4B). Further examinations re-
vealed that TcninaB was differentially and high expressed in the male
reproductive systems of adult beetles while only faint amplification
bands were obtained from RNA samples of female reproductive organs
(Fig. 4C). In the male beetle, we detected that TcninaB was highly ex-
pressed in the reproductive system compared with other body parts.
Regarding tissue distribution, TcninaB was moderately expressed in
head, testis, and midgut. Low expression was found in other tissues with
our RT-PCR protocol (Fig. 4A).

3.3. BmNinaB and TcNinaB polypeptide catalyze oxidative cleavage and
isomerization

In order to study the enzymatic function of BmNinaB and TcNinaB,
both genes were expressed as GST-tagged protein in Escherichia coli (E.
coli). We transformed recombinant BmninaB and TcninaB plasmids into
B-carotene producing E. coli (XL1Blue). This strain contains another
plasmid with the gene set of B-carotene biosynshesis. Upon overnight
growth, we found a color shifts from yellow to almost white in E. coli
expressing the insect NinaBs when compared to E. coli controls trans-
formed with the vector alone (Fig. 5A). We confirmed the expressions of
the recombinant insect NinaB fusion proteins by Western blotting using
antibodies directed against the GST tag of the recombinant protein
(Fig. 5B). Additionally, we extracted lipids from the E. coli strains and
subjected them to HPLC analysis. Results from HPLC also showed both
BmNinaB and TcNinaB had high enzymatic activities to cleavage the [3-
carotene product into retinoids, including all-trans-retinal and 11-cis-
retinal (Fig. 5C and D).

We next performed tests for enzymatic activities with recombinant

BmNinaB and TcNinaB protein extracts in the presence of 3% octyl 3-D-
1-thioglucopyranoside (OTG) and 16 uM f3, 3-carotene. Enzyme assays
were stopped after 12 min and lipids were extracted and subjected to
HPLC analysis. Results showed that both BmNinaB and TcNinaB were
bifunctional and catalyzed an oxidative cleavage reaction at C15, C15’
and a trans-to-cis isomerization reaction at C11, C12. With symmetric f3,
B-carotene substrate this reaction resulted in the formation of one
molecule 11-cis-retinal and one molecule all-trans-retinal (Fig. 6). We
previously showed that the trans-to-cis isomerization reaction pre-
ferentially occurred at C11, C12 adjacent to a B-ionone ring site of the
carotenoid substrate(Babino et al., 2016). To test whether this ring site
selectivity of NinaB is conserved between different insect species we
incubated BmNinaB in the presence of a-carotene with one (3- and one
e-ionone ring site. Analyses of the enzymatic reaction products by HPLC
revealed that the asymmetric carotenoid was converted into 11-cis-
retinal and all-trans-a-retinal, indicative for an isomerization at C11,
C12 adjacent to the P-ionone ring site of the carotenoid substrate
(Fig. 7A). We also performed test for enzymatic activity with zeax-
anthin which contains two hydroxylated B-ionone ring sites. In fact,
BmNinaB efficiently catalyzed the conversion of zeaxanthin to 3-hy-
droxy-retinoids (Fig. 7B). This indicated that xanthophylls which are
major dietary carotenoids of Bombyx can be utilized for retinoid pro-
duction.

We next tested whether the basic mechanism of enzyme catalysis is
conserved in insects. It was reported that ferrous iron (Fe?™") is indis-
pensable for activating oxygen in cleavage of carotenoid/apocar-
otenoids substrates (Borowski et al., 2008). The ferrous iron is co-
ordinated by four His residues and 3 s shell Glu residues which form a
coordination sphere to keep the ferrous iron in the active center of these
enzyme (Sui et al., 2013). Sequence alignments indicated that these
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Fig. 8. Effects of site-directed mutagenesis on BmNinaB residues. (A)
Comparison on the E. coli pellets' color between BmNinaB wildtype and
BmNinaB mutants. 1, B-carotene producing XL1Blue bacteria; 2, BmNinaB
wildtype expressed in f-carotene producing XL1Blue bacteria; 3, BmNinaB-
G387S mutant expressed in the same bacteria; 4, BmNinaB-H312A mutant ex-
pressed in the same bacteria. (B) HPLC profiles at 350 nm of lipid extract from
an in vitro test for BmNinaB wildtype and mutants' enzymatic activity. a, B-
carotene; b, all-trans-retinaloxium(syn); c. bacterial metabolite. (C) Effects of
site-directed mutagenesis on residues on BmNinaB catalytic activity measured
by the production of B-carotene. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Table 2
BmninaB dsRNA interference in 4th day of silkworm cocooning stage.
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amino acids were well conserved in the insect enzymes (His184,
His242, His312 and His501 in BmNinaB; His189, His245, His315, and
His525 in TcNinaB). Thus, we performed site directed mutagenesis to
introduce His312Ala and Glu387Ser mutation in to BmNinaB protein.
We then expressed the recombinant proteins in the E. coli test system.
The color of the bacterial cell pellets did not show the pronounced color
shift from yellow to white though a slight color shift was still observed
in the Glu387Ser mutant (Fig. 8A). HPLC analyses of lipid extracts re-
vealed that the enzymatic activity was highly diminished in the cells
expressing the His312Ala and Glu387Ser, respectively. There was no
all-trans retinal produced by the mutant proteins when expressed in [3-
carotene producing XL1Blue cells (Fig. 8B). The amounts of 3-carotene
in cells expressing His312Ala mutant and Glu387Ser mutant proteins
were almost twice times and 1.5 times of those expressing BmNinaB
wildtype protein, respectively (Fig. 8C).

3.4. The decrease of BmninaB expression in pupa cause the reduction in egg-
laying number of Bombyx mori

In order to verify the roles of BmninaB in the female reproductive
system, we performed RNAi experiments of BmninaB in silkworm early
pupa of the 4th day cocooning (Table 2). Results showed the expression
of BmninaB decreased dramatically and that the decrease in expression
did apparently not affect the survival of the silkworm pupa (Fig. 9A).
Because BmninaB was highly expressed in the reproductive organ, we
counted the number of eggs in each moth which developed from in-
jected pupae. Our analyses revealed that the number of eggs in moth
decreased 14% after BmninaB RNAi compared with the uninjected
control (Fig. 9B). Further inspection indicated that the ovarian tubes
were slightly shortened but the shortening was not statistically sig-
nificant (Fig. 9C). We did not observed significant differences in the
body weight of RNAi treated moths and controls. The behavior of moth
ovulation after RNAI treatment also seems normal.

3.5. The decrease of TcninaB expression causes a reduction in reproductive
capacity and abnormal phenotype in Tribolium castaneum

Since RNAi approaches in silkworm may not work as efficient as in
Tribolum, we further conducted TcninaB RNAi experiments in
Tribolum. After injection of 800 ng dsTcninaB RNA into 20-day beetle
larva, we statistically analyzed the impact of the treatment on beetle
development. Our analysis showed that the pupation rate and eclosion
rate did not significantly differ between treatment groups (Fig. 10 A and
Fig. 10B). However, the number of eggs decreased dramatically by

Groups Number of pupa for Mortality ~ Number of moth for o . . .
injection examination 63.0/? 1.n the correspondlng adults when compared V\{lth control which
were injected with the same amount of PBS buffer (Fig. 10D). Notably,
BmninaB RNAi 30 0 29 hatching rate of the remaining eggs did not show any significant dif-
ddH,0 control 30 0 26 ferences between groups (Fig. 10C). In addition, we weighed the adult
WT 30 0 30 -
beetles at three stages (3- and 5- days post-eclosion, and 5 days after
mating) after TcninaB dsRNA injection. We found that the weight of
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Fig. 9. Detection at the molecular level and egg number statistics after interference of BmninaB. (A) Real-time PCR detection at the molecular level after
interference of BmninaB. (B) Egg number statistics after ninaB RNAi. (C) Comparison on the ovarian tubes of female mothes between BmninaB RNAi individuals and

controls. The bar in Fig. 9c is 1 cm.
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beetles with TcninaB dsRNA injection were lower by 9.4% and 23.3%
compared with control adults 5- days post-eclosion and 5 days after
mating, respectively (Fig. 10E).

We performed RT-qPCR to demonstrate that this phenotype was
associated with a down regulation of the expression of TcNiniaB. The
analysis demonstrated that TcninaB mRNA dramatically decreased, and
that the effect lasted for a long time at least until 5 days after mating
(Fig. 11A). The RNAi treatment caused approximately 73% of male
reproductive systems with abnormal phenotypes of small size and light-
colored testes (Fig. 11B). We also observed that 56.3% of male adults
displayed abnormalities in membranous wings such as light color, and
incompletely formed wings when compared with wild type beetles and
buffer-injected beetles. When we removed the two pairs of wings, we
also observed that about 51.8% dsTcninaB-treated adults exhibited a
shriveled phenotype of the abdomen.
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4. Discussion

Previous studies on the carotenoid cleavage oxygenase (CCO) in
insects mainly focus on Drosophila vision. However, carotenoids and
their retinoid metabolites have been implicated in additional physio-
logical processes in insect biology. In the present study, we identified
and biochemically characterized NinaB from Bombyx mori (BmninaB)
and Tribolium castaneum (TcninaB). We studied their expression profiles
throughout the life and performed loss of function analyses with dSRNA
to unravel putative non-visual roles of the vitamin A forming enzyme in
insects.

Bombyx mori (Lepidoptera), Tribolium castaneum (Coleoptera), and
Drosophila melanogaster (Diptera) represents the three major clads of the
genus Insecta. Our study showed that similar to Drosophila only a single
member of carotenoid cleavage dioxygenase gene family exists in the
genomes of Bombyx and Tribolium. Our biochemical studies with re-
combinant proteins demonstrated that BmNinaB and TcNinaB, similar
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to Galleria and Drosophila NinaBs, are multifunctional enzymes. These
enzymes catalyzed the oxidative cleavage reaction at the C15, C15’
double bond and concomitantly a trans to cis isomerization at the C11,
C12 double bond of their carotenoid substrates. For enzyme catalysis,
the ferrous iron in the active center plays a critical role (Sui et al.,
2013). We provided evidence that the mechanism of catalysis is well
conserved because site directed mutagenesis of iron coordinating amino
acids rendered BmNinaB inactive. Additionally, we showed for
BmNinaB and a-carotene that the enzyme displayed selectivity for the
B-ionone ring of this asymmetric carotenoid substrate. Thus, the en-
zyme specifically converted this carotenoid into 11-cis-retinal and all-
trans-a-retinal. 11-cis-retinal and 3-hydroxy-11-cis-retinal serve as the
unique chromophores in insect vision (Isono et al., 1988; Seki and Vogt,
1998). The cis-configuration of the chromophore is essentially required
for the maturation of the visual pigments during the development of the
insect compound eyes (Oberhauser et al., 2008). In flies, genetic mu-
tations in ninaB cause chromophore-deficiency and render mutants
blind (von Lintig et al., 2001). Based on the conducted biochemical
studies and the observed expression pattern of NinaB in the larval head
of Bombyx and Tribolium, we conclude that the bipartite function as
combined carotenoid oxygenase and isomerase of NinaB in chromo-
phore production is well conserved among distantly related insect
clades.

Surprisingly, our analyses also revealed that BmninaB and TcninaB
are highly expressed in gonads and reproductive systems of pupa and
adult. This contrast previous findings in Drosophila in which ninaB ex-
pression was found to be restricted to Bolwig's organ of the larva
(Voolstra et al., 2010; Weiszmann et al., 2009), and the heads of the
pupa and imagoes (Yang and O'Tousa, 2007). RNAi treatment de-
creased ninaB expression and was associated with the reduction in the
number of eggs in Bombyx and Tribolium and morphological changes of
the testes in Tribolium.

To our knowledge this is first experimental evidence that NinaB
plays a significant role in reproduction of insects. A possible explana-
tion might be that NinaB is required for chromophore production as
needed in non-visual photo-perception. It was proposed that photo-
periodism in insects depends on the presence of light-absorbing

* ok
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Fig. 11. Detection of TcninaB expression after
dsTcninaB injection and effects of dsTcninaB in-
jection on male reproductive system and external
phenotypes. (A) Time-dependent suppression of
TcninaB transcript in 20-day larvae of T. castaneum
injected with dsTcninaB at 800 ng/larvae and iso-
volumetric PBS buffer, and compared with wild type
at the same time determined by RT-qPCR. Different
numbers of asterisks above the standard error bars
indicate significant differences based on ANOVA
followed by Fisher's LSD multiple comparisons
(*0.05 < P <01, **0.01 < P < 0.05,
***p < (.01) within the same time point. (B) Effects
of dsTcninaB injection on male reproductive system.
(a)wild type, (b)PBS-treated, (c)injected with
dsTcninaB at 800 ng/larvae.
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pigments and that carotenoids and retinoids are one group of possible
chromophore for the involved photoreceptors (Veerman and Helle,
1978). However, previous studies revealed that rhythmicity of pupal
eclosion was not affected when Drosophila was reared on a carotenoid-
free medium (Zimmerman and Goldsmith, 1971). In silkworm, re-
searchers performed similar experiments and also observed that car-
otenoids were dispensable for photoreception and entrainment of the
circadian hatching rhythm (Sakamoto et al.,, 2003; Sakamoto and
Shimizu, 1994). Additionally, it has been shown that the photopigment
cryptochrome plays a major role in insect photoperiodicity (Collins
et al., 2006; Sancar, 2000). Thus, these observations rather contradict a
role of carotenoids and NinaB in photoperiodism as related to of egg
laying and reproduction.

Thus, one might speculate that our findings in Bombyx and Tribolium
may relate to a role of NinaB in retinoid signaling. In Drosophila, NinaB
and retinoic acid have been implicated in cellular signaling processes as
required for the regeneration of damaged imaginal discs during de-
velopment (Halme et al., 2010). However, in our opinion, it is unlikely
that this process involves canonical retinoid signaling as it occurs in
vertebrates (Rhinn and Dolle, 2012). Insect genomes encode an RXR-
related protein named Ultraspiracle (USP), but lack retinoic acid re-
ceptors (RARs) which act in conjunction with the retinoid X receptor
(RXR) in this signal transduction cascade in vertebrates. The vertebrate
RXR exclusively binds cis-stereoisomers of retinoids (Heyman et al.,
1992). Some insect RXR/USP proteins display ligand binding domains
with high amino acid sequence identity to their vertebrate RXR coun-
terparts (Hayward et al., 2003). This structural similarity may indicate
that some of these transcription factors might use cis-retinoids as li-
gands. As we showed here these cis-retinoids can be produced by the
enzymatic activity of the NinaB protein. Previous studies showed that
RXR/USP is critical for the regulation of vitellogenesis in Aedes aegypti
and reproduction in Diploptera punctate (Hult et al., 2015; Martin et al.,
2001). Intriguingly, it has been shown that decreased RXR/USP ex-
pression, similar to decreased expression of ninaB, inhibited oocyte
maturation and completely blocked egg laying in Tribolium castaneum
(Xu et al., 2010). Thus, we speculate that cis-retinoids produced by
NinaB can bind at least to Tribolium RXR/USP and regulate genes which
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are critical for sperm cell development. It remains to be shown which
particular retinoid metabolite can bind to RXR/USP and which parti-
cular gene activities may depend on this binding. Moreover, the role of
the gender dimorphism of the expression of ninaB in reproductive or-
gans of different needs to be addressed by further experiments. BmninaB
was almost exclusively expressed in female reproductive systems of
silkworm pupa and moth while TcninaB expressed highly in male re-
productive systems but not females. Thus, it is yet not clear whether
ninaB expression in reproductive organs of males and females serves the
same or different purposes in different insect species. In future research,
the targets of NinaB action need to be identified. Such studies may
include analysis of the transcriptome of RNAI treated insects. Further-
more, CRISPR/CAS technology should be applied to establish animals
with NinaB mutations and to overcome putative limitations of the RNAi
approach.

Taken together, we here showed that NinaB's unique biochemical
function is well conserved during insect evolution. The enzyme cata-
lyzed a regio- and stereo-selective conversion of carotenoids into cis-
retinoids. These cis-retinoids are critical for photoreceptor function and
maintenance in insects. Additionally, our study of ninaB expression
profiles and loss-of-function experiments indicate a yet not appreciated
role of NinaB in reproduction of some insects. This function might be
related to RXR/USP signaling and cis-retinoid levels. This observation
sheds new light on the evolution of retinoid signaling and warrants
further investigation of NinaB function in insect biology in future stu-
dies.
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