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N E U R O S C I E N C E

An insecticide target in mechanoreceptor neurons
Xiaomu Qiao1, Xiaoyu Zhang1, Zhendong Zhou1, Lei Guo1, Weiping Wu1, Suhan Ma1, 
Xinzhong Zhang2, Craig Montell3, Jia Huang1*

Hundreds of neurotoxic insecticides are currently in use. However, only a few direct targets have been identified. 
Here, using Drosophila and the insecticide flonicamid, we identified nicotinamidase (Naam) as a previous unidentified 
molecular target for an insecticide. Naam is expressed in chordotonal stretch-receptor neurons, and inhibition of Naam 
by a metabolite of flonicamid, TFNA-AM (4-trifluoromethylnicotinamide), induces accumulation of substrate nico-
tinamide and greatly inhibits negative geotaxis. Engineered flies harboring a point mutation in the active site show 
insecticide resistance and defects in gravity sensing. Bees are resistant to flonicamid because of a gene duplication, 
resulting in the generation of a TFNA-AM–insensitive Naam. Our results, in combination with the absence of genes 
encoding Naam in vertebrate genomes, suggest that TFNA-AM and potential species-specific Naam inhibitors 
could be developed as novel insecticides, anthelmintics, and antimicrobials for agriculture and human health.

INTRODUCTION
Insects are major disease vectors that transmit pathogens that cause 
diseases afflicting hundreds of millions of people each year (1). In 
addition, insects contribute to worldwide starvation by spreading 
diseases to domesticated animals and by destroying crops (2). To 
control insect disease vectors and pests, chemical insecticides are 
used widely, and most (>80% market share) act on the nervous 
system. Although there are hundreds of neuroactive insecticides, 
their known molecular targets are restricted to one enzyme, one 
G protein–coupled receptor, and six ion channels, including the 
voltage-gated sodium channel (3). In addition, two insect transient 
receptor potential vanilloid (TRPV) channels, Nanchung (Nan) and 
inactive (Iav), are the only insecticide targets identified over the past 
three decades (4). Three commercial insecticides disrupt insect 
coordination and inhibit feeding by overstimulating the Nan and Iav 
channels in chordotonal organs (ChOs) (4, 5), which are specialized 
mechanoreceptors found at nearly every joint between limbs and body 
segments (6, 7).

Flonicamid (FL) is a systemic insecticide found in 1992 and is 
used to control sucking pests like aphids, whiteflies, and thrips (8). 
It also acts selectively on insect ChOs and causes effects reminiscent 
of the insecticides that target Nan and Iav (4, 9). However, neither 
FL nor its metabolite TFNA-AM activates heterologously expressed 
Nan-Iav TRPV channels (5). Thus, the molecular target of FL remains  
unknown.

RESULTS AND DISCUSSION
To identify the direct target for FL, we used a negative geotaxis assay 
to interrogate candidates using a genetic approach. After tapping 
down control flies in a vertical tube, nearly all flies that are not 
exposed to FL climb up to the top half within 10 s (92 ± 2%), and 
100% do so within 25 s (0 M; Fig. 1, A and B). To assay the effects 
of FL on negative geotaxis, we starved the flies for 10 hours and then 

allowed them to feed on 10% sucrose combined with different concen-
trations of the insecticide (20 M to 2 mM) for 3 hours. FL impaired 
negative geotaxis in a dose-dependent manner (Fig. 1, A and B). 
Even at the lowest dose tested (20 M), only 38 ± 6% reached the 
top half of the tube within 10 s. A previous study showed that FL may 
block the insect inward rectifier potassium channel Kir1 and cause 
toxicity (10). However, we found that Irk1 (Drosophila ortholog of 
Kir1) knockdown flies were still sensitive to FL in climbing assays 
(fig. S1). Furthermore, Kir1 is mainly expressed in Malpighian 
tubules and salivary glands but not in ChOs. Therefore, it does not 
appear to be the molecular target of FL in vivo.

In Drosophila, the primary mechanoreceptor that detects gravity 
is the Johnston’s organ (JO)—a chordotonal stretch-receptor organ 
in the second segment of the antenna with almost 500 sensory neu-
rons (11, 12). Because FL impairs gravitaxis, a protein expressed in 
the JO might be a direct target for FL. To identify genes enriched in 
the JO, we compared the RNAs expressed in the second antennal 
segment of a mutant missing the JO (ato1/Df(3R)p13) (13) with their 
parental controls containing a JO (Fig. 1C). Given that ion channels 
are the main targets for insecticides, we first focused on the 19 ion 
channel genes enriched in the JO (fold change of >5). We tested the 
available null alleles disrupting 12 of these genes. However, all of 
these mutant flies were still sensitive to FL (table S1).

In addition to ion channels, 47 other genes were highly enriched 
in the JO, and 31 of them are not characterized functionally (table S2). 
Among this group is the gene-encoding Naam (nicotinamide amidase 
or nicotinamidase), which is an enzyme involved in a pathway leading 
to the biosynthesis of NAD+ (nicotinamide adenine dinucleotide) 
(Fig. 1D). Naam is an intriguing candidate target for FL, because its 
substrate, nicotinamide (NAM) (Fig. 1D), structurally resembles FL 
(Fig. 1E). Thus, FL might act as an inhibitor of Naam. To test this 
idea, we expressed and purified recombinant Drosophila Naam from 
Escherichia coli and confirmed that it had Naam activity (Fig. 1F). 
A metabolite of FL, TFNA-AM (4-trifluoromethylnicotinamide), 
markedly reduced the enzyme activity, while FL or either of two 
other FL metabolites (TFNA and TFNG) (Fig. 1E) had no signifi-
cant effect when assayed at 100 M (Fig. 1G). TFNA-AM potently 
inhibits Naam with a submicromolar inhibition constant (Ki) (0.72 M; 
Fig. 1H). Feeding TFNA-AM to wild-type flies suppressed negative 
geotaxis at concentrations of ≥20 M and virtually abolished this 
activity at 2 mM (Fig. 1I). Together, these data suggest that FL is a 
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proinsecticide with minimal intrinsic activity, while TFNA-AM is 
the active meta bolite that causes toxicity in vivo.

Given that chordotonal neurons (ChNs) are required for 
gravitaxis, we set out to determine whether Naam is localized to 
these neurons. Moreover, the TRPV channels, Nan and Iav, are 
expressed in ChNs and are activated by NAM (14). Thus, inhibition 
of Naam by TFNA-AM could result in overstimulation of these 
TRPV channels due to accumulation of NAM. We generated poly-
clonal antibodies against recombinant Drosophila Naam, which 
detected a protein close to its expected molecular weight (∼40 kDa; 
fig. S2). The Naam antibodies stained the soma, dendrites, and 
axons of the ChN in the JO (Fig. 2, A and B) and the legs (Fig. 2C). 
The Naam-positive ChNs in the JO project to the antennal mechano-
sensory and motor center (AMMC) (Fig. 2D), a brain region asso-
ciated with mechanosensation (15). A previous study produced a 

Naam-Gal4 reporter, which used a 950–base pair (bp) region 5′ of 
the first exon of one transcript, labels JO scolopale cells (11). We 
chose a 3-kb fragment 5′ of the coding sequence to generate a new 
reporter (Naam-RB-Gal4), which specifically labeled ChNs in the 
JO and legs (Fig. 2, E and F). Expression of this reporter overlapped 
with most (93.3%) anti–Naam-positive cells (Fig. 2E). Thus, the 
Naam-RB-Gal4 appears to reflect the bona fide cellular distribution 
of Naam to a large extent. The targets for two insecticides in ChNs 
are the Drosophila TRPV channels, Nan and Iav (4). We used the 
iav-Gal4 to drive UAS-mCD8-GFP and found that the iav reporter 
and Naam are mainly expressed in distinct populations of ChNs, 
although a subset of the Naam-positive ChO neurons also expressed 
the iav reporter (27.5 ± 4.4%; Fig. 2, A to D). We also used the 
nan-Gal4 to show the relative localization of nan-expressing and 
Naam-positive ChNs, and the results were similar to those with the 
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Fig. 1. Identification of Naam as an insecticide target. (A) Schematic showing the climbing assay with adult flies. Insecticide-treated flies are impaired in the ability to 
quickly climb up the vials after they are tapped down. The percentage of flies in the upper half of each vial is the climbing score. (B) Flies were fed 10% sucrose mixed with 
FL at the indicated concentrations for 3 hours, and the climbing scores were determined at 5-s intervals. n = 5 (10 flies per assay). (C) JO-enriched genes were candidate 
targets for FL. To perform RNA sequencing, RNA was extracted from the second antennal segments of mutants missing JOs [ato1/Df(3R)p13] and control flies with JOs 
[ato1/TM6B and Df(3R)p13/TM6B]. Illustration of a fly head (left) depicting the localization of the antenna marked in a rectangular box. Sketch of the fly’s antenna depicting 
its second segment harboring the JO (green), which is lost in the mutants (blue). The three antennal segments are indicated as a1, a2, and a3. The Naam transcript is 
markedly reduced in the ato mutant. (D) NAD+ salvage pathway in insects. (E) Chemical structures of FL and its metabolites. (F) Enzymatic activity of purified recombinant 
Naam. n = 4. (G) Enzymatic activity of Naam in the presence of 100 M FL or its metabolites. n = 3. (H) Inhibition assay of Naam with TFNA-AM. n = 3. ***P ≤ 0.001. IC50, 
median inhibitory concentration. (I) Climbing scores (determined at 5-s intervals) of flies fed 10% sucrose combined with TFNA-AM at the indicated concentrations. n = 5 
(10 flies per assay).
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iav-Gal4 (fig. S3). Nevertheless, we cannot exclude that the iav-Gal4 
and nan-Gal4 may not capture the entire endogenous gene expression 
patterns. We suggest that accumulated NAM may activate the 
Nan-Iav complex in both an autocrine and paracrine manner.

Next, we set out to test whether inhibition of Naam leads to 
accumulation of NAM, thereby causing toxicity. We fed the flies 
10% sucrose mixed with either 2 mM FL or TFNA-AM for 1 or 
3 hours, respectively, before the fly heads were homogenized for high- 
performance liquid chromatography–mass spectrometry (HPLC-MS) 
analysis (Fig. 3A). TFNA-AM levels increased gradually when fed 
with FL (Fig. 3B) but were much higher when fed TFNA-AM 
directly (Fig.  3C). We did not detect two other FL metabolites 
TFNA and TFNG in any of the samples tested, presumably because 
they were below the detection limit. NAM was undetectable without 
insecticide treatment, increased as the TFNA-AM accumulated 
(Fig. 3B), and saturated when the flies were fed TFNA-AM for 
1 hour (Fig. 3C). Consistent with this observation that feeding 
TFNA-AM for 1 hour induced much more NAM accumulation 
than feeding FL, we found that TFNA-AM was more effective than 

FL in reducing climbing ability after 1 hour of feeding (Fig. 3D). 
However, the difference was not significant after 3 hours of feeding 
(Fig. 3D). We then tested whether direct application of NAM would 
induce a defect in gravitaxis. Feeding high concentrations of NAM 
(> 10 mM) reduced the climbing scores, while 2 or 5 mM NAM had 
no significant effect, because it could be metabolized by Naam (fig. 
S4). Low doses of TFNA-AM (10 or 20 M) alone also induced neg-
ligible effects; however, they significantly synergized the toxicity of 
NAM, which could not be metabolized efficiently in the presence of 
the Naam inhibitor (Fig. 3E). Overall, we conclude that the toxicity 
of TFNA-AM is the consequence of accumulation of NAM in ChNs 
via inhibition of chordotonal Naam.

To determine whether Naam is required to confer toxicity to 
TFNA-AM, we knocked down Naam expression. We initially at-
tempted to use the NaamMI10214 null allele, which contains a P 
element inserted into the coding sequence. However, it is homozy-
gous lethal. Therefore, we used RNA interference (RNAi) to knock 
down Naam expression in ChNs with the Naam-RB-Gal4 or with 
the pan-neuronal elav-Gal4 and tested the effects of TFNA-AM on 
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the climbing assays. We confirmed the knockdown efficiency by 
immunohistochemistry (fig. S5), real-time quantitative polymerase 
chain reaction (RT-qPCR) (fig. S6) and Western blotting (fig. S2). 
All tested flies were normal in climbing assays when treated with 
10% sucrose (Fig. 4A). In contrast to control flies, which exhibited 
very little negative geotaxis after consuming 2 mM TFNA-AM 
(<15%), knockdown of Naam with either the elav-Gal4 or the 
Naam-RB-Gal4 significantly increased the climbing index (68 and 
52%, respectively; Fig.  4A). Meanwhile, we found that the Naam 
knockdown flies were still sensitive to the TRPV channel modulator 
insecticides pymetrozine and pyrifluquinazon (fig. S7), indicating that 
the resistance is specific to TFNA-AM. These data demonstrate that 
reducing expression of Naam greatly decreased the flies’ sensitivity to 
the insecticide. Knockdown of Naam with the iav-Gal4 had no effect 
(Fig. 4A), consistent with our finding that many Naam- expressing 
neurons are not colabeled by the iav-Gal4 (Fig. 2A). Pharmacologi-
cal inhibition of Naam occurs over a short time window, which is 

different from transgenic RNAi in which the transcription is greatly 
suppressed since the early stages of development. Thus, there could 
be genetic compensation to produce less NAM in Naam knock-
down flies. Consistent with this hypothesis, NAM levels in Naam 
knockdown flies are almost undetectable before TFNA-AM feeding 
(fig. S8).

We next investigated the potential binding pocket of TFNA-AM 
using site-specific mutagenesis. To identify putative amino acid 
residues that might interact with TFNA-AM, we generated a three- 
dimensional (3D) structure of Naam by homology modeling using 
the crystal structure of Naam from Acinetobacter baumannii 
(AbPncA) as the template (16). We docked the TFNA-AM ligand 
into the catalytic site and identified four residues (Asn117, Ala265, 
Cys269, and Thr294) that were predicted to promote TFNA-AM 
binding (Fig. 4B). These include Cys269, which is the conserved 
catalytic residue. To test the requirements for the other three resi-
dues for conferring sensitivity of the Naam protein to TFNA-AM, 
we introduced amino acid substitutions into each residue: N117G, 
A265E, T294E, and T294F. The T294E and A265E mutants showed 
7.5- and 415.7-fold resistance to TFNA-AM, based on increases in 
the Ki values (Fig. 4C). These mutations also changed the enzyme 
affinities and turnover numbers (Fig. 4D). The N117G mutant was 
still sensitive to TFNA-AM (fig. S9A), and the T294F mutation 
eliminated enzymatic activity (fig. S9B). These results demonstrate 
that Ala265 plays an especially important role in sensitizing Naam to 
TFNA-AM.

To test whether the A265E amino acid substitution would confer 
resistance to TFNA-AM, we introduced the point mutation into the 
Naam locus using CRISPR-Cas9–mediated homology-directed 
repair (HDR). To identify flies likely to harbor the mutation, we 
maintained flies under TFNA-AM selection (fig. S10) and con-
firmed the mutation by DNA sequencing (fig. S11). We found that 
NaamA265E flies took longer time than control flies (>2 min) to 
climb up to the upper half of the test tube (Figs. 1B and 4E), proba-
bly because of their defects in gravity sensing. Ala265 is highly 
conserved, and the A265E substitution caused NAM accumulation 
in the JO (2.35 ng per head; Fig. 4F) due to its decreased turnover 
number to ~22% of wild-type Naam (Fig. 4D). Such a level of NAM 
might slightly activate TRPV channels to induce chordotonal 
dysfunction in the engineered flies. Of significance, we found that 
feeding 2 mM TFNA-AM or FL to NaamA265E flies did not impair 
negative geotaxis (Fig. 4E), and the ingestion of TFNA-AM did not 
further increase NAM levels (Fig. 4F). In contrast, heterozygous 
control flies were as sensitive as wild-type flies to TFNA-AM or FL 
in climbing assays (Fig. 4G). Together, these results indicate that 
Naam may be the primary molecular target of FL/TFNA-AM 
in vivo and that a single amino acid replacement is sufficient to 
cause high resistance due to target site insensitivity.

FL is highly effective for aphids and can also be used to control 
whiteflies and planthoppers (17, 18). However, it is less toxic to 
flies and mosquitoes and quite safe for bees and parasitoid wasps 
(17–20). Thus, we wondered whether this selectivity of FL is cor-
related with species-specific differences in sensitivity of their Naam 
isoforms to TFNA-AM. Therefore, we expressed and purified 
recombinant Naam from different insect species and performed 
enzyme assays. We found that the catalytic activities for NAM are 
similar among different insect Naam homologs (<4.3-fold variation, 
fig. S12); however, their sensitivities to TFNA-AM are quite different. 
The aphid Naam showed a Ki value of 0.08 M, followed by Naam 
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enzymes from the whitefly (0.17 M), planthopper (0.60 M), and 
the mosquito (Aedes albopictus), which showed the lowest sensitivity 
(1.09 M). This order of TNFA-AM potency is nearly parallel to the 
toxicities of FL in these species except for the honey bee Naam1, 
which has a Ki value of 0.81 M (Fig. 5A and fig. S13).

Bioinformatic analysis of insect genomes reveals that Naam is 
a single-copy gene in most species. However, Naam is duplicated 
(Naam1 and Naam2) in Hymenoptera, such as honey bees and 
parasitoid wasps (Fig. 5A). We found that the recombinant honey 
bee Naam2 has similar Michaelis constant (Km) and catalytic con-
stant kcat values with Naam1 but is resistant to TFNA-AM with a 
Ki of 16.73 M (Fig. 5, B and C), which is 21-fold less sensitive than 
the honey bee Naam1 and 209-fold less sensitive than the aphid 
Naam. These results indicate that target-site insensitivity is the ma-
jor mechanism for the resistance of bees to FL. There is a great con-
cern about the negative effects of insecticides on pollinators and 
natural enemies because most insecticides act on evolutionary con-
served ion channels and receptors in insects (3). For instance, the 
severe sublethal effects of neonicotinoids on wild and managed bees 
caused heavy restrictions on their use in Europe (21–23). Because the 
bee-specific Naam2 is pharmacologically different from the canoni-
cal Naam, our findings form the conceptual basis to identify safer 
and more selective insecticides that spare beneficial insects.

The discovery that FL and TFNA-AM inhibit Naam, raised the 
possibility that chemicals targeting Naam could be used to suppress 
other disease-causing organisms, such as parasitic worms, which 
infect ~25% of humans (24). Nematodes also contribute to world-
wide starvation by destroying crops and infecting domesticated 
animals (25). The nonparasitic nematode, Caenorhabditis elegans, 

provides an effective model for testing anthelmintics (26). There-
fore, we wondered whether a chemical inhibitor of Naam would 
serve as an anthelmintic because mutation of the C. elegans Naam 
gene (pnc-1) causes uterine cell death, leading to a severe defect in 
egg production (27). In addition to pnc-1, C. elegans encodes a 
second Naam gene, pnc-2 (27). However, neither PNC-1 nor PNC-2 
was sensitive to TFNA-AM (fig. S14). Nicotinaldehyde (NAH) is a 
general inhibitor of Naam (28). Therefore, we tested whether NAH 
and 4-(trifluoromethyl)nicotinaldehyde (TNAH) suppress the 
activities of PNC-1 and PNC-2. We found that both chemicals 
potently inhibit PNC-1 and PNC-2 with comparable Ki values 
(Fig. 5, D and E). Addition of NAH and TNAH to wild-type nema-
todes significantly reduced the number of eggs laid, albeit using 
high concentrations (Fig.  5F). The lower potencies of NAH and 
TNAH in  vivo versus in  vitro might be due to the abundant 
aldehyde oxidases and aldehyde dehydrogenases in animals, which 
efficiently convert aldehydes to carboxylic acid (29). Consistent with 
this speculation, we found that NAH can also inhibit Drosophila 
Naam with a Ki value of 0.33 M but had no significant effect on 
flies in climbing assays even at 5 mM (fig. S15). Overall, our results 
indicate that rational design of nonaldehyde small molecular inhibi-
tors for worm Naam could be developed as novel anthelmintics.

Previous studies found that Naam is essential for several patho-
genic microorganisms such as Brucella abortus (causes brucellosis) 
(30), Leishmania (causes leishmaniasis) (31), and Borrelia burgdorferi 
(causes Lyme disease) (32). For instance, the B. burgdorferi gene 
bbe22, which encodes a Naam (BbPncA), is necessary for infection 
of mammals and tick vectors (32,33). Lyme disease, which is trans-
mitted by ticks infected with B. burgdorferi, is the most common 
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vector-borne disease in the United States with an estimated 476,000 
annual cases (34). Currently, a substantial number of patients treated 
with antibiotic therapy experience prolonged symptoms including 
fatigue, pain, joint, and muscle aches, largely due to the formation 
of drug-tolerant bacteria (35). We found that TFNA-AM inhibits 
recombinant BbPncA with a Ki value of 2.37 M (Fig. 5G and fig. S16). 
TFNA-AM causes a low level of toxicity in mammals, with an LD50 
(median lethal dose) of >2000 mg/kg in mice (3). Therefore, TFNA-AM 
could be a potential drug candidate against antibiotic- tolerant Borrelia.

In conclusion, the identification of Naam as a novel target for an 
effective insecticide that does not target a number of highly benefi-
cial insects, such as bees, offers to lead to the identification of addi-
tional Naam inhibitors with even higher potencies. Moreover, 
tailored design of small molecular inhibitors with high potency 
against insect Naam isoforms is an especially appealing class of 
insecticide due to excellent insect-to-mammalian selectivity as a 
consequence of an absence of genes encoding Naam in vertebrate 
genomes. Last, the work presented here provides the conceptual basis 
for developing improved anthelmintics and the use of TFNA-AM 
and derivatives as antimicrobials.

MATERIALS AND METHODS
Chemicals
FL, TFNA-AM, and pyrifluquinazon were obtained from Wako 
(Osaka, Japan); NAM, -ketoglutarate, TFNG, NAH, pymetrozine, and 
pyrifluquinazon were obtained from Sigma-Aldrich (St. Louis, MO, 
USA); and NADH (reduced nicotinamide adenine dinucleotide), TFNA, 

and TNAH were obtained from Bide Pharmatech (Shanghai, China). 
All reagents were of the highest purity available.

Fly strains
Flies were maintained and reared on conventional cornmeal, agar, 
and molasses medium at 25° ± 1°C and 60 ± 0% humidity with 
a photoperiod of 12 hours light:12 hours dark. The following strains 
with the indicated stock numbers were obtained from the Bloom-
ington Stock Center (Indiana University): cacMI11727(#56455), Ihf03355 
(#85650), Ca-1T135 (#68200), CnglMI03832 (#37373), nAChR4rye 
(#80692), Ir94bMB02190 (#23424), Task7f05437 (#18864), ppk12MB11059 
(#29179), NaamMI10214 (#53231), NaamMI04166 (#37268), elav-Gal4 
(#8765), iav-Gal4 (#52273), nan-Gal4 (#24903), UAS-mCD8-GFP 
(#5137), UAS-Naam-RNAi (#44053), UAS-Irk1-RNAi (#25823), and 
vas-Cas9 (#51323). The following lines were gifts from W. Zhang 
(Tsinghua University): ato1/TM6B, Tb and Df(3R)p13/TM6B, Tb 
(36). All other ion channel mutants (37) were gifts from Y. Rao 
(Peking University). The w1118 strain was used as the “wild-type” 
control for the behavioral assays.

We generated the NaamA265E mutant by CRISPR-Cas9 genome 
editing with a similar screening strategy as described (38). The 
guide RNA (gRNA) sequence (3 L:19697783 ~ 19697802, GGA-
TATCTATGTGTGCGGAT) was designed using flyCRISPR Target 
Finder (https://flycrispr.org/target-finder/) and cloned into the pDCC6 
plasmid (Addgene, #59985). A 110-bp ssODN (single- strand 
oligodeoxynucleotide) was synthesized (GenScript, Nanjing, China) 
as the donor template to replace the targeted genomic region. This 
ssODN contained three nucleotides changes with two (CC to AA) 
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conferring the A265E mutation and one synonymous mutation 
(G to A) to prevent recleavage by Cas9 after incorporation. Both the 
gRNA plasmid and the ssODN were microinjected into embryos from 
vas-Cas9 flies. The crossing and selection scheme is shown in fig. S6.

We generated the Naam-RB-Gal4 reporter transgene with the phiC31 
integration system. To provide a promoter sequence 5′ of Naam, we 
introduced an ~3-kb DNA fragment (3R:19684221 ~ 19687232) 
and the Naam coding sequence into the pBPGAL4.2::VP16Uw 
plasmid (Addgene, #26228). The construct, which included the 
mini-white gene for selecting transgenic flies, was microinjected 
into the embryos of attP40 flies.

Climbing assay
We performed climbing assays as previously reported with slight 
modifications (39). Briefly, about 2- to 4-day-old male flies were 
collected with CO2 anesthesia into groups of 10 and then allowed to 
recover for 2 days. Flies were starved for ~10 hours overnight and 
fed for 3 hours on either 10% sucrose or 10% sucrose containing the 
indicated drugs, and the assays were performed between 12:00 p.m. 
and 1:00 p.m. The climbing tubes (total 180  mm in height and 
20 mm in diameter) consisted of two vials connected with transparent 
tape. The flies were filmed for 30 s with a SONY HDR-CX900E 
camera. The climbing score (percentage of flies in the upper half of 
the vial) were determined at 5-s intervals after the flies were tapped 
down to the bottom of the vials. For NaamA265E mutant flies, the 
climbing score were determined at 20-s intervals for 120 s. Assays 
with each genotype and compound were repeated ≥5 times.

Transcriptome sequencing
The second antennal segments of the following lines were dissected 
on ice and immediately processed to extract total RNA using a stan-
dard TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) protocol: (i) ato1/Df(3R)p13, (ii) ato1/TM6B, Tb (control), and 
(iii) Df(3R)p13/TM6B, Tb (control). A complementary DNA (cDNA) 
library was prepared and sequenced using the Illumina platform 
(Annoroad Gene Technology, Beijing, China). The mRNA levels 
were calculated on the basis of the FPKM (fragments per kilobase of 
transcript per million mapped reads) values. DEGseq was used to 
identify differentially expressed genes from the RNA sequencing 
(RNA-seq) data. The transcriptome data were uploaded to the NGDC 
database with the accession number RPJCA00781 (https://ngdc.
cncb.ac.cn/bioproject/browse/PRJCA009781).

Plasmid construction and protein expression
Full-length cDNAs encoding Drosophila melanogaster Naam 
(NP_001262738), Nilaparvata lugens Naam (XP_022202218), 
Bemisia tabaci Naam (XP_018907173), Myzus persicae Naam 
(XP_022168570.1), Apis mellifera Naam1 (XP_006568548), A. mellifera 
Naam2 (XP_026298838), A. albopictus (XP_029723373.1), B. burgdorferi 
PncA (AEK93977.1), C. elegans PNC-1 (NP_001367799.1), and 
PNC-2 (NP_001370171.1) were synthesized and subcloned into 
the pET-28a(+) expression plasmid (GenScript). All recombinant 
Naams include a C-terminal His6 tag. The Naam point-mutation 
(A265E, T294E, N117G, and T294F) plasmids were generated by 
site-directed mutagenesis by Tsingke Biotechnology (Nanjing, China). 
The A. mellifera Naam1 was subcloned into the pCold-TF vector 
(Takara, Japan), and the M. persicae Naam was subcloned into the 
pGEX-4 T-2 vector (GenScript). All plasmids were confirmed by 
DNA sequencing.

In all cases, the Naam-His6 recombinants were induced in E. coli 
BL21(DE3) with 0.2 to 0.4 mM isopropyl--d-thiogalactopyranoside 
(IPTG) once the cell density reached an optical density (OD) of 0.6. 
After growth for 16 hours at 24°C, the cells were collected and 
resuspended in the B-PER bacterial protein extraction reagent 
(Thermo Fisher Scientific, 89822). Cell debris was removed by cen-
trifugation at 16,000g for 20 min. The supernatant was applied to 
Ni–nitrilotriacetic acid (NTA) resin (GenScript, L00250). After 
washes with wash buffer containing 20 mM tris (pH7.5), 300 mM 
NaCl, and 10 to 60 mM imidazole, the proteins were eluted from the 
affinity resin with 250 mM imidazole, 20 mM tris (pH7.5), and 
300 mM NaCl. The samples were concentrated using 10- or 30-kDa 
cutoff centrifugation filters (Millipore) and washed with ≥100 ml of 
reaction buffer containing 20 mM tris (pH7.5), 150 mM NaCl, and 
2 mM MgCl2 by centrifugation at 5000g. The concentrated samples 
were collected and stored at −80°C for future use.

Expression of glutathione S-transferase–MpNaam–His6 was 
induced in BL21(DE3) cells with 0.3 mM IPTG when the cell densi-
ty reached an OD of 0.6. After growth for 6 hours at 37°C, cells were 
collected, and MpNaam was purified using glutathione resin 
(GenScript, L00206). Expression of His6-TF-AmNaam1-His6 was 
induced in BL21(DE3) cells with 0.2 mM IPTG when the cell density 
reached an OD of 0.6. After growth for 24 hours at 15°C, cells were 
collected, and AmNaam1 was purified using Ni-NTA resin as 
described above.

Generation of Naam antibodies
The immunogen used for generating the D. melanogaster Naam 
polyclonal antibodies was the full-length Naam containing a C-terminal 
His6 tag. After elution from the Ni-affinity resin, the samples were 
further purified using anion exchange chromatography (SOURCE 
15Q, Cytiva) and size exclusion chromatography (Superdex 200 
Increase 10/300 GL, Cytiva). The peak fractions were collected, and 
Naam protein purity was verified to be >99% by SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE). The purified sample was shipped to 
GenScript to generate the rabbit polyclonal antibodies.

Enzyme assay
The Naam activity assays were performed as described (28,40) with 
modifications. A typical 200 l of reaction mixture (pH 7.5, 25°C) 
contained 1 mM -ketoglutarate, 500 M NADH, 3 U of glutamate 
dehydrogenase (GDH, EC 1.4.1.2; Yuanye Bio-Technology, S10067, 
Shanghai, China), and different concentrations of NAM. Reactions 
were initiated by addition of purified Naam to individual wells in an 
ultraviolet transparent 96-well microplate (Corning, 3635), and the 
decreasing fluorescence intensity at 340 nm was continuously moni-
tored with a microplate reader (Varioskan Flash, Thermo Fisher 
Scientific) for a total of 900 s at 15-s intervals. Naam concentrations used 
were as follows: 120 nM Naam, 25 nM BtNaam, 24 nM NlNaam, 
68 nM AmNaam1, 120 nM AmNaam2, 15 nM MpNaam, 120 nM 
AaNaam, 120 nM BbPncA, 60 nM CePNC-1, and 120 nM CePNC-2. 
The decrease absorbance of NADH by GDH measured at 340 nm 
represents the rate of NAM consumption, which reflects Naam activity.

For Naam inhibition measurements, various concentrations of 
compounds were added to the reaction mixtures. Each 200 l of 
reaction mixture (pH 7.5, 25°C) contained 1 mM a-ketoglutarate, 
500 M NADH, 3 U of GDH, and 500 M NAM. The reactions 
were initiated by addition of 120 nM Naam to the microplates, and 
the decreasing fluorescence intensity at 340 nm was continuously 

https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA009781
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA009781
https://www.genscript.com/kit/L00206-Glutathione_Resin.html
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monitored with a microplate reader (Varioskan Flash, Thermo 
Fisher Scientific) for a total of 900 s at 15-s intervals.

The calculations of the kinetic parameters were performed with 
GraphPad Prism 9.0. The data were fit to the Michaelis-Menten 
equation to determine Km values and fit to the [Inhibitor] versus 
normalized equation to determine median inhibitory concentration 
(IC50) values. Ki values were calculated according to the Cheng-Prusoff 
equation Ki = IC50/(1 + [s]/Km).

HPLC analysis
Four-day-old and uniform-size adult females were starved for 
10 hours and fed 10% sucrose (w/v) containing 2 mM FL, TFNA-AM, 
or 0.1% dimethyl sulfoxide (DMSO) as the solvent control for 1 or 
3 hours. Thirty heads from each group were dissected and homoge-
nized in 200 l of H2O and centrifuged through a 0.22 M filter 
(Corning, 8160). We compared NAM levels in both dissected 
second antennal segments and heads in preliminary tests, and there 
was no significant difference. Therefore, we used head samples in all 
HPLC experiments. About 20 l of filtered solution was injected into 
a 2-ml amber vial for analysis with a Waters UPLC (ultra performance 
liquid chromatography)–tandem MS system (Waters Corp., Milford, 
MA, USA), as described previously (41).

Western blot analysis
Protein extracts for Western blot analysis were prepared by homog-
enizing five 5-day-old male flies. Total protein extracts (10 g) were 
separated by SDS-PAGE (8 to 16%; GenScript, M00658) and trans-
ferred to polyvinylidene difluoride membranes (Millipore, ISEQ00010) 
using the eBlot L1 wet protein transfer system (GenScript). The 
membranes were blocked with 5% bovine serum albumin in tris- 
buffered saline for 1 hour. The following primary antibodies were used: 
rabbit anti-Naam (1:2000), mouse anti–glyceraldehyde phosphate 
dehydrogenase (1:5000; Proteintech, 60004-1-Ig).

Immunohistochemistry
Immunohistochemistry was performed as described previously (42). 
The dissected brains and antennas were fixed in 4% polyoxymethylene 
for 45 min following three washes in 0.3% Triton X-100 phosphate- 
buffered saline (PBS) (PBST) for 20 min each. The hindlegs were fixed 
in a 1:1 mixture solution of 16% polyoxymethylene and n-heptane 
for 30 min, following three washes in 0.3% PBST for 20 min each. 
The samples were then blocked in 5% goat serum for 40 min before 
being incubated with the primary antibodies in 5% goat serum for 
~24 hours at 4°C: rabbit anti-Naam (1:5000) and chicken anti–green 
fluorescent protein (1:1000; A-10262, Thermo Fisher Scientific). 
After three washes in 0.3% PBST for 20 min each, the samples were 
incubated with the secondary antibodies for ~24 hours at 4°C: 
Alexa Fluor 488 goat anti-chicken (1:1000; A-11039, Thermo Fisher 
Scientific) and Alexa Fluor 568 goat anti-rabbit (1:1000; A-11011, 
Thermo Fisher Scientific). The samples were washed and mounted 
in antifade reagent (S36936, Thermo Fisher Scientific). Both micros-
copy and image processing were performed using an LSM 800 laser 
scanning confocal microscope (Zeiss, Germany).

Molecular docking
The molecular docking was performed according to procedures 
similar to those described (43). The Naam model was built on 
Molecular Operating Environments using the Acinetobacter baumanii 
Naam crystal structure (Protein Data Bank ID: 2wt9) as the homology 

template. The model was evaluated using Ramachandran plots and 
the UCLA (University of California, Los Angeles)-DOE (Department 
of Energy) server. During molecular docking calculations, water 
molecules were deleted, 3D protonation was added, and the energy 
of the protein models was minimized using the MOE (Molecular 
Operating Environment) algorithm with default parameters. The 
MOE-dock program was used for docking compounds, and energies 
were minimized. To search for the correct conformations during 
the calculations, the ligand TFNA-AM was kept flexible. The de-
fault parameters were set according to the rigid receptor docking 
protocol. Thirty conformations containing the docked poses and scored 
were output at the end of the dock operation. A lower binding free 
energy in the docking simulation indicates a better binding inter-
action between the enzyme and the ligand.

Phylogenetic analysis
To identify the orthologs of Naam in different insect species, we 
searched the National Center for Biotechnology Information non-
redundant protein database using BLASTP. We renamed these 
Naam proteins according to their closest orthologs. All the amino 
acid sequences were aligned by Clustal X. A neighbor-joining tree 
was performed by MEGA 11 with default parameters, 1000 bootstrap 
replications, and substitution with the JTT (Jones-Taylor-Thornton) 
model and visualized by Evolview (https://evolgenius.info//evolview/).

Egg-laying assay
The N2 Bristol strain of C. elegans was maintained at 20°C on 
nematode growth medium plates seeded with the OP50 strain of 
E. coli under standard conditions. Thirty worms for each group 
were picked at the early L3 stage and cultured on 6-cm plates at 
20°C for 24 hours. M9 buffer (250 l) containing drugs or DMSO 
was added to the plates. All plates were sealed with parafilm to 
prevent evaporation of nicotinaldehydes. Twenty worms for each 
group were transferred to new plates after 48 hours and were 
allowed to lay eggs for 90 min at 20°C as described (44). At the assay 
end point, the number of eggs was counted. Each compound with 
two doses was repeated ≥3 times.

Real-time qPCR
The relative transcription levels of Naam in different RNAi and 
control flies were examined using RT-qPCR performed with a 
CFX96TM Real-Time PCR System (Bio-Rad, Hercules, USA). Total 
RNA was isolated with the TRIzol reagent according to the manu-
facturer’s instructions. Residual genomic DNA was removed by 
RQ1 RNase-Free DNase (Promega, Madison, USA). Total RNA was 
reverse-transcribed to cDNA with EasyScript First-Strand cDNA 
Synthesis SuperMix (Transgene, Beijing, China). RT-qPCR with 
gene- specific primers [Naam, 5′-GACCGCCTGAGTCTTGC-
CGAAT-3′ (forward) and 5′-TCTCGTGTCCTTGCTGCTGTGC-3′ 
(reverse)] was performed with ChamQ Universal SYBR qPCR 
Master Mix (Vazyme, Nanjing, China). RpL32 [ribosomal protein 
L32, 5′-GACGCTTCAAGGGACAGTATCTG-3′ (forward) and 
5′-AAACGCGGTTCTGCATGAG-3′ (reverse)] was used as an 
internal control. The relative expression of Naam was normalized 
to the reference (RpL32) using the 2−CT method.

Statistical analysis
All statistical calculations were performed using GraphPad Prism 
9.0 (San Diego, CA). Data were expressed as the means ± SEMs. 

https://evolgenius.info//evolview/
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Unpaired Student’s t tests were used for Fig. 3D. For comparison of 
three or more sets of data, we performed one-way analysis of variance 
(ANOVA) and Tukey’s multiple comparisons tests.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq3132

View/request a protocol for this paper from Bio-protocol.
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