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in the vetch aphid Megoura viciae

Xuan Song," Yao-Guo Qin,' Yi-Han Zhang," Yu-Bei Zhou," Dan Chen," Dong-Hai Xie,! and Zheng-Xi Li'#*

SUMMARY

The alkaline phosphatases (ALPs) are highly promiscuous enzymes and have been extensively investigated
in mammals for their medical significance, but their functional promiscuity is relatively poorly understood
in insects. Here, we first identified four ALP genes (designated as MvALP1-4) in the vetch aphid Megoura
viciae that contained one alkaline phosphatase site, three metal-binding sites, and varied other functional
sites. Phylogenetic analysis, molecular docking and the spatiotemporal expression profiling of MVvALP1-4
were very different, indicating a promiscuous functionality. We also found that MvALP4 involved the
biosynthesis of aphid alarm pheromones (EBF) in vitro and in vivo. Finally, transcriptome analysis in the
stimulated and unstimulated aphids supported the involvement of MvALPs in the biosynthesis of aphid
alarm pheromones. Our study identified a multifunctional ALP involved terpene synthase enzyme activity
in the aphid, which contributes to the understanding of the functional plasticity of ALPs in insects.

INTRODUCTION

Alkaline phosphatases (ALPs) are a large family of ubiquitous membrane-bound glycoproteins that catalyzes the hydrolysis of phosphate
monoesters at basic pH values.! They are present in microorganisms and animal cells but absent from some higher plants.”* Mammalian
ALPs are zinc-containing metalloenzymes encoded by a multigene family, which can be divided into four types according to the site of tissue
expression, i.e., intestinal ALPs, placental ALPs, germ cell ALPs, and tissue nonspecific ALPs or liver/bone/kidney ALPs.* Alignment of amino
acid sequences showed that the tissue-specific ALP isoenzymes shared 86-98% identity to one another,” but only 52-56% identity with tissue
nonspecific ALPs.® In the past years, ALPs have been continuously investigated for their diagnostic and therapeutic values. The bone isoen-
zymes have long been recognized to play a role in skeletal mineralization.”® The activity of liver and bone ALPs in serum has been extensively
applied in routine diagnosis of human diseases. Many studies regarding the prophylactic and therapeutic potential of intestinal alkaline
phosphatases have confirmed their potent role in protecting the gut and the entire body against inflammation.” Nevertheless, up to now,
our knowledge regarding the physiological functions of ALPs is still relatively limited.

The ALP superfamily consists of a large group of highly promiscuous metallohydrolases, sharing a similar active site architecture and sub-
strate preference, but exhibiting limited sequence homology.'” The members of ALPs have served extensively as both experimental and
computational model systems for deciphering the mechanisms of catalytic promiscuity.'” The classical perception of enzyme catalysis is
that enzymes are highly specific, with each enzyme for the turnover of a single substrate. Nonetheless, mounting evidence suggests that
many enzymes are capable of facilitate multiple reactions within the same active site.'” The ALP superfamily provides an excellent model
system for both in vitro and in silico studies of enzyme promiscuity, as members of ALP superfamily not only exhibit catalytic promiscuity,
but also show crosswise promiscuity. '

The first cDNA encoding an insect ALP was cloned and sequenced in the silkworm, Bombyx mori."? It was a membrane-bound ALP (m-ALP)
with a highly hydrophobic domain presumed to be a membrane anchoring region at the C-terminus. Based on sequence analysis, the sim-
ilarities between Bombyx m-ALP and mammalian ALPs were very low (41.7 and 45.6%), but higher homologies existed between m-ALP and
tissue-nonspecific ALPs. Nonetheless, the functionally important substrate-binding sites and metal-binding sites of various ALP isozymes
were highly conserved, suggesting a common ancestral gene for ALPs, although the silkworm ALP genes might have diverged long before
mammalian ALP genes.'” Earlier studies observed two midgut ALP isozymes in Bombyx larvae.'” Further biochemical analyses revealed that
the slow migrating band (membrane-bound alkaline phosphatase, m-ALP) and the fast moving one (soluble alkaline phosphatase, s-ALP),"®
but both forms were shown to be a monomer, different from the functional dimeric architecture of mammalian ALPs."®'® In addition, the
activity of silkworm ALPs was strongly inhibited by L-cysteine, although mammalian ALPs are inhibited by L-phenylalanine, L-homoarginine
and L-leucine." More impressively, ATPase activity was detected in the purified s-ALP of silkworm.'” Despite all these studies, the

Department of Entomology and MOA Key Laboratory for Monitoring and Environment-Friendly Control of Crop Pests, College of Plant Protection, China Agricultural
University, Beijing 100193, China

?Lead contact

*Correspondence: zxli@cau.edu.cn

https://doi.org/10.1016/.isci.2023.108115

Creskor iScience 26, 108115, November 17, 2023 © 2023 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:zxli@cau.edu.cn
https://doi.org/10.1016/j.isci.2023.108115
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108115&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

Osar
s-BmALP
m-BmALP
m-DmALP
@MvALP4
m-MsALP3
Insect

@MVALP2 | gialine phosphatase

m m-MsALP2
70 @MVALP1

I

I @MvALP3
BtTNSALP
55 .
HSTNSALP | .
61 isozyme
® MmTNSALP| alkaline phosphatase
_ 97 RnTNSALP
BtIALP
61 HSIALP Intestinal-type
alkaline phosphatase
MmIALP

Figure 1. An a maximum-likelihood tree based on ALPs amino acid sequences
The numbers represent the confidence calculated by bootstrapping. The ALPs of M. viciae and SAP are indicated by dark and hollow dots, respectively.

physiological roles of insect ALPs are poorly understood. Till today, only limited progress has been made in the involvement of insect ALPs as
toxin-binding proteins or functional receptors in the resistance of lepidopteran insects to Cry1Ac, an insecticidal crystal toxin from Bacillus
thuringiensis (BY).20%

The vetch aphid Megoura viciae as an important agricultural pest causes serious damage to the broad bean Vicia faba and the pea Pisum
sativum.”*> Gas chromatography/mass spectrometry combined with behavioral assays identified the major components of alarm phero-
mones in M. viciae.?® In addition, the molecular mechanism underlying the biosynthesis of alarm pheromones in the aphid is still partially
understood.”’*° Here we first identified four ALPs in M. viciae based on transcriptome sequencing and molecular cloning. We next focused
on the functional characterization of these ALPs by in vitro enzymatic activity assay, RNA interference and differential transcriptome
sequencing. Our results confirmed that one of these ALPs is a multifunctional enzyme. This is the first report of an insect ALP involved terpene
synthase enzyme activity.

RESULTS
Sequences of M. viciae alkaline phosphatases

The full-length cDNAs encoding ALPs in M. viciae were sequenced (designated as MvALP1-4) (GenBank acc. nos. UXP86334.1, UXP86335.1,
UXP86336.1, and UXP86337.1). The open reading frames of MVALP1-4 consisted of 1665-bp, 1542-bp, 1605-bp and 1425-bp nucleotides, en-
coding 557, 514, 535 and 475 amino acids, with a predicted molecular weight and theoretical pl of 60.64 kDa/6.04, 56.7 kDa/6.18, 59.01 kDa/
6.61 and 52.19 kDa/6.84, respectively. Sequence alignment showed that these ALPs shared an amino acid identity of 49.81% with their
homologs from Drosophila melanogaster, Bombyx mori, and shrimp alkaline phosphatase (SAP) (Figure S4). All of these ALPs contained
one alkaline phosphatase site and three metal binding sites (Figure S4; Table S5)."*?" A hydrophobic signal peptide existed in MvALP1-4
and all membrane-bound ALPs but not in soluble silkworm ALP and SAP (Figure S4).* Prediction of functional sites identified N-glycosylation
site,” amidation,**> Tyr-phosphatase site,* cell attachment site,®” P-Il protein family signatures,®® and hydrophobic domain®*~*" in these
ALPs (Tables S3-S6). It is noteworthy that only MvALP4 and m-DmALP contained both amidation site and Tyr-phosphatase site (Tables S5
and S6).

Phylogenetic analysis

Phylogenetic analysis showed that MVALP1, MVALP2, MVALP4 and other insect ALPs were clustered in a subclade with bootstrap score (46%),
while MVALP3 was clustered in a subclade belonging to tissue-nonspecific isozyme ALPs with a bootstrap score (55%) (Figure 1). The alkaline
phosphatases from Homo sapiens, Bos taurus, and Mus musculus formed a distinct group (intestinal-type ALPs). In addition, the silkworm
soluble ALP (s-BmALP) showed a close phylogenetic relationship to SAP from Pandalus borealis.

Spatiotemporal expression profiling of MvALP1-4

Temporal dynamics analysis showed that MVALPT was expressed significantly higher during the adult stage compared to the four nymphal
stages, followed by the 4™-instar nymphal stage (p < 0.001) (Figure 2A); there was no significant difference in the expression of MVALP2 for
all developmental stages (p = 0.164) (Figure 2B); a significantly higher expression of MVALP3 was observed during the 2"- and 3™-instar
stages (p = 0.004 and 0.048, respectively) (Figure 2C), and a significantly higher expression of MvALP4 was detected during the 4™instar
nymphal stage (p = 0.039). Tissue-specific expression analysis showed that MVALP1 was expressed highest in the head (p < 0.001), followed
by in the cornicle and embryo (p < 0.001) (Figure 2E); MVALP2 was expressed highest in the embryo, followed by in the cornicle and midgut
(p < 0.001) (Figure 2F). In contrast, both MVALP3 and MvALP4 showed an extremely higher expression in the midgut (p < 0.001) (Figures 2G
and 2H).
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Figure 2. Spatiotemporal expression profiling of MVALP1-4 by real-time quantitative PCR

(A-D) Stage-specific expression analysis. I-IV: 1°%-4™ instar nymph; A: 2-day-old adult.

(E-H) Tissue-specific expression analysis. He: head; Ep: epicuticle; Cu: cuticle; Mi: midgut; Co: cornicle; Em: embryo. Data are means + SD of three biological
replicates. The significance of differences were analyzed by ANOVA and Tukey's test. Different lowercase letters indicate significant difference at p < 0.05.

Molecular modeling and docking

The best 3D models (rank 1) of MVALP1-4 were built (Figures 3A, 3D, 3G, and 3J), with an overall quality factor of 91.829%, 87.344%, 94.336%,
and 94.643%, respectively (Figure S5). A Ramachandran plot indicated that 88.0%, 87.1%, 91.9%, and 91.7% of MVALP1-4 residues were in the
most favored regions, respectively (Figure Sé). The binding residues for divalent metal ions (MG) in MVALP1 active site were Asp78 (2.14 A),
Ser128, His191, Ser193 (2.39 A) and Glu350 (3.22 A) (Figures 3B and 4A). Molecular docking indicated that (E, E)-FPP was tightly bound to
MVALP1 with a G value of —5.9 kcal/mol, via hydrogen bonds with Arg188 (3.31 A), His191 (2.96 A), His312 (3.19 A) and His359 (3.18 A)
(Figures 3C and 4B; Table S7). These four key residues and additional residues including Asp127, Tyr143, Lys144, Arg204, Glu205, Val356,
Phed71, Glu4d72, Thrd73, and His474 formed the binding site (Figure 4B; Table S8). Similarly, divalent metal ions (MG) tightly bound to different
binding residues in MVALP2 (Asp90, Ser142, His205, Ser207 and Glu352 (2.99 »&)), MVALP3 (Asp59 (2.21 A), Ser109, Asp172, Ser174 (2.21 A) and
Glu332 (3.29 A)) and MVALP4 (Asp90 (2.51 A), Ser141, His206 (2.21 A), Thr207 and Glu368 (3.03 A)), respectively (Figures 3E, 3H, 3K and 4C, 4E,
4G). The glide G value of MVALP2, MVALP3, and MvALP4 were —6.2 kcal/mol, —6.2 kcal/mol and —6.7 kcal/mol, respectively (Table S7). (E, E)-
FPP was bound to MVALP2 via hydrogen bonds with Ser142 (2.91 A), Arg218(2.78 A) and His361 (2.80 A), which formed the binding site along
with the other 13 residues (Ser34, Met36, Asp37, Phed0, Arg202, His205, Ser312, His313, Met314, Arg355, Asp357, His358 and GIn362)
(Figures 3F and 4D; Table S8). (E, E)-FPP was bound to MvALP3 via hydrogen bonds to Arg169 (3.11 A), Asp172 (2.91 A and 3.00 A),
Arg185 (3.04 A and 3.21 A) and Lys338 (2.93 A and 2.97 A), forming a binding pocket with additional 4 residues (His294, Met295, Asp296,
and Tyr297) (Figures 3l and 4E; Table S8). (E, E)-FPP was bound to MvALP4 via hydrogen bonds to His204 (3.11 A and 3.20 A), Arg217
(2.92 A and 3.06 A) and Trp374 (3.06 A), forming a binding pocket with additional 3 residues (Tyr333, His377 and Ser378) (Figures 3L and
4G; Table S8).

In vitro enzymatic activity assay

The in vitro reaction using the commercial SAP enzyme (positive control) and (E, E)-FPP generated (E, E)-farnesol (RT = 33.666 min) and a small
amount of (E, E)-B-farnesene (RT = 26.071 min) (Figures S7 and S8). The reactions using the recombinant proteins of MVALP1-4 demonstrated
that only MvALP4 could catalyze the formation of (E, E)-farnesol (Figure 5D). Moreover, MvALP4 could generate a small amount of (E, E)-B-far-
nesene based on GC-MS analysis with extracted ion chromatogram (EIC) (Figures 6, S9, and S11).

RNAi-mediated functional analysis of MvALP4

The expression of MVALP4 was successfully knocked down by treatment with dsMvAP4 for 36 h or 48 h (Figure 7A). Compared to the control
(treatment with dsGFP), MVALP4 was significantly down-regulated by 62.62% at 48 h (p < 0.001). After RNAi against MVALP4, the contents of
four major alarm pheromone components per aphid (ng/uL) were significantly decreased in M. viciae (Figure 7B). Specifically, the amount of
(=)-B-pinene, (E, E)-B-farnesene, (—)-a-pinene and (+)-limonene was decreased by 29.94%, 14.01%, 54.40% and 36.31%, respectively, after
treatment with dsMvALP4 (p = 0.000294, 0.003818, 0.000128 and 0.003158, respectively).
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Figure 3. Three-dimensional model and molecular docking of MVALP1-4

(A, D, G, J) Three-dimensional the active site architectures structures of MVALP1, MVALP2, MVALP3, and MVALP4, respectively.
(B, E, H, K) The active site architectures structures and binding residues for Mg?* (green) in MvALP1-4, respectively.

(C, F, 1, L) Interactions between MvALP1-4 and (E, E)-FPP via key residues (purple).

Alkaline phosphatase activity of crude proteins

The enzymatic activity assay using crude protein extracts from the 3"%-instar nymphs with (E, E)-FPP as the substrate identified (E, E)-farnesol
(RT = 33.719 min) and (E, E)-B-farnesene (RT = 26.074 min) based on GC-MS product analysis (Figure 8A). No expected products were
detected in the negative control group (Figure 8B).

Quantitative analysis of alkaline phosphatases and (E, E)-B-farnesene in M. viciae under simulated stimulation

Quantitative analysis showed that the amount of (E, E)-B-farnesene was significantly decreased at different time points after droplet release
from the cornicle by simulated stimulation (p < 0.01) (Figure 9A), but the amount of (E, E)-B-farnesene rebound sharply at 12 h after droplet
release, although the level was still lower than the control group (Figure 9B). In contrast, the total content of alkaline phosphatases gradually
increased and reached a peak at 24 h after simulated stimulation (Figures 9C and 9D).

Transcriptome sequencing in response to simulated stimulation

Atotal of 47,244 unigenes were annotated based on transcriptome sequencing. The KEGG enrichment analysis classified these unigenes into
six functional categories: Organismal systems, Metabolism, Human diseases, Genetic information processing, Environmental information
processing, and Cellular processes (Figure S8). Transcriptome sequencing in response to simulated stimulation identified 895 differentially
expressed genes (DEGs), including 555 up-regulated and 340 down-regulated DEGs (Figures 9A and 9B). Based on the transcriptome
data, the expressions of MVALP1-4 were up-regulated by 0.06, 0.49, 1.02, and 0.17-fold changes transformed by Log2, respectively, whereas
the expressions of FPPS and GGPPS were not significantly changed (Figure 10).

DISCUSSION

In the present study, we identified four ALP genes in M. viciae based on transcriptome sequencing, molecular cloning, sequence analysis, and
phylogenetic analysis. The four MVALPs shared a relatively low amino acid identity with their homologs from other insect species. Phyloge-
netic analysis showed that all insect ALPs are clustered in a group, except MVALP3 grouped with tissue-nonspecific isozyme ALPs.
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Figure 4. Molecular docking of MvVALP1-4 with ligands visualized in 2D

(A, C, E, G) The binding residues for Mg2+ (pink) in MVALP1-4, respectively.

(B, E, H, K) Interactions between MvALP1-4 and (E, E)-FPP via binding residues. The numbers indicate the positions of amino acid residues. The green dashes and
corresponding values represent hydrogen bonds and distances, respectively.

Interestingly, the shrimp SAP is clustered with the silkworm soluble s-BmALP, which are closely related to a neighboring subclade containing
m-BmALP, m-DmALP, and MvALP4. Prediction of functional sites showed that all of these ALPs contained one alkaline phosphatase site and
three metal-binding sites, but varied in other functional sites such as N-glycosylation site, amidation, Tyr-phosphatase site, cell attachment
site, P-Il protein family signatures, and hydrophobic domain, indicating functional promiscuity of this family of enzymes.
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Figure 5. Identification of the products generated by recombinant MvALP1-4 with (E, E)-FPP as the substrate by using GC-MS
(A) MVALP1; (B) MVALP2; (C) MVALP3, and (D) MvALP4. Peak no.2 indicate (E, E)-farnesol (RT = 33.618 min).
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Figure 6. ldentification of the products generated by recombinant MvALP4 with (E, E)-FPP as the substrate by using GC-MS

(A) Gas chromatogram of (E, E)-B-farnesene with EIC (RT = 26.012 min), Peak no.1.

(B) Mass spectra of the product (m/z: 69.07, 79.05, 93.07, 105.07, 120.09, 133.10, 147.12, 161.13, 189.16, 207.03, 253.02, 281.05, 327.04, 355.07).

(C) Mass spectra of the reference standard (E, E)-B-farnesene (m/z: 55.05, 69.07, 79.05, 93.07, 105.07, 120.09, 133.10, 161.13, 189.16, 207.03, 253.02, 281.05, 327.04).

To predict the potential action sites of MVALPs, we conducted a spatiotemporal expression analysis of ALPs in M. viciae. As expected,
MVALPs were expressed during all developmental stages of the aphid. Nonetheless, tissue-specific analysis uncovered distinct expression
patterns of different MVALP genes: MVALP1 was expressed highest in the head; MVALP2 was expressed highest in the embryo, but both
MvALP3 and MVALP4 had an extremely higher expression in the midgut. In insects, pheromones are usually synthesized in specialized cells
associated with the epidermis,’” and midgut cells as the site for pheromone biosynthesis have been reported in males of the bark beetles Ips
pini and Dendroctonus jeffreyi.*>** Although there is not a pheromone gland in the midgut, cells appear to be involved in isoprenoid
pheromone production throughout the tissue.*” In aphids, evidences from biochemical and molecular studies have shown that the terpene
alarm pheromone components are synthesized de nova.”®*° Thus, the possibility of MvALPs being involved in the biosynthesis of aphid alarm
pheromone should not be excluded.

Molecular modeling and docking help us to better understand the relationships between structures and functions of enzymes. The active
site of silkworm m-BmALP contains three metal binding sites, including two Zn?* (the substrate binding arginine) and one Mg?* (coordinating
water molecule hydrogen-bonding to the substrate). In the magnesium site, the residues Asp51, Asp153, Thr155 and Glu322 were presumed
to be important for constituting the active pocket in m-BmALP."® Based on 3-D modeling in this study, the active pocket (magnesium site) in
MvVALP1-4 were formed by the conserved residues Asp, Ser, His/Asp/Thr, Ser and Glu, respectively, and the first Ser is the key amino acid
residue in alkaline phosphatase sites. Nonetheless, molecular docking simulation revealed that, although all four MvALPs can tightly bind
to the substrate (E, E)-FPP, the residues forming the active pocket of different MVALPs varied. These results suggested a structure-based
functional promiscuity in MvALPs.
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Figure 7. RNAi-mediated knockdown of MVALP4 and its effects on the amount of aphid alarm pheromones in M. viciae

(A) RNAI efficiency of dsMVALP4 at different time points (12 h, 24 h, 36 h and 48 h) after treatment; (B) The amounts of aphid alarm pheromones after treatment
with dsMVALP4 compared to the negative control group (dsGFP). Data are means + SD of three biological replicates. The significance of differences is analyzed
by using Student's t test, **, p < 0.01; ***, p < 0.001; N.S., p > 0.05.
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Figure 8. ldentification of the product generated by crude proteins extracted from M. vicia with (E, E)-FPP as the substrate by using GC-MS

(A) Crude proteins with (E, E)-FPP.

(B) Crude proteins without (E, E)-FPP (negative control). Peaks nos. 1 and 2 indicate (E, E)-B-farnesene (RT = 26.074 min) and (E, E)-farnesol (RT = 33.719 min),
respectively.

(C) Mass spectra of (E, E)-B-farnesene (m/z: 69.07, 93.07, 120.09, 133.10, 147.11, 161.13, 175.15, 207.03, 253.02, 281.05).

(D) Mass spectra of (E, E)-farnesol (m/z: 57.07, 69.07, 81.07, 93.07, 155.08, 197.13, 212.15).

In vitro enzymatic activity assay using (E, E)-FPP as the substrate found that MvALP4 can catalyze the formation of (E, E)-farnesol and
generate a small amount of EBF. This result is interesting because it not only corroborated the instinct ALP activity of MvALP4 but also un-
covered a novel sesquiterpene synthase activity in MVALP4. Moreover, this finding is surprising as all four MvALPs are predicted to be func-
tional ALPs based on structural and molecular studies. One of the possible explanations is that the reaction conditions for the commercial
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Figure 9. Quantitative analysis of (E, E)-B-farnesene and ALPs in M. viciae under stimulated and unstimulated conditions

(A) Amounts of (E, E)-B-farnesene; (B) dynamics of (E, E)-B-farnesene represented by line chart.

(C) Amounts of ALPs.

(D) dynamics of ALPs represented by the line chart. Data are means + SD of three biological replicates. The significance of differences is analyzed by using
Student's t test, ***, p < 0.001; N.S., p > 0.05.
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Figure 10. Comparative transcriptome analysis in response to simulated stimulation

(A) Volcano plot.

(B) Numbers of DEGs in the 3"-instar nymphs at 24 h after simulated stimulation.

(C) Fold changes in the expression levels of MvFPPS, MVGGPPS and MVALP1-4 transformed by Log2. The gray splashes indicate genes without significantly
differential expression. The red splashes indicate significantly up-regulated genes, and the blue splashes indicate significantly down-regulated genes.

alkaline phosphatase SAP (pH 9.0, 37°C, Mg?*) are only optimal for MvALP4 but not for other three MvALPs. Most known common catalytic
scaffolds employed by alkaline phosphatases include one or more divalent metal ions (Zn?*, Ca®* or Mn?*) with different pH values that played
important roles in catalytic function.’ The pH stability of m-ALP and s-ALP were 7-12 (optimum: 10.9) and 79 (optimum: 9.8), respectively." If
this is the case, more optimizations are needed for the reaction conditions for each of MVALPs, including temperature, pH values, and metal
ions. Thus, it is still a challenge for us to identify the optimal combination of the catalytic promiscuity in the alkaline phosphatase.

The function of MVALP4 is involved terpene synthase activity that based on in vitro enzymatic assay, which is supported by our RNAi-medi-
ated functional analysis. After expression knockdown of MvALP4, the four major alarm pheromone components were significantly reduced in
the aphid, including EBF, (—)-B-pinene, (—)-a-pinene and (+)-limonene. These results suggested that MvALP4 was not only involved in the
biosynthesis of EBF but of the other three components, although the reaction conditions for the other pheromone components need further
investigation. Moreover, the terpene synthase activity of MvALP4 was also corroborated by enzymatic activity assay using crude proteins from
aphids, in which (E, E)-farnesol and EBF were generated with (E, E)-FPP as the substrate. This confirmed that EBF was biosynthesized de novain
the aphid.

We also performed a quantitative analysis of EBF and ALPs after droplet release by the aphid in response to simulated stimulation. It
revealed that EBF was significantly reduced after droplet release, with a sharp rebound after 12 h, while ALPs were enhanced by stimulation,
with a gradual rebound. These results showed that ALPs are negatively correlated with the amount of EBF, suggesting a role of ALPs in the
biosynthesis of EBF.

Finally, we performed a transcriptome analysis in the aphid in response to simulated stimulation, which identified 895 DEGs (555 up and 340
down). The expressions of MVALP1-4 were up-regulated to different extents. Impressively, MvALP3 exhibited the highest extent of
upregulation, followed by MvALP2, while MvALPT and MvALP4 displayed the least upregulation. It is thus interesting to examine the novel
functions of MVALP3 and MVvALP2in the future. In addition, the expression of farnesyl diphosphate synthase FPPS and geranylgerany! diphos-
phate synthase GGPPS (the key genes of the terpenoid backbone biosynthesis pathway) showed no significant change after stimulation, which
was consistent with our previous finding that the immediate compensation of alarm pheromones was not required after droplet release.*

8 iScience 26, 108115, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

In conclusion, we identified four ALPs in M. viciae. We further showed that MVALP4 is a multifunctional enzyme with ALP and sesquiterpene
synthase activities based on molecular docking simulation, in vitro enzymatic assay, RNAi-mediated gene knockdown, crude protein assay
and quantitative analysis. Our results suggest that at least one of the four ALPs in M. viciae is involved in the biosynthesis of alarm phero-
mones. This is the first report of an insect ALP having terpene synthase activity. Our study contributes to the understanding of the functional
plasticity of ALPs in insects.

Limitations of the study

Our results revealed a multifunctional ALP involved the biosynthesis of aphid alarm pheromones. However, our enzymatic activity assay is
based recombinant ALP enzymes in Escherichia coli. It is still necessary to verify whether we can get purified ALPs in insects. Our results
only represent an insect ALP having terpene synthase activity, while the MvALPs contained similar functional sites that indicated they could
have same function. We also need know about more reaction conditions for each of MVALPs. In summary, promiscuous functions of ALPs need
more power evidence in the future research.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
M. viciae feed on Pisum sativum This paper N/A
Bacterial and virus strains
Escherichia coli Trans1-T1 TransGen Biotech CD501
Escherichia coli BL21(DE3) TransGen Biotech CD601
Chemicals, peptides, and recombinant proteins
TRIzol reagent Invitrogen 15596026CN
AG RNAex Pro reagent Accurate Biotechnology AG21101
(E, B)-FPP Sigma-Aldrich 44270
(E, E)-B-farnesene Sigma-Aldrich 73492
(E, E)-farnesol Sigma-Aldrich 277541
SAP TaKaRa Biotechnology 2660A
nanocarrier SPc Research Group of Insect Development N/A
in the Department of Entomology, China
Agricultural University
Critical commercial assays
2xKODmix-plus Sino-US Taihe Biotechnology PC203-01
pCloneEZ-NRS-Blunt-Kan/HC Sino-US Taihe Biotechnology C5852-50
AidQuick Gel Extraction kit Aidlab DR0401
SYBR Green Pro Tag HS Mix Accurate Biotechnology AG11701
GoldTM His-tag purification resin Beyotime P2210FT
Cell lysis buffer for Western and IP without inhibitors Beyotime P0013J
Alkaline Phosphatase Assay Kit Beyotime P0321S
T7 RiboMAX™ Express RNAi System Promega P1700
Oligonucleotides
Primers are listed in Table S1 This paper N/A
Software and algorithms
Prism 8 Graphpad https://www.graphpad.com/scientific-
software/prism/
OpenBabel v. 3.1.1 N/A https://openbabel.org/
AutoDocktools v 1.5.7 Vina https://autodocksuite.scripps.edu/adt
Pymol N/A https://www.pymol.org/pymol
LigPlot™ Java https://www.ebi.ac.uk/thornton-srv/
software/LigPlus/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zheng-Xi Li (zxli@

cau.edu.cn).

Materials availability

All unique reagents or aphid generated in this study are available from the lead contact without restriction.
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Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Insects

M. viciae (Hemiptera: Aphididae) (wild type) was obtained from Hebei Agricultural University and reared on Pisum sativum L. in the Laboratory
of Insect Molecular Ecology in China Agricultural University, Beijing. The aphids were maintained under the conditions of 704+5% R.H. and
16L: 8D photoperiod at 19+ 1 °C in a growth chamber (RXZ-300B, Ningbo, China).”” These aphids had agamogenesis mode. The 1°instar
nymphs of aphids (n = 30) were moved to P. sativum and placed in 1.5% (w/v) agar in abox (13.5cm X 11.8 cm X 6.5 cm). The 3"-instar nymphs
were used in this study.

METHOD DETAILS

RNA extraction

Total RNA was extracted from different tissues of 2-day-old adult aphids (head, epicuticle, cuticle, midgut, cornicle and embryo) and from
whole aphid bodies at different developmental stages (14" instar nymphs and 2-day-old adult), respectively, using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The integrity of RNA templates was examined using 1.2% agarose and
checked using a NanoDrop 2000 spectrophotometer (NanoDrop, Wilmington, DE, USA). First-strand cDNAs were synthesized from 500 ng
RNAs by using the HiScript Il qRT superMix with gDNase (Vazyme, Nanjing, China) and stored at -80 °C for further use.”’

Sequencing of ALP genes in M. viciae

The primers for amplifying the ALP genes of M. viciae were designed according to its transcriptome data previously sequenced by our group
(Table S1).* The polymerase chain reaction (PCR) procedures were performed as followed: predenaturation at 95 °C for 2 min, followed by 35
cycles of amplification (95°C for 10's, 55°C for 30's, and 68°C for 1 min), and a final extension at 68 °C for 7 min. The reaction system consisted
of 25 pL. 2 x KODmix-plus (Sino-US Taihe Biotechnology, Beijing), 1 uL cDNA template, 1 uL of each forward and reverse primer (10 pmol/L),
and 22 uL RNA-free H,O. PCR products were checked by 1.2% agarose gel electrophoresis and recovered by AidQuick Gel Extraction kit. The
purified product was ligated to the vector pCloneEZ-NRS-Blunt-Kan/HC (Sino-US Taihe Biotechnology, Beijing) and then transferred to
Escherichia coli Trans1-T1 (TransGen Biotech, Beijing, China) for sequencing by Sino-US Taihe Biotechnology Company (Beijing, China).

Phylogenetic analysis

Alignment of the amino acid sequences of ALPs was carried out on the PRALINE online server (http://www.ibi.vu.nl/programs/pralinewww/).*®
To construct a maximum-likelihood tree, aligned sequences were analyzed using IQ-TREE web server (http://igtree.cibiv.univie.ac.at/).”? The
reliability of nodes were assessed by bootstrap resampling (1000 times).”” The resulting tree was further edited using the Interactive Tree of
Life (iTOL, https://ﬁtol.emb\,de).m The reference sequences included SAP, membrane-bound and soluble, intestinal-type and tissue-nonspe-
cificisozyme alkaline phosphatases (Table S2). Analysis of ALP motifs was performed on the Novopro online servers (https://www.novopro.cn/
tools/motifscan.html) and Protter (ht‘qo://vv\ab.etthch/protter/).bz'b3

Spatiotemporal expression profiling of ALP genes in M. viciae

The spatiotemporal expression patterns of M. viciae ALP genes were analyzed by real-time quantitative PCR (RT-qPCR) on the ABI
QuantStudio 6 Flex Detection system. The reactions were performed in a volume of 20 pL containing 10 pL of SYBR Green Pro Taq HS
Mix, 0.4 uL ROX Reference Dye (4 uM), 6.6 uL RNA-free H,O, 1.0 pulL forward and reverse primers (10 pmol/L), and 1.0 pL cDNA template
(500 ng). The thermal cycling program consisted of denaturation at 95°C for 20 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s.
The melt curve stage was set up as followed: 95 °C for 15's, 60 °C for 1 min, and 95 °C for 15 s. The ribosomal protein L32 of A. pisum
(GenBank acc. no. NM001126210.2) was used as the internal reference gene.”"*” The primers used in this study were listed in Table S1.
The specificity and amplification efficiency of the primers were assessed using regression coefficient (R?) (Figure $1).°° The relative expression
levels of target genes were quantitatively analyzed in different tissues and during different developmental stages using the 22T method.”’
The head and the 1°%-instar nymph were used as the calibrator samples for tissue- and stage-specific RT-gPCR analysis, respectively. Three
biological replicates were conducted for each sample.

Molecular modeling and docking

The three-dimension (3D) structures of ALP proteins were modeled via the ColabFold: AlphaFold2 using MMseqs2 (https://alphafold.com/).”®
The stereochemical quality of ALP models were validated (ERRAT and PROCHECK) using the SAVES v6.0 structure server (https://saves.mbi.
ucla.edu/).”” The active site architectures and binding residues for divalent metal ions (MG) were evaluated by COACH online server (https://
seg2fun.demb.med.umich.edu/COACH/).%° The structure data file (SDF) of the target compound was downloaded from the PubChem
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database (https://pubchem.ncbi.nlm.nih.gov/). The SDF was then converted to Mol2 format using OpenBabel v. 3.1.1.°" Then the modeled
structures and ligands were converted to PDBQT format on AutoDockTools.*” Docking was carried out using Vina integrated with
AutoDocktools v 1.5.7 and the docking scores showed the interaction energies (kcal/mol). The top 10 poses of the ligand (E, E)-FPP were
ranked based on the lowest binding affinity. The interaction between receptor and ligand was analyzed and visualized using Pymol and
LigPlot* to draw 3D and 2D pictures, respectively.®***

Recombinant expression and purification of ALPs

ALP genes were fused with the vector pET28a(+) cut with BamH | and Hind Ill (TaKaRa Biotechnology, Beijing, China). The fused expression
vectors were transformed into Escherichia coli BL21(DE3) (TransGen Biotech, Beijing, China). Single positive colonies were cultured in 200 mL
Luriae-Bertani media (LB, pH7.3) with 50 mg/mL kanamycin at 37°C (200 rpm), and then 0.1 mM isopropylthio-b-D-galactoside (IPTG) was
added to the culture medium, which was allowed to grow under 18°C and 150 rpm until the OD600 reached 0.1. The cells were collected
from liquid culture by centrifugation at 12,000 g for 30 min at 4°C and resuspended in 50 mM Tris-HC| buffer (pH7.3). After sonication and
centrifugation (16,000 g for 30 min at 4°C), the protein was purified by GoldTM His-tag purification resin (Beyotime, Shanghai, China) with
50 mM imidazole (Solarbio, Beijing, China) buffer (50 mM Tris-HCI buffer with imidazole added to a final concentration of 50 mM, pH7.3).
Fractions were analyzed by SDS-PAGE (Figure S2). Purified ALP proteins were resuspended in the storage buffer (25 mM Tris-HCI, pH 7.0,
25 mM MgCly, 1 mM DL-1,4-dithiothreitol and 50% glycerol).* Their concentrations were determined at OD595 on the SpectraMax 13x using
the Bradford method.****

In vitro enzymatic activity assay of ALPs

The enzymatic reaction system contained recombinant ALP enzymes (5.0 pM) in the assay buffer (25 mM Tris-HCI, pH9.0, 5 mM MgCl, and 50%
glycerol) and the substrate (E, E)-FPP (Sigma-Aldrich, Oakville, Canada) in a 1.5-mL centrifuge tube. The reaction mixture was incubated at
37°C (200 rpm) for 21 h. The non-polar solution n-hexane (100 uL) was then added to extract the products. The supernatant after centrifuge at
4°C for 30 min was analyzed by Gas chromatography-mass spectrometry (GC-MS). The enzymatic reaction with SAP (TaKaRa Biotechnology,
Beijing, China) was used as the positive control.

Product analysis by GC-MS

The supernatant (50 pL) from in vitro enzymatic reaction was transferred into a 2-mL vial for product analysis by GC-MS on an Agilent 7890B/
7200 (Agilent Technologies Inc., California, USA). The samples were analysed on an Agilent, equipped with an HP-5 capillary column
(300 mm X 0.25mm x 0.25 um). The program of GC-MS was the same as described earlier.*® Briefly, the sample (2 uL) was injected with helium
as carrier gas at a split flow of 2:1. The oven temperature program consisted of 40°C (hold for 1 min), increased to 220°C at a rate of 4°C/min
and then to 280°C at a rate of 11°C/min (hold for 10 min). The injector and ion source temperatures were set to 250°C. The MS was operated
with electron impact ionization (El, 60 eV) and a scan range of m/z 20-1020. The pure external standards of (E, E)-B-farnesene and (E, E)-far-
nesol (Sigma-Aldrich, Oakville, Canada) were analyzed under the same conditions.*® The amount of pheromone component was estimated by
comparing the peak area ratio of the sample to the standard. Three biological replicates were performed for each reaction.

Functional analysis of MvALP4 by RNA interference (RNAI)

The functional MvALP4 gene verified by in vitro enzymatic activity assay was further analyzed by RNAI. The double-stranded RNAs (dsMvALP4)
of ALP gene and green fluorescent protein gene (KX247384) were synthesized by using the T7 RiboMAX™ Express RNAi System (Promega,
Madison, WI, USA) and the primers listed in Table S1. The 3%instar nymphs were used for RNAi analysis at four different time points (12 h, 24
h, 36 h and 48 h). The relative gene expression level was analyzed by RT-gPCR, and the amounts of aphid alarm pheromone components were
measured by GC-MS. Briefly, dsRNAs (working concentration: 500 ng/ulL) were mixed with the nanocarrier SPc (provided by the Research
Group of Insect Development in the Department of Entomology, China Agricultural University) at a mass ratio of 1:1, and added to a formu-
lation containing 0.3% (v/v) detergent.*>“° The mixture (40 nL) was then applied on the notum of aphid by using a Nanoliter 2000 microinjector
(World Precision Instruments, Sarasota, USA) on ice and kept for 15 min. The treated nymphs were moved to plants after the solution was
assimilated. The protocol for GC-MS after RNAi was the same as described above. Three biological replicates were performed for each

group.

Enzymatic activity assay of crude proteins

The 3"%instar nymphs (n = 100) were fully milled in the Cell lysis buffer for Western and IP without inhibitors P0O013J (Beyotime, Shanghai,
China) (100 pL) in a 1.5-mL centrifuge tube on ice, which was then centrifuged at 4°C for 30 min. The supernatant (crude proteins) was moved
into a clean tube for setting up an enzymatic reaction system with (E)-FPP as the substrate as described above. The supernatant without add-
ing (E)-FPP was used as the negative control.

Quantitative analysis of ALPs and alarm pheromone component in M. viciae under simulated stimulation

Under a stereomicroscope (SMZ-850; Olympus; Japan), the 3™-instar nymphs were gently pressed on its back with a needle to artificially stim-
ulate them to emit droplets from the cornicle (n = 50). Subsequently, ALPs and aphid alarm pheromone components were quantitatively
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analyzed at different time points (0 h, 6 h, 12 h, 24 h and 48 h) under stimulated and unstimulated conditions, respectively. The unstimulated
groups were used the negative control. The amount of (E, E)-B-farnesene (alarm pheromone component) was for GC-MS analysis as described
above. The Alkaline Phosphatase Assay Kit P0321S (Beyotime, Shanghai, China) was used to quantify ALPs. The fully milled aphids in the Cell
lysis buffer (200 plL) was centrifuged (12000 rpm) at 4°C for 30 min. The supernatant (50 pl) and chromogenic substrate P0321S-2 (50 pl) were
incubated at 37°C for 30 min, and then 100 pL stop-reaction solution (P0321S-4) was added. The mixture turned into yellow, and the quantity of
ALPs was determined at OD595 nm on the SpectraMax 13x (Molecular devices, California, USA). ALPs were also quantified during different
developmental stages (154t instars and 2-day-old adult) (Figure S3A). P0321S-3 (p-nitrophenol) was used as the standard (Figure S3B).%7 Six
biological replicates were carried out for each group.

Transcriptome sequencing in response to simulated stimulation

Total RNA (150 ng) was extracted from the 3™-instar nymphs at 24 h after simulated stimulation by using AG RNAex Pro reagent (Accurate
Biotechnology, Changsha, China) according to the manufacturer instructions. The unstimulated aphid was used as the negative control. Tran-
scriptome sequencing was completed by BGI Company (Beijing, China).®® All clean reads data were used to predict unigenes by Blastx search
against the Nr, Nt, Swiss-Prot, Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.*” Functional anno-
tation and classification for unigenes were performed by using KEGG. The read counts were further used to quantify transcript abundance into
FPKM (Fragments per kilobase of exon model per million mapped reads) values in two groups.”” DEGseq provided statistical routines for R
package in differential gene expression analysis.”"’? The P-value set the threshold for the difierential gene expression test. The fold change
(FC>1.0) and the false discovery rate (FDR <0.001) were the cut-off conditions for DEGseq.”‘74 For KEGG classification of differentially ex-
pressed genes (DEGs), the DEGs were mapped to terms in the KEGG database.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistical analyses and preliminary graphs were made using the software GraphPad Prism 8.0 (GraphPad Software, San Diego, CA). Sta-
tistical analyses on the differences in the relative gene expression levels of different developmental stages and different tissues were analyzed
using ANOVA and Tukey's B multiple range test (Figure 2). Molecular modeling and docking were carried out using Vina integrated with
AutoDocktools v 1.5.7 (Figure 3). The relative expression levels of knockdown genes were statistically compared by using the Student’s
t-test (Figure 7). The differences in the amounts of ALPs and aphid alarm pheromone components between different groups also were
analyzed using Student’s t-test (Figure 9). The statistical details and the replicate number of experiments can be found in the figure legends.
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