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Figure 1. Responses to sucrose solution, pollen, and larva stimulations were significantly different among behavioral phenotypes and between

honeybee species. (A) The proportion of pollen foragers (PFs), nectar foragers (NFs), and nurse bees (NBs) showing a proboscis extension reflex (PER)

increased with increasing concentrations of sucrose solutions. Left: Apis mellifera ligustica (AML), right: Apis cerana cerana (ACC). Details of the

statistical results of our comparisons of sucrose responsiveness between behavioral phenotypes and bee species are listed in Supplementary file 1. (B)

Median sucrose response scores (SRS; intermediate lines) and quartiles (upper and lower lines) of PFs, NFs, and NBs. The number of bees per group

was between 125 and 136. Kruskal-Wallis tests with Bonferroni correction were used to compare the SRSs of the three behavioral phenotypes in the

same species and significant differences are denoted by letters at p<0.05. Pairwise Mann-Whitney U tests were used for comparing the same

phenotype between two honeybee species (*p<0.05). (C) Proportion of PFs, NFs, and NBs showing PER to pollen stimulation of their antennae. (D)

Proportion of PFs, NFs, and NBs showing PER to antennal stimulation with larvae. Numbers in bars represent the number of individuals sampled in

each group. Independent chi-square tests were used to compare the responsiveness to pollen or larvae between species (*p<0.05) and among

behavioral phenotypes within species (letters indicate significant difference at p<0.05).
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Figure 2. Quantitative comparison of the brain neuropeptides among behavioral phenotypes and species. The brain neuropeptides were quantitatively

compared between nurse bees (NBs), pollen foragers (PFs), and nectar foragers (NFs) of Apis mellifera ligustica (AML) and Apis cerana cerana (ACC).

Figure 2 continued on next page
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Figure 2 continued

The up- and downregulated peptides are indicated by yellow and blue colors, respectively. Color intensity indicates the relative expressional level, as

noted in the key. Letters A, B, and C on the right represent significant differences between NBs and PFs, NBs and NFs, and PFs and NFs in AML,

respectively; a, b, and c represent significant differences between NBs and PFs, NBs and NFs, and PFs and NFs in ACC, respectively; X, Y, and Z

represent significant differences of NBs, PFs, and NFs between AML and ACC, respectively. For detailed quantitative comparison results, see

Figure 2—source data 1, 2, and 3.
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Figure 3. Injection of tachykinin-related peptide 2 (TRP2) decreased task-specific responsiveness of worker bees ( Apis mellifera ligustica). (A) The

proportion of pollen foragers (PFs), nectar foragers (NFs), and nurse bees (NBs) exhibiting a positive proboscis extension reflex (PER) increased with

increasing concentrations of sucrose solutions but was overall decreased in PFs and NFs after injection of TRP2 compared to ddH2O injection. (B)

Median sucrose response scores (SRS; intermediate lines) and quartiles (upper and lower lines) of ddH2O-injected and TRP2-injected groups of PFs,

NFs, and NBs. The number of bees varied between 52 and 58 per group. Mann-Whitney U tests were used to compare the SRS (*p<0.05). The

proportion of PFs, NFs, and NBs showing PER to pollen stimulation (C) and larva stimulation (D) after injection of TRP2 or ddH2O. Numbers in bars are

the number of individuals sampled in each group. Independent chi-square tests were used to compare the responsiveness between different

treatments (*p<0.05) and between different behavioral phenotypes within treatments (significant differences are denoted by letters, p<0.05).
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Figure 4. RNAi-mediated knockdown of tachykinin-related peptide (TRP) and its receptor (TRPR) expression increased task-specific responses of worker

bees ( Apis mellifera ligustica). (A) Proportion of positive proboscis extension reflex (PER) responses of pollen foragers (PFs), nectar foragers (NFs), and

nurse bees (NBs) increases with increasing concentrations of sucrose solutions but overall increases occur only in PFs and NFs after knockdown of TRP

or TRPR transcripts compared to GFP control. Statistical details of these sucrose responsiveness comparisons are shown in Supplementary file 5. (B)

Median sucrose response scores (SRS; intermediate lines) and quartiles (upper and lower lines) of ddH2O-injected and TRP2-injected PFs, NFs, and

NBs. The number of bees per group varied between 50 and 56. Kruskal-Wallis tests with Bonferroni correction were used to compare the SRSs of the

three treatment groups of each behavioral phenotype and significant differences are denoted by letters (p<0.05). The proportion of PFs, NFs, and NBs

showing PER to pollen stimulation (C) and larvae stimulation (D) after GFP, TRP, or TRPR knockdown. Numbers in bars are the number of individuals

sampled in each group. Independent chi-square tests were used to compare the task-specific responsiveness between different treatments (*p<0.05,

**p<0.01) within behavioral phenotypes and between different behavioral phenotypes within each treatment (significant differences are denoted by

letters, p<0.05).
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Figure 5. Biochemical characterization of Apis mellifera tachykinin-related peptide (TRP) signaling in cell culture. (A) To confirm the predicted

membrane localization of the cloned A. mellifera TRP receptor (TRPR), Sf21 cells expressing the TRPR tagged with EGFP (green) were stained with the

membrane plasma probe DiI (red) and nuclear probe Hoechst (blue). (B) Luciferase activity of HEK293 cells transfected with the reporter gene pCRE-Luc

(CRE-L) and co-transfected with pFLAG-TRPR (TRPR) or vehicle vector (V) indicated that 1 mM treatment of TRP2 or TRP3 increases cAMP levels more

than 10-fold. (C) Intracellular Ca2 levels of HEK293 cells expressing TRPR rose sharply in response to TRP2 and TRP3, based on fluorescence measures

of the Ca2+ indicator Fura-2 AM. Hepes-buffered medium (HBM) was used as a control. (D) Dose-dependent response of ERK1/2 phosphorylation to

TRP2 stimulation of Sf21 cells that expressed TRPR and were incubated with increasing doses of TRP2 (from 0.1 pM to 1 mM) before their harvest for

Western blot analysis (log TRP2 (M) = logarithm of the molar concentration of TRP2).
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Figure 5—figure supplement 1. Tachykinin-related peptide receptor (TRPR) localization and competitive binding

of TRP2 and TRP3. Expression of TRPR and direct interaction of TRPs with TRPR in cell culture. (A and B) HEK293

and Sf21 cells expressing TRPR-EGFP and EGFP (green) were stained with a membrane plasma probe DiI (red) and

a nuclei probe Hoechst (blue), and assessed by confocal microscopy. (C and D) Competitive inhibition of TAMRA-

TRP2 and TAMRA-TRP3 binding to TRPR in HEK293 and Sf21 cells, and all data are presented as mean ± s.e.m.

from three independent experiments.
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Figure 5—figure supplement 2. cAMP generation is specific to tachykinin-related peptide 2 (TRP2) and TRP3 and

dose-dependent TRP/TRPR (TRP and its receptor)-mediated cAMP accumulation in cells. (A) Luciferase activity of

HEK293 cells transfected with the reporter gene pCRE-Luc (CRE-L) and co-transfected with pFLAG-TRPR (TRPR) or

vehicle vector (V) were determined in response to ddH2O and TRP (TRP2 or TRP3, 1 mM) treatment. TRP-

dependent TRPR activation increases cAMP levels more than 10-fold (see also main text). Luciferase activity of

HEK293 cells (B) and Sf21 cells (C) co-transfected with TRPR and CRE-L were determined in response to different

neuropeptides (TRP2, TRP3, short neuropeptide F [SNF], pigment-dispersing hormone [PDH], and corazonin [CRZ])

at different concentrations (1 nM or 1 mM). Increase of cAMP was specific to TRP2 and TRP3. Dose-dependent

changes of luciferase activities, indicating cAMP increases, in HEK293 cells (D) and Sf21 cells (E) co-transfected

with TRPR and CRE-L revealed typical kinetics in response to TRP2 and TRP3. All data are presented as mean ± s.

e.m. from three independent experiments. Student’s t-tests were used for pairwise comparisons (**p < 0.01, ***p

< 0.001).
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Figure 5—figure supplement 3. TRP/TRPR (tachykinin-related peptide and its receptor) signaling induces cAMP accumulation via Gaq and Gas

pathways. (A) Effects of Gai inhibitor pertussis toxin (PTX) and Gas activator cholera toxin (CTX) on TRP2-mediated stimulation of cAMP accumulation.

HEK293 cells expressing TRPR were pretreated with PTX (100 ng/ml) or CTX (300 ng/ml) overnight prior to treatment with TRP2 (1 mM). (B) Effects of

Gaq inhibitor YM-254890 and PKA inhibitor H89 on TRP2-mediated stimulation of cAMP accumulation. HEK293 cells expressing TRPR were pretreated

with YM-254890 (1 mM) or H89 (10 mM) for 2 hr prior to treatment with TRP2 (1 mM). All data are presented as mean ± s.e.m. from three independent

experiments. Student’s t-tests were used for pairwise comparisons between water and TRP2 treatments (*p < 0.05, **p < 0.01, ***p < 0.001). One-way

ANOVAs followed by Tukey’s post hoc tests were used for comparisons among control, PTX, and CTX groups within water or TRP2 treatments, and

significant differences (p < 0.05) are denoted by letters.
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Figure 5—figure supplement 4. TRP/TRPR (tachykinin-related peptide and its receptor) signaling mediates intracellular Ca2+ influx via Gaq/PLC

pathway. HEK293 cells (A) and Sf21 cells (B) expressing TRPR were measured in response to TRP2 and TRP3 using the fluorescent Ca2+ indicator Fura-2

AM. Hanks solution (Hanks) and Hepes-buffered medium (HBM) were used as a control, respectively. (C) Effects of Gaq inhibitor YM-254890 and PLC

inhibitor U73122 compared to vehicle control DMSO on TRP2-mediated intracellular Ca2+ influx. HEK293 cells expressing TRPR were pretreated with

YM-254890 (1 mM) or U73122 (10 mM) for 2 hr then stimulated with TRP2 (1 mM). Each figure is a representative of three independent replicate

experiments.
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Figure 5—figure supplement 5. Extracellular-signal-regulated kinase (ERK) phosphorylation is dose- and time-dependent and can be inhibited. Gaq/

PKC and Gas/PKA pathways involved in tachykinin-related peptide (TRP) and its receptor (TRPR)-induced ERK1/2 phosphorylation. Dose- and time-

response analyses of TRP/TRPR-induced ERK1/2 phosphorylation in HEK293 cells (A) and Sf21 cells (B). Cells expressing TRPR were serum-starved then

incubated either with an increasing dose of TRP2 (from 0.1 pM to 1 mM) for 10 min or with 100 nM TRP2 for different times (from 0 to 90 min), then

harvested to quantify ERK1/2 phosphorylation. Effects of Gai inhibitor pertussis toxin (PTX), MEK inhibitor U0126, PKA inhibitor H89, and PKC inhibitor

Go6983 on TRP2-induced ERK1/2 phosphorylation in HEK293 cells (C) and Sf21 cells (D). The cells were pretreated with or without inhibitors for 2 hr

then stimulated with ddH2O (control) or TRP2 (10 nM or 1 mM) for 10 min. The phosphorylated ERK was normalized to a loading control (total ERK). All

data are presented as mean ± s.e.m. from three independent replicates, and blots shown are representative of these experiments. One-way ANOVAs

followed by Tukey’s post hoc tests were used for multi-group comparisons, and significant differences (p < 0.05) are denoted by letters.
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Figure 6. Manipulations of tachykinin-related peptide (TRP) and its receptor (TRPR) levels change extracellular-signal-regulated kinase (ERK)

phosphorylation states in the brain of worker bees (Apis mellifera ligustica). (A) The ERK phosphorylation (p-ERK) levels after injection of TRP2 or ddH2O

into pollen foragers (PFs), nectar foragers (NFs), and nurse bees (NBs) of A. mellifera ligustica. (B) The p-ERK levels after transcript knockdown of GFP,

TRP, or TRPR in PFs, NFs, and NBs. The p-ERK was normalized to a loading control (total-ERK). The data shown are representative of three

independent experiments, and blots shown are representative of these experiments. Student’s t-tests were used for pairwise comparisons between

control and treatment groups within each behavioral phenotype (*p<0.05, **p<0.01, ***p<0.001).
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Figure 7. Conceptual model representation the TRP signaling effect. Worker honeybees specialize into nurse bees, pollen foragers, and nectar foragers

through various influences and display task-specific response thresholds to brood (blue bar), pollen (orange bar), and nectar (yellow bar) stimuli. The

tachykinin pathway (tachykinin-related peptide [TRP] and its receptor [TRPR] signaling) can regulate the extent of specialization by specifically

decreasing (pathway active: dark gray arrow with + symbol) or increasing (pathway inactive: light gray arrow with – symbol) the responsiveness of each

behavioral phenotype to its specific stimuli. This study demonstrates the task-specific response thresholds and how TRP/TRPR signaling affects these

thresholds. The predicted behavioral effects of increasing (high) or decreasing (low) the specialization of the behavioral phenotypes remains to be

demonstrated.
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