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In the honey bee, mushroom bodies (MBs), a higher-order center of the insect brain, comprise three 
class I Kenyon cell (KC) subtypes (lKC, mKC, and sKC) with distinct somata sizes and locations and 
gene expression profiles. While these KC subtypes have been suggested to function in different 
behavioral regulations, the molecular and cellular basis of their development remains obscure. Here, 
we showed that lKCs, mKCs, and sKCs are produced in that order at different pupal stages by labeling 
proliferating MB cells with 5-ethynil-2’-deoxyuridine at various pupal stages. RNA-sequencing analysis 
of FACS-sorted pupal MB cells identified genes that were upregulated in proliferating and non-
proliferating MB cells, respectively. Furthermore, in situ hybridization of some of these genes labeled 
the proliferating cells or immature KCs in the MBs at pupal stages producing each subtype. We found 
that the expression patterns of SoxNeuro, optix, and asense were consistent with those in Drosophila 
MBs, while odd-paired, which functions in neuroblasts in Drosophila, was preferentially expressed in 
immature KCs in honey bees. Our findings revealed the basic scheme of the molecular and cellular 
processes of honey bee MB development and suggested that they are at least partially different from 
those of Drosophila MB development.

The European honey bee (Apis mellifera) is a eusocial insect, and workers exhibit advanced social behaviors, such 
as age-dependent division of labor and dance communication1–3. Honey bees also possess excellent cognitive 
abilities, such as memorizing flower patches several kilometers away from their hive and learning concepts2,4,5. 
Mushroom bodies (MBs), a higher-order center of the insect brain, have long been studied in honey bees 
to investigate the molecular and neural mechanisms underlying honey bee social behaviors and cognitive 
abilities6–11. In insects, the MBs are involved in learning, memory, and sensory integration12,13. Functional 
impairment of MBs causes defects in learning and memory in some insects, including honey bees14–16. Honey 
bee MBs change the volume of the neuropil as well as the gene expression profiles associated with the division 
of labor in workers from nursing their brood inside the hives to foraging for nectar and pollen outside the 
hives17–19. In addition, the MBs of Aculeata, the most recently branching hymenopteran lineage including honey 
bees, ants, and hornets, are more elaborate in terms of morphology and cytoarchitecture than those of Symphyta, 
the most basal-solitary hymenopteran lineage20,21.

Honey bee MBs comprise four types of Kenyon cells (KCs): three subtypes of class I KCs [large-type KCs 
(lKCs), middle-type KCs (mKCs), and small type-KCs (sKCs)] and class II KCs, which can be distinguished 
based on the size and location of their somata in the MBs and their gene expression profiles22,23. Both class I 
and II KCs extend their dendrites into the MB calyces and project their axons through pedunculus (Fig. 1A)24. 
The distinct function of each class I KC subtype was inferred from the function of genes selectively expressed 
in each KC subtype and the expression patterns of immediate early genes. Genes involved in calcium signaling, 
such as Ca2+/calmodulin-dependent protein kinase II (CaMKII) and 1,4,5-inositol trisphosphate receptor (IP3R), 
are preferentially expressed in lKCs22,25,26, and knockdown of CaMKII by RNAi inhibits long-term memory 
in honey bees, suggesting that lKCs are involved in learning and memory27. In contrast, the expression of an 
immediate early gene, kakusei, was upregulated in both mKCs and sKCs during foraging flights, suggesting their 
role in sensory processing during foraging flights22,28–30. Recent studies have suggested that ecdysone receptor 
(EcR), which is preferentially expressed in sKCs, is induced in worker brains after foraging flights and regulates 
the expression of downstream genes related to lipid metabolism31.

To elucidate the in vivo functions of each KC subtype, it is preferable to analyze the behavior of mutants 
that are defective in MB development and lack a specific subtype. Such mutants have already been generated 
in Drosophila, where the molecular and cellular bases of MB development have been extensively studied. In 
pupal Drosophila MBs, four neural stem cells (neuroblasts) per hemisphere divide asymmetrically to produce 
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Fig. 1.  Identification of the pupal stage when each subtype is produced from neuroblasts. (A) A scheme of the 
experimental design. Last instar larvae were collected from the bee hives and EdU was injected into the pupal 
heads at various pupal stages. After emergence, EdU detection and ISH in the brain sections were performed. 
Schematic diagram of a honey bee MB (the region filled with blue in the brain schematic) is shown on the 
right. (B-D) Distribution of EdU signals in the brain of adult individuals injected with EdU at 14hap (B), 
30hap (C), and 85hap (D). From left to right panels, the EdU signals, jhdk FISH signals, merged signals, and 
schematic diagrams of EdU signals and each subtype are shown. Ca, a calyx in the MB. Scale bar; 100 μm. 
(E) Correspondence between the pupal stage injected with EdU and the subtypes where EdU signals were 
detected. The size of each circle represents the approximate proportion of EdU-detected cells in each subtype.
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themselves and ganglion mother cells (GMCs), and GMCs further divide once to produce two KCs32,33. While 
neuroblasts continue to retain the consistent properties to express their marker genes such as Deadpan (dpn) 
and asense34, they produce three types of KCs that constitute the Drosophila MBs in the order of γ, α’β’, and αβ 
KCs by changing the expression patterns of certain transcription factors (TFs) at different metamorphosis stages 
from the late larval to 90 h after pupation33,35–38. Subsequently, MB neuroblasts are eliminated via apoptosis37,38. 
Artificially altering the expression levels of genes involved in the production of these three types of KCs results 
in the ablation of a specific subtype34.

In the honey bee MBs, a previous study based on the Feulgen technique and observation of cell morphology 
suggested that less than 45 neuroblasts per hemisphere in the newly hatched larva symmetrically divide to 
generate approximately 1,000 neuroblasts until the prepupa, which are located in the inner core of the MB 
calyces39. These MB neuroblasts asymmetrically divide into themselves and GMCs, and sequentially produce 
class I KCs from the outer to the inner cells in the adult MBs until the mid-pupal stages39. Expression analysis 
of some marker genes of lKCs revealed that lKCs were produced the earliest among the three KC subtypes at 
the early pupal stages40. MB neuroblasts disappear due to apoptosis at the mid-pupal stage on the 5th day after 
pupation (P5), and KC production ceases in subsequent pupal stages41. Recently, a honey bee-specific non-
coding RNA, Nb-1, was reported to be preferentially expressed in the proliferating cells of MBs42. However, 
little is known about the molecular and cellular basis of the honey bee MB development, even whether they 
share some mechanisms with the Drosophila development. This makes it difficult to identify genes involved in 
the production and development of each KC subtype for the future production of mutant honey bees lacking a 
specific KC subtype, although methods for CRISPR/Cas9 mutagenesis have been established in the honey bee.

In the present study, we aimed to clarify when each honey bee KC subtype is produced during metamorphosis 
and to analyze which genes, especially TFs, are related to the production and maturation of KCs in honey bees. 
We identified the pupal stages at which each subtype is produced by labeling proliferating cells in the pupal MBs 
with 5-ethynil-2’-deoxyuridine (EdU) at various pupal stages and subsequent detection of EdU in the brain after 
emergence as adults. We also identified genes differentially expressed in both proliferating and non-proliferating 
cells in the pupal MBs using RNA-sequencing (RNA-seq) analysis. The expression pattern analysis of some genes 
indicated the distribution of neuroblasts, immature KCs, and mature KCs in the MBs at various pupal stages. 
Our findings provide a basic scheme for the molecular and cellular processes of class I KC development in the 
honey bee MB, suggesting that these processes are at least partially different from those in Drosophila.

Results
Identification of pupal stages in which each class I KC subtype is produced
First, we examined whether MB proliferating cells are labeled by EdU injected into pupal brains. We injected 
EdU into the brains of pupae at P1, P3, and P5, and detected EdU in the brain 2 h and 18 h or 24 h after injection. 
In all pupal stages examined, EdU signals were detected at the inner core area inside the calyx 2 h after injection, 
and in the area surrounding the inner core area 18–24 h after injection (Fig. S1). The previous study suggested 
that GMCs asymmetrically divided from neuroblasts migrate to the surface of the inner core area, and then 
produce KCs by symmetric division39. Therefore, this temporal change in the EdU signal pattern is thought to 
reflect the migration of GMCs and the KC arrangement during the development of honey bee MBs, in which 
KCs produced earlier are pushed to outer area by newly born KCs39 (Fig. S1). In addition, these results suggested 
that EdU injection into pupal brains labeled MB proliferating cells within a relatively short period of time, with 
little residual EdU incorporation.

Next, we constructed a new experimental system to accurately determine the pupal stage at which EdU was 
injected. So far, honey bee pupal stages have been classified as P1 to P9 (each approximately 1 d long) based on 
the coloring of compound eyes and bodies44. However, this classification is rather subjective and inaccurate and 
has insufficient temporal resolution, considering the possibility that a certain KC subtype is produced in a period 
shorter than one day. Therefore, we artificially reared the last instar larvae collected from bee hives on a 24-well 
plate in a styrofoam box with controlled internal temperature (34℃) and relative humidity (70%), while taking 
a picture of them every 10 min with an infrared camera to identify the pupation time (Fig. S2). The identified 
pupation time allowed us to determine the exact pupal stage, that is, the time after pupation, of each individual 
with a 10-min temporal resolution.

Using the pupae whose exact pupal stages were identified in this system, we investigated when each KC 
subtype was produced (Fig. 1A). Proliferating MB cells were labeled by injecting EdU into the heads of pupae at 
various stages up to 120 h after pupation (hap) and the pupae were reared in an incubator (34℃) till emergence. 
Using the brain sections of the adults just after emergence, both fluorescence in situ hybridization (FISH) for 
juvenile hormone diol kinase (jhdk), a gene which is preferentially expressed in both lKCs and sKCs, but not in 
mKCs45, and EdU detection were performed to examine in which KC subtype EdU was incorporated (Figs. 1B-
D and S3-4). In all individuals, jhdk signals were detected in both the peripheral and inner core areas inside the 
MB calyx, but not in the area between them. Based on the expression pattern of jhdk and the localization and 
size of the somata inside the calyx, the peripheral area, inner core area, and the area between them inside the 
calyx were determined to be lKCs, sKCs, and mKCs, respectively (Fig. S3A). EdU signals were detected in the 
peripheral area inside the MB calyx of pupae injected with EdU at 7, 14, and 24 hap, which corresponded to lKCs 
in the merged image of EdU and jhdk signals, suggesting that MB neuroblasts produced cells that differentiated 
into lKCs during these pupal stages (Figs. 1B and E, S3B and S4A). EdU signals were detected in areas between 
the peripheral and inner core areas inside the MB calyx of pupae injected with EdU at 30, 32, 42, and 49 hap, 
which corresponded to mKCs (30 and 32 hap) and mKCs and sKCs (42 and 49 hap), respectively, suggesting that 
neuroblasts produced cells that differentiated into these KC subtypes during these pupal stages (Figs. 1C and E 
and S4B-D). EdU signals were detected in the inner core area inside the MB calyx of pupae injected with EdU at 
85, 88, 90, and 108 hap, which corresponded to sKCs, suggesting that neuroblasts produced cells that eventually 
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differentiated into sKCs during these pupal stages (Figs. 1D and E and S4E-G). These results strongly suggest 
that lKC, mKC, and sKC were produced in that order during the pupal stage (Fig. 1E). In contrast, in some 
individuals, EdU signals were detected in multiple subtypes (24, 42, and 49 hap) (Figs. 1E, S3B and S4C-D). 
Because the injected EdU is thought to remain in the brain for several hours, it is plausible that EdU was injected 
into these individuals during periods when the KC subtypes to be produced were just switching. Therefore, we 
concluded that lKCs, mKCs, and sKCs are produced, in this order, at different pupal stages: until approximately 
30 hap (the pupal stage when lKCs are produced; P-lKC stage), between 30 and 50 hap (P-mKC stage), and 
between 50 and 120 hap (P-sKC stage).

Investigation of gene expression profiles of proliferating and non-proliferating pupal 
MB cells by RNA-seq analysis
To elucidate the molecular basis of honey bee MB development, it is important to identify the genes expressed 
in each cell type constituting the developing MBs. Therefore, we searched for genes preferentially expressed in 
proliferating cells (neuroblasts and GMCs) and non-proliferating cells (KCs and glia) in pupal MBs by isolating 
them and performing RNA-seq analysis. We used pupae at the P-lKC stage in this experiment because they can 
be prepared earlier and easier than those at the P-mKC and P-sKC stages, considering the length of each stage and 
the developmental time. In addition, we thought that more proliferating cells would be isolated from pupal MBs 
at the P-lKC stage than those at the other later stages because the number of proliferating cells slightly decreases 
as the pupal stage progresses39. MB cells dissected from pupae were dispersed and stained with Hoechst33342 
for DNA staining, and cell cycle analysis was performed using fluorescence-activated cell sorting (FACS) 
(Fig. 2A). Two peaks were detected in the histogram of nuclear staining intensities, and the minor peak had a 
DNA content approximately twice that of the major peak (Fig. 2B). The major and minor peaks were considered 
to correspond to cells with nuclear phases of 2X and 4X, respectively. We performed RNA-seq analysis using the 
isolated 2X (average of approximately 30,500 cells in three lots) and 4X (average of approximately 5,500 cells in 
three lots) fractions. Pearson’s correlate coefficients between each sample showed that overall gene expression 
patterns were similar to each other (0.92 − 0.98), possibly because all samples were derived from the same tissue 
at the same pupal stage (Table S1, Fig. S5A). In contrast, the biological replicates for the 2X and 4X fraction 
are plotted in separate areas on the CMDS two-dimensional map, suggesting that the gene expression profiles 
within biological replicates are more similar than those between 2X and 4X samples (Fig. S5B). We identified 
148 and 204 differentially expressed genes (DEGs, FDR < 0.05, and over two-fold change) that were upregulated 
either in 2X or 4X fraction, respectively (Table S2). To validate the result of cell cycle analysis, we performed 
GO enrichment analysis using these DEGs and found that DEGs upregulated in 2X fraction were enriched with 
genes related to neuronal maturation processes, such as “axonogenesis” (ranked 1st) and “synapse organization” 
(ranked 3rd) (Fig. 2C). In contrast, DEGs upregulated in the 4X fraction were enriched with genes related to 
some neurogenesis processes, such as “cell fate commitment” (ranked 2nd), “generation of neuron” (ranked 4th), 
and “mitotic centrosome separation” (ranked 6th) (Fig. 2D). Therefore, we concluded that non-proliferating or 
proliferating cells were successfully enriched in the 2X or 4X fraction, respectively, and comprehensive gene 
expression profiles of these cells were obtained.

Previous studies in Drosophila identified marker genes for neuroblasts [string (stg), deadpan (dpn), worniu 
(wor), asense, miranda (mira), inscrutable (insc), cyclinE (CycE)] and young neurons [embryonic lethal abnormal 
vision (elav), Cadherin-N (CadN)] in the development of the central nervous system46–49. When the expression 
levels of honey bee orthologs of these genes were compared between the 2X and 4X fractions, we found that 
the expression levels of the marker genes for neuroblasts and young neurons, with the exception of stg, tended 
to be high in the 4X and 2X fractions, respectively (Fig. 2D). In addition, wor, mira, and insc were included 
in the DEGs upregulated in the 4X fraction, whereas stg, elav, and CadN were included in those in the 2X 
fraction. In mammals and Drosophila, a variety of TFs are sequentially expressed in neural cells from the time 
the cell is produced until maturation, leading to the acquisition of adult gene expression profiles50–52. Therefore, 
we focused on some TFs that are expressed in neuroblasts during development in Drosophila and examined 
their expression levels in the 2X and 4X fractions. We found that SoxNeuro (SoxN)53, Optix54, wor55, earmuff 
(erm)56, and Sox102F57 were included in DEGs upregulated in the 4X fraction, while Eyeless58, sloppy-paired 
(slp2)59, chronologically inappropriate morphogenesis (chinmo)35, and odd-paired (opa)60 were included in DEGs 
upregulated in the 2X fraction (Fig. 2E). These results suggest that there are both conserved and unique gene 
expression profiles in the neuroblasts of honey bees compared to those in Drosophila.

In situ hybridization (ISH) of genes with conserved/unique expression patterns in the honey 
bee pupal MBs
To further investigate the molecular and cellular basis of honey bee MB development, we performed ISH of the 
genes for some TFs whose expression patterns were suggested to be common with or different from Drosophila 
by RNA-seq, using honey bee pupal brains.

First, we focused on genes suggested to be expressed in the proliferating cells of the honey bee, similar to 
Drosophila. We selected SoxN and optix as the genes for TFs included in DEGs upregulated in the 4X fraction 
(Fig. 2E). Although not included in the DEGs, we also selected asense and dpn among the known MB neuroblast 
marker genes of Drosophila (Fig. 2D) because they encode TFs and are preferentially expressed in MB neuroblasts 
in Drosophila brain34. Expression of most genes was detected reproducibly by ISH using brain sections, but dpn 
expression was detected weakly in only 1 out of 8 individuals (Fig. S6D). This is likely because dpn expression 
level in the honey bee pupal MBs was considered too low to be detected by ISH, based on the results of RNA-
seq analysis (Table S1). ISH of the remaining genes was conducted using brain sections of pupae at four distinct 
pupal stages: P-lKC stage, P-mKC stage, P-sKC stage, and P7 (based on the coloring of the body and compound 
eyes according to previous criteria) as a control stage when cell proliferation in MBs was terminated41. Signals of 
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Fig. 2.  RNA-seq analysis of 2X and 4X cell fractions in the pupal MBs sorted by FACS. (A) A scheme of 
experimental design. MBs were dissected from pupae at P-lKC stages. After cell dispersion and nuclear staining 
with Hoechst33342, both the 2X and 4X fractions were sorted using FACS. (B) Cell cycle analysis of dispersed 
pupal MB cells. The ranges of relative DNA content (the intensity of Hoechst33342) of cells sorted as the 
2X or 4X fraction are indicated with white lines. (C) The results of GO enrichment analysis using DEGs in 
each fraction by Metascape. Magenta arrows indicate the GO terms mentioned in the text. (D, E) Heatmap 
showing the relative expression levels of marker genes of young neurons or neuroblasts (D) and genes coding 
transcription factors (TFs) reported to be expressed in neuroblasts in Drosophila (E). The relative values are 
calculated for each sample by comparing the expression levels of genes in the 2X and 4X fractions. Magenta 
and blue show that expression levels are higher in the 2X and 4X fractions, respectively.
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SoxN, optix, and asense were detected at the center of each calyx in all pupal stages except P7, where no signals 
were detected (Figs. 3A-C and S6A-C). Weak signals of asense were also detected in the area surrounding the 
inner core (Fig. 3C). Next, we examined whether these genes were expressed in proliferating cells by detecting 
ISH and EdU signals in the brain sections of pupae with proliferating MB cells (around P-mKC stage) injected 
with EdU 2 h prior to brain dissection. The expression patterns of SoxN and optix mostly overlapped with the 
distribution of the EdU signals (Fig. 3D, E). As for asense, the areas with stronger signals, but not those with 
weaker signals, mostly overlapped with those with EdU signals (Fig. 3F). These results indicate that SoxN, optix, 
and asense are mainly expressed in proliferating MB cells during the pupal stages, when all class I KC subtypes 
are produced, but not in non-proliferating cells (though weakly so for asense).

Next, we focused on genes suggested to be expressed in non-proliferating cells in honey bee MBs, which are 
inconsistent with the expression patterns known in Drosophila. We performed ISH of opa using brain sections 
from pupae at four pupal stages: P-lKC stage, P-mKC stage, P-sKC stage, and P7. The signals of opa were weakly 
detected at the center of each calyx and were strongly detected in the area surrounding the inner core area in all 
pupal stages except P7, where no signals were detected (Figs. 4A and S6E). In the pupae (around P-mKC stage), 
whose proliferating cells were labeled with EdU, the area with weak signals of opa mostly overlapped with the 
distribution of cells with EdU signals, but those with strong signals did not (Fig. 4B). Considering that newly 
born KCs are located in the area surrounding proliferating cells and are gradually pushed to the outer area inside 
the calyx by those produced later35, and that ISH signals of opa were not detected at P7, it is suggested that opa 
is preferentially expressed in immature KCs but not in mature KCs.

To further test this possibility, the distribution of mature KCs in pupal MBs must be determined. Therefore, 
we analyzed the expression patterns of genes known to be preferentially expressed in each KC subtype in the 
adult brain. The distribution of lKCs in pupal MBs has been reported by ISH of Mblk-1, a marker gene for lKCs, 
which is expressed strongly in mature KCs and weakly in proliferating cells at P340; however, the distribution 
of mKCs and sKCs in pupal MBs has not yet been reported. Therefore, we focused on MOXD1 and Frq1, which 
are marker genes for mKCs and sKCs, respectively61, and performed ISH of these genes using brain sections of 
pupae at four pupal stages: P-lKC stage, P-mKC stage, P-sKC stage, and P7 (Fig. 5A, B). The signals for MOXD1 
were detected at the periphery, but not in the inner core area inside each calyx at P-mKC stage and P-sKC stage, 
and at the area of mKCs at P7, whereas no signals were detected at P-lKC stage (Fig. 5A). In pupae at P-mKC 
stage, whose proliferating cells were labeled with EdU, signals of MOXD1 were detected at the periphery of the 
EdU signal area (Fig. 5C). These expression patterns indicate that mature KCs expressing MOXD1, i.e., mKCs, 
were localized in areas distinct from proliferating cells. In contrast, signals of Frq1 were detected at the center 
and bottom of each calyx at P-sKC stage and in the area of sKCs at P7, but not at P-lKC stage and P-mKC stage 
(Fig. 5B). In the pupae at P-sKC stage, signals of Frq1 were detected in the area mostly overlapping with EdU 
signals (Fig. 5D), suggesting that Frq1 begins to be expressed in proliferating cells at P-sKC stage and continues 
to be expressed in mature KCs (sKCs). In contrast to Frq1, opa was not detected at P7 (Fig. 4A), suggesting that 
opa is transiently expressed during KC maturation.

Finally, we performed ISH of opa and MOXD1 using serial brain sections of pupae at P-mKC stage, whose 
proliferating cells were labeled with EdU, to examine whether opa was preferentially expressed in immature KCs. 
Between the regions where MOXD1 and EdU signals were detected, there was another population of cells with 
neither EdU nor MOXD1 signals (Fig. 6A). In contrast, a strong opa signal was detected in the area adjacent to 
the area with EdU and weak opa signals (Fig. 6B). Most of the areas where signals of opa were detected did not 
overlap with those of MOXD1 (Fig. 6C). These results suggest that cells with strong opa signals in the pupal MBs 
were immature KCs.

Discussion
In the present study, we identified the exact pupal stage at which each subtype is produced by combining 
newly established systems for artificial rearing that allow us to identify the time after pupation at a 10-min 
temporal resolution, and an experiment to label proliferating cells in pupal MBs using EdU. We found that 
the production of mKCs from neuroblasts occurred only within 24 h, which could not be revealed using the 
conventional classification of pupal stages (P1-P9) that has a temporal resolution of one day44. We also suggest 
that by identifying DEGs highly expressed in proliferating and non-proliferating cells, the gene expression 
profile of honey bee MB-proliferating cells is at least partially different from that in Drosophila34,35,49. Finally, 
ISH of some genes in the brains of various pupal stages revealed the distribution and partial gene expression 
profiles of proliferating cells, immature KCs, and mature KCs in honey bee pupae (summarized in Fig. 7A). By 
combining the previous ISH results of Mblk-140 and mKast23,28, which are preferentially expressed in mature 
lKCs and mKCs, respectively, and the present ISH results, we propose the differentiation trajectory of KCs from 
proliferating cells in the honey bee pupal MBs including genes specifically expressed in each cell type (Fig. 7B): 
The proliferating cells including neuroblasts and GMCs are located at the inner core area inside the calyces 
and express SoxN, optix, and asense. The immature KCs produced from proliferating cells are located in the 
peripheral area adjacent to the area of proliferating cells and express opa, but not marker genes for adult KC 
subtypes. Mature KCs are then pushed to and located at the most peripheral area and begin to express marker 
genes for adult KC subtypes, such as Mblk-1 in lKCs40, mKast and MOXD1 in mKCs23,28,61, and Frq1 in sKCs61.

Drosophila has four MB neuroblasts per hemisphere which asymmetrically divide to generate GMCs and 
themselves33,37. On the other hand, both symmetric and asymmetric division of neuroblasts likely occur in the 
honey bee MBs: 45 or fewer neuroblasts in the first instar larvae divide symmetrically to produce approximately 
1,000 neuroblasts until prepupa, and these neuroblasts asymmetrically divide into themselves and GMCs39. 
The number of neuroblasts reaches its peak at the prepupa stage and decreases as the pupal stage progresses 
in the honey bee39, inferring that asymmetric divisions are more prevalent than symmetric divisions in the 
pupae analyzed in this study. In addition, EdU signals were detected in the inner core area where neuroblasts 
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Fig. 3.  ISH of the genes suggested to be expressed in the proliferating cells in the pupal MBs. (A-C) The results 
of ISH of SoxN (A), optix (B), and asense (C) in the MBs of pupae at P-lKC stage, P-mKC stage, P-sKC stage, 
and P7 pupal stage, respectively. The thin and bold black dashed lines indicate the calyces and areas of KC 
somata, respectively. (D-E) The results of EdU detection and ISH of SoxN (D), optix (E), and asense (F) using 
the pupae with MB proliferating cells injected with EdU 2 h before dissection. From left to right panels, the 
EdU signals, ISH signals, and schematic diagrams of EdU and ISH signals are shown. The white dashed lines in 
ISH images indicate the region where EdU signals were detected. The intensity of the purple color in schematic 
diagrams represents the differences in the intensity of ISH signals. Black and gray arrowheads indicate strong 
and weak ISH signals, respectively. The images in panels A−C include both lateral and medial calyces of the 
pupal MB, while images and schematics in panels D−F include only one calyx of the pupal MB. Ca, a calyx in 
the MB. Scale bar; 100 μm.
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are located 2 h after EdU injection, while predominantly detected in the area surrounding the inner core area 
after 18–24 h after EdU injection (Fig. S1). Given that GMCs are scattered throughout the neuroblast clusters, 
but mitotic GMCs are located at the surface of the neuroblast clusters and produce KCs39, the cells with EdU 
signals at the surface of the neuroblast clusters at 18–24 h after EdU injection were GMCs migrated from the 
inner core region and/or KCs produced from them. Although we cannot exclude the possibility that symmetric 
and asymmetric divisions occur simultaneously at the pupal stages when KCs are produced, these suggest that 
asymmetric division of neuroblasts predominantly occurs in the pupal stage used in the present study.

SoxN in Drosophila and its vertebrate homolog Sox-2 in mammals are involved in the maintenance of neural 
stem cell properties62–64. In addition, one of the direct transcriptional targets of Sox-2 is SIX3, the vertebrate 
homolog of optix, which is involved in proper forebrain formation by repressing Wnt1 signaling in zebrafish65. 
Because SoxN and optix are expressed in proliferating cells in honey bee pupal MBs, it is possible that SoxN also 
functions in maintaining the stem cell properties of honey bee MB neuroblasts through the regulation of the 
expression of optix. The function of opa in optic lobe development has been well-studied in Drosophila49,52,58,66. 
Acting within the transcriptional cascade in early- and middle-aged neuroblasts, opa promotes the transcription 
of Eyeless and Oaz, thereby endowing neuroblasts with temporal characteristics52. In honey bee MBs, opa is 
expressed in immature KCs, and both opa and Eyeless were identified as DEGs that were highly expressed in non-
proliferating cells, implying that the transcriptional cascade downstream of opa is suppressed in neuroblasts and 
induced in KCs only transiently before maturation. In addition, considering that SoxN expression is repressed 
by Eyeless in Drosophila49, we hypothesized that suppression of opa in neuroblasts led to repression of the 
transcription of Eyeless and finally to sustained expression of SoxN throughout all pupal stages when class I KCs 
are produced in the honey bee. Future functional elucidation of these genes will provide important insights into 
the molecular basis of KC production and maturation in honey bees.

Previous studies have shown that mKast, a marker gene for mKCs, is expressed in MBs from P728,67, when 
KCs production is already complete41 (Fig. 7A). Based on this finding, mKCs were previously thought to be 

Fig. 4.  ISH of opa in the pupal MBs. (A) The results of ISH of opa in the MBs of pupae at P-lKC stage, P-mKC 
stage, P-sKC stage, and P7 pupal stage, respectively. The thin and bold black dashed lines indicate the calyces 
and areas of KC somata, respectively. (B) The results of EdU detection and ISH of opa using the pupae with 
MB proliferating cells injected with EdU 2 h before dissection. From left to right panels, the EdU signals, 
ISH signals, and the schematic diagram of EdU and ISH signals are shown. The white dashed line in the ISH 
image indicates the region where EdU signals were detected. The intensity of the purple color in the schematic 
diagram represents the differences in the intensity of ISH signals. Black and gray arrowheads indicate strong 
and weak ISH signals, respectively. Ca, a calyx in the MB. Scale bar; 100 μm.
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originally produced from MB neuroblasts as the same KCs that differentiate into lKCs or sKCs, and subsequently 
follow a differentiation trajectory to mKCs that is distinct from those to lKCs or sKCs22,23. However, the present 
study revealed that MOXD1, another marker gene of mKCs61, is already expressed in mature KCs at the P-mKC 
stage (Fig. 5A), strongly suggesting that mKCs acquire a unique gene expression profile earlier than previously 
thought after production from MB neuroblasts. mKast may be expressed downstream of an unidentified 
transcriptional cascade involved in mKC maturation.

In the present study, we identified SoxN, optix, and asense as candidate genes that are commonly involved 
in the production and maturation of all KC subtypes (Fig. 7B). However, the TFs responsible for inducing the 
distinct gene expression profiles in each KC subtype remain unclear. In Drosophila KCs, the expression of the 
TF Chinmo in neuroblasts decreases gradually during development, leading to the production of distinct KC 
types depending on the developmental stage35. Therefore, it is plausible that each KC subtype in honey bee MBs 

Fig. 5.  ISH of the genes suggested to be expressed in the mature KCs in the pupal MBs. (A, B) The results 
of ISH of MOXD1 (A) and Frq1 (B) in the MBs of pupae at P-lKC stage, P-mKC stage, P-sKC stage, and P7 
pupal stage, respectively. The thin and bold black dashed lines indicate the calyces and region of KC somata, 
respectively. (C, D) The results of EdU detection and ISH of MOXD1 (C) and Frq1 (D) using the pupae at 
P-mKC stage (C) and P-sKC stage (D) injected with EdU 2 h before dissection. From left to right panels, the 
EdU signals, ISH signals, and schematic diagrams of EdU and ISH signals are shown. The white dashed lines in 
ISH images indicate the region where EdU signals were detected. Black arrowheads indicate ISH signals. Ca, a 
calyx in the MB. Scale bar; 100 μm.
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is also produced from neuroblasts in a temporally regulated manner. In contrast, in Drosophila optic lobes, 
neuroepithelial cells (neural stem cell) symmetrically divide, then they sequentially produce neuroblasts with 
different gene expression, which leads to the production of diverse optic lobe neurons52. If this is also the case 
in the honey bee MB development, each KC subtype is derived from different neuroblasts. Another possibility 
is that homogeneous immature KCs common to all lKCs, mKCs, and sKCs are produced regardless of the pupal 
stage, and then differentiate into each KC subtype through distinct cell fate determination processes during 
maturation. These should be examined in the future by searching for genes that are selectively expressed in 
MB neuroblasts at the pupal stages of P-lKC stage, P-mKC stage, and P-sKC stage, as well as marker genes for 
neuroblasts of each mode of division (symmetric and asymmetric), such as using single-cell RNA-seq analysis 
of pupal MBs. Nonetheless, it may be possible to create honey bees deficient in each KC subtype by suppressing 
functions of TFs, which are identified as commonly expressed in neuroblasts at any pupal stages, in a pupal 
stage-specific manner.

The present study suggests that, although there is a large degree of overlap in the gene expression profiles of 
proliferating cells between honey bees and Drosophila, the expression patterns of some genes, such as opa are 
not consistent between these two species. The differences in brain structures, such as MB size, and behavioral 
properties between Drosophila and honey bees68,69, may be at least partly due to these differences in the molecular 
and cellular basis of MB development. Future evo-devo studies on molecular and cellular MB development in 
several insect species may elucidate the molecular developmental basis of MBs, which may lead to the evolution 
of a wide variety of behavioral traits.

Methods
Animals
European honey bee (Apis mellifera L.) colonies were purchased from Rengedo Beekeepers (Saga, Japan) or 
Kumagaya Beekeepers (Saitama, Japan) and maintained at The University of Tokyo (Tokyo, Japan). For the 
artificial rearing of the last instar larvae into adult workers, a comb-frame containing the last instar larvae was 
collected from the hive and placed in an artificial rearing container (wooden box) in the laboratory, kept at 34℃ 
for about half a day. The last instar larvae that emerged from cells of comb-frame and fell onto the bottom of the 
container were transferred onto a 24-well plate with paper towels on the bottom of each well, and reared in a 
styrofoam box at a temperature of 34℃ and relative humidity of 70%, controlled by a heat panel (Midori Sangyo) 
and a saturated NaCl solution. An infrared camera (Kumantech) was set at the top of the box, and images were 
captured every 10 min. After pupation, the individuals were maintained in an incubator (NK System) under the 
same conditions and subjected to EdU injection, cell dispersion, and gene expression pattern analyses.

Fig. 6.  ISH of opa and MOXD1 using serial sections of the pupal MBs. (A, B) The results of ISH of MOXD1 
(A) and opa (B) with serial sections of the MBs of pupae at P-mKC stage injected with EdU 2 h before 
dissection. From left to right panels, merged images of DAPI and EdU signals, ISH signals, and magnified 
views of the merged images of DAPI, EdU, and ISH signals in the squares surrounded with white dushed lines 
are shown. Black arrowheads in the middle panels indicate strong ISH signals. Areas surrounded by black 
and white dashed lines in the right panels indicate areas with strong ISH signals and those with EdU signals, 
respectively. (C) The schematic diagrams of the expression pattern of opa (dark and light orange) and MOXD1 
(blue). Ca, a calyx in the MB. Scale bar; 100 μm.
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Fig. 7.  The molecular and cellular developmental basis of class I KCs in the honey bee. (A) Summary of 
gene expression patterns in the MBs at 4 pupal stages (P-lKC stage, P-mKC stage, P-sKC stage and P7). The 
intensity of the purple color in each schematic diagram represents the differences in the expression level of 
each gene. In the previous studies22,40,67, ISH of Mblk-1 and mKast was performed in pupae at P3 and at P3, P5, 
and P7, respectively. NA: not analyzed in the previous studies. (B) The differentiation trajectory of KCs from 
proliferating cells in the honey bee pupal MBs including genes specifically expressed in each cell type.
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EdU injection
Under a binocular microscope, the pupal head cuticle near the ocelli was carefully pierced using an insect pin 
and a glass capillary (Drummond) filled with 10 mM EdU in phosphate-buffered saline (PBS; 136 mM NaCl, 
2.68 mM KCl, 10.1 mM Na2HPO4, 1.77 mM KH2PO4) with a tip diameter of approximately 20 μm was then 
inserted through the hole to a brain in the depth of about 2 mm. After injection of 1 µl of EdU solution, the 
pupae were kept again in the incubator at 34℃ and 70% relative humidity for 2 h, 18 h, and 24 h after injection 
or until within 2 days after emergence.

Double staining with EdU detection and fluorescent/chromogenic ISH
After anesthetizing on ice, the brains of pupae or adults were dissected in insect saline (130 mM NaCl, 5 mM KCl, 
1 mM CaCl2) using a microsurgical scalpel and tweezers under a binocular microscope, embedded in Tissue-
Tek OCT compound (SAKURA Finetek, Japan) without fixation, immediately frozen on dry ice, and stored at 
-80℃ until use. ISH was performed as previously described28. The brain samples were sliced into thin sections 
with a thickness of 20 μm for adults and 15 μm for pupa using a cryostat (Leica or Thermo Fisher), attached 
onto a MAS-coated glass (Matsunami glass), air-dried for at least 1 h, and fixed in 4% paraformaldehyde (PFA) 
in phosphate buffer (PB; 81.9 mM Na2HPO4, 18.1 mM NaH2PO4) at 4℃ overnight. Samples were sequentially 
treated with Proteinase K (Merck), hydrochloric acid, and acetic acid. Subsequently, sections of the slides were 
dehydrated with 70%, 80%, 90%, and 100% ethanol and air-dried for at least 20 min. 900 ng of RNA probe (Table 
S3) in 150 µl of Hybridization solution [10 mM Tris-HCl buffer, pH7.6 containing 50% formamide, 200 mg/
ml tRNA, 1× Denhardtʼs solution (Wako, Japan), 10% dextran sulfate, 600 mM NaCl, 0.25% sodium dodecyl 
sulfate, and 1 mM EDTA] was added to each slide and hybridized overnight at 50℃. After washing with 2x 
saline sodium citrate (SSC) containing 50% formamide, sections were transferred into TNE buffer (10 mM 
Tris-HCl at pH 7.5, 0.5  M NaCl, 1 mM EDTA) and treated with RNase A (Sigma), followed by washing in 
TNE buffer, 2× SSC, and twice in 0.2×SSC. Blocking was performed with 1.5% blocking reagent [Digoxigenin 
(DIG) Nucleic Acid kit] in DIG buffer1 (100 mM Tris- HCl pH 7.5, 150 mM NaCl) for 1 h. For fluorescent ISH, 
sections were treated with anti-DIG antibodies conjugated with peroxidase (Roche) diluted to 1:1000 in DIG 
buffer 1 for 30 min, followed by tyramide single amplification reaction solution [1/100 tyramide reagent (1 mg/
ml succinimidyl ester, 10 mg/ml tyramine hydrochloride, 1% Triethylamine) in dimethyl formamide, 0.003% 
H2O2, 2% sodium dextran sulfate, 0.3 mg/ml 4-iodophenol]70,71 for 15 min. For chromogenic ISH, sections were 
treated with anti-DIG antibodies conjugated with alkaline phosphatase (Roche) diluted 1:1000 in DIG buffer 1 
for 30 min, followed by treatment with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/
BCIP) solution (DIG Nucleic Acid kit) diluted 1:50 in DIG buffer 3 (100mM NaCl, 200 mM Tris-HCl pH9.5, 
50 mM MgCl2, 0.01% Tween20) for 3 h or overnight until signals were detected. EdU was detected in the samples 
injected with EdU. After blocking with 3% bovine serum albumin (BSA) in PBS, 200 µl of EdU detection buffer 
[Click-iT™ EdU Cell Proliferation Kit (Invitrogen)] was added onto each slide and incubated for 30 min at room 
temperature. For all samples, after fixation in 4% PFA in PB and washing with PB, each slide was mounted in 
70% glycerol. Images were captured using a light microscope BZ-X810 (Keyence).

Enrichment of proliferating cells and non-proliferating cells by FACS
MBs of pupae were dissected in Dulbecco’s PBS (DPBS) and collected in a 1.5 ml tube containing DPBS (5 pupae 
per lot, 3 biological replicates). DPBS was replaced with 500 µl of enzyme solution (1 mg/ml papain, 1 mg/ml 
collagenase in DPBS) and stirred in a vortex for 5 min at 600 rpm at 37 °C. Cells were suspended by pipetting 
200 times and centrifuged at 93×g for 10 min at 4℃. After the supernatant was replaced with 500 µl of DPBS and 
the precipitate was resuspended, cell clumps and excess debris were removed by passing the suspension through 
a 20 μm cell strainer (PluriSelect). Then, 5 µl of 1 mg/ml Hoechst33342 (Invitrogen) in DPBS was added to the 
cell suspension, incubated at 25 °C for 20 min, and then centrifuged at 93×g for 10 min at 4℃ and replaced with 
0.01% BSA/DPBS. 7-aminoactinomycin (7-AAD) was added to the solution at a final concentration of 1 µg/ml 
before sorting. SORPAria (BD Biosciences) was used to sort the cells according to the pattern of the forward/
side scattered light signal (FSC/SSC), fluorescence signal of the dead cell staining reagent 7-AAD (fluorescent 
signal: perCP-Cy5-5), and nuclear staining reagent Hoechst 33,342 (fluorescence signal: BUV395). First, cell 
fragments were removed based on cell size and particle size (intracellular complexity), followed by the removal 
of doublets based on the aspect ratio, and then dead cells. Finally, the fractions of the 2X and 4X nuclear phases 
were separated based on nuclear staining intensity. The sorted cells were collected by centrifugation at 93× g at 
4 °C for 10 min and stored at – 80 °C.

RNA-seq analysis
Library synthesis and rRNA depletion were performed using the Takara SMARTer kit for Illumina sequencing, 
and sequences of approximately 20  M reads with 36  bp paired-end were obtained from each sample using 
NextSeq500 (Illumina). Trim-Galore72 and hisat273 were used to remove the adapter sequence from the reads 
and map them to the reference genome, respectively. StringTie74 was used to obtain gene count data. Prior to 
downstream analysis, genes with a total read counts of less than 10 for all samples were excluded as a default 
setting of the R (version 4.3.1) package edgeR75. Pearson’s correlation coefficients of overall gene expression 
between samples were calculated with R function ‘cor’. Classical Multidimensional Scaling were calculated using 
the genes among samples and R function ‘cmdscale’. Genes differentially expressed between the 2X and 4X 
fractions were identified as genes with a false discovery rate < 0.05, using the likelihood ratio test in a multifactor 
design with edgeR and over two-fold change in expression levels. A heat map was generated by calculating the 
ratio of reads per million (RPM) of the 2X fractions to that of the 4X fractions obtained from the same sample.
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GO enrichment analysis
The DEGs identified by RNA-seq were converted to one-to-one orthologs of Drosophila56 and subjected to 
enrichment analysis using Metascape76.

Data availability
The raw RNA-seq data generated in the present study have been deposited in the DNA Data Bank of the Japan 
Sequence Read Archive database under the accession code PRJDB19871.

Received: 20 February 2025; Accepted: 6 June 2025

References
	 1.	 Seeley, T. D. Honey bee ecology: A study of adaptation in social life (Princeton University Press, 2014).
	 2.	 von Frisch, K. The Dance Language and Orientation of Bees (Harvard University Press, 1967).
	 3.	 Johnson, B. R. Within-nest temporal polyethism in the honey bee. Behav. Ecol. Sociobiol. 62, 777–784. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​

2​6​5​-​0​0​7​-​0​5​0​3​-​2​​​​ (2008).
	 4.	 Heisenberg, M. Pattern recognition in insects. Curr. Opin. Neurobiol. 5, 475–481. https://doi.org/10.1016/0959-4388(95)80008-5 

(1995).
	 5.	 Menzel, R. et al. The knowledge base of bee navigation. J. Exp. Biol. 199, 141–146. https://doi.org/10.1242/jeb.199.1.141 (1996).
	 6.	 Menzel, R. A short history of studies on intelligence and brain in honey bees. Apidologie 52, 23–34. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​3​5​9​

2​-​0​2​0​-​0​0​7​9​4​-​x​​​​ (2021).
	 7.	 Menzel, R. The honey bee as a model for understanding the basis of cognition. Nat. Rev. Neurosci. 13, 758–768. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​

.​1​0​3​8​/​n​r​n​3​3​5​7​​​​ (2012).
	 8.	 Menzel, R. The insect mushroom body, an experience-dependent recoding device. J. Physiol. Paris. 108, 84–95. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​

1​0​1​6​/​j​.​j​p​h​y​s​p​a​r​i​s​.​2​0​1​4​.​0​7​.​0​0​4​​​​ (2014).
	 9.	 Farris, S. M., Robinson, G. E. & Fahrbach, S. E. Experience- and age-related outgrowth of intrinsic neurons in the mushroom 

bodies of the adult worker honeybee. J. Neurosci. 21, 6395–6404. https://doi.org/10.1523/JNEUROSCI.21-16-06395.2001 (2001).
	10.	 Lutz, C. C., Rodriguez-Zas, S., Fahrbach, S. E. & Robinson, G. E. Transcriptional response to foraging experience in the honey bee 

mushroom bodies. Devel Neurobiol. 72, 153–166. https://doi.org/10.1002/dneu.20929 (2012).
	11.	 Zayed, A. & Robinson, G. E. Understanding the relationship between brain gene expression and social behavior: Lessons from the 

honey bee. Annu. Rev. Genet. 46, 591–615. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​-​g​e​n​​e​t​-​1​1​0​​7​1​1​-​1​5​​5​5​1​7 (2012).
	12.	 Fiala, A. & Kaun, K. R. What do the mushroom bodies do for the insect brain? Twenty-five years of progress. Learn. Mem. 31, 

a053827. https://doi.org/10.1101/lm.053827.123 (2024).
	13.	 Heisenberg, M. What do the mushroom bodies do for the insect brain? An introduction. Learn. Mem. 5, 1–10 (1998).
	14.	 Erber, J., Masuhr, T. & Menzel, R. Localization of short-term memory in the brain of the bee, Apis mellifera. Physiol. Entomol. 5, 

343–358. https://doi.org/10.1111/j.1365-3032.1980.tb00244.x (1980).
	15.	 McBride, S. M. J. et al. Mushroom body ablation impairs short-term memory and long-term memory of courtship conditioning in 

Drosophila melanogaster. Neuron 24, 967–977. https://doi.org/10.1016/S0896-6273(00)81043-0 (1999).
	16.	 Mizunami, M., Weibrecht, J. M. & Strausfeld, N. J. Mushroom bodies of the cockroach: Their participation in place memory. J. 

Comp. Neurol. 402, 520–537. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​(​S​I​C​I​)​1​0​9​6​-​9​8​6​1​(​1​9​9​8​1​2​2​8​)​4​0​2 (1998).
	17.	 Withers, G. S., Fahrbach, S. E. & Robinson, G. E. Selective neuroanatomical plasticity and division of labour in the honey bee. 

Nature 364, 238–240. https://doi.org/10.1038/364238a0 (1993).
	18.	 Durst, C., Eichmüller, S. & Menzel, R. Development and experience lead to increased volume of subcompartments of the honey 

bee mushroom body. Behav. Neural Biol. 62, 259–263. https://doi.org/10.1016/S0163-1047(05)80025-1 (1994).
	19.	 Yamazaki, Y. et al. Differential expression of HR38 in the mushroom bodies of the honeybee brain depends on the caste and 

division of labor. FEBS Lett. 580, 2667–2670. https://doi.org/10.1016/j.febslet.2006.04.016 (2006).
	20.	 Farris, S. & Schulmeister, S. Parasitoidism, not sociality, is associated with the evolution of elaborate mushroom bodies in the 

brains of hymenopteran insects. Proc. R. Soc. Lond. B Biol. Sci. 278, 940–951. https://doi.org/10.1098/rspb.2010.2161 (2010).
	21.	 Oya, S., Kohno, H., Kainoh, Y., Ono, M. & Kubo, T. Increased complexity of mushroom body Kenyon cell subtypes in the brain 

is associated with behavioral evolution in hymenopteran insects. Sci. Rep. 7, 13785. https://doi.org/10.1038/s41598-017-14174-6 
(2017).

	22.	 Kaneko, K., Suenami, S. & Kubo, T. Gene expression profiles and neural activities of Kenyon cell subtypes in the honey bee brain: 
Identification of novel ‘middle-type’ Kenyon cells. Zool. Sci. 2, 14. https://doi.org/10.1186/s40851-016-0051-6 (2016).

	23.	 Suenami, S., Oya, S., Kohno, H. & Kubo, T. Kenyon cell subtypes/populations in the honey bee mushroom bodies: Possible function 
based on their gene expression profiles, differentiation, possible evolution, and application of genome editing. Front. Physiol. 9, 
1717. https://doi.org/10.3389/fpsyg.2018.01717 (2018).

	24.	 Rybak, J. & Menzel, R. Anatomy of the mushroom bodies in the honey bee brain: The neuronal connections of the alpha-lobe. J. 
Comput. Neurol. 334, 444–465. https://doi.org/10.1002/cne.903340309 (1993).

	25.	 Kamikouchi, A., Takeuchi, H., Sawata, M., Natori, S. & Kubo, T. Concentrated expression of Ca2+/calmodulin-dependent protein 
kinase II and protein kinase C in the mushroom bodies of the brain of the honey bee Apis mellifera L. J. Comp. Neurol. 417, 
501–510. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​(​S​I​C​I​)​1​0​9​6​-​9​8​6​1​(​2​0​0​0​0​2​2​1​)​4​1​7 (2000).

	26.	 Kamikouchi, A. et al. Preferential expression of the gene for a putative inositol 1,4,5-Trisphosphate receptor homologue in the 
mushroom bodies of the brain of the worker honey BeeApis melliferal. Biochem. Biophys. Res. Commun. 242, 181–186. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​0​6​/​b​b​r​c​.​1​9​9​7​.​7​8​7​0​​​​ (1998).

	27.	 Scholl, C., Kübert, N., Muenz, T. S. & Rössler, W. CaMKII knockdown affects both early and late phases of olfactory long-term 
memory in the honey bee. J. Exp. Biol. Pt. 218, 3788–3796. https://doi.org/10.1242/jeb.124859 (2015).

	28.	 Kaneko, K. et al. Correction: Novel Middle-Type Kenyon cells in the honey bee brain revealed by Area-Preferential gene expression 
analysis. PLoS One 8. https:​​​//d​oi.​or​g/10​.1371/anno​tation/1​fa31​​a02-​1b58​-4361-98eb-5c213e5d5336 (2013).

	29.	 Kiya, T., Kunieda, T. & Kubo, T. Inducible- and constitutive-type transcript variants of kakusei, a novel non-coding immediate 
early gene, in the honey bee brain. Insect Mol. Biol. 17, 531–536. https://doi.org/10.1111/j.1365-2583.2008.00821.x (2008).

	30.	 Kiya, T., Ugajin, A., Kunieda, T. & Kubo, T. Identification of kakusei, a nuclear Non-Coding RNA, as an immediate early gene from 
the honey bee, and its application for neuroethological study. Int. J. Mol. Sci. 13, 15509. https://doi.org/10.3390/ijms131215496 
(2012).

	31.	 Iino, S., Oya, S., Kakutani, T., Kohno, H. & Kubo, T. Identification of ecdysone receptor target genes in the worker honey bee brains 
during foraging behavior. Sci. Rep. 13, 10491. https://doi.org/10.1038/s41598-023-37001-7 (2023).

	32.	 Technau, G. & Heisenberg, M. Neural reorganization during metamorphosis of the corpora pedunculata. Drosophila melanogaster. 
Nature. 295, 405–407. https://doi.org/10.1038/295405a0 (1982).

	33.	 Lee, T., Lee, A. & Luo, L. Development of the Drosophila mushroom bodies: Sequential generation of three distinct types of 
neurons from a neuroblast. Development 126, 4065–4076. https://doi.org/10.1242/dev.126.18.4065 (1999).

Scientific Reports |        (2025) 15:21462 13| https://doi.org/10.1038/s41598-025-06268-3

www.nature.com/scientificreports/

https://doi.org/10.1007/s00265-007-0503-2
https://doi.org/10.1007/s00265-007-0503-2
https://doi.org/10.1016/0959-4388(95)80008-5
https://doi.org/10.1242/jeb.199.1.141
https://doi.org/10.1007/s13592-020-00794-x
https://doi.org/10.1007/s13592-020-00794-x
https://doi.org/10.1038/nrn3357
https://doi.org/10.1038/nrn3357
https://doi.org/10.1016/j.jphysparis.2014.07.004
https://doi.org/10.1016/j.jphysparis.2014.07.004
https://doi.org/10.1523/JNEUROSCI.21-16-06395.2001
https://doi.org/10.1002/dneu.20929
https://doi.org/10.1146/annurev-genet-110711-155517
https://doi.org/10.1101/lm.053827.123
https://doi.org/10.1111/j.1365-3032.1980.tb00244.x
https://doi.org/10.1016/S0896-6273(00)81043-0
https://doi.org/10.1002/(SICI)1096-9861(19981228)402
https://doi.org/10.1038/364238a0
https://doi.org/10.1016/S0163-1047(05)80025-1
https://doi.org/10.1016/j.febslet.2006.04.016
https://doi.org/10.1098/rspb.2010.2161
https://doi.org/10.1038/s41598-017-14174-6
https://doi.org/10.1186/s40851-016-0051-6
https://doi.org/10.3389/fpsyg.2018.01717
https://doi.org/10.1002/cne.903340309
https://doi.org/10.1002/(SICI)1096-9861(20000221)417
https://doi.org/10.1006/bbrc.1997.7870
https://doi.org/10.1006/bbrc.1997.7870
https://doi.org/10.1242/jeb.124859
https://doi.org/10.1371/annotation/1fa31a02-1b58-4361-98eb-5c213e5d5336
https://doi.org/10.1111/j.1365-2583.2008.00821.x
https://doi.org/10.3390/ijms131215496
https://doi.org/10.1038/s41598-023-37001-7
https://doi.org/10.1038/295405a0
https://doi.org/10.1242/dev.126.18.4065
http://www.nature.com/scientificreports


	34.	 Liu, Z. et al. Opposing intrinsic Temporal gradients guide neural stem cell production of varied neuronal fates. Science 350, 317–
320. https://doi.org/10.1126/science.aad1886 (2015).

	35.	 Zhu, S. et al. Gradients of the Drosophila Chinmo BTB-Zinc finger protein govern neuronal Temporal identity. Cell 127, 409–422. 
https://doi.org/10.1016/j.cell.2006.08.045 (2006).

	36.	 Lin, S. The making of the Drosophila mushroom body. Front. Physiol. 14, 1091248. https://doi.org/10.3389/fphys.2023.1091248 
(2023).

	37.	 Ito, K. & Hotta, Y. Proliferation pattern of postembryonic neuroblasts in the brain of Drosophila melanogaster. Dev. Biol. 149, 
134–148. https://doi.org/10.1016/0012-1606(92)90270-Q (1992).

	38.	 Truman, J. W. & Bate, M. Spatial and temporal patterns of neurogenesis in the central nervous system of Drosophila melanogaster. 
Dev. Biol. 125, 145–157. https://doi.org/10.1016/0012-1606(88)90067-X (1988).

	39.	 Farris, S. M., Robinson, G. E., Davis, R. L. & Fahrbach, S. E. Larval and pupal development of the mushroom bodies in the honey 
bee, Apis mellifera. J. Comput. Neurol. 414, 97–113. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​(​s​i​c​i​)​1​0​9​6​-​9​8​6​1​(​1​9​9​9​1​1​0​8​)​4​1​4​:​1​<​9​7​:​:​a​i​d​-​c​n​e​8​>​3​.​0​.​c​o​
;​2​-​q (1999).

	40.	 Suenami, S. et al. Analysis of the differentiation of Kenyon cell subtypes using three mushroom Body-Preferential genes during 
metamorphosis in the honey bee (Apis mellifera L). PLoS One. 11, e0157841. https://doi.org/10.1371/journal.pone.0157841 (2016).

	41.	 Ganeshina, O., Schäfer, S. & Malun, D. Proliferation and programmed cell death of neuronal precursors in the mushroom bodies 
of the honey bee. J. Comput. Neurol. 417, 349–365. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​(​S​I​C​I​)​1​0​9​6​-​9​8​6​1​(​2​0​0​0​0​2​1​4​)​4​1​7 (2000).

	42.	 Tadano, H., Kohno, H., Takeuchi, H. & Kubo, T. Unique spatially and temporary-regulated/sex-specific expression of a long ncrna, 
Nb-1, suggesting its pleiotropic functions associated with honey bee lifecycle. Sci. Rep. 14, 8701. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​
2​4​-​5​9​4​9​4​-​6​​​​ (2024).

	43.	 Groh, C. & Rössler, W. Caste-specific postembryonic development of primary and secondary olfactory centers in the female honey 
bee brain. Arthropod Struct. Dev. 37, 459–468. https://doi.org/10.1016/j.asd.2008.04.001 (2008).

	44.	 Rembold, H., Kremer, J. & Ulrich, G. Characterization of postembryonic developmental stages of the female castes of the honey 
bee, Apis mellifera L. Apidologie 11, 29–38. https://doi.org/10.1051/apido:19800104 (1980).

	45.	 Uno, Y., Fujiyuki, T., Morioka, M., Takeuchi, H. & Kubo, T. Identification of proteins whose expression is up- or down-regulated in 
the mushroom bodies in the honey bee brain using proteomics. FEBS Lett. 581, 97–101. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​f​e​b​s​l​e​t​.​2​0​0​6​.​1​2​.​
0​0​4​​​​ (2007).

	46.	 Berger, C. et al. FACS purification and transcriptome analysis of Drosophila neural stem cells reveals a role for Klumpfuss in Self-
Renewal. Cell. Rep. 2, 407–418. https://doi.org/10.1016/j.celrep.2012.07.008 (2012).

	47.	 Dillon, N. et al. Single cell RNA-seq analysis reveals temporally-regulated and quiescence-regulated gene expression in Drosophila 
larval neuroblasts. Neural Dev. 17, 7. https://doi.org/10.1186/s13064-022-00163-7 (2022).

	48.	 Nguyen, T. H. et al. scRNA-seq data from the larval Drosophila ventral cord provides a resource for studying motor systems 
function and development. Dev. Cell. 59, 1210–1230e9. https://doi.org/10.1016/j.devcel.2024.03.016 (2024).

	49.	 Zhu, H., Zhao, S. D., Ray, A., Zhang, Y. & Li, X. A comprehensive Temporal patterning gene network in Drosophila medulla 
neuroblasts revealed by single-cell RNA sequencing. Nat. Commun. 13, 1247. https://doi.org/10.1038/s41467-022-28915-3 (2022).

	50.	 Lim, L., Mi, D., Llorca, A. & Marín, O. Development and functional diversification of cortical interneurons. Neuron 100, 294–313. 
https://doi.org/10.1016/j.neuron.2018.10.009 (2018).

	51.	 Vieira, M. S. et al. Neural stem cell differentiation into mature neurons: Mechanisms of regulation and biotechnological 
applications. Biotechnol. Adv. 36, 1946–1970. https://doi.org/10.1016/j.biotechadv.2018.08.002 (2018).

	52.	 Konstantinides, N. et al. A complete Temporal transcription factor series in the fly visual system. Nature 604, 316–322. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​8​6​-​0​2​2​-​0​4​5​6​4​-​w​​​​ (2022).

	53.	 Crémazy, F., Berta, P. & Girard, F. Sox neuro, a new Drosophila Sox gene expressed in the developing central nervous system. Mech. 
Dev. 93, 215–219. https://doi.org/10.1016/S0925-4773(00)00268-9 (2000).

	54.	 Gold, K. S. & Brand, A. H. Optix defines a neuroepithelial compartment in the optic lobe of the Drosophila brain. Neural Dev. 9, 
18. https://doi.org/10.1186/1749-8104-9-18 (2014).

	55.	 Ashraf, S. I., Hu, X., Roote, J. & Ip, Y. T. The mesoderm determinant snail collaborates with related zinc-finger proteins to control 
Drosophila neurogenesis. EMBO J. 18, 6426–6438. https://doi.org/10.1093/emboj/18.22.6426 (1999).

	56.	 Weng, M., Golden, K. L. & Lee, C. dFezf/Earmuff maintains the restricted developmental potential of intermediate neural 
progenitors in Drosophila. Dev. Cell. 18, 126–135. https://doi.org/10.1016/j.devcel.2009.12.007 (2010).

	57.	 Li, A. et al. Silencing of the Drosophila ortholog of SOX5 leads to abnormal neuronal development and behavioral impairment. 
Hum. Mol. Genet. 26, 1472–1482. https://doi.org/10.1093/hmg/ddx051 (2017).

	58.	 Quiring, Q., Walldorf, W., Kloter, K. & Gehring, G. Homology of the eyeless gene of Drosophila to the Small eye gene in mice and 
Aniridia in humans. Science 265, 785–789. https://doi.org/10.1126/science.7914031 (1994).

	59.	 Grossniklaus, U., Pearson, R. K. & Gehring, W. J. The Drosophila sloppy paired locus encodes two proteins involved in segmentation 
that show homology to mammalian transcription factors. Genes Dev. 6, 1030–1051. https://doi.org/10.1101/gad.6.6.1030 (1992). 

	60.	 Abdusselamoglu, M. D., Eroglu, E., Burkard, T. R. & Knoblich, J. A. The transcription factor odd-paired regulates temporal identity 
in transit-amplifying neural progenitors via an incoherent feed-forward loop. eLife 8, e46566. https://doi.org/10.7554/eLife.46566 
(2019).

	61.	 Kuwabara, T., Kohno, H., Hatakeyama, M. & Kubo, T. Evolutionary dynamics of mushroom body Kenyon cell types in 
hymenopteran brains from multifunctional type to functionally specialized types. Sci. Adv. 9, eadd4201. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​6​/​s​
c​i​a​d​v​.​a​d​d​4​2​0​1​​​​ (2023).

	62.	 Buescher, M., Hing, F. S. & Chia, W. Formation of neuroblasts in the embryonic central nervous system of Drosophila melanogaster 
is controlled by SoxNeuro. Development 129, 4193–4203. https://doi.org/10.1242/dev.129.18.4193 (2002).

	63.	 Graham, V., Khudyakov, J., Ellis, P. & Pevny, L. SOX2 functions to maintain neural progenitor identity. Neuron 39, 749–765. ​h​t​t​p​s​
:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​S​0​8​9​6​-​6​2​7​3​(​0​3​)​0​0​4​9​7​-​5​​​​ (2003).

	64.	 Sarkar, A. & Hochedlinger, K. The Sox family of transcription factors: Versatile regulators of stem and progenitor cell fate. Cell. 
Stem Cell. 12, 15–30. https://doi.org/10.1016/j.stem.2012.12.007 (2013).

	65.	 Lee, B. et al. Genomic code for Sox2 binding uncovers its regulatory role in Six3 activation in the forebrain. Dev. Biol. 381, 491–501. 
https://doi.org/10.1016/j.ydbio.2013.06.016 (2013).

	66.	 Benedyk, M. J., Mullen, J. R. & DiNardo, S. Odd-paired: a zinc finger pair-rule protein required for the timely activation of 
engrailed and wingless in Drosophila embryos. Genes Dev. 8, 105–117. https://doi.org/10.1101/gad.8.1.105 (1994).

	67.	 Yamane, A. et al. Gene expression and immunohistochemical analyses of mKast suggest its late pupal and adult-specific functions 
in the honey bee brain. PLoS One 12, e0176809. https://doi.org/10.1371/journal.pone.0176809 (2017).

	68.	 Akiyama-Oda, Y. & Oda, H. Multi-color FISH facilitates analysis of cell-type diversification and developmental gene regulation in 
the Parasteatoda spider embryo. Develop. Growth Differ. 58, 215–224. https://doi.org/10.1111/dgd.12263 (2016).

	69.	 Lauter, G., Söll, I. & Hauptmann, G. Multicolor fluorescent in situ hybridization to define abutting and overlapping gene expression 
in the embryonic zebrafish brain. Neural Dev. 6, 10. https://doi.org/10.1186/1749-8104-6-10 (2011).

	70.	 Farris, S. & Schulmeister, S. Parasitoidism not sociality, is associated with the evolution of elaborate mushroom bodies in the brains 
of hymenopteran insects. Proc. Biol. Sci. 278, 940–951. https://doi.org/10.1098/rspb.2010.2161 (2010).

	71.	 Søvik, E., Perry, C. J. & Barron, A. B. Insect reward systems: Comparing flies and bees. in Advances in Insect Physiology, Vol. 48. 
189–226. https://doi.org/10.1016/bs.aiip.2014.12.006 (2015).

	72.	 https://github.com/FelixKrueger/TrimGalore.

Scientific Reports |        (2025) 15:21462 14| https://doi.org/10.1038/s41598-025-06268-3

www.nature.com/scientificreports/

https://doi.org/10.1126/science.aad1886
https://doi.org/10.1016/j.cell.2006.08.045
https://doi.org/10.3389/fphys.2023.1091248
https://doi.org/10.1016/0012-1606(92)90270-Q
https://doi.org/10.1016/0012-1606(88)90067-X
https://doi.org/10.1002
https://doi.org/10.1371/journal.pone.0157841
https://doi.org/10.1002/(SICI)1096-9861(20000214)417
https://doi.org/10.1038/s41598-024-59494-6
https://doi.org/10.1038/s41598-024-59494-6
https://doi.org/10.1016/j.asd.2008.04.001
https://doi.org/10.1051/apido:19800104
https://doi.org/10.1016/j.febslet.2006.12.004
https://doi.org/10.1016/j.febslet.2006.12.004
https://doi.org/10.1016/j.celrep.2012.07.008
https://doi.org/10.1186/s13064-022-00163-7
https://doi.org/10.1016/j.devcel.2024.03.016
https://doi.org/10.1038/s41467-022-28915-3
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.biotechadv.2018.08.002
https://doi.org/10.1038/s41586-022-04564-w
https://doi.org/10.1038/s41586-022-04564-w
https://doi.org/10.1016/S0925-4773(00)00268-9
https://doi.org/10.1186/1749-8104-9-18
https://doi.org/10.1093/emboj/18.22.6426
https://doi.org/10.1016/j.devcel.2009.12.007
https://doi.org/10.1093/hmg/ddx051
https://doi.org/10.1126/science.7914031
https://doi.org/10.1101/gad.6.6.1030
https://doi.org/10.7554/eLife.46566
https://doi.org/10.1126/sciadv.add4201
https://doi.org/10.1126/sciadv.add4201
https://doi.org/10.1242/dev.129.18.4193
https://doi.org/10.1016/S0896-6273(03)00497-5
https://doi.org/10.1016/S0896-6273(03)00497-5
https://doi.org/10.1016/j.stem.2012.12.007
https://doi.org/10.1016/j.ydbio.2013.06.016
https://doi.org/10.1101/gad.8.1.105
https://doi.org/10.1371/journal.pone.0176809
https://doi.org/10.1111/dgd.12263
https://doi.org/10.1186/1749-8104-6-10
https://doi.org/10.1098/rspb.2010.2161
https://doi.org/10.1016/bs.aiip.2014.12.006
https://github.com/FelixKrueger/TrimGalore
http://www.nature.com/scientificreports


	73.	 Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome alignment and genotyping with HISAT2 and 
HISAT-genotype. Nat. Biotechnol. 37, 907–915. https://doi.org/10.1038/s41587-019-0201-4 (2019).

	74.	 Pertea, M. et al. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. 
https://doi.org/10.1038/nbt.3122 (2015).

	75.	 Robinson, M. D., McCarthy, D. J. & Smyth, G. K. EdgeR: A bioconductor package for differential expression analysis of digital gene 
expression data. Bioinformatics 26, 139–140. https://doi.org/10.1093/bioinformatics/btp616 (2010).

	76.	 Zhou, Y. et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10, 1523. 
https://doi.org/10.1038/s41467-019-09234-6 (2019).

Acknowledgements
This work was supported by the Sasakawa Scientific Research Grant from The Japan Science Society, JST 
SPRING, Grant Number JPMJSP2108, and Japan Society for the Promotion of Science (JSPS) KAKENHI Grant 
Number 23K05875.

Author contributions
S.K. and H.K. designed the experiments. S.K. performed all experiments. All discussed the results, drafted the 
manuscript, and wrote the paper. T.K. and H.K. supervised the study.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​6​2​6​8​-​3​​​​​.​​

Correspondence and requests for materials should be addressed to H.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:21462 15| https://doi.org/10.1038/s41598-025-06268-3

www.nature.com/scientificreports/

https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41598-025-06268-3
https://doi.org/10.1038/s41598-025-06268-3
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Analysis of molecular and cellular bases of honey bee mushroom body development
	﻿Results
	﻿Identification of pupal stages in which each class I KC subtype is produced

	﻿Investigation of gene expression profiles of proliferating and non-proliferating pupal MB cells by RNA-seq analysis
	﻿In situ hybridization (ISH) of genes with conserved/unique expression patterns in the honey bee pupal MBs

	﻿Discussion
	﻿Methods
	﻿Animals
	﻿EdU injection
	﻿Double staining with EdU detection and fluorescent/chromogenic ISH
	﻿Enrichment of proliferating cells and non-proliferating cells by FACS
	﻿RNA-seq analysis
	﻿GO enrichment analysis

	﻿References


