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Termites are “social cockroaches” and amongst the most phenotypically plastic insects. The different castes (i.e., two types of reproductives, workers, and soldiers) within termite societies are all encoded by a single genome and present the result of differential postembryonic development. Besides the default progressive development into winged sexuals of solitary hemimetabolous insects, termites have two postembryonic, non-terminal molts (stationary and regressive; i.e., molts associated, respectively, with no change or reduction of size/morphological differentiation) which allow them to retain workers, and two terminal developmental types to become soldiers and replacement reproductives. Despite this unique plasticity, especially the mechanisms underlying the non-terminal development are poorly understood. In 1982, Nijhout and Wheeler proposed a model how this diversity might have evolved. They proposed that varying juvenile hormone (JH) titers at the start, mid-phase, and end of each intermolt period account for the developmental diversity. We tested this rarely addressed model in the lower termite Cryptotermes secundus using phase-specific pharmacological manipulations of JH titers. Our results partially support the Nijhout and Wheeler model. These data are supplemented with gene expression studies of JH-related genes that characterize different postembryonic developmental trajectories. Our study provides new insights into the evolution of the unique postembryonic developmental plasticity of termites that constitutes the foundation of their social life.
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INTRODUCTION

Termites (Infraorder: Isoptera) are unparalleled when it comes to developmental plasticity in insects which is the basis of their caste system (Noirot, 1990; Roisin, 2000; Korb and Hartfelder, 2008; Roisin and Korb, 2011; Korb and Thorne, 2017). Like in all eusocial insects, their colonies are characterized by overlapping generations and a reproducing caste, the queens (and in termites, also kings), and non-reproducing workers that generally perform tasks like brood care and foraging (Figure 1). Due to their different ancestry, termites as “social cockroaches” (Inward et al., 2007) have a hemimetabolous development, while eusocial Hymenoptera (ants, bees, and wasps) belong to the holometabolous insects. In line, the workers of eusocial Hymenoptera are imaginal stages, while those of termites are immature instars, which can be arrested in their development in some lineages (Noirot, 1990; Roisin, 2000; Korb and Hartfelder, 2008; Roisin and Korb, 2011).
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FIGURE 1. Developmental plasticity of wood-dwelling termites. Immatures (larval and nymphal instars) can (i) develop progressively via several nymphal instars into winged sexuals (alates) that disperse and found a nest as primary reproductives, (ii) remain in the same instar by doing stationary molts (gray circles), (iii) develop regressively into an “earlier” instar, (iv) develop into a soldier, or (v) a neotenic replacement reproductive. For further information, see text. Adapted from Korb et al. (2012).


The highest developmental plasticity is observed in the two lower termite families Archotermopsidae (dampwood termites) and Kalotermitidae (drywood termites) as all eggs hatching within a colony appear totipotent to perform all molting types (Roisin, 2000; Roisin and Korb, 2011). These wood-dwelling termites (one-piece nesting, sensu Abe, 1987) nest in a single piece of wood that serves as food and shelter and which workers never leave to forage outside. Here the functional workers (ontogenetically also defined as “pseudergates sensu lato”; for simplicity, we will refer to them as “workers” in the following) are totipotent immatures that can develop into three terminal castes (Noirot and Pasteels, 1987; Noirot, 1990; Roisin, 2000; Korb and Hartfelder, 2008; Roisin and Korb, 2011; Figure 1). First, they can develop via one to several nymphal instars (instars with wingbuds) into winged sexuals that disperse and found a new colony. Second, they can become sterile soldiers via a presoldier instar. Third, they can develop with a single (sometimes two) molt/s into neotenic (replacement) reproductives that reproduce within the natal nest, especially when the current reproductives die or are unhealthy. The soldiers and neotenic reproductives are synapomorphies which distinguish termites from their subsocial sister taxon, the Cryptocercus woodroaches (Noirot and Pasteels, 1987; Noirot, 1990; Roisin, 2000; Korb and Hartfelder, 2008). This “progressive” development that finally results in terminal castes is complemented by two additional molting types that “allow” immatures staying as workers in the nest (Figure 1): (i) stationary molts during which individuals molt without any change of size or morphology, and (ii) regressive molts which are associated with reduction of size and/or developmental traits (especially wing buds). While stationary molts also occur in “solitary” cockroaches (Bell et al., 2007), regressive molts are unique to termites. This makes termites examples of unparalleled postembryonic developmental diversity. Developmental details (e.g., in the number of nymphal instars) can differ between species (Roisin and Korb, 2011). Development is regulated by hormones. In insects there are two major morphogenic hormones known to control development: juvenile hormone (JH) and ecdysone (e.g., Nijhout, 1994; Gilbert, 2012).

How can interactions between just two morphogenic hormones produce such diversity in molting types? Like in most insects, JHIII is the only JH moiety produced by termite corpora allata and detected in hemolymph (Lanzrein et al., 1985; Park and Raina, 2004; Brent et al., 2005; Yagi et al., 2005; Cornette et al., 2008). Based on seminal termite research in the 1950’s and 60’s (summarized in Lüscher, 1974b; Lenz, 1976), Nijhout and Wheeler (1982) developed a model (NW-model hereafter) to explain the developmental diversity in termites. They proposed three JH sensitive phases during an intermolt period (i.e., the time between two consecutive molts) which determine the subsequent molting type of a “lower termite” worker (Figure 2). These three phases occur at the start (phase 1), during mid-phase (phase 2), and toward the end (phase 3) of an intermolt period and they control, respectively, sexual reproductive traits, non-sexual adult traits (e.g., eyes and wings), and soldier traits (for more details see Figure 2). According to NW-model, a worker that develops progressively into a nymphal instar, and finally into a winged imago, is proposed to have low JH titers throughout all three sensitive phases (Figure 2). Continuously high JH titers characterize presoldier-soldier differentiation (Figure 2). Development of neotenic replacement reproductives requires low JH titers at the start of an intermolt period that increase later. As neotenic molts have shortened intermolt periods (Springhetti, 1972; Lüscher, 1974b; Hoffmann and Korb, 2011), they molt before the third sensitive phase (Figure 2). Finally, the reverse pattern with first high, then low JH titers is suggested to characterize individuals that remain immature workers. This last proposition does not distinguish between stationary and regressive molts. In addition, Lüscher (1956) and Springhetti (1969) suggested that regressive molts are associated with (constantly) high JH titers and that high JH titers during nymphal stages prevent development of termite workers into sexuals.
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FIGURE 2. Model proposed by Nijhout and Wheeler (1982) to explain the endocrine regulation of molting types in termites. JH titers during three sensitive periods (phases) between two consecutive molts determine the subsequent molting type of a termite worker. Continuously high or low titers result, respectively, in presoldier/soldier differentiation or progressive development toward winged imagoes. Titers that vary during the intermolt period account for neotenic and continued worker development. For further information, see text. Adapted from Nijhout and Wheeler (1982).


Except for the terminal molts into soldiers (see recent reviews: Miura and Scharf, 2011; Watanabe et al., 2014; Korb, 2015) and partly neotenic reproductives (Elliott and Stay, 2008; reviewed in: Korb, 2015), the NW-model remains largely untested. Very few studies addressed differences between progressive, stationary and regressive postembryonic development; these studies provide some evidence that progressive development is associated low JH titers (Lüscher, 1974b; Cornette et al., 2008; Korb et al., 2009, Korb et al., 2012). We systematically manipulated JH titers during all three phases of an intermolt period in nymphal instars of the wood-dwelling, drywood termite Cryptotermes secundus Hill (Kalotermitidae) to determine the influence of JH on development. These data are supplemented with gene expression studies of JH-related genes that are supposed to be associated with postembryonic developmental trajectories.

C. secundus is well suited to do these experiments. The developmental trajectories of the totipotent workers, comprising older larval, and nymphal instars, are well known (Korb and Katrantzis, 2004; Korb et al., 2009, Korb et al., 2012). C. secundus has three worker larval and five nymphal instars and except for the 4th, penultimate nymphal instar the intermolt period lasts about 2 months (Korb and Katrantzis, 2004; Korb et al., 2009, Korb et al., 2012). All instars can develop progressively and stationary (including nymphs); regressive development is possible for all instars, except the first and second larval instar. All instars that can develop regressively, can also develop into soldiers and neotenic replacement reproductives (Korb and Katrantzis, 2004; Hoffmann and Korb, 2011). Progressive development from 1st to 5th nymphal instar is associated with decreasing hemolymph JH titers and regressive molts have been hypothesized to be linked with high JH titers (Korb et al., 2009). However, during an intermolt period JH titers vary considerably (Korb et al., 2012) and it is unclear whether and how different phases account for different molting types.

We tested the importance of JH in determining development by phase-specific manipulations using the JH analogon methoprene. Methoprene is a stable JH analogon that has been used successful in several experiments to induce soldier development in termites, generally in soldierless groups (e.g., Tarver et al., 2012; Maekawa et al., 2014). We did our experiments with complete colonies, including soldiers and reproductives. This is important in order to separate a social effect due to the presence/absence of castes from the endocrine effect of varying JH titers (Watanabe et al., 2014; Korb and Bellés, 2017). This is not possible with dish-assays that consist of workers only.



MATERIALS AND METHODS


Collection and Maintenance of Termites

Complete Cryptotermes secundus colonies were collected from Ceriops tagal trees in the mangrove area near Darwin (NT, Australia; 12°30′S 131°00′E) as described elsewhere (Korb and Lenz, 2004). Colonies were set up in standardized Pinus radiata wood blocks adjusted to colony size, providing abundant resource conditions (1 termite: about 10 cm3 wood; for details see Korb and Lenz, 2004). Colonies were transferred to Germany and kept in climate chambers (12 h day/night cycle, 28°C, 70% relative humidity). Under these conditions, colony development as well as molting types and developmental trajectories of individuals in relocated lab colonies are indistinguishable from relocated colonies kept in the field (Korb and Katrantzis, 2004).



Preparation of Experimental Colonies

In order to follow individual development, wood blocks were split in Germany and their colonies were transferred into a drilled chamber of a new abundant-food wood block, which allowed monitoring of individuals (for details see: Korb and Schmidinger, 2004). To prevent the termites from disappearing into the wood, newly dug tunnels were blocked with soft paper. Wood chips and humid filter paper was provided as additional food and water supply.

All our experiments were done with complete colonies including soldiers and workers. “Artificial” groups consisting of workers only are often used in similar studies. However, such worker groups are less appropriate because they lack important social interactions leading to artificial results. Thus, it is for instance known that the absence of castes influence development of individuals (e.g., Lüscher, 1974b; Lenz, 1976; Korb and Katrantzis, 2004; Maekawa et al., 2012; Watanabe et al., 2014). Our set-up also prevented neotenic and soldier differentiation which is triggered in C. secundus by the absence of the corresponding caste (Korb et al., 2003; Hoffmann and Korb, 2011). All colonies used in this experiment were a maximum of 2 years in the laboratory when the experiments were performed. To avoid seasonal differences all experiments were done between April and August when nymphal development takes place (Korb and Katrantzis, 2004).

For individual identification, workers were arbitrarily selected and marked with an individual color code of enamel paint (Revell, Germany) on the abdomen and/or thorax. Individuals were checked at least four times per week throughout the duration of the experiment to ensure they retained their markings.

Before a molt, individuals become whitish and translucent. These individuals were separated for the length of the molt. Their developmental stage was classified into instars according to wing bud shape and size before and after the molt (for more details see: Korb and Katrantzis, 2004) to identify molting types.



Endocrine Experiment

In order to do phase-specific manipulations we had to follow single individuals over extended periods (generally about 3–5 months). Freshly marked individuals were followed until their next molt which defined the start of the subsequent intermolt period. We performed three sets of experiments that addressed, respectively, phase 1, 2, and 3 of the intermolt period. Accordingly, we treated nymphal instars within the next 2 days after the molt (phase 1), 4 weeks after the molt (phase 2), or before the subsequent molt (indicated by their whitish and translucent appearance, which occurs 3–6 days before the next molt) (phase 3). After treatment all individuals were monitored until their next molt to determine subsequent, experimentally affected molting types.

The manipulations of JH titers consisted in topical application of the JH analogon, methoprene (99%, Sigma-Aldrich, Germany) (2 μl of 1 μg methoprene/10 μl acetone solution) on nymphs. Untreated nymphs served as controls (for a test of potential solvent effects, see next section “Supplementary Experiments and Rational for Set-Ups”). In total, we marked and followed over 1,000 individuals of which we could record the development of 870 individuals (control: 792, 15 colonies; methoprene treated individuals: phase 1: 51 individuals from five colonies; phase 2: 12 individuals from four colonies; phase 3: 15 individuals from to two colonies) from a total of 26 different colonies (see Supplementary Data Set 1). Individuals of the different treatments always originated from different colonies. Despite intensive efforts of monitoring all individuals at least four times a week, we were unable to follow over 50% of the treated individuals until the end of our experiments because they lost their individual identifying marks during the months-long duration of this experiment. As C. secundus has small colonies of generally less than 200 individuals (Korb and Lenz, 2004; Korb and Schneider, 2007) (here between 53 and 215 individuals), we were able to record the development of a considerable fraction of individuals within each colony.



Supplementary Experiments and Rational for Set-Ups

We did several supplementary experiments to test the suitability of methods. First, we compared the development between acetone (solvent) and untreated individuals. It showed that acetone does not seem to affect a nymphs subsequent molting type compared to untreated individuals (chi2 contingency analysis: Nacetone = 44, Nuntreated = 792, χ22,836 = 3.12, P = 0.210). Second, we tested the suitability of methoprene to emulate effects of increased JH titers. We chose a concentration of 2 μl of 1 μg methoprene/10 μl acetone solution per nymph based on former studies (Tarver et al., 2012; Maekawa et al., 2014), taking into account body size differences between species. This separate experiment showed that the mortality rate of methoprene-treated nymphs using these concentrations did not differ significantly from those of control individuals (survival untreated: 72%, survival methoprene: 88%; chi2 contingency analysis: Nmethoprene = 17, Nuntreated = 25, χ21,42 = 1.58, P = 0.208). This experiment covered a period until, and including, the next molt of an individual; most mortality occurred during molting when the animals are separated from the colony. Finally, we tested whether such a methoprene treatment results in an upregulation of JH signaling as increased JH titers do. Note, methoprene is an JH analogon and not JH, hence its titers cannot be determined using methods such as radio-immunoassays that measure JH directly. Therefore, we measured gene expression of genes involved in JH signaling by performing quantitative realtime PCR (qRT-PCR) experiment (see next section “qRT-PCR”). We quantified the expression of Kr-h1 (Krüppel-homolog 1, CsecKr-h1), which is an early response gene upregulated under high JH titers in insects (e.g., Bellés et al., 2005; Bellés and Santos, 2014; Jindra et al., 2015). Additionally, we tested genes supposed to be involved in JH biosynthesis: two JH epoxidases (P450-15A1; CsecJH epoxidase1 and CsecJH epoxidase2) and the supposed two JH receptor genes, CsecMet (Methoprene-tolerant) and CsecTai (Taiman) (for more details on genes and methods, see below) (Harrison et al., 2018; Jongepier et al., 2018). If methoprene treatment functions efficiently, these four JH biosynthesis genes should not be affected by methoprene treatment. As expected, none of the genes associated with JH biosynthesis was affected by our methoprene treatment (Kruskal Wallis tests: always P > 0.305) but CsecKr-h1 was significantly upregulated in methoprene-treated individuals compared to untreated and acetone treated individuals (Kruskal Wallis test: χ22,30 = 7.51, P = 0.023, Dunn-Bonferroni Post hoc tests: Nuntreated = 19, Nacetone = 5, Nmethoprene = 6; untreated vs. methoprene: z = −2.52, P = 0.035; acetone vs. methoprene: z = −2.36, P = 0.055; untreated vs. acetone: z = 0.50, P = 1.00). These results show that our methoprene treatment specifically up-regulated JH signaling and that acetone did not have a similar JH effect.



qRT-PCR

To obtain insights into JH titers and genetic mechanisms underlying postembryonic development, we performed qRT-PCR experiments of selected genes expressed in the head and thorax that are known to be associated with JH signaling in other insects, including cockroaches (e.g., Bellés et al., 2005; Bellés and Santos, 2014; Jindra et al., 2015):


(i)CsecKr-h1, the C. secundus 1:1 ortholog of the early response gene of JH signaling in the fruit fly D. melanogaster Kr-h1;

(ii)two JH epoxidases (P450-15A genes), CsecJH epoxidase1 and CsecJH epoxidase2; these two genes have been identified as an ortholog and a paralog of the D. melanogaster JH epoxidase that synthesize JH (Harrison et al., 2018; Jongepier et al., 2018). As we do not know which of both genes has the same function in C. secundus, we tested both genes.

(iii)CsecMet, a 1:1 ortholog of the gene Methoprene-tolerant (met) of the cockroach Blattella germanica whose protein functions as receptor of JH (Jindra et al., 2015);

(iv)CsecTai, a 1:1 ortholog of the B. germanica gene Taiman (Tai) which encodes a protein that dimerizises with Met upon JH binding (Jindra et al., 2015). The resulting JH-Met-Tai complex then induces transcription of the early response gene Kr-h1 in B. germanica and other insects (Jindra et al., 2015).



qRT-PCR was performed as described elsewhere (Elsner et al., 2018). In short, total RNA of head and thorax was extracted according to the peqGOLD TriFast protocol as described in Elsner et al. (2018). RNA concentration and purity were measured with a Nanodrop 2000c (peqLab) and the RNA was diluted to 25 ng/μl with nuclease-free H2O. Reverse transcription and qRT-PCR were performed with a LightCycler 96 (Roche) using the QuantiTect SYBR Green RT-PCR Kit (Qiagen). We used a reaction volume of 25 μl. After reverse transcription for 1,800 s at 50°C and an initial activation for 900 s at 95°C, 50 amplification cycles were run. These consisted of 15 s of denaturation at 95°C, 30 s of annealing at 62°C, and 70 s of extension at 72°C. This was followed by a melting step with 10 s at 95°C, 60 s at 65°C, and 1 s at 97°C, followed by a cooling step for 30 s at 37°C. We checked the amplification and melting curves to ensure target specificity. We used 18S rRNA to normalize expression, as it was previously established to be stable expressed in termites (Weil et al., 2007). Three technical replicates per gene and sample were done. For primer sequences see Supplementary Table S1.

Using this approach (i) we tested whether methropene results in increased JH signaling (see above), (ii) we inferred the JH titers before and after a molt, and (iii) we associated molting types (progressive, stationary, regressive) with JH related gene expression and JH titers after a molt. Note, it is impossible to determine gene expression before a molt and link it with the potential subsequent molting type as one cannot predict how an individual would have molted if one would not have killed it for gene expression analysis.

For these experiments, we used another set of 17 C. secundus colonies. The experimental procedure was identical to that described in “Endocrine manipulations.” All gene expression data are provided as Supplementary Data Set 2.



Statistical Analyses


Endocrine Experiment

To test whether an increase in JH signaling influenced developmental trajectories of nymphs, we compared the frequency of molting types (i.e., the number how often a molting type occurred) after methoprene treatment with those of control individuals. Colony identity affected molting type frequencies. Hence, we performed generalized mixed models with multinomial error distributions and “treatment” as fixed factor and “colony ID” as random factor to control for colony effects. All models differed significantly compared to a null model (see section “Results”). With post hoc tests we compared changes in frequencies relative to the proportion of regressive molts. To do this, we applied the Satterthwaite approach which is especially useful if the data are unbalanced like in our case where we had more control than treated individuals. All analyses were done separately for each phase to identify which phase is crucial for affecting developmental trajectories.



Gene Expression Studies

For none of the five studied genes, gene expression was affected by colony identity (Kruskal-Wallis tests: always P > 0.100). Hence, we analyzed gene expression data with Mann Whitney-U-tests (before vs. after molt) or Kruskal Wallis-tests (all other analyses) and applied FDR correction for multiple testing.

All statistical analyses were performed using IBM SPSS 26 and all tests were two-tailed.





RESULTS


Effect of Methoprene on Molting Type Frequencies

During the study period, untreated, control nymphs mainly performed stationary molts (360 molts, 45.5%), followed by progressive (280 molts, 35.4%) and regressive molts (152 molts, 19.2%) (Figure 3).
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FIGURE 3. Molting type frequencies (i.e., number of each type of molt) after induction of JH signaling with methoprene during three phases of the intermolt period and in untreated control individuals. Shown are the frequencies of progressive (blue, filled), stationary (orange, dotted vertical stripes), and regressive (gray/black, horizontal stripes) molting types. Numbers inside bar show absolute numbers of each type of molt, the y-axis represents this as relative proportions.


Increased JH signaling induced by methoprene treatment resulted during all three phases in altered molting types. Methoprene treatment directly after a molt (phase 1) significantly changed molting type frequencies [F(2, 839) = 13.56, P < 0.001] with more regressive and less progressive molts compared to control individuals (Figure 3). Post hoc testing revealed that compared to the frequency of regressive molts, the number of progressive molts significantly decreased, while those of stationary molts was unaffected (progressive vs. regressive: t = −5.13, P < 0.001; stationary vs. regressive: t = −1.23, P = 0.218).

Also methoprene treatment during mid-phase of the molting period (phase 2) resulted in significantly altered molting type frequencies [F(2, 800) = 7.75, P < 0.001], again with more regressive and less progressive molts, while the proportion of stationary molts slightly declined (Figure 3). In line, compared to the frequency of regressive molts, the number of progressive molts was significantly reduced and there was a trend that stationary molts also declined (progressive vs. regressive: t = −2.08, P < 0.001; stationary vs. regressive: t = −1.94, P = 0.052).

Methoprene treatment directly before a molt (phase 3) also changed molting type frequencies significantly [F(2, 802) = 134.67, P < 0.001], with an increase in regressive molts and fewer progressive as well as stationary molts (Figure 3). Compared to the frequency of regressive molts, the frequency of progressive molts as well as stationary molts significantly declined (progressive vs. regressive: t = −4.80, P < 0.001; progressive vs. stationary: t = −3.00, P = 0.003) (Figure 3).

We did not observe neotenic- or pre-/soldier development, as expected when using complete colonies in which the presence of the corresponding castes inhibits terminal differentiation.



Expression of JH-Related Genes

Comparing the expression of JH-related gene before (phase 3) and after a molt (phase 1) revealed no significant differences (Mann-Whitney U-test: always P > 0.270; for more details see Supplementary Table S2 and Supplementary Figure S1), except for CsecKr-h1 which was higher expressed before than after a molt (Nbefore molt = 22, Nafter molt = 19, U = 78.00, P = 0.001) (Figure 4). This indicates that JH production did not differ but that JH signaling was higher before than after a molt.
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FIGURE 4. Relative expression of the CsecKr-h1 before and after a molt in untreated individuals. The expression of this early response gene of JH signaling was significantly higher before than after a molt. Shown are boxplots with median, quartiles, minimal and maximal values, and outliers (open circle), the later are cases that have values at least three times the height of the boxes.


After a molt, gene expression did not differ between molting types for the genes CsecJH epoxidase2 and CsecTai (Kruskal Wallis tests: always P > 0.800; for more details see Supplementary Table S3 and Supplementary Figure S2). Yet, CsecJH epoxidase1 and CsecMet expression differed significantly between molting types, and CsecKr-h1 by trend (CsecJH epoxidase1: χ22,19 = 8.16, P = 0.017; CsecMet: χ22,19 = 7.24, P = 0.027; CsecKr-h1: χ22,19 = 5.88, P = 0.053) (Figure 5). All three genes had their highest expression after stationary molts (Figure 5), indicating that JH production as well as signaling are up-regulated after a stationary molt.
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FIGURE 5. Relative expression of genes related to JH biosynthesis and JH signaling after a molt, in relation to molting types. All shown genes were significantly (by trend for CsecKr-h1) higher expressed after stationary than progressive and regressive molts. (A) CsecJH epoxidase1, a genes supposed to catalyze the last step of JH biosynthesis. (B) CsecMet, the 1:1 ortholog of met from the cockroach Blattella germanica whose protein functions as receptor of JH. (C) CsecKr-h1, the 1:1 ortholog of Kr-h1 in D. melanogaster and B. germanica which functions as early response gene of JH signaling. Shown are boxplots with median, quartiles, minimal and maximal values, and outliers (open circle), the later are cases that have values at least three times the height of the boxes.





DISCUSSION

Our results suggest that hemolymph JH titers during all phases are crucial in determining the developmental trajectory of C. secundus nymphs. Increasing JH signaling with methoprene always influenced molting type frequencies compared to untreated control individuals (Figure 3). As a caveat, it should be noted that we did not test the methoprene treated individuals against solvent treated individual in our phase-specific experiment. Yet, we found no solvent (acetone) effect on molting types in our supplementary experiments.

During all phases an increase in JH signaling resulted in an elevated proportion of regressive molts. During all phases this was at the cost of progressive molts which became less common (Figure 3). Starting in phase 2, also the number of stationary molts decreased, while they slightly—but not significantly—increased during phase 1. Our results imply that (i) high JH titers, regardless of the intermolt period, favor regressive development, (ii) progressive development is associated with low—or at least not high—JH titers during all phases of the intermolt period, and (iii) stationary molts seem to be less influenced by varying JH titers during the first phase (i.e., directly after the molt) but they also require rather low titers thereafter, especially before the next molt.

We adjusted our methoprene concentrations to what was used before in termite studies (see Methods). Yet, we cannot completely rule out that we observed a pharmacological rather than a physiological effect due to emulating artificially high JH titers. If this was the case, postembryonic developmental plasticity could not be explained by varying JH titers during the intermolt period as the NW model predicted. Given the evidence that exists that varying JH titers are associated with different developmental trajectories in termites in general (reviewed in Korb, 2015; for soldiers: Miura and Scharf, 2011) and the fact that our results are in line with a former study that found an association of high JH titers with regressive molts in C. secundus (Korb et al., 2009), we think that it is unlikely that we produced highly artificial results in our study.


Updating the NW Model to Explain Termite’s Development Plasticity

Our data confirmed the NW model and former suggestions in that progressive molts require rather low JH titers throughout the molting period (Springhetti, 1969; Nijhout and Wheeler, 1982; Korb et al., 2009; Korb and Bellés, 2017; Figures 2, 6). In line, average JH titers decline in C. secundus (Korb et al., 2009) as well as Hodotermes sjostedti (Cornette et al., 2008) with progressive development along the nymphal-alate line.
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FIGURE 6. According to current results, revised model to explain the unparalleled diversity of postembryonic, non-terminal developmental trajectories of wood-dwelling termites. High JH titers throughout the intermolt period increase the likelihood of regressive development (black, broken line). Progressive molts (blue, continuous line) require low JH titers throughout the intermolt period. Stationary molts (orange, dotted line), by contrast, can have medium-high JH titers during phase 1 but require increasing low JH titers thereafter. The presence of reproductives and soldiers prevent terminal molts into the corresponding castes. For further information, see text.


The NW model did not explicitly mention regressive molts. Yet, it suggested that individuals that remain immature workers—which comprises regressive and stationary molts—are characterized by first high, then low JH titers (Figure 2). This corresponds with our results for the stationary molts which seem to require low JH signaling during phase 3 (Figure 3). However, the NW model’s suggestion that low JH titers toward the end of the intermolt period characterize individuals that remain immatures, is not in line with our findings that regressive molts were induced by high JH signaling during phase 3 (Figure 3). Yet, our results correspond with previous hypotheses (Lüscher, 1956, 1974b; Springhetti, 1969) and first evidence (Korb et al., 2009) that regressive molts are the results of high JH titers throughout the intermolt period.

According to the NW model as well as several experimental studies using JH analoga and in vitro measurements (e.g., Elliott and Stay, 2008; for recent reviews see: Miura and Scharf, 2011; Watanabe et al., 2014; Korb, 2015), high JH titers lead to soldier development. This seems to contrast with our results that they elicit regressive molts. However, presoldier/soldier development generally require an absence of the soldiers which prevent the differentiation of further soldiers (e.g., Castle, 1934; Lüscher, 1974a; Haverty and Howard, 1981; Lefeuve and Bordereau, 1984; Henderson, 1998; Korb et al., 2003; Park and Raina, 2005; Tarver et al., 2010; Miura and Scharf, 2011; Watanabe et al., 2011, 2014; for few exception see Lenz, 1976; Hrdy et al., 2006).

Our experiments were done with complete colonies, including soldiers, and soldiers inhibit soldier differentiation in C. secundus (Korb et al., 2003; Roux and Korb, 2004). Thus, high JH signaling in the presence of soldiers seems to trigger regressive molts while it may lead to soldier differentiation in the absence of soldiers. This corresponds to a recently proposed model for the evolution of termite developmental plasticity based on “shared endocrinology” between postembryonic, non-terminal and terminal molts derived from a cockroach ancestor (Korb and Bellés, 2017). According to this model, JH titers in combination with social interactions could explain termite plasticity. High JH titers in the presence of soldiers result in regressive molts, while presoldier/soldier development is induced when soldiers are lacking. Correspondingly, constantly low JH titers trigger either progressive postembryonic development or a terminal neotenic molt, depending on the presence and absence of reproductives, respectively. In our experiment, the presence of reproductives prevented neotenic differentiation in C. secundus as it does in other Kalotermitidae (e.g., Grassé and Noirot, 1946; Lüscher, 1952; Lüscher, 1974b; Lenz, 1976; Hoffmann and Korb, 2011; for a recent review see: Korb, 2015). This model of shared endocrinology is in line with several recent studies which also stress the importance of social interactions in explaining phenotypic plasticity in termites (e.g., Tarver et al., 2010; Watanabe et al., 2014; Oguchi et al., 2020).



What Next?

Our study is the first that explicitly tested the NW model by phase-specific endocrine manipulations which led to a revision of the NW model and it improved our understanding of unparalleled diversity of postembryonic development in termites (Figure 6). Yet, it has some caveats that should be addressed in further studies. The sample sizes were relatively small for the later phase manipulations compared to the control treatment. However, we found statistical support for changes caused by methoprene treatment, which suggests that the effects were large. Additional studies, including also other species, should test the robustness of our results. Such investigations should most suitably use acetone (solvent) treated individuals as control. In our supplementary experiments, we found no evidence that acetone had an effect on molting types. Neither the direct comparison of molting types with untreated individuals revealed significant differences nor our gene expression experiment suggested an effect of acetone on JH signalling in workers. More studies could substantiate our results.

Our studies gives directions for future research by identifying a number of specific questions: How does JH-related gene expression vary during the different phases? We determined it for phase 1 and found that it varies and that it seems affected by the preceding molting type. As a consequence, does a preceding molting type influence the direction of the subsequent molt and hence does a sequential pattern of molting types emerge? We have some preliminary data (unpublished) that this seems not to be the case. Are there any predictors of an individual’s upcoming molting type? This appears as one of the most urgent quests to unravel the molecular mechanisms underlying the different developmental trajectories. Our study opened a new door by performing intermolt/phase-specific manipulations of JH signaling, which have not been done before. By doing so, it revealed new insights into the puzzle how termites can achieve their extraordinary diversity of postembryonic developmental plasticity, with a “standard” endocrine toolkit.
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