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Significance

Many insects have evolved a 
developmental arrest called 
diapause to overcome 
unfavorable seasonal changes. 
In pupal diapause species, the fat 
body is structurally intact in 
diapause pupae for months, 
whereas it undergoes cell 
dissociation after pupation  
in nondiapause pupae. In the 
cotton bollworm, cathepsin  
L activates matrix 
metalloproteinases that degrade 
extracellular matrix proteins, 
resulting in fat body cell 
dissociation and lipid 
metabolism. The physiological 
process is indispensable for 
pupal development, and its 
stimulation might moderately 
avert pupal diapause. This study 
reveals a crucial role played by 
the fat body in regulating insect 
development and diapause.
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In Lepidoptera and Diptera, the fat body dissociates into single cells in nondiapause 
pupae, but it does not dissociate in diapause pupae until diapause termination. Using 
the cotton bollworm, Helicoverpa armigera, as a model of pupal diapause insects, we 
illustrated the catalytic mechanism and physiological importance of fat body cell disso-
ciation in regulating pupal development and diapause. In nondiapause pupae, cathepsin 
L (CatL) activates matrix metalloproteinases (Mmps) that degrade extracellular matrix 
proteins and cause fat body cell dissociation. Mmp-induced fat body cell dissociation 
activates lipid metabolism through transcriptional regulation, and the resulting energetic 
supplies increase brain metabolic activity (i.e., mitochondria respiration and insulin sig-
naling) and thus promote pupal development. In diapause pupae, low activities of CatL 
and Mmps prevent fat body cell dissociation and lipid metabolism from occurring, main-
taining pupal diapause. Importantly, as demonstrated by chemical inhibitor treatments 
and CRISPR-mediated gene knockouts, Mmp inhibition delayed pupal development 
and moderately increased the incidence of pupal diapause, while Mmp stimulation pro-
moted pupal development and moderately averted pupal diapause. This study advances 
our recent understanding of fat body biology and insect diapause regulation.

Pupal development | pupal diapause | fat body cell dissociation | cathepsin L | matrix 
metalloproteinase

Diapause is an actively induced developmental arrest that has evolved in a large number 
of insect species. This physiological and behavioral adaptation facilitates insect survival 
under unfavorable environmental conditions, such as adverse weather changes (1). The 
two most remarkable characteristics of insect diapause are developmental arrest and pro-
found metabolic suppression, which can decrease by as much as 90% (2). One reason for 
this metabolic suppression could be the breakdown of mitochondria via mitophagy (3). 
The cotton bollworm, Helicoverpa armigera (Lepidoptera), is one of the most devastating 
pests worldwide (4–6). Its larvae respond to short day length and low temperature by 
entering a pupal period lasting up to 3 mo (diapause). Diapause pupae exhibit extremely 
prolonged lifespans compared to their nondiapause pupal counterparts, which develop 
into adults within approximately 3 wk (7, 8). The pupal diapause state in H. armigera is 
accompanied by a major shutdown in metabolic activity, which is especially obvious in 
the brain and fat body, and this shutdown is directly linked to low ecdysone levels in the 
hemolymph (7). It is well established that high ecdysone levels promote pupal development 
and low ecdysone levels result in pupal diapause (1, 9). In most, if not all insects that 
undergo pupal diapause, the inhibition in mitochondrial respiration or impaired insulin 
signaling are two important characteristics of diapause (10, 11), and moreover, decreasing 
mitochondrial respiration or insulin signaling can extend the lifespan via an increase in 
reactive oxygen species (ROS) (8, 12). It seems that ROS elicits distinct responses at dif-
ferent developmental stages: promoting aging in older individuals while extending life 
span in younger individuals (8). Most insects do not feed during pupal diapause; they 
slowly use nutrient reserves accumulated prior to diapause as fuel during the long diapause 
period (12). Previous studies have shown that intermediates of the tricarboxylic acid (TCA) 
cycle released from the fat body act in the brain, causing ecdysone biosynthesis in the 
prothoracic glands and terminating pupal diapause (7). Lipids deposited in the fat body 
during larval feeding are the primary energy sources for the diapause pupae (13–16). 
Nevertheless, the “cause–effect” relationships between lipid metabolism in the fat body 
and pupal diapause remain unclear.

The fat body is a multifunctional tissue and constitutes a considerable percentage of 
the fresh weight in an insect (more than 50% in some cases). The fat body performs roles 
similar to two major tissues involved in lipid metabolism, e.g., the liver and fat tissues in 
vertebrates. Nutrients are stored in fat body cells during the feeding larval stage, then 
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released into the hemolymph and ultimately absorbed from there 
by imaginal organs during the nonfeeding pupal phase. Moreover, 
by producing humoral factors, the fat body coordinates the growth 
of multiple organs with the energy demands of the organism 
(17–19). In the early stages of the metamorphosis of holometab-
olous insects, the fat body transforms from an organized thin-layer 
tissue to individual fat body cells, known as fat body cell dissoci-
ation. Thus far, the catalytic mechanism of the process is conten-
tious and its physiological importance remains hypothetical (19). 
In H. armigera, the fat body dissociates in nondiapause pupae but 
remains structurally intact in diapause pupae, and starts to disso-
ciate when the diapause is terminated, implying that fat body cell 
dissociation is closely related to pupal development and diapause 
(20). In the tobacco hornworm, Manduca sexta (Lepidoptera), fat 
body releases an unknown stimulatory factor(s) promoting the 
prothoracic gland to produce ecdysone (21). In the corn earworm, 
Heliothis zea (Lepidoptera), implantation of fat body from 24-h-
old nondiapause pupae stimulates diapause termination in dia-
pause pupae, indicating a diapause terminating factor(s) is released 
from the fat body into the hemolymph. This factor does not exert 
a direct effect on prothoracic gland but is necessary for neuropep-
tide-stimulated ecdysone production (22). These unknown factors 
may be metabolites released from dissociated fat body cells, and 
therefore, it is crucial to determine how fat body cell dissociation 
is involved in pupal development and diapause.

As demonstrated in the fruit fly, Drosophila melanogaster 
(Diptera), the enzymes responsible for extracellular matrix (ECM) 
breakdown are matrix metalloproteinases (Mmps) (23, 24). Mmps 
show the ability to degrade all major protein components in the 
ECM and basement membranes under physiological conditions 
(25). In addition to other researchers (26), we have identified that 
Mmps induce fat body cell dissociation in D. melanogaster (27, 28). 
We have also found that Mmps promotes fat body cell dissociation 
in the domestic silkmoth, Bombyx mori (Lepidoptera) (29). 
Moreover, the actions of Mmps are suppressed in vivo by a family 
of proteinase inhibitors called tissue inhibitors of metalloprotein-
ases (Timps) (30). The overexpression of Timp blocks fat body cell 
dissociation in both D. melanogaster and B. mori (26–29). By con-
trast, precocious fat body cell dissociation is observed in the Timp-
mutant D. melanogaster (28). Furthermore, in three lepidopterans, 
H. armigera, B. mori, and the Chinese silk moth, Antheraea pernyi, 
the lysosomal cysteine proteinase Cathepsin L (CatL) are involved 
in fat body cell dissociation (20, 31, 32). Although CatL might be 
released into the ECM and thus degrade certain ECM components 
(33), Mmps are considered the main proteinases that degrade most 
ECM components in mammals (23, 24, 30). It is well known that 
mammalian cathepsins could directly activate MMPs through 
proteinase cleavage and could indirectly activate MMPs by cleaving 
TIMPs and thus relieving the TIMPs’ inhibitory effect on MMPs 
(34, 35). However, nothing is known about the genetic and bio-
chemical interactions between CatL and Mmps in insects.

To understand the molecular mechanism and cause–effect rela-
tionship of fat body cell dissociation and pupal diapause, using 
H. armigera as a model of pupal diapause insects, we show that 
CatL acts upstream of Mmps and that Mmps degrade ECM pro-
teins and cause fat body cell dissociation. More importantly, 
although it has long been assumed that fat body cell dissociation 
is a downstream part of pupal development or diapause, we reveal 
that Mmp-induced fat body cell dissociation promotes pupal 
development and might moderately avert pupal diapause by acti-
vating lipid metabolism. This study significantly advances our 
understanding of fat body cell dissociation, especially its regulatory 
roles in two different developmental trajectories: pupal develop-
ment or pupal diapause.

Results

A Comparison of Fat Body Cell Dissociation between Nondiapause 
and Diapause Pupae. It has been reported that the fat body 
dissociates during pupal development in H. armigera, but it does 
not dissociate in diapause pupae until diapause termination (20). 
Here we used histological sectioning and H&E staining to compare 
H. armigera fat body cell dissociation between nondiapause and 
diapause pupae. Consistent with the previous report (20), the 
nondiapause pupal fat body showed progressive cell dissociation, 
commencing 1 to 2 d after pupation and completed 10 d after 
pupation, at which time, individual fat body cells were distributed 
throughout the pupal body cavity. In contrast, diapause pupal fat 
body cells maintained a tight arrangement and did not dissociate, 
even 10 d after pupation (Fig. 1A).

Each insect fat body tissue sheet is encased in a thin basement 
membrane (19). Collagen IV comprises two α1 chains and one 
α2 chain. In addition to being the most abundant constituent of 
the basement membrane, collagen IV mediates cell–cell adhesion 
via its intercellular concentrations (36, 37). E-cadherin is the main 
component of adherens junctions and mediates cell–cell adhesion 
in the fat body (27). Western blot analyses demonstrated that the 
three aforementioned ECM protein components were gradually 
degraded as fat body cell dissociation progressed in the nondia-
pause pupae, whereas these components remained intact in the 
diapause pupal fat body (Fig. 1B and SI Appendix, Fig. S9A), con-
firming that the fat body lost structural integrity during the dis-
sociation process. Thus, the degradation degree of these ECM 
protein components reflects the degree of fat body cell 
dissociation.

As introduced above, CatL and Mmps are involved in fat body 
cell dissociation in a variety of insect species (20, 26–29, 31, 32). 
One CatL gene (named Har-CatL), three Mmp genes (named 
Har-Mmp1, Har-Mmp2, and Har-Mmp3) and one Timp gene 
(named Har-Timp) were identified in the H. armigera genome  
(SI Appendix, Fig. S1A). We first compared the developmental 
patterns of enzymatic activity in the fat body of nondiapause and 
diapause pupae. In nondiapause pupal fat body, the CatL activity 
increased from 0 d after pupation and peaked 2 d after pupation 
(prior to discernible changes in fat body cell–cell adhesion), and 
then decreased slowly. Mmp activity gradually increased from  
0 d after pupation, reaching the maximum level 7 d after pupation, 
and then decreased steadily. In general, the CatL activity peak is 
ahead of the Mmp activity peak. In diapause pupal fat body, the 
activities of both CatL and Mmps remained unchanged with sig-
nificantly low levels (*P < 0.05; **P < 0.01) (Fig. 1C). Further 
quantitative real-time PCR and Western blot analyses of temporal 
expression patterns of Har-CatL and Har-Mmps showed that their 
mRNA and protein levels exhibited trends similar to their enzy-
matic activities (Fig. 1D and SI Appendix, Figs. S1B and S9A). 
These developmental changes suggest that CatL and/or Mmps 
degrade ECM components and cause fat body cell dissociation.

CatL Activates Mmps and Mmps Dissociate Fat Body Tissues. To 
clarify the catalytic mechanisms of CatL and Mmps in fat body 
cell dissociation in H. armigera, we assessed the degree of fat body 
cell dissociation after injecting nondiapause pupae with the CatL 
inhibitor CAA0225 or the Mmps inhibitor GM6001 0 d after 
pupation. As detected 7 d after pupation, both inhibitors blocked 
fat body cell dissociation and prevented the degradation of ECM 
protein components (Fig. 2 A and A’ and SI Appendix, Fig. S9C).

To understand the detailed molecular mechanism how CatL and 
Mmps interact in the induction of fat body cell dissociation, we 
performed pharmaceutical, biochemical, and genetic experiments. 
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As expected, CAA0225 inhibited CatL activity, and GM6001 
inhibited Mmps activity. Importantly, Mmp activity in the fat body 
was significantly inhibited upon CatL inhibition, whereas CatL 

activity in the fat body was unaffected upon Mmp inhibition 
(Fig. 2 B and C), suggesting that CatL acts upstream of Mmps 
during fat body cell dissociation in H. armigera. The same results 

Fig. 1. A comparison of fat body cell dissociation between nondiapause and diapause pupae from 0 to 15 d after pupation. (A) Histological sections and H&E 
staining analysis of morphological changes. (B) Western blot showing patterns of degradation for three ECM protein components (E-cadherin, Collagen IV α1, 
and Collagen IV α2). (C) Developmental changes in the enzymatic activity of two ECM proteinases (CatL and Mmps). Bars represent the mean ± SEM. Significant 
differences were calculated using Student’s t test (*P < 0.05; **P < 0.01) according to three biological replicates. (D) Western blot showing changes in Har-CatL 
and Har-Mmp2 protein levels.
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Fig. 2. Functional analysis of CatL and Mmps in fat body cell dissociation. (A and A’) Fat body cell dissociation (A) and degradation of three ECM protein 
components (A’) were inhibited by injection of the CatL inhibitor CAA0225 and the Mmp inhibitor GM6001 in nondiapause pupae. (B and C) Mmps activity was 
downregulated by GM6001, CAA0225, or Har-CatL double-stranded RNA (dsRNA) (B); CatL activity was downregulated by CAA0225 and Har-CatL dsRNA, but not 
affected by GM6001 (C). Bars represent the mean ± SEM. Significant differences were calculated using ANOVA (bars labeled with different lowercase letters are 
P < 0.05) or Student’s t test (*P < 0.05) according to three biological replicates. (D) Co-overexpression of Har-CatL and Har-Timp or Har-Mmp3 showed cleavage 
of Har-Timp or Har-Mmp3 by Har-CatL. Har-Timp and Har-Mmp3 were detected by using V5 epitope tag antibody. (E) Co-immunoprecipitation of Har-CatL and 
Har-Timp or Har-Mmp3 showed direct binding of Har-Timp or Har-Mmp3 by Har-CatL. Har-CatL was detected by using Myc epitope tag antibody. (F and F’) Fat 
body cell dissociation (F) and degradation of three ECM protein components (F’) were inhibited in Har-Mmp2−/− mutants. (G and G’) Fat body cell dissociation (G) 
and degradation of three ECM protein components (G’) were enhanced in Har-Timp−/− mutants or pupae injected with recombinant Har-Mmp2.
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were obtained in two other lepidopterans, B. mori and the fall 
armyworm, Spodoptera frugiperda (SI Appendix, Fig. S2 A–F), indi-
cating that a similar catalytic mechanism of fat body cell dissocia-
tion occurs during pupal development in Lepidoptera.

By co-overexpressing Har-CatL and Har-Timp in HaEpi cells 
derived from H. armigera, we found that Har-CatL cleaved Har-
Timp into two fragments (Fig. 2D and SI Appendix, Fig. S9B). 
Each of the three Har-Mmps and Har-CatL was co-overexpressed 
in HaEpi cells. Har-Mmp1 and Har-Mmp2 showed no obvious 
changes after overexpression alone or after overexpression with Har-
CatL (SI Appendix, Fig. S3A). However, a greater proportion of 
Har-Mmp3 precursor was cleaved into a mature peptide 
(Fig. 2D and SI Appendix, Fig. S9B), implying that Har-CatL trig-
gered the activation of the latent Har-Mmp3 precursor. By contrast, 
Har-Mmps did not cleave or affect the activity of Har-CatL 
(SI Appendix, Fig. S3B). The physical interaction between Har-
CatL and Har-Timp or Har-Mmp3 was further confirmed by 
co-immunoprecipitation within HaEpi cells, and the results showed 
that Har-CatL-Myc bound to Har-Timp-V5 and Har-Mmp3-V5, 
while Har-CatL did not interact with GFP-V5 alone (Fig. 2E).

We then overexpressed Har-CatL and each Har-Mmp tissue 
specifically in the D. melanogaster fat body using the GAL4/UAS 
system. The overexpression of Har-CatL exerted no apparent effect 
on fat body cell dissociation, but overexpression of Har-Mmp2 
induced dramatic precocious fat body cell dissociation. In addi-
tion, overexpression of Har-Mmp1 or Har-Mmp3 also induced 
precocious fat body cell dissociation with a less efficiency than 
Har-Mmp2 (SI Appendix, Fig. S4). These results reveal significant 
differences in the catalytic mechanisms of fat body cell dissociation 
between Lepidoptera and D. melanogaster regarding to the role of 
CatL. In D. melanogaster, neither loss-of-function nor gain-of-
function of Dm-CatL exerted effect on fat body cell dissociation 
(SI Appendix, Fig. S4C). These results also strongly support the 
idea that Har-Mmp2 is the major Mmp gene responsible for fat 
body cell dissociation in H. armigera.

Next, we constructed Har-Mmp2 and Har-Timp mutants by 
employing a dual sgRNA-directed CRISPR-Cas9 system. A Har-
Mmp2−/− mutant line with a 426-bp sequence deleted and a Har-
Timp−/− mutant line with a 340-bp sequence deleted were obtained. 
The genomic PCR detection and Western blot analyses confirmed 
the deletion of aforementioned sequences in Har-Mmp2 and Har-
Timp (SI Appendix, Fig. S5 A–B’’). The Har-Mmp2−/− mutants 
routinely survived to the pharate adult stage but failed to emerge 
as adults. Har-Timp−/− mutants emerged with twisted wings and 
died within 3 d; moreover, the surviving adults were unable to 
mate and reproduce (SI Appendix, Fig. S5 C–C’’). Under nondia-
pause conditions, in comparison with wild-type pupae, the Har-
Mmp2−/− pupae showed significantly delayed fat body cell 
dissociation and ECM component degradation (Fig. 2 F and F’). 
Although fat body cell dissociation was only slightly accelerated 
in the Har-Timp−/− pupae, a high level of ECM component deg-
radation compared to that in the wild-type animals was observed. 
Moreover, the injection of recombinant Har-Mmp2 promoted fat 
body cell dissociation and ECM component degradation, con-
firming the predominant role played by Har-Mmp2 in these pro-
cesses (Fig. 2 G and G’ and SI Appendix, Fig. S9C). Taken together, 
the data show that during fat body cell dissociation in H. armigera, 
CatL directly activates Mmp3, CatL also releases the Timp-
induced inhibition on Mmps, and then, Mmps induce fat body 
cell dissociation by degrading ECM components.

Mmp-Induced Fat Body Cell Dissociation Regulates Pupal 
Development and Diapause. We then investigated whether and 
how Mmp-induced fat body cell dissociation regulates pupal 

development and diapause in H. armigera. Stemmata migration 
is a well-established morphological marker used for monitoring 
the development rate in H. armigera pupae (38, 39). Importantly, 
pupal stemmata migration was delayed approximately 2 d after 
the injection of the Mmp inhibitor GM6001 (P = 0.025, 
Kolmogorov–Smirnov test), and it was similarly delayed in the 
Har-Mmp2−/− mutant (P = 0.013), but accelerated approximately 
1 d earlier in the Har-Timp−/− mutant (P = 0.041) (Fig. 3 A–C). 
These results demonstrate that fat body cell dissociation promotes 
pupal development.

Previous studies have showed that low brain mitochondrial 
activity (Cytochrome oxidase/COX activity) and low insulin sig-
naling are associated with H. armigera pupal diapause (7, 8, 10, 
38). Therefore, we detected the brain COX activity and insulin 
signaling after injecting the inhibitor GM6001 or DMSO, and 
compared their levels among wildtype, Har-Mmp2−/−, and Har-
Timp−/− pupae. Brain COX activity was downregulated upon the 
inhibition of fat body cell dissociation but upregulated upon its 
promotion (Fig. 3D). The phosphorylation levels of InR (Y1220/
Y1221) and FoxO (S191) reflect the activity of insulin signaling 
(8, 40). Western blot analyses revealed that insulin signaling 
changed in a manner similar to the change in brain COX activity 
in the aforementioned animals (Fig. 3E and SI Appendix, 
Fig. S9D). These experimental data demonstrate that fat body cell 
dissociation activates brain mitochondrial activity and insulin 
signaling during pupal development, implying a possible role in 
regulating pupal diapause.

To this end, the effect of fat body cell dissociation on the incidence 
of pupal diapause was evaluated by rearing newly hatched larvae in 
different photoperiods at 20 °C until diapause was identified. It is 
necessary to note that the incidence of pupal diapause in both the 
Har-Mmp2−/− and Har-Timp−/− mutants was not affected upon the 
strictly short day length during the light: dark (L: D) photoperiods 
of 15: 9 or 14: 10 and the strictly long day length during the L: D=10: 
14 or 9: 15 photoperiod. Nevertheless, the incidence of pupal dia-
pause was increased in the Har-Mmp2−/− mutants during the 
L: D=12: 12 or 11: 13 photoperiod, while it was reduced in the 
Har-Timp−/−mutant during the L: D=11: 13 photoperiod (Fig. 3F). 
Thus, in certain (near-critical or threshold) photoperiod conditions, 
the inhibition of Mmp-induced fat body cell dissociation might 
moderately increase the incidence of pupal diapause, while its stim-
ulation might moderately avert pupal diapause.

Mmp-Induced Fat Body Cell Dissociation Promotes Lipid 
Mobilization. As the fat body is a major energy reservoir for 
promoting pupal development (19) and terminating pupal 
diapause (13–16), we have hypothesized that fat body cell 
dissociation regulates pupal development or diapause by releasing 
nutrients stored during the feeding larval stages. We compared 
changes in the main nutrients (diacylglycerol [DAG], free fatty 
acid [FFA], glucose, trehalose, protein, and amino acids) in the 
hemolymph as well as lipids and glycogen in the fat body between 
nondiapause pupae and diapause pupae. In nondiapause pupae, 
the glucose content decreased gradually from 0 to 15 d after 
pupation. The DAG content remained unchanged during the 
first 2 d after pupation, increased from 2 to 10 d after pupation, 
and then remained at a high level from 10 to 15 d after pupation, 
suggesting that fat body lipid mobilization accompanies fat body 
cell dissociation during pupal development. In addition, other 
nutrients in the hemolymph were relatively stable during pupal 
development. Importantly, in diapause pupae, the DAG content 
remained constant or slowly increased, trehalose levels were higher 
than nondiapause pupae beginning from 7 d after pupation, 
while the other nutrients were not significantly different from 
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nondiapause pupae (Fig. 4 A and B and SI Appendix, Fig. S6). 
Lipid droplets in fat body cells are involved in energy production 
and signaling (41). Intracellular lipolysis can be indicated by 
a decrease in lipid droplet size (42). Staining by BODIPY, a 
fluorescence dye indicator of lipid droplets, revealed that lipid 
droplets in fat body cells gradually decreased in size during pupal 
development, but remained unchanged or slightly decreased in 
diapause pupae (Fig. 4C). Moreover, lipases activity in the fat body 
progressively increased in nondiapause pupae but was constantly 
low in diapause pupae with a slight increasing trend (Fig. 4D). 

Thus, the changes of lipid droplets and lipase activity in the fat 
body result in the significant differences of DAG content in the 
hemolymph between nondiapause and diapause pupae.

Moreover, fat body lipases activity and hemolymph DAG con-
tent were decreased upon the inhibition of fat body cell dissociation 
by injection of GM6001 or mutation of Har-Mmp2, whereas they 
were increased upon promotion by injection of recombinant Har-
Mmp2 (rHar-Mmp2) and mutation of Har-Timp (Fig. 4E). The 
results show that fat body cell dissociation increases fat body lipases 
activity and hemolymph DAG content. Importantly, the injection 

Fig. 3. Mmp-induced fat body cell dissociation promotes pupal development and might moderately avert pupal diapause. (A–C) Changes of pupal development 
under manipulation of fat body cell dissociation in nondiapause pupae. Delayed pupal development was caused by injection of GM6001 (A) or by Har-Mmp2−/− 
mutation (B). Precocious pupal development was caused by Har-Timp−/− mutation (C). Bars represent the mean ± SEM. Significant differences were determined 
by using Kolmogorov–Smirnov test according to three biological replicates. (D) Relative changes in brain COX activity were decreased in GM6001- injected pupae 
(ND-D7) and Har-Mmp2−/− mutant pupae (ND-D7), but increased in Har-Timp−/− mutant pupae (ND-D1). Bars represent the mean ± SEM. Significant differences 
were calculated using Student’s t test (*P < 0.05) according to three biological replicates. (E) Levels of phosphorylated InR and FoxO in the pupal brain were 
decreased in GM6001-injected pupae (ND-D7) and Har-Mmp2−/− mutant pupae (ND-D7), but increased in Har-Timp−/− mutant pupae (ND-D1). (F) The incidence of 
diapause was increased in Har-Mmp2−/− mutant pupae (L: D = 12: 12 or 11: 13) and decreased in Har-Timp−/− mutant pupae (L: D = 11: 13).

http://www.pnas.org/lookup/doi/10.1073/pnas.2215214120#supplementary-materials
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of Orlistat, a general lipase inhibitor, decreased fat body lipases 
activity and hemolymph DAG content (Fig. 4E). Likewise, the 
injection of Orlistat led to a delay of pupal development (P = 0.022, 
Kolmogorov–Smirnov test) and decrease levels in brain COX activ-
ity and insulin signaling (Fig. 4F). In conclusion, Mmp-induced 
fat body cell dissociation induces lipid mobilization to enter pupal 

development, whereas lipid mobilization is attenuated in the struc-
turally intact fat body to maintain pupal diapause.

Fat Body Cell Dissociation Activates Lipid Metabolism through 
Transcriptional Regulation. To understand the details how fat 
body cell dissociation promotes lipid mobilization, we performed 

Fig. 4. Mmp-induced fat body cell dissociation induces lipid mobilization. (A) Relative changes in diglyceride, free fatty acids, glucose, trehalose, total protein, 
and total amino acids in hemolymph from day 0 to 15 d after pupation in nondiapause pupae. (B) Developmental pattern of hemolymph diglyceride content in 
nondiapause and diapause pupae. (C) BODIPY staining of lipid droplets (green) in the fat body of nondiapause pupae. The nuclei were stained with DAPI (blue). 
(D) Developmental patterns of fat body lipases activity in nondiapause and diapause pupae. (E) Relative changes in hemolymph diglyceride content and fat body 
lipases activity in GM6001-injected pupae (ND-D7), pupae injected with recombinant Har-Mmp2 (NP-D1), Har-Mmp2−/− mutant pupae (ND-D7), Har-Timp−/− mutant 
pupae (ND-D1), and the lipases inhibitor Orlistat-injected pupae (ND-D7). (F) Delayed pupal development, decreased brain COX activity, and decreased levels of 
phosphorylated InR and FoxO in nondiapause pupae caused by Orlistat injection. Bars represent the mean ± SEM. Significant differences were calculated using 
Student’s t test (*P < 0.05) or Kolmogorov–Smirnov test according to three biological replicates.



8 of 11   https://doi.org/10.1073/pnas.2215214120� pnas.org

a lipidomic analysis with hemolymph samples collected from 
nondiapause pupae (on days 1 and 7), diapause pupae (on day 
7), DMSO- or GM6001-injected pupae (on day 7), Har-Mmp2−/− 
pupae (on day 7), and Har-Timp−/− pupae (on day 1). A total 
of 621 independent lipid species were identified in the pupal 
hemolymph samples by lipidomics, and the majority of these lipid 
species were triacylglycerol (TAG), DAG, phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), and sphingomyelin (SM) 
(Dataset S1). The lipid profiles revealed extensive changes as 
demonstrated by a partial least squares discriminant analysis (SI 
Appendix, Fig. S7 A–A’’) and unsupervised hierarchical clustering 
(Fig. 5 A and A’ and SI Appendix, Fig. S7B). The samples were 
separated according to the degree of fat body cell dissociation, and 
moreover, the inhibition of fat body cell dissociation-converted 
hemolymph lipid profile tended to be diapause-like, whereas 
the promotion of fat body cell dissociation on day 1 converted 
hemolymph lipid profile tended to be day 7 nondiapause like. 
Furthermore, levels of the total lipid and each lipid species 
decreased dramatically in the hemolymph after the inhibition of 
fat body cell dissociation (Fig. 5B and SI Appendix, Fig. S7 C and 
C’), while the TAG and DAG levels were increased in the Har-
Timp−/− pupal hemolymph (SI Appendix, Fig. S7D).

Following the lipidomic analysis, we performed a comprehensive 
transcriptomic analysis of fat body tissues isolated from the afore-
mentioned seven groups of pupae (Dataset S2). Considering the 
possibility that the inhibition of fat body cell dissociation might 
promote diapause-biased gene expression in the fat body, we com-
pared the fat body transcriptomes from nondiapause and diapause 
pupae with those obtained from pupae treated with DMSO or 
GM6001. A principal component analysis (PCA) revealed that the 
greatest variance separated the nondiapause pupal fat body from 
the diapause pupal fat body (Fig. 5C, x-axis). Strikingly, the second 
PCA component captured the similarities between diapause and 
GM6001-induced states, with a clear correspondence of nondia-
pause pupal fat body and DMSO on the one hand, and diapause 
pupal fat body and GM6001 on the other hand (Fig. 5C, y-axis). 
Consistent with this observation, the expression of diapause-biased 
genes overlapped extensively with genes responsive to GM6001 (P 
= 0.037) (Fig. 5C’). More specifically, genes with expression down-
regulated in diapause pupal fat body also exhibited downregulated 
expression in response to GM6001 (Fig. 5C’’). Similarly, the Har-
Mmp2−/− pupal fat body exhibited a diapause like transcriptional 
state (P = 0.019) (Fig. 5 D–D’’), whereas the Har-Timp−/− pupal 
fat body transcriptome on day 1 was shifted toward a day 7 non-
diapause-like state (SI Appendix, Fig. S7 E–E’’).

A Venn diagram revealed that 266 genes showed common 
downregulated expression and 73 genes showed common upreg-
ulated expression after fat body cell dissociation inhibition (SI 
Appendix, Fig. S8 A and B). KEGG pathway analysis of common 
differential expressed genes (DEGs) showed that the pathways of 
“glycerolipid metabolism,” “fatty acid metabolism,” and “sphin-
golipid metabolism” were among the 20 most-enriched KEGG 
pathways (SI Appendix, Fig. S8 A’ and B’). Then we assessed the 
expression of DEGs with respect to lipid metabolism. Upon the 
inhibition of fat body cell dissociation, the gene expression of two 

key enzymes involved in TAG synthesis (ALDH and GPAT) was 
upregulated; notably, the gene encoding SMPD, which converts 
sphingomyelin into ceramide, was also upregulated. Moreover, 
the gene expression of several enzymes involved in lipolysis, such 
as PTL, LipH, and phospholipases, was downregulated. Further
more, we observed that many genes involved in the biosynthesis 
of very long chain fatty acids (VLCFAs), unsaturated fatty acids 
(UFAs), PC, and PE were downregulated (Fig. 5 E and E’). A Venn 
diagram and KEGG pathway analyses performed in the Har-
Timp−/− versus NP-D1 group confirmed that “glycerolipid metab-
olism” and “fatty acid metabolism” were affected by the degree of 
fat body cell dissociation (SI Appendix, Fig. S8 C–D’). In brief, fat 
body cell dissociation activates lipid metabolism through transcrip-
tional regulation and thus promotes pupal developmental and 
might moderately avert pupal diapause.

Discussion

A Comparison of Catalytic Mechanisms of Fat Body Cell 
Dissociation between Lepidoptera and D. melanogaster. It is 
well known that Mmps induce fat body cell dissociation in D. 
melanogaster and B. mori, and the membrane-bound Mmp2 plays 
major roles (26–29). It has been reported that CatL participates 
in fat body cell dissociation in three lepidopterans, H. armigera, 
B. mori, and A. pernyi (20, 31, 32). The present study confirmed 
that CatL functioned in fat body cell dissociation in three 
lepidopterans: H. armigera, B. mori, and S. frugiperda (Fig. 2 and SI 
Appendix, Fig. S2). To gain further insights into this fundamental 
phenomenon in insect development, we established transgenic 
fly lines and overexpressed Har-CatL and three Har-Mmp genes 
specifically in the D. melanogaster fat body. The results showed that 
overexpression of the Har-Mmps, especially Har-Mmp2, but not 
Har-CatL, induced notable increase in fat body cell dissociation 
in D. melanogaster (SI Appendix, Fig. S4), which was consistent 
with previously reported results (26, 27). Although we cannot 
rule out the possibility that CatL directly degrade certain ECM 
components, we infer that insect Mmps are proteinases with 
direct functions in fat body cell dissociation by degrading ECM 
components. In H. armigera and likely other lepidopterans, CatL 
participates in fat body cell dissociation in two ways: by binding, 
degrading, and inactivating Har-Timp, and by binding, cleaving, 
and activating Har-Mmp3 (Fig. 6). In general, this outcome in H. 
armigera fat body cell dissociation is consistent with the reports 
in mammals’ ECM remodeling (25, 30). Nevertheless, these 
two degradation pathways are not found in D. melanogaster, in 
which neither loss-of-function nor gain-of-function of Dm-CatL 
exerted effect on fat body cell dissociation. Collectively, CatL plays 
important roles in fat body cell dissociation in Lepidoptera but 
not in D. melanogaster. Thus, the catalytic mechanism of fat body 
cell dissociation in Lepidoptera is significantly different from and 
more complex than that in D. melanogaster.

Mmp-Induced Fat Body Cell Dissociation Promotes Pupal 
Development by Activating Lipid Metabolism. It has been long 
assumed that the larval fat body stores lipids to support pupal 

fold-changes in gene expression that responded to GM6001 injections over DMSO (y-axis) and diapause versus nondiapause pupae (x-axis) (C”). (D–D’’) Mutation 
of Har-Mmp2 caused diapause like gene expression in fat body. PCA based on the 500 most variable genes showing nondiapause pupae and diapause pupae 
(full circles) and Har-Mmp2−/− pupae under nondiapause conditions (semitransparent circles) (D). Overlapping of genes with expression affected by Har-Mmp2 
mutation with those differentially expressed in diapause and nondiapause pupae (black line) (D’). Comparison of log2-fold-change for DEGs present in both 
the diapause pupae versus nondiapause pupae comparison (x-axis) and the Har-Mmp2−/− pupae versus nondiapause pupae (y-axis) (D”). (E and E’) Changes of 
lipogenesis and lipolysis pathways upon manipulation of fat body cell dissociation. Heatmap of log2-fold-change for DEGs in the lipogenesis and lipolysis genes 
(E). Schematic representation of glycerolipid metabolism affected by fat body cell dissociation (E’). PC, phosphatidylcholine; PE, phosphatidylethanolamine.
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Fig.  5. Combined analyses of the lipidome and transcriptome showing that Mmp-induced fat body cell dissociation activates lipid metabolism through 
transcriptional regulation. (A and A’) Unsupervised cluster analysis of samples based on the abundance of 621 lipid species profiled in hemolymph isolated 
from nondiapause and diapause pupae as well as pupae upon the inhibition of fat body cell dissociation. (B) Changes in total lipid species and various lipid 
groups with differential abundance following the inhibition of fat body cell dissociation. Red bars represent the number of lipids at increased levels, while 
blue bars represent the number of lipids at decreased levels. (C–C’’) Injection of GM6001 caused diapause-like gene expression in fat body. PCA based on the 
500 genes with the most variable expression showing nondiapause pupae and diapause pupae (full circles) and nondiapause pupae after DMSO or GM6001 
injections (semitransparent circles) (C). Overlapping of genes with expression affected by GM6001 injections among genes differentially expressed in diapause 
and nondiapause pupae (black line). The P value was obtained by comparison of 1,000 random permutations of the gene lists (“shuffle,” orange line) (C’). Log2-
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development during insect metamorphosis. As shown in B. 
mori, lipid droplets are accumulated in the larval fat body and 
utilized after pupation (43). Here, our experimental results further 
demonstrate that blockage of lipid mobilization in the fat body 
delays pupal development. The underlying mechanisms controlling 
lipid mobilization from the pupal fat body are not well studied 
previously, although it has been suggested that autophagy plays 
a fundamental role in this process (19). We suppose that both 
fat body cell dissociation and autophagy are involved. In this 
study, we discovered that the Har-Mmp2−/− and Har-Timp−/− 
mutants showed delayed and precocious fat body cell dissociation, 
respectively; and moreover, the Har-Mmp2−/− exhibited phenotypic 
defects similar to chemical inhibition on CatL and Mmps activities. 
Further research demonstrates that Mmp-induced fat body cell 
dissociation promotes pupal development by activating lipid 
metabolism through transcriptional regulation (Fig. 6). However, 
the transcriptionally regulatory mechanism, including transcription 
factors and their activation, requires future investigation.

It is usually considered that fat body TAGs are secreted into 
the hemolymph as DAGs (44). We found that besides DAGs, 
many TAG and PL species were also released into the hemolymph 
by fat body cell dissociation (Fig. 5B). TAGs are the main caloric 
reserve; PLs are membrane component; acting as signal mole-
cules, DAGs might also activate PKCs and PKDs that play vital 
roles in regulation of glucose and lipid homeostasis (45). In D. 
melanogaster, lipoprotein particles (apoliprotein plus lipids) are 
able to cross the blood–brain barrier to promote neuroblast pro-
liferation and increase systemic insulin signaling (46, 47). Our 
results collectively show that fat body cell dissociation increases 
brain metabolic activity (i.e., mitochondria respiration and insu-
lin signaling) and thus promote pupal development. Whether 
lipoprotein particles directly act in the brain is worthy of future 
studies. Although we cannot rule out the possibility that CatL 
and Mmps also directly regulate brain activity, it is very likely 
that activated by fat body cell dissociation, lipid metabolism 
promotes pupal development through providing energy resources 
and acting as signal molecules.

Fat Body Cell Dissociation Plays a Moderate Role in Regulating 
Pupal Diapause. As a peripheral organ, it is well known that 
low levels of ecdysone in diapause pupae prevents fat body cell 
dissociation from occurring, the structurally intact fat body is the 
consequence of diapause. The main reason should be that the low 
20E signaling is not able to induce high expression levels of CatL and 
Mmps that cause fat body cell dissociation (Fig. 6) (20, 28). In fact, 
a previous study has implied that the brain, prothoracic gland, and 
fat body form a regulatory loop in the regulation of pupal diapause 
(7). Our study suggests that fat body cell dissociation is a crucial fat 
body component in the regulatory loop. The molecular mechanism 
as demonstrated in promoting pupal development above should 
be conserved in averting pupal diapause. The lipid species released 
through fat body cell dissociation might provide energy resources 
and act as signal molecules to increase brain metabolic activity, 
which causes ecdysone production in the prothoracic glands and 
eventually averts pupal diapause (Fig. 6). Recently, abundant studies 
in D. melanogaster have demonstrated that the larval fat body plays 
a central role in the integration of hormonal and nutritional signals 
to regulate growth and development by releasing fat body signals to 
remotely control the brain (19, 48, 49). Our study reveals a similar 
role played by the pupal fat body, but fat body cell dissociation just 
plays a moderate role in regulating pupal diapause only during the 
near-critical photoperiod (L: D = 12: 12 or 11: 13). Interestingly, a 
recent study showed that mitochondrial degradation and biogenesis 
in another peripheral organ-flight muscle played vital roles in adult 
diapause regulation (3).

As demonstrated in this study, under long or short photoper-
iod, the incidence of diapause was unaffected by fat body cell 
dissociation. However, under intermediate (near-critical) pho-
toperiod, the incidence of diapause is increased upon the inhi-
bition of fat body cell dissociation via mutation of Har-Mmp2 
and is reduced upon the promotion of fat body cell dissociation 
via mutation of Har-Timp, suggesting that fat body cell disso-
ciation moderately averts pupal diapause (Fig. 3F). This assertion 
was also supported by a recently study about 20E triggered pupal 
diapause termination in A. pernyi. They showed fat body cell 
dissociation preceded eye pigmentation, an indicator for the 
beginning of pupal–adult transition. They also found that Mmps 
and CatL were rapidly upregulated upon 20E injection, and 
metabolism-related genes displayed a slower response (50). Our 
subsequent lipidomic and transcriptomic analyses revealed that 
hemolymph lipids and fat body gene expression in diapause 
pupae shared great similarity with nondiapause pupae upon the 

Fig.  6. A model shows the roles played by fat body cell dissociation in 
pupal development and diapause. In nondiapause individuals, high CatL and 
Mmps levels cause fat body cell dissociation and lipid metabolism, promoting 
pupal development during metamorphosis. In contrast, low CatL and Mmps 
levels in the diapause pupae result in that fat body cell dissociation and lipid 
metabolism do not occur, maintaining pupal diapause.
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inhibition of fat body cell dissociation (Fig. 5). Because the acti-
vation of fat body cell dissociation and lipid metabolism might 
moderately avert pupal diapause, keeping fat body intact is abso-
lutely necessary for maintaining pupal diapause. It is of note that 
the hemolymph contents of DAG, trehalose, and amino acids 
slowly and gradually increase in the diapause pupae 
(Fig. 4B and SI Appendix, Fig. S6). We assume that fat body 
coordinately releases DAG, trehalose, and amino acids, and pos-
sibly intermediates of the TCA cycle for terminating pupal dia-
pause, and fat body cell dissociation is one important process of 
the fat body in regulating pupal diapause.

Materials and Methods

A detailed description of the materials and methods used in this study is provided 
in SI Appendix, SI Materials and Methods. H. armigera, B. mori, S. frugiperda, and 
several strains of transgenic D. melanogaster were used. Western blot analysis, 
dsRNA injection, multiple staining methods, enzymatic activity and metabolite 
contents assay, and lipidomic and transcriptomic analyses were performed. The 
pupal developmental status was determined by observing disappearance of 
the pupal stemmata. Chemicals, cell culture, and qPCR were described. See SI 
Appendix, Table S1 for a list of all primers used.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. The raw lipidomics data have been deposited to the 
Metabolights database (https://www.ebi.ac.uk/metabolights/MTBLS5830) (51). 
The RNA-seq raw data have been deposited to National Center for Biotechnology 
Information’s Sequence Read Archive database under accession numbers 
PRJNA876068 (52).
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