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Significance

 The extraordinary jumping 
abilities of insects like 
grasshoppers and fleas rely on 
the sudden release of stored 
elastic energy from catapult-like 
structures. Resilin, a rubber-like 
protein with outstanding 
resilience and durability, forms 
an integral part of these catapults 
but is its principal role to store 
elastic energy or to protect a 
stiffer cuticular spring? We 
experimentally reduced the 
amount of resilin using RNA 
interference (RNAi) in an iconic 
jumping insect, the desert locust. 
This knockdown caused only a 
modest decrease in jump take-off 
velocity but greatly increased the 
incidence of catastrophic 
breakages, suggesting that 
resilin’s primary role is to protect 
stiffer, energy-storing cuticle with 
which it forms a composite 
matrix in catapult structures.
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Resilin, an elastomeric protein with remarkable physical properties that outperforms 
synthetic rubbers, is a near-ubiquitous feature of the power amplification mechanisms 
used by jumping insects. Catapult-like mechanisms, which incorporate elastic energy 
stores formed from a composite of stiff cuticle and resilin, are frequently used by insects 
to translate slow muscle contractions into rapid-release recoil movements. The precise 
role of resilin in these jumping mechanisms remains unclear, however. We used RNAi 
to reduce resilin deposition in the principal energy-storing springs of the desert locust 
(Schistocerca gregaria) before measuring jumping performance. Knockdown reduced the 
amount of resilin-associated fluorescence in the semilunar processes (SLPs) by 44% and 
reduced the cross-sectional area of the tendons of the hind leg extensor-tibiae muscle by 
31%. This affected jumping in three ways: First, take-off velocity was reduced by 15% 
in knockdown animals, which could be explained by a change in the extrinsic stiffness 
of the extensor-tibiae tendon caused by the decrease in its cross-sectional area. Second, 
knockdown resulted in permanent breakages in the hind legs of 29% of knockdown 
locusts as tested by electrical stimulation of the extensor muscle, but none in controls. 
Third, knockdown locusts exhibited a greater decline in distance jumped when made 
to jump in rapid succession than did controls. We conclude that stiff cuticle acts as the 
principal elastic energy store for insect jumping, while resilin protects these more brittle 
structures against breakage from repeated use.

elastic energy storage | biomechanics | insect locomotion | muscle-spring interaction

 Elastomeric proteins help maintain the functional integrity of many biological structures 
that undergo repeated cycles of elastic deformation ( 1 ), such as those involved in jumping, 
a behavior used by many animals to increase the speed of locomotion, escape from pred-
ators, or initiate flight ( 2 ). Small animals, such as insects, need the propulsive movements 
powering jumps to be both rapid and forceful, a combination that is difficult to achieve 
using muscles acting on short levers, since the greatest forces are produced by low muscle 
strain rates ( 3   – 5 ). Small animals therefore commonly jump using catapult-like mechanisms, 
in which slow muscle contractions deform initially “latched” spring-like structures, which 
store energy without external limb movement ( 2 ,  3 ,  6 ,  7 ). In insects, these springs are made 
from highly modified cuticle of the body wall, leg joints, and/or tendons (apodemes).  
Release of the stored energy leads to a sudden recoil, causing rapid leg extension with high 
accelerations. The elastomeric protein resilin, in combination with stiff cuticle, is a ubiquitous 
feature of elastic energy stores in jumping insects such as fleas (Siphonaptera), true bugs 
(Hemiptera), and grasshoppers (Orthoptera) ( 3 ,  6 ,  8                     – 19 ). Catapult mechanisms must deliver 
their stored energy repeatedly and reliably without becoming damaged ( 10 ,  20 ),  
but the precise role of resilin in fulfilling these requirements remains unclear.

 Resilin has outstanding mechanical properties with a resilience (the extent of elastic 
recovery after deformation) of 92 to 97% and a fatigue limit of over 300 million cycles, 
outperforming synthetic rubbers ( 21   – 23 ). In dragonflies, the wing tendon is largely com-
posed of resilin and can be stretched to 300% of its resting length, yet it shows almost perfect 
elastic recovery ( 24 ,  25 ), losing less than 5% of elastic energy even during oscillations at 200 
Hz ( 26 ). These properties led to suggestions that resilin can act as a useful spring ( 12 ,  13 ). 
In fleas, for example, a pad of resilin in the thorax has been proposed as the principal energy 
store ( 12 ,  27 ,  28 ). More recent biomechanical analyses, however, have suggested that the 
low elastic modulus of resilin would require it to strain further than anatomically possible 
to store enough energy to power a jump ( 10 ,  11 ,  20 ), and calculations suggest that resilin 
may be capable of storing just 2% of the required energy in a biologically plausible setting 
( 20 ). Instead, these studies suggest that the springs are complex composite structures of 
interwoven resilin and stiffer cuticle, with the latter acting as the principal energy store and 

OPEN ACCESS

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

98
.1

57
.5

3.
18

4 
on

 A
ug

us
t 1

2,
 2

02
5 

fr
om

 IP
 a

dd
re

ss
 9

8.
15

7.
53

.1
84

.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sterogers@lincoln.ac.uk
mailto:d.cullen@hull.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2415625121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2415625121/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-6973-3996
mailto:
https://orcid.org/0000-0002-6287-5086
https://orcid.org/0000-0002-1952-8732
https://orcid.org/0000-0002-3099-9842
https://orcid.org/0000-0001-7653-0516
https://orcid.org/0000-0003-1386-5065
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2415625121&domain=pdf&date_stamp=2024-12-19


2 of 8   https://doi.org/10.1073/pnas.2415625121� pnas.org

resilin having a protective function. Experimental demonstrations 
of the role of resilin in the jumping of insects are, however, lacking.

 We have analyzed the role of resilin in jumping using desert locusts 
(Schistocerca gregaria ), which combine a well-characterized jumping 
mechanism with a particular sensitivity to RNA interference (RNAi) 
( 29 ,  30 ). Locusts use their enlarged hind legs for jumping ( 8 ). Each 
hind femur contains a massive extensor-tibiae muscle and a much 
smaller flexor tibiae muscle, combined with extensive mechanical spe-
cializations of the femoro-tibial (FT) joint ( Fig. 1B  ) ( 31 ). Prior to 
jumping, the tibia is fully flexed about the femur, which gives the flexor 
muscle a substantial mechanical advantage over the extensor muscle 
( 17 ). Before jumping, both muscles cocontract for approximately 300 
to 500 ms ( 18 ), during which muscle work is stored as elastic strain 
energy. The role of the flexor muscle is to hold the tibia in place while 
the contraction of the extensor muscle slowly distorts the principal 
energy stores ( 32 ), which contain extensive deposits of resilin ( 10 ,  33 ). 
The first energy store is the tendon (apodeme) of the extensor-tibiae 
muscle, which is placed under tension. As the tendon pulls, it com-
presses the distal FT joint, displacing the pivot in a proximal direction 
( 8 ,  34 ), and in doing so, bends the second energy store, two bow-like 
semilunar processes (SLPs), specialized cuticular structures on either 
side of the femur close to its joint with the tibia. Approximately 50% 
of elastic energy is stored in the SLPs and 50% by the tendon, with a 
small amount stored in the femoral cuticle ( 8 ). Finally, the flexor tibiae 
muscle is relaxed, and the elastic recoil from the energy stores extends 
the tibia with high acceleration, powering the jump ( 18 ,  34 ).        

 To investigate the functional significance of resilin in the con-
text of jumping, we used RNAi to strongly reduce the deposition 
of resilin in the energy storage structures, to then compare the 
jumping velocity and resistance to jump-inflicted damage of 
knockdown and control locusts. 

Results

RNAi Reduced Resilin Deposition in the SLPs and Extensor-Tibiae 
Tendons. Our identified S. gregaria pro-resilin sequence obtained 
from the hind leg FT joint (GenBank accession code MZ147630) 

had all the established features of resilin (SI Appendix, Figs. S1 and S2),  
and qRT-PCR confirmed that its temporal expression pattern 
(SI Appendix, Fig. S3A) agreed with previous results (22, 33, 35). 
RNAi reduced pro-resilin mRNA by 98.1 ± 1.1 % compared with 
dsGFP-injected controls (mean ± SD; SI Appendix, Fig. S3B), with 
subsequent strong phenotypic effect on the amount of mature 
resilin present in the SLPs and extensor tendons of adults (Fig. 2). 
Body mass was not significantly affected by the RNAi (1.80 ± 0.34 g  
in controls vs 1.67 ± 0.38 g in dsRes; Fig. 2B; t test, t62 = 1.36,  
P = 0.18).

 In transverse section, the SLP consists of a thick layer of cuticle with 
a projection into the lumen of the FT joint ( Fig. 2 A , C , and E  ).  
UV-DAPI illumination revealed a vivid blue fluorescence, char-
acteristic of resilin ( 33 ), at the medial face of the SLP ( Fig. 2C  ), 
which decreased in intensity deeper within the structure (see tran-
sects in  Fig. 2E  ). The external face of the SLP and a longitudinal 
ridge projecting internally from it consisted of dark cuticle that 
did not fluoresce. The total area of the SLP in mid transverse 
section did not differ between dsRes  (0.054 ± 0.016 mm2 ) and 
control locusts (0.057 ± 0.013 mm2 ; t62﻿ =  0.7, P  = 0.48;  Fig. 2G  ). 
The mean fluorescence within the SLP, however, as measured along 
two transects ( Fig. 2E  ), was substantially less in dsRes  locusts com-
pared to controls ( Fig. 2H  ; 20,207 ± 12,780 and 37,026 ± 10,399, 
respectively, a 44% decrease; t﻿62  = 5.8, P  = 2.5 × 10−7 ). The differ-
ence in the median fluorescence was greater still at 58% (38,066 
in controls vs. 15,939 in dsRes ;  Fig. 2H  ). Examples of the weaker 
fluorescence in dsRes  SLPs compared to controls are shown in 
 Fig. 2C  . We suggest that resilin in the SLP is embedded in a matrix 
of other material unaffected by the knockdown, resulting in an 
attenuated fluorescence when smaller amounts of resilin were dis-
tributed across similar volumes. This interpretation is supported 
by nanoindentation measurements of the indentation modulus 
across the SLP (SI Appendix, Fig. S4 ), which revealed no signifi-
cant differences between dsRes  and control locusts (ANOVA, F﻿1,96  
= 1.9, P  = 0.171), suggesting that its material properties are largely 
due to chitin and cuticular proteins other than embedded resilin.

﻿Pro-resilin  RNAi had a contrasting effect on the extensor ten-
don. ( Fig. 2 A , D , F , I , and J  ). There was an average 31% decrease 
in tendon cross-sectional area at a mid-SLP level ( Fig. 2I  ; 0.062 
± 0.017 mm2  in controls compared to 0.043 ± 0.016 mm2  in dsRes  
locusts; t﻿60  = 4.5, P  = 3.7 × 10−5 ), but little difference in the inten-
sity of fluorescence as measured across a transverse transect 
( Fig. 2F  ; integrated density over 400 µm 47,556 ± 10,594 in con-
trol and 44,147 ± 12,634 in dsRes  locusts; t﻿60  = 1.1, P  = 0.259; 
 Fig. 2J  ), as shown by individual examples of control and dsRes  
tendons ( Fig. 2D  ). Locust tendons are largely composed of resilin 
interspersed with thin chitinous lamellae ( 25 ,  36 ): reducing resilin 
expression therefore resulted in a decrease in tendon size.  

Pro-Resilin RNAi Produced a Significant but Modest Reduction in 
Jump Velocity. We recorded 5 jumps from each of 31 dsRes and 
33 control locusts to then extract a maximum and mean take-off 
velocity per individual (see examples in Movie S1). The maximum 
take-off velocity was 15% slower in dsRes locusts compared to 
controls (2.16 ± 0.33 m s−1 compared to 2.54 ± 0.31 m s−1; Fig. 3A; 
t62 = 4.7, P = 1.4 × 10−5). Likewise, the average take-off velocity 
was 18.9% lower in dsRes locusts than in controls (1.78 ± 0.33 
m s−1 compared to 2.19 ± 0.32 m s−1; SI Appendix, Fig. S5A; t62 
= 5.14, P = 3.0 × 10-6). Body mass did not affect take-off velocity 
(SI Appendix, Fig. S6 and related Supplementary Information).

Reduced Resilin in the Extensor-Tibiae Tendon but not SLPs 
Correlated with Decreased Take-Off Velocity. Pro-resilin RNAi 
affected the two energy stores in different ways: It reduced 

A

B

5 mm

semilunar process
tendon 

of extensor 
tibiae extensor tibiae

 muscle

flexor tibiae 
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10 mm

Fig. 1.   Locust jumping anatomy. (A) An adult desert locust, Schistocerca gregaria. 
(B) Structures in the hind femur associated with jumping. The extensor- (red) 
and flexor- (blue) tibiae muscles cocontract, deforming the bow-like semilunar 
processes (SLPs) and stretching the extensor tendon (purple, shown as a dotted 
line within the extensor muscle), whose recoil powers the jump. The red dotted 
line denotes the level of the transverse section shown in Fig. 2.
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± SD (paler bands) gray-scale intensity of resilin fluorescence along two transects across the SLP, as indicated by the yellow lines w–x and y–z in the inset diagram. 
Control locusts (blue, N = 33) showed greater fluorescence across the SLP than dsRes locusts (red, N = 31). (F) Mean ± SD gray-scale intensity of resilin fluorescence 
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but fluorescence was similar in both treatments. (G) Box plots of the area of the SLP as bounded by the gray box in the inset in E. There was no significant difference 
between treatments. (H) Box plots of the gray scale intensity of the SLP along the two transects shown in E. dsRes locusts had a significantly reduced fluorescence 
compared to controls. (I) Box plots showing the cross-sectional area of the extensor tendon. dsRes locusts had a significantly reduced tendon area. (J) Box plots of the 
gray scale intensity of fluorescence in the extensor tendon across a 400 µm transect. There was no significant difference between treatments. (All statistical tests are 
t tests; Asterisks indicate significant differences: NS = not significant, ***P < 0.001).D
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resilin fluorescence intensity in the SLP, but did not change its 
dimensions; and it reduced the cross-sectional area of the extensor-
tibiae tendons, but without a reduction in integrated fluorescence 
intensity. Standardized major axis regression [SMA; (37)] was used 
to analyze the relationship between these effects and jump velocity. 
There was no significant correlation between the fluorescence 
of the SLP and maximum take-off velocity (Fig.  3B), either 
by treatment (R2 = 0.009, P = 0.602 for controls; R2 = 0. 078,  
P = 0.128, for dsRes locusts) or across all locusts (R2 = 0.051,  
P = 0.071). The low R2 values suggest minimal explanatory power.

 By contrast, extensor tendon area correlated significantly with 
maximum take-off velocity with substantially stronger R2  values, 
both at the level of the individual treatments ( Fig. 3C  ; R2  = 0.246, 
﻿P  = 0.005 for controls; R2  = 0. 295, P  = 0.002, for dsRes  locusts) 
and across all locusts (R2  = 0.415, P  = 1.6 × 10−9 ). Furthermore, 
both control and dsRes  locusts fell along a single fitted line, albeit 
in different regions ( Fig. 3C  ; no difference in slope elevation 
between treatments, Wald1  = 0.105, P  = 0.745; shared a common 
gradient, Likelihood ratio1  = 0.657, P  = 0.418; occurred in differ-
ent regions of the common slope, Wald1  = 25.38, P  = 4.7 × 10−8 ). 
Similar results were obtained using mean jump velocity 
(SI Appendix, Fig. S5 B  and C ). Tendon area accounted for over 
40% of the variation in take-off velocity; a possible mechanism is 
outlined in Supplementary Information.  

Pro-Resilin RNAi Rendered Locusts More Prone to Jump-Related 
Damage. To test the hypothesis that resilin protects elastic 
energy stores from damage, we compared how control and dsRes 
locusts repeatedly withstood high muscular forces during jump 
preparation. The FT joint was restrained, and direct electrical 
stimulation was used to activate the extensor-tibiae muscle, in 
a pattern mimicking the natural firing rate of the Fast Extensor 
Tibiae motor neuron (FETi; see example in Movie S1) (34, 38). 
Longer stimulation resulted in greater forces being developed and 
greater SLP strain (Fig. 4 A, B, and E). When stimulation ceased, 
the SLP returned to its resting position (Fig.  4B). A breakage 
occurred in four out of fourteen dsRes locusts (Fig. 4 C and D 
and Movie S1). In these cases, the SLP initially followed the 
same bending pattern, until it suddenly ceased to respond to 
any further stimulation and subsequently underwent only minor 
displacements (approximately 10 μm; pink line in Fig. 4E). In 
three cases, the moment of breakage was recorded (Fig.  4C).  

The tip of the SLP started moving as in control specimens, but then 
suddenly stopped bending prior to the end of the stimulus and 
snapped back to near its starting position within one video frame 
(<8 ms; see example in Movie S1). By contrast to the 29% failure 
in dsRes locusts, none of the 15 control locusts broke (Fig. 4D). In 
undamaged dsRes locusts, SLP displacements caused by stimulation 
were not statistically different from those of control locusts 
(repeated measures ANOVA: effect of stimulus length F4, 27 = 73.18,  
P = 7.2 × 10−15; effect of treatment, F1, 27 = 0.4, P = 0.807; see 
Supplementary Information).

 A final analysis of the effect of pro-resilin  RNAi was undertaken 
by measuring the jump distances of locusts encouraged to jump 
ten times in quick succession. Jump distances declined in both 
groups, but after 10 jumps, control locusts still jumped 81 ± 14.6 
% as far as their first jump, whereas dsRes  locusts only achieved 
55 ± 13.2 % of their initial distance ( Fig. 4G  ; jump distances of 
dsRes  locusts were significantly shorter than those of control 
locusts from the 5th jump onward; t  tests, P  < 0.05; SI Appendix, 
Table S2 ). Furthermore, one of the dsRes  locusts refused to jump 
after the 6th attempt, consistent with a breakage having occurred 
inside the leg.   

Discussion

 Resilin is ubiquitous in the elastic energy stores of insects, but its 
precise roles have long remained elusive ( 24 ). RNAi reduced resilin 
deposition in two key jumping-related energy stores of locusts: a 
44% reduction in resilin-induced fluorescence in the SLP, and a 
31% reduction in the cross-sectional area of the extensor tendon. 
This had three principal effects: a significant but modest reduction 
in the maximum take-off velocity; a substantial increase in the 
occurrence of breakages during sustained muscle contraction; and 
a decrease in the distances achieved during repeated jumping.

 We achieved a 98% knockdown of pro-resilin  mRNA but the 
phenotypic reduction of resilin was only 30 to 44%. Disparities 
between mRNA and protein expression have been widely noted 
( 39 ,  40 ) and are an important factor in determining RNAi efficacy 
( 30 ,  41 ,  42 ). The turnover rate of proteins, which may be affected 
by compensatory plasticity when protein synthesis declines, can 
strongly affect the extent of phenotypic knockdown ( 41 ). Resilin 
is completely insoluble in all solvents which do not break peptide 
bonds ( 24 ), making direct protein quantification of resilin 

m
ax

im
um

-1
ta

ke
-o

ff 
ve

lo
ci

ty
 (m

 s
)

-5 t  = 4.7, P = 1.4 × 1062

***
A B C

1.5

2.0

2.5

3.0

control dsRes
0.02 0.04 0.06 0.08 0.10

2tendon area (mm )

1.5

2.0

2.5

3.0

control dsRes

2R  = 0.415***
       

10k 20k 30k 40k 50k 60k

1.5

2.0

2.5

3.0

SLP fluorescence

2R  = 0.051, NS

2R  = 0.245**
       

2R  = 0.295**
       

2R  = 0.009, NS

2R  = 0.078, NS

Fig. 3.   Relationship between maximum take-off velocity and the amount of resilin in energy stores for jumping. (A) Maximum take-off velocity was 15% lower in 
dsRes locusts (red, N = 31) compared to controls (blue, N = 33). Box plots with individual data points indicated in gray, outliers in black; means = white diamond; 
medians = black horizontal bar; Boxes = interquartile range; whiskers = the 10th and 90th decile; (t test; ***P < 0.001). (B) The intensity of resilin fluorescence 
in the SLP plotted against maximum take-off velocity and fitted with standardized major axis regressions: there were no significant correlations (NS) between 
the integrated density of fluorescence and jumping performance, either within treatments (control blue, P = 0.602; dsRes red, P = 0.158) or across all the data 
(black dotted line, P = 0.071). The low R2 values suggest minimal explanatory power. (C) The cross-sectional area of the extensor-tibiae tendon plotted against 
maximum take-off velocity and fitted with standardized major axis regressions. Tendon area correlated with take-off velocity, both within treatments (control blue, 
P = 0.005; dsRes red, P = 0.002) and across all the data (black dotted line, P = 1.6 × 10−9; **P < 0.01, ***P < 0.001). Overall, approximately 40% of the variation in 
jump velocity could be explained by tendon area. The similar intercepts and slopes of control and dsRes locusts suggested a lack of other explanatory variables.
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extremely difficult. We were therefore only able to measure mature 
resilin abundance indirectly, through comparative fluorescence of 
its constituent dityrosine bonds, and our analysis assumes that the 
proportion of dityrosine cross-linking is similar in control and 
dsRes  locusts ( 43 ). That the fluorescence of the extensor tendon 
was unaffected by the RNAi treatment ( Fig. 2J  ) suggests that a 
potential off-target effect that reduced the prevalence of dityrosine, 
rather than reducing the amount of resilin, was not a substantial 
issue. Previous work, using a GFP-tagged pro-resilin , found a high 
degree of congruence between fluorescence signatures of dityrosine 
and GFP ( 35 ). The locust genome may contain more than one 
﻿pro-resilin  gene and, if so, this might have limited the extent of 
the possible knockdown. Regardless of the level of knockdown 
achieved, the phenotypic effects were pronounced.

 The modest decrease in take-off velocity suggests that resilin 
may not be the main elastic energy store and supports the con-
tention that the springs of jumping insects mostly consist of stiffer 
materials ( 10 ,  11 ,  20 ). We found no correlation between the inten-
sity of resilin fluorescence in the SLP and jump velocity; no dif-
ference in the indentation modulus of the SLP between control 
and dsRes  locusts, and SLP dimensions remained unaltered by the 
RNAi treatment, suggesting that the elastic properties of the SLP 
remained largely unaffected by the reduction in resilin. Instead, 
the decrease in jumping performance correlated with the reduced 
cross-sectional area of the extensor-tibiae tendon in dsRes  locusts 
(see Supplementary Information). In principle, an equal muscle 
force could stretch thinner tendons further to allow the storage 

of more elastic energy. The spring properties of tendons, however, 
are likely matched to the length-tension properties of their 
attached muscles, and changing tendon stiffness without inducing 
a corresponding change in muscle produces a functional mis-
match, reducing the ability to convert muscle work capacity into 
elastic strain energy ( 44 ). Furthermore, it is unclear whether the 
jumping motor program could respond to the increased tendon 
compliance in dsRes  locusts: No proprioceptors directly monitor 
extensor-tibiae muscle force or the strain in its tendon ( 45     – 48 ), 
and the jumping motor pattern can be evoked without requiring 
any sensory feedback ( 49 ). Jump orientation is unaffected by one 
hind leg releasing before the other, or even by one of the hind legs 
being missing ( 50 ,  51 ): Even if the RNAi treatment differentially 
affected the two hind legs, this will not have led to a systematic 
bias in jumping direction with consequent erroneous measure-
ments of take-off velocity.

 The high incidence of breakages in dsRes  locusts suggests that 
the primary function of resilin may be protective ( 10 ,  20 ). The 
safety factor of locust jumping is estimated to be just 20% ( 8 ), so 
that even small changes could substantially increase the occurrence 
of catastrophic failures. We observed no failures in control locusts 
and were therefore unable to establish a natural failure rate, but 
it is estimated that 1 in 500 jumps results in a breakage in wild-type 
locusts ( 8 ). The electrical pulses were a strong stimulation regime, 
which may have contributed to the high incidence of breakages 
in dsRes  locusts that had already been made to jump. Repeated 
stresses, and the accumulated fatigue it produces, can break 
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Fig. 4.   Forced cocontraction of the extensor-tibiae muscle by trains of electrical pulses at 50 Hz induced breakages in dsRes locusts. (A) Excursion (white arrow) 
of the distal tip of the SLP (yellow dot) from its resting position during electrical stimulation of the extensor muscle during tibial restraint. (B) Excursions and 
subsequent relaxations for stimulus periods increasing from 100 to 500 ms. (C) An example of a breakage occurring in a dsRes locust during stimulation (pink) 
compared to a normal response to the same 400 ms stimulus (red). The scale applies to both B and C. (D) The incidence of breakages in dsRes locusts compared 
to controls. (E) SLP excursions in nonbreaking dsRes locusts (red) were similar to those of controls (blue). After breakages, only small excursions were observed 
(approximately 10 µm; pink). Black horizontal bars = medians; white diamonds = means. (F) dsRes locusts (red, N = 13) experienced a greater decrease in mean 
performance on being made to jump repeatedly in rapid succession compared to controls (blue, N = 8). Data normalized to the first distance jumped for each 
animal. Jump distances were significantly different from the 5th jump onward; t tests, *P < 0.05, **P < 0.01, ***P < 0.001.
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tendons using far weaker forces than are needed to break them 
from a single pull ( 52 ).

 How could resilin exert its protective effect? The SLP and 
extensor-tibiae tendon are fibrous composite materials, where 
proteins, including resilin, form a matrix in which fibrils of chitin 
are intermeshed. In structures that routinely only undergo small 
strains, such as skeletal cuticle or bone, the fibrils (chitin or col-
lagen) are less stiff than the matrix (polyphenol-tanned protein or 
hydroxyapatite). Here, composite construction increases the 
toughness of materials because the fibrils hinder the formation 
and propagation of cracks ( 53 ,  54 ). Even so, bone, for example, 
will mechanically fail at 3% strain ( 55 ). In contrast, a distinctive 
feature of biological springs is that they undergo large repetitive 
strains during normal function—the SLP strains 8% and the 
extensor tendon 3.2% ( 8 )—and in these structures the chitin 
fibrils are actually stiffer than the resilin-containing matrix ( 25 , 
 56 ). Some empirical and theoretical studies have analyzed how 
elastic matrices can impart toughness to more brittle fibrous ele-
ments that would otherwise break under high strains ( 57   – 59 ). It 
is possible that the elastic resilin-containing matrix allows chitin 
fibers to microbuckle ( 57 ,  59 ) instead of succumbing to large 
compressive strains and fracturing, temporarily absorbing and 
distributing imposed energy across a wider volume, since stretched 
resilin has reduced entropy compared to its relaxed state ( 60 ).

 A more subtle effect of the protective role of resilin may be 
reflected by the reduced distance over repeated jumping in dsRes  
locusts. This cannot have been because of substantial breakages, 
since the insects remained capable of jumping. It is possible that 
microdamage in dsRes  locusts reduced elasticity but did not pre-
clude energy storage per se. Alternatively, perhaps resilin has the 
ability to rapidly restore capacity in the springs, which was com-
promised in dsRes  locusts. Spirally bound fibrous structures, such 
as chitin in the SLP, may undergo plastic deformation due to creep 
when subjected to repeated bending forces ( 53 ), which resilin may 
counteract by pulling loosening fibers together. The combination 
of resilin and stiffer cuticle may work similarly to a composite 
archery bow, which have three advantages over simple bows: They 
lose less energy to vibration; their performance deteriorates less 
with repeated use; and they can be kept strung for longer periods 
( 61 ). In jumping locusts, similar properties would allow a more 
efficient transfer of elastic energy; an ability to jump repeatedly 
with little loss of performance (as we observed); and the capability 
to keep their FT joints fully loaded for extended periods and thus 
ready to jump, without tension creeping.

 Theoretical analysis of energy stored in deformation generally 
assume a homogeneous spring composition and small strains 
(<2%), particularly in bending ( 62   – 64 ). The SLP and extensor- 
tibiae tendon fulfill neither of these criteria. Their large strains 
violate the linear kinematic and geometric assumptions underlying 
such analyses. Furthermore, composite materials are challenging 
to model because it is often unknown how strain will affect their 
constituent elements in interaction with each other ( 54 ), meaning 
that these structures can only be analyzed empirically. The 
chitin-binding site on resilin ( 65 ) appears to be critical to its nor-
mal function and key to achieving the right combination of stiff-
ness, toughness, and protective function. For example, wing 
posture in Drosophila  expressing resilin lacking only a functioning 
chitin-binding domain was phenotypically indistinguishable from 
that of Drosophila  completely lacking resilin ( 35 ,  66 ). Conversely, 
recombinant resilin expressed and polymerized in the absence of 
chitin is very soft with a modulus of just 2.5 kPa ( 21 ).

 We have provided evidence that the primary role of resilin is to 
prevent damage rather than to store energy. Questions remain as to 
how the structure of mature resilin, and its interaction with the 

stiffer energy-storing elements of catapult mechanisms such as the 
SLP, provide this protective function. Further molecular approaches 
to manipulate the expression and structure of resilin and other cutic-
ular elements of energy-storing springs will provide a powerful tool 
for investigating the remarkable jumping abilities of insects and 
other behaviors that depend upon the storage of elastic energy.  

Materials and Methods

Desert locusts (S. gregaria, Forskål 1775) were taken from a long-established 
gregarious culture at KU Leuven and used for jumping experiments 12–14 d after 
molting. A pro-resilin transcript sequence was identified from an S. gregaria tran-
scriptome [PRJNA752111; (67)] and genome (68), using the protein sequence 
of Resilin isoform A from the Cat Flea [Ctenocephalides felis (22)]. Locusts were 
microinjected in the hemocoel with double-stranded RNA against either pro-
resilin (dsRes) or green fluorescent protein (dsGFP, controls) in locust saline (69). 
All insects were injected nine times to ensure a prolonged and consistent mRNA 
knockdown, in line with previously established protocols (70, 71): late 4th instar 
(390 ng in 6 μL); the day of molting to the 5th instar, and after 2 and 5 d (520 
ng in 8 μL); and on the day of molting to adulthood, and then 3, 6, 9, and 12 d 
later (650 ng in 10 μL). We measured the elastic modulus of the SLP in dsRes 
and control locusts using nanoindentation (N = 7 of each). See SuppIementary 
Information for further details.

Jump Kinematics. High-speed video (1000 s−1 frame rate, 0.2 ms exposure, 1024 
× 1024 pixel resolution) was used to record jumping performance of dsRes (N = 31) 
and control (N = 33) locusts at 28 to 34 °C. Preweighed locusts (to nearest mg) were 
placed on a platform topped with 12-mm-thick closed cell foam (Plastazote, Watkins 
and Doncaster, Leominster, UK) and encouraged to jump parallel to the image plane 
of a Photron Fastcam SA3 camera (Photron Europe, High Wycombe, Bucks, UK) by 
gently poking the abdomen with a fine paintbrush. Jumps that deviated by >30° 
from the camera plane were discarded. Kinematic data were extracted using Tracker 
software (http://physlets.org/tracker/), which automatically tracked a dot of white 
paint on the thorax near the center of gravity. The time to take-off was defined as the 
period from the first movement of the hind tibiae to the loss of ground contact. Five 
jumps were recorded per individual; mean and maximum take-off velocity across 
all trials per individual were used for data analysis.

Histology/Anatomy. The amount of resilin in one SLP and the extensor tendon 
were determined for one hind leg from all locusts used in the jumping exper-
iments. Transverse sections were cut through the SLPs at their midpoint with a 
razor blade (Figs. 1B and 2A), immersed in locust saline (69), and viewed on an 
Olympus BX51WI microscope (Olympus, London, UK) under UV light conditioned 
by a DAPI filter set (DAPI-5060B, Semrock, Rochester, NY) with a sharp-edged (1% 
transmission limits) band from 350 to 407 nm. The resulting blue fluorescence 
emission was collected in a similarly sharp-edged band from 413 to 483 nm 
through a dichroic beam splitter. Images were captured with a Micropublisher 
5.0 digital camera (Q Imaging, Marlow, Bucks, UK). The total integrated density 
of resilin-induced fluorescence in the SLP above a cutoff gray scale value of 30 
(Fig. 2D) was measured using ImageJ Fiji across two transects, one from the apex 
of the internal ridge of the SLP, the other near orthogonal to this as indicated in 
Fig. 2E. The transverse areas of the extensor tendon and the SLP were measured 
by applying a threshold to gray-scale photographic images that extended to cover 
the tendon and then measuring the area using the analyze particles function in 
ImageJ Fiji [Fig. 2E; (72)].

Electrical Stimulation of the Extensor-Tibiae Muscle. dsRes (N = 14) and 
control (N = 15) locusts were immobilized ventral side up in plasticine, with a 
hind tibia locked in a fully flexed position with further plasticine. Two stainless 
steel wires (50 μm diameter) were inserted 10 mm apart in the hind femur 
and connected to a Master-8 pulse stimulator (AMPI, Jerusalem, Israel). The 
extensor muscle was made to contract by stimulating with 2 to 5 V, 1 ms pulses 
delivered at 50 Hz, simulating FETi (34, 38), delivered for 100, 200, 300, 400, 
and 500 ms in a randomized order. The SLP of the stimulated leg was videoed 
with the Photron Fastcam SA3 camera (125 s−1 frame rate, 1 ms exposure) 
and the displacement of a small dot of white paint on its distal tip measured 
with Tracker.D
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Repeated Jumping. dsRes (N = 12) and control (N = 8) locusts were individually 
placed on the floor and encouraged to jump repeatedly in quick succession. Wings 
were fixed with a small strip of tape to prevent flight and the room maintained at 
32 ± 1 °C. For each locust, take-off and landing positions were recorded for ten rapid 
successive jumps.
Statistics. Standardized major axis (SMA) regressions, and associated tests 
of slope significance and shifts between treatments were produced using the 
package SMATR in R (37, 73). SMA accounts for error in both axes and allowed 
us to test for significant shifts between control and dsRes locusts along a com-
mon slope (37). All other tests, principally ANOVA, Mann–Witney, and t tests as 
specified in the text, were performed using NCSS version 10 (Kaysville, Utah), 
after assessing the homogeneity of variance of the data and transforming 
accordingly.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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