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Abstract 46 

The bell-shaped members of Cnidaria typically move around by swimming, whereas 47 

the Hydra polyp can perform locomotion on solid substrates in aquatic environment. To 48 

address the biomechanics of locomotion on rigid substrates, we studied the 'somersaulting' 49 

locomotion in Hydra. We applied atomic force microscopy to measure the local mechanical 50 

properties of Hydra's body column and identified the existence of differential Young's modulus 51 

between the shoulder region versus rest of the body column at 3:1 ratio. We show that 52 

somersault primarily depends on differential tissue stiffness of the body column and is 53 

explained by computational models that accurately recapitulate the mechanics involved in this 54 

process. We demonstrate that perturbation of the observed stiffness variation in the body 55 

column by modulating the extracellular matrix (ECM) polymerization impairs the ‘somersault' 56 

movement. These results provide mechanistic basis for the evolutionary significance of 57 

differential extracellular matrix properties and tissue stiffness.  58 

 59 

Introduction 60 

Locomotion enables organisms to move from one place to another. The need to move 61 

around evolved very early in life forms, which accorded several advantages to the organisms. 62 

Locomotion offers exploration opportunities for food and water source, mates, niche and more 63 

importantly, escaping predators. Morphological diversities and tissue type innovations 64 

facilitated in the evolution of various means of locomotion in different organisms. The 65 

organisms that use specialized appendages and body oscillations to propel themselves are often 66 

known to share common biomechanical principles (Biewener, 1990, Gray, 1933, Alexander, 67 

2003) While unicellular organisms use dedicated organelles such as cilia, flagella or 68 

pseudopodia, the multicellular organisms exhibit a complex system of coordination among 69 

specific cell types to achieve locomotion (Bray, 2000). Although organisms from phyla such 70 

as Ctenophora and sponges are capable of locomotion involving coordination of their 71 

multicellular body, they do not possess specialized tissues unlike the more complex 72 

eumetazoans (Bond and Harris, 1988, Matsumoto, 1991). Basal metazoans evolved two types 73 

of locomotion - fluid-dependent and substrate-dependent. Cnidarians have acquired the ability 74 

to perform coordinated locomotion both in water and solid substrates and are the earliest 75 

phylum to evolve differentiated neuronal/muscular tissues and extracellular matrix properties 76 

(Bode, 1996, Bode et al., 1990, Dupre and Yuste, 2017). 77 

 78 
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Cnidarians typically have two different types of body structures viz. the medusa and 79 

the polyp forms (Galliot, 2000). The medusal organisms such as Jellyfish perform the 80 

movement with the help of thrust or pull of fluids using the umbrella, and hence are dependent 81 

on the mechanics of fluids (Gemmell et al., 2015, Anderson and DeMont, 2000). The direction 82 

of movement can be controlled by directing the fluid flow with the help of muscles (Anderson 83 

and DeMont, 2000).  Hydra is a cnidarian polyp lacking the medusal stage in its life cycle. It 84 

has a very slender yet extremely flexible body column having equally flexible tentacles at the 85 

oral end. The flexibility of Hydra is primarily due to its unique extracellular matrix composition 86 

(Deutzmann et al., 2000).  In the case of Hydra, the more complex modes of locomotion 87 

compared to floating, utilize the neuro-muscular system.  The muscular cells in the two germ 88 

layers are oriented orthogonally with respect to each other, which help in controlling both the 89 

length as well as the radial width of the organism (Aufschnaiter et al., 2017). These muscular 90 

cells are controlled by different neural circuits to achieve a range of coordinated behavioural 91 

activities (Dupre and Yuste, 2017, Han et al., 2018, Davis et al., 1968). This ability of Hydra 92 

to coordinate contraction and relaxation helps the polyp to perform a range of movements such 93 

as swaying, looping and somersaulting (Trembley, 1744).  94 

 95 

                 In the current study, we have focused on Hydra's somersault, which involves 96 

coordinated movements of different body parts. It includes adhering to the substrate with the 97 

tentacles for traction. The body is then moved around the head in a semi-circular arc with 98 

characteristic contractions and relaxations (Figure 1). It is initiated by stretching the body 99 

column almost to double its length (stage 1, Figure 1) and by attachment of the head to the 100 

substratum with the help of tentacles and hypostome (Trembley, 1744, Han et al., 2018). 101 

During this process, the region of body column just below the head referred to here as 102 

'shoulder', is bent by almost 90º angle. The basal disc at the bottom of the foot is then released, 103 

relaxing the stretched body column and accentuating the bend in the shoulder (stages 2-3). The 104 

bend straightens out (or is released) to achieve 'upside down' position of the body column 105 

perpendicular to the substratum (stages 4-6) (Figure 1, Movie 1). The process is completed by 106 

bending the body column, followed by attachment of basal disc to a new position. Finally, the 107 

oral end pushes itself away with the help of tentacles, and the body attains the upright position.  108 

 109 

To understand biomechanics governing the somersault, we produced a spatially-110 

resolved elasticity profile of Hydra's body column using an Atomic Force Microscope (AFM). 111 

AFM allows micro-elasticity maps of biological materials (Tao et al., 1992). The profile 112 
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obtained using AFM experiments is used to model Hydra's body column in computer 113 

simulations to recapitulate part of the somersault movement. Further, we performed biological 114 

tests on Hydra's ability to somersault if the differential tissue stiffness is removed by 115 

mechanical and chemical means. We observed that polyps with uniform stiffness along the 116 

body column lose their ability to perform a somersault.  117 

 118 

 Although the somersault is not the same as walking, there are interesting parallels in 119 

terms of the forces and energy recycling to reduce muscular work.  The observed differential 120 

in tissue stiffness is possibly a harbinger in the evolution of a spatially heterogeneous stiffness 121 

of extracellular matrix which enables movement.  The extracellular matrix-mediated stiffness 122 

differential has presumably been an ancient mechanism to accomplish specialized tissue 123 

function. In this study, we show that the extracellular matrix assumes a pseudo-skeletal 124 

property to help Hydra pull off the somersaulting stunt.  125 

 126 

Results  127 

 128 

Measurement of local variation in tissue stiffness  129 

 130 

Multicellular organisms use spatially differentiated tissue types, such as exoskeleton in 131 

invertebrates or musculoskeletal systems as seen in vertebrates, to resist strain and sustain 132 

tractions during locomotion (Biewener, 1990, Dickinson et al., 2000). These specialized tissues 133 

exhibit differential stiffness properties, which help in locomotion. It was not known if Hydra 134 

possesses any tissue elasticity-dependent mechanisms to aid in its locomotion.  We used 135 

Atomic Force Microscopy (AFM) for the first time to produce a spatially resolved map of tissue 136 

elasticity in Hydra. As shown in Figure 2A, we attached glass beads (diameter 25 µm) to 137 

cantilevers and carefully allowed the bead to touch the Hydra body laid on a BSA coated 138 

coverslip. With help of servo control, we record the force curves in which the load on the tissue 139 

and its deformations are measured by recording the cantilever deflections and substrate 140 

displacements. Such force curves are taken at locations separated by 100 μm along the body 141 

column. At each location we collect 25 force curves over a 5x5 grid and the area of 25 μm x 142 

25 μm. A total of three polyps were used (N=3) in each experiment for stiffness 143 

measurement.   Using Hertz contact mechanics, we estimated the Young's modulus from each 144 

force curve, and the average was then calculated for each location (For further details see Figure 145 

S1 A and B).  Figure 2B shows a typical force curve and fit using the Hertz model.  Figure 2C 146 
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shows the elasticity profile acquired using these measurements. We observed higher stiffness 147 

in the region below the base of tentacles, which extends up to 25 per cent of the length of the 148 

body column, referred to as the shoulder region. The shoulder region is nearly three-fold stiffer 149 

(Y =1480 ± 20 Pa) compared to the rest of the body (Y = 450 ± 6 Pa). For tentacles, the Young's 150 

modulus (Y) is 378 ± 11 Pa (Figure S1C). These measurements revealed a steep drop in 151 

stiffness at the junction of the shoulder and the rest of the body column (Figure 2C, Figure 152 

S1D). The entire set of measurements was repeated over three different polyps (Figure S1D). 153 

 154 

In Hydra, the novel sharp change in tissue elasticity along the body column leads to 155 

mechanically distinct behavior. The deformations under similar forces would be larger in the 156 

body column than the shoulder region and the restorative forces lower in the body column. The 157 

observation that Hydra's shoulder is three times stiffer suggests that it allows the shoulder to 158 

store larger mechanical energy for a given bend. The shoulder region can be viewed as a stiff 159 

spring with a high bending rigidity due to its higher Young's modulus (Figure 3A). This is 160 

interesting in context of the somersault, as initially the deformation is seen in the body column 161 

and the shoulder region is deformed in the later stages of the movement (Figure 1). The forces 162 

acting on Hydra to retard its movement in water are mainly viscous in nature. Hydra's weight 163 

is mostly negated by the buoyant forces, leading to a reduced gravity situation working against 164 

the uplift of the body column.  We reasoned that to overcome the viscous and reduced 165 

gravitational force on the body column in order to stand upside down, the Hydra utilizes energy 166 

stored in the bent shoulder. In Fig. 3B, we showed a hypothetical force diagram to better 167 

illustrate the forces acting on the organism as the somersualt occurs. For the description we 168 

separated the somersault into two phases with the first phase extending the body and stretching 169 

the stiff neck region, in the second phase the neck is contracted and bent. The deformation in 170 

the neck generates a  force Fbend, which is  used to overcome the forces of gravity (Fg), buoyancy 171 

(FB) and viscous drag (FD).   172 

 173 

 Although somersault is an active movement, the observed variation in elasticity points 174 

to a possible mechanism to store and release of mechanical energy, which is adopted by animal 175 

movement to minimize metabolic costs (Roberts, 2016).  Careful analysis of somersault reveals 176 

that after releasing from basal end, the bend in the shoulder becomes pronounced.  To 177 

overcome the viscous and gravitational force on the body column while standing upside down, 178 

the energy stored in the bent shoulder is utilized.  We analyzed each frame of somersault to 179 

estimate the stored energy in the bend (Ebend) and its progression in time after release from the 180 
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basal end. The radii of circles measured at different times were used to calculate the bending 181 

energy using  U = 𝑌𝑌𝑌𝑌𝐿𝐿2

2𝑅𝑅2 , where 𝐼𝐼 = ∫ 𝑟𝑟2𝑑𝑑𝑑𝑑 = 𝜋𝜋(𝑟𝑟1
4 − 𝑟𝑟2

4)/4 and  U is the bending energy, L 182 

is the length of the shoulder region in Hydra (25% of body column), Y is the Young's modulus 183 

of the shoulder region (stiffer spring), R is the radius of the circle fitted to the shoulder region, 184 

I is the second area moment of inertia, r is the perpendicular distance of an elemental area dA 185 

along the axis of bending, r1, r2 are the outer and inner radii of the Hydra body column 186 

respectively. The change in energy was observed from the point of detachment from the 187 

substrate to the final vertical native state of the Hydra. We computed Ebend using 188 

Young's modulus measured using AFM and radius of curvature R obtained by fitting circles to 189 

shoulder region in each frame of the captured video as seen in Figure 3C.  Figure 3D depicts 190 

the progression of energy in the bent shoulder, Ebend with time.  The Ebend  initially increased 191 

with time, suggesting a transfer of energy from stretch to the bend. This indicated that after the 192 

release, transferring part of the initial mechanical energy into bend might serve as a crucial step 193 

in the biomechanics of Hydra somersault. Hydra lacking a mechanism to facilitate such transfer 194 

to optimize the peak in Ebend may not have sufficient energy to work against gravity and 195 

complete the somersault.  After reaching the peak, Ebend  is used to work against gravity and 196 

viscous resistance to reach upside-down position and is expended at an exponential rate (Figure 197 

3D). A single exponent is characteristic of a bent elastic beam relaxing its stress in a viscous 198 

environment (Barnes, 1989)  and indicates that the motion after release is predominantly 199 

governed by passive mechanics. The hypothesis that part of the somersault in which the body 200 

is lifted upside down is passive, is further investigated using computer simulations and 201 

biological experiments.  202 

 203 

Simulations predict the importance of tissue stiffness variation in somersault 204 

 205 

To gain insights into the role of the observed variation in tissue stiffness in facilitating 206 

an efficient transfer of mechanical energy to bend, we simulated the part of the somersault 207 

which is passive and is depicted in Figure 1.  We modelled the tubular body of Hydra by a 208 

suitable network of 50 rings, each with 10 beads.  These rings were stacked together to form 209 

an elastic cylinder of length L, as shown in Figure 4A. The individual springs have spring 210 

constant k. The effective spring constant of the cylinder is keff.  We observed that keff  varies 211 

linearly with  k (Figure S2 A and B). The experimentally measured mass, length and Young's 212 

modulus of Hydra were used to convert simulation units of m, L and keff into physical units 213 
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(see Appendix 1). To model the experimentally observed stiffness variation along the Hydra 214 

body-column, spring-constants k of individual springs in the shoulder region were chosen to 215 

be α times the remainder of the body column (Figure 4A). In simulations, for the same amount 216 

of initial energy when the cylinder is stretched (30 nJ), α was varied from 1, which 217 

indicates uniform stiffness to a relatively large value of 30 to investigate the importance of 218 

spatial variation in tissue stiffness for the mechanics of somersault. Additionally, to truly 219 

represent the physical environment, we included viscous drag, the force of gravity and 220 

buoyancy on each bead of the model Hydra (Figure S3).  221 

   222 

To model the role of elasticity in energy transfer from stretch to bend (Figure 3D), we 223 

stretched the cylinder and fixed the two rings at the ends nearly horizontally with strain ε = 0.8 224 

and 0.2. This range of strain values is typically seen in somersault videos.  We then released 225 

the basal end, which has a lower stiffness. Qualitatively, the somersault in real Hydra compares 226 

well with simulations for α = 3, which is observed in AFM experiments (See Figure 4B). 227 

Interestingly, under uniform stiffness along the length of the cylinder (α = 1), the model Hydra 228 

was unable to stand upside down after the release (Figure 5A, Movie 2), suggesting that the 229 

observed variation in tissue stiffness is critical to complete the somersault.  230 

 231 

The simulations indicated that before the release of the basal end, the potential energy 232 

stored in the shoulder for α = 3 was lower than for α = 1. This was due to the comparatively 233 

larger stretch in the shoulder for α = 1.  However, after release, roughly 50 percent more energy 234 

was transferred to the shoulder region in case of  α = 3 compared to α = 1.  The end of the 235 

horizontal movement of the base signifies the end of the contraction. The stored energy in the 236 

shoulder region at the end of the contraction step is expended to overcome gravity and viscous 237 

drag. The energy threshold (Ethreshold) required to stand upside down can be calculated (Figure 238 

5A, Appendix 1).  For α = 1, the stored energy in the shoulder was below this threshold, and 239 

for α = 3 it was above it. This suggested that if Hydra body column were to harbor uniform 240 

stiffness, then it would not be able to stand up (Figure 5A). This result was robust with respect 241 

to different values of ε (Figure S4 A and B). It is important to note here that our model treated 242 

stage 4 of somersault to be passive. We were encouraged to model Hydra's body column as a 243 

network of springs and beads due to our observation in Figure 3B wherein, the energy in the 244 

bend is expended in a passive manner to work against viscous and gravitational forces.  Here, 245 

we have focused on the energy transfer process and its utilization to stand upside down. The 246 

actual somersault, in its entirety, is a mixture of both active and passive processes and we 247 
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simulated the passive stage alone. The broad inference that can be drawn from the simulations 248 

is that the differential stiffness aids in standing upside down. In particular, it also suggested 249 

that the passive energy transfer facilitated by the differential tissue stiffness was a necessary 250 

condition for somersault and Hydra with uniform stiffness should not be able rise upside down. 251 

This prediction from the simulations was then tested experimentally in the next section.  252 

To explain the physics behind the efficient energy transfer for α = 3, we analyzed the 253 

simulation data.  During contraction, the velocity difference between the shoulder and body 254 

column was larger for a model Hydra with non-uniform stiffness (α = 3) compared to uniform 255 

case (α = 1). This generated more force on the shoulder region while the body column contracts. 256 

We calculated time averaged longitudinal force on 14th ring, which is residing at the junction 257 

between the stiff shoulder and the labile body column (Figure 5B). Clearly, the force was higher 258 

for α = 3 compared to α = 1.  The bend in the shoulder, in turn, received adequate energy for 259 

standing upside-down.  To find out the optimal variation of tissue stiffness for highest possible 260 

transfer, we performed simulations for all values of α. Strikingly, the force did not increase 261 

monotonically with α but had a clear peak. This indicated that a specific variation in tissue 262 

stiffness characterized by α was optimal for energy transfer in Hydra somersault and arbitrarily 263 

large values of α do not ensure effective energy transfer.  In short, the simulations indicated 264 

that the variation in tissue stiffness observed upon measurements using AFM is critical for the 265 

somersault. 266 

 267 

The simulations clearly showed that the variation in tissue stiffness, characterized by α, 268 

facilitated efficient energy transfer from a stretch to a bend, which was used to overcome the 269 

downward force on the body column due to Hydra's higher density compared to that of 270 

water.  Since this energy was used for overcoming the hydrodynamic drag and the weight of 271 

body column due to the density difference (Δρ), the successful completion of somersault 272 

depends on Δρ and α. The experimentally measured mass density of Hydra is 5.0 ±1.5 percent 273 

higher than the density of water (Appendix 1c).  We generated phase diagrams of Δρ versus α 274 

for range of Young's modulus values. We observed that for extremely labile bodies (Y < 10 275 

Pa), the energy transferred from the stretched state to the bend is lower than the threshold and 276 

Hydra is unable to rise for all values of α (Figure S5D).  On the other hand, for extremely stiff 277 

bodies (Y > 10 kPa), the energy required to stretch to 80 percent strain was large and the 278 

transferred energy was always above the threshold such that Hydra is always able to rise for 279 

all values of α (Figure S5C). These two extremes are far from the experimentally observed 280 

stiffness and its variation in real Hydra tissue. Figure 5C shows a phase diagram of Δρ and α 281 
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at the experimentally observed values of Y.  Note that in order to keep the amount of energy 282 

and strain fixed when the model Hydra was stretched, for α < 3, Y for the body region is kept 283 

larger than 500 Pa.  For   α > 3, the Y for the body region was kept smaller than 500 Pa.  For 284 

Y = 500 Pa throughout the body column, it was not able to rise and stands inverted if the tissue 285 

was 2.5 percent denser than water. The experimental measures of Hydra, the Δρ and α lie inside 286 

the green rectangular shape (Figure 5C). The phase diagram was robust with respect to strain 287 

and different initial energies stored in the stretch (Figure S5 A-B). It clearly indicated that a 288 

model Hydra with larger α, signifying a better energy transfer, can lift itself even if its heavy, 289 

which was described by a larger Δρ. It was also interesting that the critical behaviour for lifting 290 

the body column was seen in the phase plot of Δρ and α only for the range of tissue stiffness 291 

observed in real Hydra. 292 

 293 

The experimentally measured stiffness of Hydra tissue is likely to be an overestimate 294 

due to treatment of glutaraldehyde. It was difficult to quantify such effect in case of Hydra, 295 

however the observed increase in Young's modulus due to such treatment on rat-tail tendons 296 

quantified using AFM is nearly 50 percent (Hansen et al., 2009). We performed simulation 297 

runs to monitor the effect of such overestimates on critical nature of standing upside down. 298 

Figure S5 A - B shows a phase diagram in which, Y for both shoulder and body column was 299 

halved compared to the experimentally observed values in our AFM measurements. The 300 

variation characterized by α was seen to be more critical than that depicted in Fig. 5C. Hydra 301 

with uniform stiffness was unable to lift its body column, even if it is 1 percent above the 302 

density of water.   303 

 304 

Modulation of extracellular matrix polymerization perturbs the tissue stiffness variation, 305 

impairing the somersault 306 

To identify the source of tissue stiffness and its differential, we hypothesized two possibilities, 307 

i.e. variation in the cell types or differences in the extracellular matrix composition. A recent 308 

report suggested that there is no difference in cellular stiffness in Hydra cells and hence we 309 

ruled out the possibility of cellular contribution (Carter et al., 2016). Stiffness variation due to 310 

extracellular matrix composition could be tested by selectively disrupting physical properties 311 

of mesoglea without disrupting the chemical composition avoiding the possibility of disturbing 312 

Integrin-extracellular interactions. Hydra mesoglea (extracellular matrix) is a trilaminar porous 313 

structure which divides the two germ layers throughout the polyp and is in a perpetually 314 
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stretched state (Sarras Jr, 2012). Therefore, any lesion to the mesoglea leads to retraction of the 315 

mesoglea from the site of injury (Sarras Jr, 2012; Shimizu et al., 2002). The outermost layer of 316 

the extracellular matrix is similar to the basement membranes consisting of cell-interacting 317 

extracellular matrix proteins such as collagen type IV and laminins (Sarras Jr, 2012). The layer 318 

being sandwiched by the basement membrane called the interstitial matrix is primarily made 319 

up of fibrillar collagens such as collagen type I, II, III, IV and hence can provide mechanical 320 

support to the polyp (Sarras Jr, 2012). 321 

Based on these properties we devised physical and chemical perturbations to mitigate the 322 

stiffness of the extracellular matrix. In the physical method, we exploited the retractile property 323 

of the extracellular matrix to locally disrupt stiffness which would sever the hypothetical 324 

'spring' (Figure 6A). Whereas the chemical method uses Dipyridyl, a lysyl oxidase inhibitor, to 325 

inhibit polymerization of the newly secreted fibrillar collagen into fibrils in the extracellular 326 

matrix and therefore globally affecting the physical property of newly synthesized extracellular 327 

matrix as it replaces old without changing its composition (Figure 6B) (Shimizu et al., 2002; 328 

Sarras Jr et al., 1991; Siegel et al., 1970). 329 

On two different sets of Hydra polyps, we partially lesioned the shoulder region and the middle 330 

of the body column severing the extracellular matrix (number of polyps per experiment =20, 331 

number of experiments =3). Then we recorded the somersaults performed after 6 hours after 332 

lesion. This time point was chosen since it is sufficient to heal the wound but not enough for 333 

regaining the stiffness around the lesion because the extracellular matrix is not fully 334 

regenerated(Sarras Jr et al., 1991, Shimizu et al., 2002)  (Figure 6A, movie 3). Further, the 335 

stiffness measurements using AFM revealed the loss of differential stiffness seen in the Hydra 336 

body column (Figure S6 A). Strikingly, the ability to perform somersaults was virtually lost 337 

when the lesion is affected in the shoulder region, whereas it remains unaffected when the 338 

lesion was in the body column (Figure 6A). The polyps with a lesion in the shoulder were able 339 

to regain the ability to somersault after 36 hours, a duration long enough to complete the 340 

regeneration of the extracellular matrix. Thus, elimination of the stiffness locally within the 341 

shoulder region resulted in an inability to perform the somersaults, underscoring the importance 342 

of the stiffness differential. The stiffness measurements using AFM revealed that the polyps 343 

treated with Dipyridyl for 72 hours exhibit uniform stiffness across the entire body column 344 

(Figure S6 B). This suggested that Hydra presumably exploits the differential crosslinking of 345 

fibrillar collagen to generate tissues with varying degree of elasticity.  The ability to somersault 346 
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was completely lost after 72 hours of Dipyridyl treatment, whereas the number of somersaults 347 

was reduced to half after 36 hours of treatment (Figure 6B and Movie 4) (number of polyps per 348 

experiment =20, number of experiments =3). This confirmed the correlation of the degree of 349 

unpolymerized fibrillar collagen in the extracellular matrix to the inability to somersault. These 350 

observations suggest that the extracellular matrix mediated stiffness differential in the Hydra 351 

polyp is critical for somersaulting. In the third experiment, the animals with a lesion in the 352 

shoulder region were treated with Dipyridyl. This does not allow the regeneration of the 353 

extracellular matrix in the nicked region. In this case, even 36 hours after the nicking the polyps 354 

were unable to regain the propensity to somersault (Figure 6C and Movie 5).  355 

To probe deeper into the role of tissue stiffness as a function of collagen crosslinking, we 356 

monitored the ultrastructure of the extracellular matrix in mesoglea using scanning electron 357 

microscopy (SEM). Tissue sections were prepared from the shoulder region and body column 358 

to reveal the difference, if any, in the ultrastructure of the extracellular matrix reflecting the 359 

tissue stiffness differential. SEM images of these sections revealed clear demarcation of the 360 

mesoglea (me), indicated in the orange dotted line separating the ectodermal tissue (ec) from 361 

endodermal tissue (en) (Figure 7). Within mesoglea, due to the transverse sectioning of the 362 

tissue, the central interstitial matrix consisting of fibrillar collagens were distinctly visible 363 

(Figure 7 A', B', C' & D'). In the control polyps, comparison of the SEM images clearly depicted 364 

the differential packing of the extracellular matrix collagen fibers and indicated that this could 365 

be attributed to differential collagen crosslinking (Figure 7 A-A' & B-B'). These observations 366 

suggested that the stiffness differential observed between shoulder region and body column 367 

was presumably due to the differential packing of collagen fibers in the extracellular matrix. 368 

As discussed above, Dipyridyl treatment of Hydra polyps resulted in the loss of differential 369 

stiffness between the shoulder and the body column by inhibiting crosslinking of the collagen 370 

fibers (Figure S6 B) at 72 hrs. To evaluate such an effect on the ultrastructure of Hydra 371 

extracellular matrix, we monitored the extracellular matrix structure in polyps after Dipyridyl 372 

treatment. We performed SEM imaging of tissue sections of Dipyridyl treated polyps in the 373 

shoulder region and body column. The polyps treated with Dipyridyl for 72 hrs corroborated 374 

the results obtained through stiffness measurements using AFM (Figure 7 C-C' & D-D'). 375 

Inhibition of lysyl oxidase activity by Dipyridyl caused an extensive reduction in collagen 376 

crosslinking in the shoulder region (Figure 7 C-C') as compared to the control polyps. The 377 

extracellular matrix ultrastructure at the body column after Dipyridyl treatment appeared 378 

unaffected relative to the control polyps. This observation also confirmed that collagen in the 379 
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mesoglea of the body column is sparsely crosslinked as compared to the shoulder region. 380 

Collectively, these findings provide a compelling evidence that spatial variation in tissue 381 

stiffness is a function of collagen crosslinking and is critical for the somersault, corroborating 382 

the results of the simulations. 383 

  384 

Discussion  385 

 386 

We report the first-ever use of atomic force microscopy (AFM) for measuring the tissue 387 

stiffness of Hydra along the whole body-column. We have obtained more definitive results 388 

than the earlier reports of tissue stiffness in Hydra (Carter et al., 2016). Here, we demonstrated 389 

that Hydra possesses a local variation in tissue stiffness at a ratio of 3:1 between the shoulder 390 

region to the rest of the body column. 391 

 392 

To understand the significance of such a sharp stiffness differential in the body column, 393 

we investigated the seemingly strenuous process of somersaulting (Biewener, 1990). The 394 

simulations revealed that the observed differential in the tissue stiffness is necessary for energy 395 

transfer to stand upside down. In congruence with simulations, the Hydra polyps lacking the 396 

stiffness differential were unable to stand upside down during somersault. The differential 397 

speeds of shoulder and rest of the body during retraction leads to a soft collision between the 398 

two regions, which results in an efficient transfer of energy from the body column to the stiff 399 

region (shoulder). Further, the differential stiffness of the body column enables the animal to 400 

strike an optimal balance between the mechanical energy stored in the stretching and the 401 

bending processes.  While stretched, most of the energy is stored in the labile body column due 402 

to the extension. The collision allows for the energy produced in the extension step to be 403 

concentrated into potential energy in the bend of the shoulder region. Comparing the 404 

somersault to walking on land, the arrangement of the shoulder and the body column acts 405 

similar to the movement of legs. The tentacles allow for stability by providing lateral forces 406 

similar to insect legs (Dickinson et al., 2000). The shoulder region acts like a spring storing 407 

energy from the stretched body column and repurposing it to lift vertically. While 408 

somersaulting allows the polyp to move around in the immediate environment in intermediate 409 

distances, looping allows the polyps to cover smaller distances. For larger distance locomotion, 410 

floating using an air bubble seems more favorable. Whereas, the labile part of the body column 411 

can extend with relative ease allowing the Hydra to probe its immediate surroundings without 412 

moving to a new position and expending too much energy. We also observed in our 413 
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experiments that the polyps showed a higher propensity to perform looping, somersaulting or 414 

stretching when we detached them and dropped them back in the culture bowl. This behavior 415 

can be explained by the need for Hydra to probe the immediate surrounding to gauge the nature 416 

of the new site when it settles in natural conditions. Such probing might be important in 417 

obtaining different sets of information by the polyp including water flow differential in the 418 

surrounding, better substrate attachment sites, prey abundance etc.  419 

 420 

The arrangement of the shoulder and the body column can be compared to that of 421 

tendons and muscles in vertebrates. The spring mechanism in the shoulder region is similar to 422 

mechanisms proposed for motion during terrestrial walking (Markowitz and Herr, 2016, Taylor 423 

and Heglund, 1982). Energy recycling through tendons and other elastic elements is an 424 

established mechanism in describing locomotion in vertebrates such as humans (Cavagna et 425 

al., 1977). Tendons consist of thick bundles of collagen fibres secreted by tenocytes. 426 

Incidentally, tenocytes can change the extracellular matrix composition of tendons in response 427 

to changes in mechanical loading and hence the elasticity (Hansen et al., 2009). Based on our 428 

study, mechanisms modulating elastic properties of tissues to facilitate locomotion seems to 429 

have evolved early in the animal phyla and hence seems to be an ancient function of the 430 

extracellular matrix. It points to the possibility that shear stresses faced during tentacle 431 

movement as well as the structural peculiarities of the organism may have played a role in 432 

evolving the stiffness differential (Carter et al., 2016; Shostak et al., 1965; Haynes et al., 1968). 433 

The torsional forces for moving a flexible rod-like structure as tentacle in water could be of the 434 

range of nanonewton/micronewton and deformations in the hypostome would be of the order 435 

of nanonewton. Such scales of repetitive deformations could have led to the evolution of 436 

mechanosensory feedback mechanisms required for regulating the extracellular matrix 437 

stiffness. One of the easiest ways to achieve the same is by modulating the crosslinking of 438 

fibrillar collagens in the extracellular matrix, an example of which we have illustrated here. A 439 

similar mechanism might have further evolved in more complex higher organisms during the 440 

development of the musculoskeletal system. 441 

Our study underscores the importance of the observed changes in cellular and molecular 442 

properties at the shoulder region and their mechanistic contribution to the process of 443 

locomotion in Hydra. The cellular movement shows a marked difference between the shoulder 444 

region and the body column (Holstein et al., 1991). All the cells in a polyp are known to be 445 

pushed towards the termini of the body and sloughed off. The extracellular matrix associated 446 

with these cells is also reported to move along with these cells and degraded at the tentacle tip 447 
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or the basal disk (Aufschnaiter et al., 2011). Strangely, the aforesaid behavior changes at the 448 

shoulder region with a reduction in the cell-extracellular matrix velocities. This could be due 449 

to differential interactions of cells with the components of the extracellular matrix in the 450 

shoulder region versus the rest of the body column, as has been proposed earlier (Shostak et 451 

al., 1965). The extracellular matrix is degraded within the shoulder region than being pushed 452 

to the tentacles indicating that the extracellular matrix in this region is maintained in a different 453 

manner as opposed to other regions. Further, BrdU staining indicates a cessation of the 454 

proliferative capacity of the stem cell as they cross the boundary towards the shoulder region 455 

and into the hypostome and tentacles (Reddy et al., 2015). In Hydra, the tentacles and the 456 

hypostome region possess a wide range of differentiated cells, which terminally differentiate 457 

as they move from the gastric region towards the hypostome and tentacles (Wood, 1979, Ewer 458 

and Fox, 1947).  It would be interesting to study if, similar to human and mice cells, stiffness 459 

properties of the extracellular matrix determine the differentiation fate of these cells in Hydra 460 

(Engler et al., 2006, Park et al., 2011). Thus, tissue stiffness in Hydra is not only innately linked 461 

to the motility of the organism but also possibly other processes.  462 

 463 

Collagen, as shown here, plays an important role in the tissue stiffness, possibly both 464 

through cell-extracellular matrix interactions and varying extracellular matrix composition 465 

(Shostak et al., 1965; Aufschnaiter et al., 2011; Zhang et al., 2007; Shimizu et al., 2008; Sarras 466 

Jr, 2012). The collagen fibre structure in the extracellular matrix can be dynamically regulated 467 

depending on the strain experienced locally (Haynes et al., 1968). Studies need to be performed 468 

to understand how collagen and other extracellular matrix molecules are regulated along the 469 

oral-aboral axis of Hydra. Our findings not only open a new avenue in invertebrate locomotion 470 

mechanics which could lead to interesting insights into the evolution of locomotion but also 471 

lay a foundation for furthering mechanobiology in the lower organisms using AFM based 472 

measurements. Additionally, the need of an optimal elasticity variation for greater energy 473 

efficiency in liquid environments could be a significant design principle for building artificial 474 

machines and advance the field of the untethered small-scale robots working in confined 475 

areas(Hu et al., 2018).   476 

  477 

Methods and Materials 478 

 479 

1. Hydra lines and culture  480 
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The polyps used were the Pune strain of Hydra vulgaris (Ind. Pune) and Hydra vulgaris 481 

(AEP) (Reddy et al., 2011; Martínez et al., 2010). Hydra polyps were cultured under standard 482 

conditions in glass bowls with Hydra medium containing KCl, NaCl, MgSO4.7H20, 483 

CaCl2.7H2O and Tris-HCl using the protocol described previously (Lenhoff, 2013). Both lines 484 

were maintained at 19ºC and with a day night cycle of 12 hours. Polyps were fed using freshly 485 

collected Artemia hatched in house. The medium was changed every day after feeding.  486 

 487 

2. Measurement of Hydra tissue stiffness using atomic force microscope (AFM) 488 

1.  Attaching bead to the AFM lever: 489 

A tipless cantilever with a glass bead attached to its free end (stiffness ~ 0.2 N/m) was 490 

used for AFM measurements. The diameter of the glass bead is 20 µm (Figure 2 A). The 491 

attachment was accomplished using the micromanipulation available with the AFM. A small 492 

amount of UV curable glue (Dymax 431) was spread on the coverslip. Using the servo control 493 

of the AFM, the end of the tipless lever was lowered onto the glue. A drop of glue was picked 494 

up on the lever and lowered again on a bead. The lever was maintained under positive load and 495 

UV light was directed at the bead-lever assembly. After curing the lever was pulled back from 496 

the surface along with the bead. The elastic modulus of the glue is 570 MPa, and it is not 497 

deformed while pushing on the tissue.  Before performing force-distance measurements, the 498 

cantilever is calibrated using BSA coated glass surface by thermal tuning. 499 

2. Measurement of tissue stiffness using AFM: 500 

Hydra body is unstable for mechanical measurements if it is not strongly adhered to the 501 

glass surface. A thin layer of BSA was coated on the glass for strong adherence of the tissue. 502 

Young's modulus of various tissues typically ranges from 100 Pa to 1 MPa. The Young's 503 

modulus of glass is of the order of 10-100 GPa. The coating of BSA alters it to some extent. 504 

Figure S1 A shows the cantilever deflections for glass, BSA coated glass and tissues from 505 

different parts along the body column. Assuming the glass-glass contact to be infinitely stiff 506 

compared to the glass-tissue contact - a reasonable assumption since it is 10,000 times stiffer, 507 

the slope of the curve in the contact region for glass and BSA coated glass is nearly one 508 

implying no deformation. The slope of the curve on tissues is much less, suggesting a certain 509 

amount of deformation. We use glass-glass contact for calibration of deflection sensitivity and 510 

the subtraction of cantilever deflection from the push given by the piezo extension yields 511 

deformation in the tissue. The force is calculated by multiplying the cantilever deflections by 512 

its stiffness. The force versus deformation curve is then fitted with the Hertz model. 513 

 514 
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 516 

 517 

Where F is the measured by the cantilever possessing the bead, which is pressed against the 518 

tissue. R is the bead radius, the delta is the deformation in the tissue, E is Young's modulus, 519 

and v is the Poisson ratio. 520 

Hertz contact mechanics theory works for non-adhesive elastic contacts. It is important 521 

to establish that the pressing of bead over the tissue conforms to this requirement. Figure S1B 522 

shows a typical force-deformation measurement while both extending and retracting the bead 523 

over the tissue. For small loads (< 1 nN) the extend and retract curves do not show hysteresis, 524 

which indicates that the contact is non-adhesive and elastic. 525 

Before AFM measurements, Hydra polyps were cultured and starved for a day to 526 

eliminate food material. They were relaxed with urethane (2% for 2 mins) and fixed 527 

immediately with glutaraldehyde (4%) for 30 mins. The coverslip (diameter: 22 µm) was 528 

coated with a layer of bovine serum albumin (BSA, 10 mg/ml), and this layer was allowed to 529 

dry. The Hydra was placed on this layer, and a small amount of BSA was added to keep it from 530 

drying. As the BSA dried, the connections formed between the Hydra and the surface by BSA 531 

were fixed using glutaraldehyde for 2 min, and water was added. The errors in the measurement 532 

of Young's modulus determines the width of the green rectangle used to depict the experimental 533 

measures of Hydra. 534 

 535 

3. Measurement of the mass density of Hydra:  The density of Hydra was measured by the 536 

following experiment. Tentacles were removed and the resulting Hydra body column was 537 

dropped in the water column in a vertical tube (height 2 m, diameter 5 cm). The body column 538 

attains terminal velocity and is measured to be 0.003 m/s.  The body column moves downwards 539 

horizontally without rotating or tumbling (Movie 6).  After balancing the forces acting on a 540 

cylindrical body moving with a terminal velocity in a fluid, we obtain 541 

𝜌𝜌 = 𝜌𝜌𝑜𝑜 +

4𝜋𝜋ηL
ln �L

D�
× v

𝑉𝑉𝑉𝑉
 542 

Where ρ is the density of Hydra, ρ0 and η are density and viscosity of water respectively.  L 543 

is  the length of Hydra body column, D is the diameter of the body column and V is the volume 544 
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of Hydra, g is the acceleration due to gravity.  We measured the length and diameter at five 545 

different locations across the body column of ten different Hydra polyps. The errors in the 546 

measurement of L and D largely determine errors in estimating the density of Hydra from the 547 

measurements.  The density of Hydra tissue is 1050 ±15 kg/m3. This is 5±1.5 % above the 548 

density of water.  This error determines the height of the green rectangle used in Figure 5C.  549 

 550 

4. Videography and analysis of somersault 551 

We recorded the motion of Hydra as it does the somersault movements and measured 552 

the statistics of somersaults with modification of native stiffness along body column (Figure 553 

6). We fabricated a glass tank of 10 x 8 x 4.5 cm dimensions and recorded the movement using 554 

a Nikon D-500 digital camera fitted with a 105 mm macro lens. The Hydra movement was 555 

recorded as they detached from the surface. For measurement of distances a precise scale was 556 

kept in the bath. The videos were recorded at 25 fps for 20 min at a stretch. We assayed the 557 

propensity of Hydra to somersault after dropping them with a pipette into the tank. For the ease 558 

of scoring, we have only scored the number of times polyps stand upside-down since it is the 559 

first and most important step for Hydra to somersault. The normalization of the events was 560 

done by calculating the average and standardizing the values by comparison to the control. The 561 

videos were analyzed with the Light orks software and Fiji.  For bending energy calculations 562 

in Figure 3D, circles were fit to the shoulder region of Hydra using Fiji software and the bend 563 

energy stored in the shoulder region was measured.  564 

 565 

5. Extracellular matrix disruption 566 

Hydra extracellular matrix has been shown to be dynamically regulated and important in 567 

regeneration as well. It has been seen before that an amputation leads to a retraction of the 568 

extracellular matrix near the wound. This retraction is about 100 µm below the cut edge, and 569 

the extracellular matrix re-secretion takes about 24 hours to complete (Sarras Jr et al., 1991). 570 

We used this property of the extracellular matrix to physically perturb it upon nicking (partial 571 

cut/amputation) of the organism. The nicking of Hydra is performed using the sharp bevel edge 572 

of a 31-gauge syringe needle and carefully controlled under a 10X dissection microscope. 573 

Adequate care is taken such that the nick always is halfway through the body (incision up to 574 

half of the diameter of the polyp at the shoulder region) and perpendicular to the long body 575 

axis, such that the severed part does not move away. It is assured that the head attaches in the 576 

same place, and the wound is healed to carry out the videography of the somersaulting 577 

locomotion.  Such amputation would lead to a loss of extracellular matrix in a small region 578 
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around the partial amputation. To assess the effect of loss of extracellular matrix in a particular 579 

region on the stiffness of the organism, we performed AFM-based measurements on head 580 

partially cut polyps. To assess the effect of localized extracellular matrix perturbation on ability 581 

of Hydra to somersault, the polyps were videographed for somersault 6 hrs post amputation. 582 

Twenty polyps per experiment were used and a total of 3 experiments were performed with no 583 

polyps reused for any experiments. These polyps were scored for ‘Events per Hydra’. The 584 

scoring was performed by counting total number of occurrences the polyps performed upside-585 

down movement from the time they were dropped in the container floor for the first 5 mins. 586 

These movements are labeled as ‘events’ and these events were then divided by total number 587 

of polyps in the container to obtain the value of ‘Events per Hydra’ (Figure 6). 588 

 589 

2,2'-Dipyridyl (Dipyridyl) is an inhibitor of lysyl oxidase (Siegel et al., 1970). Lysyl 590 

oxidase is an enzyme which crosslinks two adjacent fibrillar collagens to make bundles. 591 

Inhibition of lysyl oxidase prevents the components of the extracellular matrix from 592 

polymerizing. This has been shown before in being effective in inhibition of Hydra 593 

extracellular matrix [6]. The concentration of 100 µM was shown to be useful in other strains 594 

of Hydra. To test the validity of this result and to study the behavior of Hydra under this drug 595 

concentration from 50 µM to 200 µM Dipyridyl in Hydra medium were tested, and no 596 

physiological effects were detected until 175 µM. For the partial amputation along with 597 

Dipyridyl treatment experiments (Figure 6 C), the organisms were pre-treated with Dipyridyl 598 

for 12 hours followed by nicking and further treatment with Dipyridyl for 24 hours. Hydra 599 

extracellular matrix is continuously cycling along the body column and replenished. Twenty 600 

polyps were used per experiment, and a total of 3 experiments were performed with no polyps 601 

reused for any of the experiments. For the Dipyridyl treatments (Figure 6 B), Dipyridyl was 602 

added to the Hydra medium at 100 µM, and the medium was changed every 24 hours. Stiffness 603 

measurements were performed using AFM on Hydra treated for 72 hours to assess the effect 604 

of chemical extracellular matrix disruption on the stiffness. 605 

 606 

For the comparison between different experimental perturbations to the Hydra, we 607 

compared 20 animals for each condition in a biological replicate. Each biological replicate for 608 

an experimental perturbation was repeated with its respective control for three trials. The 609 

average number of somersaults for each condition was measured during a fixed time period. 610 

The averages for the replicates were compared with corresponding controls, and significance 611 

was measured using the unpaired Student’s  t-test.  612 
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6. Scanning electron microscopy of Hydra tissue 613 

Anaesthetized polyps (using urethane (Sigma)) were fixed using EM fixing solution (2.5 % 614 

Paraformaldehyde (Electron Microscopy Sciences - EMS), 2.5 % Glutaraldehyde (EMS) and 615 

0.1 M Cacodylate buffer (Sigma)). These polyps were then embedded in 5 % Agar and 616 

sectioned into 200 µm slices using a vibratome (Leica VT1200 S). The sections were then 617 

stained with 1 % Osmium tetroxide (Sigma), 1% Tannic acid (EMS) and 1 % Uranyl acetate 618 

(EMS). These sections were then dehydrated by washing them serially with increasing 619 

concentrations of ethanol (30-100 % ethanol). These sections were then dried at CO2 critical 620 

point using a critical point dryer (Leica CPD030). These were then mounted on carbon tapes 621 

and sputter-coated with platinum. The coated samples were then imaged using the Sigma 500 622 

electron microscope (Zeiss). 623 

  624 

 625 

Appendix 1:   626 

Simulation Units of all physical quantities  627 

The experimentally observed values of the length of the Hydra body column is around 628 

5 mm while its inner and outer radii are 0.05 mm and 0.1 mm, respectively. In our simulation, 629 

this is modelled as a hollow cylindrical tube of diameter of a = 1 simulation units (s.u) and 630 

length L0 = 30a (see Table A1).  631 

 632 

 633 

 634 

 635 

Table A 1 636 

 637 

Dimension Simulation Units SI Units 

Length [L] a = 1 0.17 x 10-3 m  

Mass [M] mi =1  2 x 10-10 kg 

Time [T] τ= 1  0.91 x 10-3 s 

 638 
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The stretched elastic body of Hydra can be physically characterized by its Young's 639 

modulus Y, stored elastic energy E, length L, cross-sectional area A (found using its inner and 640 

outer radii) and its mass M= ∑mi, whereas viscous drag due to liquid surrounding Hydra can 641 

be characterized by the viscous drag coefficient Γ. These parameters can be combined to form 642 

a dimensionless parameter D. 643 

 𝐷𝐷 = Γ𝐿𝐿3/2

𝐸𝐸
�𝑌𝑌𝑌𝑌

𝑀𝑀
 644 

Substituting 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒  = 𝑌𝑌𝑌𝑌
𝐿𝐿

, which is essentially replacing the Young's modulus by the stiffness 645 

constant of an equivalent spring, gives us 646 

𝐷𝐷 =
Γ𝐿𝐿2

𝐸𝐸
�𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒

𝑀𝑀
 648 

 647 

We can estimate these parameters in the following way: 649 

a. Elastic energy (E): 650 

We take the experimentally measured value of the Young's modulus around 1000 Pa, and we 651 

assume the stress-strain relationship linear, i.e. σ = Yε. Stored elastic energy per unit volume 652 

is given by the integral of the stress-strain curve. For the sake of simplicity, we take energy per 653 

unit volume, stored at a strain of ε = 1 654 

𝐸𝐸 = 𝑉𝑉 � σdε = V
1

0
 � Yεdε

1

0
=

𝑌𝑌𝑉𝑉
2

 655 

Using the values of inner and outer radii for the Hydra as well as its length of 5 mm, we get 656 

the energy value of the elastic energy to be  657 

𝐸𝐸 =
𝑌𝑌𝑉𝑉
2

=
103𝑃𝑃𝑎𝑎 × 𝜋𝜋(12 − 0.052) × 10−8𝑚𝑚2 × 5 × 10−3

2
≈ 6 × 10−8𝐽𝐽 658 

b. Stoke's friction coefficient for a Cylinder (Γ): 659 

The drag force experienced by the Hydra body column is determined by its Stoke's coefficient. 660 

The diameter to length ratio D/L of Hydra is small fraction, suggesting that it can be 661 

approximated as a long thin cylindrical tube (Akhtar et al., 2011; Dhont, 1996). The drag 662 

coefficient under this approximation is divided into two parts one parallel to the cylinder axis 663 

(running along its length), which we call Γ||, and the other perpendicular to the axis    Γ. Ideally, 664 

Γ|| acts during the initial contractile motion of the Hydra, whereas Γ|| acts during the upward 665 

motion. The expressions for these coefficients are 666 
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Γ|| =
2𝜋𝜋𝜂𝜂𝐿𝐿

ln (𝐿𝐿
𝐷𝐷)

,    Γ┴ =
4𝜋𝜋𝜂𝜂𝐿𝐿

ln (𝐿𝐿
𝐷𝐷)

 667 

Here, L and D are length and diameter of Hydra body, while η is the viscosity of water, 668 

which is the environment they exist in. It can be seen that Γ|| = Γ┴ 2. Since both these values 669 

do not defer by an order of magnitude, we take their average value as the drag coefficient 670 

Γ =
Γ|| +  Γ┴

2
=

3𝜋𝜋𝜂𝜂𝐿𝐿

2ln (𝐿𝐿
𝐷𝐷)

 671 

Putting the viscosity of water as 10-3 Pa, L = 5 x10-3 m and D = 10-4 m, we get Γ = 1.2 x 10-5 672 

Ns/m 673 

c. Mass (M): 674 

We have measured  Hydra's body to have a mass density of 1050 kg/m3, and its mass can be 675 

estimated as Hydra's volume multiplied by its density. This comes out to be about 10-7 kg. 676 

d. Stiffness Constant of equivalent spring (keff): 677 

We use the relation of keff  to calculate this as 678 

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑌𝑌𝑑𝑑
𝐿𝐿

=
103𝑃𝑃𝑎𝑎 × 𝜋𝜋(𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑜𝑜

2 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑜𝑜
2)

𝐿𝐿
≈ 0.5 × 10−2𝑁𝑁/𝑚𝑚 679 

Using these values, the theoretically estimated value of the dimensionless parameter D is 680 

calculated as 681 

𝐷𝐷 =
Γ𝐿𝐿2

𝐸𝐸
� 𝑘𝑘

𝑀𝑀
=

(1.2 × 10−5)(5 × 10−3𝑚𝑚)2

6 × 10−8𝐽𝐽
�

0.5 × 10−2𝑁𝑁/𝑚𝑚
10−7𝑘𝑘𝑉𝑉

≈ 1.1 682 

The simulation parameters are chosen such that this dimensionless quantity remains unchanged 683 

when calculated using the simulation units. A choice of a stiffness constant fixes the stored 684 

elastic energy of the system. Using the effective stiffness value of 20 s.u, the stored energy can 685 

be calculated as  ½ keff. (Δxsim)2. The neutral length of the simulation Hydra being 30 s.u., upon 686 

being stretched to twice its length gives the value of Δxsim= 30 s.u. Using these values along 687 

with the simulation mass as 500 s.u. (each bead being assigned a mass of 1unit, with 500 beads 688 

forming the cylinder), we get 689 

 690 

𝐷𝐷𝑠𝑠𝑖𝑖𝑠𝑠 =
Γ𝑠𝑠𝑖𝑖𝑠𝑠𝐿𝐿𝑠𝑠𝑖𝑖𝑠𝑠

𝐸𝐸𝑠𝑠𝑖𝑖𝑠𝑠
�𝑘𝑘𝑠𝑠𝑖𝑖𝑠𝑠

𝑒𝑒𝑒𝑒𝑒𝑒

𝑀𝑀𝑠𝑠𝑖𝑖𝑠𝑠
= 0.02 × Γ𝑠𝑠𝑖𝑖𝑠𝑠 = 𝐷𝐷 = 1.1 691 

Solving for Γsim, the value of the Stoke's coefficient for the cylinder in simulation units can 692 

be calculated to be Γsim= 55 s.u. Since our mass-spring system consists of 500 beads, each 693 
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bead can be assigned a viscous Stoke's coefficient of Γsim/(no. of beads) = 55/500 s.u. = 0.11 694 

s.u. 695 

e. Time: 696 

We can construct a unit of time using the drag coefficient, Γ, neutral length of the Hydra, L0 697 

and the elastic energy stored upon strain of ε = 1 as 698 

𝜏𝜏 =
Γ𝐿𝐿2

𝐸𝐸
 699 

Having fixed the Stoke's coefficient from the previous steps, we are now in a position to 700 

calculate a correspondence between the real time units and the simulation time units. Since 701 

all the parameters are known, we have 702 

𝜏𝜏𝑠𝑠𝑖𝑖𝑠𝑠 =
Γ𝑠𝑠𝑖𝑖𝑠𝑠𝐿𝐿2

𝑠𝑠𝑖𝑖𝑠𝑠

𝐸𝐸𝑠𝑠𝑖𝑖𝑠𝑠
=

55 × 302

9000
= 5.5 𝑠𝑠. 𝑢𝑢. 703 

This must be equal to the real time units 704 

 705 

𝜏𝜏 =
Γ𝐿𝐿2

𝐸𝐸
=

1.2 × 10−5𝑁𝑁𝑠𝑠/𝑚𝑚 × (5 × 10−3𝑚𝑚)2

6 × 10−8𝐽𝐽
= 5 × 10−3𝑠𝑠 707 

 706 

Comparing these two yields 708 

 709 

1𝑠𝑠 =
5.5

5 × 10−3 = 1.1 × 103𝑠𝑠. 𝑢𝑢. 710 

We have explicitly shown (see next section) that keeping the quantity Γsim Lsim2/Esim constant 711 

yields the same relaxation behavior of the model. 712 

The height of the basal disc from the floor versus time plots for ε = 0.2 for three different 713 

values of Γsim such that the value Γsim Lsim2/Esim  remains constant  (with corresponding 714 

changes in Esim). We can see that the evolution in time is exactly the same, justifying its 715 

choice as the experimental time scale. 716 

f.  Estimation of EThreshold: 717 

We estimate the threshold energy required to overcome both viscous drag and gravitation by 718 

first performing a continuous integration of the drag force (per bead) along the path traced by 719 

each bead as the model-Hydra evolves in time from its configuration at the end of the 720 

contraction to its final configuration (inverted position). Since only the model-Hydras with ⍺ 721 

> 1 are able to reach this final configuration, we perform this integration for ⍺ = 3.  The sum 722 

of all such integrals (over all 500 beads which constitute the cylinder) gives us the total drag 723 
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energy dissipated from initial (after contraction) to final configuration. We must add to this the 724 

gravitational potential energy of the final configuration (∑mighi), which is obtained by 725 

summing over the gravitational potential energies of each bead in their final configuration. 726 

EThreshold can then be formally written as:  727 

 728 

𝐸𝐸𝑇𝑇ℎ𝑜𝑜𝑒𝑒𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = � � 𝛾𝛾𝑣𝑣𝑖𝑖(𝑡𝑡)𝑑𝑑𝑠𝑠𝑖𝑖(𝑡𝑡)
𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑜𝑜𝑐𝑐

+ � 𝑚𝑚𝑖𝑖𝑉𝑉ℎ𝑖𝑖

500

𝑖𝑖

500

𝑖𝑖

 729 

 730 

Here g′ is the effective the gravitational acceleration used for calculation. It is only a small 731 

fraction of the actual gravitational acceleration (g) to account for buoyancy resulting from 732 

density difference between Hydra tissue and water.  733 
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Figure Legends: 868 

 869 

Figure 1: The Hydra Somersault. 870 

The stages in the part of somersault movement of Hydra. In stage 1, the body column is 871 

stretched, and the tentacles hold onto the substrate.  In stage 2, the basal end is released. In 872 

stage 3, the body column contracts. In stage 4 and 5 the body column is lifted.   873 

 874 

Figure 2: Spatially resolved measurement of Young's modulus by force spectroscopy. 875 

A. The schematic of Young's modulus measurements along the Hydra's body column using an 876 

atomic force microscope.  A glass bead of 10 µm radius is attached to a tipless AFM cantilever 877 

which allows the measurement of the stiffness over multiple locations on the body column. 878 

The Hydra is attached to glass coverslip using BSA and glutaraldehyde and measurements are 879 

taken along the body column over grids separated by 100 µm. Each grid is 25 μm x 25 μm with 880 

25 force curves.  Inset shows the image of a bead attached to a cantilever. 881 

B. A typical force-distance curve used to fit the Hertz model to determine Young's modulus of 882 

a microcontact. The experimental data is shown in red dots, whereas the fit is depicted as a 883 

continuous black line.  884 

C. The plot of variation in Young's modulus along the body column using AFM equipped with 885 

bead attached cantilever. The distance from the tentacle end is plotted in units of percentage of 886 

total length. It is zero percent near the tentacles and 100 percent at the base. Force curves were 887 

taken at locations separated by 100 μm along the body column for 3 different polyps. The 888 

ribbon indicates the standard deviation of the mean over 25 measurements at each location. 889 

The cartoon of Hydra shows a schematic representation of variations in Y in different regions 890 

of Hydra. The first (top) quarter of the body column is 3 times stiffer than the rest.   891 

 892 

Figure 3: Role of differential tissue stiffness in biomechanics in Hydra somersault. 893 

 894 

A. The stiffer shoulder region is depicted as a hypothetical spring. The Hydra and the 895 

deformations in this spring are shown as Hydra somersaults to reach the upside-down position.  896 

B. The forces acting on Hydra body column during somersault. FB represents the force of 897 

buoyancy in water acting against the FG - the gravitational force on the organism. FD   is the drag 898 

force acting against the direction of motion. FBend is the representation of the force acting on the 899 

head region due to energy stored in the bend. The changes in forces as the Hydra goes from 900 

Stage 1/Stage 2 (dotted outline) to Stage 4 (dotted outline)/Stage 5 can be seen. 901 
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C. A schematic to illustrate the calculation of energy stored in the bent shoulder. The shoulder 902 

region of the Hydra is fitted to a circle to measure the radius of curvature (R) of the bend. The 903 

length (L) is 25% of the total length (the stiff region), and Y is the Young's modulus as measured 904 

by AFM measurements. I is the second moment of inertia.  905 

D.  The progression of energy in bend (Ebend) with time, after the release (t= 0). It first increases 906 

to a peak and then exponentially decays as the bend straightens to bring the body to an upside-907 

down position. The continuous line represents a fit to a single exponent (τ~ 0.4 s, n= 1).  908 

 909 

Figure 4: Computer simulations can reproduce the somersault.  910 

A. Modelling Hydra body column to represent various steps involved in the somersault 911 

movement. i) An elastic cylinder comprising of bead-springs is used to model the Hydra body 912 

column. The cylinder is a stack of 50 rings, each consisting of 10 beads (mass = m). Beads 913 

within and from adjacent rings are connected to each other with springs as shown (ii to vi) to 914 

maintain circular cross-section and resist bending, stretching, torsion and shear. The effective 915 

spring constant keff of a quarter of the body length (shoulder) is kept α times the rest.  916 

B. The comparison of experimentally recorded various stages of the Hydra somersault 917 

with simulations. The simulations are performed by incorporating the experimentally observed 918 

variation in tissue stiffness.  There are striking similarities between both the actual Hydra 919 

movement and its simulations.  920 

 921 

Figure 5: Computer simulations unravel significance of the differential in tissue stiffness 922 

for  somersault. 923 

A. For strain ε = 0.8, the plot of the energy in the shoulder region Eshoulder versus time after the 924 

end of a contraction.  Ethreshold is the calculated minimum energy required to overcome gravity 925 

and viscous drag.  At the end of a contraction, the E_shoulder for ⍺ = 3 is higher than 926 

E_threshold and less for ⍺ = 1.  The simulation snapshots of the cylinder show its initial and 927 

final positions for ⍺ = 1 (Uniform stiffness) and ⍺ = 3 (stiffness differential seen in AFM 928 

experiments).   929 

B. The plot of time-averaged longitudinal force on 14th ring, which is at the junction of the stiff 930 

shoulder and rest of the body column, with respect to α after the release. The average is taken 931 

over 50 ms before and after the end of a contraction. The force on this ring peaks at an 932 

intermediate value of α and does not increase monotonically.   This indicates that arbitrarily 933 

large values of α do not facilitate the optimal energy transfer.   The inset shows force versus 934 
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time for α =3 and α =1 before the contraction is complete at ~ 50 -100 ms. Initially, the force 935 

is nearly the same in both cases, but it becomes roughly twice for α = 3 at later times. Before 936 

the contraction is complete, the force is considerably larger for α =3 compared to α=1.  937 

C. The phase diagram to describe the importance of tissue stiffness variation along the body 938 

column to overcome downward force on it due to a higher density of Hydra tissue compared 939 

to water. The region represented by crosses is the range of parameters in which model Hydra 940 

is unable to stand inverted after the release, and open circles represent the range in which it is 941 

able to stand inverted. The experimentally measured parameters of Hydra lie in the green 942 

rectangle in the phase space. The width and height of the rectangle represent experimental 943 

errors involved in estimating the α and mass density of Hydra, respectively. The initial strain 944 

ε is 0.8.  945 

 946 

Figure 6: The stiffness differential in the body column is essential for locomotion through 947 

the somersault.   948 

A. The extracellular matrix was perturbed locally in Hydra polyp using a partial cut (nick), 949 

and the stiffness differential was abolished . The graph shows the average somersault events 950 

per Hydra with nicks at the shoulder or the body column (number of organisms per experiment 951 

=20, number of experiments =3). Perturbing the stiffness in the shoulder region significantly 952 

reduces the somersaults by Hydra polyps. The error bars represent standard errors, and the 953 

significance values are calculated using the 2-tailed Student's t-test. P-value <0.05 is shown as 954 

*, <0.005 is shown as **. 955 

B. The extracellular matrix was perturbed globally using the chemical disruption of 956 

collagens by treatment with 10 mM Dipyridyl  (number of organisms per experiment =20, 957 

number of experiment =3).  The average somersault events per Hydra reduce upon treatment 958 

with Dipyridyl for 36 hours, and none are observed after treatment with Dipyridyl for 72 hours. 959 

The error bars represent standard errors, and the significance values are calculated using the 2-960 

tailed Student's t-test. P-value <0.05 is shown as *, <0.005 is shown as **. 961 

C. The differential in stiffness was perturbed by disrupting the extracellular matrix with a 962 

combination of Dipyridyl treatment and a partial nick.  As shown in the graph, abolishing the 963 

stiffness differential with a combination of physical nick and Dipyridyl treatment also leads to 964 

a reduction in the average number of somersault events observed. The animals are nicked in 965 

the shoulder and treated with Dipyridyl for 36 hours.  The error bars represent standard errors, 966 

and the significance values are calculated using the 2-tailed Student's t-test. P-value <0.05 is 967 
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shown as *, <0.005 is shown as ** (number of organisms per experiment =20, number of 968 

experiment =3). 969 

                    970 

Figure 7: Scanning electron micrographs (SEM) of Hydra mesoglea showing changes in 971 

extracellular matrix between shoulder region and body column in control (A-B) and 972 

Dipyridyl treated (C-D) polyp. 973 

A. SEM image of mesoglea (orange dotted region) from the shoulder region of the control 974 

polyp in transverse section (TS) showing dense collagen fibres. A' shows higher magnification 975 

image of region indicated by a rectangle from A. Scale bar= 1 µm (both for A and A').      976 

B. SEM image of mesoglea (orange dotted region) from the body column region of the 977 

control polyp in TS showing less dense collagen fibres. B' shows higher magnification image 978 

of region indicated by a rectangle from B. Scale bar = 1 µm (both for B and B'). 979 

      980 

C. SEM image of mesoglea (orange dotted region) from the shoulder region of the polyp 981 

after Dipyridyl treatment for 72 hrs in TS showing loosely packed collagen fibres due to 982 

inhibition of collagen crosslinking. C' shows higher magnification image of region indicated 983 

by a rectangle from C. Scale bar = 1 µm (both for C and C'). 984 

      985 

D. SEM image of mesoglea (orange dotted region) from the body column region of the 986 

polyp after Dipyridyl treatment for 72 hrs in TS showing loosely packed collagen fibres due to 987 

inhibition of collagen crosslinking. D' shows higher magnification image of region indicated 988 

by a rectangle from D. Scale bar = 1 µm (both for D and D'). Abbreviation: ec- ectoderm, ec- 989 

ectoderm & me- mesoglea. 990 

 991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 
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Source Data legends 1000 

 1001 

Source data 1: This source data file contains all the Young's modulus data generated by 1002 

AFM measurement presented in Figure 2 and Figure S1 C & D. 1003 

 1004 

Source data 2: This dataset contains the raw data and the fitted curve data for the change in 1005 

bending energy in the head region in Figure 3 D. The fit parameters and statistics for the fit 1006 

are also provided. 1007 

 1008 

Source data 3: This source data file contains all the datasets relating to model-hydra 1009 

simulations and hydra density calculations presented in Figure 5 and Figure S2.  1010 

 1011 

Source data 4: This source data file contains all the datasets pertaining to quantification of 1012 

somersaults performed by Hydra upon partial amputation and Dipyridyl treatment from 1013 

Figure 6 and Figure S6. It also contains AFM datasets upon Dipyridyl treated and nicked 1014 

Hydra. 1015 

 1016 

 1017 

 1018 

 1019 
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Figures 

 

 

 

 

 

Figure 1: The Hydra Somersault 
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Figure 2: Spatially resolved measurement of Young’s modulus by force 

spectroscopy. 
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Figure 3: Role of differential tissue stiffness in biomechanics in Hydra somersault. 
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Figure 4: Computer simulations can reproduce the somersault. 
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Figure 6: The stiffness differential differential in body column is essential for 

locomotion through the somersault. 
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Figure 7: Scanning electron micrographs (SEM) of Hydra mesoglea showing changes 

in ECM between shoulder region and body column in control (A-B) and Dipyridyl 

treated (C-D) polyp. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 21, 2020. ; https://doi.org/10.1101/2020.02.29.971044doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.971044
http://creativecommons.org/licenses/by-nc-nd/4.0/

