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ABSTRACT ARTICLE HISTORY
Diapausing embryos of invertebrates represent investments in future Received 4 July 2023
populations. Thus, they must be capable of withstanding a variety of Accepted 30 October 2023
environmental assaults. Consequently, their eggshells should be KEYWORDS
adapted to resist injuries from predators, sediments, or excessive atomic force microscopy;
shrinkage if desiccated. To date, there have been no direct nanome- egg; mechanics;
chanical measurements of the eggshells of most invertebrates that zooplankton; diapause
produce diapausing eggs. Here, we used three approaches to under-

stand how the eggshells of two rotifers, a freshwater species

(Brachionus calyciflorus) and a brackish-water species (B. plicatilis),

tolerate harsh conditions: (1) atomic force microscopy to measure

elasticity and hardness; (2) transmission electron microscopy to study

ultrastructure; (3) scanning electron microscopy to examine surface

features. We compared these values to measurements of brine

shrimp (Artemia salina) cysts and mosquito (Aedes aegypti) overwin-

tering eggs. Our results revealed that rotifer eggshells are structurally

similar and have comparable nanomechanical values. While rotifer

eggshells had lower Young’s moduli (ca 13-16 MPa) and hardness

values (1.84-1.85 x 1072 GPa) than eggshells of Artemia and Aedes,

eggshells of all species were relatively elastic and not particularly

resistant to deformation. Pliancy of shells that form egg banks (ie

Artemia, Brachionus) may be an adaptation to resist cracking under

the physical forces associated with burial in sediments. Although

there are no obvious relationships among eggshell thickness, ultra-

structure, ornamentation, or nanomechanical values in rotifer egg-

shells, we hypothesise that eggshell composition may play an

important role in determining elasticity and hardness. Future studies

should consider an integrative approach to understand the impor-

tance of eggshell structure, chemistry, and mechanics in protecting

diapausing embryos.

Introduction

Both cladocerans and rotifers reproduce by cyclical parthenogenesis, a life-cycle strategy
of facultative sexuality. In this strategy a population reproduces asexually via partheno-
genesis, but the asexual sequence is periodically disrupted by bouts of sexuality (Caceres
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and Tessier 2004; Serra et al. 2004; Kaupinis et al. 2017; Garcia-Roger et al. 2019). Sexual
reproduction results in the production of embryos that sink the bottom, residing in the
sediments in a temporary state of suspended development (diapause) (Gilbert 1974,
2017). These embryos are encased in a specialised shell that can remain viable for long
periods of time, thereby providing an egg bank for future populations (Carvalho and Wolf
1989; Hairston 1996; Garcia-Roger et al. 2019; Vargas et al. 2019). Initiation of the switch to
sexual reprodution usually depends on exogenous environmental factors, which gener-
ally include crowding, diet and photoperiod (Gilbert 2003; Koch et al. 2009, 2019), but in
some populations endogenous factors may also play a role (Schréder et al. 2007).
Production of diapausing embryos is considered to be a strategy to avoid impending
adverse environmental conditions such as poor food supplies (Koch et al. 2009), predators
(Slusarczyk 1995), competitors (Aranguiz-Acufia and Ramos-Jiliberto 2014), or drying of
the habitat (Schroder et al. 2007).

Ability to enter into embryonic dormancy has evolved numerous times in taxa with
aquatic stages, and cyclical parthenogenesis is not a requirement for dormancy. For
example, freshwater gastrotrichs produce both asexual and sexual diapausing embryos
(Hummon 1984) and bryozoans produce asexual, non-embryonic statoblasts (Hengherr
and Schill 2011). The metabolism of diapause apparently involves down- and up-
regulation of specific pathways, cell cycle arrest, and production of metabolites that
confer protection from environmental stress (Garcia-Roger et al. 2019; Zhang et al. 2019;
Huynh et al. 2021; Jia et al. 2022). Accordingly, significant efforts to understand the
cellular, transcriptomic, and proteomic changes that occur as embryos enter and exit
dormancy have been undertaken by several researchers (Hanson et al. 2013; Kaupinis et al.
2017; Ziv et al. 2017; Chen et al. 2018). So while we know something of the metabolism of
diapause in some invertebrates, we have relatively little information on the protective
capsules that shield them. This is particularly true for many freshwater microinvertebrates
such as rotifers (Gilbert and Wurdak 1978; Wurdak et al. 1978) and cladocerans (Seidman
and Larsen 1979; Kawasaki et al. 2004a, 2004b). While dormant in the sediment, diapaus-
ing embryos may be inhibited from hatching due to factors such as low light, oxygen and
temperature (Gilbert 2017). They also may be subject to loss due to both biotic [egg-
specific predation (Belmonte et al. 1997; Dumont et al. 2002; Waterkeyn et al. 2011) or
deposit feeders (Albertsson and Leonardsson 2000, 2001)] and abiotic [low oxygen
tension (Broman et al. 2015), hydrogen sulphide concentration (Sichlau et al. 2010),
bioturbation (Viitasalo et al. 2007), and perhaps mechanical damage due to sediment
compaction (Garcia-Roger et al. 2005)] factors. The protective capsules of invertebrates,
which are often referred to as cysts, resting eggs, or diapausing embryos, depending on
the taxon, may provide a layer of protection that differs from those that protect asexual
embryos. In monogonont rotifers, the eggshells of diapausing embryos differ from their
amictic (subitaneous, tachyblastic) counterparts generally through increased thickness,
addition of extra eggshell layers (or sublayers), and presence of ornamentation on the
surface (Pourriot and Snell 1983; Schroder 2005).

To date, the eggshells of only three species of rotifers have been examined at the
ultrastructural level: Brachionus calyciflorus Pallas, 1776, Brachionus plicatilis Muller, 1786,
and Asplanchna sieboldii (Leydig, 1854) (Gilbert and Wurdak 1978; Wurdak et al. 1978;
Munuswamy et al. 1996). Studies of these species reveal differences in surface features
and ultrastructure of the eggshells. However, we know little of how ultrastructural
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characteristics and nanomechanical properties may increase their probability of surviving
diapause.

With this background, we posited that eggshells from species inhabiting differ-
ent habitats will exhibit different ultrastructural characteristics and nanomechanical
properties. To test these ideas, we examined eggshell characteristics of two species
of Brachionus from habitats having different edaphic salt conditions: (1)
B. calyciflorus is a common freshwater rotifer and (2) B. plicatilis is frequently
present in coastal brackish ponds. For comparative purposes, we also examined
two non-rotifer taxa whose embryos are capable of extended diapause: (1) cysts of
the saline crustacean Artemia salina (Linnaeus, 1762) [hereafter Artemial, a well-
known aquatic, parthenogenetic arthropod; and (2) Aedes aegypti (Linnaeus in
Hasselquist, 1762) [hereafter Aedes], a freshwater insect that produces overwinter-
ing eggs. Both arthropods, and some rotifers, are known to have diapause egg-
shells that contain chitin (Morris and Afzelius 1967; Piavaux and Magis 1970;
Sugumar and Munuswamy 2006), which is assumed to be a major factor in
determining the stiffness (low elasticity, high hardness) of a biological material
(Hou et al. 2021). However, the region assumed to contain chitin in rotifer egg-
shells is very thin; thus, whether chitin imparts a strong mechanical component to
their eggshells remains unknown.

To determine whether there is a relationship between structure and nanomechanical
properties, we applied three methods: scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy (AFM) (Krieg et al. 2018). The first
two imaging techniques provide a wealth of data on structure, but they do not provide
information on the nanomechanical properties of eggshells that can be useful in deter-
mining environmental resistance. AFM provides information on three attributes of sur-
faces: (1) surface topology, (2) elasticity and (3) hardness. Thus, our aim in using AFM was
to determine whether it provides reliable data on topography that would supplement
information provided by SEM, as well as providing data on the elasticity and hardness of
the eggshells that can only be inferred from TEM data.

In this context we tested three main hypotheses. (1) Eggshells of rotifers will be more
elastic than those of arthropods. This hypothesis is based on the presumption that
Brachionus diapausing eggshells have less chitin than do the shells of Artemia and
Aedes. (2) Eggshells of species of Brachionus and Artemia will be more elastic than Aedes
eggshells. This hypothesis is based on the requirement of their eggshells having to
withstand burial in the sediments, where they form egg banks: pliant eggshells should
be less prone to cracking and exposing the embryo to the surrounding environment.
Alternatively, mosquito eggs float on the surface of the water and do not form egg banks
in the sediments. (3) Eggshells of B. plicatilis will be more resistant to deformation, ie
harder, than the eggshells of B. calyciflorus. While both form egg banks within the
sediments, and so must resist the forces exerted by the physical environment, the egg-
shells of the brackish-water species must also contend with more diverse predators.
Salinity is an important regulator of benthic meiofauna diversity, and saline systems
tend to have more diverse animals that may function as predators (Broman et al. 2019);
hence, marine eggshells may be better adapted to resist mechanical degradation by
predatory invertebrates.
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Materials and methods
Specimens

Diapausing embryos of Brachionus were obtained in dehydrated form from commercial
cultures at Sustainable Aquatics© (www.sustainableaquatics.com). Those of the fresh-
water species B. calyciflorus (Bc GAINES) were originally collected from the Gainesville,
Florida strain. Diapausing embryos of the brackish/marine species B. plicatilis (Bp
AUPEAO006) were originally collected from a coastal brackish pond in Pearse Lakes,
Australia. Cysts of A. salina were obtained from Carolina Biological Supply©® (Burlington,
NC, USA). Overwintering eggs of A. aegypti (USDA ‘Gainesville’ strain) were obtained from
Benzon Research, Inc.© (Carlisle, PA, USA). Eggs used for AFM and SEM were placed in
a desiccator for one week prior to study.

Electron microscopy

Eggs prepared for SEM were not preserved because we wanted to approximate how they
would look when visualised with AFM (below). Eggs were mounted directly onto SEM
stubs coated with carbon tape and then sputter coated with gold in a Denton Vacuum
Desk IV prior to imaging with a JEOL JSM 6390 SEM at 15 kV at the University of
Massachusetts Lowell. Using the SEM we measured the diameters of 10 specimens,
recording their mean values, = 1 standard deviation (SD). For transmission electron
microscopy (TEM), eggs were submersed directly in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer for > 24 h. Eggs were subsequently rinsed (15 min x 4) in 0.1 M sodium
cacodylate buffer (with sucrose) and postfixed in 1% OsO, in 0.1 M sodium cacodylate
buffer for 1 h prior to a second rinse in 0.1 M sodium cacodylate buffer (15 x 4 min). Eggs
were then transferred through an ethanol series (50%, 70%, 95%) for 20 min each
followed by 100% (x 2) at 30 min each. Eggs were then transferred through 3:1 ethanol:
Spurr’s low viscosity resin for 6 h, 1:1 overnight (minimum 16 h on a rotator), and then into
a 1:3 ratio solution for 2 h. Eggs were placed in pure resin for 2 h and then transferred to
pure resin in Better Equipment for Electron Microscopy (BEEM) capsules in an oven at 60°C
for 18 h. Blocks were trimmed, sectioned with a glass knife on an ultramicrotome, and
placed on gold grids. Grids were stained with uranyl acetate and lead citrate for 2 min
each and examined on a Philips CM10 TEM (100 kV) at the University of Massachusetts
Chan Medical School in Worcester, MA. Digital photos were obtained using a Gatan
Ametek® digital camera. No manipulations to photos were made other than cropping
and minor changes to brightness and contrast. Image J© (Schneider et al. 2012) was used
to make measurements (n = 10) of shell thickness. In the case of A. aegypti eggs, where
shell thickness values could not be determined from several publications, we made our
own measurements using ImageJ© analysis of figures in Mundim-Pombo et al. (2021).

Atomic force microscopy

We separated out individual eggs from their plastic containers to ensure proper measure-
ments and easy adherence to a flat silicon (Si) wafer. Because eggs often formed clumps,
and collection of individual eggs with a fine tool can cause damage, we chose an ethanol-
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water mixture as a form of ‘benign’ dispersant suspension medium following the protocol
of other studies that required dispersing fine particles (McNamee et al. 2006). Other studies
that have also performed AFM on microscopic animals (eg Daphnia: Rabus et al. 2013;
rotifers: Yin et al. 2017) used ethanol as their medium of preservation, not as a dispersant.
As the suspension of rotifer eggs dried on the Si wafer, the eggs formed a thin, single layer
across the surface and could be measured one at a time without detaching them from the
wafer. When dried, the samples were then imaged and measured on a Park XE-100 AFM at
the University of Massachusetts Lowell. An NSC36 cantilever (Park Systems©: Korea) with
a spring constant (k value) of 0.6 N/m was recommended by the manufacturer based on
sample size and characteristics, and to minimise the risk of scratching the sample surface.
For each species, five separate measurements per eggshell (x 2 eggshells) were taken in
randomly selected locations to generate an average. Multiple data points were needed due
to variability in egg shape and topography. The use of five measurements was based on
the study of Yin et al. (2017), where two adult rotifers were measured in five randomly
selected areas to generate measurements of the lorica.

Park Systems XEl software (v. 5.2.4) was used to calculate the Young’s modulus of
elasticity (ratio of stress to strain) for each of five positions on two diapausing embryos.
The Hertz model was selected as the contact mechanics model. Each position on the egg
generates a force-distance curve: cursors need to be placed at the position of maximum
force (green circle) and 20% maximum force (orange circle) from the baseline (eg see
Figures 1f, 2f, 3d, 4d). A Poisson’s ratio of 0.5 was entered to calculate Young's modulus, as
recommended by the manufacturer; this value is standard for biological samples (Vinckier
and Semenza 1998; Kontomaris and Malamou 2020).

To obtain a value for hardness (resistance to plastic deformation), equations from the
Oliver and Pharr methodology were used (Oliver and Pharr 2004; Anon 2023). The hard-
ness of a sample (H) is given by the equation 1:

Fmax
H= 1
A (M
where Fg is the maximum force exerted on a sample in Newtons and A (m?) is the
contact area which is dependent on the tip geometry. Fp4 is obtained via the force-
distance curve using the XEl software. The contact area (A) of the conical tip and sample is
given by equation 2:

A = x tan*(a) x h%, 2)

where h. is deformation of the sample and a is the half-angle of the conical tip.
Deformation is obtained via the force-distance curve and a is given by the cantilever
probe specification sheet provided by the manufacturer.

Measurements of Young’s modulus and calculations of hardness for each of 10 loca-
tions on the diapausing embryos/cysts/overwintering eggs were made (Tables 1, 2).

Results

Below, we present the results by species and then technique. Because eggs from all
species studied have been relatively well described at the ultrastructural level, we refrain
from repeating detailed TEM observations and instead only focus on thickness and
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Figure 1. Characterisation of diapausing embryos of Brachionus calyciflorus. a. Scanning Electron
Microscope image of a single egg. b. Close-up of the surface of the egg. c. Ultrastructure of the shell
viewed with Transmission Electron Microscopy. d. Close-up of shell ultrastructure. e. Topographic
image of the external surface of an egg generated with Atomic Force Microscopy. f. Force-distance
(FD) curve generated from a single location on an egg. Parameters for the position of the location on
the eggshell are indicated by the cursor positions (software screenshot). Maximum force (MF, green
circle) and 20% maximum force (20% MF, orange circle) are indicated on the FD curve. Abbreviations:
al, alveolar layer; ar, amorphous layer around embryo; em, embryo; s1, sublayer. Scale bars: A = 25 pm;
B=5um; C=35pm; D =17 um.
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Table 1. Young's modulus (MPa) of elasticity values for diapausing
embryos of Brachionus calyciflorus and Brachionus plicatilis, cysts of
Artemia salina, and overwintering eggs of Aedes aegypti measured in
this study. Each column represents measurements on two eggs (five
measurements per egg).

Rotifera Arthropoda
B. calyciflorus B. plicatilus A. salina A. aegypti
14.23 12.24 21.17 21.40
9.73 13.88 21.11 26.88
16.83 16.62 22.51 21.01
12.62 15.18 21.96 16.69
14.46 15.11 22.42 14.09
13.88 17.19 22.27 28.61
10.54 15.96 17.40 24.83
17.21 12.93 19.96 24.78
12.14 19.15 20.44 28.46
14.51 19.85 20.07 18.62
Average Young's modulus (MPa)
13.62 15.81 10.93 22.54
Standard deviation (MPa)
243 249 1.57 5.01

Table 2. Hardness values (GPa x 1072) for diapausing embryos of
Brachionus calyciflorus and Brachionus plicatilis, cysts of Artemia sal-
ina, and overwintering eggs of Aedes aegypti measured in this study.
Each column represents measurements on two eggs (five measure-
ments per egg).

Rotifera Arthropoda
B. calyciflorus B. plicatilis A. salina A. aegypti
1.62 1.14 1.90 1.78
1.64 141 1.94 1.84
1.67 1.48 2.19 2.10
1.67 1.57 2.22 2.18
1.75 173 2.22 2.32
1.78 1.76 2.26 248
1.85 1.77 2.26 2.50
1.85 2.8 230 253
2.00 3.00 2.35 2.67
218 5.31 243 2.75
Average hardness GPa
1.84 1.85 2.20 2.28
Standard deviation GPa
0.18 1.23 0.17 333

ornamentation as they might pertain to understanding eggshell mechanics in rotifers.
A more detailed analysis of eggshell ultrastructure of diapausing embryos in rotifers,
which includes an interpretation of eggshell chemistry and a reinterpretation of eggshell
layering, will be published at a later date.
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Phylum Rotifera: Brachionus calyciflorus

SEM

The ovoid, diapausing embryos measured ca 139 um in diameter (x = 138.4 £ 5.8 um).
Shells appeared largely devoid of ornamentation at lower magnifications (< 1000x), but
showed a more rugose surface at higher magnifications (Figure 1a,b). Shells often
appeared pitted with small pores and craters (0.07-2.96 um diameter) and occasionally
some surface bumps of various textures.

TEM

The shell consisted of two layers — a thick apical layer and a thin basal layer - that
together averaged 7.20 + 1.45 um (SD) thick (Figure 1c). The surface of the shell had
a wavy appearance and consisted of high ridges and numerous small bumps and
valleys. Immediately beneath this was a thick zone of empty pockets that were
interconnected through a framework of electron-dense bridges; this layer is described
by Wurdak et al. (1978) as the alveolar layer (al: Figure 1d). Immediately beneath the
alveolar layer was a zone [s1: Wurdak et al. (1978)] of less opaque electron density that
consisted of two subzones, each containing many fine laminae, and separated by an
electron-dense line. An extraembryonic space of variable size separated the physical
shell from an amorphous region (ar) that was proximal to the plasma membrane of the
embryo.

AFM

Topography of the outer shell layer was similar to that viewed with SEM, but pores
were less visible (x = 0.23 pm diameter) and surface bumps were less recognisable
(Figure 1e). An example force-distance curve is provided (Figure 1f) that displays how
Young’s modulus values were collected for a single spot on one egg. The Young’s
modulus for two diapausing embryos ranged from 9.73 to 17.21 MPa with an average
of 13.62 + 2.43 MPa (SD) (Table 1). Hardness values ranged from 1.62 X 1072 to
2.18 x 1072 GPa with an average hardness of 1.80 x 1072 GPa + 1.80 x 10~% GPa
(Table 2).

Phylum Rotifera: Brachionus plicatilis

SEM

Diapausing embryos were ovoid and measured ca 134 um in diameter (x = 134.0 +
4.0 um). The outer surface was composed of numerous smooth ridges and wrinkles,
creating an overall rough surface (Figure 2a,b).

TEM

The shell consisted of a thick apical layer and a thin basal layer. Average shell thickness
was 2.30 = 0.22 ym (SD). The outer layer, termed the alveolar layer by Munuswamy
et al. (1996), had a wavy texture (Figure 2c,d). Electron density was highest at the
topmost and bottom portions of the alveolar layer, otherwise it had a similar electron
density throughout its thickness and contained many ‘empty’ pockets that were
interconnected through electron-dense bridges. The basal layer [s1 of Munuswamy



1992 (&) S.MEYERETAL.

20% MF

=20

12 -1, < -09 -0.8
pm
Cursors
08 Cursor BX(nm) AY(N) Left X(um) Left Y(aN) Right X(um) Right Y(nN)
W Trace 44776 -43.427 -1.147 53.807 -1.103 10.380
Poisson’s ratio of the sample : 0s C
12 " A
R of tip curvature (nm): 15 O

Young's modulus : 1404 MPa

Figure 2. Characterisation of diapausing embryos of Brachionus plicatilis. a. Scanning Electron
Microscope image of a single egg. b. Close-up of the surface of the egg. c. Ultrastructure of the
shell viewed with Transmission Electron Microscopy. d. Close-up of shell ultrastructure. e. Topographic
image of the external surface of an egg generated with Atomic Force Microscopy. f. Force-distance
(FD) curve generated from a single location on an egg. Parameters for the position of the location on
the eggshell are indicated by the cursor positions (software screenshot). Maximum force (MF, green
circle) and 20% maximum force (20% MF, orange circle) are indicated on the FD curve. Abbreviations:
al, alveolar layer; es, extraembryonic space (section did not include embryo); s1, sublayer. Scale bars:
A=25um;B=2pum; C=6.5um; D = 1.5 um.
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et al. (1996)] had an amorphous appearance that consisted of an electron lucent zone
and a more electron-opaque zone below it (Figure 2d). Thin fibres were present
throughout both zones.

AFM

Topography of the outer shell showed rugosity and similar attributes to those in
SEM, but with fewer details (Figure 2e). An example force-distance curve that
displays how Young’s modulus values were collected for a single spot on one
egg is shown in Figure 2f. The Young’s modulus ranged from 12.24 to 19.85 MPa
with an average of 15.81 = 2.49 MPa (SD) (Table 1). Hardness values ranged from
1.14 x 1072 to 5.31 x 102 GPa with an average hardness of 1.853 x 1072 +1.23 x
1072 GPa (Table 2).

Phylum Arthropoda: Artemia salina

SEM

The spherical egg (cyst) of A. salina measured ca 190 um in diameter (x = 188.0 = 8.0 um).
The smooth outer surface was devoid of any ornamentation but did show a small number
of randomly distributed bumps and indentations (Figure 3a,b).

TEM

Not performed in this study. Measurements estimated from studies by Morris and Afzelius
(1967), Mazzini (1978) and Sugumar and Munuswamy (2006) showed an average shell
thickness of 7.50 + 0.04 um (SD).

AFM

Topography of the outer shell displayed comparable morphologies to those visua-
lised with SEM, but with more texture observed under AFM (Figure 3c). Small
bumps ranging in size from 0.3 to 1.1 um were present on the surface. An example
force-distance curve that displays how Young’s modulus values were collected for
a single spot on one egg is shown in Figure 3d. The average Young’'s modulus
ranged from 17.40 to 22.51 MPa with a mean of 20.93 + 1.57 MPa (SD) (Table 1).
Hardness values ranged from 1.90 x 1072 GPa to 2.43 x 1072 GPa with a mean
hardness of 2.20 x 107> GPa + 1.67 x 10~> GPa (SD) (Table 2).

Phylum Arthropoda: Aedes aegypti

SEM

The elongate eggs of A. aegypti measured ca 600 um long (x = 596.9 £ 17.1 um). The
posterior and anterior ends tapered into a spindle shape and the centre measured
165 um in diameter (Figure 4a). The textured surface was covered with outer chorionic
cells (sensu Mundim-Pombo et al. 2021). Each cell contained a central tubercle and
smaller peripheral tubercles (Figure 4b). The central tubercles measured ca 7.6 pm in
diameter and the peripheral tubercles measured ca 2.1 um across. The surface of the
shell was rugose in regions where tubercles and other ornamentation was absent
(Figure 4c).
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Figure 3. Characterisation of cysts of Artemia salina. a. Scanning Electron Microscopy of cysts. b. Close-
up of the surface of a cyst. c. Topographic image of the external surface of a cyst generated with
Atomic Force Microscopy. d. Force-distance (FD) curve generated from a single location on a cyst.
Parameters for the position of the location on the eggshell are indicated by the cursor positions
(screen shot). Maximum force (MF, green circle) and 20% maximum force (20% MF, orange circle) are
indicated on the FD curve Scale bars: A = 100 um; B = 25 pm.

TEM
Not performed in this study. Measurements estimated from Mundim-Pombo et al. (2021)
showed an average shell thickness of 1.93 + 0.63 um (SD).

AFM

Images of the outer shell layer displayed similar morphologies to those observed in
SEM but were less textured. Small bumps on the eggshell measured ~0.79 um in
diameter (Figure 4d). The AFM appeared to have taken measurements from the
‘naked’ region between tubercles or perhaps where tubercles were missing (prob-
ably artefactual and due to storage or processing) (see Figure 4a). An example
force-distance curve that displays how Young’s modulus values were collected for
a single spot on one egg is shown in Figure 4e. The Young’s modulus ranged from
14.09 to 28.61 MPa with an average of 22.54 + 5.00 MPa (SD) (Table 1). The
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Figure 4. Characterisation of the overwintering eggs of Aedes aegypti. a. Scanning Electron Microscopy
of an egg. The eggshell is damaged and much of the ornamentation has been artificially removed to
expose the shell surface. b. Close-up of the ornamentation of an eggshell. c. Close-up of the surface of
the eggshell region without ornamentation. d. Topographic image of the external surface of an
eggshell generated with Atomic Force Microscopy. e. Force-distance (FD) curve generated from
a single location on an eggshell. Parameters for the position of the location on the eggshell are
indicated by the cursor positions (screen shot). Maximum force (MF, green circle) and 20% maximum
force (20% MF, orange circle) are indicated on the FD curve. Scale bars: A = 100 pym; B =53 ym; C =
15 pm.

hardness ranged from 1.78 x 1072 GPa to 2.75 x 1072 GPa with an average
hardness of 2.28 x 107> GPa + 3.33 x 107> GPa (SD) (Table 2).

Discussion

This study attempted to determine whether analyses of eggshell structure using tradi-
tional electron microscopical methods could be supplemented by AFM, and whether
there is a relationship between the physical structure of the eggshells and their nano-
mechanical properties. We focused on brachionid rotifers because they are commercially
available and the most well-studied rotifers (Dahms et al. 2011; Kostopoulou et al. 2012;
Serra and Fontaneto 2017). Species of Brachionus are planktonic and occupy a variety of
freshwater and saline regimes. In this study, we concentrated on two well-known species
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from different habitats: B. calyciflorus from a freshwater pond and B. plicatilis from
a coastal brackish pond. While both taxa comprise cryptic complexes (Gémez et al.
2002; Suatoni et al. 2006; Gabaldén et al. 2017; Mills et al. 2017), thereby complicating
detailed species comparisons, their availability as verified monocultures from commercial
supply companies lessens this concern. We also chose these species because their egg-
shells were previously studied with electron microscopy (Wurdak et al. 1978; Munuswamy
et al. 1996). This allowed us to focus on the newly applied AFM methods and ensure that
our nanomechanical data could be linked back to verified EM information rather than
completely novel data. It also allows other researchers to perform similar studies on
identical strains to determine whether our data can be verified using similar methods.
We consider this research a proof-of-concept exercise that may provide valuable data to
scientists who study diapause in rotifers and other microinvertebrates.

Species of Brachionus are the only rotifers that have been studied using AFM. Yin et al.
(2017) used this technique to measure changes in the elasticity and hardness of the lorica
(integument) of Brachionus angularis Gosse, 1851 and B. calyciflorus in response to
kairomones of their predator, Asplanchna brightwellii Gosse, 1850. Their study relied on
specimens preserved in ethanol (70%) to study the lorica, presumably because live
animals are too difficult to stabilise under the AFM cantilever. Similarly, we chose to use
an ethanol (50%) solution as a dispersant for the diapausing embryos so they could be
easily sorted on a flat surface (Si wafer), stuck to it after drying, and studied individually;
clumping would interfere with nanomechanical measurements. While effects of ethanol
on the structural and nanomechanical properties of a rotifer’s integument or its eggshells
are unknown, we propose both of these studies may set a precedent for how future AFM
studies of rotifers might proceed. With respect to studies on eggshells, we think these
methods can be used to test hypotheses on how various physical characteristics of an
eggshell such as ornamentation, thickness, layering, and presence of air pockets may
affect a shell’s resistance and dispersal capabilities.

Nanomechanics of diapausing eggshells

The nanomechanical properties of rotifer diapausing eggshells remain unknown
despite their importance in counteracting environmental disturbance to the encapsu-
lated embryo. In fact, few studies have used AFM or nanoindentation to study the
mechanics of any invertebrate eggshells, whether in a diapause state or not. The only
other study that attempted to understand the elasticity and hardness of an inverte-
brate’s eggshell was that of Krenger et al. (2020), which applied microindentation to
study the nematode Caenorhabditis elegans (Maupas, 1900). This species’ eggshells are
thin (300-400 nm: Krenger et al. 2020), well studied at the ultrastructural level (Bai
et al. 2020; Bond and Huffman 2023), and consist of three layers: a thin vitelline layer,
a thick middle layer, and a thin chondroitin proteoglycan layer. While Krenger et al.
(2020) used a different form of microscopy to study nanomechanics - cellular force
microscopy — it provided elasticity and hardness data similar to that generated with an
AFM. Their study revealed a Young’s modulus of elasticity (ratio of stress to strain) for
the eggshell of 112 + 26.2 (MPa). Importantly, elasticity is considered an intrinsic
property of physical materials as it indicates the bond strength between atoms, ie
a material with stronger bonds will have a higher modulus (be stiffer) than those with
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weaker bonds (less stiff, more elastic). In the case of the nematode eggshell, Krenger
et al. (2020) hypothesise that eggshell stiffness is best attributed to the chitin compo-
nent, which is present in the thick middle layer, and so makes up the bulk of the
eggshell. Studies have shown that when chitin is incorporated into a protein matrix
such as that found in arthropod exoskeletons, the chitin molecules form covalent
bonds with the proteins, and along with various side groups in the polymer matrix, as
well as intra- and intermolecular hydrogen bonds, this makes chitinous materials
tightly bonded (Hou et al. 2021) and highly resistant to degradation (Stankiewicz
et al. 1998; Ofem et al. 2017; Hou et al. 2021). With respect to the nematode eggshell,
when chitinase treatments were applied to the eggshells prior to measurement, the
Young's modulus decreased to 6.5 + 4.89 MPa, verifying the importance of chitin to
eggshell stiffness.

The eggshells of diapausing embryos of rotifers are thicker (up to 7.20 um in
B. calyciflorus) than those of C. elegans, but are assumed to contain very little chitin,
which is restricted to the ‘most internal’ envelope surrounding the embryo (Piavaux and
Magis 1970). Unfortunately, no one has yet applied chitin labelling to the eggshells of
diapausing rotifers; thus, the precise identity (eg position in the shell envelope and
thickness of the chitin layer) in different rotifer eggshells is unknown. Wurdak et al.
(1978) interpreted the chitinous region as a 40 nm membrane at the edge of a layer
(edge of S2 of Wurdak et al. 1978), that in B. calyciflorus would be the electron-dense
membrane separating the two laminated zones beneath the alveolar layer. If this is the
case, and chitin is the major stiffening component of eggs, then this may explain the
relatively low elastic modulus values of rotifer diapausing eggshells: approximately 13
MPa in B. calyciflorus and 16 MPa in B. plicatilis.

Our first hypothesis was that the eggshells of diapausing rotifer embryos would be
more elastic (lower Young’s modulus) than the eggshells of the two arthropods we
studied. Artemia salina is a well-studied microcrustacean that forms resistant cysts with
thick walls (Morris and Afzelius 1967; Sugumar and Munuswamy 2006). Some cyst layers
contain chitin-binding domains (Ma et al. 2013), but chitin itself is mostly restricted to the
fibrous layer of the embryonic cuticle that is several micrometres thick (Morris and
Afzelius 1967; Sugumar and Munuswamy 2006). Curiously, our results show these cysts
to have a relatively low elastic modulus (21 MPa), but this may have to do with the fact
that our cantilever did not depress far enough into the eggshell to encounter the
chitinous cuticle. Similarly, the overwintering eggs of Aedes have relatively low elastic
moduli (~22 MPa), and although their shells are thicker than in the diapausing eggshell of
rotifers, it is only the thin serosal cuticle that contains chitin (unmeasured by Farnesi et al.
2015). While our results verify the hypothesis that rotifer eggshells are more elastic than
those of arthropods, the number of observations is too low to determine whether these
results are significantly different.

Our second hypothesis was that species that form egg banks (Artemia, Brachionus)
would have more pliant (elastic) eggshells than species with eggs that floated on the
surface of the water (Aedes). Buried eggs should be adapted for the physical forces of the
sediments around them (see below), and so pliancy (ie a low Young’s modulus) will allow
the shells to flex instead of breaking when contending with shallow or deep burial (see
Snell et al. 1983 for a discussion of how burial depth may affect diapausing embryos and
their eggshells). Our results do not confirm this hypothesis: the Young’s moduli of
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Brachionus, Artemia and Aedes eggshells were similar. It remains unknown why Aedes
eggshells have such low Young’s moduli, but without comparative data from the egg-
shells of other arthropods that oviposit on surface waters or in other environments, the
question will remain an open one.

The Young's modulus of elasticity is generally considered proportional to hardness,
which is defined as the measure of a material’s ability to withstand localised permanent
deformation (Labonte et al. 2017). Our third hypothesis was that the eggshells of the saline
B. plicatilis would be harder than the eggshells of the freshwater B. calyciflorus. While both
diapausing embryos form egg banks and need to resist the physical forces of the sediments
(see below), we propose that the eggshells of diapausing embryos in marine sediments may
be better adapted to resist predation by invertebrate predators like meiofauna, which tend
to be more diverse and abundant in the sediments of more saline environments (Broman
et al. 2015). A harder shell might therefore be more resistant to mechanical (but maybe not
enzymatic?) destruction by predators. We calculated hardness values of freshwater and
marine Brachionus eggshells to be similar (~1.80 x 1072 GPa), which argues against marine
shells being harder than freshwater shells. Curiously, the hardness values of the eggshells
were two orders of magnitude lower than the hardness values obtained on the integument
of species of Brachionus (Yin et al. 2017) under natural conditions: 1.54 + 0.08 GPa for
B. calyciflorus and 3.28 + 0.05 GPa for B. angularis. The rotifer lorica is much thinner than the
eggshell envelopes of B. calyciflorus (117.95 = 12.79 nm) and B. angularis (338.29 + 0.05 nm),
meaning that hardness is not proportional to the thickness of the material being tested. This
suggests that rotifer eggshells are less resistant to deformation than the body walls of the
adults that lay the eggs, and that something other than thickness is the cause for the low
hardness values of eggshells of their diapausing embryos.

Adaptive significance of elasticity and hardness

What do low values of Young’s modulus and hardness mean for eggshells in the sedi-
ment? This question remains difficult to answer without comparative studies and addi-
tional testing, but we attempt an interpretation based on studies of vertebrate eggshells,
which have received more attention (Torres et al. 2010; Hincke et al. 2012; Chang and
Chen 2016; Sellés et al. 2019). As an example, Chang and Chen (2016) studied the egg-
shells of two reptiles that bury their eggs: the Chinese striped-neck turtle Mauremys
(Ocadia) sinensis (Gray, 1870) and the Taiwan cobra snake Naja atra Cantor, 1842. After
decalcification to remove the mineral phase of the eggshells, which is necessary for
mechanical testing, the turtle eggshells had a Young’s modulus of 100-400 MPa, and
the snake eggshells had a value of 10-15 MPa. Further examinations included histological
staining, measurements of crack propagation, cyclic tests in tension, and penetration
testing. Combined, these data revealed that snake eggshells are more flexible and
tougher, and have higher extensibility (lower Young’s modulus) than turtle eggshells;
this is attributed to the wavy and random arrangement of unmineralised keratin and
collagen fibres in the snake eggshells. In contrast, turtle eggshells have straight keratin
fibres that are highly mineralised, which makes them stiffer and brittle (higher Young's
modulus). Because the two species had similar keratin concentrations, the authors inter-
pret keratin fibre arrangement as a major factor in determining the substrate resistance of
reptile eggshells. Although such vertebrate eggshells and rotifer eggshells cannot be
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directly compared due to their sizes and habitat differences, the reptile study does
provide evidence that nanomechanical values are tied to physical and chemical factors
of the shell that we have yet to investigate in rotifers.

We currently postulate that the eggshells of rotifer diapausing embryos have low values of
Young’s modulus and hardness as an adaptation to resist environmental factors after they
settle into the sediment forming the egg bank (eg Gémez et al. 2000; Garcia-Roger et al.
20064, 2006b). Studies of diapausing embryo viability have shown a correlation between
sediment depth and egg health, with deeper depths leading to physical deterioration
(Garcia-Roger et al. 2005). Substrate-related factors such as sediment age, contact forces
(eg sorting, grain size), and gravity may be the primary agencies that led to eggshells evolving
high elasticity and lacking resistance to permanent deformation, and while these factors are
not the only forces that eggshells have to contend with (eg changes in water chemistry and
oxygen), they may be the dominant factors that ultimately drove the evolution of eggshell
stiffness. After all, rotifer diapausing embryos must first contend with the influence of physical
factors in sediments prior to other factors that may hamper embryonic development, such as
benthic predation pressure and potential desiccation (ie if the water body dries up).

Future considerations

Our study of the eggshells of two species of Brachionus provides proof that imaging and
measurements can be made using AFM. What remains difficult to determine is if our
measured values of Young’s modulus and the calculations of hardness have been inter-
preted correctly in the context of the environment in which eggs are oviposited. Because
no other studies have followed a similar protocol to ours, and indeed only one other study
has measured a comparably sized invertebrate eggshell (Krenger et al. 2020), we hesitate
to make assumptions about how eggshell ornamentation, thickness, and chemistry con-
tribute to nanomechanical properties. Nevertheless, we think that studies of additional
rotifer eggshells from a wider variety of species may provide the data necessary to
properly interpret the nanomechanical properties of rotifer eggshells. As evidenced by
the study of vertebrate eggshells, there are many methods that can be used to study
nanomechanical properties, but whether such tests can be performed on microscopic
eggs remains to be determined. At minimum, we think that future studies should
combine AFM data, TEM data (structure, chemistry via heavy metal staining), and perhaps
enzyme testing (eg chitinase, keratinases) over a wide range of species to determine
whether there is a correlation between elasticity/hardness values and structure/chemistry.

If nanomechanical values can be obtained with some reliability across a range of
species, then we think this will open an avenue for exploring how other factors such as
maternal nutrition and other environment variables may influence eggshell properties
and hence their ability to withstand the benthic environment as well as aerial dispersion
(anemochory). We provide a brief list of topics below that we believe are worth exploring
after AFM has become more standardised for measuring rotifer eggshells.

Parental effects

Martinez-Ruiz and Garcia-Roger (2014) showed that rotifer diapause eggshells display intras-
pecific variation (‘within-genotype variation’) due to metabolic resources provided to off-
spring, which results in earlier eggs receiving more resources than later eggs, ie as a function
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of laying order. Whether or not this explains the size variation in diapausing embryos within
a species remains to be determined, but such variation has been noted across Rotifera
(Nipkow 1958; Bogoslovsky 1963; Pourriot 1967; Snell et al. 1983). Regardless, a study of the
eggshells from a single mother and/or clone on a consistent (standardised or experimental)
diet may help to understand their effects on eggshell nanomechanical properties.

Environmental effects

Snell et al. (1983) hypothesised that diapause eggshell size variation (within a population or
species) may be in part due to increases in osmotic pressure as eggs are buried deeper, ie
smaller eggshells were found in deeper sediments. They postulate that the space between
eggshell and embryo (extraembryonic space) may shrink in eggs at deeper depths, making
eggshells effectively smaller, hence their pliancy is an adaptation to substrate-level forces.
AFM and TEM studies of eggs collected at different depths may provide the evidence
necessary to confirm this hypothesis.

Effects of desiccation

Diapausing embryos are resistant to desiccation, which is adaptive when water bodies dry up
and/or are dispersed by anemochory (Rivas et al. 2018, 2019) or by animals (zoochory)
(Moreno et al. 2019). We measured nanomechanical values of dry eggs; therefore, our study
approximates the stresses that they would suffer when abraded by sand while buried or when
entrained in dust transport, as is seen in arid lands (Rivas et al. 2018, 2019). Future studies
might consider testing the elasticity and hardness of wet samples to determine whether the
values differ from dry samples. Our AFM (Park XE-100) could not accommodate wet samples;
however, other AFMs can measure the elastic properties of biological materials while
immersed in fluid (Efremov et al. 2020). Such a comparative study would provide relevant
insights into how eggshell properties change as they go through desiccation and rehydration
across seasons.
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