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Artemia cysts are the essential food product for industrial larviculture of ﬁshes. The cyst shell protects the
artemia embryo from mechanical damage, ultraviolet light, excessive water loss, thermal variation and anoxia
condition. However, the underlying mechanism of such environmental protection is largely unclear. The
embryonic cuticle of cyst shell mainly constitutes chitin and proteins. Absence of cyst shell proteins compromises embryo survival. In literature, there are few examples of functional amyloids where proteins adapt
amyloid-like structures and act as protective covering. We hypothesized that the proteins from the embryonic
cuticle of artemia cyst shell may have amyloid-like properties. Using FTIR and CD analysis, we found that
proteins in embryonic cuticle have high b-sheet secondary structures. Embryonic cuticles displayed high
Congo red binding afﬁnity and stained samples showed apple-green birefringence under polarized light,
conﬁrming the presence of amyloid-like structures. Amyloid structures have a tendency to propagate and cause
amyloidosis. However, feeding of amyloid rich embryonic cuticles to zebraﬁsh did not show any signs of
discomfort or morbidity and amyloid deposition. Taken together, the study reveals that amyloid-like structures
are present in embryonic cuticle of artemia cyst and their consumption does not induce amyloidosis in
zebraﬁsh.
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1. Introduction
Artemia cysts are the fertilized embryo of Artemia (brine
shrimp) in a dormant state encapsulated by a thick
membranous covering for protection (Lenormand et al.
2018; Podrabsky and Hand 2015). Under suitable conditions, they can hatch into live nauplii and be utilized as
food for ﬁshes in the larviculture industry (Sorgeloos
et al. 2001). Artemia cyst survives in a very harsh
environment of high pH, salinity, temperature variations
and dry state (Liu et al. 2009). Cyst shell of Artemia
provides signiﬁcant protection to embryo against
mechanical damage, ultraviolet light and rapid water loss
during desiccation (Clegg 2005; Tanguay et al. 2004). It

also provides tolerance to excessive drying, rehydration,
thermal variation and anoxia condition (Clegg et al.
1994; Dai et al. 2011; Liu et al. 2009). The cyst shell
consists of an outer non-cellular chorion layer composed
of a cortical layer and micro-porous alveolar region and
inner cellular embryonic cuticle (Hajirostamloo 2008;
Sugumar and Munuswamy 2006; Wang et al. 2018;
Wang and Sun 2007). The embryonic cuticle is multilayered, ﬁbrous in nature and predominantly composed
of proteins and chitin. These embryonically derived
proteins have chitin-binding properties and are required
for the cuticle formation around the embryo during diapause initiation (Liu et al. 2009; Ma et al. 2013; Rødde
et al. 2008; Tajik et al. 2008). The embryonic cuticle is
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impermeable to non-volatile solutes and involved in
regulation of homeostasis and osmotic balance (Ma et al.
2013). However, the mechanism by which shell proteins
provide such unique features to the cyst shell is still not
understood.
Apart from artemia and other crustaceans, eggshell (or
chorion) of nematodes, insects and ﬁsh also comprised of
chitin in association with proteinaceous matrix and play
a vital role in protection of embryo from physical and
chemical stresses (Cotelli et al. 1988; Grierson and
Neville 1981; Hand et al. 2016; Liang et al. 2010; Murata
et al. 2014; Olson et al. 2012; Wharton and Jenkins
1978). Chorion protein from ﬁshes and insects are ﬁbrilar
in nature and comprises of high proportion of antiparallel
b-sheet secondary structures (Iconomidou et al.
2000a, b; Orfanidou et al. 1995; Papadopoulou et al.
1996). These are the characteristic features of amyloid
ﬁbres as well. Amyloids are the long, rigid and nonbranching ﬁbres with high cross b-sheet arrangement
and involved in several pathological conditions in
humans, domestic animals and captive birds (Chiti and
Dobson 2017; Landman et al. 1998; Sipe et al. 2016;
Woldemeskel 2012). However, amyloid ﬁbres are not
always associated with disease condition as previously
thought, but also present naturally in humans, bacteria,
fungi and plants like algae (Chapman et al. 2002; Maji
et al. 2009; Mostaert et al. 2009; Piscitelli et al. 2017).
These are functional amyloids, widespread in nature and
many of them have a protective function (Knowles and
Mezzenga 2016). Previously, it has been demonstrated
that the chorion proteins are rich in b-sheet content and
involve in protection due to their amyloid ﬁbrils-like
properties (Podrabsky et al. 2001).
Thus, the present study was undertaken to investigate
the amyloid characteristics of the artemia cyst shell (or
embryonic cuticle). Amyloid ﬁbrils can act like seeds
and may transmit the disease from one organism to
another. We also inspected the seeding phenomenon
and any harmful effects caused due to the consumption
of amyloid rich embryonic cuticle by ﬁshes.
2. Material and methods
2.1 Materials
Artemia cysts were purchased from INVE aquaculture.
Sodium hypochlorite (NaOCl) and sodium thiosulfate
were purchased from LOBA Chemie. Congo red and
Tricaine methanesulfonate were purchased from
Sigma-Aldrich. Guanidine hydrochloride was purchased from S D Fine-Chem Limited (India).

2.2 Collection and puriﬁcation of embryonic
cuticle
Artemia cysts (100 g) purchased from INVE aquaculture were washed with water (2 times) to remove any
dirt and dispersed in NaCl (2.5%, 200 mL, 4°C) and
NaOH (10 N, 12.5 mL, 4°C) solution for hydration.
Further, a sufﬁcient amount of NaOCl (6%, 430 mL)
was added to remove the outer envelope of cysts. The
decapsulated cysts (embryonic cuticle with embryo)
were collected and kept in sodium thiosulphate solution
(1%, 1000 mL, 2 min) to neutralize released chlorine.
After overnight incubation in supersaturated NaCl
solution (250 mL, in separating funnel), they were
placed in saline water (150 mL) for 48 h to initiate
hatching. At each step, a continuous aeration supply
was provided. Empty embryonic cuticles settled at the
bottom after hatching were collected and puriﬁed by
density separation to remove any contaminant. For this,
the mixture was dispersed in saline water and kept to
sediment for 2–3 min in a cylindrical tube. Subsequently, the supernatant was collected in another tube
and kept to sediment for 8–9 min. The residue settled at
the bottom containing empty embryonic cuticles was
collected and dispersed in saline water. The whole
process was repeated several times to get puriﬁed
embryonic cuticles. Finally, samples were dispersed in
water, lyophilized using a freeze dryer (alpha 2–4
LDplus, CHRIST), weighed and stored at -20°C until
further use. The method was used in all subsequent
experiments to acquire puriﬁed embryonic cuticle
samples.
2.3 Protein extraction from the embryonic cuticles
The puriﬁed empty embryonic cuticles (20 mg) were
solubilized using 8 M guanidine hydrochloride
(GdnHCl) in TrisHCl buffer (50 mM, pH 8, 600 lL)
with the aid of sonication (10 mA, 2 cycles, 10:30 sec
on:off) using digital ultrasonic disintegrator (DJB
Labcare). The suspension was heated on the dry bath in
the presence of 5% b-mercaptoethanol (b-ME) for 5 or
30 min, to aid further solubilization. The soluble proteins were separated from insoluble fraction by ultracentrifugation (Spinwin, Tarson) and dialysed against
sodium phosphate buffer (10 mM, pH 7) for 24 h to
remove GdnHCl and b-ME. The concentration of
insoluble protein residue and extracted soluble proteins
was quantiﬁed using PierceTM bicinchoninic acid
(BCA) protein assay kit (Thermo Scientiﬁc) and the
percentage of extracted soluble protein was calculated.
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The protein samples were lyophilized and stored separately at -80°C, until further use.
2.4 Fourier-transform infrared spectroscopy
(FTIR) characterization
Primary spectra of embryonic cuticle with the embryo,
puriﬁed empty embryonic cuticle and insoluble protein
residue after extraction were obtained with FT-IR
spectrophotometer (Spectrum TwoTM, PerkinElmer).
The lyophilized samples (in triplicate) were mixed with
IR grade potassium bromide to make the pellet and the
spectra were recorded with the resolution of 4 cm-1. A
second derivative spectrum was generated from the
primary spectra to identify the peak positions in the
amide I region using OPUS software. Baseline correction of primary spectra was done and subsequently,
de-convoluted spectra were obtained by curve ﬁtting.
2.5 Circular dichroism (CD) spectroscopy
CD spectra of the extracted soluble protein fraction
were obtained using CD spectrometer (Jasco, J-815).
Background correction was carried out with phosphate
buffer saline kept in a cuvette of 1 mm path length.
Different protein samples (0.05 to 0.15 mg mL-1,
single study) were placed in a cuvette and CD spectra
were recorded. Bovine serum albumin was taken as a
control sample.
2.6 Congo red staining
Congo red staining of artemia cyst, embryonic cuticle
with the embryo and empty embryonic cuticle was
performed with alkaline Congo red method as described by Puchtler et al (1962). This is the most widely
used method for staining and identifying amyloid
deposits in human tissue samples. Brieﬂy, the samples
were squeezed between two slides for their surface
attachment. They were defatted with acetone (10 min, 2
changes) and incubated with a saturated solution of
NaCl in 80% alcohol with 0.1% NaOH (solvent A) for
20 min. Next, samples were stained with Congo red
(Sigma-Aldrich) solution in solvent A for 1 h, dehydrated and treated with xylene. Finally, samples were
mounted with DPX and observed under a microscope
(DM 2500, Leica) using polarised light. Human
abdominal fat tissue with amyloid deposits was used as
positive control.
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2.7 Feeding of Zebraﬁsh with embryonic cuticles
Wild-type zebraﬁsh embryos (Danio rerio) were raised
and maintained according to the procedure described
by Westerﬁeld (2007). Adult zebraﬁsh (three months
old) were kept in a recirculating tank system using
saline water (pH 7–8) at 27°C with 14:10 h light:dark
cycle. They were fed with commercially available
protein granules, egg white triturates and live artemia
nauplii. At the start of the experiment, ﬁshes were
divided into two groups (n = 8) and kept for 24 h
fasting. On the next day, the treatment group was fed
with live feed (aretmia naupalii) containing 15–20 % of
embryonic cuticles for 4 days. The Control group was
fed with a normal diet without any embryonic cuticles.
Few animals were euthanized on day 3 while remaining
on day 6 by putting them in saline water containing
tricaine methanesulfonate (0.2–0.3 mg mL-1) (Matthews and Varga 2012). All the visceral organs (intestine, spleen, liver, kidney, heart, brain and fat) were
isolated and stored in saline solution at -20°C until
use.
2.8 Induction of amyloidosis in zebraﬁsh
Fishes were divided into four groups (n = 8). On the
next day, the ﬁrst group was fed with a normal diet
containing 15–20% of empty artemia embryonic cuticles and injecting 10 lL of lipopolysaccharide (LPS, 2
mg mL-1, two doses per week) by i.p. route for 14
days. The second group was fed with a normal diet
only and treated with two doses of amyloid enhancing
factor (AEF, 5 lL of 200 lg mL-1; i.p.) along with
similar LPS treatment. One control group animal was
fed on a normal diet while another fed with a normal
diet and LPS. In the end, all visceral organs (intestine,
spleen, liver, kidney, heart, brain and fat) were isolated
and stored in saline solution at -20°C. The Congo red
staining was performed using alkaline Congo red
method as described previously.
3. Results and discussion
3.1 Separation and puriﬁcation of post-hatched
empty embryonic cuticles
Artemia cyst shell consists of hypochlorite soluble
outer chorion capsule (cortical and alveolar layer)
(Sugumar and Munuswamy 2006) and resistant inner
embryonic cuticle, which were conﬁrmed by scanning
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electron microscope (SEM) images (ﬁgure 1A, B).
First, we removed the chorion layer by hypochlorite
treatment. Embryonic cuticle covering artemia embryo
then subjected to hatching to obtained empty embryonic cuticles (ﬁgure 1C, D). The empty embryonic
cuticles were obtained after hatching of decapsulated
artemia cyst. However, the collected embryonic cuticles were contaminated with unhatched artemia cyst
and debris of dead artemia nauplii. Thus, we subjected
the samples for density separation where mixture
components can be separated by their density/sedimentation rate in the medium. The residue obtained
after 2–5 min of sedimentation mainly contains
unhatched decapsulated cysts and dead artemia, was
discarded. While the supernatant consisting of empty
embryonic cuticles, chorion remnants and other contaminant was collected in another tube and further
subjected for density separation. The residue obtained
after 8–9 min of sedimentation, largely consists of the
empty embryonic cuticle of artemia cyst shells (ﬁgure 1E, supplementary ﬁgure 1) and utilized for protein
extraction.

3.2 Isolation of proteins from embryonic cuticle
Previously, Podrabsky et al., have used GdnHCl to
isolate egg envelop proteins from annual killiﬁsh. Also,
GdnHCl at a higher concentration (C6M) is able to
disaggregate and dissolve amyloid ﬁbrils (Vernaglia
et al. 2004). Thus, we solubilized previously puriﬁed
embryonic cuticles in 8M GdnHCl for protein extraction with the aid of sonication. However, the obtained
solution was somewhat hazy in appearance, suggesting
incomplete solubilization of proteins or cuticle components. Thus, we separated the soluble proteins from
the insoluble fraction by centrifugation. The soluble
fraction was subjected to dialysis to remove GdnHCl.
The percentage of extracted soluble protein was
determined and found to be 9.26%, as measured by
BCA assay kit. Thus, for complete protein solubilization, we added b-ME after sonication of embryonic
cuticles in presence of GdnHCl and heated the solution
at 80 °C for different time intervals. This time, the total
extracted soluble proteins after 5 and 30 min of heating
were found to be 13.84% and 20.97%, respectively.

Figure 1. SEM images of artemia cyst, cyst shell components and procedure to purify them. (A) SEM image of artemia
cyst; (B) SEM image of artemia cyst shell (Inset image showing different layers of artemia cyst shell, CL cortical layer, AL
alveolar layer, IEC inner embryonic cuticle); (C) SEM image of decapsulated artemia cyst having only inner embryonic
cuticle covering embryo; (D) SEM image of hatched empty embryonic cuticle (Inset image showing artemia nauplii);
(E) Sequential procedure followed during density separation and puriﬁcation of the empty embryonic cuticle. Scale bar in
lM.
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3.3 Proteins from embryonic cuticle contain high
b-sheet content

3.4 Amyloidic nature of inner embryonic cuticle
of artemia cyst shell

Proteins from silkmoth eggshell contain a high proportion of antiparallel b-sheet structures and eggshell is
considered to be a natural amyloid-rich envelope protecting the embryo from environmental stresses
(Iconomidou et al. 2011; Iconomidou and Hamodrakas
2008). However, there is no information available on
secondary structures present in embryonic cuticle proteins in artemia cyst shells. These proteins are shown to
have a chitin-binding domain (CBD) for their association with chitin (Ma et al. 2013). It is interesting to
note that, CBDs have twisted b-sandwich structures
with antiparallel b-sheets (Ikegami et al. 2000). Thus,
to determine the secondary structures present in
embryonic cuticle proteins, we performed FTIR analysis of decapsulated cyst, puriﬁed empty embryonic
cuticle and the insoluble residue obtained after protein
extraction. The second derivative spectra showed sharp
bands at 1638, 1624 and 1620 cm-1, which suggests
the presence of native intramolecular (1638 cm-1) and
intermolecular (1624 and 1620 cm-1) b-sheet structures formed due to the association of these proteins
(ﬁgure 2A) (Dong et al. 1990; Seshadri et al. 1999;
Shivu et al. 2013). The increased intensity of 1624
cm-1 in comparison to 1638 cm-1 band of insoluble
protein residue compared to others indicates increased
intermolecular b-sheet structures during protein
extraction processing (ﬁgure 2A, blue line). Such
variation can be observed when unfolded or partially
folded proteins form amyloid ﬁbrils in various aggregation conditions or during disaggregation of amyloid
ﬁbrils (Kim et al. 2000; Shivu et al. 2013).
Further, the relative abundance of different secondary structures was quantiﬁed by deconvoluting
the primary spectra using curve ﬁtting (ﬁgure 2B–D).
We found that embryonic cuticle proteins consist of
high b-sheet structures (47%) along with the presence
of b-turn (20%), a-helix (8%) and random coil
structures (24%) (Table 1). The presence of 1689 and
1612 cm-1 band represents intermolecular b-sheet
structures which are often seen during amyloid ﬁbril
formation and perturbing conditions like GdnHCl, bME treatment and heating (Dong et al. 1995; Dong
et al. 2000). Further, CD spectroscopy was performed for the extracted soluble proteins. The spectral examination showed prominent minimum and
maximum ellipticity peaks at 217 nm and 199 nm,
respectively, representing antiparallel b-sheet content
(ﬁgure 2E) (Greenﬁeld 2006). This reafﬁrms our
FTIR results.

To inspect whether the embryonic cuticle shows amyloid-like characteristics, we performed Congo red
staining of the artemia cyst, embryonic cuticle with the
embryo and puriﬁed empty embryonic cuticle. These
samples were examined under the polarised light.
Congo red-stained amyloid ﬁbres show apple-green
birefringence under cross polarised light and this
staining procedure is routinely used to identify amyloid
deposits in tissue samples. While the artemia cyst
showed weak birefringence, the decapsulated embryonic cuticle covering embryo and empty embryonic
cuticle produced strong apple-green birefringence
(ﬁgure 3A–C) in every single experiment as repeated
several times. The birefringence was looked identical
to that produced by amyloid ﬁbres present in human
tissue samples, as shown in the literature. An abdominal fat biopsy sample of the amyloidosis patient was
used as control (ﬁgure 3D). Weak birefringence in
artemia cyst is possibly due to the presence of the outer
capsule covering the inner embryonic cuticle. In addition, we change the angle of rotation of polariser by 10°
and found that green birefringence from empty cyst
shell changes to pale green (clockwise) and yellow
color (anticlockwise) as shown in ﬁgure (ﬁgure 3E, E1,
E2). Pathologists use this characteristic observation for
the conﬁrmation of amyloid presence (Howie et al.
2007). This conﬁrms that proteins in the artemia cyst
shell present in the form of amyloid-like structures. As
previously mentioned, embryonic cuticle proteins have
CBDs for their association with chitin. It is possible
that, the association of CBD with amyloid proteins
increases amyloid ﬁbril stiffness and ﬁbrils chitinbinding activity (Cui et al. 2019).
3.5 Amyloid-like structures in embryonic cuticle
are not digested by zebraﬁsh
Amyloid ﬁbres are insoluble, stable protein aggregates
and show resistance to proteolytic degradation. Previous studies have suggested that consumption of amyloid ﬁbres can develop amyloidosis in susceptible
animals and produce detrimental effects (Greger 2008).
Several ﬁsheries which use artemia as food are always
concern about the harmful effect of eating cyst shell (or
embryonic cuticle) by ﬁshes. Although there are no
published reports available, many of them have
apprehension about clogging of the intestine and subsequent death of ﬁshes after eating the shells. Thus, we
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Figure 2. FTIR and CD spectra of proteins from artemia cyst shell components. (A) Second derivative infra-red spectra
derived from primary FTIR spectra showing amide I region of the decapsulated cyst, puriﬁed embryonic cuticle and residue
obtained after protein extraction; (B–D) Deconvoluted spectra obtained from the primary FTIR spectra showing amide I
region of the decapsulated cyst (B), puriﬁed embryonic cuticles (C) and the residue obtained after protein extraction (D);
(E) Circular dichroism (CD) spectra of proteins extracted from artemia embryonic cuticles.

Table 1. Band assignment and relative abundance of different secondary structures in artemia cyst shell proteins (Dong
et al. 1998; Kong and Yu 2007)

Decapsulated cyst shell
2° structures

Wavenumber
(cm-1)

b-sheet
1689
(Inter)
b-turn
1678, 1670
a-helix
1657
Random coil 1645
b-sheet
1638
(Intra)
b-sheet
1624, 1620
(Inter)

Structures
(%)

Puriﬁed empty embryonic cuticle
Wavenumber
(cm-1)

Structures
(%)

Insoluble protein residue during
extraction
Wavenumber
(cm-1)

Structures
(%)

3.4

1685

8.6

1694, 1689

3.4

9.6
33.8
7.9
15

1674, 1666
1659
1650
1638

19.8
8.4
24.3
16.4

1683, 1674
1659
1648
1638

17.4
21
14.1
17.3

31

1628, 1620, 1612

22.4

1627, 1620, 1612

26.7

checked the digestion of embryonic cuticles and any
harmful effect due to their consumption in ﬁshes using
a zebraﬁsh model. Zebraﬁsh were fed with embryonic
cuticles (ﬁgure 4A, B) along with normal diet for 4
days and monitored for their health and presence of any
cuticle remnants in various organs at regular time
intervals. We did not observe any discomfort or

abnormal behaviour such as unusual swimming patterns in them, as observed for a 6 days period. All the
ﬁshes were ﬁne and did not show any symptoms of
morbidity or death. However, we detected the undigested embryonic cuticles in the intestine and fecal
matter of zebraﬁsh on 3rd day of treatment with Congo
red staining (ﬁgure 4C, E and supplementary ﬁgure 2)
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Figure 3. Microscopic images of Congo red-stained artemia cyst shell components as observed under crossed polarised
light and unpolarized light, respectively. (A, A1) artemia cyst; (B, B1) embryonic cuticle covering containing embryo; (C,
C1) puriﬁed empty embryonic cuticle; (D, D1) human fat biopsy samples of amyloidosis patient as control. Microscopic
images of Congo red-stained embryonic cuticle as observed under crossed polarised light (E) and under uncrossed polarised
light with a change in the angle of rotation of polariser by 10° in clockwise (E1) and anticlockwise (E2) direction.

Figure 4. Microscopic images of Congo red-stained embryonic cuticles (A, B, in vitro, before feeding), intestine and fecal
matter collected on day 3 (C, E) and day 6 (D, F) from zebraﬁsh fed on empty embryonic cuticles for 4 days, under polarised
light (P). UP-unpolarized light.

14

Page 8 of 12

A Y Gahane and A K Thakur

but not in other organs (supplementary ﬁgure 3). On
day 6 also, we observed some remnants of embryonic
cuticles along with undigested cuticles in the intestine
(ﬁgure 4D, F and supplementary ﬁgure 2). This suggests that amyloid-like structures in embryonic cuticles
are not completely digested by zebraﬁsh and removed
as such from the body through the anal route. Also,
their consumption does not produce any harmful
effects in ﬁshes.
3.6 Amyloid-like structures in embryonic cuticle
are unable to accelerate amyloid formation
under inﬂammatory conditions
Some of the amyloid disorders in humans are infectious
in nature. For example, prion diseases such as Kuru is
propagated due to consumption of brain from a dead
infected person as seen in the native people of Papua
New Guinea (Liberski 2013). Several studies with
animal models of amyloid A (AA) amyloidosis also
showed that consumption of food containing amyloid
ﬁbres can induce severe amyloidosis and reduce the
duration of induction in susceptible animals (an
inﬂammatory condition) by seeding phenomenon
(Lundmark et al. 2002; Solomon et al. 2007). Similarly, some functional amyloid such as silk ﬁbroin from
silkworm, Sup35 from Saccharomyces cerevisiae and
curli from Escherichia coli has also shown to accelerate
AA amyloidosis induction in murine model (Lundmark
et al. 2005). Importantly, amyloid ﬁbrils can cross the
gut barrier and their amyloid enhancing property does
not abolish by cooking (Greger 2008). Thus, there is a
growing concern about food safety with the contamination of amyloid ﬁbrils. Thus, we investigated the
development of AA amyloidosis in zebraﬁsh due to the
consumption of embryonic cuticles. AA amyloidosis is
caused due to aggregation of serum amyloid A (SAA)
protein whose concentration increases several-fold
under inﬂammatory conditions (Real de Asúa et al.
2014). Similar to the humans and other animals,
inﬂammatory response in zebraﬁsh is also mediated
through induction of SAA level (Kanther et al. 2014;
Lin et al. 2007). Although there is no report of AA
amyloidosis in zebraﬁsh, researchers successfully
induced amyloid light-chain (AL) amyloidosis and
Alzheimer’s disease symptoms in zebraﬁsh and used as
a model to study the disease pathogenesis and pharmacological screening of drugs (Mishra et al. 2013;
Nery et al. 2014). Previously, researchers have used
LPS as an inducer of inﬂammatory response in zebraﬁsh and murine model of AA amyloidosis (Gonçalves

Figure 5. Microscopic images of Congo red stained tissue c
of various organs isolated from zebraﬁsh, under polarised
light. Zebraﬁsh were fed either normal diet for 14 days:
(A) Liver; (B) Spleen; (C) Kidney; (D) Intestine; (E) Heart;
(F) Brain or with normal diet containing 15–20% of empty
artemia embryonic cuticles and treated with LPS (2 mg
mL-1, two doses per week) for 14 days: (A1) Liver; (B1)
Spleen; (C1) Kidney; (D1) Intestine; (E1) Heart; (F1) Brain.
Zebraﬁsh were fed with normal diet only and treated with
two doses of AEF (5 lL of 200 lg mL-1; i.p.) along with
similar LPS treatment for 10 days: (A2) Liver; (B2) Spleen;
(C2) Kidney; (D2) Intestine; (E2) Heart; (F2) Brain.

et al. 2012; Gorevic 2013; Yang et al. 2014). Thus,
ﬁshes were fed with embryonic cuticles along with
normal diet and administered with LPS to induce
inﬂammation and observed for 14 days. Another group
treated with AEF (amyloid enhancing factor, amyloid
ﬁbrils isolated from the intestine of mouse having AA
amyloidosis) (supplementary ﬁgure 4) along with
similar LPS treatment was used as positive control.
Congo red staining of tissue from various isolated
organs did not show the presence of any amyloid
deposits in zebraﬁsh from control and treatment group
when checked for 14 days period (ﬁgure 5A–F; A1,
B1, C1, D1, E1, F1 and supplementary ﬁgure 5). Some
Congo red positive structures were seen in the intestine
from the treatment group but they might be the cuticle
remnants. All zebraﬁsh were ﬁne with no sign of
morbidity. However, AEF treated group showed the
presence of amyloid ﬁbres in all the isolated organs
(spleen, liver, kidney, heart and intestine) except brain
as observed on the 10th day of treatment (ﬁgure 5A2,
B2, C2, D2, E2, F2 and supplementary ﬁgure 5). Initially, amyloid ﬁbres were seen in the intestine as early
as the 6th day and later seen in other organs. Two ﬁshes
died during the treatment period and showed the
presence of amyloids under inﬂammatory conditions. It
is possible that they died due to amyloidosis. Previously, it is shown that pre-ﬁbrillar aggregates of small
size generally act as a seed for ﬁbril formation (Yamamoto et al. 2018). Thus, we think that the presence
of large, mature amyloid ﬁbres in embryonic cuticles
are unable to act as seed and initiate amyloidosis as
compare to small ﬁbrilar aggregates in AEF. Overall,
results suggest that consumption of amyloid rich
embryonic cuticle from artemia cyst by zebraﬁsh does
not develop amyloidosis nor produce any harmful
effect. However, long term studies under different
inﬂammatory conditions are needed to further conﬁrm
these results. Since we found amyloid deposits under
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inﬂammatory condition with amyloid enhancing factor,
in future zebraﬁsh model can be developed for understanding pathology of amyloidosis.
4. Conclusion
In conclusion, we have shown that the embryonic
cuticle from artemia cyst shell which protects the
embryo from environmental stress have amyloid-like
properties. This might be the reason for the protective
function of the cyst shell, as several functional amyloids in nature are actively involved in barrier function
or protection. We have also shown that the consumption of embryonic cuticle containing amyloid structures
does not produce any injurious effects nor they develop
amyloidosis in zebraﬁsh model. Several other organisms having such capsules or any protective covering
can be studied for the presence of amyloid structures
and can be used to understand the biology of amyloid
development.
Acknowledgements
We would like to acknowledge Prof. Pradip Sinha for
allowing us to use the zebraﬁsh facility and provide the
necessary support in his lab. We are also thankful to Mr.
Nilesh Kumar Mahajan and Bharat Kumar for helping to
carry out experiments on the zebraﬁsh model.
Funding
Department of Science and Technology (DST), India
[Project No. BSBE/DST/2016156].

References
Chapman MR, Robinson LS, Pinkner JS, Roth R, Heuser J,
Hammar M, Normark S and Hultgren SJ 2002 Role of
Escherichia coli curli operons in directing amyloid ﬁber
formation. Science 295 851–855
Chiti F and Dobson CM 2017 Protein misfolding, amyloid
formation, and human disease: a summary of progress
over the last decade. Annu. Rev. Biochem. 86 27–68
Clegg JS 2005 Desiccation tolerance in encysted embryos of
the animal extremophile, artemia. Integr. Comp. Biol. 45
715–724
Clegg JS, Jackson SA and Warner AH 1994 Extensive
intracellular translocations of a major protein accompany

anoxia in embryos of Artemia franciscana. Exp. Cell Res.
212 77–83
Cotelli F, Andronico F, Brivio M and Lamia CL 1988
Structure and composition of the ﬁsh egg chorion
(Carassius auratus). J. Ultra Mol. Struct. R. 99 70–78
Cui M, Qi Q, Gurry T, Zhao T, An B, Pu J, Gui X, Cheng
AA et al. 2019 Modular genetic design of multi-domain
functional amyloids: insights into self-assembly and
functional properties. Chem. Sci. 10 4004–4014
Dai L, Chen D-F, Liu Y-L, Zhao Y, Yang F, Yang J-S and
Yang W-J 2011 Extracellular matrix peptides of artemia
cyst shell participate in protecting encysted embryos from
extreme environments. PLoS ONE 6 e20187
Dong A, Huang P and Caughey WS 1990 Protein secondary
structures in water from second-derivative amide I
infrared spectra. Biochemistry 29 3303–3308
Dong A, Matsuura J, Manning MC and Carpenter JF 1998
Intermolecular b-Sheet results from triﬂuoroethanol-induced nonnative a-helical structure in b-sheet predominant
proteins: infrared and circular dichroism spectroscopic
study. Arch. Biochem. Biophys. 355 275–281
Dong A, Prestrelski SJ, Allison SD and Carpenter JF 1995
Infrared spectroscopic studies of lyophilization- and
temperature-induced protein aggregation. J. Pharm. Sci.
84 415–424
Dong A, Randolph TW and Carpenter JF 2000 Entrapping
intermediates of thermal aggregation in alpha-helical
proteins with low concentration of guanidine hydrochloride. J. Biol. Chem. 275 27689–27693
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Rødde RH, Einbu A and Vårum KM 2008 A seasonal study
of the chemical composition and chitin quality of shrimp
shells obtained from northern shrimp (Pandalus borealis).
Carbohydr. Polym. 71 388–393
Seshadri S, Khurana R and Fink AL 1999 Fourier transform
infrared spectroscopy in analysis of protein deposits.
Methods Enzymol 309 559–576
Shivu B, Seshadri S, Li J, Oberg KA, Uversky VN and Fink
AL 2013 Distinct b-sheet structure in protein aggregates
determined by ATR–FTIR spectroscopy. Biochemistry 52
5176–5183
Sipe JD, Benson MD, Buxbaum JN, Ikeda SI, Merlini G,
Saraiva MJ and Westermark P 2016 Amyloid ﬁbril
proteins and amyloidosis: chemical identiﬁcation and
clinical classiﬁcation International Society of Amyloidosis 2016 Nomenclature Guidelines. Amyloid 23 209–213
Solomon A, Richey T, Murphy CL, Weiss DT, Wall JS,
Westermark GT and Westermark P 2007 Amyloidogenic
potential of foie gras. Proc. Natl. Acad. Sci. U. S. A. 104
10998–11001
Sorgeloos P, Dhert P and Candreva P 2001 Use of the brine
shrimp, Artemia spp., in marine ﬁsh larviculture. Aquaculture 200 147–159
Sugumar V and Munuswamy N 2006 Ultrastructure of cyst
shell and underlying membranes of three strains of the
brine shrimp Artemia (Branchiopoda: Anostraca) from
South India. Microsc. Res. Tech. 69 957–963

Corresponding editor: SHAMIK SEN

Tajik H, Moradi M, Rohani S, Erfani A and Jalali F 2008
Preparation of chitosan from brine shrimp (Artemia
urmiana) cyst shells and effects of different chemical
processing sequences on the physicochemical and functional properties of the product. Molecules 13 1263
Tanguay JA, Reyes RC and Clegg JS 2004 Habitat diversity
and adaptation to environmental stress in encysted
embryos of the crustacean Artemia. J. Biosci. 29 489–501
Vernaglia BA, Huang J and Clark ED 2004 Guanidine
hydrochloride can induce amyloid ﬁbril formation from
hen egg-white lysozyme. Biomacromolecules 5
1362–1370
Wang B, Xia J, Mei L, Wang L and Zhang Q 2018 Highly
efﬁcient and rapid lead(II) scavenging by the natural
artemia cyst shell with unique three-dimensional porous
structure and strong sorption afﬁnity. ACS Sustain. Chem.
Eng. 6 1343–1351
Wang S and Sun S 2007 Comparative observations on the
cyst shells of seven Artemia strains from China. Microsc.
Res. Tech. 70 663–670
Westerﬁeld M 2007 The zebraﬁsh book : a guide for the
laboratory use of zebraﬁsh (Danio rerio). University of
Oregon Press, Eugene
Wharton DA and Jenkins T 1978 Structure and chemistry of
the egg-shell of a nematode (Trichuris Suis). Tissue Cell
10 427–440
Woldemeskel M 2012 A concise review of amyloidosis in
animals. Vet. Med. Int. 2012 Article ID 427296
Yamamoto N, Tsuhara S, Tamura A and Chatani E 2018 A
speciﬁc form of preﬁbrillar aggregates that functions as a
precursor of amyloid nucleation. Sci. Rep. 8 62
Yang LL, Wang GQ, Yang LM, Huang ZB, Zhang WQ and
Yu LZ 2014 Endotoxin molecule lipopolysaccharideinduced zebraﬁsh inﬂammation model: a novel screening
method for anti-inﬂammatory drugs. Molecules 19
2390–2409

