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In mammals a small family of genes called Sestrins play important roles in the
maintenance of metabolic and redox homeostasis, suggesting that the genes may positively
affect the lifespan and counteract the age-related functional decline. The nematode genome
contains a single cSesn gene that makes the Caenorhabditis elegans an excellent model for
studying functions of the sestrin family. We describe phenotypic differences of worms that have
compromised expression of cSesn gene. By comparing three different cSesn-deficient modes
with the wild-type C. elegans strain we show that the abrogation of cSesn expression results in
an increased body size, an extended period of body growth, a reduces brood size and number of
offspring per a single worm, an accelerated decline in muscular functions revealed as a rapid
decrease in the pharyngeal pumping rate and in the overall locomotory activity. The results are
consistent with the potential roles of cSesn in counteracting the process of aging in C. elegans.
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Nematode Caenorhabditis elegans is a
tiny free-living worm that has a transparent body
with strictly defined number of cells and simple
requirements for laboratory cultivation. It has been
chosen as a convenient model for studying genetics
and physiology of multicellular organisms 1.
During the decades of intensive studies C. elegans
has became an invaluable model for studies
in reproductive, developmental and metabolic
regulation, neurobiology, molecular physiology,
pharmacology, environmental biology and in many
other areas. The availability of complete genome

structure, the simplicity of manipulations with gene
expression, a wide array of available mutants in the
majority of genes and many genetic instruments
provided by the scientific community make C.
elegans one of the most useful and popular animal
models2. The relatively short life span (median
of 25 days in solid media) [3] makes C. elegans
an excellent model for the aging studies4. Besides
the extensive debates regarding the biological
significance of the aging process [5] common
sense suggests that life span of organisms should
adequately suit their habitat, living conditions,
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social relations with piers and enemies, etc. End
of life is characterized by various age-related
changes that manifest the exhaustion of renewal
capacity in tissues and failure to maintain the body
homeostasis. Environmental cues and conditions,
a well as dietary variations can greatly affect
both average and maximal life span, and that is
conveniently observed in the C. elegans model4.
The environmental hazards that can accelerate
aging include excessive levels of reactive oxygen
species (ROS). Indeed, many stresses and
environmental insults result in increased levels of
endogenous ROS that inflict damages to biological
molecules, organelles, cells and extracellular
matrices, and lead to a significantly shorter life.
This is why the free-radical theory of aging6, 7 has
inspired one of the most popular branches of aging
studies during many years. However, more recent
studies reveal that metabolic and dietary variations
can also affect the lifespan. Different protocols
of dietary restriction were found to increase
substantially life span in animal model systems,
including C. elegans8-10.
Genetic studies conducted in the C.
elegans model have identified number of genes
that positively or negatively affect lifespan of
organisms, and the model is now extensively used
for studying signaling pathways that are involved
in the regulation of a lifespan4. The lifespanaffecting genes act in several pathways that relate
to metabolic regulation, such as the insulin-like
growth factor receptor-1 (IGF-1) pathway that
switches metabolism depending on the availability
of carbohydrate nutrients11, the mechanistic target
of rapamycin (TOR) kinase pathway that keeps a
balance between anabolic and catabolic processes
in response to various nutrient and energy cues12,
13
, the autophagy pathway that partially depends
on the activity of TOR kinase complexes and
is responsible for the timely utilization of a
damaged or an excessive proteins or organelles
and is important for the mobilization of internal
nutrient resources during a starvation14. There are
also number of genes and processes that affect the
pace of aging and lifespan in C. elegans as well
as in mammals that include Sirtuins, members of
the (NAD)-dependent protein deacetylase family,
the AMPK-FOXO pathway activated by low
energy levels 15, genes connected with epigenetic
regulation16 and histone-modifying enzymes17.

Mitochondrial functions also affect the aging as
they orchestrate and integrate metabolic processes,
stress-induced responses and the production of
ROS18, 19.
Aging is a complex process, and many
important connections between the identified
genes and pathways are still unknown. In animals
members of a small family of genes called sestrins
(SESN1, SESN2 and SESN3)20-22 seem to have a
connection with the aging process and lifespan
regulation. The genes have differential regulation
and selectively respond to stresses and influences
through activation of p53, Nrf2, FOXO and HIF1 transcription factors 23-28. SESN2 was found to
have an antioxidant activity29 that contributes to
homeostatic regulation and protective functions of
the p53 tumor suppressor gene30, 31. Sestrins were
also found to be negative regulators of mTORC1
though their binding to AMPK and TSC232 and
positive inducers of the autophagy33. Recently
sestrins were also found to serve as sensors of
leucine levels on negative regulators of TOR
complex 1 under conditions of a shortage of amino
acids34-36. All of the identified activities of sestrins
may negatively affect the aging process, and indeed
it was found that in Drosophila melanogaster
model deficiency of dSesn gene results in a
chronic activation of TOR, accumulation of ROS
and premature manifestations of aging37, and in
C. elegans model deletion of cSesn gene was
associated with a reduced lifespan38.
Here we describe some additional
phenotypic characteristics of C. elegans that are
deficient for the single cSesn gene that apparently
relate to its activities that contribute to metabolic
homeostasis and delay the aging processes.
MATERIALS AND METHODS
Strains
The wild-type N2 and the RB2325
(genotype ok3157) with a 535 bp deletion in
exon 3 of cSesn gene) strains of C. elegans were
purchased in the Caenorhabditis Genetics Center
(CGC) of University of Minnesota. The strain
IE24589 deficient for cSesn gene expression due to
the embedded MOS-1 transposon was gift by Prof.
Yohann Duverger, University of Lyon, France.
Maintenance of nematodes
Maintenance of nematodes in solid agar
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medium was carried out according to the standard
method39. Sterilized agar containing 2% agarose in
0.3% sodium chloride, 1 mM magnesium sulfate, 1
mM calcium chloride, 0.25% 1 M phosphate buffer
(108.3 g potassium phosphate, 35.6 g potassium
di-phosphate dibasic, distilled water to a liter),
0.3% bactopeptone, and 0.05% cholesterol. A night
culture of E. coli (strains OP50 or HT115) was
applied to solidified agar beds in Petri dishes and
the bacterial layer was grown overnight at 37°C.
All experiments with nematodes were carried out
at a temperature of 20°C.
Synchronous nematodes culture
To prepare a synchronous culture of
nematodes, adult animals were treated with a
solution containing 1% sodium hypochlorite
and 0.5 M potassium hydroxide for 10 minutes.
The released nematode eggs were washed twice
in distilled water and incubated overnight at a
temperature of 20°C in M9 medium (potassium
phosphate, 6 g sodium phosphate dibasic, 5 g of
sodium chloride, 1 ml of 1 M magnesium sulfate,
distilled water to 1 liter). The next day, nematodes
at the L1 stage were planted on Petri dishes
containing bacterial food.
RNAi constructs
The RNA-interfering construct for cSesn
gene was constructed as described previously40.
A construct expressing a cSesn cDNA fragment
of 1434 bp was obtained by cloning into the
pPD129.36 vector (Addgene pL4440) using
XbaI and BamHI sites. The efficiency of RNA
interference was verified by real-time PCR.
Pharyngeal pumping rate
The rate of contraction of the pharynx was
calculated as described previously41. The nematode,
one at a time, was placed at room temperature on
top of a standard agar medium with a bacterial layer
at room temperature. Counting of contructions of
the posterior pharynx was carried out during 1
minute using Nikon SMZ800 stereoscope under
the magnification x210, every 4 days. Three
independent experiments were conducted with 25
animals in each group.
Body size
Measurement of linear dimensions
nematodes was carried out using the Keyence
VHX 5000 microscope with the enclosed software
package, daily during the first 8 days, then every
second day up to Day 16, when nematodes stopped
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their growth. Two independent experiments were
conducted with 200 animals in each group.
Brood size
The nematodes in stage L4 were transferred
one by one to a standard medium in 40 mm Petri
dishes. The nematodes were then transferred daily
to fresh dishes until the end of larval stages. The
offspring were counted after reaching the larval
stage L3-L4. Three independent experiments were
conducted with 20 animals in each group.
Locomotory activity
The locomotory activity of nematodes was
evaluated as described earlier42. The nematodes
were divided into 4 groups, depending on the
reaction to touch with a platinum wire tip: the
A” group - the nematodes are active bending and
moving without touching; the “B” group - the
nematodes do not move without a touch or move
chaotically; the “C” group - the nematodes move
only the tail or head in response to a touch; the “D”
group - the nematodes are dead. Three independent
experiments were conducted with 100 animals in
each group.
Statistical analysis
Data was processed using STATISTICA
software package (http://www.statistica.io). The
reliability of the difference between the two mean
values was estimated using Student’s t-test; more
than two independent samples were compared
using the ANOVA dispersion analysis. In all
graphs: p-value: * = <0,05, ** = <0,01, *** =
<0,001.
RESULTS AND DISCUSSION
We decided to compare phenotypes
of three different populations of C. elegans
that have deficiency in the cSesn gene with the
standard wild-type strain N2. The cSesn deficient
populations included the RB2325 strain that have
a 525 bp deletion in exon 3 of cSesn gene (ok3157
genotype), IE24489 strain with insertion of MOS-1
transposon to exon 2 (ttTi24589 genotype) and the
wild-type strain N2 in which cSesn gene expression
was compromised by RNA interference (the worms
were fed with bacteria carrying cDNA-expressing
plasmid for the cSesn transcript).
To reveal phenotype changes connected
with the deficiency of cSesn gene we have chosen
the parameters that are known to change during
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Fig. 1. A. Dynamics of nematodes growth. P-value: * - < 0,05; ** - < 0,01; *** - < 0,001. B. Worms at day 8
under 200x magnification. B1- RB2325 cSesn knockout strain, B2 - wild-type N2 strain

Fig. 2. Mean offspring progeny per one worm. P-value:
* - < 0,05; *** - < 0,001

the aging process. The age-related changes in C.
elegans include body size42, fertility, or number
of offspring43, changes that characterize the agerelated decay in the muscle tissue - the pumping
rate of the C. elegans pharynx44, and changes in
the locomotory activity45.
Body size
During the first two weeks from the young
adult stage of C. elegans (L4) the linear body size
increases by 70%, in width - by 30%, and in volume
- by 280%46, 47. Functions of genes belonging to
different signaling pathways, especially in the
IGF/insulin circuit, simultaneously affect both the
body size and the lifespan, which is observed in
nematodes with mutations in appropriate genes. It
was observed that there is a correlation between a
large body size and a short lifespan48. By comparing

Fig. 3. Age related changes in the Pharynx. Decline in the pharyngeal pumping rate. P-value: * - < 0,05; ** - <
0,01; *** - < 0,001
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the dynamics of body size growth between the wildtype N2 and cSesn-deficient strains of C. elegans
we noticed substantial differences. All three groups
og cSesn-deficient worms has demonstrated similar
growth rates and maximal body sizes. Under the
growth conditions by Day 8 the cSesn-deficient
strains reached sizes that exceed the sizes of the
wild-type N2 worms by 47.59% (Fig. 1). While
the N2 nematodes stoped growing by Day 5, the
cSesn-deficient animals continued the growth up
to Day 8.
Fertility
The reproductive function and fertility
decrease with age in almost all animals. In humans,
the old age of a mother is directly linked with a high
incidence of genetic abnormalities in the newborn,
which is caused by aged oocytes49. A similar trend
is observed in nematodes50. On the other hand,
some studies indicate an acceleration in aging,
depending on the number of offspring, due to the
fact that the resources spent on producing offspring
become inaccessible to maintain homeostasis51.
Reduction of reproductive activity can also be
an adaptive response to a decrease in metabolic
processes in general. Nematode hermaphrodite
is capable of self-fertilization. On average, one
animal gives about 250-300 offspring. A general
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decrease in the number of offspring is shown for
mutants for a number of aging-related genes43. We
checked the number of offspring in mutants and
in wild type N2 nematodes. A single wild-type C.
elegans is known to be capable of producing from
200 to 330 ± 40 offspring52, 53. In our experiments,
the wild type gave approximately 230 offspring
from one worm, which is by 77.45 % exceeds the
number of the offspring (140 ± 20) produced by a
single worm from the cSesn-deficient populations
(Fig. 2).
Decline in the muscles
It is known that signaling pathways
related to redox generation and redox response are
involved in myogenesis, while elevated levels of
ROS can lead to a damage to myofibrils and death
of myocytes54. Muscle tissue and its functions
are affected during aging in C. elegans. These
parameters are known to decline during the aging
process.
In mammals the sestrin genes are involved
in the redox regulation and may act as antioxidants
suggesting that in C. elegans cSesn gene could
affect homeostasis in muscles. We monitored the
dynamics of age-related changes by measuring
rates of pharyngeal contraction (or pumping rate)
and locomotory activity. C. elegans use pharynx, a

Fig. 4. Locomotory activity of nematodes.
The nematodes were divided into four groups based on their locomotory activity: Group A - normal locomotion;
Group B - uncoordinated movements; Group C - worms move only head or tail, in response to a touching; Group
D - dead worms. The bars indicate the proportion of animals of each group at the designated day
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neuromuscular organ, to ingest the food by pushing
it into the digestive tract. The rate of pharyngeal
contractions depends on the quantity and quality
of food55 and on the age of the nematode56. The
age-related decline in the rate of pharyngeal
pumping rate is caused by the accumulation of
degenerative changes in the muscles56. We found
that in the cSesn-deficient worms a faster decline
in the pharyngeal pumping rate is observer as
compared with the wild-type N2 C. elegans strain
(Fig.3), which can be explained by a more rapid
degeneration of the pharyngeal apparatus.
We also tested the dynamics of the agerelated decline of the locomotory activity, which
can be regarded as an additional parameter related
to the aging process in C. elegans. During the
course of life, most animals experience progressive
decline in locomotory activity and coordination
of movements, which is due to reduced strength
and degeneration of muscles. These changes
can be studied by using C. elegans, the simple
model organism with well-known and easily
modifiable genotype57. Young adults of C. elegans
demonstrate well-coordinated energetic sinusoidal
movements of the body, which gradually slow
down, reduce coordination and eventually cease
completely58. When describing these changes,
three locomotory activity classes are determined.
The nematodes pass from the first (rhythmic
sinusoidal movements) to the second (less active
and uncoordinated) and end down to the third (no
regular, just occasional movements, or separate
movements of the tail or head in response to a
touch)42, 58. The age-related changes in locomotory
activities has been extensively described in a
number of studies42, 58-60 and is now widely used as
one of the markers of age-related changes in the
nematode. Our measurements with three strains of
C. elegans with deficient expression of cSesn have
demonstrated a significantly more rapid decline in
the frequency, rhythm and coordination of mutant
worms as compared with the wild-type N2 strain
(Fig. 4). The result indicates that cSesn is required
for maintaining the normal homeostasis of the
entire muscular mass in the nematode body.
The revealed accelerated age-related
changes in the populations of C. elegans with a
compromised expression of cSesn gene could be
explained by an involvement of cSesn in metabolic
and redox regulation. The increase in the body

size could be explained by the participation of
cSesn in the IGF1-TOR signaling pathway, while
the rapid decrease of pharyngeal pumping and
the decline in in locomotory activity could be
due to a faster accumulation of muscle damage
produced by excessive ROS. The reproductive
functions nematodes are regulated partly by the
IGF1 and TGF-beta signaling pathways61, 62, as
in the mammals a deficiency in Sestrins can
induce activation of the TGF-beta signaling63, 64.
Therefore, the decreased number of offspring in
the mutant worms could be explained by these
changes. However, more studies are required to
reveal mechanisms responsible for the observed
phenotype changes in C. elegans.
CONCLUSION
In conclusion, the results obtained here
indicate that the cSesn gene plays an important
role in the processes of age-related decline in
the nematode C. elegans model. The deficiency
in cSesn results in an increase body size and an
extended period of growth. There was also reduced
number of offspring and an accelerated decline in
pharyngeal pumping rate and locomotory activity.
The changes are well explained by the antioxidant
and mTOR-inhibiting functions of Sestrins
revealed in mammals. However, more studies are
required to identify particular mechanisms that act
behind the observed phenotype changes.
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