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Brachionus rotifers as a model for
investigating dietary and metabolic
regulators of aging
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Abstract. Because every species has unique attributes relevant to understanding specific aspects of aging, using a diversity
of study systems and a comparative biology approach for aging research has the potential to lead to novel discoveries
applicable to human health. Monogonont rotifers, a standard model for studies of aquatic ecology, evolutionary biology, and
ecotoxicology, have also been used to study lifespan and healthspan for nearly a century. However, because much of this
work has been published in the ecology and evolutionary biology literature, it may not be known to the biomedical research
community. In this review, we provide an overview of Brachionus rotifers as a model to investigate nutritional and metabolic
regulators of aging, with a focus on recent studies of dietary and metabolic pathway manipulation. Rotifers are microscopic,
aquatic invertebrates with many advantages as a system for studying aging, including a two-week lifespan, easy laboratory
culture, direct development without a larval stage, sexual and asexual reproduction, easy delivery of pharmaceuticals in liquid
culture, and transparency allowing imaging of cellular morphology and processes. Rotifers have greater gene homology
with humans than do established invertebrate models for aging, and thus rotifers may be used to investigate novel genetic
mechanisms relevant to human lifespan and healthspan. The research on caloric restriction; dietary, pharmaceutical, and
genetic interventions; and transcriptomics of aging using rotifers provide insights into the metabolic regulators of lifespan
and health and suggest future directions for aging research. Capitalizing on the unique biology of Brachionus rotifers,
referencing the vast existing literature about the influence of diet and drugs on rotifer lifespan and health, continuing the
development of genetic tools for rotifers, and growing the rotifer research community will lead to new discoveries a better
understanding of the biology of aging.
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1. Introduction

Our understanding of many basic biological pro-
cesses, and the development of several revolutionary
biomedical technologies, resulted from research on
“non-model” organisms, particularly aquatic taxa.
For example, the discovery of ionic transmission of
action potentials in the nervous system came from
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research on the giant squid axon by Hodgkin, Hux-
ley, and Eccles [1]. Work in the large, transparent
oocytes of sea urchins and clams led to descriptions
of regulation of the cell cycle by cyclins [2] and of the
ubiquitin-proteasome system for protein degradation
[3, 4]. Kinesins, the ATP-hydrolysis fueled molecu-
lar motors critical for trafficking a variety of cargo
in cells, were first identified in the squid giant axon
[5]. Green fluorescent protein (GFP), originally iso-
lated from the marine jelly, Aequorea victoria, is now
commonly used as a biological marker for imaging
of cellular processes [6—8]. Taq polymerase, which
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launched the PCR and sequencing revolution, was
isolated from the thermophilic hot spring bacterium,
Thermus aquaticus [9].

The winnowing of animal models for biomedi-
cal research to only a few species—in particular
Saccromyces cerviscea, Caenorhabditis elegans,
Drosophila melanogaster, and Mus musculus—has
occurred primarily over the last three decades, largely
due to strong leaders and the concerted efforts of their
respective research communities. Work in these select
cell and animal models continues to lead to significant
advances in understanding basic biological processes
and to innovation in translational medicine.

Increasingly, however, the research community is
moving beyond a one-size-fits-all approach and is
rediscovering that different taxa have unique traits
that make them useful for addressing particular bio-
logical questions [10]. As pointed out by August
Krogh [11], “For such a large number of problems
there will be some animal of choice or a few such ani-
mals on which it can be most conveniently studied.”
That is, no single organism is perfect for answering
all questions in biology; the unique traits of different
taxa may be leveraged to interrogate specific phenom-
ena. Frequently, mechanisms or therapies identified
to improve health or increase lifespan in a single
model species have not successfully translated to
humans in clinical trials. Indeed, the mechanisms
found to be conserved across a wide range of species
are those most likely to be relevant to human biology.
Thus, a comparative biology approach embracing a
variety of taxa may be required for efficient and effec-
tive translation of basic research to human treatments
[10, 12, 13].

Study of the biology of aging is a rapidly growing
field within biomedicine. Understanding the molec-
ular drivers of aging, the causative role of aging in
disease, the evolutionary basis of aging, and finding
therapies that improve health in late age and extend
lifespan are all of interest. Much of what we know
about the biology of aging and interventions to aging
has been revealed in model organisms. Here too,
research on aging in a diversity of study systems is
likely to bolster our understanding of the mechanisms
of aging and the successful application of therapies
to humans.

2. Rotifers

With the goal diversifying the animal study sys-
tems relevant to human health, several research

groups are developing rotifers as a modern model
for the study of aging. Rotifers are aquatic, micro-
scopic, invertebrate animals. More than 2000 species
have been identified in four main groups: the mono-
gononts (literally “single gonad”); the bdelloids
(from the Greek, bdella, for “leech-like”), a lineage
with degenerate tetraploid genomes, in which all indi-
viduals are females and reproduction appears to be
entirely asexual; the seisonids, marine parasites of
invertebrates; and the acanthocephala, spiny-headed
parasitic worms [ 14]. Rotifers inhabit nearly all fresh-
water habitats, including ephemeral environments
like vernal ponds, desert pools, and puddles, as well
as coastal estuaries and inland salt lakes. Though
different species have incredibly diverse morpholo-
gies, ranging from worm-like, to colonial, to round
and armored, most rotifers are less than 1 mm long.
Similar in complexity to C. elegans, rotifers have
approximately 1000 cells, digestive and secretory
organs, muscles, structures for swimming and crawl-
ing, nervous systems with centralized brains and
peripheral sensory structures, and reproductive sys-
tems including ovaries and testes (Fig. 1).

Monogonont rotifers have been used in studies of
aging for over a century and continue to be a standard
model for studies of aquatic ecology, evolutionary
biology, and ecotoxicology. Additionally, because
rotifers are a primary first food for larval fish in aqua-
culture, a great deal of research has been directed at
fatty acid, protein, and micronutrient manipulations
of rotifer diet to improve fish feed quality. Much of
the experimental research has focused on manipula-
tions of life history, including lifespan, reproduction,
and aspects of fitness relevant to aging. Because most
of this work has been published in the ecology and
evolutionary biology literature, however, it may not
be known to biomedically-oriented biology of aging
scientists.

Our goal is to bring relevant studies to the atten-
tion of biomedical and geroscience researchers. In
this review, we provide an overview of the use of
Brachionus rotifers, with occasional examples from
other rotifer species, to investigate nutritional and
metabolic regulators of aging, with a focus on recent
studies of dietary and metabolic pathway manipula-
tion.

2.1. Brachionus rotifers

Brachionus is a genus of monogonont rotifers
with advantages as a model for aging similar to
those of other short-lived invertebrate models: a short
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Fig. 1. Adults and eggs of the rotifer Brachionus manjavacas. (A) Female B. manjavacas carrying one egg. Females have apical cilia for
swimming and feeding, a red eyespot used for sensing light; and digestive, reproductive, muscle, and nervous systems visible through a
transparent body wall. (B) Amictic egg, produced asexually via mitosis, which will hatch into an asexual female. (C) Dormant resting egg,
the product of sexual reproduction. (D) Small egg that will hatch into a male; (E) Male, with cilia for swimming and red eyespot, but no

mouth or gut. Males are one-third the size of females and are haploid.

lifespan of two weeks; the ability to scale experi-
ments from single individuals to large populations;
transparency, allowing imaging of cellular morphol-
ogy and processes; and genomic, transcriptomic,
and gene expression manipulation tools [15, 16].
Additionally, Brachionus spp. have a number of
unique advantages as invertebrate models of aging.
They have direct development without a larval stage
or metamorphosis which simplifies the execution
and analysis of lifespan assays. Asexual reproduc-
tion allows experimentation on isogenic lines, and
inducible sexual reproduction permits outcrossing
and genetics. (Fig. 2). Because they swim in liquid
medium and lack a resistant cuticle, pharmaceuticals
are easily delivered to rotifers [17, 18].

The established invertebrate model systems, C. ele-
gans and D. melanogaster, are closely related evo-
lutionarily; both fall within the superphylum Ecdy-
sozoa. Using rotifers, which are part of the distantly-
related Spiralia, as an additional model thus adds

evolutionary breadth to studies of aging [12, 19].
Both C. elegans and D. melanogaster have under-
gone extensive gene loss since they shared acommon
ancestor with humans, and thus are missing many
aging-related genes found in humans [20, 21]. In con-
trast, many other invertebrates, including Brachionus
rotifers, have retained hundreds of human homologs
not found in C. elegans and D. melanogaster [15,
20, 21]. The B. manjavacas transcriptome was found
to have homologs to 614 and 910 human transcripts
that are absent in D. melanogaster and C. elegans
genomes. respectively. Approximately 25% of these
genes were significantly differentially expressed with
aging in B. manjavacas [20]. Non-ecdysozoan ani-
mal models may thus reveal new genes relevant to
human aging that will not be identified in established
invertebrate models.

Brachionus provides a useful model system in
which to study intergenerational and transgenera-
tional effects on aging. Like humans, but unlike
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Fig. 2. Life cycle of the monogonont rotifer Brachionus manjavacas. (A) Left, the asexual (amictic) cycle, in which a female produces
clonal diploid eggs by mitosis. Right, the sexual (mictic) cycle, in which crowding conditions prompt a portion of females in the population
to become mictic, producing haploid gametes via meiosis. If haploid gametes are not fertilized, they hatch into diminutive haploid males.
Fertilized gametes develop into dormant resting eggs, able to desiccate and overwinter in the sediments. Upon hatching, resting egg restore

the asexual cycle.

established invertebrate models, Brachionus rotifers
make a large investment in individual offspring, with
asexual females producing 25-30 progeny sequen-
tially over a week-long period. Sexually reproducing
females produce half that number of offspring. Eggs
are large and, beginning at the one-cell stage, are
carried externally by the female for most of the 20
— 24-hour development period. Neonates are half
to two-thirds the size of their mothers at the time
of hatching and develop directly, without a larval
stage or metamorphosis. These features allow easy
collection of specific developmental stages and age-
synchronized cohorts for lifespan studies.

2.2. Experimental methods in brachionus

Lifespan, fecundity, and health in Brachionus can
be measured using simple methods. Brachionus are
typically grown at 15°C — 25°C in artificial seawater
with salinity ranging from 0 — 20 ppt. Rotifer cultures
are fed unicellular algae, bacteria, or yeast grown in
the laboratory, or they may be reared on commercially
available dried or frozen food. Lifetable assays are
started by vortexing or blending reproductive, asexual
females to collect externally-brooded eggs. Asexual

eggs are hatched over 5 — 16 hours to create an age-
synchronized, isogenic cohort (Fig. 3). Alternatively,
cohorts may be established by rehydrating desic-
cated, dormant resting eggs over 24 hours, resulting in
highly coordinated hatching. Because resting eggs are
produced via sexual reproduction, these experimental
populations are inbred, but not clonal. These alternate
starting points provide flexibility for addressing ques-
tions requiring either isogenic or genetically variable
populations.

Lifespan is typically measured by daily observa-
tion of rotifers isolated into artificial seawater and
food in well plates, and death is characterized by
the cessation of swimming, and of movement in the
cilia, muscles, and the mastax (jaw). These methods
permit tracking of lifespan and fecundity in individ-
uals, rather than in populations. Health is measured
using sensory, motility, and stress resistance assays
[Fig. 4; 16, 18]. 5-fluoro-deoxyuridine (FUDR) may
be used to prevent egg hatching, decreasing the daily
labor required to separate offspring from experimen-
tal animals [18]. However, as in C. elegans, FUDR
extends life span by approximately 25% in Bra-
chionus rotifers and suggesting off-target effects that
may interfere with assessment of phenotypes and
mechanisms [22].
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Fig. 3. Typical methods for analyzing survivorship and fecundity
of Brachionus. Eggs are collected and hatched over a short time
window, resulting in an age-synchronized cohort. Neonates are
distributed to wells containing 1 ml of seawater, algae as food, and
drugs or other treatment. Every 24 h, all individuals are observed by
dissecting microscope; each rotifer is fed, scored as live or dead,
assessed for reproductive status, and the number of offspring is
counted. These methods allows individual-level measurements of
lifespan and reproduction with high replication.

2.3. Brachionus aging phenotype

The aging phenotype of Brachionus rotifers reca-
pitulates that seen in humans and other animal
models. Rotifers have a pre-reproductive period of 1
—2days, a peak in reproduction early in life, followed
by a decline and a short post-reproductive period
before death (Fig. 5). With age, rotifers increase
in size (despite being eutelic, with no somatic cell
division post-hatching), swimming speed peaks in
midlife and then slows, phototaxis (the propensity to
swim toward a light source) declines, and many ani-
mals develop an opaque pigmentation [Fig. 4, Fig. 5;
15, 19]. Preliminary evidence suggests that, as in
D. melanogaster and C. elegans, integrity of the gut

epithelium is lost in late age [23, 24]; food and dyes
can escape the gut and invade the tissues in the hours
or days before death (personal observation).

The transcriptomic signature of aging in B. man-
javacas is similar to that observed in humans and
other animal models [25]. Post-reproductive B. man-
javacas females show decreased expression of
pathways involved in proteostasis, mitochondrial
function, oxidative phosphorylation, and calcium
signaling [20, 26, 27]. Multiple metabolic path-
ways are down regulated in late age, including fatty
acid, pentose phosphate, porphyrin and ether lipid
metabolisms; glycolysis; and the TCA cycle. Addi-
tionally, signaling pathways with roles in nutrient
sensing and metabolism, including insulin signal-
ing, TOR, and adipocytokine pathways are down
regulated in post reproductive females. Interest-
ingly, expression of several transcription factors and
kinases that act as key regulators and integrators of
metabolism, including JNK, INSR, IGF, IGFALS,
and TOR, increase slightly in late age. Together, these
data suggest a dysregulation of multiple metabolic
functions in late life. Thus, these pathways and genes
provide targets for possible interventions to aging,
though considerable work remains to be done to
establish causality of mechanisms correlated with
aging in rotifers.

3. Metabolic manipulation of lifespan and
health in rotifers

Interventions to aging in Brachionus rotifers have
primarily targeted dietary and metabolic treatments.
Endpoint measures have included lifespan, repro-
duction, gene expression changes, and proxies for
healthspan (Fig. 6).

3.1. Dietary interventions

3.1.1. Caloric restriction

As is the case for most animal models of aging,
caloric restriction (CR) has been extensively studied
in Brachionus and non-Brachionus rotifers. A reduc-
tion in food intake is achieved through any of several
methods, including dilution of single-cell algae food
to a low concentration (chronic CR), alternating full
food conditions with starvation on time scales ranging
from hours to days (intermittent fasting), or restrict-
ing food for short periods of life (age-specific CR or
fasting). Depending on the rotifer strain and the level
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Fig. 4. Measures of changes in health with age in asexual, female Brachionus manjavacas (K. Gribble, unpublished data). As rotifers age,
(A) swimming speed declines (n =30), (B) behavior changes from primarily swimming in a straight line or in large circles to predominantly
stationary or twitching movements with no forward motion (n=30), (C) phototaxis (the tendency to swim toward a light source) declines
(n=10/replicate, 5 replicates per age), and (D) survival 24 hours after exposure to heat stress declines by 75% (n =48 per age).
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Fig. 5. Aging phenotype of asexual, female Brachionus manjavacas. (A) Typical survivorship (blue) and fecundity (red) profiles for B.
manjavacas fed ad libitum. Median life span is approximately 2 weeks for asexual females. Reproduction begins after about 2 days;
reproduction peaks at 5 days old. The post-reproductive period is typically 1-3 days long. (C) Morphology changes over the life span of
B. manjavacas. In late age, individuals increase in size, stop producing eggs, and the tail-like foot often drags behind the animal instead of

being tucked against the body.

of CR, these varied regimens extend median lifes-
pan from 10% — 100% [28-34]. The greatest delays
in aging occur under intermittent fasting; the most
extreme lifespan extension occurred in B. plicatilis
that was fed for only 1 h/day, resulting in a doubling
of lifespan [29, 31]. Fasting periods ranging from
24 — 36 h increased lifespan relative to a 12 h fasted
control, while fasting 48 — 72h decreased lifespan
in B. calyciflorus [33]. Fecundity typically declines

under CR, suggesting a trade-off in resource alloca-
tion between reproduction and somatic maintenance
under food limiting conditions [35-37].
Age-specific dietary restriction or starvation in
Brachionus shows that early-life food limitation sig-
nificantly extends lifespan [32]. Late-life CR also
increases lifespan, though to a lesser extent. Inter-
estingly, the longer rotifers were fed in early life, and
the more offspring they produced before the onset
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Fig. 6. A wide range of metabolic interventions have been shown to extend lifespan and improve health in Brachionus rotifers. Work remains
to be done to determine the molecular mechanisms by which these interventions alter aging.

of starvation, the shorter their lifespan. Rotifers fed
for only one or two days before starvation nearly dou-
bled lifespan relative to continuously fed controls, but
those fed for three days or more had a 50% shorter
lifespan than controls [32]. In this case, it is difficult
to separate the effects of reproduction from the effects
of feeding duration and age at onset of starvation.

These results suggest that CR need not be applied
throughout life to achieve benefit. However, the
greater benefit of early life intervention — often just as
large as intervention throughout life — suggests that
early life events disproportionately influence aging
trajectories. While a primary focus in geroscience has
been to determine which therapies will be effective
when implemented late (for obvious reasons, as there
are logistical, ethical, and biological issues with treat-
ing aging in the very young), the field may benefit
from a better understanding of the early life mecha-
nisms that dictate late-life aging phenotypes.

3.1.2. Dietary manipulation

Manipulating specific dietary components or
micronutrients also extends lifespan in Brachionus.
Feeding rotifers different species of phytoplankton
(which vary in their nutrient composition) results
in large differences in lifespan, reproduction, and

population growth rates. In a comparison of three
different algae diets in individual and all pairwise
combinations, B. plicatilis median lifespan ranged
from 2.5 — 10.5d. These lifespan differences were
not correlated (either positively or negatively) with
changes in body size or number of offspring, sug-
gesting there is not a direct trade-off between lifespan,
reproduction, and/or body size, but rather that restric-
tion or addition of specific dietary components may
lead to shifts in life history [38]. Mean lifespan of
B. manjavacas ranged from 10.3 — 15 days when
fed equal quantities of one of four different species
of algae [16]. When fed ad libitum on one of five
different algae species, Brachionus koreanus median
lifespan ranged from 6 — 10 days and maximum
lifespan ranged 6.5 — 11 days, differences of 40%
[39]. These different diets led to significant changes
in fatty acid composition and in expression of lipid
metabolism genes in the rotifers, though the role of
these shifts in directly determining lifespan is unclear
[39]. As expected, when food is not limiting there
was no correlation or trade-off between reproduction
and lifespan [39, 40]. Interestingly, an investigation
of B. calyciflorus and B. patulus fed two different
algae singly or in combination demonstrated that the
difference in lifespan and reproduction was as great
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Fig. 7. Survivorship of asexual female Brachionus manjavacas
fed algae that was grown under high light (Hi) or low light (Low)
conditions. Rotifers were fed under ad libitum (AL) or CR. Though
there was no difference in lifespan for rotifers fed high-light or low-
light algae for under ad libitum conditions, the response to CR was
significantly different depending on the algae growth conditions.
B. manjavacas fed low light algae did not have increased lifespan
under CR. n =48 per treatment. *** p <0.0001, Mantel-Cox test.

between the two rotifer species on the same diet as for
the same species fed different diets [40], emphasiz-
ing the significant variability in lifespan and response
to dietary changes among species, even when very
closely related.

Changes in growth conditions of food cultures
lead to large differences in rotifer lifespan and repro-
duction. Changing the media renewal rate for algae
cultures, thereby altering nutrient levels, light expo-
sure, and growth rate, shifts the algae’s biochemical
composition [41, 42]. For two different algae species,
increasing media renewal rate from 10% to 40% or
50% led to a doubling of protein content, decreased
carbohydrate content by half, and left relative lipid
content unchanged [41, 42]. Rotifers fed high media
replacement rate algae (with higher protein: car-
bohydrate) have significantly longer lifespan and
higher reproduction rates than those fed low replace-
ment rate algae, even when total food levels are the
same [16].

Similarly, using the methods described in Bock et
al., 2019 [43], our work demonstrates that rotifers
fed Tetraselmis suecica grown under high light inten-
sity have both a longer lifespan under ad libitum fed
conditions and a greater response to CR than those
fed low-light algae (Fig. 7). Even algae culture tem-
perature affects rotifer aging. Mean and maximum
lifespan of B. manjavacas are reduced by 18% and
31% respectively when fed algae grown at 30 —34 °C
instead of 25 — 28 °C [44]. These results suggest that
unquantified differences in culture conditions for the
bacteria or yeast provided as food for other inverte-
brate models of aging may lead to variability between
experiments, and as shown in rotifers, could change
the response to dietary or other interventions to aging.

Manipulation of specific nutrients levels in algae
used as food also changes rotifer aging. Feeding B.
plicatilis with selenium-enriched Chlorella algae led
to a 37% increase in median lifespan and a 40%
increase in maximum lifespan relative to growth on
non-enriched Chlorella [45]. However, other metabo-
lites, proteins, carbohydrates, and fatty acids are
likely to have also changed in response to selenium
enrichment in these experiments, possibly contribut-
ing to the lifespan effects in unknown ways.

Understanding how specific nutrients change
health and lifespan can provide insight into mech-
anisms of aging and provide new targets for thera-
pies. In humans, plant-based and low-protein diets
are associated with lower all-cause mortality and
improved insulin signaling compared with animal-
based diets [46—49]. Human and mouse studies sug-
gest this effect may be caused by lower total protein or
by differences in amino acid composition that change
mTOR and metabolic signaling [50, 51]. The changes
in the total or relative amounts of specific nutrients
in different algae diets, and the role of these changes
in determining rotifer lifespan, have not been char-
acterized in most previous studies; many of these
experiments were focused on ecological and popu-
lation outcomes, rather than mechanisms of aging.
Given the ease of the experiments and ability to
collect large amounts of biomass for analysis, Bra-
chionus rotifers provide a tractable system for future
investigation of the metabolic and lifespan responses
to specific nutrients or nutrient combinations using
integrated lifetable, proteomic, metabolomic, and
transcriptomic approaches.

4. Molecular mechanisms of caloric
restriction in brachionus

Because the genomes of Brachionus species
have been sequenced relatively recently [52, 53],
characterization of the molecular mechanisms of
CR-mediated lifespan extension in rotifers is not as
extensive as in established cell and animal mod-
els. Most studies of molecular mechanisms have
been descriptive, correlating changes in gene expres-
sion with changes in aging [54-57]. Still, this
work demonstrates the potential conservation of CR-
mediated lifespan extension mechanisms between
Brachionus and and other models. In the future, gene
knockdown, editing, or transgenesis experiments will
allow testing of hypothesized mechanisms and dis-
crimination between causation and correlation.
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Multiple lines of investigation suggest that lifespan
extension via dietary restriction or nutrient manipula-
tion in rotifers is associated with a shift in metabolism
between glycolysis and the TCA cycle. Glycerol
supplementation led to a 40 — 50% extension of
median lifespan; improved resistance to oxidative,
heat, osmotic, and starvation stress; and increased
swimming speed in late age in Brachionus [58]. It
is hypothesized that glycerol shifts metabolism from
glycolysis to aerobic respiration by increasing the
availability of pyruvate for incorporation into the
oxidative phosphorylation pathway and additionally
acts as a chemical chaperone to protect cells from
detrimental protein aggregation [58].

Lifespan extension upon exposure to ethanol also
suggests that a switch from glycolysis to the TCA
cycle modulates aging in B. plicatilis [59]. Lifelong
exposure to 0.1% ethanol increased median lifespan
by 20%, boosted fecundity by 30%, and increased
resistance to hydrogen peroxide induced oxidative
stress [59]. The suggested mechanism for these
effects is the conversion of ethanol to acetyl-coA
in the TCA cycle and conversion of excess acetyl-
CoA to fatty acids, which activates glucogenesis and
decreases reliance on glycolysis. A similar mecha-
nism was found to drive lifespan extension in ethanol-
exposed C. elegans [60]. Alternatively, ethanol may
change feeding behavior or alter the microbiome,
and thus indirectly influence aging via metabolic
pathways. Metabolomic analyses of ethanol-exposed
animals compared with controls could help to
discriminate between hypotheses and clarify the
mechanism for ethanol-induced lifespan extension.

In contrast, the observation that intermittent fast-
ing increases survival under hypoxia suggests that
CR induces anaerobic respiration in Brachionus
[61]. Both treatments—intermittent fasting and pop-
ulation density induced hypoxia—are concomitant
with increases in expression of the glycolytic
enzymes glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), enolase (ENO), and phosphoglycerate
mutase (PGM) [61]. This metabolic switch is thought
to contribute to population stability when natural
populations reach high density (greater than 100
animals/ml at times in some lake systems), simultane-
ously depleting food and oxygen in the water column.
These hypotheses are supported by a recent study
showing that both early-life and life-long hypoxia
significantly extend lifespan in B. manjavacas [62].

Gene expression studies suggest that CR upregu-
lates genes involved in oxidative stress response and
DNA repair in Brachionus, including MnSOD [54,

63], catalase [64], HSP70, and GRP94 [65]. Heat
stress also increases MnSOD expression [63], and
UV exposure upregulates most heat shock proteins
[66], confirming that these proteins are generally
involved in ROS-related stress responses. It remains
to be tested whether stress response genes like SOD,
catalases, and HSPs contribute to lifespan extension
under CR in Brachionus, or if their increased expres-
sion is a by-product of stress due to limiting food.

A suppression subtractive hybridization study
between fully fed and intermittently fasted (feed-
ing 3 hr/day) B. plicatilis identified 38 differentially
expressed genes, as well as 54 unknown ESTs [55].
Because subtraction was done in only one direction,
only genes upregulated by intermittent fasting were
revealed; down regulated genes were not identified.
These upregulated genes fell into six gene ontol-
ogy functional groups: cell structure, transport and
division, DNA synthesis, metabolism, transcription,
and RNA biosynthesis. Changes in expression of
cell structure, DNA synthesis, and cell cycle genes
are likely attributable to the declines in reproduction
associated with intermittent fasting, given that cell
division occurs only in the germline in Brachionus,
as is also the case in C. elegans. Some of these genes,
including BCCIP, pole, Pols, and CDTI have addi-
tional roles in DNA repair, and thus may indicate
enhanced genome stability under intermittent fasting.
Upregulation of glycogen phosphorylase (Glase),
galactose-4-epimerase (Gale), B-galactosidase (Glb),
and succinate dehydrogenase complex subunit D
(SDHD) suggest a shift in metabolism, possibly a
shift from the TCA cycle to glycolysis under CR.
Increases in IPS2 and peptidylglycine-hydroxylating
monooxygenase (Phm) show differences in amino
acid synthesis and protein post-translational modi-
fication under intermittent fasting [55]. Functional
testing of these genes in lifespan extension under
intermittent fasting remains to be done.

In these experiments, the level of CR imposed
was severe, and reproduction greatly depressed, so
it is difficult to determine whether genes identi-
fied are involved in increasing lifespan or simply
reflect a decline in reproduction. Gene knockdown
experiments, transcriptomic analyses of mild CR-
treated rotifers without a significant decrease in
reproduction, or comparisons between responder and
non-responder strains of the same species would
clarify the molecular mechanisms involved in diet-
mediated lifespan extension.

Feeding selenium-enriched Chlorella algae to
B. plicatilis increases median lifespan by 37%,
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maximum lifespan by 50%, and reproduction by
100% [45]. Selenium has been associated with anti-
cancer, anti-aging, and antioxidant activity in humans
[67]. In ecological systems, low doses have beneficial
effects on reproduction in invertebrates and fish [68],
but at higher doses selenium acts as a toxin [69].
Comparative genome-wide proteogenomic analy-
sis (combined RNA-Seq and proteomics) revealed
that, upon selenium enrichment, differentially ex-
pressed proteins associated with lifespan extension
were primarily involved in ROS defense, protection
from lipid peroxidation, thioredoxin reductase-
mediated selenocompound metabolism, glycolysis,
and amino acid metabolism. Results suggested a shift
from the TCA cycle to glycolysis; this was associ-
ated with decreased ROS levels. Indeed, antioxidant
enzymes GPX and CAT increased, and lipid per-
oxidation and protein carbonylation were lower in
Se-algae fed rotifers. AMPK expression was lower
in these rotifers, suggesting changes in mTOR
pathway energy metabolism. Additionally, selenium
enrichment increased expression of transaminase,
hydroxymethyltransferase, and adenosyltransferase;
these enzymes are involved in metabolism of B-
alanine, arginine, proline, glycine, serine, threonine,
histidine, and tryptophan, and in the degradation of
valine, leucine, isoleucine, and lysine. Together, these
results suggest a shift to glycolysis and improved
amino acid recycling may contribute to lifespan
extension. Given that amino acid metabolism and
degradation decrease in elderly humans, upregulation
of these processes by Se enrichment could provide
benefits in aging and should be explored further [45].

5. Metabolic pathways regulating lifespan in
rotifers

The roles of major metabolic pathways in aging
appear to be conserved between rotifers and estab-
lished invertebrate and vertebrate animal models.
In B. manjavacas, signaling pathways with roles in
metabolism, nutrient sensing, and oxidative phospho-
rylation — including insulin, TOR, and adipocytokine
signaling — are down-regulated in post-reproductive
females [20]. In general, metabolic pathways are
downregulated in senescent females, but the expres-
sion of key aging-related metabolic genes, including
JNK, INSR, IGF, IGFALS, and TOR, increases
slightly in senescence. RNAi knockdown of these
genes is known to increase lifespan in rotifers and
other animals [22, 70, 71]. Other components of

the insulin signaling and TOR pathways, particularly
calcium-signaling genes, have decreased expression
late in life [20]. Together, these data suggest a late-age
breakdown in coordination of metabolic function. As
in other organisms, studies in rotifers suggest that
interventions targeting these pathways can extend
healthspan and lifespan [72, 73].

5.1. Insulin signaling

The mechanisms of insulin signaling appear to
be largely conserved between rotifers, other ani-
mal model systems, and humans. Aqueous extracts
from B. plicatilis cultures have insulin/insulin-like
growth factor activity. When extracts were added
to culture media of rat L6 myoblasts, phosphoryla-
tion of MAPK/ERK and Akt substrates increased.
Insulin/IGF-1 activity was increased in extracts from
fed rotifers relative to starved rotifers suggesting that
insulin/IFG-like activity was stimulated upon feed-
ing [74].

Pharmaceutical inhibition of PI3-kinase extends
lifespan by 30% in B. plicatilis, suggesting involve-
ment of insulin/IGF-1 signaling via PI3-kinase in
regulating rotifer lifespan [56]. The inhibitor used,
LY294002, also extends lifespan in C. elegans via
age-1 (PI3-kinase) suggesting conservation of this
mechanism of aging across diverse animals [75].
Although LY294002 does not inhibit the activity of
PI4-k, PKC, PKA, or MAPK, it may influence the
activity of other PI3-k-like kinases, so it is unclear if
lifespan extension is specifically controlled by PI3-
kinase inhibition in Brachionus.

5.2. TOR signaling

TOR and JNK inhibition both increase lifespan
in rotifers, consistent with findings from C. elegans
and Drosophila. Rapamycin, which suppresses TOR,
increases lifespan and decreases reproduction in a
dose dependent manner in B. calyciflorus and B. man-
Jjavacas [22, 76]. Rapamycin additionally conferred
increased resistance to starvation stress, but not to
UV, oxidative, osmotic, or heat stressors, indicating
ROS-mediated stressors are not affected by decreases
in TOR signaling [22].

Pharmaceutical inhibition of JNK extended me-
dian lifespan by 35% and maximum lifespan by
37%, but reduced lifetime reproduction by 77% [22].
Inhibition of INK activity increased resistance to star-
vation and osmotic stressors, but not UV, oxidative,
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or heat stressors, suggesting JNK is not involved in
mediating ROS production or damage. As measured
by MitoTracker, mitochondrial activity increased
upon JNK inhibition, further suggesting that JNK-
mediated lifespan extension is not affected via ROS
reduction [22]. RNAi knockdown of TOR and JNK
produced significant lifespan extension similar to
chemical inhibition. Although treatment with a com-
bination of rapamycin and JNK inhibitors extended
lifespan more than either treatment alone, RNAi
knockdown of TOR and JNK did not produced this
additive effect, suggesting that the pharmaceuticals
may not target only the JNK and TOR genes [22].

6. Comparative biology of aging using the
brachionus species complex

The Brachionus species complex is comprised of
15 morphologically similar but genotypically diverse
species, providing a unique opportunity to use a
comparative biology approach to study aging. The
genetic distance of the common barcoding gene,
COI, ranges from 0.3 to 13 % within species and
from 12 to 23% between species [77, 78]. This spec-
trum of relatedness is correlated with a gradient of
reproductive compatibility among species, with more
closely related species having a greater degree of mate
recognition and reproductive success. The ability to
interbreed between strains and subspecies allows out-
crossing and traditional genetic techniques to identify
genes involved in aging.

Each Brachionus species comprises a diversity of
strains; these strains evolved in varied environments
where they were subject to different diet, temperature,
salinity, predation, hydroperiodicity, and pathogen
selective pressures, leading to natural genetic and
phenotypic variability. These different strains have
diverse aging phenotypes and responses to aging
interventions and thus function as “natural mutants”
that can be used in comparative investigations to
identify mechanisms driving aging and interventions
[28, 79, 80]. Decades of work by dozens of research
groups have characterized shifts in lifespan, health,
and reproduction in response to altered environmental
conditions and have revealed significant variability in
aging plasticity among Brachionus strains. Lifespan
ranges from a few days to a few weeks depending
on the strain, and responses to interventions assumed
to be conserved among distantly related taxa actu-
ally vary greatly among strains. This diversity can be
leveraged experimentally to provide insights into the

genetic and molecular controls on aging and therapies
to aging.

6.1. Caloric restriction

Comparisons between strains or species of Bra-
chionus show that the response to CR depends on
genetic background, with different strains exhibiting
increased, decreased, or no change in lifespan under
CR or intermittent fasting diets [28, 81]. Similar
results were found in 41 recombinant inbred mouse
strains [82]. Comparative genomics and transcrip-
tomics of strains with diverse responses to the same
CR treatments will yield insights into the pathways
specifically involved in lifespan extension versus
those differentially regulated in a non-adaptive stress
response.

Even within a strain there may be variability in the
response to CR. In B. manjavacas, different reproduc-
tive modes of the same strain have varied responses
to CR. Median lifespan of asexual females is 14%
longer than that of sexual females under ad libitum
conditions. However, under intermittent fasting, sex-
ual females increase median lifespan by 71%, while
asexual females increase lifespan by 50% [29]. These
sexual and asexual females are genetically identical,
suggesting that as-yet undefined epigenetic factors
determine lifespan and modulate the response to
interventions. Males in Brachionus do not feed, and
thus are not used to study sex-specific differences in
the response to CR.

6.2. Pharmaceuticals, gene knockdown, and low
temperature

Responses to a range of other treatments, includ-
ing low temperature [80, 83, 84] and pharmaceuticals
[58], range from positive to negative among Bra-
chionus genotypes. In a survey of 11 closely-related
strains, growth at low temperature led to changes
in lifespan ranging from a 6% decrease to a 100%
increase, depending on the strain [80]. These results
suggest active genetic control of lifespan extension
under low temperature, rather than a passive thermo-
dynamic response that lowers metabolism and
thereby slows the accumulation of ROS-related
cellular damage, as has been hypothesized. Pharma-
ceutical treatment and RNAi knockdown suggests
the involvement of TRP channels in mediating
low-temperature lifespan extension in Brachionus,
a mechanism conserved in C. elegans [84, 85].
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Within the B. calyciflorus species complex, two mito-
chondrial DNA lineages that exhibit differences in
thermotolerance demonstrate differential expression
of lipid and xenobiotic metabolism genes, suggesting
divergent adaptive selection and metabolic control of
temperature-regulation of aging [86]. Thus, it seems
that understanding how selective evolutionary pres-
sures act on different populations may be important
for predicting how interventions to aging will affect
different genotypes.

The diversity of well-characterized rotifer strains
in culture provides a valuable resource for investi-
gating the biology of aging. Comparative genomics,
transcriptomics, and metabolomics can be used to
contrast the positive and negative responders to inter-
ventions, in order to identify genes and pathways
specifically involved in lifespan extension versus
those involved only in stress responses or shifts in
the allocation of resources. Mechanisms identified as
conserved across a range of species have a higher
likelihood of success for translation to human health.

7. Challenges and future directions

The wealth of prior studies, genetic homology
with humans, experimental tractability, and growing
genetic tools poise rotifers to be a powerful model
for the study of aging. Establishing a new, geneti-
cally tractable model system for the biology of aging
is not without challenges, however. Building a rotifer
aging research community will be key to determining
the success of Brachionus as a model system. Cur-
rently, only a handful of laboratories use Brachionus
rotifers as their primary model for studying aging.
Most rotifer biologists have focused on questions of
ecology, evolution, taxonomy, and utility in aquacul-
ture. With a few exceptions [e.g., 87, 88, 89], the use
of rotifers to address biomedical questions is rela-
tively recent. Collaboration between rotifer biologists
and those with expertise in aging, genetics, cell, and
molecular biology of other systems will be key to
expanding the use of this valuable system.

Currently, the genetic and genomic tools for
rotifers are limited, though considerable progress
has been made in the development of these tech-
niques. Sequenced genomes, transcriptomes, and
RNAI allow genetic analysis and manipulation [20,
52, 53, 90, 91]. Transgenics and genome editing
methods such as CRISPR/Cas9 are lacking for Bra-
chionus, however. The continued growth of rapid,
low-cost sequencing, transcriptome manipulation,

genome editing, and imaging technologies enables
use of diverse species to investigate both novel and
long-standing questions in aging. Establishing these
tools for rotifers will allow the model to be used more
widely.

Rotifers are valuable for studying questions that
are not easily addressed in other short-lived inver-
tebrate models for aging. For example, because they
have retained hundreds of human gene homologs that
are absent from the genomes of C. elegans and D.
melanogaster, Brachionus spp. may be uniquely used
to investigate the role of these human-relevant genes
in aging and as potential targets for interventions
[20]. As members of the Gnathaferia clade, rotifers
are evolutionarily distantly related to C. elegans
and D. melanogaster, which are both Ecdysozoans
[92]. Thus, results from rotifers provide phylogenetic
breadth to comparative biology studies, which may
help to answer questions about the evolution of aging
and evolutionary conservation of the mechanisms of
aging. Because rotifers swim in liquid medium, they
may be used for easy screening of pharmaceuticals as
potential therapies [17]. In addition, rotifers’ complex
and easily observed behaviors, in combination with
a centralized brain, a simplified peripheral nervous
system, highly conserved neurotransmitter function,
and tractable labelling and imaging of nervous system
morphology and function, will permit these simple
invertebrates to be used for studies of the neurobiol-
ogy of aging and metabolic therapies for age-related
neurodegeneration. By using the unique biology of
rotifers to answer novel questions that cannot be fully
addressed in other organisms, we can capitalize on
Brachionus as an additional tool to advance progress
on our understanding of the biology of aging.
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