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The importance of feeding status and desiccation rate in
successful anhydrobiosis of Panagrolaimus detritophagus
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Summary — We examined the effect of nutritional status and desiccation rate on the ability of Panagrolaimus detritophagus to undergo
anhydrobiosis, as well as to survive high temperatures in the dried state. Both nutrition and drying rate were found to be important, with
starvation and slow drying providing better success at anhydrobiosis. The upper temperature for survival of dried animals in laboratory
studies was 80°C. Starved worms recovered from drying more successfully when the starvation period was followed by a smooth,
gradual dry period prior to undergoing desiccation. Thus, the ability of these worms to enter and leave anhydrobiosis is dependent on

critical stress signals.
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Organisms that tolerate complete dehydration are said
to be anhydrobiotic and can be referred to as anhydro-
biotes. This remarkable ability exists across all biologi-
cal kingdoms. In animals, anhydrobiosis occurs in nema-
todes, rotifers, tardigrades and some arthropods (Alpert,
2005a). These taxa, except for nematodes, not only toler-
ate desiccation, but also survive high temperatures, some
well above 100°C (Mertens et al., 2008).

Temperature and humidity are the most critical factors
determining nematode distributions in nature (Bakonyi et
al., 2007). Free-living nematodes are ubiquitous inhabi-
tants of soils in most ecosystems (Treonis & Wall, 2005),
ranging from the Antarctic dry valleys to hot deserts and
agro-ecosystems (Treonis et al., 2000; Wharton, 2002,
2003; Brown et al., 2004; Shannon et al., 2005). Most
nematodes are small and lack a rigid skeleton of any
kind, features that enable them to shrink and curl as
they dry out. Such morphological changes allow nema-
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todes to reduce their surface area, thereby lessening wa-
ter loss (Alpert, 2006). Due to their small size and in-
ability to undergo long distance migration, free-living ne-
matodes must react quickly when desiccation stress be-
gins (McSorley, 2003). Many species enter anhydrobiosis
when facing desiccation (Wharton, 1996; Ricci & Pagani,
1997; Treonis et al., 2000; McSorley, 2003; Brown et al.,
2004; Alpert, 2005a, b, 2006; Shannon et al., 2005; Treo-
nis & Wall, 2005).

At high temperatures metabolism is likely to be reduced
because nematodes become quiescent and first exhibit
heat stupor, and then heat coma. Recovery after exposure
to heat coma has been reported in a few studies (Wharton,
2002). In this study we explored the extent of flexibility
when entering and subsequently recovering from anhy-
drobiosis in Panagrolaimus detritophagus Fuchs, 1930,
both in relation to the nutrititional status and desiccation
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rate of the worms. We also examined their survival at high
temperatures with regard to these parameters.

Materials and methods

MORPHOLOGICAL AND MOLECULAR
CHARACTERISATION

Nematode specimens for light microscopy observa-
tions were collected using a stereomicroscope (Wild M5),
placed in an embryo dish, and fixed in hot aqueous
4% formaldehyde + 1% glycerin and processed to an-
hydrous glycerin following the glycerin-ethanol method
(De Grisse, 1969). DNA extraction, PCR reaction and se-
quencing the SSU (18S) rDNA was done as in Bert et
al. (2008). For the D2D3 region, the forward D2A (5'-
ACAAGTACCGTGAGGGAAAGTTG-3') and reverse
D3B (5-TCCTCGGAAGGAACCAGCTACTA-3') prim-
ers were used (Koekemoer et al., 1999).

Nearly complete sequences of 18S rRNA (1685 bp)
and the D2D3 expansion region of 28S rRNA (727 bp)
were obtained. The two sequences were deposited in
NCBI GenBank under accession numbers GU014546 and
GU014547.

Additional sequences of Panagrolaimus for the phylo-
genetic analyses were obtained from GenBank, mainly
from Lewis er al. (2009) and Shannon er al. (2005).
The sequences were aligned with Clustal W (Thompson
et al., 1994) and manually checked. Bayesian Inference
(BI) was performed with MrBayes v3.1.2 (Ronquist &
Huelsenbeck, 2003) with a general time-reversible model
with rate variation across sites and a proportion of invari-
able sites (GTR + I 4 T'), as estimated by PAUP*/Mr
Modeltest 1.0b (Nylander, 2004). Analyses were run for
3 x 10° generations and trees were generated using the
last 2 x 10° generations well beyond the burn-in value.

CULTURING

Stems of Lobularia maritima plants (Brassicaceae)
were collected in the Canary Islands, Province of Santa
Cruz de Tenerife (Adeje, Barranco del Infierno 28°721”N,
16°43'3"W), air-dried and stored for collection of seeds.
These seeds were rehydrated for germination on nutrient
agar in Petri dishes. Among the grains that did not ger-
minate, an expanding population of Panagrolaimus flour-
ished, and this was used for the inoculation of our labora-
tory culture.

Panagrolaimus are bacterial-feeding soil nematodes
and can be cultured in the laboratory using the meth-
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ods developed for Caenorhabditis elegans (Shannon et
al., 2005). The worms were cultured at 20°C on Petri
dishes containing nutrient agar (Oxoid CM0003; Oxoid,
Basingstoke, UK) with a lawn of Escherichia coli K12
as a food source. In the starvation experiments, part of
the worm population was placed on plates containing agar
N°1 (Oxoid LP0011) without E. coli.

DESICCATION

Desiccation tolerance was monitored by taking 20 ul of
a mixed stage culture that was rinsed off the plate with S-
buffer (0.1 M NaCl, 0.05 M potassium phosphate buffer,
pH 6.0). In the starvation-re-feeding experiment, 20 ul
aliquots (about 50 nematodes), were put on glass slides
and allowed to dry at room temperature (65% humidity)
prior to being transferred to a desiccator over silica gel.
The dried samples were kept in the desiccator for 2 days.

In the slow dehydration experiment, the glass slides
containing the 20 ul aliquots of mixed-stage worm
suspension were transferred to a series of sealed boxes
with decreasing relative humidity (RH) (Winston & Bates,
1960). The worms remained in each box for 2 h before
transfer to the next box with lower relative humidity. In
the final stage, the worms with 20% RH were transferred
to a desiccator. The humidity in the boxes was obtained
using the following saturated salt solutions, all at 20°C:

1. H,0O: 100% RH

2. NaClOs: 75% RH

3. Na2HSO4: 52% RH

4. KC2H3022 20% RH

5. Entering into desiccator: 0% RH

To have a stabilised vapour pressure in each box,
the solutions were prepared a few days in advance, and
RH was monitored (Testo 635; Testo, Alton, UK). All
samples dried over silica gel were rehydrated by adding
distilled water, and survival (scored as movement of
the worms after 6 h of recovery) was assessed under
a stereomicroscope (Wild M5). Metabolism and water
contents increased rapidly when anhydrobiotic nematodes
were immersed in water (Barrett, 1982; Wharton et al.,
1985), but there was a period of apparent inactivity
referred to as the ‘lag phase’ which lasts 2-3 h before
complete activity resumes (Wharton et al., 1985).

RESISTANCE TO HIGH TEMPERATURES

The methodology used for heating was the same as
that used for the slow heating experiments described by
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Mertens et al. (2008). Heating of dehydrated worms in
the dried agar samples was carried out in small aluminium
holders put in a dry air oven (Memmert UFE 500;
Memmert, Buechenbach, Germany). The probe of a wire
thermocouple (connected to a data logger, Testo 175-T3)
was placed directly in the sample holder in contact with
the dried nematodes. This made us confident that we were
measuring the actual temperature of our samples. The
specimens reached the desired temperature after 15 min.

Results

According to light microscopy observations, the few di-
agnostic morphological/morphometrical characters avail-
able in Panagrolaimus point to the species P. detritoph-
agus: relatively small (about 600 pm); lip region sim-
ple with rounded lips; clear dorsal denticle at stegostom;
and tail conical but asymmetrical, about three anal body
diam. long, shorter on ventral side. Phylogenetic analysis
based on nearly complete SSU rDNA sequences placed
our P. detritophagus sister to P. detritophagus EU543176
(Fig. 1) and only two out of 1685 nucleotides were dif-
ferent. Both populations formed with Panagrolaimus sp.
U81579 and Panagrolaimus davidi AJ567385 a highly
supported clade (PP: 98). Phylogenetic analysis based on
35 short SSU rDNA sequences to include additional Pana-
grolaimus populations, of which several were the subject
of physiological studies (Shannon et al., 2005; Lewis et
al., 2009), resulted in a tree topology with a relatively low
resolution (tree topology not shown). This is most likely
because of the limited length of the available GenBank
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sequences. Also our phylogenetic analyses based on the
D2D3 region resulted in a tree with low resolution; P. de-
tritophagus was placed in a unresolved clade with several
Panagrolaimus spp. (result not given).

When a small population of mixed-stage Panagro-
laimus is transferred to a fresh agar plate with a lawn of
E. coli, it will quickly increase in number during the next
few days. As the population grows, the food source will
be depleted. After several days, the worms will stop pro-
liferating and, finally, development of juveniles will also
cease.

We have tested the ability of worms to undergo suc-
cessful entry into and exit from anhydrobiosis during the
course of population expansion, starvation and develop-
mental arrest. Panagrolaimus that went into anhydrobio-
sis successfully showed typical curled morphology during
desiccation time over silica gel, in contrast to that part of
the population that did not survive desiccation, having a
deformed, stretched shape. This comparison between suc-
cessful and unsuccessful nematodes was monitored under
the stereomicroscope (Wild M5) in both desiccation and
rehydration conditions. Worms that curled during desic-
cation became active after rehydration.

Worms that were put on fresh plates and able to feed
ad libitum lacked the ability to enter anhydrobiosis after
a normal desiccation procedure (Fig. 2). However, over
the course of time, the rate of successful anhydrobiosis
rose slowly and reached a maximum of about 50% in an
11-day-old culture. At that time the plates were already
cleared of bacteria. After day 11, the fraction of desiccated
surviving worms slowly declined towards a seemingly
steady 15-20% by day 18.

Panagrolaimus detritophagus GU014546

100 Panagrolaimus detritophagus EU543176

100

981 L panagrolaimus sp. U81579
Panagrolaimus davdi AJ567385
0.01 P anagrolaimus rigidus DQ285636

—panagrolaimus subelongatus AY284681

Panagrellus rediivus AF036599.
Turbatrix aceti AF202165

18S SSU rDNA

Fig. 1. BI 50% majority rule consensus phylogeny of Panagrolaimus detritophagus with related sequences from GenBank based on 18S
SSU rDNA data. Analysed with a GTR + 1+ I" model, as estimated by PAUP*/Mr Modeltest 1.0b. Branch support values are indicated

with PP.
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Fig. 2. Desiccation experiment. Mean survival (%) of Panagro-
laimus detritophagus with decreasing food availability in func-
tion of time (day). The day in which nematodes were transferred
to the fresh palates was referred as day 0. Error bars = standard
deviation (n = 7).

The intriguing biphasic pattern seen in these results
may have been caused by parameters other than feed-
ing conditions (such as population distribution, or humid-
ity/water activity of the agar plates). This prompted us to
examine anhydrobiotic success as a function of food avail-
ability.

In the re-feeding experiment, nutrient agar plates with
lawns of E. coli were seeded with mixed Panagrolaimus
populations and the fraction of survival after anhydrobio-
sis was determined over time in a set of subsamples. After
animals on plates were starved (day 7), they were trans-
ferred to different types of fresh plates. One subpopulation
was transferred to fresh nutrient agar plates seeded with E.
coli (re-feeding); another subpopulation was transferred
to empty agar no. 1 plates (complete starvation) and fi-
nally, the control population was left on the original plates
(Fig. 3).

As expected, anhydrobiotic success continued to rise
in the control population, confirming the pattern found in
the first experiment. Worms that were switched to empty
agar no. 1 plates and suffered from continued starvation
showed a very similar pattern, and anhydrobiotic success
remained high even over extended periods of starvation.
The subpopulation of worms that were re-fed failed to
survive desiccation. Only after a few days, when animals
were again starved, did the fraction of anhydrobiotic
survivors increase. These data suggest that the capacity
to recover mainly depended on starvation rather than
population distribution or water content on the plates.
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Fig. 3. Starvation-re-feeding experiment. Dynamics of re-
feeding pattern and survival strategy in Panagrolaimus detri-
tophagus after a complete starvation period in function of time
(day) (n = 7).
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Fig. 4. Recovery (%) using different rates of desiccation in
Panagrolaimus detritophagus (n = 6).

We tested the capacity for desiccation recovery under
varying rates of desiccation in Panagrolaimus (Fig. 4).
Worms were desiccated rapidly (£3 h, by transferring
the 20 wl suspensions to a desiccator; referred to as
‘Immediate’ in Fig. 4), normal (£5 h, by allowing 20 ul
drops to dry at room temperature and humidity) and slow
(48 h, by controlled decrease in humidity as described
in Materials and methods). These worms were in the
stage that yielded the highest recovery (day 11; Figs 2,
3) in our early experiment. Slow dehydration consistently
yielded the highest rates of survival after those worms
were rehydrated. This is in accordance with an earlier
study reporting increased dehydration survival in several
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Fig. 5. Heat resistance (mean recovery percentage) of anhydro-
biotic Panagrolaimus detritophagus as a function of temperature
(°C). Heating of dehydrated worms in the dried agar samples
was carried out in small aluminium holders, put in a dry air
oven. The probe of a wire thermocouple was placed directly in
the sample holder in contact with the dried nematodes. Error
bars = standard deviations (n = 8).

Panagrolaimus species after a period of preconditioning
at 98% RH (Shannon ef al., 2005).

During periods of drought, temperatures can peak to
high levels in the natural environment. So we tested the
heat resistance of anhydrobiotic Panagrolaimus. Worms
were slowly desiccated, and then heated to 70, 80, 90 and
100°C (Fig. 5). The samples were then cooled to room
temperature (20 + 2°C), and the worms were rehydrated
as described in Materials and methods and assayed for
survival. Refined heating intervals of 1°C were used
between 80 and 90°C (81, 82, ..., 90°C). Successful exit
from anhydrobiosis was not drastically lowered when
worms were exposed to 70°C. Treatment at 80°C showed
a prominent decline in survival until 86°C; while at 90°C
no anhydrobiotic worms survived (Fig. 5).

Discussion

Although our paper does not deal with biochemical
mechanisms it is obvious that these are important to
successful anhydrobiosis. For example, the disaccharide
trehalose has long been known to play an important role
in the desiccation tolerance of some nematodes (Madin
et al., 1978; Behm, 1997) and an interest in the role of
trehalose continues for anhydrobiotes in general (Clegg,
2001). In recent years, a lot of attention has been given to
the late embryogenesis abundant (LEA) proteins, thought
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to play a protective role during the anhydrobiosis of a
variety of invertebrates (Goyal et al., 2005a; Tunnacliffe
& Wise, 2007) including nematodes (Goyal et al., 2005b).
Some information about the genetics of anhydrobiosis in
nematodes is also available (Browne ef al., 2004; Grewal
et al., 20006).

Anhydrobiotic nematodes have been divided into two
broad groups: slow-dehydration strategists and fast de-
hydration strategists (Womersley, 1987). However, it is
more likely that a distribution of optimal rates of water
loss exists for different species rather than two distinct
groups (Allan & Wharton, 1990). Free-living nematodes
are predominantly slow dehydration strategists, surviving
the rates of water loss likely to be experienced in their
habitats. The variation in survival between different ne-
matode populations seems to be due more to the rates of
water loss they can tolerate rather than the absolute degree
of desiccation stress they can survive.

Entry into anhydrobiosis is dependent on the activation
of a specific genetic programme leading to morphological,
behavioural and physiological changes that prepare the
worm for desiccation (Ricci & Pagani, 1997). The exe-
cution of this programme and the synthesis of protective
metabolites such as trehalose (Behm, 1997) takes several
hours at least, which may explain why rapid desiccation
is lethal to many anhydrobiotes (Shannon et al., 2005).
Compared with other anhydrobiotic species (Mertens et
al., 2008), Panagrolaimus is not extremely heat resistant
during anhydrobiosis. Remarkably, Shannon et al. (2005)
found that the anhydrobiotic potential of Panagrolaimus
species and strains is correlated with their phylogenetic
position within the genus Panagrolaimus. Our phyloge-
netic outcome, based on nearly complete 18S sequences,
is largely similar to that of Shannon et al. (2005): P.
rigidus AF40 has a sister relation to the clade contain-
ing P. detritophagus and P. davidi, while the clades con-
taining the latter two species also have a sister relation. In
Shannon et al. (2005) the strongly anhydrobiotic strains of
Panagrolaimus form a single phylogenetic lineage, which
is separate from the poorly desiccation-tolerant strains, in-
cluding P. detritophagus. Panagrolaimus detritophagus is
known to have a limited ability to survive rapid desicca-
tion but its anhydrobiotic ability improves upon precondi-
tioning (Shannon et al., 2005).

Our results suggest that the ability of P. detritophagus
to enter into anhydrobiosis is dependent on critical stress
signals. Well-fed worms did not survive anhydrobiosis
and needed at least a short but vital period of starvation
before successfully entering into anhydrobiosis. Although
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starvation was necessary for surviving desiccation and
successful rehydration, its duration was critical. Many
starved worms that do not have any internal fat reserves
for long periods (more than 11 days) were unable to enter
anhydrobiosis successfully. Starved worms will recover
from drought more successfully if the period of starvation
is followed by a smooth gradual drying period prior to
undergoing desiccation. Fast dehydration strategists may
have acquired adaptations that ensure the necessary slow
rate of water loss (Wharton et al., 2008). The latter can
be achieved via behavioural mechanisms, such as coiling,
which lessens the rate of water loss by reducing the
surface area exposed to the air. Coiling is a widespread
response to desiccation in nematodes, and appears to
be essential for survival (Womersley & Ching, 1989) in
environmental temperatures between 80° and 90°C.
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