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Heat Tolerance and Aging of the Anhydrobiotic Seed Gall Nematode
with SEM Observations
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Abstract: The seed gall nematode, Anguina agrostis, feeds and reproduces within the developing ovaries of bentgrass seeds and
overwinters in seed galls as anhydrobiotic juveniles. These dormant juveniles can survive within the seed gall for many years. In this
dehydrated state, they are more tolerant to extreme environmental conditions than are their hydrated counterparts. Nematodes in
seed galls were exposed to various high temperatures (80 to 1608C) for time intervals of 5 to 30 min. Survival decreased as time and
temperature increased. Remarkably, these nematodes survived exposure to 1558C for 5 min, higher than that recorded for any other
metazoan. In contrast, seed galls that had been stored at room temperature and humidity for 5 yr also survived exposure to extreme
temperatures; however, their survival rates were not as high as those for freshly collected galls. Juveniles within the seed gall were
coiled and grouped together conforming to the shape of the seed gall. The gross morphology of the cuticle of the juveniles was very
smooth and relatively undistorted by the shrinkage from the loss water from their body tissues. Wherever the nematodes were cut
with a razor blade, a small amount of their contents oozed out of the opening and coalesced with that of other nearby specimens and
appeared gel-like. Elucidation of the mechanisms that enable these nematodes to remain viable after exposure to extreme heat
remains a mystery. Understanding the changes that occur in these nematodes as they rehydrate and return to life from an ametabolic
state may have major impacts on the life sciences, including insights into the answer of the age-old question: ‘‘What is life?’’
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A seed gall nematode, Anguina agrostis (Steinbuch,
1799) Filipjev, 1936, which was found parasitizing red-
top creeping bentgrass (Agrostis stolonifera L.) (Eisenback
and Roane, 2006), overwinters in an anhydrobiotic state.
Anhydrobiosis, ‘‘the ability to survive the cessation of
metabolism due to water loss’’ (Crowe and Madin, 1975),
was first reported in Anguina tritici (Steinbuch, 1799)
Filipjev, 1936 by Needham in 1743 (Needham, 1743).
This loss of water and the subsequent state of sus-
pended animation is often correlated with the ability of
ametabolic organisms to survive extreme environmental
conditions including cold, heat, X-ray radiation, very low
vacuum, very high pressure, and immersion in alcohol
and other toxins (Wharton, 2002). Anhydrobiotic nem-
atodes have been reported to survive 1058C for 2 min
(Crowe and Madin, 1975). Hydrated living nematodes
are more sensitive to temperature. The thermophilic
nematode, Aphelenchoides parietinus (Bastian, 1865) Steiner,
1932, was found actively living in a natural hot spring
in New Zealand at a temperature of 61.38C, giving it
the record for all metazoans (Rahm, 1937). The thermal
death point, however, was not determined (Rahm, 1937).
The thermal death point for most mesophiles that are
metabolically active is approximately 468C (Dwinell,
1990); however, anhydrobiotic forms can survive much
higher temperatures. Anhydrobiotic tardigrades and
rotifers hold the record for surviving exposure to high
temperature (Horikawa, 2007). They can survive 1518C
for several minutes (Wharton, 2002). To see if the seed

gall nematodes could survive similar temperatures, we
tested their ability to survive very high temperatures as
anhydrobiotes and determined their thermal death
point.

Many nematodes become coiled during the de-
hydration part of the initiation of anhydrobiosis
(Demeure et al., 1979; Wharton and Marshall, 2002).
Often shrinkage of the body during dessication is no-
ticeable from wrinkles in the cuticle (Freckman et al.,
1977). To observe the physical condition of the juveniles
of A. agrostis within the seed gall, we cut through the wall
with a razor blade and examined the exposed nema-
todes with a scanning electron microscope (SEM). We
also sliced through the nematodes within the untreated
seed gall at perpendicular and diagonal angles to ob-
serve the nature of the contents of the dehydrated
nematodes.

MATERIALS AND METHODS

Heat tolerance: Redtop creeping bentgrass seeds in-
fected with seed gall nematode were collected on 24
August 2011 from a naturally infested site on Butt
Mountain Lookout in Giles County, VA. Seed galls were
soaked in purified drinking water (Sam’s Choice�,
Walmart Stores, Inc., Bentonville, AR) for 24 hr to eval-
uate the survival of juvenile nematodes at room tem-
perature (208C). Additional seed galls were exposed to
high temperatures in a glass test tube immersed in hot
water for 5, 10, 15, and 30 min at 80, 90, and 1008C
for each time interval. A glass tube with an analog ther-
mometer inserted inside was placed into a beaker of
water and allowed to reach the desired temperature. The
seed gall was added to the tube and the temperature was
monitored during the desired time interval. The tem-
perature usually exceeded the desired temperatures by
1 to 2 degrees during the treatment, but it did not drop
below the targeted temperature. After the desired time
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interval was complete, the seed gall was removed from
the test tube and cooled in a Bureau of Plant Industry
(BPI) dish. After 5 to 10 min, 20 ml of purified water was
added to the dish and the dish was maintained in a moist
chamber at room temperature for 24 hr. For tempera-
tures higher than the boiling point of water, seed galls
were placed in a BPI dish in a thermostatically controlled
oven maintained at 110, 120, 130, 140, 150, 155, and
1608C for varying times ranging from 5 to 30 min. The
temperature was monitored with an analog thermome-
ter placed through a hole in the wall of the oven during
the entire period of exposure and usually exceeded the
desired temperature by 1 to 2 degrees but did not fall
under the targeted temperature. The BPI dish with the
treated gall was removed from the oven and allowed to
cool to room temperature before 20 ml of purified water
was added; the treated gall was then allowed to soak for
24 hr, after which the nematodes were freed from the
gall with sharply pointed forceps and counted with an
inverted light microscope. Nematodes in each gall were
counted as living if they were moving, or as dead if they
were not. All treatments were replicated six times and
the means of each was compared for statistical signifi-
cance difference at the 0.05 level with Tukey’s HSD
(honestly significant difference) mean comparisons tests
as executed with JMP 10 � software (SAS, Cary, NC).

Effects of aging on heat tolerance: Samples that were col-
lected on 21 August 2006 and stored in an open plastic
bag in a laboratory cabinet for more than 5 yr were
compared with freshly collected specimens (24 August
2011) from the same population of A. agrostis. Seed galls
were soaked in tap water for 24 hr to evaluate the survival
of juvenile nematodes. Additional seed galls were ex-
posed to high temperatures in a glass test tube immersed
in hot water for 5, 10, 15, and 30 min at 80, 90, and 1008C
each. The treated galls were placed into tap water for
24 hr at 208C, after which the nematodes were freed
from the gall with sharply pointed forceps. All treat-
ments were replicated six times and the means of each
was evaluated for statistical significance as previously
reported. All of the nematodes in each gall were counted
and they were considered as living if they were moving,
or as dead if they were not.

SEM of juveniles inside the seed gall: Seed galls were se-
lected from the seed heads of infected redtop bentgrass
and untreated galls were cut with a razor blade in cross,
diagonal, and longitudinal sections. They were moun-
ted onto aluminum stubs for SEM with double sticky
tape, coated with approximately 240 Å of gold/pala-
dium with an Emitech SC 7620 sputter coater operating
at 20 mA for 90 sec, and imaged with a JEOL Neoscope
JCM-5000 operating at 10 kV.

RESULTS

The number of juveniles per gall varied from 297 to
1,280. On average (n = 6), fresh galls contained 630

nematodes, of which 82% were alive, whereas, 5-yr-old
seed galls had 694 nematodes, of which 72% were liv-
ing (Fig. 1). The survival of nematodes in galls that
were heat-treated at 808C for 30 min was 90% in fresh
galls and only 68% in 5-yr-old galls. Fresh galls exposed
to 908C for 30 min had survival rates of 68%; but in
5-yr-old galls, only 10% of the individuals survived. All
of the nematodes were killed in 5-yr-old galls that were
treated at 1008C for 15 min; however, 31% survived ex-
posure for 5 min. In contrast, there was 72% survival in
fresh galls that were treated at 1008C for 5 min, and 35%
survival after exposure for 30 min.

Nematodes from fresh galls had 42% survival at 1108C
for 15 min and 6% for 30 min (Fig. 2). Five percent
survived 1208C for 15 min; 20% survived after 5 min at
1308C; 28% survived at 1408C for 5 min; 7% survived
after 5 min at 1508C; and 13% survived 1558C for 5 min.
None survived 1608C for 5 min.

The seed galls induced by A. agrostis on redtop bent-
grass were extremely elongated compared with the nor-
mal rounded seed (Fig. 3). Cutting the gall with a razor
blade resulted in a clean, crisp cut of the plant tissues
and revealed the coiled second-stage juveniles (Fig. 4).
However, in the SEM, the cut surface of the nematodes
allowed the body contents to ooze out into what ap-
peared to be a smooth, amorphous gel-like substance
(Fig. 4). The contents from surrounding nematodes or
from surfaces cut through adjacent body sections, like-
wise, fused together. Inside the gall, the coiled nema-
todes were conformed to the elongated shape of the
chamber and often intertwined with each other. Their
cuticle was smooth and not wrinkled from the shrinkage
caused by a large loss of free water in the body (Fig. 4).
Regular body annulations were smooth and the lateral
field was clearly marked by four incisures.

DISCUSSION

These experiments demonstrated that juveniles of
A. agrostis have a remarkable tolerance to heat that
gradually declined as they aged, and as temperature and
length of exposure was increased. As temperatures in-
creased, survival was negatively correlated with the time
of exposure. Treatment at 908C for 15 min had little ef-
fect on recovery compared with recovery at room tem-
perature (approximately 208C); however, the effect of
treatment at 1008C for 5 min was nearly equal in effect to
exposure at 908C for 30 min. The most remarkable result
of these tests was the discovery that this nematode sur-
vived treatment at the record high temperature of 1558C
for 5 min. The nematode, A. agrostis, was resistant to ex-
tremes in temperatures that were higher than those re-
corded for any other metazoan, including tardigrades
and rotifers (Rham, 1937). However, A. tritici survived
1058C for 2 min (Bird and Buttrose, 1974).

The analog thermometer recorded the temperature
of the air immediately surrounding the seed gall in
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either the test tube immersed in water or in the dry
oven. Since the seed gall was very thin, we assumed that
the nematodes reached the same temperature shortly
after it was placed in the chamber and that it remained at
that temperature for the specified duration until it was
removed from the chamber and allowed to gradually
cool to room temperature.

Mertens et al. (2008) demonstrated a difference in
survival rates of anhydrobiotic eukaryotic organisms
that were slowly heated (~48C min-1) compared with
those that were rapidly heated (~1008C min-1). Our
method of heating was rapid, since the seed galls
were placed directly into a preheated glass test tube
or dry oven. Perhaps if we had used a slow heating

FIG. 2. Survival of anhydrobiotic seed gall nematode, Anguina agrostis (Steinbuch, 1799) Filipjev, 1936 at 208C and 80–1558C in time
increments of 5 to 30 min. Box plots with different letters have means that are statistically different at the 0.05 level according to Tukey’s HSD
(honestly significant difference) means comparisons tests.

FIG. 1. Comparison of the survival rates of 5-yr-old and fresh Anguina agrostis (Steinbuch, 1799) Filipjev, 1936 anhydrobiotic juveniles at 208C
and 80–1008C in time increments of 5 to 30 min. Box plots with different letters have means that are statistically different at the 0.05 level
according to Tukey’s HSD (honestly significant difference) means comparisons tests.
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technique, these nematodes may have survived even
higher temperatures.

The ecological significance of the survival of these
nematodes at these high temperatures is uncertain, but
perhaps it enables them to prevail through local fast-
burning fires that may be caused by lightening or man-
kind. However, evidence suggests that these nematodes
are not protected from such fires, because they are readily
controlled by burning (Hardison, 1976). On the other
hand, perhaps the ability to survive high temperatures is

a consequence of the physiological changes that occur
during the onset of anhydrobiosis, which is the primary
long-term survival strategy for these nematodes (Wormsley
et al., 1998; Barrett, 2011; Burnell and Tunnacliffe, 2011;
Devaney, 2011; Perry and Moens, 2011).

The mechanisms that allow these organisms to sur-
vive these extreme temperatures remain a mystery. Al-
though the production of heat shock proteins and
the accumulation of nonreducing disaccharides have
been correlated with anhydrobiosis in nematodes

FIG. 3. A: Healthy redtop creeping bentgrass (Agrostis stolonifera L.) seed head. B: Grass infected with the seed gall nematode, Anguina agrostis
(Steinbuch, 1799) Filipjev, 1936. Note the very elongated glumes, lemmas, and paleas on the infected grass. C: An elongated, black seed gall
replaces the ovary in infected grass and contains 400 to 1,200 anhydrobiotic infective juveniles. D: An infective juvenile from a seed gall was
exposed to 1558C for 5 min while in its ametabolic, anhydrobiotic state. Normal metabolic processes were resumed after soaking for 2 to 3 hr in
filtered water, establishing a new record for the metazoan with the highest tolerance to extreme temperatures.
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(Crowe and Madin, 1975; Behm, 1997; Wormsley et al.,
1998; Shannon et al., 2005; Barrett, 2011; Burnell and
Tunnacliffe, 2011; Devaney, 2011; Erkut et al., 2012;),
a complete understanding of this phenomenon is lack-
ing. Three plausible proposals that help explain the
physiological changes that may aid in the stabilization of
cell membranes and other cellular components in order
to minimize the damage caused by the desiccation of
these animals are the water replacement hypothesis,

water entrapment, and the vitrification hypothesis; al-
though the three are not mutually exclusive (Crowe
et al., 1992; Crowe, 2007). The hypotheses are related
to each other because the replacement and entrapment
of water causes the vitrification of the body contents.
Vitrification results from the formation of an amorphous
solid material (glass) resulting from the replacement of
water with stabilizing molecules such as trehalose or
other sugars (Crowe, 2007).

FIG. 4. Scanning electron micrographs (SEM) of juveniles of Anguina agrostis (Steinbuch, 1799) Filipjev, 1936 dissected from seed galls of
Agrostis stolonifera L. A: Seed gall sliced longitudinally to expose the juveniles contained within. B: Cross-section revealing juveniles tightly
packed within the seed gall showing the body contents that appear gel-like in the SEM and oozing out of the cut nematodes and coalesce with
each other. C: Close-up of a seed gall sliced longitudinally to exposes the anhydrobiotic nematodes and the contents from their bodies. D: Mass
of juvenile nematodes dissected from a seed gall in an anhydrobiotic state. E: Close-up showing coiled anhydrobiotic juveniles dissected from
the seed gall. F: Close-up of juveniles revealing that the morphology of the body wall remains smooth, undistorted, and free from any artifact
normally associated with the loss of all free water molecules.
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The SEM revealed the anhydrobiotic juveniles of A.
agrostis within the seed gall to be coiled similar to many
other nematodes in anhydrobiosis (Freckman et al.,
1977; Demure et al., 1979). This coiled posture may be
important in reducing the ‘‘surface area exposed to
the environment’’ (Bird and Buttrose, 1974). The loss
of water from the body is usually associated with marked
shrinkage and wrinkling of the nematode cuticle
(Freckman et al., 1977); therefore, the unwrinkled ap-
pearance of the dehydrated juveniles in the seed gall
was unexpected. Several factors may be responsible for
the lack of wrinkles, including evidence that Anguina
species have considerably less water than other nem-
atode genera, and drying to 5% body water content
had only a slight reduction (7% to 8%) in overall body
dimensions of length and width compared with hy-
drated specimens (Bird and Buttrose, 1974). Although
‘‘changes in the plane of birefringence . . .’’ suggested
‘‘that changes in cuticle orientation have taken place
in these areas’’ in transmission electron micrographs
of A. tritici (Bird and Buttrose, 1974), SEM failed to
reveal evidence of this occurring in A. agrostis. The
cuticle appeared to have little interactions at points of
contact with each other; no ‘‘twisting or kinking’’ as
reported for A. tritici (Bird and Buttrose, 1974) was ob-
served in A. agrostis.

The gel-like appearance of the cut surfaces of the
nematodes within the gall supports the idea that in the
absence of water the tissues change into a glassy state
during desiccation that helps prevent damage to com-
ponents of the cell (Crowe et al., 1992; Crowe, 2007;
Erkut et al., 2012). Trehalose and others sugars have
been credited with this phenomenon, although some
organisms that undergo anhydrobiosis may not have
large amounts of trehalose (Crowe, 2007). Additional re-
search on the morphological and physiological changes
that occur in the seed gall nematodes as they dehydrate
into an ametabolic state and then return to life may
provide insight into the age-old question, ‘‘What is
life?’’, as well as have other major impacts on the life
sciences, including medicine (Crowe, 2007), especially
for the preservations of cells, tissues, organs, and whole
organisms.
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