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Some organisms can survive exposure to extreme desiccation by entering a state of suspended animation
known as anhydrobiosis. The free-living nematode Aphelenchus avenae can be induced to enter the anhydro-
biotic state by exposure to a moderate reduction in relative humidity. During this preconditioning period, the
nematode accumulates large amounts of the disaccharide trehalose, which is thought to be necessary, but not
sufficient, for successful anhydrobiosis. To identify other adaptations that are required for anhydrobiosis, we
developed a novel SL1-based mRNA differential display technique to clone genes that are upregulated by
dehydration in 4. avenae. Three such genes, Aav-lea-1, Aav-ahn-1, and Aav-gix-1, encode, respectively, a late
embryogenesis abundant (LEA) group 3 protein, a novel protein that we named anhydrin, and the antioxidant
enzyme glutaredoxin, Strikingly, the predicted LEA and anhydrin proteins are highly hydrophilic and lack
significant secondary structure in the hydrated state. The dehydration-induced upregulation of Aav-lea-1 and
Aav-ahn-1 was confirmed by Northern hybridization and quantitative PCR experiments. Both genes were also
upregulated by an osmetic upshift, but not by cold, heat, or oxidative stress. Experiments to investigate the
relationship between mRNA levels and protein expression for these genes are in progress. LEA proteins occur
commeonly in plants, accumulating during seed maturation and desiccation stress; the presence of a gene
encoding an LEA protein in an anhydrobiotic nematode suggests that some mechanisms of coping with water

loss are conserved between plants and animals.

Although water is essential for life, certain organisms can
survive exposure to extreme desiccation by entering into a state
of suspended animation known as anhydrobiosis (36). Anhy-
drobiotic organisms can survive in the dry state for indefinite
periods of time, after which, upon rehydration, they are able to
resume normal metabolic activity (5, 14, 16). These organisms
are found across all biological kingdoms, with baker’s yeast,
Saccharomyces cerevisiae, being a familiar example. More com-
plex animals, for instance, rotifers, tardigrades, and nematodes
such as Aphelenchus avenae, have also been shown to be an-
hydrobiotic, as have the cysts of the crustacean Artemia salina
{14). Certain plant species are also known to be anhydrobiotic,
including the angiosperm Craterostigma plantagineum, an ex-
ample of a “resurrection” plant (35), the bryophyte Tortula
ruralis (3), and orthodox plant seeds and pollen (50). One of
the best-characterized metabolic changes which occurs during
the induction of anhydrobiosis is the accumulation of high
concentrations of disaccharides: sucrose is the predominant
sugar accumulated in plants, while animals and yeast accumu-
late trehalose. Trehalose accumulation is believed to protect
membranes and proteins from desiccation damage by replac-
ing structural water (12, 19). This sugar may also contribute to
the formation of an intracellular glass (17), which might stabi-
lize the cell contents by inhibiting membrane fusion, protein
denaturation, and free radical mobility. Recent reports indi-
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cate that bdelloid rotifers do not synthesize trehalose or other
disaccharides during the induction of anhydrobiosis (42, 56).
This finding suggests that the accumulation of trehalose is not
necessary for some animals and that there are alternative bio-
chemical and genetic strategies for cellular protection during
anhydrobiosis.

The free-living mycophagous nematode A. avenae can be
induced to enter the anhydrobiotic state by pre-exposure to
moderate reductions in relative humidity prior to extreme des-
iccation (18). Previous studies have focused on the biochemical
changes associated with anhydrobiosis in A. avenae, making it
one of the best-characterized anhydrobiotic nematodes. While
the accumulation of trehalose in nematodes such as 4. avenae
is believed to be necessary for anhydrobiotic survival, it is not
sufficient. A further period of preconditioning following max-
imum trehalose accumulation is needed before maximum sur-
vival is seen, suggesting that other changes must also occur in
A. avenae before it can successfully enter the anhydrobiotic
state (33). By analogy with anhydrobiotic plants (35), these
adaptations may include changes in primary metabolism, alter-
ations to cell membranes, osmotic adjustments via the accu-
mulation of compatible solutes or hydrophilic proteins, and the
synthesis of stress-related proteins such as antioxidants and
heat shock proteins, but such adaptations have not been de-
fined for A. avenae or any other anhydrobiotic animal. We have
initiated a research program aimed at gaining a deeper under-
standing of the molecular biology of anhydrobiosis in nema-
todes. This study presents our investigations into anhydrobiosis
in A. avenae and details some of the changes, both biochemical
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and genetic, that are associated with water loss in this nema-
tode.

MATERIALS AND METHODS

Maintenance and harvesting of A. avenae. A. avenae was grown at 20°C in the
dark on Rhizoctonia solani grown on a substrate of autoclaved wheat. After a
growth period of 2 to 3 weeks (before the onset of swarming behavior), nema-
todes were rinsed off of the substrate with autoclaved tap water. Nematodes were
cleaned by flotation on a 30% (wt/vol) sucrose solution followed by three washes
in autoclaved tap water and were collected by vacuum filtration onto Supor-450
filters (0.45-pm pore size; Gelman Science) by use of a Sartorius funnel.

Carbohydrate extraction and analysis. Nematode samples (40,000 nematodes
per filter) were exposed to 98% relative humidity (RH) for various times prior to
exposure to active dried silica (~10% RH) for 48 h. The samples were stored
frozen at —80°C until they were used for carbohydrate extraction. A saturated
solution of potassium dichromate (K,Cr,0-) was used to obtain 98% RH (55,
59), and an active dried silica gel was used to desiccate the samples.

Matched samples exposed to the same dehydration regimen as that used for
carbohydrate analysis were prepared and used to determine anhydrobiotic sur-
vival. These nematodes were then rehydrated with distilled water (18) and
immersed in autoclaved tap water for 20 h. The percentage of survival was
assessed by a microscopic observation of motility. Carbohydrate extraction and
analysis were performed according to the method of O’Leary et al. (49). In brief,
the samples (nematodes and filter) were sonicated in the presence of sand and
ethanol, and after filtration (0.22-pm-pore-size Spin-X centrifuge filters; Costar)
the filtrate was dried and resuspended in deionized water. The dry weight was
determined by weighing duplicate samples of nematodes that had been incubated
over a silica gel in a small airtight plastic box and placed at 70°C for 3 days.
Carbohydrates were analyzed by high-pressure liquid chromatography on a Spec-
tra Physics HPLC instrument (model SP 8800) attached to a Shodex Rl SE-61
refractive index detector. Samples were run through a carbohydrate H* column,
with 2.5 mM H,SO, used as the mobile phase. Carbohydrates were identified and
quantified by running serial dilutions of known carbohydrate standards through
the column.

RNA isolation and first-strand cDNA synthesis. 4. avenae samples (10,000
nematodes per filter) were prepared as described above and exposed to 90% RH
for 24 h over a saturated solution of magnesium sulfate (MgSO,  7TH,O) prior to
storage at —80°C. Untreated control nematodes were also prepared. RNAs were
isolated by the use of TRIzol reagent (Gibco BRL, Grand Island, N.Y.) accord-
ing to the manufacturer’s instructions. The RNA was resuspended in 20 pl of
diethyl pyrocarbonate-H,O. First-strand synthesis was performed by using 1 pl
(200 U) of Superscript II reverse transcriptase (Gibco BRL), 10 ul of each RNA
sample, and an anchored oligo(dT) primer (dT,,MN) according to the manu-
facturer’s instructions. After heat inactivation of the reverse transcriptase, the
samples were treated with RNase H (Gibco BRL) and stored frozen at —70°C
for subsequent PCRs.

PCR amplification and analysis. PCR amplification was performed with 0.5 .l
of first-strand cDNA template in a 15-pl PCR mixture consisting of 1.5 wl of 10X
buffer, 0.3 pl of deoxynucleoside triphosphate mix (10 mM [each]), and 0.125 pl
of KlenTaq LA polymerase (1 U) (Sigma). The reaction was primed with the
same oligo(dT,MN) primer used during first-strand synthesis and with a nem-
atode 22-nucleotide (nt) SL1 sequence (GGTTTAATTACCCAAGTTGAG)
with additional selective nucleotide extensions at its 3’ end (see Fig. 2). An initial
denaturation step at 95°C for 5 min was followed by 30 cycles of 50°C for 1 min,
72°C for 3 min, and 94°C for 1 min and then a final extension of 10 min at 72°C
and a 4°C hold. After PCR amoplification, the products were mixed with 5 wl of
6X loading dye (Sigma) and analyzed in a 3% high-resolution agarose gel
(NuSieve GTG agarose; FMC). The gel was run for 6 h with Tris-acetate-EDTA
buffer at 4°C in order to maximize resolution. The gel was stained with ethidium
bromide and visualized under UV light. Bands that appeared to be upregulated
in the treated samples but not in the controls were excised directly from the gel.

Cloning and reverse Northern blot analysis. PCR-amplified bands of interest
were cloned into the pCR2.1-TOPO plasmid by use of a TA cloning kit (Invitro-
gen) according to a low-melting-temperature-agarose method. Briefly, a slice of
low-melting-temperature agarose containing the band of interest was heated at
65°C until the slice melted and then was maintained at 37°C. Four microliters of
melted agarose containing the PCR product of interest was cloned directly
according to the supplier’s instructions. Twelve recombinant clones were selected
for each cloned band, and these were PCR amplified by using the M13 forward
and reverse primer pair. The PCR products were blotted and fixed in duplicate
onto a positively charged nylon membrane (Roche) by using a slot blot apparatus
(Schleicher and Schuell) according to the manufacturer’s instructions. The mem-
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TABLE 1. Primers used for this study

Plr::)n,,e T Primer name DNA sequence (5'-3')
1 Aav-lea-1 forward CACTACCGCTTACAACCAATC
2 Aav-lea-1 reverse ACAGGAATATCACTGACAGAT
3 Aav-ahn-1 forward CAAATCAACAACAATGCCACC
4 Aav-ahn-1 reverse AGAGGATCATTGCACGGAATT
5 Aav-glx-1 forward GCGAACATGGGAAAAGTCAAC
6 Aav-glx-1 forward CAGAGATGCCTTTGGACATTA
7 Ama-F degenerate GARTTYTTYTTYCAYGCNATG
8 Ama-R degenerate = NGTCATYTGNGTNGCNGGYTC
9 Aavleal Q-PCR F GATGGAGGAGTACAAGCAGCA

10 Aavleal Q-PCR R
11 Aavahnl Q-PCR F
12 Aavahnl Q-PCR R
13 Aavglxl Q-PCR F
14 Aavglxl Q-PCR R
15 Aavamal Q-PCR F
16 Aavamal Q-PCR R

TCATGAAGGTGGAACAAGGTC
GGACAGTACGAGCCGAAAGTA
CACTTTCGACGTGATGAA
GATCCAGGACTATCTCGCTCA
AATTCGGTGAGCTTCTTCTCC
GTGTAGAGCCGCCTTAGCTG
ATGTGGGTGGAGGATCAGAC

¢ Primers 1 to 6, primer pairs used to amplify the full-length genomic and
cDNA copies of genes induced during desiccation; primers 7 and 8, degenerate
primer pair used to amplify the Aav-ama-1 gene; primers 9 to 16, primer pairs
used to perform real-time quantitative PCR analyses.

branes were probed with RNA from either untreated or desiccated nematodes
that had been labeled with an AlkPhos direct kit (Amersham Pharmacia Bio-
tech). Clones that were confirmed as being upregulated in response to desicca-
tion stress were selected for further analysis.

Northern blot analysis. Nematode samples were treated with a variety of
stresses for 24 h. These stresses were exposure to 90% RH (desiccation), 30°C
(heat), 4°C (cold), 100 mM paraquat (oxidative), and 500 mM sucrose (osmotic).
All treatments were performed with sterile tap water, except for desiccation
stress, for which vacuum-filtered nematodes were placed on 1.5-cm-long Milli-
pore filter papers (40,000 nematodes per filter) and desiccated over a saturated
solution of magnesium sulfate (MgSO, - 7H,0). A small aliquot of each nema-
tode sample was used to determine survival; nematodes were placed in sterile tap
water at 20°C in the dark for 24 h prior to the assessment of survival by a
microscopic observation of motility. Total RNAs (40 pg) were extracted from
treated and untreated A. avenae nematodes as described above. Fresh untreated
nematodes were used as controls in all experiments. Ten micrograms of RNA
was set aside for quantitative PCR analysis (see below), and the remaining RNA
(30 png) was electrophoresed, blotted, and hybridized according to the instruc-
tions of an AlkPhos direct kit (Amersham Pharmacia Biotech). DNA probes
were generated with cleaned PCR products (QIAprep Spin Miniprep kit; Qia-
gen). Labeling and detection of the probes were performed by using an AlkPhos
direct kit (Amersham Pharmacia Biotech).

Genomic DNA analysis. Genomic DNA was isolated from freshly harvested
nematodes (0.5 g) by standard techniques, and PCR primers were designed to
amplify the genomic copy of each gene; similarly, fresh RNA was isolated as
described previously and used to generate a cDNA copy of each gene. PCRs with
the genomic capies of the genes were performed by using Red Hot polymerase
(ABGene, Epsom, United Kingdom) as specified by the manufacturer (94°C for
30 s, 57°C for 30 s, and 72°C for 45 s for 30 cycles). Reverse transcription-PCRs
(RT-PCR) were performed by using the Access RT-PCR system (Promega,
Southampton, United Kingdom) according to the manufacturer’s protocols, with
primer pairs designed to amplify full-length genes (Table 1). Cloning and se-
quencing were performed as described above by using a TA cloning kit (Invitro-
gen).

Digested DNAs (5 pg) were separated in a 0.75% agarose gel and transferred
by capillary action in 20X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) onto a Hybond N* membrane (Amersham Pharmacia Biotech) over-
night (54). Once the transfer was complete, the membrane was dried in an oven
for 30 min at 60°C, and the DNAs were fixed to the membrane by UV cross-
linking in a Stratalinker (Statagene). DNA probes were generated with cleaned
PCR products, and labeling and detection of the probes were performed by using
an AlkPhos direct kit (Amersham Pharmacia Biotech).

Bioinformatic analyses. BLAST searches of the Swiss-Prot TTEMBL database,
Wormbase (http://www.wormbase.org, release WS115), and the Drosophila mela-
nogaster database (SIB BLAST Network Service) were performed to identify a
set of genes related to Aav-lea-1. Repeat motifs in these genes were identified
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visually and with the aid of the Dotlet program (http://www.isrec.isb-sib.ch/java
/dotlet/Dotlet.html). Repeat motifs were aligned with the T-Coffee program (48),
Incomplete motifs or motifs which introduced gaps were removed from the
alignments. The physical and chemical parameters of the selected proteins were
calculated with the ProtParam tool (2; http://ca.expasy.org/tools/protparam
.html). Secondary structure analysis was performed with the PELE program of
the SDSC Biology Workbench (http:/fworkbench.sdsc.edu/) and with the
PONDR (Predictors of Natural Disordered Regions) algorithm.

Quantitative real-time RT-PCR. A real-time PCR analysis of the Aav-lea-1,
Aav-ghn-1, and Aav-glx-1 genes after the exposure of nematodes to different
stresses was performed by using the SYBR Green I detection system (Qiagen)
and a LightCycler PCR machine (Roche Molecular Biochemicals, Mannheim,
Germany). The copy number of each gene was calculated by using a gene-specific
standard curve, and the RNA polymerase II gene (Aav-ama-1) was used as an
external control.

The ama-1 gene was cloned by using a redundant primer pair based on the
alignment of several nematode ama-1 protein sequences. A first-strand cDNA
was prepared and PCR amplified under standard conditions with the degenerate
primer pair Ama-F and Ama-R. The PCR product was analyzed in a low-
melting-point agarose gel, and a band of the correct estimated size (approxi-
mately 1 kb) was excised from the gel, cloned, and sequenced. BLAST searches
of the National Center for Biotechnology Information nucleotide database con-
firmed that the gene, Aav-ama-1 (AY357257), encoded the large subunit of RNA
polymerase IL.

Gene-specific real-time PCR standards were generated as follows. PCR prim-
ers were designed to amplify a small region (approximately 125 bp) of the
following control and target genes: Aav-lea-1, Aav-ahn-1, Aav-gix-1, and Aav-
ama-1 (Table 1). Each of these primer pairs was used to perform RT-PCR with
an RNA template (500 ng) which had been extracted from nematodes that were
exposed to 98% RH for 24 h. The resulting PCR product was cloned into the
PCR II vector (Invitrogen), introducing a T7 primer site upstream of the desired
gene fragment. Each cloned fragment was PCR amplified with the M13 forward
and reverse primer pair. The PCR product was cleaned (QIAprep Spin Miniprep
kit; Qiagen) and was used for an in vitro transcription reaction (Megascript kit;
Ambion). The resulting cRNA was treated with DNase I, quantified, and used to
generate cRNA standards (in the range of 107° to 10> copies per ul). These
standards were stored at —80°C and used within 6 to 8 weeks.

For real-time PCRs, total RNAs (10 pg, as for Northern blot analysis) were
treated with DNase I (RNase free; Invitrogen) and quantified in a spectropho-
tometer, and each RNA sample was standardized to 500 ng per p! and stored at
—80°C. Real-time PCRs were performed by the use of a Quantitect SYBR Green
I RT-PCR kit (Qiagen) according to the manufacturer’s protocol, with 1.0 uM
(each) primers, 500 ng of sample RNA template, and 1 U of heat-labile uracil-
N-glycosylase per reaction. A gene-specific external standard curve was gener-
ated by using cRNA standards that were run simultaneously with the experimen-
tal samples. Thermal cycling was performed in accordance with the Quantitect
kit’s instructions for a total of 40 cycles at an annealing temperature of 58°C for
each primer pair. Real-time PCR analysis was performed with Lightcycler soft-
ware, the threshold cycle was automatically calculated by the second-derivative-
maximum method, and the copy number of the specific mRNA in the experi-
mental samples was calculated by extrapolation from the gene-specific standard
curve.

RESULTS

Effect of preconditiening time on carbohydrate content and
desiccation tolerance of 4. avenae. Changes in the concentra-
tions of the carbohydrates trehalose, glucose, and glycerol in
response to exposure to 98% RH for various time periods (0 to
96 h) followed by exposure to dried silica gel (~10% RH) for
24 h were measured in A. avenae (Fig. 1). The influence of the
length of preconditioning time at 98% RH on the nematodes’
ability to survive exposure to silica gel for 24 h was also inves-
tigated. The only carbohydrate whose concentration altered
significantly in response to preconditioning was trehalose (P <
0.001 [Kruskal-Wallis]). The initial concentration of trehalose
was low (1.5% dry weight), but it rose gradually with precon-
ditioning time to a maximum of 11% dry weight after 72 h,
remaining constant thereafter until the experiment was termi-
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FIG. 1. Changes in levels of trehalose, glucose, and glycerol in A4.
avenae. Nematodes were preconditioned at 98% RH for various time
periods (0 to 96 h) followed by dehydration over dried silica for 24 h
before carbohydrates were extracted. Survival data were obtained in an
identical fashion, except that after dehydration the nematodes were
prehydrated for 24 h and then rehydrated for 24 h in water before
estimations of survival. Each value is the mean * standard error of
three replicates.

nated after 96 h. The rise in trehalose concentration correlated
with a similar rise in nematode survival levels. 4. avenae nem-
atodes were unable to survive a direct exposure to dried silica
gel without preconditioning, but survival rose to almost 15.5%
after 72 h at 98% RH. While trehalose levels peaked at 72 h,
nematode survival values continued to rise, reaching 18.5%
after 96 h of preconditioning, at which point the experiment
was terminated. The levels of both glucose and glycerol did not
change significantly during the preconditioning period. These
results are consistent with the findings of Higa and Womersley
(33) and suggest that other factors in addition to trehalose
accumulation are required for survival. '

Iﬂentiﬁcation of genes that are upregulated in A. avenae in
response to desiccation stress. We developed a novel molec-
ular genetic approach to identify genes that are upregulated in
A. avenae in response to dehydration. The development of
mature mRNAs in nematodes involves the trans-splicing of a
small highly conserved sequence to the 5’ ends of the devel-
oping mRNAs (40). Several splice leader sequences have been
identified, but the most common trans-spliced sequence is re-
ferred to as SL1: in Caenorhabditis elegans >80% of transcripts
are SL1 spliced (6). The 22-nt SL1 sequence is highly con-
served across the phylum Nematoda and can be used as a
primer in conjunction with an oligo(dT) primer at the 3’ end to
amplify full-length cDNAs (46). The addition of extra nucleo-
tides to the 3’ ends of these primers reduces the number of
transcripts that are amplified, permitting the visualization of
individual bands (58).

Using this approach, we compared cDNAs from untreated
A. avenae and from nematodes exposed to 90% RH for 24 h by
utilizing four different primer combinations. PCR products
were analyzed by agarose gel electrophoresis (Fig. 2). Changes
in the expression levels of transcripts could be seen clearly by
using an SL1-based differential display technique. The addition
of extra selective nucleotides to the SL1 primer generated
different PCR amplification profiles. DNA fragments appar-
ently corresponding to differentially regulated mRNAs were
excised from the gel and then cloned. Of six such fragments,
three were shown to correspond to genes that were upregu-
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FIG. 2. Agarose gel analysis of PCR products obtained from con-
trol and desiccated A. avenae nematodes by SL1-based mRNA differ-
ential display technique. The top panel shows the amplification prod-
ucts obtained by using four different primer combinations, as follows:
I, SL1+GC and oligo(dT;,MN); II, SLi+GCG and oligo(dT;,MN);
I, SL1+GTA and oligo(dT;;MN); and IV, SL1+T and
oligo(dT,,MN) (where M is A, G, or Cand N is A, G, C, or T). Lanes
1, untreated control; lanes 2, A. avenae exposed to 90% RH for 24 h.
The bottom panel shows a detail of one of the cDNA fragments that
was up-regulated in the desiccated samples, with an arrow indicating
the up-regulated band.

lated in response to desiccation stress: they were Aav-lea-1
(GenBank accession no. AF423069 and SP:Q95V77), Aav-
ahn-1 (AY340998), and Aav-glx-1 (AY340999). Aav-gh-1 (glu-
taredoxin 1) encodes a small predicted protein of 107 amino
acid residues (11.6 kDa) that is a member of the glutaredoxin
family and exhibits strongest homology (¢ ~*°) to the C. elegans
glutaredoxin (WP:CE25238). The two other genes are de-
scribed below.

LEA proteins in A. avenae and other nematodes. One cDNA
isolated in this study encoded a protein which exhibited strong
homology to a group of proteins associated with water deficits
in plants, the late embryonic abundant (LEA) proteins (7, 35).
The ¢cDNA corresponding to the gene Aav-lea-1 was shown to
be full length, encoding a predicted protein of 143 amino acid
residues with five 11-mer repeats that are typical of the group
3 LEA proteins (9). A hydropathy plot of the Aav-LEA-1
protein, calculated according to the method of Kyte and
Doolittle (41), is presented in Fig. 3a. The virtually unbroken
hydrophilicity of this protein, as indicated by the negative score
values, makes it unlikely that it spans membranes or forms a
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FIG. 3. (a) Hydropathy analysis of predicted protein Aav-LEA-1
based on Kyte-Doolittle values, using a three-residue window. Those
values below the zero line are negative and are therefore hydrophilic.
The region from positions 69 to 102 contains three of the five 11-mer
motifs arranged consecutively. (b) Hydropathy analysis of predicted
protein Aav-AHN-1 based on Kyte-Doolittle values, using a three-
residue window. The predicted protein is highly hydrophilic, as indi-
cated by the negative score values.

globular structure with a buried hydrophobic core. Indeed,
members of our laboratories have recently shown that the
Aav-LEA-1 protein seems to be natively unfolded in solution,
with a high degree of hydration and a low level of compactness
(29).

A BLASTP analysis of the Aav-lea-1 sequence against the
Swiss-Prot and TrEMBL databases revealed that this sequence
has highest identity to a group 3 LEA protein (SP:Q06431)
from the white birch, Betula verrucosa (pendula), and to several
other group 3 LEA sequences from plants, but two C. elegans
sequences, TR:Q9XTH4 and TR:016527, were detected with
less significant E values (Table 1). These C. elegans sequences
were used in turn to search the Swiss-Prot and TrEMBL da-
tabases, yielding a large number of hits for additional group 3
LEA proteins from plants. The highest similarities were ob-
served for an LEA protein from Glycine max (2¢~>") and for a
hypothetical LEA-like protein (TR:Q9FKV7) from Arabidop-
sis thaliana (2e~2%). Sequences with similarity to the C. elegans
LEA proteins were also detected in a wide range of bacteria
and protozoa, and related sequences were also obtained from
insects and vertebrates, but with less significant E values.
BLASTP searches in Wormbase identified homologous se-
quences in Caenorhabditis briggsae.
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TABLE 2. Characteristics of LEA proteins from nematodes and related sequences from other organisms

Consensus at amino acid®

% %

No. of No. of negative positive
Species Identity Evalue amino 1l-mer pl amino amino Hydropathicity”
acids repeats 1 2 3 4 56 7 8 9 10 11 acid acid
] residues residues
A. avenae SP:Q95V77 143 5 K A A E FTKQ RA G E 534 21 18.2 —1.585
B. verrucosa SP:Q06431 8e 18 474 15 YS At A E K AKR ETYK D 556 245 22.6 -1.399
(pendula)
C. elegans TR:QIXTH4 1e % 497 14 A W D SAA KDE KA S De 45 237 12.9 -1.054
TR:016527 308 733 23 A WyD STT KD KA G D 48 216 16 -1.126
(lea-1)
WP:CE35290 9e™%¢ 790 18 A V AV D G AK AA G DGS591 119 10.5 ~0.654
(dur-1)
C. briggsae WP:CBP15141 1.5¢™1% 775 12 A W Eb As A KE KA K Ep 445 257 11.7 —0.899
WP:CBP01222 23¢™%% 732 19 A WyEpN A TAKD KA Qc DE 49 215 159 -1.104
WP:CBP06823 4.2¢73% 324 9 A AwD A A XKD KA As G 56 185 17.3 —0.833
WP:CBP15139 1.5¢73% 431 14 A W DE SATAKA KA X D 644 162 15.3 -0.815
G. max TR:Q39873 4em % 458 24 A A Q K T KD YA G D 708 173 17.3 -1.223
Deinococcus SP:Q9RV58  Se 1% 298 10 A A D Q A KD KA Q D 622 154 15.1 -0.817
radiodurans
D. melanogaster TR:9VAS86 2¢” ¥ 463 19 A GNAD AvGAN VA AG DN VA 434 99 2.8 0.086
A. avenae AAQ20894 86 0 10.06 14 221 -1.564

“ The consensus sequence for each motif represents the most frequent amino acid at each position. When more than one amino acid occurs frequently, additional
amino acids are listed if their frequency is >25%. Amino acids shown in the same font size at a single position indicate that those amino acids are equally frequent,

while a smaller font indicates less frequent amino acids.
b Grand average of hydropathicity (41).
© BLASTP analysis of Q95V77 against the Swiss-Prot TTEMBL database.

¢ BLASTP report for WPCE31359 (Q9XTH4) (www.wormbase.org, release WS115).

¢ BLASTP analysis of Q9XTH4 against the Swiss-Prot TTEMBL database.

fBLASTP analysis of 016527 against the D. melanogaster database (SIB BLAST Network Serv1ce)

Table 2 presents an analysis of the 11-mer repeat motifs and
some physical and chemical parameters for the deduced plant
and nematode proteins that are most closely related to Aav-
LEA-1 as well as for some more distant sequences from other
organisms. The consensus sequence for the 11-mer repeat mo-
tif in the eight nematode and two plant proteins is AWDA(T
AYKDKAGD, which is in good agrecment with the general
form of the motif found in plant LEA-3 proteins (22). Positions
1, 2, 5, and 9 are hydrophobic; positions 3, 7, and 11 are
negative; and positions 6 and 8 are positive. Positions 4 and 10
are not specified in plant LEA-3 motifs (21, 22), but in the data
set presented here these positions contain hydrophilic amino
acids. The low estimated pls obtained for all of the nematode
sequences indicate that these proteins are negatively charged
at a physiological pH, but each 11-mer repeat has predomi-
nately lysine residues at positions 6 and 8 which are positively
charged at a physiological pH. All of these proteins are highly
hydrophilic, as indicated by the large numbers of charged
amino acids in their sequences and by their negative hydro-
pathicity scores (Table 2).

A novel hydrophilie gene, Aav-ahn-1, is upregulated in A4.
avenae in response to desiccation. The cDNA sequence corre-
sponding to Aav-ahn-1 (GenBank no. AY340998) failed to
reveal homologies to any known DNA or protein sequence in
the GenBank or Wormbase database. The transcript encodes a
protein of 86 amino acid residues with an estimated molecular
mass of 10 kDa; we have named this novel protein anhydrin. A
hydropathy plot revealed that anhydrin is highly hydrophilic,
with no significant hydrophobic regions (Fig. 3b). Three inde-
pendent computational methods suggested that anhydrin is
largely or wholly unstructured in solution. First, the consensus

of seven secondary structure prediction programs was that the
majority of the protein will assume a random coil structure
with two small regions of alpha helix (Fig. 4a). Secondly, the
PONDR (Predictors of Natural Disordered Regions) algo-
rithm (44, 52) predicted that anhydrin is disordered through-
out its length (Fig. 4b). The final method used was that of
Uversky et al. (57), who have developed an algorithm that
compares the mean net hydrophobicity (<H>) of a protein
with its mean net charge (<R>). A low mean hydrophobicity
and relatively high overall charge are associated with a lack of
compactness in proteins under physiological conditions, result-
ing in a natively unfolded structure. If, for a given value of
<R>, <H>is calculated to be lower than a specific boundary
value, <H>,, then the protein is probably natively unfolded.
For anhydrin, the values of <H> and <H> are 0.33 and 0.45,
respectively, which is consistent with the protein being natively
unfolded.

Organization and expression of desiccation-responsive
genes in A. avenae. Southern hybridization of genomic A. ave-
nae DNA digested with several restriction enzymes was per-
formed with probes for each of the three genes (Fig. 5). For
Aav-lea-1, the hybridization pattern suggested that the genome
of A. avenae contains at least two, and possibly three, closely
related copies of the gene. PCR isolation (data not shown) of
the gene and further cDNA clones corresponding to the orig-
inal cDNA clone (pJB2.1) confirmed its sequence and estab-
lished the presence of two small introns in Aav-lea-1; neither of
the related genes detected by Southern hybridization was iso-
lated in these PCR experiments, perhaps indicating significant
sequence divergence in the region to which the primers anneal.
The hybridization pattern for Aav-ahn-1 was less complex and
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FIG. 4. (a) Secondary structure analysis of predicted protein Aav-
AHN-1 performed with the PELE program available on the SDSC
Biology Workbench (http://workbench.sdsc.edu/). Seven different
structure predictions are shown, with the most likely structural feature
at each residue indicated by H (a-helix), E (B-sheet), or C (random
coil). The programs used are denoted BPS (10), D_R (20), DSC (38),
GGR (27), GOR (26), H_K (34), and K_S (37). The “winner-takes-all”
joint prediction was given by the JOI program. (b} PONDR analysis of
Aav-AHN-1 protein predicts that it is disordered throughout its length.

was consistent with a single gene being present in the genome.
The sequence of the original cDNA (pJB3.3) clone was con-
firmed by amplification and sequencing of the gene and RT-
PCR products; a single, short intron was detected in Aay-
ahn-1. Hybridization data for Aav-glx-1 suggested that there
are two closely related copies of the glutaredoxin gene and
were consistent with PCR experiments in which two similar but

Aav-lea-1

FIG. 5. Southern blot analysis of the genes Aav-glk-1, Aav-lea-1,
and Aav-ahn-1. Each lane contains the products of individual restric-
tion digests with the endonucleases HindIIl, BamHI, Xbal, EcoRI,
and EcoRYV, respectively.
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FIG. 6. Northern blot analysis of Aav-lea-1 and Aav-ahn-1 gene
expression using RNAs extracted from nematodes exposed to various
stresses for 24 h. Lanes: 1, control; 2, desiccation; 3, oxidative; 4, heat;
5, cold; and 6, osmotic.

different sequences were identified from both genomic DNA
and cDNA templates. Of four RT-PCR clones sequenced, two
corresponded exactly to the original cDNA and two contained
the same 10 sequence differences in the coding region. Inter-
estingly, all of these differences occurred at the third codon
position and had no effect on the predicted amino acid se-
quence. Two different genes, each with a single, small intron,
were isolated, and they corresponded to the two types of
c¢DNA sequence; the second gene was named Aav-gix-2.

To gain further information on the regulation of these
genes, we analyzed RNAs extracted from nematodes exposed
to various environmental stresses (desiccation, oxidative, heat,
cold, and osmotic stress) for 24 h by performing Northern
blotting (Fig. 6). When the RNAs were hybridized with probes
derived from the genes Aav-lea-1 and Aav-ahn-1, a marked
increase in signal intensity was observed in the lanes containing
RNAs extracted from nematodes exposed to both desiccation
stress and osmotic stress, but not in those for the other tested
stresses. The Aav-glx-1 gene appeared to be equally expressed
in response to all stresses, except for heat, in which case it
appeared to be down-regulated (data not shown).

Quantitative PCR experiments were performed to estimate
mRNA copy numbers for the genes Aav-lea-1, Aav-ahn-1, and
Aav-gix-1 after exposure to several stresses (desiccation, oxida-
tive, heat, cold, and osmotic stress); Aav-ama-1, encoding a
subunit of RNA polymerase II, was included as an internal
reference (Fig. 7). An absolute quantification method using a
gene-specific external standard curve was used to determine
the copy number of each gene per microgram of total RNA.
The level of gene expression for both Aav-lea-1 and Aav-ahn-1
did not alter significantly for any of the treatments relative to
the control, except for desiccation and osmotic stress. Aav-
lea-1 gene expression was shown to increase >12-fold in re-
sponse to desiccation stress and by a factor of almost 10 in
response to osmotic stress. Similarly, the expression of Aav-
ahn-1 increased 17- and 11-fold in response to desiccation
stress and osmotic stress, respectively. The expression of the
Aav-glx-1 gene was seen to increase slightly in response to
desiccation stress and more significantly in response to osmotic
stress. Importantly, the expression of the internal control gene,
Aav-ama-1, did not appear to vary significantly in response to
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any of the treatments relative to the untreated control. The
survival of 4. avenae exposed to each of the stresses was also
determined, and the small changes in survival cannot account
for the large changes in the levels of gene expression observed.
In summary, genes for LEA protein and anhydrin are specifi-
cally upregulated by dehydration induced by both drying and
an increased osmotic potential. However, the glutaredoxin
gene seems to be only weakly responsive to several stimuli,
with the possible exception of osmotic stress, and therefore is
not considered a significant contributor to the desiccation
stress response in A. avenae.

DISCUSSION

In the anhydrobiotic nematode A. avenae, both trehalose
accumulation and survival of complete desiccation increase
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FIG. 7. Quantitative PCR analysis of expression of the genes Aav-
ama-1, Aav-lea-1, Aav-ahn-1, and Aav-glx-1 performed by an absolute
quantitative method. Each value represents the mean * standard
deviation of four replicates. Nematode samples were exposed to the
treatment regimens for 24 h prior to RNA isolation, and matched
survival data were determined for nematode samples treated in an
identical manner, but survival was assessed after a 24-h recovery period
in sterile tap water at 20°C. )

with preconditioning time at a reduced relative humidity. How-
ever, as first shown by Higa and Womersley (33), an additional
period of preconditioning following maximum trehalose accu-
mulation is needed before maximal survival is seen. This sug-
gests that other changes must also occur in 4. avenae before it
can successfully enter the anhydrobiotic state. Extensive re-
search in drought-tolerant and anhydrobiotic plants also im-
plicates factors besides the accumulation of disaccharides for
dehydration tolerance (15, 35, 51). In addition, Lapinski and
Tunnacliffe (42) found that two species of bdelloid rotifers do
not synthesize trehalose or other disaccharides during the in-
duction of anhydrobiosis and yet exhibit excellent desiccation
tolerance. The present study was developed with the aim of
identifying some of the additional molecular mechanisms in-
volved in the successful induction of anhydrobiosis in A. ave-
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nae. Our data indicate that these additional factors include two
highly hydrophilic proteins, specifically the LEA group 3 pro-
tein Aav-LEA-1 and a novel protein we have cailed anhydrin,
and the antioxidant enzyme glutaredoxin.

The identification of a LEA protein gene, Aav-lea-1, in 4.
avenae suggests that at least some of the mechanisms used by
anhydrobiotic nematodes are shared with plants undergoing
desiccation stress. LEA proteins were first identified during
seed maturation (23) and subsequently were found to be ex-
pressed in other plant tissues undergoing various forms of
water stress, including drought, freezing, and osmotic stress
(7). LEA proteins have a biased composition, being composed
predominantly of hydrophilic amino acids, and their sequences
display significant regularities, resulting in proteins of low com-
plexity (60). Six groups of LEA proteins are recognized (8),
and a revised class numbering system has recently been pro-
posed (60). lea genes are consistently represented in differen-
tial screens for transcripts with increased expression during
desiccation stress for a variety of plants. Dure (22) highlighted
the occurrence of lea genes in nonplant genomes, including the
nematode C. elegans and the prokaryotes Deinococecus radio-
durans, Bacillus subtilis, and Haemophilus influenzae. Our anal-
ysis (Table 2) indicates that several lea genes occur in the
nematodes C. elegans and C. briggsae. One of these genes, dur-1
(dauer upregulated), is expressed in C. elegans dauer larvae
(13), an environmentally resistant stage of the nematode. An
lea gene which is upregulated upon desiccation has also been
identified in the nematode Steinernema feltiae (24). Garay-
Arroyo et al. (25) designed an algorithm to search bacterial
and fungal databases for proteins with a physicochemical re-
semblance to LEA group 1 and 2 proteins with regard to
extreme hydrophilicity and a high percentage of glycine resi-
dues. These authors identified five candidate genes in Esche-
richia coli and twelve in S. cerevisiae as well as other sequences
from Bacillus subtilis and Neurospora crassa. The accumulation
of several of these “hydrophilin” transcripts was demonstrated
in E. coli and S. cerevisiae in response to esmotic stress. The
LEA protein which we have identified in 4. avenae belongs to
the group 3 family of LEAs, which are characterized in plants
by the presence of a conserved 11-mer repeat of the general
form TA(EQ)AAK(EQ)KAXE (21, 22). Representatives of
this group of genes also occur in prokaryotes (22), protozoans
(our unpublished database analyses), nematodes, and rotifers
(56). It therefore seems likely that LEA proteins and hydrophi-
lins will prove to be widespread among arhydrobiotic organ-
isms.

Although the exact functional role of LEA proteins has yet
to be determined, several functions have been proposed for
them, including acting as molecular chaperones, hydration
buffers, membrane stabilizers, and an ion sink (1, 16, 21). It has
also been shown that a group 3 LEA protein from Typha
latifolia pollen stabilizes a sucrose glass in vitro (62), although
the significance of this is unclear since it can also be achieved
by poly-L-lysine (63). Wise (60} used an algorithm that allows
proteins to be compared based on similarities in their peptide
compositions and that uses peptide profiles to interrogate a
database of proteins with known function. This search identi-
fies key words associated with each peptide group, thereby
suggesting possible functions for LEA proteins which can be
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tested experimentally (61). Recent work by our groups has
begun to investigate the structural changes induced by desic-
cation of the Aav-LEA-1 protein. Hydrodynamic and spectro-
scopic analyses indicate that Aav-LEA-1 is normally unstruc-
tured but that the protein undergoes a dramatic but reversible
increase in folding in response to desiccation, with the devel-
opment of a significant a-helical component and possibly
coiled-coil structures. The dehydration of proteins is usually
associated with their denaturation, and the observation that
Aav-LEA-1 becomes more structured in response to desicca-
tion may have significant relevance to its functional role (29).

The second gene discovered, Aav-ahn-1, encodes a small
protein of 86 amino acid residues. Extensive searching of the
various sequence databases failed to identify any significant
homologies; similarly, a search for protein domains and motifs
failed to provide any insights into its functional role. Looking
at the hydropathy profile for the Aav-AHN-1 protein, we noted
the extensive hydrophilic nature of this protein, with a grand
average hydropathicity value of —1.564, which suggests that
this protein is highly hydrated in aqueous solutions. Secondary
structural analysis indicated that the protein will exist predom-
inately as a random coil with a small proportion of a-helices,
while the PONDR algorithm also suggested that the protein
lacks any significant secondary structure. In this regard, anhy-
drin resembles LEA proteins and therefore could share similar
hypothetical functions. For example, it might act as a hydration
buffer during the dehydration process, slowing the rate of wa-
ter loss and maintaining a4 minimal level of bound water within
the cell even at low relative humidities. However, further anal-
ysis will be needed in order to elucidate the exact biochemical
role of this novel protein.

The third gene isolated during this study, Aav-glx-1, encodes
a member of the glutaredoxin family of preteins, also known as
the thioltransferases. Aav-glx-7 expression levels inereased 1.7-
fold in response to desiccation stress and tripled in response to
osmatic stress; negligible increases in Aav-glx-1 gene expres-
sion were seen in response to cold and oxidative stress. A
significant decrease in the expression of Aav-glx-1 was seen in
response to heat treatment; this decrease correlated with a
drop in the level of nematode survival upon exposure to heat.
However, this decrease in Aav-glx-I gene expression in re-
sponse to heat cannot be explained solely by the reduced sur-
vival, as the survival rate was lower in the sample exposed to
oxidative. stress.

The glutaredoxins are usually small (12 to 14 kDa) with a
highly conserved structure, particularly in the region of the
active site, and act as glutathione-dependent disulfide oxi-
doreductases (53). Glutaredoxins can reactivate many oxidized
proteins by reducing the mixed disulfides formed during oxi-
dative stress (30). The contribution of glutaredoxins to the
stress response has been explored with S. cerevisiae, for which
research has shown that the products of the two yeast glutare-
doxin genes, GLX] and GLX2, are required for protection
during conditions of oxidative stress (45). Subsequent studies
have shown that glutaredoxin expression is also induced in
yeast by osmotic and heat stress (30). In 4. avenae, glutare-
doxin is induced by both desiccation and osmotic stress. It is
also expected that oxidative stress would lead to an increase in
glutaredoxin expression, but we might have failed to detect this
because of the high mortality observed when nematodes were
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treated with paraquat. The general level of increase in giutare-
doxin gene expression was significant but small when com-
pared to the increase in expression of the other two genes,
Aav-lea-1 and Aav-ahn-1, suggesting that redundant comple-
mentary systems such as the thioredoxins may provide addi-
tional protection against oxidative damage. In yeast, GLXI
knockouts are unaffected by osmotic and heat stress, indicating
that redundant systems must be able to compensate for the
absence of GLXI during exposure to these stress conditions
(30).

The relationship between mRNA and protein expression has
been investigated in several recent large-scale studies (28, 32,
43). These studies show that mRNA expression levels cannot
be consistently relied on as a predictor of protein abundance
(since cells can control the abundance of individual proteins at
the transcriptional or translational level). In a study of mRNA
and protein correlations in yeast, Greenbaum et al. (31) found
that open reading frames that show a large degree of variation
in their expression levels are controlled transcriptionally, while
open reading frames that show minimal variation in their
mRNA expression levels throughout the cell cycle appear to
control protein expression by posttranscriptional means. If
these conclusions also apply to nematodes, then they would
suggest that large increases in Aav-LEA-1 and Aav-AHN-1
protein levels should be observed upon dehydration, corre-
sponding to the upregulation of Aav-lea-1 and Aav-ahn-1 tran-
script levels. This would be consistent with what is observed in
plants, for which several authors have shown that lea gene
expression and LEA protein accumuiation occur in a coordi-
nated manner (4, 11, 21). Experiments to investigate the rela-
tionship between mRNA and protein expression for the dehy-
dration-induced genes described here are in progress.

The reaction to environmental stress in plants is often char-
acterized by a generalized response, with many genes that are
inducible by more than one particular stimulus. In the case of
Arabidopsis thaliana, several genes, including rd294 and
corl5a, are upregulated in response to both cold and dehydra-
tion stress (39). Similarly, in spinach a group 2 LEA protein,
CAPSS, is induced in response to both cold and drought (47).
The rationale for this cross talk in plants can be explained by
the fact that freezing, drought, and high salt all lead to a
reduction in the levels of free water within the cell, so genes
involved in protection against water stress will be induced by
several different environmental conditions (15). Using the
genes Aav-lea-1 and Aav-ahn-1, we have investigated this stim-
ulus cross-talk phenomenon in A. avenae. From both the
Northern blot analysis and real-time PCR data, it can be seen
that the expression levels of both genes increased significantly
upon exposure to desiccation and osmotic stress, although the
absolute levels of Aav-lea-1 mRNA exceeded those of Aav-
ahn-1 upon induction. This suggests that the nematode A.
avenae has a specific sensory and signaling pathway that re-
sponds to water loss which is triggered by both desiccation at
reduced relative humidities and osmotic water loss. We are
currently working to increase the panel of desiccation response
genes from A. avenae. As more desiccation response genes
from A. avenae are identified, it will be possible to gain a better
understanding of the molecular adaptations involved in nem-
atode anhydrobiosis and of the signaling pathways leading to
these responses.
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