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Induction of Glutaredoxin Expression in Response to Desiccation Stress
in the Foliar Nematode Aphelenchoides fragariae

7ZHEN Fu, PaurA AGUDELO, CHRISTINA E. WELLS

Abstract: Desiccation tolerance plays an important role in the overwinter survival of the foliar nematode Aphelenchoides fragariae.
Survival rates of A. fragariae were compared with those of the anhydrobiotic soil-dwelling nematode Aphelenchus avenae after desic-
cation (90% RH), cold (4°C) and osmotic (500 mM sucrose) stress treatments. A. fragariae formed aggregates during desiccation and
showed higher survival rates than A. avenae under desiccation and osmotic stress. Analysis of transcripts with Illumina RNA-seq
indicated that glutaredoxin and other antioxidantrelated genes were up-regulated under desiccation stress. Quantitative RI-PCR
demonstrated 2.8 fold and 1.3 fold up-regulation of a glutaredoxin gene under desiccated and osmotic stress, respectively, suggesting
the participation of antioxidant mechanisms in desiccation tolerance of A. fragariae.

Key words: Aphelenchoides fragariae, desiccation, cold stress, osmotic stress, glutaredoxin, survival rate.

The foliar nematode Aphelenchoides fragariae infects
aerial parts of plants, causing serious damage in nurs-
eries, greenhouses, and landscapes (Jagdale and Grewal,
2006). The nematodes overwinter in soil, dormant
crowns, and abscised leaves and migrate to new leaves
in the spring (Jagdale and Grewal, 2006). Foliar nem-
atodes can enter into anhydrobiosis in the soil and re-
sume activity when free moisture is available, and it is
likely that desiccation tolerance plays an important role
in overwinter survival. This ability to survive desiccation
may render the nematode difficult to eliminate even
with repeated nematicide applications, although this
has not been explicitly tested in A. fragariae.

Several nematode species are known to survive under
extreme desiccation by entering an anhydrobiotic stage
during which metabolism and aging are suspended
(Cooper and Van Gundy, 1971). Viable nematodes have
been found in dry desert soil (Frechman et al., 1975)
and dry Antarctic valleys (Treonis and Wall, 2005).
Some nematodes can survive in an anhydrobiotic state
for many years: the plant-parasitic nematode Ditylenchus
dipsaci has been reported to survive for 23 years under
dry storage (Fielding, 1951).

Mechanisms of desiccation tolerance have been stud-
ied in a small number of nematode species, including
Aphelenchus avenae (Burnell and Tunnacliffe, 2011). This
species belongs to the same taxonomic order as the fo-
liar nematode and is a good comparative model for
desiccation tolerance studies. Several genes have been
associated with desiccation and osmotic tolerance in A.
avenae, including late embryogenesis abundant proteins
(Browne et al., 2002; Ingram and Bartels, 1996), treha-
lose phosphate synthase (Goyal et al., 2005) anhydrin
(Browne et al., 2004), and glutaredoxin (Browne et al.,
2004). In this study, we (1) measured the survival of fo-
liar nematodes under different stress conditions using
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A. avenae as a comparative model and (2) examined
changes in gene expression associated with desiccation
in A. fragariae, focusing initially on glutaredoxin, a thi-
oltransferase that protects against oxidative stress in A.
avenae.

MATERIALS AND METHODS

Nematode materials and stress treatments: The Aphelenchoides
Jfragariae used in these experiments were obtained from
the Clemson University Plant-parasitic Nematode Collec-
tion, maintained and cultured in vitro on Gylindrocladium
sp. grown in Potato Dextrose Agar (PDA, HiMedia labo-
ratories, India) under laboratory conditions for over 25
years. The origin of the isolate is uncertain. Nematodes
were extracted using the Baermann funnel technique
(Baermann, 1917), washed three times with sterilized
tap water and exposed to one of three stress treatments.

For the desiccation treatment, approximately 50,000
nematodes in 20 ml of sterilized tap water were vacuum
filtered onto a 4.7 cm Nuclepore membrane with 5-pum
pores (Whatman, NJ). The membrane with nematodes
was transferred to an uncovered petri dish on a ceramic
holder in an air-tight glass chamber with 72% glycerol
solution in the bottom. A MicroRHTemp Data Logger
(Madgetech, NH) was placed on the ceramic holder to
collect relative humidity (RH) and temperature data.
The chamber was incubated at room temperature (23 *
2°C) for 24 h.

For the cold treatment, approximately 500 nematodes
in sterilized tap water were placed in a small petri dish
and incubated at 4 °C for 24 h. For the osmotic stress
treatment, approximately 500 nematodes were trans-
ferred to a beaker with 20 ml of 500 mM sucrose solution
and incubated at room temperature for 24 h. Five hun-
dred A. fragariaein sterilized tap water were incubated at
room temperature for 24 h as a control for all the stress
treatments.

After 24 h of exposure to the three stress conditions,
nematodes were transferred to sterilized tap water and
allowed to rehydrate for 24 h. Survival was then evalu-
ated by checking motility with physical stimulation un-
der a stereoscope in 100 arbitrarily-selected individuals.
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The experiment was performed concurrently and in
identical manner with Aphelenchus avenae and was re-
peated three times. The A. avenae culture was obtained
from the Clemson University Plant-parasitic Nematode
Collection, maintained in vitro on Cryphonectria sp.
grown in Potato Dextrose Agar since 1989 and origi-
nally isolated from soil around soybean plants in Flor-
ence, South Carolina.

Genes induced by desiccation: The transcriptome of the
foliar nematode was sequenced in a separate project
using Illumina RNAseq technology. Approximately
5,000 nematodes of each of the treatments described
above were used for RNA extraction, using the PureLink
RNA mini Kit (Ambion, CA) and following the manu-
facturer’s instructions. Total RNAs were treated with
RNase-Free DNase set (Qiagen, Maryland, USA) to re-
move DNA contamination. Total RNA purity and deg-
radation were checked on a 2% agarose gel before
proceeding. RNA quality and integrity were verified
using a 2100 Bioanalyzer with RNA nano chip (Aligent,
CA). The samples from all the treatments had RNA
Integrity Number (RIN) above 6.0 and concentration
above 150 ng/pl. Illumina sequencing using HiSeq
2000 was performed by the David H. Murdock Research
Institute (Kannapolis, NC, http://www.dhmri.org/home.
html). The samples for sequencing were prepared using
the TruSeq RNA sample preparation kit (Illumina, San
Diego, USA). Briefly, the poly-T oligo-attached mag-
netic beads were used to purify mRNA from total RNA.
After purification, mRNAs were fragmented into small
pieces using diavalent cations. The small pieces of
mRNA were synthesized into first strand cDNA using
reverse transcriptase and random primers. The second
strand c¢DNA synthesis was conducted using DNA
Polymerase I and RNase H. Following double strand
cDNA synthesis, the cDNA went through end-repair
process, single ‘A’ base was added to the 3’ ends, then
the adaptors were ligated to the cDNA fragments. The
c¢DNA fragments were purified and enriched with PCR
to generate final libraries for sequencing. Libraries of
the four treatments were ‘tagged’ using different oli-
gonucleotides. The final ¢cDNA libraries were se-
quenced via Illumina HiSeq 2000 in one lane. The read
length was 100 bp, and only one end of the libraries were
sequenced. Quality scores of the sequences were calcu-
lated using Illumina Pipeline 1.5.

Raw reads were quality-filtered and trimmed using
Prinseq (http://edwards.sdsu.edu/cgi-bin/prinseq/
prinseq.cgi) and assembled into transcripts with the
Trinity de novo assembler (Grabher et al., 2011). Func-
tional annotation of assembled transcripts was per-
formed with Blast2GO (Conesa et al 2005). Expression
levels of Trinity transcripts were quantified with RSEM
(http://deweylab.biostat.wisc.edu/rsem/), and genes
whose expression differed significantly between treat-
ment conditions were identified with Fisher’s Exact Test
implemented in IDEG.6 (http://telethon.bio.unipd.

it/bioinfo/IDEG6/index.html) with a Bonferroni cor-
rection for multiple comparisons (familywise error rate =
0.05). Genes with a 5fold or greater significant differ-
ence in expression between desiccated and control
nematodes were considered to be strongly differentially
expressed. Enrichment analysis was performed in
Blast2GO to determine whether specific gene ontology
terms were over- or under-represented in the strongly
differentially-expressed gene set.

Glutaredoxin sequence analysis: A local BLAST database
of Trinity-assembled transcripts was queried with the
A. avenae glutaredoxin sequence Aav-glx (AY340999.1)
to identify A. fragariae glutaredoxin homologs. Seven
contigs were found share high similarity with Aav-glx, and
two contigs (Af-glx-1 and Af-glx-2) were further analyzed
and submitted to Genbank with accession numbers
JN881463 (E-value=4e ') and JN881464 (E~value=6e '7),
respectively. Open reading frames (ORF) for Afglx1
and Afglx2 sequences were located using ORF Finder
(http:/ /www.ncbi.nlm.nih.gov/gorf/gorf.html), and pre-
dicted protein sequences were analyzed via the Conserved
Domains database of NCBI (Marchler-Bauer et al., 2011).
Signal peptides were predicted via SignalP (Petersen
et al,, 2011). A protein sequence alignment of pre-
dicted Af-GLX-1 and Af-~GLX-2 was created in ClustalW2
(Larkin et al., 2007) and displayed in Jalview (Waterhouse
et al., 2009).

RNA extraction and quantitative reverse transcription PCR
(qRT-PCR): Gene-specific primers for the amplification
of glutaredoxin were designed based on the sequence
of Afgix-1, using Primer 3 (Rozen and Skaletsky, 2000),
with an expected amplicon size of 183 bp. Approxi-
mately 5,000 foliar nematodes were treated under the
three stress conditions described above (desiccation,
cold and osmotic stress) for 24 h. Approximately 5,000
nematodes suspended in sterilized tap water and in-
cubated at room temperature for 24 h were used as the
control.

Total RNA from nematodes in each treatment was
extracted using the RNeasy Mini kit (Qiagen, MD,
USA) following the instructions of the manufacturer.
On-column DNase digestion was performed during the
RNA extraction using the RNase-Free DNase set (Qia-
gen, MD, USA). Quantitative reverse transcription PCR
(qRT-PCR) reactions were set up in 25 pl following the
instructions of the QuantiTect SYBR Green RT-PCR kit
(Qiagen, MD, USA) on a Stratagene Mx3000P QRT-PCR
system, using 0.25 wl of the total RNA from each
treatment as a template. Quantitative RT- PCR param-
eters included initial reverse transcription at 50°C for
30 min, initdal denaturation at 95°C for 15 min, fol-
lowed by 40 cycles of 94°C for 15 s, 50°C for 30 s, and
72°C 30 s (at the end of the this step, fluorescence data
were collected). The dissociation curve (melting curve)
was performed at the end of the program from 60°C to
90°C. Partial 28S ribosomal RNA gene (154 bp) was in-
cluded for all samples as a reference for normalization of
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Survivorship of Aphelenchoides fragariae and Aphelenchus avenaeunder (A) desiccation stress, (B) cold stress and (C) osmotic stress. All

data were normalized to the untreated control. Different letters indicate significant differences (P < 0.05) between species within the same

stress treatment (Student’s t-¢ test).

products. The primers used in the qRT-PCR were glx-F:
5-ATT AGA TGG CTT GGG CTT CTIT G-3’, glx-R: 5’-
TTG AGA TTG AAG ACC GCA AAG A -3’; and 28S-F:
5-AGT GGG ACA CTT GGT GTC TGT GA-3’, 28S-R:
5-TCT GAC TTC GTC CTG TTC GGG CA-3’. Four
replicates were included from each treatment. The
standard curve method was used to quantify differences
in expression. A dilution series of the control hydration
nematode total RNA was used to create standard curves
for both the 28S and glutaredoxin gene. Threshold (Ct)
values from each sample were converted to relative
quantities based on the standard curve. The expression
levels of Afgix-1 were normalized to expression of the
28S ribosomal gene and separately computed in each
stress condition. All amplicons were treated with Exo-
SAP-IT (Affymetrix, Santa Clara, CA) following the in-
structions of the manufacturer and sequenced at the
Clemson University Genomic Institute.

Statistical analysis: Nematode survivorship under the
three stress treatments was calculated relative to the
control for each species, assuming the control as 100%
survival. Differences in survivorship between the two
species were analyzed by one-way ANOVA with JMP 9
(SAS Institute. Cary, NC). Significant differences in
survivorhsip between species within each stress treat-
ment were determined by Student’s t-test (P < 0.05).

ResuLTs

Nematode survival under stress treatments: Aphelenchoides
Jfragariae and A. avenae formed aggregates or ‘nematode
wool” on the membrane in the desiccation stress treat-
ments. Nematode body fluid was transparent immedi-
ately after rehydration and became darker after a few
hours of rehydration. A 30 minute lag phase (i.e. the
period of time before activity is resumed after rehy-
dration) was observed in A. fragariae. Two hours later,
90% of A. fragariae were motile. In contrast, A. avenae
exhibited a lag phase of two hours, and required four
hours to achieve 90% motility after rehydration. The
survival rate of A. fragariae (91.09%) was significantly
higher than that of A. avenae (77.73%) under desiccation

stress (Fig. 1). The same trend was evident for osmotic
stress. No difference in survivorship was found between
the two species under cold stress (> 90 % survival in
both).

Characterization of Af-glx: Seven A. fragariae assembled
transcripts from the RNA-seq experiment were similar
(E< 10719 to the glutaredoxin gene of A. avenae (Aav-
glx Table 2), two of which were alternatively-spliced
isoforms of the same gene (contig 778_1 and contig
778_2). Two transcripts were selected for further char-
acterization: Afglx1 (JN881463, with the lowest E-value
in Table 2) and Afglx2 (JN881464, with the longest
contig in Table 2 ). The ORF of Afgix-1 spans 47 to 371 bp
and encodes a protein of 107 aa (Fig. 2) with a molec-
ular weight of 12.011 kDa and an isoelectric point (PI)
8.89. The ORF of Afglx2 spans 76 to 744 bp and en-
codes protein of 232 aa, with a molecular weight of
26.053 kDa and a PI of 9.02. The Af-GLX-1 protein has
a glutaredoxin (GRX) domain from 16 to 96 aa (Fig. 2);
Af-GLX-2 has a GRX domain from 127 to 212 aa and
a Selenoprotein S domain from 4 aa to 94 aa. Af-GLX-1
aligns with Af-GLX-2 along its entire GRX domain
(Fig. 3). While the two putative polypeptide sequences
are not identical, they both have RSVP and GGDD
conserved glutathione binding sites, as well as cysteine
and serine catalytic residues.

Differential expression of Af-glx-1 under stress treatments:
The qRT-PCR standard curves of the Afglx-land 28S
genes had r* of 0.995 and 0.998, respectively. Melting
curves of the 28S gene and the Afglx1 gene were iden-
tical for all samples. Relative quantities were computed
based on the standard curves (28S, y=-3.554logx+3.9 and
glx, y=-3.322logx+17.47, y: relative quantity; x: Ct value).
Expression of Afgix1 under desiccation stress was 2.8
fold higher than in the untreated control (Fig. 4), and
minor up-regulation (1.3 fold-change) of Afgix1 was
also detected under osmotic stress. Af-glx-1 was down-
regulated (0.4 fold-change) under cold stress. Af-glx-I
expression was also quantified in the RNA-seq tran-
scriptome experiment. In this case, its expression was
3.2 times higher in desiccated nematodes compared to
controls (Table 1).
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Fic. 2. Aphelenchoides fragariae glutaredoxin Afglx-1 cDNA sequence (GenBank accession JN881463) and predicted polypeptide. The open
reading frame spans nucleotides 47 to 371. The glutaredoxin (GRX) domain is boxed (position 16 to 99). The primers designed for quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) are indicated with asterisks and amplify a fragment of 183 bp.

Genes expression changes under desiccation: A number of
additional transcripts involved in antioxidant metabo-
lism and the detoxification of reactive oxygen species
(ROS) were differentially expressed in the RNA-seq
transcriptome experiment. Two superoxide dismutase
genes, a glutathione reductase gene and a catalase gene
were significantly up-regulated in response to desicca-
tion (Table 1). Also upregulated were 5-oxoprolinase,
a component of the gamma-glutamyl cycle that syn-
thesizes glutathione, mpvl7, a mitochondrial inner
membrane protein thought to be involved in ROS me-
tabolism, and a number of genes involved in the re-
moval of xenobiotics and damaged proteins. Several
enzymes central to carbohydrate metabolism were also
up-regulated in desiccated nematodes: two glycogen
synthase isoforms, UDP-glucose pyrophosphorylase, phos-
phoglucomutase, hexokinase and trehalase. A putative
late embryogenesis abundant protein homolog increased
53-fold in expression under desiccation and was one of

the most highly-expressed transcripts in the desiccated
transcriptome (over 16000 transcripts per million).

DiscussioN

Water loss is a challenge for plant-parasitic nematodes.
They may experience periods when they are outside of
host tissues and exposed to dry soil, and foliar nema-
todes risk exposure to air as they climb to infect host
stems and foliage. The ability of plant parasitic nema-
todes to withstand desiccation varies among genera
and species. Larvae and pre-adults of reniform nema-
todes Rotylenchulus reniformis were unable to survive
direct short-term exposure to 97% relative humidity
(Womersley and Ching, 1989), whereas, at the same rel-
ative humidity, the soil dwelling nematode A. avenae can
survive in anhydrobiotic aggregates (Crowe and Madin,
1975). Aggregation is a group behavioral mechanism
that decreases surface exposure to the environment
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Fic. 3.

Sequence alignment of two predicted Aphelenchoides fragariae glutaredoxin proteins, Af-GLX-1 and Af-GLX-2. Af-GLX-1 aligned to Af-

GLX-2 from position 112 to the end. Boxed amino acids are glutathione (GSH) binding sites, and arrows indicate catalytic residues of

glutaredoxin.
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Fic. 4. Differential expression of glutaredoxin Afgix1 of Aphe-
lenchoides fragariae under desiccation, cold, and osmotic stress treat-
ments. Differential gene expression was measured by quantitative
reverse-transcription polymerase chain reaction (qRT-PCR), and
expression levels of Afglx] were normalized to the 28S ribosomal
gene. Relative expression was computed separately for each stress
treatment (4 replicates per treatment). Error bars indicate the stan-
dard deviation.

and is widely observed in desiccated plant parasitic nem-
atodes (Barrett, 1991). Aphelenchoides fragariae exhibited
greater survivorship under desiccation than A. avenaein
our study.

A lag phase in motility following rehydration was
observed for both species. We did not directly measure
the time at which 50% of the nematodes became active
after rehydration (T50). However, based on the obser-
vation of motility every 30 min, we estimate that the T50
of A. avenaewas between 2 h and 3 h, whereas that of A.
Jfragariae was between 1 h and 2 h. Wharton and Aalders
(1999) demonstrated that the length of the lag phase
was strongly related to the duration of desiccation but
not to the final relative humidity, which suggests that
longer desiccation might extend the lag phase.

Both species showed high survival under the cold stress
treatment. Cold tolerance is thought to be enhanced by
exposure to desiccation: nematodes exposed to desicca-
tion before experiencing sub-zero temperatures may lose
freezable water from their bodies, allowing them to sur-
vive in an anhydrobiotic state under freezing conditions
(Wharton, 2011). We did not test nematode survival under
the combination of desiccation and cold stress, which may
have produced results different from either stress alone.

In addition to tolerating desiccation well, Aphe-
lenchoides fragariae also has the ability to survive under
osmotic stress. As in plants, nematode response mech-
anisms to osmotic stress and drought stress are likely to
overlap (Ingram and Bartels, 1996). These may include
production of antioxidants and stress-protective pro-
teins, changes in primary metabolites, and synthesis of
compatible solutes (Ingram and Bartels, 1996).

When water is withdrawn from the cell interior, the
concentration of ions and solutes increases, leading
ultimately to the production of reactive oxygen species
(ROS). ROS produced during desiccation (Kranner and
Birti¢, 2005) and osmotic stress oxidatively damage
proteins, increasing their susceptibility to unfolding

TasLE 1. Aphelenchoides fragariae transcripts showing significant
similarity to a glutaredoxin gene from Aphelenchus avenae, Aav-glx
(NCBI accession No.AY340999.1).

Contig No. Contig length (bp) E-value
778_1 (Afgle1)? 372 4e™ !
13129 322 Te
201 455 2¢ 22
20397 (Afglx2)" 764 6e 17
6113 715 4e7 16
50695 317 7e 15
778_2 225 ge M

# GenBank accession No. JN881463
" GenBank accession No. JN881464

and aggregation (Burnell and Tunnacliffe, 2011). Glu-
taredoxin is an important member of cell redox system
that reactivates oxidized proteins by reducing the mixed
disulfide bonds that form during oxidative damage.
Survival of bacteria from dry soils is highly dependent on
mechanisms that decrease protein oxidation during
desiccation (Fredrickson et al., 2008), and glutaredoxin
genes are induced in yeast (Saccharomyces cerevisiae) in
response to heat, oxidative and osmotic stress (Grant
et al., 2000). The up-regulation of Afgix1 under desic-
cation and osmotic stress in our study suggests that both
stresses elicit an antioxidant response in the nematode.
This hypothesis is strengthened by the concomitant up-
regulation of a host of other antioxidant genes, in-
cluding superoxide dismutase and catalase.

The two glutaredoxins examined in our study are
both categorized as Class I glutaredoxins on the basis of
their active site sequences (Couturier et al., 2009), al-
though they differ in the number of cysteine catalytic
residues (two in AF-GLX-1, one in AF-GLX-2). AF-GLX-2
contains both a glutaredoxin domain at the C terminus
and a Selenoprotein S domain at the N terminus, a
structure that has also been reported for a glutaredoxin
of Ascaris suum (ADY43354; Wang et al., 2011). Af-gix-2
was not expressed in control or desiccated A. fragariae
reared on fungus in the present study, but it was de-
tected in A. fragariae feeding on plant material in the
RNA-seq transcriptome experiment (data not shown).

ROS damage to proteins and other cellular compo-
nents necessitates detoxification and/or degradation of
the damaged molecules. In our study, enhanced deg-
radation of damaged proteins via the proteasomal
pathway was suggested by a 53-fold up-regulation of
cullin 3, a component of ubiquitin-protein ligase com-
plexes that target proteins for degradation. Further-
more, key enzymes in the detoxification pathway for
xenobiotics and oxidatively-damaged molecules were
also up-regulated. The detoxification process pro-
ceeds in three phases (Barrett, 2011), and enzymes
commonly associated with each phase were present in
the desiccation up-regulated gene set: cytochrome P450
(bioactivation); UDP-glucoronosyl/-glucosyl transferase,
glutathione-S-transferase and glyoxylase 1 (conjugation);
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TABLE 2.

Expression levels of selected genes from a desiccation-up-regulated gene set of Aphelenchoides fragariae (see Supplementary Table 1

for list of all genes significantly up-regulated >5-fold in desiccated A. fragariae).

Category Contig number Annotation * TPM" control TPM desiccated
Antioxidant systems 1179 manganese superoxide dismutase 23 115
1484 superoxide dismutase 15 345
386 catalase 27 1605
652 glutathione reductase 6 63
3170 5-oxoprolinase (atp-hydrolyzing) 37 616
13781 protein mpv17 4 28
778 glutaredoxin (Afi-gix-1) 103 316
Carbohydrate metabolism 8600 glycogen synthase 4 49
8246 glycogen synthase 6 39
1010 UDP-glucose pyrophosphorylase 141 1125
10522 phosphoglucomutase 1 16 106
11546 trehalase family protein 4 68
3066 hexokinase hkdcl 54 288
Detoxification and 10292 cyp33 (cytochrome P450 family) 3 21
degradation 11252 UDP-glucoronosyl/-glucosyl transferase 1 40
3369 glyoxalase 19 102
7137 ABC transporter 11 92
9826 glutathione S-transferase 4 42
6270 cullin 3 1 51
Other 0 late embryogenesis abundant protein 311 16782
1209 aldo-keto reductase 1 260

* Based on sequence description of top BLAST hit(s)
b Transcripts per million, rounded to the nearest whole number

and an ATP binding cassette (ABC) transporter (elim-
ination). We also observed a 260-fold increase in
the expression of aldo-keto reductase, a monomeric
NADPH-dependent oxidoreductase whose mammalian
homologs are capable of detoxifying lipid peroxidation
products that result from oxidative damage to mem-
branes (Bartels, 2001).

Enhanced synthesis of the non-reducing disaccharide
trehalose has frequently been reported in anhydrobiotic
nematodes, where it is thought to act as a compatible
solute, maintaining protein confirmation and membrane
stability during desiccation (Perry and Moens, 2011;
Madin and Crowe, 1975). Up-regulation of trehalose-6-
phosphate-synthase (and down-regulation of glycogen
synthase, which draws on the same pool of intermediary
metabolites) has previously been reported in desiccated
Plectus murray: (Adhikari et al., 2009). We identified
three trehalose-6-phosphate-synthase genes from con-
trol and desiccated A. fragariae, all of which showed a
non-significant trend toward increased expression under
desiccation (average fold-change 2.2, data not shown).
Interestingly, we did measure significant increases in the
expression of trehalase, which hydrolyzes trehalose to
glucose, and in glycogen synthase, which synthesizes
glycogen from UDP-glucose. Also up-regulated were
the three enzymes that link trehalose hydrolysis with
glycogen synthesis through the transformation of glu-
cose to UDP glucose: hexokinase, phosphoglucomutase
and UDP-glucose pyrophosphorylase (Behm, 1997).
Glycogen levels typically fall during desiccation and in-
crease again as nematodes rehydrate (see, for example,
Gal et al. 2001). It is possible that brief hydration of our
nematodes prior to or during RNA extraction activated

a transcriptional switch from trehalose to glycogen
synthesis. At minimum, it is clear that the trehalose/
glycogen metabolic network was profoundly affected by
changes in nematode water status.

One of the most abundantly expressed mRNAs in the
desiccated A. fragariae transcriptome was a putative late
embryogenesis abundant (LEA) protein with signifi-
cant homology to lea-1 of C. elegans. LEA proteins ac-
cumulate to high levels during desiccation stress in
both plants and animals, where they stabilize proteins
and prevent their aggregation (Goyal et al., 2005).

In conclusion, the foliar nematode A. fragariae has the
ability to survive under desiccation and osmotic stress,
which may help explain the overwintering survival
ability of this nematode in dry soil, abscised leaves and
dormant buds. Glutaredoxin genes have been identified
from the A. fragariae transcriptome, and up-regulation
of glutaredoxin has been detected under desiccation
and osmotic stresses, suggesting that antioxidant
mechanisms underlie A. fragariae tolerance to water
loss. Transcriptome data indicate marked up-regulation
of cellular antioxidant and detoxification systems, as
well as shifts in carbohydrate metabolism in response to
desiccation.
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