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Summary. Populations of cereal cyst nematode sampled in Australia are described as a new species, 
Hetemdera australis sp. n. This species is morphologically and morphometrically similar to H .  avenae. It 
is distinguished from H .  avenae and other species of the H .  avenae complex by sequence and RFLP of 
the ITS region of rDNA and IEF pattern. The phylogenetic relationships among species of the H .  
avenae complex based on analyses of the ITS-rDNA sequences are presented. 
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The cereal cyst nematode (CCN), Heterodera 
avenae Wollenweber, 1924, is a major nematode 
pest in many countries and found in almost all 
cereal growing areas. It has been recorded from 
many European and Asian countries, northern 
Africa, Australia, New Zealand, USA, and Canada 
(Meagher, 1977; Baldwin & Mundo-Ocampo, 
1991; Rivoal & Cook, 1993). In Australia, a cyst- 
forming nematode attacking the roots of cereals 
was first reported by Davidson (1930). Millikan 
(1938) recorded the occurrence of CCN in Victo- 
ria and provided a brief description. According to 
Meagher (1977) there is no evidence that H. ave- 
nae is indigenous in Australia; he assumes that it 
was probably introduced from Europe in the 
nineteenth century. CCN is considered as the 
most important pathogen of wheat and other cere- 
als in the southern wheat belt. More than 2 mil- 
lion hectares in Victoria and South Australia are 
infested, and annual losses in grain yield in wheat 
alone are conservatively estimated at USD 70 mil- 
lions (Brown, 1984). 

The Australian populations of CCN were con- 
sidered as a pathotype quite different from Euro- 
pean populations (Andersen & Andersen, 1982; 
Brown, 1982; Rivoal & Cook, 1993). Thorne 
(1961) observed some morphological differences 

between specimens from Australia and Europe and 
suggested the presence of a geographical variant 
which "eventually may be set up as a distinct spe- 
cies". Meagher (1974) and McLeod & Khair 
(1977) compared Australian populations with H. 
avenae from Europe and Canada and concluded 
that they did not represent a separate species. They 
assumed that differences in measurements leading 
to confusion about the identity of H. avenae in 
Australia could arise in part to environmental in- 
fluences, but also to difference~ in futation me- 
thods and errors in reporting. 

Rumpenhorst (1988) mentioned that three 
Australian populations, which had been morpho- 
logically identified as H. avenae, differed in their 
protein pattern compared with populations from 
Europe and Israel and should probably be consid- 
ered as a separate species. Fenis et al. (1994) 
showed that the 2-DGE for Australian isolates 
differed more from a Swedish H. avenae isolate 
and isolates from Oregon and Idaho than the latter 
three isolates differed from each other. However, 
Bossis & Rivoal (1996) using the same method 
revealed that the Australian isolate was similar to 
the French population studied, finding an argu- 
ment in supporting the North European origin of 
the Australian H. avenae. According to data by 
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Table 1. Species and populations used in the present study. 

* M - morphological or/and morphometrical analysis; IEF - isoelectric focusing of proteins; RFLP - restriction 
fragment length polymorphism of rDNA; SEQ - sequence and phylogenetic analyses of the ITS-rDNA. 

Bekal et al. (1997) the ITS region of this 
Australian population has the same RFLP profile 
generated by Hinfl and Tag1 as those of other H. 
avenae populations. Australian population 
clustered with Saudi Arabian and Israeli (Nir Oz) 
populations in cladogram. Incongruence between 
2-DGE data by Ferris et al. (1994) and Bossis & 
Rivoal (1996) and between RFLP data by Bekal et 
al. (1997) and those obtained from the present 
study, may indicate that populations labelled as 
"Australian" belong to two different species. 
Rumpenhorst (unpublished) also found that an 
Australian population of cereal nematode from Sea 
Lake had an IEF profile and ITS sequence similar 
to European populations. Thus, if we exclude the 
possibility of sample mixing during both studies, 
the data suggest that currently two species appear 
to be present in Australian cereal fields: one native 
Australian species and H. avenae, propably 
introduced from Europe or Asia. 

In the present paper, based on analyses of IEF, 
RFLP and sequences of the ITS of rDNA ob- 
tained from populations and species of the He- 
terodera avenae complex, the native Australian 
populations of CCN are described as a new spe- 
c ies. 

Studies* 

M, IEF, RFLP 
M, IEF, RFLP 
M, IEF 
M, RFLP, SEQ 
M, RFLP 
M, IEF 
IEF 
RFLP 
IEF 
IEF, RFLP 
IEF 
RFLP 
IEF 
SEQ 
IEF 

hot TAF and processed to glycerine by a slow 
method. The juveniles, males and vulva1 cones 
mounted on permanent slides were examined and 
measured. All measurements are presented in mi- 
crometers (pm) as the mean, the standard error of 
the mean and the range in parentheses. 
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Species 
H. australis sp. n. 

H. avenue 

Isoelectric focusing. For protein extraction, 
about 10 full cysts were crushed and homogenized 
in 20 pl extraction buffer. Water soluble proteins 
were separated by isoelectric focusing in poly- 
acrylamide gel as implemented by Gabler et al. 
(2000). The gel was futed and stained with silver 
following a modified procedure of Ohms & 
Heinicke (1983) an then photographed. 

Ha-hoola, Israel 
H. pmtensis Putilovo, Leningrad region, Russia S. A. Subbotin 

York Peninsula, South Australia 
Beulah, -ctoria, Australia 
Victoria, AustraLia 
South Australia sample 1,  Australia 
South Australia, sample 2, Australia 
South Australia, sample 3, Australia 
Grafenreuth, Germany 
Taaken, Germany 
Santa Olalla, Spain 
unknown, Saudi Arabia 
Bet Dagan, Israel 
Niz Oz, Israel 

PCR, FWLPs and sequencing of the ITS-rDNA. 
A single cyst was transferred into 20 pl of nema- 
tode lysis buffer [2 pl of 10X PCR buffer, 8 pl of 
double distilled water and 0.06 pl of Proteinase K 
(20mg/rnl, Qiagen)] in an Eppendorf tube and 
crushed with a microhomogeniser. The tubes were 
incubated at 60 "C (1 h) and 95 "C (15 min) con- 
secutively. After centrifugation (1 min; 16,000g) 2 
pl of the DNA suspension was added to PCR re- 
action mixture containig 5 pl of 10X PCR buffer, 
2 pl of MgC12 (25mM), 200 pM of each dNTP, 

MATERIALS AND METHODS 1.0 pM of each primer, 0.8U of HotStar Tag 
DNA Polymerase (Qiagen) and double distilled 

Nematode populations. Populations of the Aus- water to a final volume of 45 pl. Primers TW81 
tralian cereal cyst nematode and other species and AB28 were used for the PCR reaction (Sub- 
from H. avenae complex used in this study were both et al., 2000). The DNA-amplification profile 
obtained from different sources (Table 1). Second- was programmed for initial denaturation and 
stage juveniles and males were killed and futed in enzyme activation at 95 "C for 15 min, followed 
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Fig. 1. Hetemdera australis sp. n. A, B: Second-stage juvenile, head and tail; C: Cysts, D: Vulva1 cone; E, F. 
Male, head and tail. 

by 35 cycles of 45 sec at 95 "C, 45 sec at  60 "C, 
1.5 rnin at 72 "C, and 10 min at  72 "C. Three to 7 
p1 of each PCR product were digested with one of 
the following restriction enzymes: AluI, CfoI, 
HinfI, ItaI, PstI, RsaI, TaqI and Tru9I in the 
buffer stipulated by the manufacturers (Boehringer 
Mannheim, Germany o r  MBI Fermentas, Biolabs 
New England, UK). The digested DNA was 
loaded on a 1.5% agarose gel, separated by elec- 
trophoresis (100V, 1.5 h), stained with ethidium 
bromide, visualised on W transilluminator, and 
photographed with a Polaroid MP4+ Instant 
Camera System. Procedures for obtaining PCR 
amplified products and endonuclease digestion 
were repeated several times to verify the results. 

DNA fragments of the ITS from H. australis sp. 
n. (sample 2, South Australia) and H. pratensis 
(Putilovo, Russia) were sequenced in both direc- 

tions with TW81, AB28, o r  5.8SM5 primers 
(Zheng et al., 2000) with BigDye Terminator Cy- 
cle Sequencing Ready Reaction Kit (PE Applied 
Biosystems, UK) according to the manufacturer's 
instructions. The resulting products were purified 
using a Centriflex Gel Filtration Cartridge (Edge 
BioSystems Inc., Gaithersburg, Maryland, USA) 
and run on a 377 DNA sequencer (PE Applied 
Biosystems). Sequences of H. australis sp. n. 
(AY148352) and H. pratensis (AY148351) are pub- 
lished in the GenBank. 

Phylogenetic analysis. Original sequence H. 
australis sp. n. and H. pratensis were aligned using 
ClustalX 1.64 (Thompson et al., 1997) with known 
sequences of the H. avenae complex (Zheng el al., 
2000; Subbotin et al., 2001) and sequences of two 
outgroup taxa H. hordecalis Andersson, 1975 and 
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Fig. 2. Hetemdera australis sp. n. A-B: Male; A: Anterior end; B: Tail and spicules; C-G: Second stage juvenile; 
C: Anterior end; D: Lateral field at mid-body; E, F: Phasmids in lateral and dorso-ventral view; G: Tail; H, I: Cyst; 
H: Fenestration in vulval cone; I: Bullae in vulval cone (Scale bar: A-G= 15 prn, H, I = 30 prn). 
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Table 2. Morphometrics of cysts and second-stage juveniles of Hetemdera australis sp. n. 
(measurements in pm). 

H. latipons Franklin, 1969 (Subbotin et al., 2001). 
The equally weighted maximum parsimony analy- 
sis of the ITS alignment was performed using 
PAUP* 4b4a (Swofford, 1998). Heuristic search 
setting were 10 random replicates of taxon addi- 
tion with tree bisection - reconnection (TBR) 
branch swapping. Gaps were treated as a fifth 
character. Bootstrap support was estimated by a 
heuristic search from 500 replicates using simple 
addition sequences with TBR swapping. 

DESCRIPTION 
Heterodera australis sp. n. 

(Figs. 1 & 2) 

South Australia, 
(sample 2) 

9 
763f 16 (696-840) 
557f 10 (504-600) 
1.4H.04 (1.2-1.6) 

5 
47k2.3 (39-52) 
23k1.6 (19-27) 

Population 

Cysts 
n 
Length excl. neck 
Width 
Length/width 

Vulval areas 
n 
Fenestral length 
Mean semifenestral width 

Holotype cyst: L (excluding neck) = 780 pm; 
width = 560 pm; length/width ratio = 1.4; neck 
length = 105 pm. 

Vulval bridge width 
Vulval slit length 
Vulva-anus distance 

576f4.1 (544-619) 

4.6H.03 (4.3-4.9) 
8.2M. 1 (7.8-8.9) 

Lip region helght 3.8H.04 (3.4-4.1) 
Lip region width 9.1M.1 (8.8-9.8) 

l l 2 H . 9  (104-121) 
126H.8 (1 18- 132) 

Hyaline part of tail length (H) 

Paratype cysts: See Table 2. 
Paratype males (n=5): L = 1556+48 (1405- 

1695) pm; width = 3 1 f  0.4 (29-3 1) pm; height of 
lip region = 6.4k0.2 (5.9-6.9) pm; width of lip 
region = 12k0.2 (12-13) pm; stylet length = 
29k0.3 (28-30) pm; distance of opening of dorsal 
oesophageal gland from stylet base = 6.5f 0.4 (5.4- 
7.4) pm; distance from anterior end to median 
bulb valve = 106k3 (102-119) pm; distance from 
anterior end to excretory pore = 181+19 (147-210) 
pm; oesophagus length = 168f 17 (137-196) pm; 
length of genital tract = 770+53 (637-896) pm; a 
= 51f 1.8 (45-56): b = 9.8f 0.8 (8.6-1 1.4); length 
of spicules = 43 pm; length of gubernaculum = 12 
pm . 

Paratype juveniles: See Table 2. 
Paratype eggs (n=20): 1, = 135f 1.6 (122-148) 

pm; width = 46f0.6 (43-54) pm; ratio of length to 

York Peninsula, 
Australia 

(Paratypes) 

16 
734526 (576-960) 
528k17 (432-672) 
1.4H.03 (1.2-1.9) 

15 
52f 1 . 1  (43-58) 
25M.7 (19-30) 

Beulah, 
Australia 

6 
780k28 (696-888) 
564f14 (528-624) 
1.4M.1 (1.3-1.5) 

7 
49f1.2 (43-52) 
23f 1.0 (19-27) 

Victoria, 
Australia 

25 
748f18 (624-912) 
54M12 (432-648) 
1.4H.03 (1.1-1.8) 

18 
51f 1.2 (43-62) 
2439.5 (19-27) 
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Fig. 3. IEF protein patterns of species from the H. avenae complex. 1 :  H. avenae (Santa Olalla, Spain); 2: H. ave- 
nae (Grafemeuth, Germany); 3: H. avenae (Bet Dagan, Israel); 4: H. avenae (Ha-hoola, Israel); 5: H. avenae (Saudi 
Arabia); 6: H. pratensis (Missunde, Germany); 7 :  H. australis sp. n. (South Australia, sample 2); 8: H. australis sp. n. 
(Beulah, Australia); 9: H. australis sp. n. (South Australia, sample 3); 10: H. australis sp. n. (York Peninsula, Aus- 
tralia); 11: H. australis sp. n. (Victoria, Australia). Arrows indicate specific bands. 

width = 2.9f 0.1 (2.3-3.4). 

Cysts. Lemon-shaped, generally elongate with 
distinct vulval cone. Cyst colour varies from yellow 
brown to dark brown. Subcrystalline layer distinct; 
egg sac not observed. Vulval cone bifenestrate, 
fenestrae oval to almost circular, almost horse- 
shoe shaped in older cysts. Vulval slit short. BuUae 
numerous, at different levels in vulval cone, dis- 
tinct, deeper brown than cyst cuticle, irregular in 
form and variable in size. Underbridge absent. 

Males. General morphology as typical for the 
genus. Lip region dome-shaped, distinctly set off, 
with 4-5 annules and a labial disc measuring 8 x 
4.5 p.m. Stylet strong, knobs rather small, slightly 
indented or almost flat anteriorly. Median bulb 
oval, occupying about half of the body diameter, 
with 4 pm long valve. Lateral field with four inci- 
sures and irregular areolation. Cuticle annules 2 
pm wide at mid-body. Tail short and rounded, 
smooth at  the end. Phasmids absent. Spicules with 
broad, bidentate tip. 

than high, with two indistinct annules and 'wide 
labial disc. Cephalic framework well developed. 
Cuticle only slightly thickened posterior to lip re- 
gion. Stylet strong, stylet knobs slightly to moder- 
ately concave; stylet base 5.5-6 pm wide and 2.5- 
3 pm high. Median bulb oval, with 3.5 pm long 
valve. Oesophageal glands well developed. Lateral 
field with four incisures, but mostly only the inner 
two incisures distinct; outer bands generally areo- 
lated. Cuticle annules 1.8-2.0 pm wide at mid- 
body. Tail gradually tapering to a rounded terrni- 
nus, with hyaline portion mostly occupying almost 
two thirds of its total length. Phasmids prominent, 
wide and lens-like, 2-5 body annules posterior to 
anus. 

Type locality. Cysts with eggs and juveniles de- 
fined as type specimens were collected early 1999 
by Franky Charman-Green (South Australian Re- 
search and Development Institute) from a cereal 
field in York Peninsula, South Australia (precise 
locality unknown). Other populations were col- 
lected from different localities in South Australia 
and Victoria. 

Juveniles. Body slightly curved ventral. Lip re- 
gion set off, rounded, more than two times wider Type material. Holotype cyst, paratype cysts 

and cone tops, males, second-stage juveniles and 
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Fig. 4. RFLPs-ITS-rDNA profiles of species from the H. avenae complex. A: H. australis sp. n. (South Australia, 
sample l), B: H. avenae (Taaken, Germany), C: H. avenae (Nir Oz, Israel). Code: M - 100 bp DNA marker 
(Promega), U - unrestricted PCR product, 1 - AluI; 2 - CfoI; 3 - HinfI; 4 - ItaI; 5 - PstI; 6 - RraI; 7 - TaqI; 8 
- Tru9I. 
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(3) r H. avenae (AF27.1395) 

(47) . H. hordecalis (AF27440 1) 

'* (I)- 

I (68) H, lntipons (AF274402) 

fi H. avenae (AF274397) 

Fig. 5. Phylogenetic relationships within the H. avenae complex inferred from analyses of the ITS sequences. A 
single parsimonious tree, when gaps were treated as frfth character (tree length = 232; consistency index = 0.9483; 
homoplasy index = 0.0517; retention index = 0.8846; rescaled consistency index = 0.8389). Bootstrap volumes are 
given in bold and number of changes in brackets. 

eggs are deposited in the German Nematode Col- 
lection, Biologische Bundesanstalt, Miinster, Ger- 
many. Additional paratypes are deposited at Insti- 
tute of Parasitology of RAS, Moscow, Russia, 
Rothamsted Experimental Station, Harpenden, 
England, and in the USDA Nematode Collection, 
Beltsville, Maryland, USA. Heterodera australis sp. 
n. specimens from other Australian populations are 
also deposited in all four nematode collections. 

Remark. Meagher (1974) gave a detailed de- 
scription, including drawings and photomicro- 
graphs of a population collected from a field close 
to Sea Lake, Victoria. McLeod and Khair (1977) 
provided measurements and morphological details 
of seven populations from Victoria, South Austra- 
lia, Western Australia and New South Wales. We 
consider the populations studied as most probably 
conspecific with H. australis sp. n. 

loo (19) 

IEF. Samples from H. avenae populations and 
H. australis sp. n. produced consistent banding 
patterns on IEF gels (pH range 3-10); several dis- 
tinct bands allow to distinguish both species (Fig. 
3). The results of our present IEF study of popu- 
lations of H. avenae, H. pratensis and H. australis 
sp. n. are in accordance with published data, 

72 (6) - 

H. aucklandica (AF274398) 

-1 - (3) 
H. "avenae" from China 

which showed the IEF technique to be sensitive 
and robust and able to differentiate the H. avenae 
complex species (Rumpenhorst, 1985; Sturhan & 
Rumpenhorst, 1996; Rumpenhorst et al., 1996; 
Subbotin et al., 1996; Gabler et al., 2000). 

65(1) 

100 (36) 

* 

RFLP analysis. The restriction patterns ob- 
tained after digestion by eight enzymes of popula- 
tions from the H. avenae complex are given in Fig. 
4. Digestion by TaqI shows a unique RFLP profile 
with heterogeneity in the ITS region for all studied 
populations of H. australis sp. n. The restriction 
profiles obtained with Hinfl distinguish H. australis 
sp. n. from H. avenae. 

91 (4) 
2k1. australis sp. n. 

('" H. jllipjevi (AF274399) 

(3) 

Phylogenetic relationships of H. australis sp. n. 
with other species of the H. avenae complex. 
Analysis of the alignment with 10 ITS sequences 
using maximum parsimony (gaps treated as fifth 
character) resulted a single parsimonious tree with 
two main groups for the H. avenae complex spe- 
cies. Heterodera australis sp. n. clustered with high 
bootstrap support with H. pratensis and H. "ave- 
nae" from China (Fig. 5). Detailed phylogenetic 
analyses of more than 60 sequences of the Avenae 
group species using maximum parsimony and 
maximum likelihood revealed that the Australian 

' (I4) H. ustinovi (AF274400) 

- - H. pratensis 



cereal cyst nematode is clearly separated from 
other species (Subbotin et  a l . ,  unpublished). 

Differential diagnosis. Comparison o f  the mor- 
phology and morphometrics of  H.  australis sp. n. 
with morphological characteristics of  other species 
of the H .  avenae complex (Williams & Siddiqi, 
1972; Subbotin et al., 1999) revealed that this 
species . is morphologically indistinguishable from 
H. avenae. The measurements of all stages of  both 
species overlap. Heterodera australis sp. n. differs 
from H. filipjevi (Madzhidov, 198 1) and H. ustinovi 
Kirjanova, 1969 by absence of  a n  underbridge in 
the cysts, from H. arenaria Cooper, 1955 by longer 
stylet, tail and hyaline part o f  tail in the second- 
stage juveniles, from H. pratensis Gabler, Sturhan, 
Subbotin & Rumpenhorst, 2000 and H.  auck- 
landica Wouts & Sturhan, 1995 by shorter body in 
the juveniles, from H. mani Mathews, 1971 by 
shorter tail and hyaline part o f  tail in the juveniles. 

The new species is easily differentiated from H. 
avenae and other species of  the H. avenae complex 
by RFLPs and sequences of  the ITS region of 
rDNA and IEF patterns. Also, several RAPD 
markers distinguish H. australis sp. n. from the 
other species (Subbotin et al.,  unpublished). 
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