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SUMMARY

Oat seedlings were grown in sand, a third of the plants were inoculated with second-stage juveniles of H. avenae.
Plants were transferred to hydroponic culture where lengths of seminal root axes, without nematodes or with
established J3 H. avenae, were labelled with 45Ca*+. Translocation of calcium to the shoots was eleven times greater
from the labelled nematode infected roots than from the labelled uninfected roots. Histological examination showed
nematodes caused major disruption of the endodermis. It was concluded that nematode invasion and establishment
maintened the apoplastic pathway for calcium in regions of the root where it is normally blocked by the develop-
ment of the endodermis.

Resumi

Le transport du calcium des racines d’avoine infestée par le nématode a kystes des céréales
Heterodera avenae (Woll.)

Des plantules d’avoine sont cultivées dans du sable et un tiers d’entre elles sont inoculées avec des juvéniles
du second stade d’H. avenae. Les plantes sont transférées en culture hydroponique ot des portions de racines semi-
nales, avec ou sans nématodes, sont marquées avec du “Ca*+. Le transport de calcium vers les parties aériennes
est onze fois plus élevé & partir des racines infestées qu’a partir des racines non infestées. L’examen histologique
réveéle que les nématodes provoquent une rupture importante de ’endoderme. On en conclut que la pénétration
et I'établissement des nématodes maintient la voie apoplastique de pénétration du calcium dans les régions ot elle

est normalement empéchée par le développement de I’endoderme.

Characteristic aerial symptoms of plant damage
by root endoparasitic nematodes include those
of nutrient deficiencies. In oats (Avena saliva L.)
attacked by the cereal cyst nematode Heterodera
avenae Woll., leaves may show symptoms typical
of nitrogen and phosphorus deficiencies (Kort, 1972).
It has been suggested that deficiences result from
reduced root growth caused by nematode invasion
(Evans, Trudgill & Brown, 1977) rather than im-
paired root function, Price, CGlarkson and Hague
(1982} finding the uptake of phosphorus and pot-
assium in oats infested with H. avenae unaffected
or enhanced. However calcium deficiencies are not
characteristic of nematode damaged plants, workers
even finding increased amounts of calcium in both
potato infested with potato cyst nematodes (Trudgill,
Evans & Parrott, 1975 ; Trudgill & Cotes, 1983)
and wheat infested with H. avenae (Rovira, 1979).

We report here an experiment examining the
effect of established H. avenae on the uptake of
calcium by oat roots. Histological studies are
presented to explain our results and their impli-
cations discussed.

Materials and methods

PREPARATION OF PLANTS

Sixty seeds of oats cv. Maris Huntsman, were
germinated and sown individually in pots (d. 7.5
cm) containing coarse sand. Plants were grown for
eight days in the glasshouse and lightly watered as
necessary. Second-stage juveniles of H. avenae were
obtained from cysts extracted from field soil (Trudgill,
Evans & Faulkner, 1972) and hatched on trays
(Whitehead & Hemming, 1965). Twenty of the pots
had nematodes added on three occasions, receiving
a total of approximately 400 second-stage juveniles
each over the eight days of sand growth.

After eight days all seedlings were carefully
washed from pots and transferred to hydroponic
culture jars containing nutrient solution (mM :
KNO;: 0.5; Ko80,: 2.25; MgS0,: 0.5; KH,PO,:
0.25; CaCly: 1.0; together with micronutrients
and iron-EDTA). Plants were grown in nutrient
solution in the glasshouse for an additional eight
days.
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RADIO-ACTIVE LABELLING

 After eight days of hydroponic growth (sixteen
days from initial sowing) twelve control plants
(that had not received nematodes) and six nematode
inoculated plants were selected to be placed in six
replicate sets of the apparatus shown on Fig. 1.

A plastic container (approximately 20 em X
10 cm x 5 cm) had two control plants and one
inoculated plant attached with tape to an end wall,
with roots lying out in 0.1 normal strength nutrient
solution. Two plastic vial caps (d. 1.5 em) with two
slots cut in their walls were placed in the tanks to
form small compartments separate from the main
body of nutrient solution. Through the slots and
across each cap was passed a seminal root, one
from a control plant, the other a length of seminal
root of an inoculated plant that displayed symptoms
of nematode damage (a slight thickening and some
discoloration). The length of seminal root passing
through a cap was sealed and separated from the
main solution with a wax-resin mixture after air
drying the surface of the root (Scott-Russell &
Sanderson, 1967). The caps were also filled with
0.1 strength nutrient solution. The third control
plant was left entirely in the main body of nutrient
solution.

Uninfested Contrel Uninfested Check

Nematode Infested
/ Plant

Nutrient Tank
containing 0-1
strength nutrient
solution

Plastic Cap containing
0-1 strength labelled
nutrient selution

Root Segment
sealed in cap

Notch cut in Cap

Fig. 1. A diagrammatic representation of the appa-
ratus used in the radio-labelling experiment.
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The apparatus was left overnight after which
the solution in the tank was replaced with fresh 0.1
strength nutrient solution and the solution in the
caps removed (by syringe) and replaced by 0.1
strength nutrient solution labelled with 4CaCl, to
give an activity of 4Cat+ of 25 pCGi ml-'. The
apparatus was left for a treatment period of 24
hours.

EXAMINATION OF MATERIAL

After 24 h the apparatus was dismantled and shoot
and root fresh weights taken. Lengths of root within
the caps were retained and individually preserved
in F.A. 4: 1 (Southey, 1970). Shoot and remaining
root material was prepared for activity counting.
Tissue was wet ashed to dryness and made up to
1 ml with 109, nitric acid and 0.1 ml of each sample
was transferred to planchettes and counted on a
Beckman Lowbeta II Planchette Counter (Price,
Clarkson & Hague, 1982). Retained lengths of root
were stained and cleared in lactophenol acid-fuchsin
(Southey, 1970) and examined for nematodes.

HISTOLOGICAL EXAMINATION

Additional oat plants were sown, inoculated and
later transferred to hydroponic culture as described
above. Root segments showing damage symptoms
were removed, dipped into methyl-cellulose and
frozen in liquid nitrogen. Twelve pm sections were
cut at — 200 in a cryostat (Sanderson, 1972). The
ribbons of sections were melied on glass slides and
quickly refrozen before being transferred to acetic
alcohol (3 ml acetic acid in 100 ml ethanol) at — 200
and then allowed to warm to room temperature
and immersed in ethanol for ten minutes.

Sections illustrated in Figure 2 A and C were
dehydrated in absolute alcohol followed by xylene
for 24-48 h to remove soluble fats. Sections were
then hydrated to 709, alcohol and immersed for
ten minutes in a saturated solution of Sudan Black B
in 709, alcohol, hydrated through an alcohol series
to water and mounted in Hydromount. The section
illustrated in Figure 2 C was dehydrated through
an alcohol series and overstained in a 0.03 % safranin
solution for 4-5 h before washing in water, then
dehydrated and stained in Fast Green for 2-5 min.
The section was then passed through an ethanol-
xylene 1: 1 mixture into three changes of xylene
and mounted in Euparol. ‘

Results

In the labelling experiment all root lengths of
inoculated plants retained for examination (that
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had been within the cap and exposed to %Ca*)
contained nematodes, between two and seven J3
H. aqvenge being found in each 1.b cm length of root.

Activity counts in the shoots of the two treated
plants per apparatus were adjusted by subtracting
the count found in the shoot of the third control
plant. This ensured that the shoot counts represented
calcium translocated from the labelled length of
root of each plant, and was not due to any leakage of
isotope from the caps with uptake elsewhere in
the root system.

When counts were adjusted to nanomoles Cat+
and expressed on a fresh weight basis, calcium

translocation to the shoot (Ga** nM g fresh weight
of shoot 4 959, confidence limits) had a mean
value of 1.46 4 0.69 nM from the uninvaded 1.5 cm
lengths of root axes and 16.12 4 4.48 nM from the
nematode invaded 1.5 cm lengths of root axes, a
difference significant at P > 0.001.

Prepared sections (Fig. 2) show that H. avenqe
can cause disruption to the internal organization
of the root. Figure 2 A illustrates an enlargement
and breakdown of the endodermis, which was
unaffected away from the area of nematode estab-
lishment. Figure 2 B illustrates that the syncytial
teeding structures formed by the nematode may

Fig. 2. Transverse section of oat seminal roots. A : Showing an enlargement and breakdown of the endo-
dermis caused by H. avenae. (E = enlarged endodermis; e = normal endodermis; x = central xylem
vessel ; bar represents 50 pm). B : showing syncitial feeding structures (s) traversing the endodermis (e).
(Bar represents 50 pum). G : showing the anterior portion of a J3 H. avenae (n) lying within the vascular
tissues and endodermis (e). Heavily staining phenolic substances (p) have been produced in response to

this damage. (Bar represents 100 pm).
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traverse the endodermis, lying in both the stele
and cortex, and this may also occur with the nema-
tode itself (Fig. 2 C).

Discussion

There are considered to be two pathways for
the radial movement of ions across the root to the
xylem. The symplastic pathway, through the
cytoplasm, from cell to cell, through interconnecting
plasmodesmata, and the apoplastic pathway through
free space in cell walls (Scott-Russell, 1977). Ions such
as potassium and phosphate are transported through
the symplasm and may be absorbed along the whole
length of a root (Scott Russell, 1977). Calcium is taken
up apoplastically, a pathway effectively blocked by
the development of the endodermis (Clarkson &
Robards, 1975) and uptake, especially from dilute
solutions (likely to occur in soil), is generally restricted
to the apical parts of the root (Robards ef al., 1973).

A major effect of nematode invasion is on plant
root growth. Reduced root extension resulting
from mechanical impedence may shorten the exten-
sion zone of the root (Goss & Scott-Russell, 1980),
and the endodermis has been observed to mature
much closer to the root apex in nematode damaged
roots (Christie, 1959 ; Wyss, 1978). This earlier
maturation, by reducing the apoplastic zone of the
root, would be expected to lead to reduced calcium
uptake (Drew, 1979).

Figure 2 shows that H. avenae endoparasitism
may cause considerable disruption to the endodermis.
In the radio-labelling experiment the amount of
calcium translocated from lengths of root containing
established J3 H. avenae was over eleven times
that translocated from lengths of root on uninocu-
lated control plants labelled in the same manner.

We conclude that the disruption to the endodermis
caused by the nematode and its associated feeding
structures maintains an apoplastic pathway for the
uptake of calcium in regions of the root where such a
pathway is normally closed off. Jones (1981) has
made the same suggestion based on consideration
of reports of leakage of metabolites from, and
pre-disposition to secondary infection of nematode
parasitized roots.

This work suggests that in addition to changes
in root system size and morphology, endo-parasites
such as Helerodera may alter the functional histology
of roots. It may be necessary to consider both
aspects in interpreting both the mineral nufrition
and water relations of nematode infested plants
(Evans & Franco, 1979) as water itself is taken up
both apoplastically and symplastically, but at
much greater rates through the apoplast (Clarkson
& Robards, 1975 ; Sanderson, 1983).
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