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Abstract — The effects oPhytophthora cinnamomoot damage on water relations of chestriagtanea sativiesaplings were investi-

gated. The relationship between root damage severity and impact on water relations was studied using a four compartment split-root sys-
tem. Saplings were submitted to five inoculation levels and two watering conditions: normal (well-watered) or restricted watering. In
well-watered saplings, stomatal conductance and whole plant transpiration rate were negatively correlated to the proportion of necrotic
roots. Nevertheless, plant hydraulic conductance and leaf water potential were only affected above 90% necrotic roots. Interaction bet-
ween root damage and water restriction was difficult to assess, since soil moisture decreased only slightly in infested compartments. Ho-
wever, saplings under restricted watering displayed lower stomatal conductance and transpiration values, regardless of root damage
severity. Furthermore, the threshold of root damage leading to a decrease in leaf water potential was lower under restricted watering than
under normal watering.

Castanea sativasplit-root / stomatal conductance / leaf water potential / water stress

Résumé — Effets de dégats racinaires variables causés faiytophthora cinnamomaur le fonctionnement hydrique de jeunes
chataigniers. Les effets des dégats racinaires causésPpgtophthora cinnamonsur le fonctionnement hydrique de jeunes chatai-

gniers Castanea sativjeont été étudiés. Afin de relier les effets observés a la sévérité des dégats racinaires, un systéme de « split-root » &
quatre compartiments a été utilisé. Les arbres ont été soumis a cing niveaux d’inoculation et a deux régimes hydriques (arrosage normal
ou arrosage réduit). Chez les arbres normalement arrosés, une diminution linéaire de la conductance stomatique et de la transpiration
avec la proportion de racines nécrosées a été observée. Cependant, la conductance hydraulique de I'arbre et le potentiel hydrique foliaire
n'ont été affectés qu'a partir de 90 % de racines nécrosées. L'interaction entre les dégats racinaires et la restriction en eau a été difficile a
évaluer car I'humidité du sol a faiblement baissé dans les compartiments inoculés. Cependant, les arbres soumis a une restriction en eau
avaient une conductance stomatique et une transpiration faibles quelle que soit la proportion de racines nécrosées. De plus, le seuil de dé-
gats racinaires entrainant une baisse de potentiel hydrique foliaire était plus faible chez les arbres soumis a une restriction en eau que
chez les arbres normalement arrosés.

Castanea sativasplit-root / conductance stomatique / potentiel hydrique foliaire / stress hydrique
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1. INTRODUCTION sixth of the root system being infected [10]. To explain
such a disproportion between the low level of root infec-
tion and the induced effects, the authors suggested that a

Phytophthora cinnamomRands is a root rotting hormonal imbalance or a xylem vessel blockage by
pathogen with a wide host range. Its global distribution tyloses or by macromolecules associated with pathogen
ranges from tropical and subtropical to temperate regions€nzyme activity might be responsible for the decrease in
[30]. One of the most closely studied diseases induced by"00t hydraulic conductivity.

P. cinnamomiis the “jarrah-dieback” Eucalyptus The aim of our study was to investigate the effects of
marginataDonn ex Sm.) in Western Australia where it jnyoculation byP. cinnamombn water relations of chest-
has led to the decline of entire plant communities [21]. In nyt, for which no data are available. Saplings were sub-
Europe and North America&. cinnamomis the causal  mitted to two watering conditions, optimal watering or
agent of the chestnut ink diseaseJastanea sativaill. restricted water supply, in order to study the effects of
andC. dentatgMarsh.) Borkh., respectively [5, 14]. The oot damage on tree vulnerability to drought. More pre-
primary symptoms caused by the pathogen are rootcisely, the objective was to address the issue of the rela-
necroses and a reduction in root growth often inducing atjonship between root damage severity and impact on
decline eventually leading to tree death [4, 10, 13]. Sec- seedling water relations. Because of the difficulty of con-
ondary symptoms observed in susceptible species, suchyolling the level of root infection in potted plants, partic-
as microphylly, foliage yellowing, wilting, and ulti-  yjarly due to the production of secondary inoculum under
mately shoot death [27, 30], resemble those of drought. mpjst conditions, chestnuts were grown in a split-root
Alteration _of_plant water relations during disease devel- system with four compartments that permitted partial in-
opment, similar to that induced by drought, has been re-gcylation and thus prevented complete destruction of the
ported in several studies witthytophthoraspecies [12],  root system of inoculated plants. Furthermore, this split-
in particular withP. cinnamom([9]. In P. cinnamomin- root inoculation approach was used to induce partial

fested forest sites, a decrease in predawn leaf water poinfection of the root system which mimics the situation
tential and stomatal conductance has been observed ihccurring in mature trees in situ [6].

matureE. marginataexhibiting dieback symptoms [6]. A
reduction of stomatal conductance was also observed in
infected mature trees &. macrorrhyncha. Muell. be-
fore they displayed shoot symptoms [9]. Similar effects 2. MATERIALS AND METHODS

on leaf water potential and stomatal conductance were

observed in infected avocado tred®e(sea americana

Mill.) together with a decrease in transpiration and soil- 2.1, Plant material and growth conditions
to-leaf specific hydraulic conductivity [22]. Under con-
trolled conditions, similar changes in water relations
were reproduced insopogon ceratophyllu®. Br. (a
highly susceptible Australian shrub species), displaying
symptoms on shoots three months after inoculation with

P.cinnamomj|9], and inE. sieberiL. A. S. Johnson seed- .. )
lings [10]. tional, Lyon, F.rance.) for one hour and placed on wet filter
paper to germinate in the laboratory (mid-February 1998).
However, howP. cinnamomicauses tree death is still  Taproots were cut when 2 cm long to allow the formation
not clear. Is the damage induced on the plant only relatedof new roots. After one month of growth on perlite in the
to the reduction in water absorption or is the parasite in- laboratory, seedlings were removed and excess perlite
ducing a generalized dysfunction in water relations? gently shaken. For each seedling, four roots of equivalent
During field experiments, death was found to occur in length and diameter were selected (all other roots were re-
jarrah when trees had lost an important part of the root moved). Four pots (each with a capacity of 2.5 L) were
system or when they had been girdled at the collar [6, 7, clipped together to constitute one squared split-root pot
8], supporting the first hypothesis. However, in inocu- with four watertight compartments. One root was placed
latedE. sieberiseedlings, a 91% reduction in hydraulic into each of the four separate compartments and growth
conductivity of the root system was followed by a de- substrate added (1/1/1 v/v/v sand, perlite, peat). Seed-
crease in stomatal conductance, transpiration, leaf watedings were grown in a glasshouse and fertilized weekly
potential and water stress in shoots, despite less than ongvith “Plantprod” (2 g L% N/P/K 20/20/20 and oligo

Chestnut seed€( sativg collected in mature stands in
llle-et-Vilaine, Bretagne, France, were surface disinfected
by immersing in “Desogerme” (active ingredient: quater-
nary ammonium salt, 1% v/v, Laboratoires ACI Interna-
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elements, Plant Products Co. Ltd, Brampton, Ontario, with half of the water delivered to the well-watered sap-
Canada). lings. They were re-watered at optimum on July 2 after
water relations measurements. On July 13, they were
submitted to a second water restriction periodwiyh-
holding water for seven days. Saplings were then re-
watered at the end of the experiment as above.

During June 1998, 24 successfully rooted saplings
were transferred to an open polytunnel. On July 3, 1998,
sapling height and diameter were 54t522.8 cm and
6.13+ 1.58 mm, respectively (meatS.D.). Saplings
were fer_tilized two more times (July 1998 and April Soil volumetric water content (VWC,%) was mea-
1999) with 29 L* and 4 g L' "Osmocote” (N/P/K e one hour after watering in the four compartments
10/11/18, Scotts Europe B.V., 6422 PD Heerlen, Nether- o¢ e ach pot with a ThetaProbe ML2 soil moisture sensor
lands), respectively. (Delta-T Devices Ltd, Cambridge, UK). Measurements
were conducted once a week, before the application of
water restriction, at the peak of stress and after the re-

2.2. Inoculation watering.

Saplings were inoculated with an aggressive isolate of
P. cinnamom(isolate 9 [17]) during mid-July 1998 and 2.4. Experimental design
at the beginning of the second growth season during mid-
May 1999. Five mL ofP. cinnamomiinfected millet

seeds were inserted into 8 cm holes, adjacent to the main | 'eatments were arranged in a split-plot design, with
root in each compartment. Infected millet seeds were pre-W0 blocks. Watering treatments (2 levels) were assigned

pared as follows: after soaking in water for 24 h, seeds to the main plots and the inoculation_treatments (5 Ievells)
were autoclaved twice at a 24 h interval (2D for to the sub-plots. There was one r<_apI|cate per block for in-
20 min) in glass vials (350 ml). Sterile seeds were inocu- oculated treatments (1, 2, 3 or 4 infested compartments)
lated with mycelial discs (diameter, 8 mm, 10 discs per and two for the non—_lnoculated treatment, giving a'total
glass vial) taken from the margin of a young colony of 16 inoculated saplings and 8 non-inoculated saplings.

grown on V8 medium (V8 juice 20%, CaG0.2%, agar
1.8%) and incubated in the laboratory at room tempera-
ture for three weeks [18]. Five inoculation levels were
obtained as follows; 1, 2, 3 or 4 root compartments per
sapling were soil infested. No millet seeds were added in
control pots. Following inoculation, pots were saturated  All saplings were harvested at the end of the experi-
with water to enhance the production of secondary ment (July 23, 1999). For each compartment, roots were
inoculum in infested compartments. carefully washed. Isolations from root necroses (taproot,
lateral roots, fine roots) were made on a sample of 13 sap-
. lings (two OW, one 0S, four inoculated well-watered and
2.3. Watering treatments six inoculated water-stressed saplings) by plating 5 mm
root segments onto PARBHYy selective medium (malt
Throughout the remainder of 1998, all compartments 1.5%, agar 1.8%, pimaricin 10 ppm, ampicillin 250 ppm,
were maintained at field capacity by drip irrigation (two rifampicin 10 ppm, benomyl 15 ppm, hymexazol
capillary tubes per compartment, each delivering 50 ppm) [18]. For each compartment, fine and lateral
1L h™). The amount of water given to each sapling was root damage was assessed visually. The taproot damage
estimated from the mean water loss (measured by weigh-was assessed as follows; necrotic taproot length was esti-
ing the plants once a week) of the non-inoculated sap-mated by adding the lengths of segments presenting
lings. During 1999, half the saplings in each inoculation necroses and rated to the total length of the taproot. The
treatment were kept well-watered (“OW”, “1W”, “2W”,  healthy and necrotic parts of the root system were sepa-
“3W”, “4W” saplings, according to the number of in- rated, oven-dried at 10 for 48 h and weighed. The ne-
fested compartments). The second half of saplings werecrotic roots ratio was calculated in each compartment as
submitted to a water restriction treatment (“OR”, “1R”, the ratio of the dry weight of necrotic roots to the total
“2R”, “3R", “4R" saplings). This treatment consisted in root dry weight. The necrotic root ratio for one sapling
two periods with reduced watering. During the first pe- (NR,%) was calculated by averaging the necrotic root ra-
riod, from June 15 to July 2, “R” saplings were provided tios of its four compartments.

2.5. Root damage assessment aRd cinnamomi
isolation
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2.6. Final leaf area estimation W predawn= —0.5 MPa. Inthis interval, there was alinear re-
lationship betwee, and the regressors included in the

Leaves were harvested at the end of the experiment,M0del: Hpeqan@nd NR. The date of measurement was
oven-dried at 100C for 48h and weighed. Final leaf mtrodu_ced_m the .mode! as a classification variable to
area (LA, nf) was estimated by a linear weight-surface take climatic conditions into account.
relationship established on a sample of nine saplings Wilcoxon scores non-parametric test was performed
(leaf area measured after digitising leaf with “DeltaT using SAS NPAR1WAY Procedure [19].

Scan” softwargA T Delta-T Device, Cambridge, Eng-
land) where LA = 98.97& DW (R? = 0.92) with LA de-

fined as final leaf area and DW as dry weight (g).
(cfn y ght (9) 3. RESULTS

2.7. Water relations
3.1. Shoot and root symptoms caused by

During 1998, predawn leaf water potentia# {egawn P. cinnamomi

MPa) was measured every second week with a pressure )

chamber (Druck Ltd, England) on one leaf per sapling. ~ NO Symptoms were observed during the 1998 growth
The stomatal conductance to water vapog, ( S€ason. I?urmg January 1999, the proximal parts of the
mmol nT2 s%) was measured twice a week (in the morn- _roots, which were exposed near the collar, were exam-
ing (07.00 to 09.00 UT) on the lower side of one leaf per ined. Root necroses were detec_ted in 14 out qf40 mfestgd
sapling) with a LI-1600 steady-state porometer (Li-Cor compartments. The_ necrosesglrdleq all prO_X|maI rootsin
Inc., Lincoln, NE, USA) equipped with a broad-leaf ap- Six compartments (inone sgphng yv|th one_lnfested com-
erture cap of 2 ¢/ During 1999, predawn and midday partment and in .three sgpllngs with fou.r mfestgd com-
leaf water potential®f, g, MPa) andg,were measured ~ Partments). During spring 1999, saplings with four
twice a week during the same days. Sapling water lossinfested co_mpartme'nts displayed a delay in bud break.
was estimated once a week during 1998 and 1999 from These sapll_ngs continued to developed a smaller number
the loss of weight of pots over three days. To avoid soil Of leaves with a reduced surface area. Only one of these
evaporation, pots were covered with polystyrene sheets Saplings (4W), and three saplings with restricted water
Transpiration was expressed on a whole sapling basis inSUPPly (one OR and two 1R), died during summer 1999.
mmol st (Esaping» €XCEPt 0N July 19, 1999 (last date of Yellowing of leaves and wilting occurred just prior to
measurement) when actual leaf area could be estimated/€ath. No symptoms occurred on shoots of all other sap-

and E was expressed on leaf area basis in mmdkrh lings during the experiment.

Soil-to-leaf specific hydraulic conductance (L At the end of the experiment, root necroses were visi-
mmol nT?s* MPa*) was estimated on July 20,1999, as: ble in all inoculated root compartments, and
L, = E/ (M predawn—H midday)- P. cinnamomiwas reisolated from necroses of eight in-

oculated saplings out of the 10 sampled. Only one OR
o ) sapling showed localised necroses in one compartment.
2.8. Statistical analysis This sapling was not taken into account in data analysis.
P. cinnamomiwvas not reisolated from this sapling, nei-
SAS General Linear Models Procedure was used [19]. ther from the other controls (OW and OR).
The effect of water restriction was studied by a split-plot |, 5culation resulted in variable infection damage be-
analysis. For each watering treatment, the effect of inoc- ;\aen compartments. In only four compartments out of
ulation treatments on variables monitored throughout the 4 (two of them belonging to the same plant), very low
experiment was studied by repeated measures analysis of ;o damage was observed, iéth a small proportion of

variance. necrotic lateral and fine roots (1-10%), and no, or low,
In a second step, the inoculation effect was expressedtaproot damage ¢( 5% necrotic taproot length). In
with the necrotic root ratio (NR) and analysed as a quan- 17 compartments, the proportion of necrotic lateral and
titative factor. The relationship between NR and other fine roots was high, between 75% and 100%, and the ne-
variables was studied by correlation analysis and a sim-crotic taproot length varied between 30% and 80%. The
ple linear regression model. Fgy, a multiple regression  remaining 19 inoculated root compartments were totally
model was tested on all the data collected in 1999 for destroyed by infection, i.e. with no living roots. In
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particular, roots in infested compartments were com-
pletely destroyed in all saplings inoculated in one com-
partment and in the 4W sapling which had died. At the
sapling level, he percentage of necrotic lateral and fine
roots assessed visually, and the percentage of necroticS
taproot length, were highly correlatedt € 0.92,n = 23, =
P =0.0001). Both parameters were strongly relatediéo t
necrotic root ratio NIR) (figures laand1b), which ap-
peared as a synthetic descriptor of the root damage status
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of chestnut saplings. NR was therefore used in all further
analyses since its estimation was more accurate than for
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the two othersNR varied between 1% and 100%g¢

ure 2. The effect of inoculation treatment was signifi-
canton NRE, 3= 22.65P=0.0002), which increased, as
expected, with the number of infested compartments.
The effect of water restriction was also significant: sap-
lings with restricted water supply had significantly lower
NR than well-watered saplings{; = 289.00P = 0.0374).
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Figure 1. Percentage of necrotic lateral and fine roots in relation

number of infested compartments

Figure 2. Necrotic roots ratio (NR) in saplings dfastanea
sativagrown in a four compartment split-root system and sub-
mitted to the following treatments: 0, 1, 2, 3 or 4 root compart-
ments infested witPhytophthora cinnamomiNormal watering:
circles; Water restriction: triangles. Each point represents an in-
dividual sapling.

There was no interaction between inoculation and water
restriction on NR.

In each inoculated plant (except in plants with four in-
fested compartments), the mean root weight in infested
compartment was lower than in non-infested orfes (
ure 3. According to Wilcoxon scores, the mean root
weight in non-infested compartment of inoculated sap-
lings was higher than the mean root weight in compart-
ment of non-inoculated plants at a 6% significance
threshold figure 3). The reverse was observed for in-
fested compartment®(= 0.0147).
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Figure 3. Mean root dry weight of non-infested compartments
(black symbols) and of infested compartments (open symbols) in

to the necrotic roots ratio (NR) (a), percentage of necrotic taproot saplings ofCastanea sativgrown in a four compartment split-

length in relation to the necrotic roots ratio (NR) (b), in saplings
of Castanea sativanoculated withPhytophthora cinnamomi
Normal watering: circles; Water restriction: triangles. Each point
represents an individual sapling.

root system and submitted to the following treatments: 0, 1, 2, 3

or 4 root compartments infested withytophthora cinnamomi

Normal watering: circles; Water restriction: triangles. Each point
represents an individual sapling.
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3.2. Time course of water relations of well-watered  respectively figures 4band 4c). At the beginning of
saplings July 1999,g; and E,,,sincreased in all the treatments
except in the 4W treatmentigures 4b and 4t g, and

During the whole experiment, no significant inocu- E,,, values decreased with the number of infested
lation effect was observed on predawn leaf water po- compartments. According to the repeated measures
tential (1 preqann figure 438 and¥ 44y (NOt sShown) of analyses of variance, the effect of inoculation was sig-
well-watered saplings, except in the 4W sapling that nificant ong, and E,png(F,5 = 13.15,P = 0.0073 and
eventually died as mentioned earlier. During 1998, no F,=5.50,P =0.0448, respectively). The effect of inoc-
effect ofinoculation was shown apand E,,; During ulation was significant at the last three measurement

June 19999, and E,,, values ranged from 48 to dates forg, (July 16, 18, 20) and was significant from
126 mmol m? s* and from 0.14 to 0.26 mmol™5% June 21 onwards for £ng
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Figure 4. Time course of predawn leaf water potent®] {4, (a, d), stomatal conductanag)((b, €) and whole plant transpiration
(Esapiing (¢, f) measured in 1999 dbastanea sativaaplings grown in a four compartment split-root system and submitted to the follow-

ing treatments: 0, 1, 2, 3 or 4 compartments infested during 1998Rkiyitophthora cinnamomecombined with two watering condi-

tions: normal watering (W) or water restriction (R). The first water restriction period was imposed between June 15 and July 2 and the
second between July 13 and July 20. Stomatal conductance was measured at RHS:8%&m T = 23.1+ 2.2 °C (meart S.D.). For

each treatmenty = 2 except for OWr(= 4) and OR{ = 3). At the last measurement dates, 1 for 4W (discontinuous curve).
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Table I. Soil volumetric water content (VWC, %) measured on July 20, 1999, in each root compartn@astahea sativaaplings
grown in a split-root system and submitted to the following treatments: 0, 1, 2, 3 or 4 compartments infestBtyaoiphthora
cinnamomicombined with two watering treatments, normal watering or restricted water supply. Values areth&@nscalculated
over non-infested and infested compartments for each inoculation and watering treatment.

Inoculation treatment: number of infested compartments

0 1 2 3 4
Soil VWC in non-infested compartments
Well-watered saplings 26#44.3 24.1+3.6 22.1+4.1 20+15 -
n=16 n==6 n=4 n=2
Saplings with restricted water supply &2.4 54+2 54+0.1 5.3+1.8 -
n=12 n==6 n=4 n=2
Soil VWC in infested compartments
Well-watered saplings - 31£51.8 29.8+£1.6 29.3£2.7 31.2+5.6
n=2 n=4 n==6 n=8
Saplings with restricted water supply - 316.9 13.1+10.7 16.7+9 24+10.3
n=2 n=4 n=6 n=8
3.3. Time course of water relations of saplings with S0l VWC (%)
restricted water supply o ° 10 15 2 = %
{o]
. -0,5 oy
As expected,H eqaun (figure 49 and W, g4y (NOt 746 o
shown) decreased with decreasing water supply in all in- z |
© 93

oculation treatments. Howeve# 4., Of 3R and 4R
saplings remained higher than that of OR, 1R and 2R sap-
lings. The effect of inoculation was significant on July 20
(F,5=7.91,P=0.0217). All saplings recovered high wa- 257 1o
ter potentials after the second re-watering, exceptone OR 3/
sapling and the two 1R saplings which eventually died as
mentioned earlier.

1,54

21

‘{JLpredawn (M pa)

3,5

It has to be noticed that the water restriction treatment Figure 5. Predawn leaf water potentia#(;cqaud Of Castanea
resulted in a variable desiccation of the substrate in in- Sativasaplings with restricted water supply in relation to the
fested or non-infested compartments. On July 20, at theMean soil volumetric water content (VWC) over the four com-

. . . ) partments, during the second water restriction period. Each curve
end of the Second_water r,eSt”Ct'on period, soil VWC had represents one individual with measures performed on July 13,
dropped to 5-9% in non-infested root compartments, re- 16 and 20, 1999. Non-infected saplings: normal line with
gardless of inoculation treatmertable ). However, in  squares; Infected saplings: dotted line with circles. The number
infested compartments, restricted watering resulted in aindicates the necrotic roots ratio of the sapling.
noticeable decrease in soil VWC only for 2R and 3R
plants. Even for these plants, mean soil VWC remained
above 13%. As expected, no decrease in soil VWC oc- for NR = 37-61% and more than 23% for NR = 77-93%.
curred in compartments with 100% necrotic roots, such However, soil VWC was very heterogeneous among the
as in the two 1R saplings. four compartments of a plant. For example, the plant with

37% NR had soil VWC values of 11.6% and 2.8% in the

~ The decrease ik eqaunin relation to soil VWC dur-  non.infested compartments and 30.9% and 24.8% in the
ing the second water restriction period is presented onjnfested compartments.

figure 5 Saplings reached the satg, .0 Value (i.e.—
0.8 MPa) at mean soil VWC values per plant increasing  In all saplings under restricted water suppty,re-
with root damage: less than 13% for N25%, 17-19%  mained at a low level, between 14 and 86 mmot &,



646 M. Maurel et al.

throughout the measurement peridiyre 4. There a 100
was no significant effect of inoculation @. Eg,pi,gde- 90 @
creased in all saplings with restricted water supply, espe- 5 s4
ciallyin OR, 1R and 2R saplings, and ranged from 0.04to 9 4 A
0.07 mmol s* during the second water restriction period £ 60 E? 8 o
(figure 49 but the effect of inoculation was not signifi- 3 0 1 o A
cant. 5 5
; 40 + A
% 30 A o A
3.4. Relationship between the necrotic roots ratio 2 o+ © A
(NR) and the physiological variables 10+ a
0 ‘ ‘ 1 ‘
Water restriction had no effect on final healthy root 0 20 0 % % 100
biomass, final leaf area and on the ratio of healthy root NR (%)
biomass to shoot biomass. Subsequently, data from well-
watered saplings and saplings with restricted water sup- b ,
ply were pooled for analysis. Despite a large scatter in the
data, healthy root biomass, final leaf area and the ratio of 0.6
healthy root biomass to shoot biomass appeared in the é o OO
same range for non-inoculated plants and plants with up ‘g 0° °
to 50-60% NR, while plants with 60—-100% NR had S o4 A A A
lower values figure 6). s °© °
In well-watered saplings, the linear relationship be- é‘g o2 s
tween NR and¥ 4w, 0N July 20 was significant g 0.2
(F,o=8.00,P = 0.0198), but this was mainly due to the A A 0
surviving 4W sapling with 92% NRfigure 7g. No cor- 01
relation was found betweeW 44,y and NR. The linear 0l } } } }
relationships between NR amgdand between NR and E o 20 %0 60 80 100
were highly significant £, = 26.39,P = 0.0006 and NR (%)
Fio= 49.02,P = 0.0001, respectively) and are repre-
sented irfigures 7b and 7cNo linear relationship could c 09
be detected between NR angl(figure 79. L, was lower 2 sl °
. . . ©
only in one sapling with 92% NR. E A
In saplings under restricted water supply, the relation- g ' 4 é
ship between NR an#} .;,.,,0r gs could not be studied 2 'y ° A ©
since soil VWC interfered. 2 o5
£ 3]
3.5. Regulation of water relations in infected 5 37 A o A
saplings 8 027 ©
2 o &
The variation ofg, in relation to\ ,cq.unfor different § 0 | | ‘ ‘ >
root damage severities is shown figure 8 At high 0 20 40 60 8o 100
W predawn NON-iNnoculated saplings displayed higlgval- NR (%)

ues than inoculated saplings. This difference increased
with NR. The general linear model relatiggto ¥ ;cqawn

(for values above —0.5 MPa) and NR on all measuremen
dates was highly S|gn|f|canRE =0.71table Il). The pa- the necrotic roots ratio (NR) in saplings@&stanea sativanoc-
rameter foMH ,c4.unWas positive, as expected, and the pa- jated withPhytophthora cinnamomiNormal watering: circles;
rameter for root damage negative. The interaction water restriction: triangles. Each point represents an individual
between date and NR was highly significatdte I1). sapling.

tFigure 6. Final healthy root biomass (a), final leaf area (b) and
ratio of healthy root biomass to shoot biomass (c) in relation to
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Figure 7. Predawn leaf water potentiaH(,eqawr (), Stomatal conductancg) (b), transpiration (E) (c), and soil-to-leaf hydraulic con-
ductance (L) (d), in relation to the necrotic roots ratio (NR) in saplingafstanea sativinoculated withPhytophthora cinnamomi

Normal watering: circles; Water restriction: triangles. Each point represents an individual sapling. Measurements were made on July 20,

1999, except for transpiration (made on July 19, 1999). Stomatal conductance was measured at#B%6ad T = 23.8+0.6 °C

(meantS.D.).
a 400 400
NR=0 L 350 0<NR=<25 A 350
L 300 AT 300
r 250 r 250
AR
r 200 A r 200
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L 100 Aﬁ r 100
O m] A A AA& é@i&
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[m} A AN A A A
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Figure 8. General plot of stomatal conductangg @s a function of predawn leaf water potentil {.q4awy Of Castanea sativaaplings

inoculated withPhytophthora cinnamomwith different necrotic roots ratios (NR). (a) NR = 0% 76); (b 0 < NR<25% (= 64); (c)

25 < NR<60% (= 45); (d) 60 < NRc100% 1 = 39). Measurements were conducted during 1999.
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Table Il. General linear model relating stomatal conductance to predawn leaf water potéitial(.limited to the range >-0.5 MPa),
necrotic roots ratio (NR) and date of measurement (D), from all data collected in 1999C&stanea sativaaplings inoculated with
Phytophthora cinnamomi

Source DF type Ill SS F Pr>F Estimate T for HO : Pr>0rQ
(min, max) parameter = 0
model 26 607150.84 18.43 0.0001
error 197 249564.76
NR 1 114019.47 90.00 0.0001 -0.93 -3.13 0.0020
W predawn 1 48279.58 38.11 0.0001 161.03 6.17 0.0001
D 12 275247.79 18.11 0.0001 (-76.8,57.0) (-4.65,2.89) (0.0001, 0.0042)
NRx D 12 73841.60 4.86 0.0001 (-1.97,0.86) (4.16,2.17)  (0.0001, 0.0314)
intercept 167.71 12.81 0.0001

The effect of root damage on the relationship betwgen sapling, and in one well-watered sapling which had 92%
and ¥, .saunWas therefore studied at each date of mea- NR. In the other well-watered saplings, tanged from
surement. This model was significant at all dates except0.48 to 0.82 mmol nif s MPa™. For these higher values
on June 4 and on July 6. The parameter relagitg NR of L,, saplings displayed differem values. One group
was always negative, decreasing during the season fromwith non-inoculated saplings and the two 1W saplings
—0.35 P = 0.0382) on June 4, to —3.2P £ 0.0063) on with 25% NR had higly,values. The other group, includ-
July 20. ing saplings with 21% to 58% NR had significantly lower

The relationship between estimated soil-to-leaf hy- 9 values than the non-infected saplings, according to
draulic conductance () and stomatal conductancg)(is ~ Wilcoxon scoresg = 0.0497).
shown orfigure 9 Low L, (0.08-0.40 mmol nfs™* MPa™)
andg (14-52 mmol ¥ s values were observed in all
saplings with restricted water supply, except in one 4R

4. DISCUSSION

400

30 7 B A The effects of inoculation bf. cinnamombn water

300 + [N relations of chestnutsaplings were investigated. In
250 | agreement with earlier studies [16, 18], chestnut saplings
were very susceptible 8. cinnamominfection. The in-
vasion pattern of the root system By cinnamomivas

gs (mmol m?s™)
N
o
o

150 + A
100 1 4 a N quite similar to that occurring in the susceptible tree spe-
cies, Banksia grandiswilld. [21], as the parasite was
1 %AAA N A able not only to infect fine roots but also to colonize lat-
0 . 0‘2 0‘4 0‘6 0‘8 . eral roots and finally the taproot. However, only one case

of mortality was observed in a sapling that displayed
Ly (mmol m*s™ MPa’) 100% necrotic roots. Indeed, the partitioning between

healthy and infected root compartments prevented the

Figure 9. Stomatal conductancey in relation to soil-to-leaf total destruction of the root system in most of the sap-
hydraulic conductance ). on July 20, 1999, in saplings of i, o |t was therefore possible to monitor the reactions

Castanea sativinoculated withPhytophthora cinnamomiNon- finfected plant t h . th .
infected saplings: squares; Infected saplings: triangles; Normal 9! INfe€cted plants overtwo years whereas in pathogenic-

watering: black symbols; Water restriction: open symbols. Each Ity tests with  young seedlingg, inoculation with
point represents an individual sapling. P. cinnamomhas led to death within a few weeks [18].
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The split-root system allowed obtaining a large range  In our experiment, the interaction between root dam-
of root damage severities (1-100% necrotic roots) by age and water restriction was difficult to assess since soil
modulating the number of infested compartments. The moisture decreased only slightly in infested compart-
necrotic roots index was a pertinent descriptor of the visi- ments. Nevertheless, water restriction reduced root dam-
ble damage caused by infection on all root system. How- age induced b¥. cinnamomas reported in other studies
ever, inoculation probably also induced root loss, as seen[23, 24]. Furthermore, the effect of water absorption def-
by the difference in total root biomass between infested icit induced byP. cinnamomiwvas clearly demonstrated
and non-infested compartments, which could not be inthe water restriction experiment. In spite of a high vol-
taken into account. Conversely, a compensatory rootumetric soil water content in infested compartments, wa-
growth in non-infested compartments of inoculated ter absorption was too small to maintain an adequate
plants is strongly suggested by the higher root biomasswater status when water was limiting in non-infested
observed in these compartments as compared to controlscompartments. Therefore, the thresholds of root damage
This compensatory root growth, together with an effi- induced byP. cinnamomleading to an alteration of wa-
cient compartmentalization of infection at root collar, ter relations are likely to be reduced with increasing
may explain why plants inoculated in one compartment drought. The high leaf water potential of plants with a
(which was totally destroyed) responded very similarly high proportion of their root system destroyed, measured
to controls. at field capacity, is, therefore, a poor indicator of their

ability to endure drought. The meaning of predawn leaf

The proportion of necrotic root biomass assessed atyater potential was similarly questioned in the case of
the end of the experiment allowed us to study the rela- high soil heterogeneity [1].

tionship between root damage severity and impact on

water relations of chestnut. The recorded physiological . . I

parameters varied in their response to root damage sever- "? spite Of. .the high suscgptlblllty of chestnuts to
ity. In well-watered saplings, the most significant effect P. cinnamom mopulated s;aplmgs showed several re-
ofinoculation was a decrease in stomatal conductance, a$PONSes 1o infection both in the short term (decrease in

already reported in eucalyptus [6] and avocado trees [22]stomatal c_onductance) and in the longer term (reduced
following P. cinnamominfection. In our study, stomatal leaf area) in order to reduce water stress. Most of these

conductance, and hence transpiration, decreased Iinearl)?eSloonses are also commonly observed during drought

with the proportion of necrotic roots. Moreover, this de- 11, 20, 26] or aftgr root pruning [7]. Moreover, our re-
crease occurred in early stages of infection since it WasSUItS suggest that inoculated plants.showed a specific de-
observed during the first year of the experiment. Con- créasein stomatal conductance which was not related to a

versely, soil-to-leaf hydraulic conductance and leaf wa- decrease in soil-to-leaf hydraulic conductance or pre-
ter potential were not affected up to a high fraction of dawn leaf water potential. This stomatal closure might be

necrotic roots (50—60%). Up to this threshold, inoculated triggered by metabolites resulting from infection. Degfa'
saplings exhibited the same healthy root biomass and ﬁ_datlon prod'ucts of th? plant cell walls were shown to in-
nal leaf area than the non-inoculated saplings which P'“CE reactions leading t‘? stomatal closure [15]. The
probably allowed them to maintain almost normal water Nvolvement of hormonal imbalance [3, 9, 10], toxins
relations. Finally, hydraulic conductance and leaf water Produced by the pathogen [2, 25, 29], or phytoalexins
potential only dropped in the most infected saplings, Produced by the hostin response to pathogen attack [28]
which had more than 90% necrotic roots. Crombie and Might also be hypothesized.

Tippett [6] also found that in natural forest site infections

of mature eucalyptus bl. cinnamomithe decrease in In conclusion, the alterations of water status in chest-
stomatal conductance was an earlier indicator of decline nuts inoculated witl. cinnamomappeared to be mainly
than leaf water potential. IB. sieberja much lowerroot  aresult of root damage severity, interacting with soil wa-
infection threshold than in our study. (15%) was associ-  ter content. The plants reacted very efficiently to reduce
ated with a dramatic change in water relations: there wasinfection induced water stress but decline was inevitable
a decrease in stomatal conductance associated with avhen nearly all root capacity was destroyed or when it
strong reduction in root hydraulic conductivity, transpi- was insufficient in regards to soil water content. Under
ration rate and leaf water potential [10]. The age of natural conditions, the alternance of wet periods that are
plants, and thus, the development of the root system, mayfavourable toP. cinnamominfection, and thus weaken
be an important factor in the impact Bf cinnamomin- the tree, and of dry periods which exacerbate water stress
fection on plant water relations. effects, could lead to tree decline.
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