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Abstract — The physiological impact of ectomycorrhizal infection was investigated in the association bEflveemelanosporum

Vitt. and Quercus ilexX.. A number of physiological parameters were investigated on 2-year-old seedlings inoculated for 22 months
(I-seedlings) compared to non-inoculated plants (NI-seedlings). I-seedlings had a 100% infection rate in root tips conpéied to
infection rate in root tips of Nl-seedlings. I-seedlings had higher values of net assimilation and stomatal conductanee than NI
seedlings. Root hydraulic conductance per unit root surface area of I-seedlings was much reducedhiat @K I-seedlings but

had 2.% more fine root surface area than NI-seedlings. When root conductance was scaled by leaf area, the I-seedlingthkad 1.27
root conductance per unit leaf area compared to NI-seedlings. I-seedlings also had significantly higher hydraulic corafuctances
shoots with leaves, of shoots without leaves and lower leaf blade hydraulic resistances.

hydraulic conductance / water relations / ectomycorrhiza Quercus ilexL. / HPFM

Résumé — Influence sur la conductance hydraulique et les relations hydriques des semiQdercus ilexL. des ectomycorrhizes

formées par Tuber melanosporunVitt. L'impact physiologique di a l'infection d’ectomycorrhizes a été étudié dans I'association
Tuber melanosporumitt. et Quercus ilext. Un certain nombre de paramétres physiologiques ont été mesurés sur des semis de 2 ans
inoculés pendant 22 mois (semis-i) en comparaison avec des cultures saines (semis-ni). Les semis-i présentent 100 ffede taux d'i
tion des racines, tandis que les semis-ni atteignent un taux de 25 %. Les semis-i ont des niveaux d’assimilation ne¢e jpduis éle
rapport aux semis-ni. La conductance hydraulique des racines par unité de surface des racines pour les semis-i edugtdaite de p
0,44 fois par rapport aux semis-ni, mais comporte une surface de racines 2,5 fois inférieure a celle des semis-ni. Edaapportan
conductance des racines a la surface des feuilles, la conductance des racines par unité de surface des feuilles déRZeis-i est

plus élevée que celle des semis-ni. Les semis-i présentent également une conductance hydraulique des rameaux avaodgeuilles et s
feuilles bien plus élevée, ainsi qu’'une moindre résistance hydraulique des feuilles.

conductance hydraulique / relations hydriques / ectomycorrhize Quercus ilexL. / HPFM

Abbreviations g, : leaf conductance to water vapor
. ) o Pn: net photosynthesis
PAR: photosyntetically active radiation A, : total leaf surface area
W, leaf water potential Ag: total root surface area
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A,: wood cross surface area not by ectomycorrhizae [40] rather than to differences in
K: hydraulic conductance the hydraulic conductance of the extraradical hyphae [6].
Kg: root hydraulic conductance Most studies of the hydraulic conductance of mycor-
Kg,: root hydraulic conductance scaled by total leaf yhizal roots have been performed in young seedlings, two
surface area _ to ten months of age and one to nine months after mycor-
Kgg: root hydraulic conductance scaled by total root rhizal inoculation [7, 8, 13, 19]. In turn, ectomycorrhizae
surface area have been mainly studied in high altitude and/or latitude
Kg: shoot hydraulic conductance forest trees [12, 29, 35].

Kg.: shoot hydraulic conductance scaled by total leaf | . present study, we report the effects of an ecto-
surface area

: mycorrhizal fungusTuber melanosporuiitt.) on some

Ksy: shoot hydraulic conductance scaled by wood CrOSSw:):l/ter relationsgpa;glmeters and (fspeciall)z on hydraulic

surfa}ce area . . conductance of roots, stems and leave3u#rcus ilex..

LBR: leaf blade hydraulic resistance (Holm oak), a typical Mediterranean sclerophyllous tree.

LSM: leaf specific mass This mycorrhizal association is of importance to agricul-

h: seedling height tural and silvicultural activity in abandoned areas of cen-

@.: stem diameter. tral Italy because of the high commercial value of truffle
produced in northern and central Italy. The field planta-
tions are usually made with seedlings, two years of age

1. INTRODUCTION and 22 months after mycorrhizal inoculation, i.e. after
sufficient time to allow the mycorrhizal symbiosis to pro-
The importance of mycorrhizal fungi for soil conser- duce its supposedly beneficial effects on the host. Perhaps

vation [14], dynamics of natural ecosystems [16] and sus-some of the uncertainty concerning the influence of ecto-

tainable agriculture [9] is recognized worldwide from mycorrhizae on host hydraulics and water relations might

more than one century of research. Most of our under-pe caused by studies made too soon after fungal inocula-

standing of mycorrhizal symbiosis comes from work on tion, i.e., not allowing sufficient time for differences to

VAM (vescicular-arbuscular mycorrhizae) whose bene- develop in host biomass and/or significant changes in

fits to the host in terms of phosphorus uptake [1] andplant anatomy and morphology.

nutrition have recently been reviewed [10]. Considerable

uncertainty still exists in the evaluation of many other

aspects of the VAM-host interaction [10] among which 5 MATERIALS AND METHODS

the influence of mycorrhizae on host hydraulics and

water relations which would be favoured by VAM, 2.1. Plant material

according to Safir et al. [32], Sands et al. [36], Huang

et al. [20], Ruiz-Lozano and Azcon [31], Gemma et al.  Experiments were conducted on 2-year-old seedlings
[17] or would be independent on mycorrhizae, according of Quercus ilex_. provided by a private nursery special-
to Graham et al. [19], Andersen et al. [7], Steudle andjzed in the production of forest seedlings infected with
Heyadt [40]. different Tuber species (MICOPLANT, Asti, Piemonte,
Even less is known of the influence of the ectomycor- Italy). All seedlings had been grown in pots containing a
rhizal symbiosis on nutrient uptake and allocation [11, clayey-calcareous soil collected from the hills surround-
13] and water relations [12] of forest trees. For example,ing Asti. Soil was carefully disinfected before planting
ectomycorrhizal symbiosis has been reported to haveseedlings and inoculation witfuber melanosporuitt.
negative or no effects on root hydraulic conductakgg ( Twenty inoculated seedlings were studied, 22 months
of Douglas fir seedlings [12]. This finding is in contrast after inoculation (I-seedlings) and 12 seedlings of the
with the classical interpretation suggesting that ectomyc-same age not inoculated with the ectomycorrhiza
orrhizal infection of tree roots enhances root water uptake(NI-seedlings). I- and NI-seedlings were grown under
[24, 32]. identical greenhouse conditions in a manner designed to
Equal uncertainty appears to exist in the literature minimize the risk of accidental infection of NI-seedlings

regarding the effects of VAM and ectomycorrhizae on the With mycorrhizae. The degree of infection of both I- and
host leaf water status, stomatal conductance and drougHt-Se€dlings was measured at the end of experiments (see
recovery [2-5, 21]. The disagreement among studies elow) so as to c_heck any eventual contamination of the
regarding effects of mycorrhizae on the host root control (NI) seedlings.

hydraulic conductance has been suggested to be due to Twenty days before measurements, all seedlings were
changes in the root cortex anatomy caused by VAM buttransferred to a room where the air temperature was
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adjusted to vary between 18 and 24 + 1°C, relative 2.3. Hydraulic measurements
humidity was set at 40 + 5% and light was provided by
iodine-vapor lamps (OSRAM HQI-T, 1000 W/D) with a All hydraulic measurements were performed using the
photosynthetic photon flux density (PAR) of about High Pressure Flow Meter (HPFM) technique introduced
260 pmol nT? st measured at the leaf surface using a by Tyree et al. [44, 45] and described in detail by some of
quantum sensor (LI-COR model LI-190S1) connected tous [26, 46]. The HPFM was used in the “transient mode”
a LI-COR model LI-1600 porometer. The photoperiod i.e. by rapidly changing the pressuR applied to roots
was 12 h. Seedlings received irrigation with tap water fil- or stems (see below) and simultaneously measuring the
tered to 0.2um to prevent contamination with fungal corresponding flow K). This procedure allows quite
spores and soil was maintained at field capacity. Seedlingapid measurements BfandP (of the order of seconds)
height and stem diameter 30 mm above the soil was meaand calculation of hydraulic conductand€) from the
sured using a digital caliper (MITUTOYO model slope of the linear regressionffo P. Both root systems
Digimatic, accuracy + 0.01 mm) immediately prior to the and stems were perfused under pressure with distilled
experiments. water filtered to 0.Jum to prevent xylem clogging by
bacterial or debris particles.

After cleaning the surface of the pot under a water
2.2. Pressure-VolumeR-V) curve and gas stream, pots were enclosed in plastic bags fitted tightly to
exchange measurements the seedling stem and immersed in distilled filtered water.
The shoot was then cut off under water, at about 30 mm
Effects of the ectomycorrhiza on solute accumulation above the soil. The excised root system was immediately
(osmotic pressure at full turgor) in the leaves of I- and NI- connected to the HPFM aitiwas continually increased
seedlings were estimated by measuring &V curves from 0.03 to 0.42 MPa at a rate of 4 to 5 kPlavghile
of leaves from both groups of seedlings using the pressurgecordingF andP every 3 s.
chamber technique [37, 42]. One-year-old leaves were
detached while in plastic bags to minimize evaporation
and rehydrated to near full turgor by immersing their peti-
oles in distilled filtered water. Leaves remained in the
dark and in contact with water for about 30 min. This

During measurements of the root hydraulic conduc-
tance Kg), the cut shoot remained in contact with water
while covered with plastic film to minimize transpiration.
The shoot was then connected to the HPFM and perfused
time interval was sufficient for leaf water potentia, | Wlth distilled f|Iter_ed water at a pressure of 0.3 MPa to

L induce full hydration of the leaves as revealed by the leaf

to increase to about —0.15 MHAR:V curves were mea- ;
sured in the usual way [33, 42] and recorded as thesurface becoming wet. The pressure was then released to

inverse of the balancing pressure versus the weight otO'03 MPa and maintained constant for 10 min to aliow
gp 9 internal pressures to equilibrate. At least three tranbient
water expressed.

versus Pmeasurements were made of each leafy stem,
Leaf conductance to water vapgyXwas measured on  and hydraulic conductanckd) was calculated as report-

at least one leaf per I-seedling and at least five leaves peed above.

NI-seedling. Measurements were repeated on two differ-

ent days. The larger numbergfmeasurements per plant ShOA(;ttr\:\?ereg ?e%ﬂé?/?deziugimﬁgtsdf? Llhz]?elaef \t;f:;dgf :tatchr;

in Nl-seedlings was needed to compensate the highef,nction with petioles. Hydraulic measurements were

scatter ofg,_data in the control group. Ay measure-  ihen repeated of the leafiess stem so that the hydraulic

ments were performed between 11.30 and 12.30 h i.e. ifggistance of the leaf blade was obtained by difference of
the middle of the light period, using a steady-state porom- aqistances:

eter (LI-COR model LI-1600). Each measurement was
completed in about 30 s and the relative humidity inside Reaf blade= Rshoot™ Rshoot minus leaves
the chamber was kept near the ambient to reproduce = UK 00— YK hoot minus leaves

extemal conditions. Total leaf surface areaA(, one side only) of each
Net photosynthesisPf) was measured on attached seedling was measured using a leaf area meter (LI-COR
leaves using an infrared gas analyzer (IRGA, model LCA- model LI-3000A). Leaf dry weight was obtained after
4, Analytical Development Company Ltd.) equipped with leaves had remained in oven at 70 °C for 3 d. The total
a broad chamber (model PLC 4B), 625 fisurface area.  surface area of fine roots (< 2 mm in diameter as mea-
Forty minutes were required for equilibration of the instru- sured using a digital caliper, accuracy + 0.01 mm) of each
ment with the external conditionBn measurements were seedling A;) was estimated as follows. The soil was
recorded at 10 min intervals on one to two leaves perwashed from the root system under a gentle jet of water.
seedling of both |- and NI-seedlings. Then, fine roots were cut off in segments up to 50 mm in
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length. About 50 root segments per plant were put into awas observed and quantification of mycorrhizal infection
glass box and covered with a white plastic sheet to keepwas performed using the grid-line intersect method [18]
them in a fixed position and improve the contrast of root slightly modified to take into account the non-linearity of
image. The box was placed on a scanner (EPSON modehe infection.

GT-9000) connected to a computer. Customized software

written in Trieste was used to read bit-map images and

calculate the surface area of the roots. Root images were 3. RESULTS

processed by the software and root surface &ganas

obtained by assuming cylindrical geometry. Other repre- Mycorrhizal infection was 100% in the purposefully
sentative root samples of |- and NI-seedlings wereinoculated seedlings @. ilex(table ) but some contam-
shipped to Vermont where an image analysis systemination of root tips (about 25%) with this ectomycorrhiza
(DT-Scan, Delta-T devices, Cambridge England) waswas observed in the controls (NI-seedlings). No different
used to determine the surface area distribution by diamefungal species were detected in the seedlings under study.
ter size class and root length. Since the diameter resoluThe conversion factor between root surface area and dry
tion of the image analysis system was +0.05 mm a subseiveight was measured on 14 samples each for I- and NI-
of root tips were measured at>6 a binocular micro-  roots and was not significantly different. The pooled
scope using an ocular micrometer to estimate the meamean and SEM was 74 +710* m2 g1 (n = 28). The
diameter of roots in the infected zone (hyphal sheaths) ofdiameter of roots including hyphal sheaths was signifi-
I-seedlings compared to the same region in NI-seedlingscantly different from NI-roots measured in the same

K, was normalized by dividing it by boty, andA , region, i.e., 0.193 + 0.01§)ersusO.167 + 0.009 mm
thus obtaining the root hydraulic conductance per root(n=10,p=0.026), respectively. Roots of I-seedlings had
(Kgp) @nd per leafi(,, ) unit surface area. Althoudky, significantly higher dry 'We|ghts and hencg root surface
provides a physiologically correct estimate of the effi- area by a factor of 2.5 times than Ni-seedlings 0.01,
ciency of an individual root [39], it provides no overview Seetable |). Since root length was correlated with surface
of the total ability of the entire root system to provide area(?=0.82, data not shown), roots of I-seedlings were

water to the shoot. A root system with d, may be also significantly longer than NI-seedlings. An analysis
able to compensate by having more root area, but knowof root surface area versus diameter size classes revealed

ing only K., and total root area is not sufficient informa- that about 75% of the root surface area was in rebts
tion without scaling root size (or conductance) to shoot

size. Lgaf area is an e_cologically meaningful measure 01Table I. Comparison of not-inoculated (NI, see text) to inocu-
shoot size because it is a measure of photosynthetic SUlted (1) seedlings auercus ilex.. in terms of effective per-
face area. Hence, root conductance scaled to leaf surfaccentage of mycorrhizal roots, seedling height above the soil
areaKp, , is useful for estimating the sufficiency of roots (h), stem diameter (@, total leaf A ) and root A;) surface

to supply a unit area of leaves with water and nutrientsarea and leaf specific madsS). Values are means + SEM.
[22, 47].Kg measured in whole shoots was normalized by The number of asterisks corresponds to significance of record-
dividing it by A (Kg,). Ks as measured in shoots without €d differencesp = 0.05 (), 0.01 (**) and 0.001 (***), as cal-
leaf blades was normalized by dividing it by the wood Cculated using the Student's t-test,

cross surface ared\() at the stem cut surfackd,). A,

was measured on stems with bark removed using a digi
tal caliper (see above) and the pith cross surface area we
subtracted after measuring it under binocular microscope
In other wordsKg, represents the hydraulic conductance

NI-seedlings  I-seedlings Significance

Mycorrhizal 257+ 2.3 100
Infection % 6=9) (h=16) ek

of the epigeal organs as a whole wikilg, is the physical %eed““g height (()64:2&%6 0'553 1053 "
hydraulic conductance of the stem. .
Stem diameter 2.680.09 3.04+0.12
mm (h=10) h=16) ok
; ; ; Leaf surface area 18417 194+ 14
2.4. Mycorrhizal infection T2 x 104 (n= 10) f= 16)
: : . Leaf specific 0.954 0.037 1.075:0.067
The degree of infection off. melanosporumin mass g dn? (n=10) = 16) N

I-seedlings an NI-seedlings was measured on the roo
systems of all the seedlings under study. The percentags]gitlsgface area 36883  92.3t11.6

T . . . (n=10) h=16) *
of mycorrhizal infection was estimated by visual obser- Total root dry 053011 1.95: 0.16
vation of hyphal sheaths covering unstained root tips. Toweight g 'hz 16) '(n _ 1é) o

this purpose, at least 80% of the roots of each seedling
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Figure 1. Leaf conductance to water vang)( and net photo-

synthesis Pn) measured in not-inoculated (NI, black columns) . . iy

and inoculated (I, dashed columns) seedling@udrcus ilex.. Fl?ure 2 Cc()jm_parlscl)nt get\l/vegn #Oé |no|culated (Nl,dl_black f

Vertical bars represent the standard error of the meanl(3 columns) and inoculated (I, dashed columns) seedlings o
Quercus ilexL. in terms of: root hydraulic conductandéj

and 54 forg, measurements of NI- and I-seedlings, respective- normalized by total rooK(,.) and total leaf surface areé.():

ly; n = 18 and 26 foPn measurements of NI- and I-seedlings, hydraulic conductance o \F/{vhole shoots normalized by total leaf

re_spectlvely)_. 20 I-seedlings and 12 NI-_seedIlngs were s""‘rm)ledsurface areaK(,) and of leafless shoots normalized by wood

g{ﬁg;i?%ets_tég?b sir&d Pn were both significantp = 0.01, cross surface are&{,). Vertical bars represent the standard

’ error of the meann(= 16 for I-seedlings and = 10 for NI-

seedlings). All differences were significaft,= 0.001 forK,
andP = 0.01 for the other parameters, Student’s t-test used.

mm diameter with a modal diameter of about 0.24 mm

with no significant difference between |- and NI-

seedlings (data not shown).

About two years after inoculation I-seedlings appearedarea of highly infected roots would conduct water much
to be shorter than Nl-seedling (Col.table I) but with less efficiently than moderately infected roots. WHKgn
thicker stems while the total leaf surface area was not sigwas normalized by total leaf surface ar€g, ( figure 2,
nificantly different in the two groups (Cols. 3 and 4, theKy of I-seedlings was 3.% 10° kg s* m2 MPa*
table 1. The leaf specific mass i.e. the ratio of leaf dry versus2.9 x 105 kg s m2 MPa! in Nl-seedlings.
weight to surface area (LSM) was about 13% higher in |- Hence a unit leaf surface area of I-seedlings was supplied
seedlings than in Nl-ones with a weak statistical signifi- with water about 27% better than Nl-seedlings.
cance of the differencé (= 0.05). Differences between I- and NI-seedlings in terms of both

Pressure-volume curves did not reveal any significant'<rr 8Nd Kg,_were highly significant R = 0.01 and
difference in the leaf osmotic pressure at full turgor, 2.06 © = 0-001, respectively).
and 1.98 MPa in I- and NI-seedlings, respectively. The hydraulic conductance of shoots with leaves, nor-
Leaf conductance to water vape X was 1.65 times malized by leaf surface areld{) was significantly larg-
higher in I- than in Ni-seedlings (10%ersus  ©f (by 30%)in I-than in Nl-seedlingdure 2). AlsoK,
62 mmol n2 s, respectivelyfigure 1). Similar differ- (= the hydraulic qonductance of the stem) _of I—seedllrjgs
ences were recorded of net photosyntheBis): (4.1 was about 18% higher than that measured in NI-seedlings
versus2.8 umol [CO,] m2 s in I- and Ni-seedlings, (0.59 versus0.50 kg s' m? MPa*, respectively). In
respectively figure 1). o.the.r _words, stems @. |Iexsee_dI|ngs appeared to have
significantly higher hydraulic conductance when
their root systems were fully associated with
T. melanosporum

The resistance to water flow of the leaf blade (LBR)
Root hydraulic conductance normalized by total root was lower in I-seedlings than in Nl-seedlinggure 3.
surface areap) in I-seedlings was less than half that of Although differences between the two groups were not
NI-seedlings i.e. 9.¢ersus21.6x 10°kg st m?MPa’, very much (1.18ersug0.99x 10* MPa n?s kgli.e. only
respectively figure 2. This means that the unit surface about 15%) they were highly significai € 0.001).

3.1. Hydraulic measurements
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The measurements @f and Pn were not extensive

1.4 enough to draw the general conclusion that net assimila-
NI tion integrated over a whole growth season is higher in
I- and in NlI-seedlings. Neverthelesg, and Pn where
measured under identical conditions of light, temperature
and humidity so differences observed do show the poten-
tial impact ofT. melanosporurander these specific envi-
ronmental conditions. The higher dry matter investment
in leaves and rootgable |) in I- versusNI-seedlings do
suggest an improved net assimilation rate over the entire
life of the seedlings.

1.2
1.0
0.8

06 Leaf dry weight is mainly the expression of the weight

of tissues with thick and/or lignified cell walls like in epi-
dermal cells, sclerenchymatous sheaths around the bun-
dles and isolated sclereids in the mesophyll [15]. All
these anatomical features make the leaf blade coriaceous
to the touch and lead to sclerophylly. The higher LSM
recorded in I-versusNI-seedlings suggests that plants
invested a larger amount of photosynthetic products in
the accumulation of cell wall materials in the leaf rather

Figure 3. Leaf blade resistancé BR) measured in not-inocu-  than in seedling growth. Although the functional signifi-
lated (NI, black columns) and inoculated (I, dashed columns)cance of sclerophylly is still matter of debate [23, 25, 28,
seedlings oQuercus ilexL. Vertical bars represent the standard 34, 41], the sclerophyllous habit is typical of all

0.4

Leaf blade hydraulic resistance
MPam’s kg'1 x 10*

0.2

0.0

error of the meann(= 16 for I-seedlings and = 10 for NI- Mediterranean evergreens and has been recently inter-
seedlings). Differences were significaRt= 0.001, Student's  preted as a factor improving leaf rehydration after water
t-test used. stress release [34]. In this respect, mycorrhizal symbiosis

might improve the drought recovery @f ilex after the
scarce summer rainfalls typical of the Mediterranean
areas.

4. DISCUSSION In our opinion, the differences in growth and leaf mor-
phology of I- and Ni-seedlings (about 12 to 13% fqr @
h andLSM, table I measured after 22 months) may have

Seedlings ofy. ilex 22 months after inoculation with ~been too small to be noticed in seedlings less than one
T. melanosporunie. when they were considered ready Year of age or receiving inoculation too recently (see
for planting in the field, showed a significant advantage @bove) and this might be the reason why such effects of
of mycorrhizal symbiosis in some physiological traits but Mycorrhizae have been reported as dubious in other stud-
not in others (e.g., low root conductance per unit rooti€s [11].
area). What we call NI- (not-inoculated) seedlings were  Root conductance on a root surface area bisjs) (
contaminated by the ectomycorrhiza in about 25% of thewas 2.5 times lower in |- and NI-seedlings. Althousgh,
roots. This, however, was not sufficient to improve is the “standard” way of expressing root conductance, it
seedling hydraulics and water relations compared tojs essential to realize that normalization by root surface
seedlings with 100% infected roots. Visually, I- and NI- area can be quite misleading because we rarely know
seedlings were very similar to each other because theyvhat surface area to use. Ideally, (the unscaled root
showed equad 's and differences in seedling height and conductance) should be divided by the surface area of
stem diameter were too small to be evident at first sight.roots responsible for most (say > 90%) of the water
The leaf specific masd.$M) of I-seedlings, however, absorption. It is generally assumed that smaller diameter
was slightly but significantly higher (by about 13%) than roots absorb most of the water. The root image analysis
that of NI-seedlings. This finding is in agreement with the system we used gave root surface area as a function of
higher g, and Pn recorded in I- with respect to NI- diameter, but we have no way of knowing what root
seedlingsfigure 1). In other words, I-seedlings appeared diameters to exclude from the “active” root area. A fur-
to maintain higher stomatal aperture than Nl-seedlings,ther complicating factor is that ectomycorrhizae may
which favoured higher CQOfixation with consequent actually alter the regions of roots involved in water
higher production of leaf mass per unit surface area. absorption. The hyphal sheaths occupy only the first 1 to
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3 mm of root tip and the sheaths make the roots 15% bigsymbiosis in the drought tolerance of plants. The HPFM
ger in diameter than the Nl-seedlings. If we assume thats, in this respect, a useful instrument because it allows
all water absorption is in the region of the hyphal sheathseasy measurement of root and stem hydraulic conduc-
in I-seedlings and over a similar length of root in NI- tance of plants. The HPFM method may allow evaluation
seedling then I-seedlings will have 15% more “active” of mycorrhizal associations of older plants [27, 46] with-
surface area then NlI-seedlings, but this alone could nobut the artifact caused by restricted root growth in pots
account for the 250% loweKg, in I- versus NI- [30].

seedlings. Ap_parently the I—seedlings compensated for Acknowledgements:We are grateful to Dr. F. Pitt,
low K, per unit root surface area by investing more car- b\ Scimone, Dr. M. Codogno and Mr. F. Bersan for

bon in more root mass. This, in turn, would produce thehe help in mycorrhiza identification and photosynthesis
beneficial effect of increasing the water supply to a unit j,aasurements.

surface area of leaf (i.e., a 27% higKgy of I- than NI-

seedlingsfigure 2, thus allowing higher stomatal aper-
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(higherg, andPn in I-seedlings figure 1). 'Iz'he lower REFERENCES

hydraulic resistance of the leaf blade recorded in |- versus [1] aguilera-Gomez L., Davies F.T., Olalde-Portugal V.,
the Nl'SeedIingS would further favor the water transport Duray S.A., Phavaphutanon L., Influence of phosphorus and
within the leaf. endomycorrhiza Glomus intraradices on gas exchange and

Perhaps the most convincing evidence of the negativeg:rr]'tl_%zg;’\ﬁ,m g;gggfhgtri'gg%g?fgggﬁ%f'ﬂgannuum' cv.

impact of T. melanosporunon root hydraulic conduc- . . -
tance can be gained by looking at the dry matter cost of [2] Al-Karaki G.N._, Benefit, cost and water-use efficiency of
the roots to produce a unit of hydraulic conductance Ourarbuscul\l/lar mf-orrg'zilggdsurzrf 4‘é\'heat grown under drought
. ; . ' stress, Mycorrhiza -45,
unit of hydraulic CondUCtanCEKR’ is 1 kg water N [3] Al }Zarakil(ZB N (Clark)R B., Growth, mineral acquisition
ME;—] .claft?oer?l':ggascﬁig\?gras Sg?tlgz\':ﬁetg Il\rlllvgztegilﬁ]g?g? aSand water use by mycorrhizal wheat grown under water stress,
; ) . Plant Nutr. 21 (1998) 263-276.
the same age. This follows because I- and NI- roots had] [4] Allen M.F ( Influ)ence of vescicular-arbuscular mycor
the same surface area per unit dry weight and the surfacg L ¥ - i
area of l-seedlings Wasp2 5 time t?l/at O?Nl-seedlin S fhizae on water movement throuBbuteloua graciligH.B.K.)
9 - 9S. Lag ex Steud., New Phytol. 91 (1982) 191-196.

Generally, higher stem hydraulic conductance per unit  [5] Allen M.F., Boosalis M.G., Effects of two species of VA
stem cross section is mainly dependent on the xylem conmycorrhizal fungi on drought tolerance of winter wheat, New

duit radii [43]. Therefore, the highd<,, recorded in |- Phytol. 93 (1983) 67-76.
seedlings suggests that these had more efficient xylem [6] Amir R., Steudle E., Levanon D., Hadar Y., Chet I.,
than Nl-seedlings. Turgor changes iMorchella esculentduring translocation and

. ) ) sclerotial formation, Exp. Mycol. 19 (1995) 129-136.
Mycorrhizal seedlings clearly suffer a disadvantage of [7] Andersen C.P., Markhart IIl A.H., Dixon R.K., Sucoff
lower root Cor}ductance. Th";’. IS Compensated. at a cost OE.I., Root hydraulic conductivity of vescicular-arbuscular myc-
more carbon investment in fine roots to provide a more gy piz4) green ash seedlings, New Phytol. 109 (1988) 465-471.
sufficient water supply to shoots. Hence, if there is an [8] Augé RM., Stodola A.JW., An apparent increase in
?‘dva”t.age of mycorrhizal infections W_y.melanosporum symplastic water contributes to greater turgor in mycorrhizal
in Q. ilex we must look at the additional advantages roots of droughtedRosaplants, New Phytol. 115 (1990) 285-
gained by improved nutrient balance and the effect of2gs.

improved nutrition on enhanced carbon gain. [9] Bethlenfalvay G.J., Mycorrhizae and crop productivity,

In conclusion, a general view of the hydraulics of Mycor. Sust. Agric. 54 (1992) 1-27.
Q. ilex seedlings under study shows that mycorrhizal [10] Bryla D.R., Duniway J.M., Water uptake by safflower
infection had induced: a) lower hydraulic conductance of and wheat roots infected with arbuscular mycorrhizal fungi,
roots per unit root surface area, but this was compensatedjew Phytol. 136 (1997) 591-601.
by the increase in the amount of root (mass of fine roots [11] Burgess T.l., Malajczuk N., Grove T.S., The ability of
and surface area) which would, in turn, improve the total 16 ectomycorrhizal fungi to increase growth and phosphorus
nutrient uptake; b) more efficient vertical water transport uptake ofEucalyptus globulud.abill. and E. diversicolorF.
to (higherK,) and within leaves (lowdrBR); c) higher ~ Muell. Plant Soil 153 (1993) 155-164.

Co, fixation: d) higher leaf specific mass. [12] _Coleman_ M.D., Bledsoe C.S., Smit B.A., Root
hydraulic conductivity and xylem sap levels of zeatin riboside

We feel that more studies on field-growing plants are and abscisic acid in ectomycorrhizal Douglas fir, New Phytol.
needed to clarify the possible role of the mycorrhizal 115 (1990) 275-284.



312 A. Nardini et al.

[13] Colpaert J.V., Van Laere A., Van Assche J.A,, Carbon  [32] Safir G.R., Boyer J.S., Gerdemann J.W., Mycorrhizal
and nitrogen allocation in ectomycorrhizal and non-mycorrhizal enhancement of water transport in soybean, Science 172 (1971)
Pinus sylvestri4. seedlings, Tree Physiol. 16 (1996) 787-793. 581-583.

[14] Elliott E.T., Coleman D.C., Let the soil work for us, [33] Salleo S., Water relations of two Sicilian species of
Ecol. Bull. 39 (1988) 23-32. Seneciggroundsel) measured by the pressure bomb technique,
[15] Fahn A., Plant Anatomy, Butterworth-Heinemann, New Phytol. 95 (1983) 179-188.
Oxford, 1990. [34] Salleo S., Nardini A., Lo Gullo M.A., Is sclerophylly of

[16] Finlay R.D., Soderstrom B., Mycorrhiza and carbon Mediterranean evergreens an adaptation to drought?, New
flow to the soil, in: Allen M.J. (Ed.), Mycorrhizal Functioning.  Phytol. 135 (1997) 603-612.
An Integrative Plant-Fungal Process, Chapman & Hall, New [35] Sands R., Theodorou C.T., Water uptake by mycor-
York, 1992, pp. 134-160. rhizal roots of radiata pine seedlings, Aust. J. Pl. Physiol. 5
[17] Gemma J.N., Koske R.E., Roberts E.M., Jackson N., De (1978) 301-309.
Antonis K., Mycorrhizal fungi improve drought resistance in [36] Sands R., Fiscus E.L., Reid C.P.P., Hydraulic properties

creeping bentgrass, J. Turfgrass Sci. 73 (1997) 15-29. of pine and bean roots with varying degrees of suberization,

[18] Giovannetti M., Mosse B., An evaluation of techniques yascular differentiation and mycorrhizal infection, Aust. J. PI.
for measuring vescicular-arbuscular mycorrhizal infection in physijol. 9 (1982) 959-969.

roots, New Phytol. 84 (1980) 489-500. . [37] Scholander P.F., Hammel H.T., Hemmingsen E.A.,
_ [19] Graham J.H., Syvertsen J.P., Smith M.L., Water rela- graqstreet E.D., Hydrostatic pressure and osmotic potential in
tions of mycorrhizal and phosphorus-fertilized non-mycorrhizal |oaves of mangroves and some other plants, Proc. Nat. Acad.
Citrus under drought stress, New Phytol. 105 (1987) 411-419. g Usa 51 (1964) 119-125. '

[20] Huang R.S., Smith W.K.,, Yost R.S., Influence of vesci- [38] Sperry J.S., Alder N.N., Eastlack S.E., The effect of

cqlar;a{pusqull:ar mycorrhllza on grcr)]vv}h, waterDrela\l/t\lﬁ[nsNand Ieafreduced hydraulic conductance on stomatal conductance and
orientation inLeucaena leucocephaliam.) De Wit, New 0 cavitation, J. Exp. Bot. 44 (1993) 1075-1082.

Phytol. 99 (1985) 229-243. [39] Steudle E., L dist ¢ ¢ of water in t )

[21] Levy I., Krikun J., Effect of vescicular-arbuscular myc- eudie t., . ong distance transport of water In rees.
orrhiza in Citrus jambhiri water relations, New Phytol. 85 o!€ of the root, in: Radoglou K. (Ed.), Extended Abstracts
(1980) 25-32 Collection of the International Workshop on Resource

. Utilization from Cell to Canopy, COST EG6-Eurosilva,
[22] Lo Gullo M.A., Nardini A., Salleo S., Tyree M.T., Thessaloniki, Greece, 1996, pp. 47-52.

Changes in root hydraulic conductanég)( of Olea oleaster
seedlings following drought stress and irrigation, New Phytol. . [40] Steudle E., Heydt H., Water transport across tree roots,
140 (1998) 25-31. in: Rennenberg H., Eschrich W., Ziegler H. (Eds.), Trees —

. . Contributions to Modern Tree Physiology, Backhuys
[23] Loveless A.R., Further evidence to support a nutritional : ; )
interpretation of sclerophylly, Ann. Bot. 26 (1962) 551-561. Publishers, Leiden, The Netherland.s, 1997’ PP 2_39 255.
[24] Marks G.C., Kozlowski T.T., Ectomycorrhizae: Their [41] Turner .M., Sclerophylly: primarily protective?, Funct.
Ecology and Physiology, Academic Press, New York, 1973. Ecol. 8 (1994) 669-675.
[25] Mitrakos K., A theory for Mediterranean plant life, Acta [42] Tyree M.T., Hammel H.T., The measurement of the tur-

Oecol./Oecol. Plant. 1, 15 (1980) 245-252. gor pressure and water relations of plants by the pressure-bomb
[26] Nardini A., Ghirardelli L., Salleo S., Vulnerability to  ccimaue, 3. Exp. Bot. 23 (1972) 267-282.

freeze-stress of seedlings@fiercus ilest..: an ecological inter- [43] Tyree M.T., Sperry J.S., Vulnerability of xylem

pretation, Ann. Sci. For. 55 (1998) 553-565. emboll_sm to cavitation and embolism, Ann. Rev. Pl. Physiol.
[27] Nardini A., Lo Gullo M.A., Salleo S., Competitive Mol. Biol. 40 (1989) %9'3? _

strategies for water availability in two Mediterrane@uercus [44] Tyree M.T., Sinclair B., Lu P., Granier A., Whole shoot

species, Plant Cell Environ. 22 (1999) 109-116. hydraulic resistance iQuercusspecies measured with a high-

[28] Nardini A., Lo Gullo M.A., Tracanelli S., Water rela- Pressure flowmeter, Ann. Sci. For. 50 (1993) 417-423.
tions of six sclerophylls growing near Trieste (Northeastern [45] Tyree M.T., Yang S., Cruiziat P., Sinclair B., Novel
Italy): has sclerophylly a univocal functional significance?, methods of measuring hydraulic conductivity of tree root sys-
Giorn. Bot. It. 130 (1996) 811-828. tems and interpretation using AMAIZED, Plant Physiol. 104
[29] Parke J.L., Lindermann R.G., Black C.H., The role of (1994) 189-199.
ectomycorrhizas in drought tolerance of Douglas fir seedlings, [46] Tyree M.T., Patifio S., Bennink J., Alexander J.,
New Phytol. 95 (1983) 83-95. Dynamic measurements of root hydraulic conductance using a
[30] Ray J.D., Sinclair T.R., The effect of pot size on growth high-pressure flowmeter in the laboratory and field, J. Exp. Bot.
and transpiration of maize and soybean during water deficit46 (1995) 83-94.
stress, J. Exp. Bot. 49 (1998) 1381-1386. [47] Tyree M.T., Velez V, Dalling J.W., Growth dynamics
[31] Ruiz-Lozano J.M., Azcon R., Hyphal contribution to of root and shoot hydraulic conductance in seedlings of five
water uptake in mycorrhizal plants as affected by the fungal neotropical tree species: scaling to show possible adaptation to
species and water status, Physiol. Plant. 95 (1995) 472-478. differing light regimes, Oecologia 114 (1998) 293-298.



