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The combined effects of Pseudomonas
fluorescens CECT 844 and the black truffle
co-inoculation on Pinus nigra seedlings

José Alfonso Dominguez-Nufez ", Marcelina Medina ", Marta Berrocal-
Lobo ", Analia Anriquez ®, Ada Albanesi ?

The inoculation with mycorrhizal fungi and rhizobacteria has been demonstra-
ted to improve the morphology and physiology of seedlings used in the refore-
station of Mediterranean areas, as well as to favor the reintroduction of mycor-
rhizal fungi into such environments. Pinus nigra subsp. salzmannii, currently
used in the reforestation of Mediterranean regions, may host an ectomycor-
rhizal symbiosis with the Ascomycetes fungus Tuber melanosporum Vitt. (black
truffle). Previous investigations demonstrated that the inoculation of Pinus
halepensis seedlings with the rhizobacterium Pseudomonas fluorescens CECT
844 and T. melanosporum improved plant growth and N absorption, and dou-
bled the rate of mycorrhization of T. melanosporum. In the present work, we
studied the morphophysiological response of P. nigra seedlings grown under
well-watered conditions in a nursery to the combined inoculation with T.
melanosporum and/or P. fluorescens CECT 844. Five months after inoculation,
growth parameters (seedling height, basal diameter, and shoot and root dry
weight), mycorrhizal colonization, water parameters (osmotic potential at both
full and zero turgor and modulus of elasticity), and total contents and concen-
trations of N, P, and K were measured in the roots and shoots of seedlings, and
the root growth potentials was estimated. The addition of P. fluorescens CECT
844 did not significantly improve the mycorrhizal colonization by T. melano-
sporum on P. nigra seedling roots. Additionally, P. fluorescens inoculation cau-
sed few significant improvements in growth and water parameters of seedlings.
Moreover, apparently opposing effects on P uptake were observed between
the two inoculations. The use of P. fluorescens CECT 844 as a Mycorrhizal
Helper Bacterium (MHB) through different mechanisms and in different envi-
ronmental conditions is discussed.

Keywords: Rhizobacteria, Black Truffle, Mycorrhiza, Mycorrhiza Helper Bacte-
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Introduction

Water and nutrient availability are the main
constraints on plant productivity in semi-arid
Mediterranean ecosystems. The preservation
of mycoflora diversity depends on the status
of plant roots (Marulanda et al. 2006). Forest
species in these areas often develop specific
strategies to improve their water usage in re-
sponse to drought (Martinez-Ferri et al.
2000).

Several studies have been conducted to im-
prove the quality of seedlings produced in
nurseries (Caravaca et al. 2005). Several au-
thors reported that soil amendment with ec-
tomycorrhizal fungi and plant-growth-pro-
moting rhizobacteria (PGPR) increased plant
survival and seedling quality, especially in
soils with low microbial activity (Chanway
1997, Probanza et al. 2001).

Pseudomonas fluorescens generally shows
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several characteristics of an effective PGPR.
It is easily cultivated in vitro, and it colo-
nizes a wide range of ecological niches, in-
cluding plant rhizospheres (Bolton et al.
1993). Additionally, P. fluorescens genomes
are highly diverse, which most likely increa-
ses the P. fluorescens survival (Silby et al.
2009). The ecological flexibility of such bac-
teria allows them to exploit a wide variety of
nutrients to adapt to environmental changes
for survival. P. fluorescens also improves
plant growth by producing phytohormones
such as auxins (e.g., IAA - Karabaghli et al.
1998). It also has a high capacity for phos-
phorus solubilization and can produce side-
rophores (Matthijs et al. 2007).

Despite the very well-known positive ef-
fects of P. fluorescens on plant survival,
only a few studies have been conducted to
study its influence on the growth of forest
species (Rincdn et al. 2008, Ouahmane et al.
2009). We recently demonstrated that the
inoculation of Aleppo pine (Pinus halepen-
sis Mill.) with P. fluorescens CECT 844 im-
proved the vegetative growth and N absorp-
tion of the P. halepensis seedlings (Domin-
guez et al. 2012).

The use of environmental-friendly natural
microbial inocula, such as PGPR or mycor-
rhizal fungi, is presented in this study as a
potential alternative fertilizers. These micro-
organisms are also beneficial for the mainte-
nance of pre-existing soil microflora, thus
contributing to the conservation of soil bio-
diversity. The amended soil in the nursey in-
creases the vegetative vigor and morphophy-
siological quality of forest species growth
for reforestation purposes (Chanway 1997).

Information regarding the productivity of
ectomycorrhizal fungi, their ecological func-
tions and their contributions to the produc-
tivity and recovery of altered agroecosystems
is increasingly valuable in agroforestry. In
Spain, the black truffle (Tuber melanospo-
rum Vitt.) is of substantial economic and so-
cial value in rural areas of the Mediterranean
(Reyna 2007), although studies on the con-
tributions of 7. melanosporum to the growth
and physiology of forest plants are scarce
(Dominguez-Nuiiez 2002). Moreover, the
ecological value of such symbiosis in the re-
covery of Mediterranean ecosystems has not
been well characterized.

The inoculation of black truffle-producing
species (including Quercus ilex, Quercus
faginea and Corylus avellana) with T.
melanosporum is an important practice, sup-
porting truffle silviculture in natural areas
(Reyna 2007). However, preliminary experi-
ments with other non-ascocarp-producing
species are only now being initiated. These
non-black truffle ascocarp-producing species
(including Pinus nigra and Pinus halepen-
sis) are components of mixed stands of natu-
ral ecosystems in which the black truffle is
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found (Dominguez et al. 2003, Garcia-Mon-
tero et al. 2007). The above pines are also
able to form an ectomycorrhizal symbiosis
with the black truffle (Pirazzi 1986).

The association of T. melanosporum with
other indigenous microorganisms may im-
prove plant growth and increase plant nutri-
ent concentrations, thereby protecting the
host plant from drought, which is common
in the Mediterranean region. The adhesion of
and colonization by mycorrhizal helper bac-
teria (MHB), such as P. fluorescens, on the
surfaces of several ectomycorrhizae can im-
prove the symbiotic relationship and the pre-
symbiotic stages, and can benefit the host
plant (Frey-Klett et al. 2007, Deveau et al.
2007). In some cases, the co-inoculation of
mycorrhizal fungi and P. fluorescens may
also increase the root colonization by Pseu-
domonas (Ouahmane et al. 2009, Domin-
guez et al. 2012), and the mycorrhizal fun-
gus. In other cases, synergistic effects on the
plant growth were observed (Rincén et al.
2007), although co-inoculation did not affect
the fungal colonization.

Several authors suggested the presence of
P. fluorescens to be linked to different stages
of ascocarp maturation in the genus Tuber
(Citterio et al. 2001, Barbieri et al. 2007), es-
pecially in 7. melanosporum (Rivera et al.
2010).

We previously demonstrated that the ino-
culation of P. halepensis seedlings with P.
fluorescens CECT 844 rhizobacteria and the
black truffle 7. melanosporum improved
plant growth and the N absorption of seed-
lings, and that the addition of P. fluorescens
CECT 844 doubled the mycorrhization rate
of T. melanosporum (Dominguez et al.
2012). In the present study, inoculations
(both combined and single) were performed
using 7. melanosporum and P. fluorescens
CECT 844 in P. nigra seedlings. Seedling
growth, water relations and nutrient uptake
were studied. Mycorrhizal colonization was
analyzed, and the effect of inoculation on the
root growth potential of seedlings was also
investigated.

Our starting hypothesis was that the com-
bined inoculation of both microorganisms -
P. fluorescens CECT 844 and T. melanospo-
rum - could have synergistic effects and po-
sitively influence the P. nigra seedling phy-
siology, thereby improving the plant quality
at early developmental stages. We also hy-
pothesized that this rhizobacterial strain
could behave as a mycorrhizal-helper bacte-
ria on several forest species forming mycor-
rhizae of black truffle.

Methods

Plant material

Seeds of P. nigra subsp. salzmannii were
collected from Maestrazgo, Castellon, Spain
and kept in closed polyethylene bags at 4 °C

until sowing. New containers of Forest Pot
300 ® (Nuevos Sistemas de Cultivo S.L.,
Girona, Spain), each composed of 50 alveoli,
were used. Culture substrates were prepared
in mid-May 2011 with vermiculite and
Sphagnum light and dark peat mixtures, pH
6, with a ratio of 3:1 peat:vermiculite, plus
3.7 % (w/v) CaCOs and 1.8 % (w/v) KOH.
The peat was previously sterilized in an au-
toclave at 120 °C for 2 hours. At sowing, the
substrate pH was close to 8. The seeds were
selected by flotation and immersed in water
24 hours before planting. Prior to sowing,
seeds were immersed in 30 % H,O, for 15
minutes for disinfection and then washed
several times in distilled water. The assays
were performed at the E.T.S.I. Mountains,
Madrid, Spain. A total of 24 bins (1200 al-
veoli) were sown. In each alveolus, 3-8
seeds were placed and allowed to germinate,
with each socket containing a single pine
seedling. Sowing was performed in a green-
house in May 2011. Seedlings were irrigated
daily until soil saturation at a culture tempe-
rature between 20 and 30 °C until inocula-
tion.

Fungal inoculum

The black truffle inoculum was prepared
from ascocarps collected in February 2011 in
Molina de Aragén (Guadalajara, Spain). T.
melanosporum fruiting bodies were selected,
superficially cleaned and flame-sterilized.
The samples were then stored in closed poly-
ethylene bags at 4 °C until the liquid spore
inoculum was prepared several days before
inoculation. The fruiting bodies were
ground, diluted in distilled water and stored
at 4 °C until inoculation. The fungal inocu-
lum was estimated to contain approximately
3.4 x 10* spores ml™.

Bacterial cultures and inoculation
assays

The lyophilized inoculum of P. fluorescens
CECT 844 was obtained from the CECT
(Spanish Type Culture Collection) at the
University of Valencia and stored at 10-15
°C until use. The lyophilized bacteria were
pre-incubated for recovery in a standard li-
quid nutrient medium suitable for the growth
of P. fluorescens (1 g meat extract, 2 g yeast
extract, 5 g peptone, 5 g NaCl and 1 L dis-
tilled water, pH 7.2) and maintained at 28 °C
for 12 h at 200 rpm. A second culture was
grown at 30 °C for 12 h before inoculation.
The inoculum was prepared at the final con-
centration of 3 x 10" CFU ml"' as estimated
by plate counting.

We used a 4-level univariate design (inocu-
lation of P. fluorescens CECT 844 [Ps], T.
melanosporum [T), T. melanosporum x P.
fluorescens CECT 844 [T x Ps] and control)
distributed into 6 randomized blocks (1 x 4
x 6) with 200 plants per block (4 containers
with 50 plants/container).

The inoculum of P. fluorescens CECT 844
was applied in two steps separated by 7 days
(July 22 and 29, 2011). Half of the seedlings
were inoculated with 10 ml plant™ (5 + 5 ml,
3 x 10* CFU plant"). The inoculum of T.
melanosporum was applied on July 27,
2011. Half of the seedlings were inoculated
with 5 g fresh carpophore/20 ml distilled wa-
ter/plant (6.8 x 10° spores plant™). After the
second inoculation with P. fluorescens
CECT 844, the seedlings were removed from
the greenhouse and watered daily until satu-
ration. The HOBO® data logger was used to
measure the temperature and relative humi-
dity. The plants were then maintained in an
outdoor nursery at an average temperature of
2-30 °C and relative humidity 40-80%.

Pressure-volume curves and water
parameter analysis

In November 2011, pressure-volume (PV)
curves were built as described by Tyree &
Hammel (1972) and Robichaux (1984) using
the stem water potential measured by a
Scholander pressure chamber (Scholander et
al. 1965). From each pressure-volume curve,
the following three parameters were calcu-
lated: the osmotic potential at saturation
(W), the osmotic potential at the turgor
loss point (Wm,) and the modulus of elastic-
ity (Emax - Cheung et al. 1975, Jones &
Turner 1980, Tyree & Jarvis 1982, Bowman
& Roberts 1985). Twelve randomly chosen
plants per treatment were analyzed (1 PV
curve per plant; two plants per block). The
seedlings inoculated with 7. melanosporum
(treatments [T] and [T x Ps]) were later ana-
lyzed to confirm the presence of the mycor-
rhizal fungus.

Plant vegetative growth and
mycorrhizal colonization measures
Eighteen plants per treatment (three plants
per block) were randomly selected in late
November 2011. The height and diameter of
each plant was measured. We analyzed the
colonization by the mycorrhizal fungi by
characterizing and identifying the mycor-
rhizae (Agerer 2012). Subsequently, the my-
corrhizal counts of 7. melanosporum and
other naturally occurring mycorrhizal fungi
were determined on the total roots as fol-
lows. The root ball of each plant was sub-
merged in water to clean the roots by remo-
ving most of the substrate. Roots were then
chopped into 1- to 2-cm pieces that were
cleaned, rinsed in distilled water and placed
into a Petri dish with water for analysis. The
percentage and number of root tips in both
the inoculated and non-inoculated plants
were calculated. Then, the dry weight of
shoots and roots was measured for each sam-
ple after oven-drying at 65-70 °C for 48 h.

Plant nutrition attributes
In November 2011, concentration and con-
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tent of key nutrients (nitrogen, phosphorus,
and potassium) assimilated in the shoots and
roots of seedlings were analyzed. Random
samples of 36 plants per treatment (6 plants
per block) were divided into three groups.
The aerial portion and the roots of each
seedling were regrouped, cleaned and dried
in an oven at 65-70 °C for at least 48 hours.
The tissue was finely ground and homoge-
nized by a pestle. The N, P and K analyses
were performed using a Continuous Flow
Analyzer Skarar San++ (Skalar Analytical
B.V., Breda, The Netherlands) after Kjeldahl
digestions in H,SO4 following the manufac-
turer’s instructions.

Root growth potential

The root growth potential, i.e., the ability
of the plant roots to initiate and extend fur-
ther in a given time period under optimal
growth conditions (Ritchie 1985), was deter-
mined by random sampling 18 plants per
treatment (3 plants per block) on March 16,
2012. The height and basal diameter of each
plant were measured. Subsequently, each
plant with its root ball was carefully trans-
planted to a 3-L prismatic pot filled with
inert white perlite. The pots were placed ran-
domly in the greenhouse in E.T.S.I. Moun-
tains and allowed to grow under optimal
growth conditions for 30 days (Simpson &
Ritchie 1997). The plants were irrigated by
maintaining the substrate at saturation. The
environmental conditions were monitored in
the greenhouse, and the temperature was set
to 22 °C. The HOBO® data logger was used
to measure the temperature and relative hu-
midity. During the analysis, the average air
temperature was maintained between 13 and
28 °C, with a relative humidity between 25-
85%. After one month, each plant was care-
fully removed, and the new roots (distin-
guishable by their distinct color and greater
thickness) greater than 1 cm were counted,
and the total length of new roots measured
for each plant.

Pseudomonas and black truffle inoculation of Pinus nigra seedlings

Data analysis

All of the statistical analyses were per-
formed using the software package Stat-
craruics Prus® (StatPoint Technologies Inc.,
Warrenton, Virginia, USA). Analysis of va-
riance (ANOVA) for the proposed parame-
ters and the Duncan’s mean comparison test
were performed using a confidence level of 5
%. In the case of non-homogeneous varian-
ces, the non-parametric Kruskal-Wallis test
was applied. For the analysis of the root
growth potential, the height and the diameter
were selected as covariates. Similar results
were obtained for each covariate, therefore
only results obtained using the height cova-
riate are presented.

Results and discussion

Seedling growth and mycorrhizal
colonization

Several authors argued that the microflora
associated with Tuber sp. are stable and se-
lectively represented by the genus Pseu-
domonas and the aerobic spore-forming bac-
teria actinomycetes and rhizobacteria (Citte-
rio et al. 2001, Barbieri et al. 2007). Rivera
et al. (2010) found that the predominant
species in the ascocarps of 7. melanosporum
was P. fluorescens.

The adhesion of and colonization by MHB
(which are metabolically active) at the myc-
orrhizal surface can affect and improve the
symbiotic relationship and the pre-symbiotic
stages (Frey-Klett et al. 2007, Deveau et al.
2007). The stimulatory effects of P. fluore-
scens and ectomycorrhizal fungi when
grown together have been alreay reported
(Rincoén et al. 2005, Deveau et al. 2007). Ad-
ditionally, MHB may be beneficial to certain
fungi but may adversely affect others (Tarka
& Frey-Klett 2008). However, MHB seem to
be fungus-specific and not plant-specific
(Garbaye & Duponnois 1993).

In this study, CO;Ca and KOH were added
to the substrate where P. nigra seedlings

were grown. Under such conditions, no sig-
nificant improvement was found in the colo-
nization by black truffle of the roots of P. ni-
gra seedlings by P. fluorescens CECT 844
inoculation (Tab. 1). However, we have de-
monstrated that P. fluorescens CECT 844
can facilitate the formation and establish-
ment of 7. melanosporum ectomycorrhizae
in P. halepensis seedlings under non-optimal
soil pH conditions, when calcium carbonate
is not added to the growing peat substrate
(Dominguez et al. 2012). According to Gar-
baye & Duponnois (1993), MHB are not
plant-specific, but they are clearly selective
in their interactions with various fungal
species, being therefore fungus-specific. Be-
cause P. fluorescens CECT 844 may be a
MHB not specific to Pinus sp., we hypothe-
size that P. fluorescens CECT 844 as MHB
could significantly increase the colonization
by T. melanosporum only when the environ-
ment (soil) is unsuitable for fungal growth,
as suggested by Brule et al. (2001) for the
fungus Laccaria bicolor. Under unfavorable
conditions, it may be also hypothesized that
the fungus is not able to prepare a suitable
environment to promote mycorrhization,
e.g., potentially increasing the mycorrhizal
root tips or creating nutritional stress to pro-
mote the fungus-plant symbiosis.

In this study, the effect of P. fluorescens on
the growth of P. nigra seedlings was only
significant for the shoot dry weight when P.
fluorescens was co-inoculated with 7. mela-
nosporum (Tab. 1). P. fluorescens is a plant
growth stimulator that efficiently promotes
seed germination, accelerates growth in the
early stages, induces root initiation, en-
hances the formation of roots and root hairs,
facilitates root regeneration and helps con-
trol pathogens in some forest species (Hei-
nonsalo et al. 2004). These effects have been
observed specifically in P. halepensis inocu-
lated with P. fluorescens Aur6 (Rincoén et al.
2008). However, the isolated effects of P.
fluorescens CECT 844 on the root initiation

Tab. 1 - Water relation parameters, growth parameters, mycorrhizal colonizations, and root growth potential of Pinus nigra seedlings. (C):
control; (Ps): Pseudomonas fluorescens CECT 844; (T): Tuber melanosporum. (Wms). osmotic potential at full turgor; (‘Po): osmotic poten-
tial at zero turgor; (Emw): modulus of elasticity near full turgor. (Total): number of total root tips/plant; Total number and length of new
roots/plant; covariate using the height parameter. Means and standard errors are reported. N = 12 (water relations); N =18 (growth, mycor -
rhizal colonization and root growth potential parameters). Values in the same row and labeled with different letters differ significantly

(p<0.05) according to the Duncan’s test.

Group Treatment C Ps T T x Ps
Water relation W (MPa) 0.70 £0.09* 0.76 £ 0.06 * 0.82+0.09° 0.70+0.10*
parameters Wr, (MPa) 0.99+0.13° 1.18+0.13* 1.28+0.15* 1.11£0.13*
Enix (MPa) 6.92+1.38* 733+£1.13* 4.56 £0.96 ° 7.54+1.39*
Growth Height (cm) 6.64+0.32* 6.83+£0.14* 7.08 £0.28 ® 6.50+0.43°
Basal diameter (mm) 1.36 £0.07 * 1.38£0.07* 1.44 £0.05* 1.43£0.05*
Shoot (g) 0.13£0.01° 0.14+0.01* 0.16+0.02 * 0.16+0.01*
Root (g) 0.13+£0.01° 0.14+£0.01* 0.14+£0.01* 0.12+0.01°
Mycorrhizal T (%) 0° 0° 24+3° 27+3°
colonization Total (n/plant) 99+4° 102+£4° 166 £13*° 165+13°
Root growth New roots (n/plant) 7.34+£0.75*° 7.79£0.75° 749 +£0.75° 6.81£0.75*°
potential New roots (cm/plant) 749 £0.84*° 6.55+£0.84° 7.18+£0.84* 6.15+£0.84*
© SISEF http://www.sisef.it/iforest/ 626 iForest 8: 624-630
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Fig. 1 - Nutrients concentrations and contents of Pinus nigra seedlings. (C): control; (Ps): Pseudomonas fluorescens CECT 844; (T): Tuber
melanosporum. Bars represent the standard error (N = 3). Columns with same color and different letters differ significantly (p<0.05) accor -

ding to the Duncan’s test.

(Root Growth Potential test) were not appa-
rent in this or previous studies (Tab. 1 -
Dominguez et al. 2012), though the inocula-
tion of this strain have been observed to sig-
nificantly improve other growth parameters.

In the present study, the inoculation of 7.
melanosporum significantly increased the to-
tal number of root tips in both the simple
inoculation [T] and the co-inoculation [T %
Ps] treatments. However, the fungus did not
significantly increase the root dry weight, in-
dicating that the mycorrhizal fungus 7. me-
lanosporum increased the root branching in
P. nigra seedlings without affecting the root
biomass production. Splivallo et al. (2009)
suggested that this could be facilitated by the
production of phytohormones by the fungus.
In a similar study on P. halepensis grown
with no CaCOj; or other pH correctors in the
substrate Dominguez et al. (2008, 2012) ob-
served that the inoculation of 7. melanospo-
rum did not significantly increase the total
production of root tips. Such results suggest
that the fungus could increase the total pro-
duction of root tips (both mycorrhizal and
non-mycorrhizal) only in soils with available
CaCO; or with a high pH. However, it seems
that inoculation with P. fluorescens (in com-
bination with T. melanosporum or alone)
does not significantly affect the total produc-
tion of root tips (Tab. 1).

These inoculations did not cause the rege-
neration of new roots the following spring
(root growth potential), in contrast to obser-
vations made in previous studies (Karabaghli
et al. 1998, Heinonsalo et al. 2004); this may
suggest different effects of different strains
of Pseudomonas fluorescens on root regene-
ration. Furthermore, we did not observe any
positive synergistic effects of the fungus-
MHB partnership on root growth or the re-

generation of new roots. However, increa-
sing the number of plants sampled and/or the
duration of the radical regeneration trial
could enhance the appearance of treatment
effects in the seedlings.

Nutrient uptake

In our study, the co-inoculation treatment
[T x Ps] significantly increased the concen-
tration and total P content in the shoot as
compared with the [Ps] inoculation treat-
ment. Additionally, the [T x Ps] inoculation
significantly increased the K content in the
shoot compared with that of the [T] inocula-
tion. Moreover, the 7. melanosporum [T]
inoculation significantly reduced the K con-
centration in the shoot compared with that of
the control, and significantly increased the P
content compared with that of the [Ps] ino-
culation (Fig. 1).

Improvement of host plant vigor by mycor-
rhizae is often observed under limited nutri-
ent supply (Smith & Read 1997). Rincon et
al. (2007) observed different effects of ecto-
mycorrhizal fungi on the nutrient uptake in
seedlings of P. halepensis, as a likely conse-
quence of nutritional demands that were de-
pendent on the fungal species (Olsson et al.
2002). Also, in our previous studies on T.
melanosporum, inoculation was shown to
improve growth and nutrition, particularly in
P. halepensis seedlings (Dominguez et al.
2008, 2012).

In Mediterranean calcareous soils, P is a
limiting nutrient for early growth of P.
halepensis (Sardans et al. 2006), and the Ca
availability in the substrate can hinder the P
and K uptake from the soil. On the other
hand, P. fluorescens has a high capacity for
phosphorus solubilization. However, in this
study such beneficial effect was not obser-

ved, despite seedlings were produced under
limited nutrient availability (no added ferti-
lizer) in the nursery. Moreover, the two ino-
culations apparently caused opposite effects
on the P and K absorption by seedlings.
Dominguez et al. (2012) observed that P.
fluorescens CECT 844 inoculation may de-
crease the P and K uptake in P. halepensis
seedlings co-inoculated with 7. melanospo-
rum and growing on a substrate with no
CaCOs. However, in the present study, P up-
take of P. nmigra seedlings grown on sub-
strate with CaCO; and co-inoculated with T.
melanosporum was not significantly affected
by P. fluorescens inoculation. Contrastingly,
K content of the mycorrhizal seedlings co-
inoculated with T. melanosporum was sig-
nificantly improved by P. fluorescens inocu-
lation. All the above result suggests that T.
melanosporum and P. fluorescens inocula-
tions can cause different effects in P and K
uptake, depending on the absence or pres-
ence of CaCO; in the peat substrate (lowered
availability of nutrients). P. fluorescens can
either block or allow the P uptake to the host
plant, depending on whether the level of nu-
tritional stress was sufficient to promote my-
corrhization. Frey-Klett et al. (2007) demon-
strated the potential of MHB to affect the N
nutrition of host seedlings.

Although P. nigra var. salzmannii and P.
halepensis Mill. are two calcicolous species,
they show different strategies to cope with
water and nutritional stress (Frouxa et al.
2002). Based on our results, it could be hy-
pothesized that P. halepensis is more effi-
cient than P. nigra in the use of their rhizo-
spheric microorganisms.

Alterations of microbial populations in the
rhizosphere may lead to quantitative and
qualitative changes in the absorption of nu-
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trients by associated plants. Rincon et al.
(2008) found that the [Ps] inoculation may
change the concentration of soil nutrient
available for P. halepensis seedlings in the
presence of different bacterial populations in
the mycorrhizosphere. Additionally, ectomy-
corrhizal symbiosis may affect the bacterial
community in the mycorrhizosphere (Frey-
Klett et al. 2005), which in turn can alter the
nutrient availability (Simard et al. 2002), in
particular N and P (Posta et al. 1994,
Grayston et al. 1996).

Water relations

The regulation of the osmotic potential and
the increase of the cell wall elasticity allow
plants to maintain the cell turgor, thus tole-
rating negative water potentials in the soil
and withstanding water stress (Villar-Sal-
vador et al. 1997). In the present study, the
osmotic potentials were not affected by any
of the inoculations carried out (Tab. 1).
Moreover, T. melanosporum inoculation has
caused a slight (though not significant) in-
crease in the elasticity of cell walls (4.56
MPa [T] vs. 6.92 to 7.54 MPa in the other
treatments), as already noted by Dominguez
et al. (2008).

Dominguez et al. (2006) reported that 7.
melanosporum can reduce the water deficit
of the host plant during drought. Further-
more, Dominguez et al. (2008) observed that
mycorrhization with black truffles under
conditions of abundant water availability can
cause an elastic adjustment of cell walls in
P. halepensis seedlings, which may be a me-
chanism of resistance to water stress. Hor-
monal effects may also be involved in the
water stress tolerance of plants inoculated
with PGPR, since some bacteria can produce
abscisic acid (ABA), a plant hormone pro-
duced in response to drought (Boiero et al.
2007). Rincon et al. (2008) found that P.
fluorescens Aur6 can enhance the water effi-
ciency of associated forest species, but only
when plants are subjected to a period of wa-
ter stress.

In this study, the increased stiffness of cell
walls may be related to the plant response to
the flagellin produced by the bacteria. The
presence of flagellin has been shown to in-
duce stomatal closure (Melotto et al. 2006)
and the modification of the protein content
of cell walls (Vorwerk et al. 2004, Somer-
ville et al. 2004). However, [Ps] inoculation
did not cause significant decreases in cell
elasticity in our study.

P. nigra does not usually produce T.
melanosporum ascocarps, but only ectomyc-
orrhizae. Some authors (Garcia-Montero et
al. 2007, Dominguez et al. 2012) suggested
the use of black truffle mycorrhized seed-
lings as “carriers” of inocula of wild truffles
for application in forestry truffle culture. In
the present study, we observed the effects of
co-inoculation [T. melanosporum x P. fluo-

Pseudomonas and black truffle inoculation of Pinus nigra seedlings

rescens] in P. nigra seedlings growing on
substrate with CaCO;. Based on our results
and those from similar study (Dominguez et
al. 2012), we suggest that both inoculations
can cause different effects in nutrients up-
take and mycorrhizal colonization of seed-
lings, depending on the absence or presence
of CaCOs;. Mycorrhizal P. nigra seedlings do
not seem particularly sensitive to addition of
P. fluorescens. However, further studies are
needed to better understand the effects of co-
inoculation [T x Ps] in seedlings of species
symbiontic with the prized black truffle and
to improve the environmental stress tole-
rance of forest plants through the co-inocula-
tion of soil microorganisms.
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