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a b s t r a c t

Alfalfa (Medicago sativa) is one of the most important crops used in Uruguay for livestock feeding. Seed-
ling diseases, particularly damping-off, are a critical factor which limits its establishment. Three native
Pseudomonas fluorescens strains, UP61.2, UP143.8 and UP148.2, previously isolated from Lotus cornicula-
tus, were evaluated to determine their efficacy as biological control agents for alfalfa seedling diseases in
the field. Their compatibility with the alfalfa-Sinorhizobium meliloti symbiosis was also assessed. In
growth chamber conditions seed inoculation with Pseudomonas strains did not affect different parame-
ters of alfalfa-rhizobium symbiosis as shown by nodulation rate and shoot dry weight of plants. The pres-
ence of the commercial inoculant strains of S. meliloti did not impair colonization by the P. fluorescens and
vice versa. In field trials the dynamics of rhizobial rhizospheric populations were not affected by the pres-
ence of P. fluorescens. Each P. fluorescens strain successfully colonized alfalfa roots at adequate densities
for biocontrol activity. Results showed that P. fluorescens strains provided a 10–13% increase in the num-
ber of established plants relative to the control, an intermediate result compared to the fungicide treat-
ment (24%). The alfalfa above-ground biomass was increased by 13% and 15–18% in the presence of the
fungicide and P. fluorescens strains, respectively. Therefore, results from this study demonstrated that the
three P. fluorescens strains provided effective control against soil-borne pathogens and suggest a potential
use in the development of a commercial inoculant to be applied for the control of legume seedling
diseases.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction enough to have defenses against damping-off pathogens (Altier
Forage legumes play an essential role in the productivity and
sustainability of Uruguayan production systems. Their symbiotic
association with rhizobia makes the atmospheric nitrogen avail-
able for themselves and other crops in the rotation. Alfalfa (Medi-
cago sativa) is an important forage crop owing to its unique
characteristics: high yield of excellent quality forage, hydric-stress
tolerance and good persistence. However, rapid seedling emer-
gence and adequate pasture establishment are crucial to maximize
its potential. Seedling diseases caused by soil-borne pathogens,
primarily Pythium spp. and other Oomycetes, are a critical factor
which limits alfalfa establishment causing pre- and/or post-emer-
gence seedling damping-off. The most favourable environmental
conditions for disease development are low soil temperature and
high soil moisture until 20–30 days after sowing (Martin and
Loper, 1999; Pérez et al., 2000). After this period seedling is mature
ll rights reserved.
and Thies, 1995).
The indiscriminate use of chemical fungicides is not recom-

mended for the management of alfalfa diseases because of their
collateral adverse effects on the environment, along with negative
effects on animal and human health. Moreover, their efficacy has
been reduced by the appearance of microbial resistance (Cook
and Zhang, 1985; Sanders, 1984) and their detrimental effect on
the biological nitrogen fixation by rhizobia (Altier and Pastorini,
1988). A high-density sowing practice is usually the strategy fol-
lowed by farmers to cope with alfalfa damping-off, but this ap-
proach significantly increases pasture establishment costs.
Alternatively, biological control is a viable strategy for crop protec-
tion to be used in the framework of an integrated pest manage-
ment program, by means of a rational use of natural resources,
leading to a decline in synthetic pesticides usage and in sowing
density.

Pseudomonas spp. are one of the most promising groups of
rhizospheric inhabitants which are able to control pathogenic
soil-borne microorganisms (O’Sullivan and O’Gara, 1992). They
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show antagonistic activity against diverse phytopathogens such as
Pythium spp. (Loper, 1988), Rhizoctonia spp. (Howell and Stipanov-
ic, 1979; Nagarajkumar et al., 2005), Fusarium spp. (Olivain et al.,
2004) and Gaeumannomyces spp. (Thomashow and Weller, 1988;
Sari et al., 2006). Little research has been carried out on the use
of rhizospheric microorganisms to control legume diseases caused
by soil-borne pathogens (Kraft and Papavizas, 1983; Marten et al.,
1989; Parke et al., 1991; Pérez et al., 2000). However, the use of
Bacillus spp. (Handelsman et al., 1990), Streptomyces spp. (Jones
and Samac, 1996; Xiao et al., 2002) and Pseudomonas spp.
(Orlandini and Signorini, 1993; Villacieros et al., 2003) has been
previously described for alfalfa.

Our group have selected three native Pseudomonas fluorescens
strains (UP61, UP143 and UP148), isolated from the rhizosphere
of birdsfoot trefoil (Lotus corniculatus) plants, collected from differ-
ent agro-ecological regions in Uruguay. These strains presented a
wide range of in vitro antagonism against bacteria and phytopath-
ogenic fungi and were able to protect birdsfoot trefoil from the
infection caused by Pythium ultimum and Rhizoctonia solani
in vivo, under controlled conditions (Bagnasco et al., 1998). They
produce siderophores and hydrogen cyanide (HCN) and the pro-
duction of other antimicrobial factors by two of them was showed
by chromatography and spectrometry techniques. Strain UP148
produces a phenazine-derivative antifungal compound not previ-
ously described, which is involved in its biocontrol activity (Bajsa
et al., 2005). P. fluorescens UP61 produces the antibiotics 2,4-diac-
etylphloroglucinol, pyoluteorin and pyrrolnitrin (De La Fuente
et al., 2004). Under controlled conditions, the simultaneous inocu-
lation of birdsfoot trefoil with Mesorhizobium loti and strains UP61,
UP143 or UP148 showed no effect in shoot dry weight nor in the
rate of nodulation by the diazotroph (Bagnasco et al., 1998; De la
Fuente et al., 2002). No effect was detected in rhizobial coloniza-
tion of birdsfoot trefoil or alfalfa rhizospheres when co-inoculated
with UP61 (De La Fuente et al., 2002). Previous data from field tri-
als demonstrated that inoculation of birdsfoot trefoil seeds with
these P. fluorescens strains resulted in an increased dry matter yield
compared to an un-inoculated control (Pérez et al., 2000).

This background suggests the potential of these P. fluorescens
strains to be used as biological control agents against damping-
off in forage legumes. The main objective of our research is to cope
with seedling diseases of major forage legumes in our country, by
means of an environmental-friendly innovative technology. Owing
to the rhizobial inoculation practice widespread among Uruguayan
farmers, this technology would be rapidly adopted.

The aim of this study was to validate in alfalfa, the efficacy of
the three native P. fluorescens strains which showed biocontrol
activity in the birdsfoot trefoil-Pythium ultimum pathosystem.

2. Materials and methods

2.1. Microorganisms and culture conditions

Pseudomonas fluorescens strains UP61.2, UP143.8 and UP148.2
are spontaneous rifampicin (rif) resistant mutants of the native
strains UP61, UP143 and UP148, which were previously isolated
from L. corniculatus (Bagnasco et al., 1998; De La Fuente et al.,
2002). These mutants showed the same growth characteristics in
minimal medium and antagonistic activity as their parental
strains. Sinorhizobium meliloti MCH3 and LP21 are commercial
inoculant strains for alfalfa (Laboratorio de Microbiología de Suelos
y Control de Inoculantes, Uruguay) and S. meliloti strains M10 and
L5 are double spontaneous rif and kanamycin (kam) resistant mu-
tants of each commercial strain, respectively. The strains M10 and
L5 showed the same growth characteristics in minimal medium,
nodulation rate and nitrogen fixation efficiency as their parental
strains. P. fluorescens and S. meliloti were cultured in King’s B
(KB; King et al., 1954) for 2 days and Tryptone Yeast Extract (TY;
Beringer, 1974) for 3 days, respectively. Media were sterilized in
autoclave for 20 min at 121 �C. When corresponded, rif, kam and/
or benomyl (ben) were added after sterilization at concentrations
of 50 lg/ml for rif or kam, and of 500 lg/ml for ben. The latter
was selected by its antifungal action when analyzing natural soil
samples. Bacterial strains were cultured in an orbital shaker
(150 rpm) at 27 �C or incubated at 30 �C and culture stocks were
stored in glycerol (25% v/v) at �20 and �80 �C.

2.2. Growth chamber assays: P. fluorescens–S. meliloti interactions

2.2.1. Nodulation rate and shoot dry weight in test tubes
Seeds were sterilized and aseptically sown in glass tubes

(20 � 2.5 cm) containing Jensen medium (Vincent, 1970) as de-
scribed in Bagnasco et al. (1998). After a week three treatments
were applied: co-inoculation with a mixture of S. meliloti (strains
MCH3 and LP21) and with each of the P. fluorescens studied (strains
UP61.2, UP143.8 or UP148.2), previously grown for 72 and 36 h in
liquid medium, respectively. Each experiment included three con-
trols: (i) without bacterial inoculants; (ii) inoculated only with the
mixture of S. meliloti and (iii) un-inoculated control added with
0.05% w/v KNO3. The final bacterial concentration was 2.0 � 107

CFU of each species per tube. Ten tubes (each containing two
seeds) were used per treatment and three independent experi-
ments were performed. The number of nodulated plants and the
number of nodules per plant were daily registered for ca. a month.
A plant was considered nodulated when it presented at least one
nodule. Forty-three days after sowing, plants were harvested, dried
at 60 �C overnight and their shoot dry weight measured.

2.2.2. Seed bacterization
Alfalfa seeds used for assays performed in soil (nursery tray, pot

and field trials) were bacterized using methylcellulose.P. fluorescens
and S. meliloti strains were plated onto KB or TY media. After 2 and
3 days, respectively, bacterial lawns were suspended in phosphate
buffer (0.1 M, pH 7.0). Cells were harvested by centrifugation,
re-suspended in 1 ml 1.5% w/v methylcellulose and mixed with
3 g of alfalfa seeds. Inoculated seeds were dried under laminar flow
for 12 h and stored at 4 �C. Before sowing, the bacterial inocula
present per seed were estimated by plating on KBrif or TYrif,kam,ben

serial dilutions made from suspensions of 30 seeds in 10 ml
0.15 M NaCl.

2.2.3. Shoot dry weight in pots
Fifteen bacterized alfalfa seeds (see Section 2.2.2) were sown in

250-ml plastic pots containing a mixture of commercial soil and
sand (3:1). Treatments were the same as those described for test
tubes: seeds co-inoculated with a mixture of S. meliloti (MCH3
and LP21) and also with each of the three P. fluorescens strains
studied. Each experiment included two controls: (i) without bacte-
rial inoculants and with methylcellulose added and (ii) inoculated
only with the mixture of S. meliloti. Each treatment consisted of six
replicates and the experiment was repeated three times. At sow-
ing, bacterial concentrations were ca. 105 CFU/seed for each bacte-
rial species. After three months shoot dry weight was determined.

2.2.4. Rhizosphere colonization and persistence in nursery trays
Seeds were bacterized as described in Section 2.2.2. with each P.

fluorescens strain singly or together with a mixture of S. meliloti
M10 and L5. A treatment containing only the M10-L5 mix (M)
was included. At sowing, the bacterial density ranked from
7.8 � 104 to 4.5 � 106 CFU of S. meliloti per seed and 5.1 � 105 to
7.7 � 107 CFU of P. fluorescens per seed.

Five treated seeds per well were sown in a 72-well plastic nurs-
ery tray containing soil and sand as previously described for pots.



44 L. Quagliotto et al. / Biological Control 51 (2009) 42–50
Each treatment was replicated four times and the experimental de-
sign consisted of five blocks. Plants were harvested after 4, 7, 11, 15
and 21 days. Rhizospheric soil was gently removed with tap water
and fresh root weight was determined. Then, roots were vigorously
shaken in test tubes containing sterile 0.15 M NaCl and the result-
ing suspensions were serially diluted and plated onto selective
KBrif or TYrif,kam,ben media. The number of CFU of P. fluorescens or
S. meliloti per gram of root was estimated in order to determine
the rhizospheric populations. The experiment was repeated three
times independently. The effect of co-inoculation with rhizobia
on the rhizospheric density of the inoculated P. fluorescens strains
was analyzed by orthogonal contrasts comparing each strain singly
inoculated (without rhizobia) versus the same strain co-inoculated
with rhizobia.

2.2.5. Experimental conditions and statistical analysis
All the assays performed under growth chamber conditions

were set at 22 �C with 16-h photoperiod. Data were subjected to
analysis of variance (ANOVA) using the Generalized Linear Model
procedure (PROC GLM) of SAS (release 9.1; SAS Institute, Inc., Cary,
NC). The assumptions used in the ANOVA were tested using PROC
UNIVARIATE. When the F test was significant (p < 0.05) the treat-
ment means were separated by Tukey’s test (p < 0.05), unless
otherwise stated.

2.3. Field trials

During four consecutive years, twenty field trials were installed
at three locations, Estación Experimental Mario A. Cassinoni (EE-
MAC, Facultad de Agronomia, Paysandú), Estación Experimental
Fig. 1. Rate of nodulation on alfalfa inoculated with S. meliloti MCH3 and LP21 (M). Perce
Plants grown in tubes were singly inoculated (M) or co-inoculated with P. fluorescens st
independent experiments.
Alberto Boerger (INIA La Estanzuela, Instituto Nacional de Investi-
gación Agropecuaria, Colonia) and Estación Experimental Wilson
Ferreira Aldunate (INIA Las Brujas, Instituto Nacional de Investiga-
ción Agropecuaria, Canelones). Seeds were bacterized as described
in Section 2.2.2 and five treatments were tested: (i) UP61.2, (ii)
UP143.8, (iii) UP148.2, (iv) without P. fluorescens inoculant, and
(v) metalaxil (Apron�, 3 g of active ingredient per 1 kg of seeds).
Every treatment was also inoculated with S. meliloti M10 and L5.
At sowing, seed bacterial populations ranked 3.3 � 105 to
1.5 � 107 CFU/seed and 3.7 � 106 to 5.3 � 108 CFU/seed for rhizo-
bia and pseudomonads, respectively.

2.3.1. Alfalfa establishment and forage biomass
Trials were sown up to four dates per year at each location, in

order to test the strains under distinct environmental conditions.
Each date of sowing, at a particular location, in a specific year was
considered one ‘‘assay” or ‘‘milieu”; 20 milieus were installed as de-
scribed in Table 2. The experimental design consisted of complete
random blocks with nine replicates. The experimental unit was 100
viable alfalfa seeds sown in 1 m (linear). The number of established
plants at 45 days after sowing and total above-ground biomass ex-
pressed as dry weight at 120 and 180 days after sowing were
determined for each of the 20 milieus. During 30 days after sowing,
cumulative rainfall and average temperature were registered at
each milieu (Table 2).

For each variable, individual and joint statistical analyses were
done. The latter was based on a series of experiments, combining mili-
eus and treatments. For the joint analysis, four milieus were not con-
sidered, since there were missing values. Means were estimated
according to a mixed model [cij = l + bk (ai) + ai + sj + (as)ij + eijk],
ntage of nodulated plants (A) and number of nodules per root system (B) are shown.
rains UP61.2, UP143.8 or UP148.2. Both charts show the average values from three
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which considered fixed the treatment effect and at random the milieu,
block nested in milieu and the interaction (milieu � treatment)
effects. This model was analyzed by SAS MIXED Procedure, which
uses REML to estimate the variance components of random effects.
When the F test was significant for the treatment (p < 0.05), means
were separated by Fisher’s protected LSD test (p < 0.05).

2.3.2. Bacterial rhizosphere colonization and persistence
In two of the previously mentioned field assays the same proce-

dure as described in nursery trays (Section 2.2.4) was followed to
determine the rhizospheric populations of P. fluorescens and
S. meliloti inoculated onto seeds. Five treatment replicates were
sampled considering five root systems as an experimental unit.
Roots were harvested 19, 27, 33, 40 and 47 days after sowing on
the first year, and 10, 20 and 30 days after sowing on the second
one. For statistics, zeros were substituted for the detection limit
value in each case. Data were subjected to ANOVA using GLM pro-
cedure and means were compared by LSD test (p < 0.05) when the
F test was significant (p < 0.05).

3. Results and discussion

3.1. Growth chamber assays: P. fluorescens–S. melioti interactions

In Uruguay, alfalfa crop is inoculated with local commercial
strains S. meliloti MCH3 and LP21 according to the Ministerio de
Ganadería Agricultura y Pesca (MGAP) recommendations. For this
Table 1
Effect of co-inculation with rhizobia and P. fluorescens strains on alfalfa shoot dry
weight in tube or pot assays.

Treatment Shoot dry weight/plant (mg)a

Tube assayb Pot assaysc

I II III

Un-inoculated control 8.33 C 119.58 A 37.18 C 120.42 B
KNO3 19.43 A – – –
M (MCH3 + LP21) 15.32 B 137.78 A 41.20 C 200.15 A
UP61.2 + M 16.52 B 116.73 A 48.37 AB 164.81 AB
UP143.8 + M 17.19 B 127.00 A 40.30 BC 161.29 AB
UP148.2 + M 16.85 B 120.58 A 52.50 A 136.78 B

a In the same column, different letters mean significant differences (p < 0.05).
b Values represent means corresponding to one out of three independent

experiments.
c Results of three independent experiments are shown.

Fig. 2. Alfalfa root colonization and persistence of P. fluorescens UP61.2, UP143.8 or UP
together with the mixture of rhizobia (M). Bars indicate the population of P. fluorescens fo
standard deviations. The chart shows the results of one out of three independent experi
singly inoculated versus co-inoculated treatments (p < 0.05).
reason, the compatibility between the alfalfa inoculant and a po-
tential biocontrol agent is a crucial trait to ensure an appropriate
co-inoculation. Previous data showed that P. fluorescens UP61,
UP143 or UP148 and Mesorhizobium loti associations did not af-
fect the symbiosis with birdsfoot trefoil (De la Fuente et al.,
2002). In order to verify whether the same occurred in alfalfa, dif-
ferent symbiotic parameters were evaluated.

3.1.1. Nodulation rate and shoot dry weight in test tubes
Nodulation of alfalfa by S. meliloti was not affected by the pres-

ence of P. fluorescens UP143.8. About 90% of the plants were nodu-
lated by the 8th day after inoculation and 100% by the 17th day.
When UP148.2 and UP61.2 were in the presence of rhizobia on
seeds, a delay on the nodulation process was observed during the
first 15 days, after which all treatments reached a similar nodula-
tion level (Fig. 1A). Considering the results of the three indepen-
dent experiments altogether, all the treatments showed similar
number of nodules per plant, with the differences never greater
than two nodules (Fig. 1B). No significant differences were ob-
served in the shoot dry weight among treatments inoculated only
with rhizobia and those co-inoculated with the Pseudomonas
strains in any of the three experiments performed (Table 1, tube
assay). Interestingly, in only one of these experiments, the average
number of nodules per plant was higher in the control (inoculated
singly with rhizobia) than in the co-inoculated treatments, which
were very similar to each other (data not shown). Although this in-
crease was due to more nodules present per root system (and not
to higher number of nodulated plants per treatment), it did not af-
fect the shoot dry weight, considered as an estimation of the nitro-
gen fixation efficiency.

3.1.2. Shoot dry weight in pots
The average shoot dry weight in treatments co-inoculated

with both bacterial species was equal to or significantly higher
than the rhizobial control (Table 1, pot assays). However, while
in the second experiment plants co-inoculated with UP148.2
strain and the MCH3-LP21 mix resulted in significantly higher
means than the treatment inoculated only with the latter, in
the third experiment, the co-inoculated treatment presented
lower means (Table 1, pot assays). This inconsistency indicates
that the effect of this co-inoculated treatment is not defined,
greatly depending on experimental conditions (seed and soil
stocks varied from one experiment to another). In every case,
roots were superficially examined and the presence of red nod-
ules was verified. Native rhizobia present in the natural soil used
148.2 in nursery trays. Seeds were singly bacterized with P. fluorescens strains or
r each treatment and represent the mean of four replicates. Error bars correspond to
ments. No significant differences were detected by orthogonal contrasts comparing
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could explain the fact that in experiments I and II there were no
significant differences between the treatments inoculated only
with rhizobia and the un-inoculated controls amended only with
methylcellulose.

The aforementioned results indicated that although the pres-
ence of P. fluorescens strains in alfalfa rhizosphere may influence
the rate of rhizobial nodulation, the plant shoot dry weight was
not affected.

3.1.3. Rhizosphere colonization and persistence in nursery trays
In three independent experiments, rhizospheric density of

P. fluorescens co-inoculated with rhizobia was equal or higher than
those treatments singly inoculated (Fig. 2). Orthogonal contrast
analysis confirmed that the colonization and persistence of P. fluo-
rescens strains was not affected by the co-inoculation with rhizobia
(statistics not shown).
Fig. 3. Number of established plants (A) and alfalfa above-ground biomass at 120 (B) or 1
fluorescens strain or the fungicide. Values represent means of 16 experiments and are e
letters indicate significant differences (p < 0.05). CV and DW stands for coefficient of va
On the other hand, the rhizospheric Pseudomonas populations
decreased along 21 days, independently of the presence of rhizo-
bia, while the rhizobial population in every treatment remained
constant through the same period (data not shown). In any case,
it was demonstrated that the studied strains of P. fluorescens were
able to efficiently colonize and persist for three weeks in the alfalfa
rhizosphere under non-sterile natural soil and growth chamber
conditions, reaching similar population levels within each assay.
What is more relevant, in the co-inoculated treatments neither of
the two bacterial species was negatively affected by the presence
of the other.

3.2. Field trials

To evaluate the efficacy of three native P. fluorescens strains to
protect alfalfa from emergence diseases under natural field
80 (C) days after sowing. Seeds were treated with the mix of rhizobia (M) and each P.
xpressed as percentage relative to the control (inoculated only with M). Different

riation and dry weight, respectively.



L. Quagliotto et al. / Biological Control 51 (2009) 42–50 47
conditions, 20 field trials were installed in two different regions of
our country.

3.2.1. Alfalfa establishment and above-ground biomass
To determine the protective effect of the P. fluorescens strains

inoculated onto seeds, plant establishment was followed weekly
by registering the number of seedlings per experimental unit.
The P. fluorescens treatments exhibited an intermediate behaviour,
with significantly higher number of plants at day 45 than the un-
inoculated control, but lower than the fungicide control (Fig. 3A).
These results indicate the effectiveness of the P. fluorescens tested
strains to protect the plants under field experimental conditions.
However, the appropriate weather conditions for disease develop-
ment (high rainfall and low temperatures) did not occur in every
trial (Table 2), causing a great variation in the percentage of estab-
lished plants (Fig. 4). Eleven out of 20 milieus were conducive for
damping-off (milieus 1, 3–8, 10, 13–15), where the fungicide treat-
ment increased the percentage of alfalfa plants as compared to the
control. Average stand establishment values between 40% and 70%
were observed at these milieus. In these cases, the application of
protective measures such as fungicides or biocontrol agents are
justified in order to reach a plant stand which does not limit the
pasture’s productive potential.
Table 2
Alfalfa establishment (45 days after sowing), cumulative rainfall and average temperature

Milieu Year Location Date Rainfall (mm)

1 2000 Colonia D1 110
2 2000 Colonia D2 4.1
3 2000 Paysandú D1 86.0
4 2000 Paysandú D2 13.2
5 2001 Paysandú D1 28.2
6 2001 Paysandú D2 41.4
7 2001 Paysandú D3 85.2
8 2001 Paysandú D4 139.4
9 2002 Canelones D1 8.5

10 2002 Canelones D2 67.9
11 2002 Canelones D3 68.9
12 2002 Paysandú D1 38.6
13 2002 Paysandú D2 77.4
14 2002 Paysandú D3 6.8
15 2003 Canelones D1 27.1
16 2003 Canelones D2 27.1
17 2003 Canelones D3 72.6
18 2003 Paysandú D1 22.6
19 2003 Paysandú D2 16.2
20 2003 Paysandú D3 200.7

a n.a.: data not available.

Fig. 4. Effect of alfalfa seed treatment on the percentage of established plants in field tr
correspond to 16 milieus. Seeds were treated with the mix of rhizobia (M) and each P.
45 days after sowing.
On the other hand, the low values obtained at milieus with an
average establishment of 20–25% suggest the presence of limiting
factors which are likely not related to disease occurrence. In these
cases, even when the metalaxyl overcame the emergence recorded
in the other treatments, the number of plants achieved with the
fungicide was too low to reach an acceptable pasture establish-
ment. Other milieus showed an average stand establishment above
80%, which suggests an adequate combination of factors for good
pasture establishment. In the last two situations, crop protection
measures would be useless. In the first case, because the existing
restriction overcomes the sanitary problem, and in the second
one, because the high establishment achieved (without any fungi-
cide effect) may suggest the absence of conducive conditions for
damping-off.

Results showed a significant increase in the alfalfa above-
ground biomass at 120 and 180 days after sowing in all the
treatments with respect to the control (Fig. 3B and C). Even
though the application of fungicide produced a higher percent-
age of established plants than the treatments inoculated with
P. fluorescens, dry matter values had no significant differences
between bacterial or chemical treatment. This may be indicative
of potential plant growth promoting effects by the inoculated
P. fluorescens strains.
records for each milieu (year, location and date of sowing) in field trials.

Temperature (�C) Alfalfa establishment (%)a

Average Control Fungicide

7.6 81.4 76.3 87.2
10.6 99.8 100.0 97.2
10.3 24.8 22.0 36.6
11.3 73.4 68.3 74.7
12.2 61.7 62.5 67.4
14.9 46.3 37.8 55.2
15.7 70.3 67.1 77.2
16.3 51.5 49.7 59.4
9.9 n.a. n.a. n.a.
10.2 71.4 65.8 74.1
10.3 59.4 58.2 60.2
10.9 54.5 57.6 59.3
11.4 62.8 61.6 72.0
11.9 66.9 66.1 70.7
10.2 80.6 75.9 85.3
11.1 79.5 76.6 78.0
11.0 85.4 84.3 85.2
12.1 n.a. n.a. n.a.
10.9 47.5 50.4 46.4
11.7 n.a. n.a. n.a.

ials as a function of the average percentage of stand establishment per milieu. Data
fluorescens strain or the fungicide. The number of established plants was recorded
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Similar inconsistencies of results among experiments have been
widely described in literature regarding evaluation of a biocontrol
agent efficiency (Cook and Baker, 1983; Fravel, 1999; McSpadden
Gardener, 2007; Pérez et al., 2008; Schroth and Hancock 1982;
Weller, 1988). Despite these inconsistencies, our results showed
significant increases on both measured variables when subjected
to joint statistical analyses over milieus, supporting the use of
the evaluated P. fluorescens native strains as a promising alterna-
tive to improve alfalfa establishment. It is also notable that no neg-
ative effects were exerted by the inoculated strains on the
quantified variables when subjected to individual statistical
analysis.

3.2.2. Bacterial rhizosphere colonization and persistence in field
conditions

Pseudomonas fluorescens populations. With the goal of deter-
mining the colonization and persistence of these potential biocon-
trol agents throughout the seedling emergence period, the
dynamic of bacterial rhizospheric populations previously inocu-
lated onto seeds was studied in two of the 20 field assays.

In each co-inoculated treatment of the assays performed during
the first year (2002), P. fluorescens populations (except for UP61.2)
presented constant levels greater than 107 CFU/g root during
47 days. P. fluorescens UP61.2 persisted above 107 CFU/g root for
33 days and significantly decreased by day 47 (Fig. 5A). In the sec-
ond year (2003), the P. fluorescens population in each co-inoculated
treatment remained constant, at levels ca. 106 (in the case of
UP61.2) or 107 (for UP143.8 and UP148.2) CFU/g root up to day
20 after sowing, and then decreased significantly (Fig. 5B).

The highly dissimilar and variable weather conditions regis-
tered between the two years (Table 2) may have been responsible
for the differences noticed on the population levels reached by the
Fig. 5. Root colonization of alfalfa by P. fluorescens UP61.2, UP143.8 or UP148.2 on field tr
rhizobia (M) and each P. fluorescens strain. Bars indicate the population of each P. fluores
correspond to standard deviations. For each treatment, different letters indicate signific
P. fluorescens strains. Regardless of those disparities, the presence
of the biocontrol agents at the aforementioned levels would be
adequate to prevent the deleterious effect of the pathogen, since
the seedlings are susceptible to the disease only in the first 20 days
after sowing (Martin and Loper, 1999).

These results are in agreement with those obtained by
Shah-Smith and Burns (1996, 1997), who asserted that the efficiency
of Pseudomonas putida 40RNF on reducing post-emergence damp-
ing-off caused by Pythium spp. in sugar beet depends on the inocu-
lum density onto seeds and on the amount of pathogen present in
soil. These authors found that at bacterial concentrations between
2 � 107 and 6 � 107 UFC/seed, strain 40RNF was as efficient as the
fungicide. Moreover, Moënne-Loccoz et al. (1999) observed that
the percentage of healthy plants of sugar beet harbouring 106–107

CFU of P. fluorescens F113 per seed at sowing was statistically equal
to the fungicide treatment. Raaijmakers et al. (1995) demonstrated
the existence of an inoculum threshold amount, below which a small
decrease in the antagonist dose results in a noticeable change in the
disease control. Disease suppression dependent on a high density of
the biocontrol agent has been extensively described (Bressan and
Figueiredo, 2008; Bull et al., 1991; Hatzinger and Alexander, 1994;
Lynch et al., 1991; Paulitz et al., 1992). Even though the number of
CFUs present on the seeds at sowing ranged between 4 � 106 and
5 � 108 among treatments, UP143.8 and UP148.2 populations
showed no significant differences at each sampling moment in any
year (statistics not shown). This suggests that regardless of initial
inoculum concentration, these populations reached equilibrium
after a while, and then started to decrease. Similar behaviour has
been reported by other authors (Wang et al., 2004). On the other
hand, UP61.2 population level was the lowest (Duncan test;
p < 0.05) at the last sampling date for the first year, and at every
sampling date for the second one.
ials during the first (A) or second (B) year. Seeds were co-inoculated with the mix of
cens strain on each harvest date and denote the means of five replicates. Error bars
ant differences (p < 0.05).



Fig. 6. Root colonization of alfalfa by S. meliloti MCH3 and LP21 on field trials during the first year. All seeds were inoculated with the mix of rhizobia (M) and treated with
each P. fluorescens strain or the fungicide. Control was singly inoculated with M. Bars indicate the S. meliloti populations for each treatment and denote the means of five
replicates. Error bars correspond to standard deviations. For each harvest date, different letters indicate significant differences (p < 0.05).
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Sinorhizobium meliloti populations. To assess the effect of the
Pseudomonas strains on the rhizobial commercial inoculant for al-
falfa, the size of its rhizospheric population was determined in the
presence of UP61.2, UP143.8 and UP148.3 strains.

In the first year, at each sampling date, the rhizobial population
levels in the co-inoculated treatments were not significantly differ-
ent to the controls singly inoculated with S. meliloti (Fig. 6). The
rhizobial populations presented a constant level proximate to 105

CFU/g root during 47 days in all treatments, except for those singly
inoculated with S. meliloti and those co-inoculated with UP148.2
strain, both of which started with lower population and registered
a significant increase by the end of the experiment (statistics not
shown). In the second year, the populations were maintained at
lower levels than in the previous year, even though rhizobia inoc-
ula on seeds were about 2 orders of magnitude higher. Amounts
below the detection limit were observed in some experimental
units in the three harvest dates. The statistical analysis did not de-
tect significant differences in the number of CFU/g root between
the treatments (data not shown). This result would be biased to
data homogenization given that zeros found in plates were substi-
tuted for detection limit values in each case.

It is important to note that P. fluorescens UP143.8 and/or
UP148.2 were detected as contaminants at low levels (around
106 UFC/g root in the first year and 104 UFC/g root in the second
one) in those treatments singly inoculated with S. meliloti. Strain
UP61.2 showed a distinct colonization performance, being the only
one unable to colonize roots from other treatments. Therefore, it
was not possible to conclusively determine the influence of P. flu-
orescens presence in the rhizobial colonization and persistence un-
der field conditions.

4. Concluding remarks

From this work it can be concluded that alfalfa nodulation and
shoot dry weight, and S. meliloti MCH3 and LP21 rhizosphere colo-
nization and persistence under controlled conditions were not neg-
atively affected by the presence of P. fluorescens UP61.2, UP143.8 or
UP148.2. The three pseudomonads previously isolated from
L. corniculatus showed alfalfa rhizosphere competence under con-
trolled and field conditions. The results obtained in field trials
demonstrated that in those cases where the weather conditions
allowed disease development, the seed treatment with Pseudomo-
nas strains resulted in a significant increase of alfalfa establish-
ment and above-ground biomass. The P. fluorescens population
levels attained and maintained in alfalfa rhizosphere were in the
range needed for an effective biocontrol of soil-borne seedling
diseases. To the best of our knowledge, this is the first report on
colonization, persistence, and protective effect of alfalfa by P. fluo-
rescens tested on field conditions. The three P. fluorescens strains
assessed have shown potential for the development of a commer-
cial inoculant to be applied for the control of legume seedling
diseases.
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