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Abstract 

Mycorrhization helper bacteria (MHBs) isolated and selected from the Douglas fir-Laccaria laccata 
symbiotic system have previously been shown to be fungus-specific: they promote ectomycorrhizal 
establishment of Laccaria laccata but inhibit mycorrhiza formation by other fungi. In this paper, two 
experiments in a nursery producing two years-old bare-root Douglas-fir planting stocks confirm the 
specificity of MHBs under field conditions. They also show that, by selectively helping the introduced 
L. laccata against the resident symbionts, MHBs are an interesting alternative (safer and easier) to soil 
fumigation for the success of routine controlled mycorrhization of planting stocks in forest nurseries. 

Introduction 

Mycorrhization helper bacteria (MHBs) associ- 
ated with mycorrhizas and sporocarps of the 
ectomycorrhizal basidiomycete Laccaria laccata 
have been shown to enhance the growth of this 
fungus and to promote its mycorrhiza formation 
with different host-plants in a wide range of 
conditions, from axenic in vitro experiments to 
large-scale nursery trials (Duponnois and Gar- 
baye, 1991a, 1991b, 1992; Garbaye et al., 1992). 

Another property of these MHBs is their 
fungus-specificity: they enhance mycorrhiza for- 
mation by L. laccata and some related Laccaria 
species but inhibit the symbiosis establishment 
by other fungi (Garbaye and Duponnois, 1992). 

From a practical point of view, Le Tacon et al. 
(1988) demonstrated the growth-efficiency of L. 
laccata in conifer plantations. Therefore, the 
nursery production of Douglas-fir planting stocks 
mycorrhizal with L. laccata is an important 

challenge, and a commercial mycorrhizal inocu- 
lure is being developed in France. 

The classical ectomycorrhizal inoculation tech- 
niques in bare-root forest nurseries rely on soil 
disinfection (usually with methyl bromide fumi- 
gation) in order to get rid of the resident 
symbiotic competitors before introducing the 
desirable fungal strain (Le Tacon and Bouchard, 
1986; Marx, 1975). 

Because of their selectivity, MHBs might be 
an interesting, cheaper and safer alternative to 
soil fumigation. The aim of the present work was 
to test the feasibility of this approach, focusing 
on three questions: (i) Is the fungus-specificity of 
MHBs strong enough to be expressed in complex 
nursery conditions? (ii) Does it operate in a 
non-disinfected soil? (iii) Can MHBs be as 
efficient as soil disinfection for optimizing the 
effect of the fungal inoculum? In order to answer 
these questions, two experiments were carried 
out with dual inoculation (fungus + bacterium) in 



258 Duponnois et al. 

a large nursery representative of the French 
conditions for producing two years-old bare-root 
Douglas-fir planting stocks. 

Material and methods 

Seedlings 
Seeds of Douglas fir (Pseudotsuga menziesii 
(Mirb.) Franco) from provenance zone 412 
(Washington State, USA) were pretreated in 
moist sphagnum peat for 5 weeks at 4 °C before 
sowing (1200 seeds per m 2) and covered with 
fumigated (experiment 1) or non-fumigated soil 
(experiment 2). 

Fungi 
The ectomycorrhizal basidiomycetes Laccaria 
laccata (scop. ex Fr.) Cke., isolate S-238 from 
USDA, Corvallis (Oregon), Laccaria bicolar 
(Maire) Orton, isolate D 101, Hebeloma cylin- 
drosporum (Romagnesi), isolate D15 and Pax- 
illus involutus (Fr.) Fr., isolate QBC, were 
maintained on Pachlewski agar medium (Pach- 
lewski and Pachlewska, 1974). The solid inocu- 
lum was prepared in 1.6 liter glass jars con- 
taining 1.3 liter vermiculite-peat mixture (4/1, v/ 
v) moistened to water-holding capacity with 
liquid Pachlewski medium, inoculated with plugs 
from an agar culture and incubated for 6 weeks 
at 25 °C. 

Bacteria 
The nine strains of MHBs (mycorrhization 
helper bacteria) used for this work were isolated 
from the Laccaria laccata-Douglas fir symbiotic 
system and were described and selected by 
Duponnois and Garbaye (1991b). Four of them 
(MB3, SHB1, BBc6 and SBc5) are covered by 
the patent 521758, EP and deposited in the 
Collecton Nationale de Cultures de Microor- 
ganismes of the Institut Pasteur in Paris. All 
bacterial strains were grown in shaken glass 
flasks containing liquid TSB medium ( 3 g L  -1 
Trypsic Soy Broth, Difco) for 8 days at 25 °C. 
The concentrated bacterial suspensions (more 
than 10 l° cells mL -1) were centrifuged (2400g, 
10 min), the supernatant was discarded, and the 
pellet was resuspended in 100 mL 0.1M MgSO 4. 

Nursery 
The two experiments were performed in the 
nursery of Peyrat-le-Ch~teau (Haute-Vienne, 
France) which produces bare-root planting stocks 
of conifers. The soil is brown podzolic, de- 
veloped on granite. The upper horizon has been 
modified by 20-year cultivation of planting 
stocks; its present physicochemical characteris- 
tics are as follow: texture: sandy loam; organic 
matter: 8.9%; C/N: 12.5; pH (water): 5.6; ex- 
changeable cations (meq per 100g) Ca: 3.1, K: 
0.67, Mg: 0.54; available P (Duchaufour and 
Bonneau, 1969): 0.52. In experiment 1, the soil 
was fumigated with cold methyl bromide 
(75 g m -2, soil covered with clear polythene film 
for 4 days) three weeks before inoculation and 
sowing. In experiment 2, the soil was not fumi- 
gated. 

Experimental design 
The aim of this work was twofold: verify the 
fungus-selectivity of the MHBs in nursery con- 
ditions and test the effect of soil disinfection. 
Unfortunately, previous experience had shown 
that it was impossible to randomize the disinfec- 
tion factor as small plots in a single experimental 
design because of the fast recontamination from 
one plot to another. Therefore, two experiments 
were set the same day in two different nursery 
beds, not adjacent but located in the same 
section of the nursery, and a completely random- 
ized block design was used for each one. The 
experiment 1, in fumigated soil, had 15 treat- 
ments and 3 blocks; the treatments were the 15 
combinations of a fungal factor with 5 level (no 
fungal inoculation, Laccaria laccata, Laccaria 
bicolor, Hebeloma cylindrosporum, Paxillus in- 
volutus) and of a bacterial factor with 3 levels 
(no bacterial inoculation, MHB SBc5, MHB 
BBc6). The experiment 2, in non-fumigated soil, 
had 11 treatments and 4 blocks; the treatments 
were a non-inoculated control and Laccaria 
laccata inoculated alone or together with one of 
9 MHBs: MB3, BBc6, SBc5, SHB1, MB2, SBc4, 
SBcl, BBc7, BBcl (Duponnois and Garbaye, 
1991b). The one-meter wide nursery beds were 
divided into 0.5 m 2 plots separated from each 
other by 50 cm uninoculated and unsown zones. 
The different fungi were inoculated at the rate of 
2 liter peat-vermiculite inoculum per m 2. Bac- 



terial inoculum (about 101~ cfu m -2) was applied 
as 2.5 liter suspension with a watering can on the 
surface of each plot after mixing the solid fungal 
inoculum into the top 10cm of the soil. The 
solution for the non-inoculated control plots 
contained the same amount of MgSO4 than for 
the bacterial treatments. Both fungal and bac- 
terial inoculations took place immediately before 
and the same day as sowing. The plants were 
kept for two years and were not watered during 
the growth periods: the natural rainfall was 
enough to maintain soil moisture close to field 
capacity. In both experiments, no fertilization 
was applied either before sowing or during the 
two years. 

Measurements and statistical analysis 
Twenty seedlings per plot (i.e. 60 and 80 per 
treatment in experiments 1 and 2, respectively) 
were randomly sampled at the end of each 
growing season; their root-systems were pooled 
for each plot and cut into 2-3 cm pieces mixed 
together. Some of these root pieces were ran- 
domly picked and observed under a stereomic- 
roscope; non-mycorrhizal short roots and four 
morphological types of ectomycorrhizas (Lac- 
caria, Paxillus, Hebeloma and a contaminant 
white fungus forming mycorrhizas with a thick 
mantle and mycelial strands) were identified and 
counted until a total count of at least one 
hundred short roots. Mycorrhizal rates (mycor- 
rhizal short roots/total short roots) were calcu- 
lated for each mycorrhizal type and transformed 
by arcsin(sqrt) for statistical analysis (tests car- 
ried out on previous data of the same type had 
repeatedly shown that the variance was not 
homogenous). The shoot dry weights were also 
determined. The results were treated with a two- 
way analysis of variance (blocks and treatments) 
at a threshold of a = 5%. Means were compared 
with LSD at a threshold of a = 5%. 

Results 

The results of the experiment 1 (Table 1) show 
that, in the fumigated soil, the two MHB strains 
SBc5 and BBc6 markedly improved the ef- 
ficiency of the inoculation by L. laccata and the 
very closely-related (Henrion et al., 1992) species 
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Table 1. Effect of 2 MHBs (SBc5 and BBc6) on mycorrhizal 
establishment and stability of different fungi on Douglas-fir 
planting stocks in a methyl bromide-fumigated nursery soil 
(experiment 1) 

Fungal and 
bacterial 
inoculation 

Short roots mycorrhizal by 
the introduced fungus (%)  

Year 1 Year 2 

Contaminant white fungus 
(no fungal inoculation) 21 63 
+ SBc5 0* 38 
+ BBc6 7. 47 

Laccaria laccata 75 35 
+ SBc5 91 * 89* 
+ BBc6 94* 88* 

Laccaria bicolor 56 25 
+ SBc5 90* 84* 
+ BBc6 90* 72* 

Hebeloma cylindrosporum 90 66 
+ SBc5 61" 19" 
+ BBc6 58* 29* 

Paxillus involutus 35 0 
+ SBc5 10 0 
+ BBc6 15 0 

For each fungus, values followed by an asterisk are sig- 
nificantly different (at a =0.05)  from the value corre- 
sponding to the treatment with no bacterial inoculation in the 
same column. Each value corresponds to 60 seedlings (see 
Material and Methods). 

L. bicolor, during both the first and the second 
year; this effect was more accentuated at the end 
of the second year, when the proportion of short 
roots mycorrhizal by the introduced fungi was 
enhanced by the bacteria from roughly 30 to 
80%. In contrast, the same MHBs had a signifi- 
cant negative effect on mycorrhiza formation by 
Hebeloma cylindrosporum and the contaminant 
white fungus (only during the first year for the 
latter). Paxillus involutus was poorly infective 
and disappeared before the end of the second 
year; it was not significantly affected by the 
bacterial inoculation. However, this strain had 
previously proved to form abundant mycorrhizas 
with Douglas-fir in another section of the same 
nursery 10 years earlier (Le Tacon et al., 1988). 
As it was not reisolated from mycorrhizas or 
sporocarps since that time, it may have lost some 
of its aggressiveness. 

In the non-fumigated soil (experiment 2, Table 
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Table 2. Effect of 9 MHBs strains on mycorrhizal establishment and stability of Laccaria laccata on Douglas-fir planting stocks in 
a non-fumigated nursery soil, and on the shoot dry weight (experiment 2) 

Fungal and Short roots mycorrhizal Mean 
bacterial by Laccaria sp. (%) dry weight 
inoculation of shoot at year 2 

Year 1 Year 2 (g) 

Non inoculated control 5 a 11 a 1.60 a 

Laccaria laccata alone 7 a 22 ab 1.78 ab 
L. laccata + MB3 23 b 45 bc 2.21 ab 
L. laccata + BBc6 30 b 54 c 2.65 b 
L. laccata + SBc5 28 b 48 bc 2.27 ab 
L. laccata + SHB1 27 b 55 c 1.94 ab 
L. laccata + MB2 21 b 47 bc 2.34 ab 
L. laccata + SBc4 21 b 48 bc 2.21 ab 
L. laccata + SBcl 22 b 52 c 2.50 b 
L. laccata + BBc7 17 b 33 b 2.48 b 
L. laccata + BBcl 23 b 44 bc 2.38 ab 

Values in the same column followed by the same letter are not significantly different at a = 0.05 probability level. Each value 
corresponds to 80 seedlings (see Materials and Methods). 

2) ,  the  inocu la t ion  with L .  laccata a lone  was 
unsuccessful :  the  pe r cen t  of  shor t  roo t s  mycor -  
rh iza l  by  Laccar ia  sp. was not  s ignif icant ly h igher  
than  in the  n o n - i n o c u l a t e d  cont ro l ,  whe re  a low 
in fec t ion  ra te  by  a res iden t  Laccar ia  was re- 
co rded .  T h e  add i t i on  of  M H B s  signif icant ly 
i m p r o v e d  mycor rh i za  f o r m a t i o n  with the  9 
s t ra ins  t e s t ed  the  first yea r  and  with BBc6,  SHB1 
and  S B c l  at the  second  year .  T h r e e  bac te r ia l  
s t ra ins  (BBc6 ,  S B c l  and  BBc7)  also led  to a 
b e t t e r  seed l ing  g rowth  c o m p a r e d  to the  con t ro l  
wi th  no  fungal  inocula t ion .  

F r o m  the resul ts  conce rn ing  the  bac te r ia l  
s t ra in  BBc6  in bo th  e x p e r i m e n t s ,  T a b l e  3 com-  
pa re s  the  effects  o f  fumiga t ion  with methy l  
b r o m i d e  and  of  inocu la t ion  with the  M H B  BBc6 
as soil  t r e a t m e n t s  for  ensur ing  the efficiency of  
L .  laccata inocu la t ion .  C o m p a r a t i v e  stat ist ics 
c a n n o t  be  app l i ed  to two d i f fe ren t  expe r imen t s ,  
each  one  with  its own e x p e r i m e n t a l  design for  
the  r ea sons  d iscussed  in Ma te r i a l  and  M e t h o d s ;  
h o w e v e r ,  as they  were  set at  the  same  t ime  in the  
s ame  sec t ion  of  the  nurse ry  with the  same 
t echn iques  and  the same  seeds ,  the  compa r i son  
of  raw da t a  is of  prac t ica l  in teres t  when  differ-  
ences  are  i m p o r t a n t  (see Tab les  1 and 2 for  
s ignif icant  d i f fe rences  wi thin  each  e x p e r i m e n t ) .  
T h e  bes t  resul ts  were  o b t a i n e d  with the  combina -  
t ion of  the  two t r e a t m e n t s ,  with very  high 
m y c o r r h i z a  f o r m a t i o n  ( 8 8 % )  and  seed l ing  

Table 3. Comparison of effects (data from Tables 1 and 2) of 
soil fumigation with methyl bromide and of the MHB strain 
BBc6 on shoot dry weight and % of short roots mycorrhizal 
by L. laccata of two years-old Douglas fir planting stocks 
inoculated with L. laccata mycelium (experiments 1 and 20) 

Soil treatment Mycorrhization (%) Shoot 
dry weight 

Year 1 Year 2 (g) 
Year 2 

Experiment 2 (Table 2) 
Untreated control 5 11 1.6 
L. laccata 7 22 1.8 
L. laccata + MHB 30 54 2.7 

Experiment 1 (Table 1) 
L. laccata + fumigation 75 35 3.5 
L. laccata + MHB + fum. 94 88 3.2 

Each value corresponds to 60 and 80 seedlings in experiments 
1 and 2, respectively (see Material and Methods). Statistical 
comparison of mean values from the two experiments would 
not be valid; see Tables 1 and 2 for significance of differen- 
cies within each experiment. 

growth.  W h e n  t r e a t m e n t s  were  a p p l i e d  sepa r -  
a te ly ,  fumiga t ion  p r o v i d e d  the h ighes t  myco r -  
rhizal  co lon iza t ion  on  the  first yea r  ( 7 5 % ) ;  
however ,  this co lon iza t ion  d r o p p e d  down to 35% 
on the  second  year .  In  con t ras t ,  the  M H B  
t r e a t m e n t  gave only  30% at the  first yea r  (which 
was a l r eady  m a r k e d l y  m o r e  than  with the  fungus  
a lone ,  7 % ) ,  bu t  this va lue  i nc reased  to 54% on 
the  second  year ,  i .e .  m o r e  than  with  the  fumiga-  
t ion (35%) .  In bo th  cases,  the  d ry  weight  of  the  



seedlings was higher than for the untreated and 
uninoculated control. 

Discussion 

The various fungi used in experiment 1 had 
already been tested against the same MHB 
strains in previous in vitro and glasshouse experi- 
ments (Garbaye and Duponnois, 1992). In these 
former experiments, the two bacteria SBc5 and 
BBc6 had a positive effect on Laccaria laccata 
(from which they were isolated) and L. bicolor, 
and a negative effect on Hebeloma cylindros- 
porum and Paxillus involutus. This selectivity in 
favour of L. laccata and L. bicolor was also 
expressed here in real nursery conditions and 
extended to other bacterial isolates and to 
another fungus: the unidentified contaminant 
white symbiont. However, no significant effect 
was recorded with P. involutus because of its low 
infectivity in these experimental conditions: it 
had completely disappeared in all treatments by 
the end of the second year. These new ex- 
perimental results confirm the strong fungus- 
specificity of L. laccata-associated MHBs even in 
natural conditions, which in turn explains the 
success of the MHBs in the non-fumigated soil 
(experiment 2): they acted by inhibiting the 
establishment of the white mycorrhizas and help- 
ing that of L. laccata ones. However, mycorrhiza 
types were only visually identified according to 
their morphology under the stereomicroscope. It 
was thus impossible to distinguish the introduced 
Laccaria laccata from the resident Laccaria sp. 

From a practical point of view, the MHB 
strains BBc6, SHB1 and SBcl applied in non- 
fumigated soil led to L. laccata mycorrhizal 
levels of about 50% at the end of the second 
year (when planting stocks are ready for lifting 
and outplanting). Previous results by Le Tacon 
et al. (1988) and Villeneuve et al. (1991) have 
shown that this mycorrhizal level of 50% was 
sufficient for significantly enhancing the growth 
of Douglas-fir plantations. 

The MHB strain BBc6 (a Pseudomonas 
fluorescens) seems to be a good candidate as an 
alternative to soil fumigation with methyl bro- 
mide for optimizing the efficiency of L. laccata 
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mycelial inoculum. In spite of a lower mycorrhiz- 
al level on the first year, it provides in non- 
disinfected soil two year-old planting stocks as 
big and as well mycorrhizal by L. laccata as those 
grown in fumigated soil. Thus, the feasibility of 
this new safe and non-polluting technique is 
demonstrated; it has now to be tried in other 
nurseries to determine its application range. 

The fact that, during the two-year growth 
period, the mycorrhizal level decreases in the 
fumigation treatment and increases in the MHB 
treatment, suggests that the introduced bacteria 
survived and multiplied in the rhizosphere and 
had a long-lasting effect on helping L. laccata 
and/or inhibiting other fungal symbionts. This 
hypothesis is presently being tested by retrieving 
and specifically quantifying BBc6 with ribosomal 
DNA typing using PCR and RFLP techniques 
(Stenstr6m et al., 1991). 

This type of experiments under nursery con- 
ditions cannot provide any indication concerning 
which effect on the plant the bacteria may have 
on their own, because resident or contaminant 
fungi rapidly form mycorrhizas, the frequency of 
which is in turn modulated by the bacteria (as 
shown in Table 1). However, previous in vitro 
and glasshouse experiments (Duponnois and 
Garbaye, 1991b) have shown that the bacterial 
strains used here had no significant effect on 
plant growth in the absence of ectomycorrhizal 
symbiosis: these MHBs do not behave as PGPRs 
(Plant Growth Promoting Rhizobacteria) under 
any of our experimental conditions. On the other 
hand, the same in vitro experiments by Dupon- 
nois and Garbaye (1991b) have also shown that 
MHBs promoted mycorrhizal establishment by 
themselves and not by interfering with other 
microorganisms which would inhibit the 
symbiosis. In addition, the MHB effect does not 
depend on the tree species (Garbaye and 
Duponnois, 1992). These three series of observa- 
tions suggest that MHBs are specifically adapted 
to living in close association with and provide a 
competitive advantage to the ectomycorrhizal 
fungus. Such properties are likely to open a wide 
field of applications whenever inoculating plant- 
ing stocks with Laccaria laccata or L. bicolor is 
desirable. Whether or not the same situation may 
exist for other ectomycorrhizal fungus species 
remains an open question. 
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