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Abstract. Four treatments applied on potato seed tubers i.e. talc only, chitosan only,
Streptomyces melanosporofaciens strain EF-76 in talc and S. melanosporofaciens strain
EF-76 in chitosan were compared for their efficiency to reduce common scab incidence.
As previously reported the joint application of the geldanamycin-producing S. mel-
anosporofaciens strain EF-76 and chitosan was effective to control common scab of
potato. Nevertheless, field application of S. melanosporofaciens EF-76 did not allow the
selection of geldanamycin-resistant actinomycetes (GRA) in the bulk soil during the
potato growing season. The number of GRA on harvested potato tubers was, however,
significantly higher in treatments that contained chitosan than in other treatments
suggesting that chitosan might promote the establishment of the antagonistic actino-
mycete on progeny tubers. Biolog EcoPlates were used to determine the metabolic
profiles of the bacterial soil communities. A permutation MANOVA analysis detected
significant differences within the metabolic profiles of the bacterial communities at the
potato flowering period but not at the beginning of the season or a week before harvest.
A combination of S. melanosporofaciens EF-76 and chitosan thus represents a prom-
ising tool against common scab, with low short-term impact on soil bacterial commu-
nities.
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Introduction

Streptomyces scabiei (Thaxter) Lambert and Loria (syn. Streptomyces
scabies) is the main causal agent of common scab, a widely-distributed
disease that causes important economic losses in potato production
(Lambert and Loria, 1989; Goyer et al., 1996). Common scab symp-
toms consist of superficial to deep corky lesions on the tubers. Meth-
ods used to control common scab include chemical treatments of seed
potato tubers (Davis et al., 1976), irrigation (Adams and Lapwood,
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1978), rotation strategies (Li et al., 1999), use of a tolerant cultivar
(Bouchek-Mechiche et al., 2000), soil amendment with chitinous com-
pounds (Vruggink, 1970; Beauséjour et al., 2003) and biological con-
trol with non-pathogenic streptomycetes (Liu et al., 1995; Ryan and
Kinkel, 1997, Doumbou et al., 1998; Agbessi et al., 2003; Beauséjour
et al., 2003). Recently, Beaus¢jour et al. (2003) reported the use of a
biological agent (Streptomyces melanosporofaciens Arcamone et al.
strain EF-76) in combination with chitosan to control common scab.

Chitosan, or poly-f(1 — 4)-2-amino-2-deoxy-f-D-glucan, is a natu-
ral polymer that exhibits interesting properties for the biocontrol of
plant diseases. Chitosan not only inhibits the growth of several plant
pathogens (Benhamou and Thériault, 1992; Helander et al., 2001) but
is also known as a potent elicitor of plant defense mechanisms (Kauss
et al., 1989; Benhamou et al., 1994).

Streptomyces melanosporofaciens strain EF-76 (Doumbou et al.,
2001) is a chitosanolytic bacterium (Beauséjour et al., 2003) that was
isolated from potato tuber tissue (Faucher et al., 1992). This strain
synthesizes geldanamycin (Toussaint et al., 1997), an ansamycin-type
antibiotic exhibiting antimicrobial activity (DeBoer et al., 1970)
against diverse phytopathogenic fungi and gram-positive bacteria
including S. scabiei (Agbessi et al., 2003).

Potential environmental risks associated with the use of biocontrol
agents in the field are still poorly documented (Lottmann et al., 2000;
Schwieger and Tebbe, 2000). For instance, the introduction of S. mel-
anosporofaciens, as well as application of chitosan, might affect some
indigenous microorganisms in addition to the target pathogen and
consequently might disturb soil communities. Therefore, the effect of
biological control on soil communities has to be studied since such
indigenous soil microorganisms play central roles in the cycling of ele-
ments that are essential for soil fertility and plant productivity.

Because one must consider entire communities of soil microorgan-
isms, several approaches for the assessment of the diversity in soil
microbial communities have been developed. One of these methods is
the analysis of the carbon source utilization pattern of the environ-
mental microbial community using the Biolog system (Garland and
Mills, 1991). Metabolic fingerprints obtained with this method can be
used to assess differences between the microbial communities of soils
that were treated or not with a biocontrol agent (Ellis et al., 1995;
Vahjen et al., 1995; Natsch et al., 1998; Bjorklof et al., 2003). The
purpose of this study was to use the Biolog system to determine if the
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addition of S. melanosporofaciens EF-76 and of chitosan has an effect
on the bacterial communities of soil and potato tubers.

Materials and methods
Streptomyces melanosporofaciens EF-76 and culture conditions

Streptomyces melanosporofaciens was maintained on yeast malt extract
agar (YME) medium (Pridham et al., 1956-57). EF-76 biomass used for
field inoculation was prepared as described by Beauséjour et al. (2003).

Field experiment and sampling

A field assay was performed in a naturally infested field at I’Assomp-
tion (Quebec, Canada) in 2003. At planting, a formulation powder
(0.5 g) was placed on each tuber (Solanum tuberosum cv. Shepody);
this powder was composed of one carrier [talc (Sigma-Aldrich
Canada, Oakville, ON) or chitosan (Marinard Biotech, Riviere-au-
Renard, QC)] with or without dried biomass of S. melanosporofaciens
strain EF-76 (1/300 w:w inoculum/carrier). The inoculum thus con-
sists of about 10> colony forming units per tuber. Experimental plots,
consisting of four rows made up of 26 seed tubers, were arranged as
randomized complete blocks with four replicates (Beauséjour et al.,
2003). Soil was sampled at four different periods: before treatment
application, 12 days after treatment application, at the time of flower-
ing (67 days after treatment application) and one week before harvest
(117 days after treatment application). Six soil cores (20 cm deep and
2 cm diameter) were randomly sampled from each plot, to enumerate
geldanamycin-resistant actinomycetes (GRA), and to assess metabolic
diversity of bacterial communities. Progeny tubers from each plot
were subsequently harvested and weighed (kg) to determine the yield.
Common scab symptoms were estimated visually on 100 tubers har-
vested from each plot according to Beauséjour et al. (2003). These tu-
bers were then kept to enumerate GRA and to determine the
metabolic profiles of the bacterial tuber communities.

Microbial cell extraction from soil and potato tubers
Ten tubers were randomly taken from each plot. Two groups of five

tubers from each plot were used for microbial cell extraction. Tubers
were washed to remove surplus soil and peeled. Bacterial suspensions
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were obtained by shaking the potato skin (15 g) in 100 ml of sterile
sodium pyrophosphate 0.1% (w:v) for 30 min at room temperature.
The mixture was filtered through cheese cloth and then centrifuged at
55x g for 10 min. The supernatants were then centrifuged at 3500x g
for 15 min. The bacterial pellets were suspended in NaCl 0.85%
(w:v). The same protocol was used to extract microbial cells from the
soil, but the bacterial suspensions were obtained from 3 g of soil and
were not filtered before centrifugation.

Enumeration of GRA in soil and on potato tubers

Enumeration of GRA was carried out as previously described (Jobin
et al., 2005). Briefly, bacterial pellets recovered from soil samples and
from potato tubers were resuspended in 1 ml NaCl solution (0.85%).
Serial dilutions of these suspension were plated on a semi-selective
medium. The semi-selective culture medium consisted of actinomycete
isolation agar (Difco, Detroit, MI) supplemented with cycloheximide
(200 pg/ml), nystatin (5.6 pg/ml), nalidixic acid (15 pg/ml) and gel-
danamycin (25 pg/ml). The bacteria were enumerated after 8 days of
incubation at 30 °C.

Soil and potato tuber bacterial communities

The metabolic diversity of bacterial communities from the field trial
was analyzed using the Biolog EcoPlate™ system (Biolog Inc.,
Hayward, CA). All samples at each sampling time were analyzed the
same day. Bacteria were recovered from soil samples and from potato
tubers as described before. Bacterial pellets were dispersed in 30 ml of
sterile saline solution (NaCl 0.85%). These cell suspensions were then
diluted with sterile saline solution to obtain a cell suspension of de-
fined optical density (ODgoy=0.2) (Zak et al., 1994; Garland, 1997,
Staddon et al., 1997). These were used to inoculate the Biolog Eco-
Plate (150 ul per wells). The plates were incubated at 25 °C in the
dark for 96 h and the optical densities were measured at 24, 48, 72,
96 h with Fluorescence plate reader (BIO-TEK® FL600™, Vermont,
USA) at 595 nm. The OD of the control well was subtracted from the
OD of the other wells to correct for background activity.

Statistical analyses

The statistical tests used to assess community differences are based on
the OD values corrected after 72 h of incubation. Each observational
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unit consisted of 31 correlated continuous response variables (the OD
values of each of the 31 sources of carbon, representing the microbial
community response) and categorical factors classifying the treatment,
block (row) and plot from which the observational unit came. The
two largest trends in the microbial community responses to the treat-
ments were quantified by the first two axes of a principal component
analysis (PCA). PCA was done by SAS System Windows (Version
6.12) statistical package. Although the first two PCA axes allow one
to plot the two largest trends in the data and thus visualize these
trends, the first two axes never capture all of the variation in the 31
response variables (i.e. community responses); usually less than 50%
of the total variation is captured in the first two axes.

Since there were 31 dependent variables with possible dependencies
between them, and with both a blocking and a nesting structure, the
proper parametric model is a nested one-way multivariate ANOVA
with blocking (MANOVA). The proper error term relative to the
treatment effect is the variability between plots within treatments. The
statistical significance of a given single carbon source can be tested by
comparing the F-ratio of the mean square of the treatment term to
the mean square for the plots nested within treatments.

However, because the number of dependent variables exceeded the
number of plots, a parametric MANOVA is not possible. Also, since
a parametric MANOVA is sensitive to deviations from multivariate
normality, we chose instead to use a more robust non-parametric per-
mutation MANOVA (PMANOVA) (Pesarin, 2001). This method con-
sists of calculating, for each carbon source, the F-statistic for the
treatment effect, randomly re-assigning the treatment allocation to
plots within blocks consistent with the null hypothesis, re-calculating
the F-statistic for this permuted data set, and repeating the permuta-
tion procedure 1000 times in order to define a permutation sampling
distribution for the F-statistic. The estimated probability is the pro-
portion of times the observed F-value exceeds the 1000 permutated
values. The 95% confidence interval (Manly, 1997) for an estimated
probability p; with this number of permuted data sets is p;+ 1.96V
0.001p; (1—p;); for example, an estimated probability of 0.05 would
have a 95% confidence interval of (0.043, 0.057). The joint probabil-
ity for the entire set of 31 dependent variables was obtained using
Fisher’s omnibus combining function, which is distributed as a chi-
squared with 62 degrees of freedom (from the 31 carbon sources), gi-
ven the null hypothesis that the multivariate distribution of the 31
carbon sources is equivalent across treatments; i.e. that the treatments
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had no effect on any of the 31 dependent variables. The PMANOVA
program is available from the authors.

Results
Field trial

Four treatments were compared in the field assay: talc (control treat-
ment), chitosan, talc supplemented with S. melanosporofaciens EF-76
and chitosan supplemented with S. melanosporofaciens EF-76. Talc
only was considered as the control treatment since application of talc
on seed potato pieces is a current agricultural practice. The treatment
chitosan supplemented with S. melanosporofaciens EF-76 was the only
treatment that reduced common scab incidence. This treatment dou-
bles the percentage of marketable tubers from 9.5% to 21%
(Table 1). The yield values of the four treatments did not significantly
differ (p>0.05, ANOVA test) (Table 1).

Enumeration of GRA

The soil GRA population was the same before and after treatment
application. Introduction of S. melanosporofaciens EF-76, a geldana-
mycin producer, did not change the population of GRA in soil. The
GRA number stayed approximately the same throughout the season,

Table 1. Marketable tubers and potato yield from field plots amended or not with
chitosan and S. melanosporofaciens EF-76

Treatment

Talc (control) Chitosan EF-76 in EF-76 in

talc chitosan
Marketable tubers! (%) 9.50 b? 8.75Db 9.75b 21.00 a
Yield (kg/plot) 48.4 a3 37.0 a 37.6 a 403 a

"Tubers are considered marketable when less then 5% of their surface was covered by
scab lesions.

’Data within a line accompanied by a same letter did not significantly differ (p >0.05, 3°
test).

*Data within a line accompanied by a same letter did not significantly differ (p > 0.05,
ANOVA test).
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Table 2. Effect of chitosan and S. melanosporofaciens EF-76 application on the GRA
population of both field soil and potato tubers

Sample Geldanamycin-resistant actinomycetes
(CFU/g of soil or potato skin)!

Talc Chitosan  EF-76 in EF-76 in
(control) talc chitosan
Soil®
Before treatment application 3.37x 10°  2.95x 10° 3.60x 10°  3.59x 10°
Twelve days after 3.17x 10°  4.21x 10° 2.88x 10°  4.18x 10°
treatment application
Flowering 4.60x 10° 5.55x 10° 5.43x 10°  4.21x 10°

One week before harvest 3.91x 10*  5.63x 10* 5.61x 10*  4.33x 10*
Potato tuber
Tubers at harvest® 7.25% 10* b 1.51x 10° a 1.26x 10° ab 1.44x 10° a

'CFU: colony forming unit.

Population of soil samples at each sampling period did not significantly differ (p>0.05,
ANOVA test).

*Data within a line accompanied by the same letter did not significantly differ (p > 0.05,
ANOVA test).

but diminished from about 3-5x 10° to 4-5x 10* colony forming
units (CFU)/g of soil one week before harvest (Table 2). However,
the quantity of GRA on harvested tubers differed between treatments.
The GRA population was 7.25x 10* CFU/g of tuber skin in the con-
trol treatment (talc). GRA number in the strain EF-76 in talc treat-
ment did not differ significantly (p >0.05) from the control. The GRA
population on tubers was higher in the chitosan only and in the strain
EF-76 in chitosan treatments with 1.44 and 1.51x 10° CFU/g of tu-
ber skin (p >0.05), respectively (Table 2).

Soil and potato tuber bacterial communities

PCA visually represents the carbon source utilization patterns of each
microbial community. Figure 1 shows the results for the first two
principle components of the overall analysis. Analysis for soil micro-
bial communities was done before treatment application (Figure la),
12 days after treatment application (Figure 1b), at flowering
(Figure 1c) and one week before harvest (Figure 1d). PCA axes 1 and
2 accounted for 35.1% to 50.1% of the total variance, depending on
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Figure 1. Principal component analysis (PCA) of carbon source utilization patterns
of the microbial communities generated with Biolog EcoPlate. PC1, principal compo-
nent 1; PC2, principal component 2. (a) Soil microbial communities before treatment
application. (b) Soil microbial communities 12 days after treatment application. (c)
Soil microbial communities at the flowering period. (d) Soil microbial communities
one week before harvest. (¢) Microbial communities on potato tubers at harvest. Ver-
tical and horizontal lines represent SE (Standard Error) of the mean (n=4); Data
points represent treatments: talc (empty circle), strain EF-76 in talc (filled triangle),
chitosan (filled square) and strain EF-76 in chitosan (filled circle).
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Table 3. PMANOVA analysis of carbon source utilization pattern by microbial com-
munities of both soil and potato tubers

Chi-square Degrees of freedom Probability

Soil communities

Before treatment 77.55 62 0.088 NS!

Twelve days 34.5 62 0.998 NS

Flowering 105.95 62 0.001 s?

One week before harvest — 33.46 62 0.999 NS
Potato tuber communities

Harvest 47.94 62 0.905 NS

'NS: no significant difference.
%S indicates that the metabolic profiles of the communities analyzed significantly differs
(»<0.05).

the treatment. PMANOVA analysis did not show significant differ-
ences (p>0.05) between treatments, before treatment application,
12 days after treatment or one week before harvest (Table 3). PCA
ordination of soil samples for carbon utilization patterns by microbial
communities at flowering shows two clusters. The control treatment
represents one of the clusters while all other treatments form the sec-
ond cluster. A PMANOVA analysis did, however, show a significant
difference (p <0.05) between treatments at flowering (Table 4). Meta-
bolic patterns of the chitosan treatment and the strain EF-76 in chito-
san treatment significantly differed from talc (control) and from each
other.

The microbial communities on harvested potato tubers, as opposed
to those in the soil, were also analyzed. Figure le represents the car-
bon source utilization patterns of microbial communities on these tu-
bers. PCA axes | and 2 accounted for 74.5% of the variance in the
data set (Figure le). PCA analysis seems to show differences between
talc (control) and strain EF-76 in chitosan treatment (Figure le), but
a PMANOVA analysis, that takes into account 100% of the variance
in data set, did not show a significant difference (p>0.05) among
treatments (Table 3).

Discussion

A previous study has shown that simultaneous application of chitosan
flakes and lyophilized S. melanosporofaciens EF-76 biomass protected
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Table 4. PMANOVA analysis of carbon source utilization pattern by soil microbial
communities at the flowering period

Treatments compared Chi-square Degrees of Probability
freedom
Talc (control) Chitosan 168.43 62 0.000 s!
Talc (control) Strain EF-76 in talc 80.27 62 0.059 NS?
Talc (control) Strain EF-76 in chitosan 123.27 62 0.000 S
Chitosan Strain EF-76 in talc 75.45 62 0.117 NS
Chitosan Strain EF-76 in chitosan 100.93 62 0.001 S
Strain EF-76 Strain EF-76 in chitosan  69.87 62 0.230 NS
in talc

'S indicates that the metabolic profiles of the communities analyzed significantly differ
(»<0.05).
2NS: No significant difference.

progeny tubers against common scab of potato (Beaus¢jour et al.,
2003). Here, we confirmed that the chitosan supplemented with S. mel-
anosporofaciens EF-76 spores treatment reduced common scab inci-
dence. Although this study and the work of Beauséjour et al. (2003)
were carried in a similar manner (same field, same potato cultivar and
same inoculum applied on tubers), the effectiveness of the combina-
tion of chitosan and EF-76 spores to control common scab differed
between studies. While Beauséjour et al. (2003) observed that the dis-
ease incidence associated with the control plots in 2000 was compara-
ble to the one reported in this study for 2003 (90.5 and 91.0%,
respectively), the disease incidence associated with the EF-76 in chito-
san treatment was reduced to 56% in 2000 (Beaus¢jour et al., 2003)
compared to 79% in 2003 (this study). In another study, Ryan et al.
(2004) also reported that the relative effectiveness of different antago-
nists of S. scabiei varied among growing seasons.

In this study, we also analyzed the possible effects of chitosan and
EF-76 on the soil and tuber bacterial communities. Application of
chitosan induced variations within the metabolic profiles of the soil
bacterial communities at the flowering period. However, differences in
the bacterial communities that were observed at flowering were only
transient since no such difference was found one week before harvest.
Transient effects on the microflora functionality were also observed in
microcosms following the inoculation with the biocontrol agents
Pseudomonas fluorescens (Natsch et al., 1998) or Corynebacterium
glutamicum (Vahjen et al., 1995).
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The shift induced by chitosan in the soil microbial community
occurred between 13 and 67 days after chitosan application. This de-
lay could be attributed to both the kinetics of chitosan degradation
(Jobin et al., 2005) and the fact that chitosan was not uniformly dis-
tributed in soil. Disturbance of microflora would possibly have been
detected sooner at proximity to the seed tubers than in the bulk
soil. Since no effect on the number of GRA in the bulk soil was
observed within treatments, differences within the metabolic profiles
at the flowering period are unlikely to be due to an increase of EF-
76 population in the bulk soil. Furthermore, the introduction of EF-
76 into potato field did not result in the selection of GRA in the
bulk soil.

Our data suggest that chitosan may contribute to the establishment
and survival of GRA population on harvested tubers. The GRA
number was effectively higher for the chitosan only and the EF-76 in
chitosan treatment than for control treatment. Several studies have
shown that a chitinous amendment stimulated the growth of Gram-
positive bacteria and especially of actinomycetes (Labrie et al., 2001;
Vruggink, 1970). Strain like S. melanosporofaciens EF-76 can benefit
from chitosan as a source of nutrients, but not the pathogen S. sca-
biei which lacks this chitosanolytic behavior (Beaus¢jour et al., 2003).
While chitosan application on seed tubers appeared to improve the
colonization of progeny tubers by GRA, not all GRA were effective
against the common scab-inducing actinomycetes as illustrated by the
fact that the potato tubers from the chitosan only treatment harbored
as much GRA as those from the EF-76 in chitosan treatment but did
not increase the percentage of marketable tubers.

Despite changes in the GRA population on potato tubers, no dif-
ferences in the carbon sources utilization patterns of the tuber com-
munities were detected among treatments. The use of more than one
method to evaluate differences in bacterial communities is thus a
practice to encourage. Miethling et al. (2000) found differences in the
rhizosphere microbial community of alfalfa after the application of
the biocontrol agent Sinorhizobium meliloti 133 using TGGE but not
using the Biolog system. The Biolog system remains a valuable and
rapid tool for microbial community analysis but has some limitations
(Van Elsas et al., 1998). For example, no metabolic activity was de-
tected when spores or cells of S. melanosporofaciens EF-76 and of
other actinomycete strains were inoculated in Ecoplates (data not
shown) suggesting that the Biolog Ecoplates are not suitable to detect
changes in the actinomycete population.
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While the chitosan only and the EF-76 only treatments were ineffi-
cient to control common scab in this study, the same treatments pro-
tected potato crop against the disease in years 2000 and 2001,
respectively (Beauséjour et al., 2003). In the absence of chitosan, spe-
cific environmental conditions might thus be necessary for the coloni-
zation of EF-76 on progeny tubers. On the other hand, the selection
by chitosan of a microbial population antagonistic to S. scabiei might
depend on the initial soil and seed tuber microflora. Nevertheless, the
combined application of chitosan and EF-76 regularly ensured a level
of protection against common scab (Beaus¢jour et al., 2003; this
study). This might be due to the fact that chitosan contributed to the
establishment of actinomycetes such as S. melanosporofaciens on the
progeny tubers. The impact of a combined application of chitosan
and EF-76 on microbial communities appears to be low in the field
while an increase of GRA has been observed on progeny tubers. Fur-
ther studies have to be carried out to evaluate the effect on potato in-
nocuity of an increase of the tuber GRA population.
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