






























































































































































































































































































































































Chapter 6. Diversity of endophytic bacteria of groundnut nodules

al. (2011), who analyzed, by a similar technique (i.e. Enterobacterial Repetitive Intergenic
Consensus (ERIC) PCR), the diversity of bacteria from nodules of groundnut plants grown in

Argentina.

Table 1. Genetic characterization of endophytic bacteria associated with nodules of groundnut plants grown in
farmer fields in central Vietnam. A total of 99 isolates was grouped by BOX-PCR profiling in 23 groups,
designated BG-1 through BG-23. One representative isolate of each group was tested for nodule formation on
groundnut roots under nethouse conditions. All 99 isolates were tested for their ability to inhibit hyphal growth of
Sclerotium rolfsii in vitro.

BOX-PCR 16S-rDNA Classification based on ~ Nodule formation S. rolfsii
group* sequenced 16S-rDNA sequence (No. of nodules inhibition
isolate** analysis plant™) in vitro
BG-1(7) HR101 Sphingomonas sp. 0 -
BG-2 (14) HR32 Sphingomonas sp. 10 -
BG-3(3) HR118 Sphingomonas sp. 3 -
BG-4 (23) HR71 Sphingomonas sp. 5 -
BG-5(9) HR67 Sphingomonas sp. 4 -
BG-6 (4) HR64 Sphingomonas sp. 1 -
BG-7 (1) HR7 Stenotrophomonas sp. 0 -
BG-8 (1) HR9 Rhizobium sp. 0 -
BG-9 (1) HR10 Rhizobium sp. 1 -
BG-10 (10) HR42 Sphingobacterium sp. 6 -
BG-11 (2) HR54 Sphingomonas sp. 5 -
BG-12 (1) HR2 Sphingomonas sp. 0 -
BG-13 (1) HR21 Ralstonia sp. 0 -
BG-14 (1) HR27 Sphingomonas sp. 3 -
BG-15 (1) HR49 Sphingomonas sp. 0 -
BG-16 (2) HRS51 Sphingomonas sp. 0 -
BG-17 (1) HRS55 Sphingomonas sp. 0 -
BG-18 (6) HR75 Sphingomonas sp. 10 -
BG-19 (1) HR77 Burkholderia sp. 0 +
BG-20 (2) HRS2 Sphingomonas sp. 0 -
BG-21 (1) HR94 Sphingomonas sp. 0 -
BG-22 (1) HRO5 Sphingomonas sp. 0 -
BG-23 (6) HR5 Burkholderia sp. 0 +
Control 0 -

*The numbers of isolates belonging to a certain BOX-PCR group are indicated between brackets; **These
isolates were selected for 16S-rDNA sequencing (details see figure 2).

To further identify the bacterial isolates, 16S-rDNA sequencing was performed for one
isolate per BOX-PCR group. Ribosomal database comparisons revealed that almost all of the
isolates, i.e. 22 out of 23, belonged to the phylum Proteobacteria (Fig. 2). One isolate,
representative of BOX-PCR group BG-10, was closely related to Sphingobacterium species
within the phylum Bacteroidetes (Fig. 2). For the 22 isolates that were classified as
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Proteobacteria, seventeen belonged to the a-Proteobacteria, two to the B-Proteobacteria and
three to the y-Proteobacteria (Fig. 2). Almost all of the isolates (i.e. 15 out of 17) within the a-
Proteobacteria clade were phylogenetically related to Sphingomonas species, whereas the two
isolates from BOX-PCR groups BG-8 and BG-9 were related to Rhizobium (Fig. 2). Zakhia et
al. (2006) described the isolation of Sphingomonas species from nodules of three different
legumes (Astragalus gombiformis, Lotus argenteus, and Calycotome villosa) in Tunisia. These
species were, however, not able to form nodules on Macroptilium atropurpureum, a legume
nodulated by a wide range of bacteria (Zakhia et al. 2006). Xie and Yokota (2006) reported that
Sphingomonas azotifigens, isolated from rice (Oryza sativa), was able to fix nitrogen based on
the acetylene reduction assay and nifH gene detection. Using the same detection assays, Videira
et al. (2009) also reported N-fixation by Sphingomonas isolates from rice in Brazil. They further
showed, by sequencing of 16S-rDNA and nifH fragments, that most of the nitrogen-fixing
isolates clustered apart from S. azotifigens (Videira et al. 2009). To our knowledge,
Sphingomonas species have also not been reported to form or associate with nodules on
groundnut. When re-introduced into autoclaved field soil, most Sphingomonas isolates obtained
in our study did not form nodules on groundnut roots (Table 1). However, for some of the
identified Sphingomonas isolates, in particular isolates H32 (BG-2) and HR75 (BG-18), nodules
were found on groundnut roots (Table 1). Whether these isolates colonized and penetrated the
root tissue more efficiently than the other isolates, and were actually responsible for nodule
formation is not known yet and needs to be investigated. Also the presence of nif and nod genes
as well as the ability of these isolates to fix nitrogen was not determined here and needs to be
addressed in future studies.

There are several studies that point to a possible role of Rhizobium species in nodule
formation on groundnut (Taurian et al. 2006; El-Akhal et al. 2009). In our study, however,
inoculation with isolates HR9 (BG-8) and HR10 (BG-9), which are closely related to Rhizobium
(Fig. 2), did not or only marginally (i.e. 1 nodule per plant) result in nodule formation on
groundnut plants (Table 1). Also isolates HR7, HR21, HR77 and HRS, close relatives of
Stenotrophomonas, Ralstonia or Burkholderia (Fig. 2), respectively, did not form nodules on
groundnut when re-introduced into autoclaved field soil. Ralstonia and Burkholderia species
have been reported to form nodules on legumes (Chen er al. 2003). For example, Ralstonia
taiwanensis LMG 19424 was reported to form nodules on Mimosa pudica (Chen et al. 2003).
Np-fixing Ralstonia was also isolated from Dalbergia species in Madagascar

(Rasolomampianina et al. 2005).
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Figure 2. Phylogenetic analysis of 16S-rDNA sequences of 23 bacterial isolates obtained from surface-sterilized
groundnut nodules. Each of these 23 isolates is a representative of 23 BOX-PCR groups (designated BG-1 to BG-
23) identitied among a total of 99 isolates. The branch length in the tree indicates the percentage of sequence
dissimilarity and the numbers at the nodes indicate bootstrap values of 1,000 resamplings. In the tree, the name of
the isolates is followed by their BOX-PCR group; the number of isolates within each BOX-PCR group is shown
between brackets (see Table 1 for details).
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Burkholderia species are common inhabitants of the phytosphere and the internal tissues
of plants (Compant et al. 2008). They are well known as human, animal and plant pathogens,
but they can also exert beneficial effects on plants (Compant et al. 2008). Nitrogen fixation
appears to be common for multiple Burkholderia species. The first conclusive report on nodule
formation by Burkholderia was the study by Moulin et al. (2001). In their study, Burkholderia
sp. strain STM678 contained nifH and nodAB genes and formed 5 to 20 nodules on roots of a
M. atropurpureum plant. Other Burkholderia species reported to fix nitrogen are B.
vietnamiensis isolated from rice in Vietnam (Gillis et al. 1995), B. tropica from sugarcane (Reis
et al. 2004), B. unamae from maize (Caballero-Mellado er al. 2004) and B. silvatlantica (Perin
et al. 2006) from teosinte plants. The Burkholderia isolates (BG-19, BG-23) identified in our
study, however, did not form nodules on groundnut plants (Table 1). Instead, they were the only
among the nodule-associated isolates that inhibited hyphal growth of S. rolfsii (Table 1).

The Sphingobacterium sp. isolate obtained in our study (BG-10) did form nodules per
groundnut plant (Table 1). Also here, additional studies will be necessary to confirm these
results and to demonstrate Np-fixation. Previous studies indicated that a Sphingobacterium sp.
from the rhizosphere of caper plants (Capparis spinosa) was able to fix nitrogen (Andrade et al.
1997). Members of this genus were also reported to promote plant growth of corn (Marques et
al. 2010; Mehnaz et al. 2010) and to inhibit growth of some Fusarium species in vitro (Mehnaz
et al. 2010).

Plant growth promotion and biocontrol of groundnut diseases

For the field experiment conducted in 2011 in central Vietnam, bacterial isolates HR32
and HR9 were selected. Isolate HR32 is closely related to Sphingomonas sp., induced nodule
formation on groundnut, and represents one of the largest BOX-PCR groups among the
endophytic isolates of groundnut nodules (Table 1). Isolate HR9 was chosen because it is
closely related to Rhizobium, a well-known bacterial genus involved in N»-fixation and plant
growth promotion (Zakhia and de Lajudie 2001). The results of the field experiment showed
that both HR9 and HR32 did not significantly increase plant height or the length of the
dicotyledonary axes (data not shown). Moreover, no significant effects were observed on
seedling emergence, plant biomass, and the number of flowers (Table 2). Although there was a
tendency that both HR9 and HR32 increased the number of nodules per plant, these differences
were not statistically significant (Table 2). A similar trend was observed for the nitrogen content
of the groundnut plants treated with HR9 and HR32 (Appendix 1). Both isolates colonized the
roots of groundnut relatively well, reaching densities between 10>-10° CFU g of root at the peg
stage (Table 3). However, both isolates could not be re-isolated from inside the nodules formed
on plants treated with these isolates (data not shown). Despite the fact that no significant effects
on plant biomass were found, both bacterial isolates did significantly enhance pod yield, with

increases of 15.8 and 18.5% relative to the untreated control (Table 2).
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Table 2. Effect of Rhizobium sp. isolate HR9 and Sphingomonas sp. isolate HR32 on emergence, number of
branches, plant biomass (fresh weight (FW) and dry weight (DW)), number and DW of root nodules, number of
flowers, yield components and dry pod yield of groundnut. The field experiment was conducted in 2011 in Thua
Thien Hue province, Vietnam. For each parameter, averages of four replications are given. For each row, different
letters indicate a statistically significant difference between the treatments (P=0.05, Duncan Multi Range Test).

Treatment
Control Rhizobium sp.  Sphingomonas sp.
HR9 HR32
Emergence at two weeks after sowing (%)
72 a 79 a 73 a
No. of branches per plant
I 410 42a 42a
2" 3.6a 3.8a 39a
Total 7.6a 79a 8.1a
Biomass per plant at peg stage (gram)
Shoot FW 49.3 a 50.3 a 49.0 a
Shoot DW 8.7a 9.0a 87a
Roots FW 33a 36a 33a
Roots DW 0.5a 05a 05a
Nodulation per plant at peg stage
No. of nodule plant ™ 144 a 163 a 177 a
DW (mg) 100 a 120 a 90 a
No. of flowers plant
429a 42.6a 428 a
Yield components
No. of pod plant ™ 21.0a 21.3a 23.0a
* No. M-pod plant™ 15.0a 142 a 15.0a
** P100 pod (gram) 121b 123 b 130 a
Dry pod yield
kg ha 2244 b 2598 a 2660 a
Increase (%) 15.8 18.5

*Marketable pods, **Weight of 100 pods.

There was no apparent correlation between these yield increases and the incidence of
several major soil-borne diseases: isolates HR9 and HR32 did not provide any control of stem
rot, damping-off, black collar rot and bacterial wilt (Table 3). However, both bacterial isolates
significantly reduced the incidence and the severity of leaf spots of groundnut, both at flowering
and at the peg stage (Table 3). Early and late leaf spots, caused by C. arachidicola and C.
personatum, respectively, seriously damage groundnut with yield reductions up to 50%
(McDonald et al. 1985). Current control methods mostly rely on the use of fungicides such as
penthiopyrad, azoxystrobin, pyraclostrobin and fluoxastrobin (Culbreath et al. 2009). To date,

there are only few studies on biological control of leaf spot diseases with beneficial
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microorganisms (Meena et al. 2002; Kishore et al. 2005; Meena et al. 2006; Galletti et al. 2008;
Chapter 5). The reduction of leaf spots of groundnut by HR9 and HR32 may have resulted in an
increase in photosynthetic leaf area and consequently in the observed yield increases relative to
the control. Whether isolates HR9 and HR32 colonize the leaf surfaces of groundnut and
interact directly with these fungal leaf pathogens remains to be determined. Another possible
mechanism involved in the biocontrol activity of both isolates may be induced systemic

resistance. Both mechanisms will be subject of future investigations.

Table 3. Colonization of roots of groundnut by Rhizobium sp. HR9 and Sphingomonas sp. HR32 and their effects
on the incidence and severity of multiple diseases of groundnut. The field experiment was conducted in 2011 in
Thua Thien Hue province, Vietnam. For each of the parameters, average values of four replications are given. For
each row, different letters indicate a statistically significant difference between the treatments (P=0.05, Duncan
Multi Range Test).

Characters Treatment
Control Rhizobium sp. Sphingomonas
HR9 sp. HR32
Colonization (log cfu g root) - 5.8a 55a
Stem rot (Sclerotium rolfsii) (AUDPC)"
6.7a 4.6a 5.8a
Damping off (Rhizoctonia solani) (%)
1.33a 0.83 a 1.28 a
Black collar rot (Aspergillus niger) (AUDPC)
6.3a 54a 46a
Bacterial wilt (Ralstonia solanacearum) (%)
1.84a 1.56 a 141 a
Leaf spot (Cercospora arachidicola, Cercosporidium personatum) (%)
DI-F 44.0b 36.5a 345a
DS-F 173 b 12.8 a 12.7 a
DI-Peg 345a 29.5a 29.5a
DS-Peg 142b 10.7 a 10.8 a

*AUDPC- area under disease progress curve. ~ Fifty leaves of each plot were investigated for leaf spot diseases.
DI-F: disease incidence at flowering stage, DS-F: disease severity at flowering stage, DI-Peg: DI at peg stage,
DS-Peg: DS at peg stage.

Materials and methods

Isolation of bacteria from groundnut nodules

Nodules were collected from roots of groundnut plants grown in ten farmer fields in Thua Thien Hue, a
province in central Vietnam. In each field, five groundnut plants (peg stage) were collected and ten nodules (on
average 2 per plant) were removed from the roots (Fig. 1). From these groundnut nodules, bacteria were isolated
based on the method used at the Laboratory of Microorganisms, Faculty of Agronomy, Hue University of
Agriculture and Forestry (HUAF), Vietnam. Briefly, the ten collected nodules were washed in 70% ethanol (v/v),

surface sterilized in 1% (v/v) sodium hypochlorite (NaOCl) for 3 min and washed three times with sterile distilled
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water. Sterilized nodules were crushed with a glass rod in a sterilized Eppendorf tube and 500 pl sterile distilled
water was added. Fifty pl of the suspension was plated in duplicate on Yeast Extract Mannitol Agar (YMA)
containing crystal violet (10 mg L™). Plates were incubated at 25°C for three to six days. After incubation, ten to
fifteen bacterial colonies with a wet, smooth surface were selected for each sample and purified on YMA plates. In
total, 99 purified isolates were purified and stored in 40% (v/v) glycerol stock at -20°C and -80°C for further

analysis.

Bacterial identification

The genotypic diversity of the bacterial isolates was investigated by BOX-PCR analysis according to
methods described by Tran et al. (2008). Amplicons from 200 to 5000 bp were scored visually for presence or
absence. Bacterial isolates with identical BOX-PCR profiles were considered to be genotypically identical.
Representative isolates of each BOX-PCR group were sent for 16S-rDNA sequencing at Macrogen Inc. (Seoul,
South Korea). The obtained forward and reverse sequences were assembled and edited in Vector NTI (Invitrogen,
version 8.0) and will be deposited in GenBank. For the phylogenetic analyses, the edited sequences were aligned to
sequences available in databases (http://www.ncbi.nlm.nih.gov/Genomes/). Sequences were trimmed to the same
size (~1,100 bp) and the phylogenetic tree was obtained with MEGA4 software (http://megasoftware.net).

Nodule formation on groundnut roots

Nodule formation by the bacterial isolates was tested in nethouse. The nethouse experiment was conducted
in 2010 at the Plant Protection Department, HUAF, Vietnam. Groundnut seeds were surface sterilized in 3% (v/v)
NaOCl for 15 min and rinsed three times with sterile distilled water. Sterilized seeds were soaked in sterile water
for 4 h at 25°C and then incubated overnight in Petri dishes at 25°C. Bacterial isolates were grown on YMA
medium plates at 25°C, harvested after 3 days of incubation and adjusted to a density of 10° cell mI"'. Natural clay
loam soil was collected from groundnut fields in Thua Thien Hue province, Vietnam. The soil was autoclaved
twice at 120°C for 30 min with one night in between the two cycles. Autoclaved field soil was transferred to plastic
pots (250 g per pot) and two germinated groundnut seeds were sown per pot. The suspension of the bacterial isolate
was added to the soil to obtain a final density of 10° cells g soil. For each bacterial isolate (one treatment), two
pots were used. Two weeks after sowing, one plant was kept for every pot. Nodulation was assessed 45 days after
sowing. The groundnut plants and soil were taken out of the pots and soil was removed by watering. Then, the

nodules were visually observed and counted.

Hyphal growth inhibition of Sclerotium rolfsii

Inhibition of hyphal growth of S. rolfsii by the bacterial isolates was tested in dual culture assays according
to the method described by Kruijt ef al. (2009). Briefly, bacterial isolates were spot-inoculated at the edge of a
1/5"-strength potato dextrose agar plate (1/5™ PDA, pH 6.5). After incubation for 48 h at 25°C, a 5-mm-diameter
agar plug of a 3-day-old culture of S. rolfsii strain HOO1 (Le ef al. 2011) was placed in the centre of the 1/5" PDA
plate and incubated at 25°C. Inhibition of mycelial growth of S. rolfsii by the bacterial isolates was recorded 3-4

days after fungal inoculation.

Plant growth promotion and biological control

The experiment for plant growth promotion and biocontrol of groundnut diseases was conducted in 2011 in
a clay loam field in Thua Thien Hue province, Vietnam. The experiment consisted of three treatments, i.e. one
control treatment and two bacterial treatments, i.e. Rhizobium sp. strain HR9 and Sphingomonas sp. strain HR32.
Bacterial strains HR9 and HR32 were grown on YMA plates for 48 h at 25°C, harvested and washed with sterile

water. Prior to sowing groundnut seeds, bacterial suspensions were applied to the furrows at a final density of 10°

124



Chapter 6. Diversity of endophytic bacteria of groundnut nodules

cells per cm” soil. The field experiment was laid out in a randomized complete block design (RCBD) with four
blocks as four replicates with a plot size of 15 m’ (3 X 5 m).

The field soil was fertilized with nitrogen (N) at 40 kg/ha, phosphorus (P,0s) at 60 kg/ha, potassium (K,0)
at 60 kg/ha, and calcium (Ca(OH),) at 300 kg/ha. Phosphorus and calcium were applied at the time of soil
preparation. Seeds were sown at a depth of 3-5 cm and covered with soil. When plants had three true leaves
(seedling stage), 70% of the nitrogen and 50% of the potassium was applied. The remainder of the N and K
fertilization was applied at flowering. Emergence was monitored at 7, 10 and 13 days after sowing. Weeds were
manually removed at four developmental stages of the groundnut plants, i.e. seedling, flowering, peg and pod set
stages (4, 6, 8 and 10 weeks after sowing).

To determine the effects of each of the bacterial strains on growth of groundnut, plant height, branch length,
nodulation, flower production, and yield were determined. At seedling stage, ten plants per plot were randomly
labelled to measure plant height and branch length. Flower production was monitored daily for five random plants
per plot during flowering time. The number and dry weight of nodules per plant root system was determined at the
peg stage. To that end, three plants per plot were harvested, their root systems were washed to remove adhering soil
and the number of nodules was counted. Nodules were removed and dried for at least 3 days at 105°C. Shoots and
roots of three plants per plot were separated for measuring fresh weight and dry weight. Three plants per plot were
collected to determine the population densities of the introduced bacterial strains HR9 and HR32. For both strains,
spontaneous rifampicin-resistant derivatives were generated and their densities on roots of groundnut were
determined according to the method described previously (Chapter 3). At harvest, the number of pods, marketable
pods and the weight of 100 pods were determined for the ten randomly labeled plants. In addition, some soil
properties, including pHgc, OM (%), total nitrogen (%), potassium (%), total phosphorus (%), and available
phosphorus were analyzed prior to and upon completion of the field experiment.

Disease assessments

In the field experiment, the effects of the two bacterial strains HR9 and HR32 on the incidence and severity
of several groundnut diseases were also monitored. At each of the four developmental stages (seedling, flowering,
peg and pod set), the incidence of stem rot disease by Sclerotium rolfsii was monitored in 1 m’ of each plot (~33
plants).

Stem rot disease incidence was assessed according to the methods described previously (Chapter 5). Black
collar rot, caused by Aspergillus niger, was assessed by scoring the number of plants with black collar rot
symptoms in 1 m” for each plot (Chapter 5). Damping-off, caused by Rhizoctonia solani, was monitored at the
seedling stage by counting the number of infected plants in 10 m” per plot according to the methods described
previously (Chapter 5). Bacterial wilt, caused by Ralstonia solanacearum, was monitored at pod set stage by
counting the number of wilted plants in 10 m® per plot (Chapter 5).

Leaf spots caused by Cercospora arachidicola and Cercosporidium personatum was assessed at flowering
and at the peg stage. Leaf spot incidence (LSI) is the number of infected leaflets divided by the total number of
monitored leaflets. Leaf spot severity (LSS) was rated using the following scale of 0-5, with 0 = no disease
symptoms, 1 = diseased area <1% of the leaflet area, 2 = diseased area of 1- 10%, 3 = diseased area of 10- 25%, 4
= diseased area of 25- 50% and 5 = diseased area >50%. LSS was calculated based on the formula: LSS = [(1x
number of leaflets rated as scale 1) + (2 x number of leaflets rated as scale 2) + (3 x number of leaflets rated as
scale 3) + (4 x number of leaflets rated as scale 4) +(5 x number of leaflets rated as scale 5)] x 100 + (5 x total
number of leaflets). For each of the four plots per treatment, five sites were randomly chosen and for each site ten
leaflets were used for LSS assessment.
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Appendix 1. Effect of Rhizobium sp. HR9 and Sphingomonas sp. HR32 on the total carbon carbon (%C) and total
nitrogen (%N) contents in shoots of groundnut plants at the peg stage. The groundnut plants were grown in the
field in 2011 in Thua Thien Hue, Vietnam. Averages of four replications are shown. For each of the parameters, no
statistically significant differences in %C and %N were observed between the treatments [(Po,c=0.06, Pgy=0.30)
except for C:N (Pc.y=0.007) ANOVA statistical test]. An asterisk indicates a significant difference with the
untreated control.

Treatment %C %N C:N ratio
Control 47.2 3.0 15.6
Rhizobium sp. HR9 47.6 3.3 14.3 *
Sphingomonas sp. HR32 48.0 33 142 *
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General discussion

Groundnut is one of the most important oil seed crops worldwide, but its production is
hampered by several pests and diseases. Among the soil-borne fungal diseases, stem rot caused
by Sclerotium rolfsii is a major yield-limiting factor in groundnut cultivation in many countries.
S. rolfsii has a broad host range of more than 500 plant species (Aycock 1966) and causes yield
losses ranging from 10-25% and sometimes even up to 80% (Mehan et al. 1994). In Vietnam,
yield losses due to stem rot disease have not been investigated yet, but it was reported that this
disease caused 5-11% plant death in farmer fields in north and central Vietnam (Le 2004;
Nguyen et al. 2004; Do 2006). Besides stem rot, several other diseases such as Rhizoctonia
damping-off (Rhizoctonia solani), black collar rot (Aspergillus niger), leaf spots (Cercospora
arachidicola, Cercosporidium personatum), and bacterial wilt (Ralstonia solanacearum) are
also widely distributed and damaging to groundnut plants (Mehan and Hong 1994; Le 2004;
Nguyen et al. 2004; Do 2006). In order to manage stem rot and other groundnut diseases,
fundamental knowledge of the distribution and genetic diversity of the pathogen populations is

essential.

Phenotypic and genetic diversity of S. rolfsii in central Vietnam

The survey that was conducted showed that the incidence of stem rot disease of groundnut
in central Vietnam ranged from approximately 5 to 25% (chapter 2). The results further
indicated a gradient in stem rot disease incidence across central Vietnam with an increase in
disease incidence from the northern to the southern field sites. This might be related to the
effect of temperature on disease development (Punja 1985), because along with the lower
latitude also the average daily temperature increases from the North to the South of Vietnam.
For two of the four provinces, the disease incidence of groundnut plants cultivated in clay loam
soil was significantly higher than for plants cultivated in sandy soil. This difference may be
related, in part, to the higher organic content of the clay loam soil, a characteristic that is known
to support germination of sclerotia and subsequent hyphal growth toward the host plant (Punja
1985).

Based on ITS-rDNA sequencing, S. rolfsii populations in groundnut fields in central
Vietnam appeared relatively uniform with three ITS-groups (1, 2 and 3). Most isolates were
closely related to reference isolates of S. rolfsii that were previously collected from groundnut,
tobacco and sweet pepper. Unfortunately, RAPD analysis as well as rep-PCR and ERIC-PCR
(McDonald et al. 2000) gave inconsistent/irreproducible results and were not considered useful
to assess the intraspecific diversity of the S. rolfsii isolates. Therefore, a range of other traits,
including pathogenicity, growth rate, sclerotial characteristics, mycelial compatibility and

tebuconazole sensitivity, were analysed. When comparing the sclerotial traits, the three isolates
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in ITS-group 2 were clearly different from the isolates in ITS-groups 1 and 3: ITS-group 2
isolates produced substantially less sclerotia per plate and also the average maturation time and
sclerotial diameter were approximately two times higher than for isolates of ITS-groups 1 and 3.
These characteristics combined with the light brown colour of the sclerotia of these three ITS-
group 2 isolates were also reported for isolates classified morphologically or by LSU-
sequencing as S. rolfsii var. delphinii (Aycock 1966; Punja and Damiani 1996; Xu et al. 2010).
The genetic diversity of S. rolfsii isolates from central Vietnam was also investigated by
analysis of the mycelial compatibility. Within each of the three ITS-groups identified in our
study, a high variation in mycelial compatibility was observed. It should be emphasized,
however, that mycelial compatibility described in this thesis is based on macroscopic
observations in which hyphae of different isolates readily intermingle without forming a barrage
or inhibition zone. Therefore, the mycelial compatibility groups (MCG) found here cannot
automatically be considered as vegetative compatibility groups (VCG) or anastomosis groups
(AG). Microscopic analysis needs to be performed to confirm heterokaryon formation between
isolates.

The results further showed that the variation in sensitivity of S. rolfsii isolates from
groundnut fields in central Vietnam to the fungicide tebuconazole is substantially less than
reported earlier for the S. rolfsii population from Georgia, USA (Franke et al. 1998). This
provides a basis to evaluate the efficacy of this fungicide to control stem rot disease of
groundnut in central Vietnam. Combination with other control measures, including biological
control, is recommended to prevent resistance development as was observed previously for S.

rolfsii populations exposed repeatedly to this fungicide (Franke et al. 1998).

Biocontrol of stem rot by antagonistic bacteria

Pseudomonas

In a series of experiments conducted in the laboratory, growth chamber, nethouse and
field, we showed that specific Pseudomonas strains, producing either phenazines (PHZ) or
lipopeptides (LPs), suppressed hyphal growth of S. rolfsii and significantly reduced stem rot
disease of groundnut (chapter 3). By comparing the activities of wildtype Pseudomonas strains
with that of mutants disrupted in specific biosynthesis and regulatory genes, we demonstrated
that PHZ and specific LPs are key bioactive metabolites in biological control of stem rot disease
of groundnut. The results of the in vitro dual culture assays showed that strains SS101 and
SBW?2S5, producing the viscosin-type LPs, and strain 267, producing putisolvins, did not or only
marginally inhibit hyphal growth of S. rolfsii. Lack of inhibitory activity of LPs was also
observed previously for viscosinamide and putisolvins in hyphal growth assays with oomycete
pathogens (Thrane et al. 1999; Gross et al. 2007; Kruijt et al. 2009). In contrast, thanamycin-
producing strain SH-C52 significantly inhibited hyphal growth of S. rolfsii, whereas its
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thanamycin-deficient mutant was not effective. These results suggested differential activity of
structurally different LPs against the stem rot pathogen S. rolfsii, with thanamycin having
significant inhibitory effects on hyphal growth and plant infection. This presumed differential
activity of the four LPs is based on the assumption that each of the bacterial strains produces
similar amounts of the LPs on agar plates and in the groundnut rhizosphere. At this point,
however, there are no data available on the concentrations of each of the LPs produced on roots
of groundnut. Reporter-based studies (Keel er al. 1992) or advanced analytical analyses
(Ongena et al. 2007) should be conducted to confirm that the LPs are indeed produced in situ
and to determine the amounts produced.

Next to the well-characterized Pseudomonas strains, we also tested novel Pseudomonas
strains. We describe the isolation, characterization and biocontrol efficacy of Pseudomonas sp.
R4D2, a strain that was selected from a total of 3,360 indigenous bacterial isolates randomly
collected from the stem base and roots of groundnut plants grown in farmer fields in Vietnam
(chapter 4). Field experiments showed that treatment with strain R4D2 significantly reduced
the incidence of stem rot disease. The level of disease protection provided by this bacterial
strain was similar to that achieved by the fungicide tebuconazole. For Pseudomonas sp. strain
R4D2, two mutants were obtained that did not inhibit hyphal growth of S. rolfsii and were not
effective in controlling stem rot disease of groundnut under growth chamber conditions. Drop
collapse assays showed that strain R4D2 produces biosurfactant compound(s) that are not
produced by the two mutants. Although these results support the hypothesis that a biosurfactant
is responsible for biocontrol of S. rolfsii, additional genetic and biochemical analyses are

required to prove this and to strengthen the data.

Bacillus

In the past decade, several Bacillus species and strains have been studied for their efficacy
to control stem rot disease of groundnut (Abd-Alla and Ezzat 2003; Abd-Allah 2005; Abd-Allah
and El-Didamony 2007; Tonelli et al. 2011). For example, treatment of groundnut seeds with
Bacillus subtilis protected groundnut against S. rolfsii and significantly increased the number of
pods (Abd-Allah 2005). In this thesis, we describe the isolation of two promising Bacillus
strains, designated S20D12 and S18F11, from the stem base of groundnut plants grown in
farmer fields in central Vietnam (chapter 4). Phylogenetic analyses showed that strain S20D12
belongs to the same phylogenetic cluster as Bacillus amyloliquefaciens reference strains,
whereas strain S18F11 clustered with several Bacillus subtilis reference strains. Both Bacillus
species have been the subject of numerous studies on biological control of plant pathogens and
induced systemic resistance (Kloepper et al. 2004; Ongena and Jacques 2008). In the field
experiment that we conducted in Quang Nam province in 2010, both Bacillus strains provided

significant control of stem rot disease to a level similar to that of the fungicide Folicur.
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Comparison of the biocontrol efficacy of Pseudomonas and Bacillus

The two field experiments described in this thesis (chapters 3, 4, 5) were conducted in
Vietnam in two consecutive years at two different locations: in 2010 in Quang Nam province
and in 2011 in Thua Thien Hue province. In both field experiments, several Pseudomonas and
Bacillus strains were tested for their efficacy to control stem rot and other groundnut diseases,
and to improve growth and yield. Despite the substantial difference in attainable pod yield
between the two locations, several of the applied bacterial strains increased pod yield of
groundnut consistently (Table 1). For example, Pseudomonas sp. strains SH-C52 and R4D2
significantly suppressed stem rot disease caused by S. rolfsii in the field experiments conducted
in 2010 (chapter 3) and in 2011 (chapter 5). Furthermore, Bacillus sp. strain S20D12
consistently improved pod yield in both years with increases in pod dry weight of 23-30%
(Table 1, chapters 4, 5). Despite the consistency in yield increases over two consecutive years,
the Bacillus strains did not consistently control stem rot disease. For example, in 2010 both
Bacillus strains significantly suppressed stem rot disease, but in 2011 they did not control this
disease nor several other soil-borne diseases such as Rhizoctonia damping-off, black collar rot
and bacterial wilt. However, both Bacillus strains significantly reduced leaf spot diseases
(chapter 5).

Table 1. Effect of the presence of various bacterial strains on pod yield of groundnut under field conditions in 2010
and 2011 in central Vietnam. The 2010 experiment was conducted on sandy soil in Quang Nam province, the 2011
experiment was conducted on clay loam soil condition in Thua Thien Hue province. Averages of three replicates
(2010) or four replicates (2011) are shown.

2010 2011
Quang Nam province Thua Thien Hue province
Pod yield % increase Pod yield % increase
(kg ha™) relative to (kg ha™) relative to
control control

Control 1220 - 2317 -
Folicur” 1300 83 2408 3.9
Pseudomonas sp. SH-C52 1190 08 2565 * 10.7
Pseudomonas sp. R4D2 1320 10.0 2636 * 13.8
Control 1220 _ 2244 .
P. fluorescens SS101 1370 * 14.2 2461 9.7
Bacillus sp. S18F11 1320 10.0 2817 * 25.5
Bacillus sp. S20D12 1480 * 233 2924 * 30.3

* significant (P<0.05) relative to the control, # fungicide treatment
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Figure 1. Correlations between stem rot disease incidence and pod yield in field experiments conducted in 2010 in
Quang Nam province (panel A) and in 2011 in Thua Thien Hue province (panel B). For both years, the effects of
Pseudomonas sp. strains R4D2 and SH-C52 (left) and of Bacillus sp. strains SI8F11 and S20D12 (right) on stem
rot disease incidence and pod yield are given. AUDPC refers to the area under the disease progress curve for stem
rot disease of groundnut. For each treatment, the data of three or four replicates are given. For details see chapters
3,4&5.

To determine the potential beneficial effects of biocontrol by the tested Pseudomonas and
Bacillus strains on pod yield, regression analyses were performed (Figures 1 and 2). The results
of these analyses showed that in the field experiment conducted in 2010, there was no
correlation between stem rot disease incidence and pod yield, neither for the two Pseudomonas
strains nor for the two Bacillus strains (Fig. 1A). However, for the field experiment conducted
in Hue province in 2011, there was a significant correlation between the reduction of stem rot
disease incidence by the two Pseudomonas strains and pod yield; for the two Bacillus strains,
the correlation was not significant (Fig. 1B). When considering other diseases of groundnut that

were monitored in the 2011 field experiment (chapter 5), a significant relationship was
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observed between pod yield and the incidence and severity of leaf spot diseases in the Bacillus
treatments; however, no significant correlation was found for the two Pseudomonas strains (Fig.
2). Collectively, these results suggest that for the two Pseudomonas strains, increases in pod
yield correlated with suppression of stem rot disease, whereas for the Bacillus strains

suppression of leaf spot diseases appears to be a more important factor in the observed increases

in pod yield.
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Figure 2. Correlations between pod yield of groundnut and the incidence (panel A) or severity (panel B) of leaf
spot diseases caused by Cercospora and Cercosporidium species in the field experiment conducted in 2011 in Thua
Thien Hue province. The effects of Pseudomonas sp. strains R4D2 and SH-C52 (left) and of Bacillus sp. strains
S18F11 and S20D12 (right) on disease incidence/severity and pod yield are given. Disease incidence and severity
were assessed at the peg stage of the groundnut plants. For each treatment, the data of three or four replicates are
given. For details see chapter 5.

Endophytic bacteria of groundnut nodules as biocontrol agents

To address the question whether endophytic bacteria associated with nitrogen fixing root

nodules on groundnut have biocontrol properties, we set out to isolate and characterize these
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bacteria. The results (chapter 6) showed that bacterial communities living inside groundnut
nodules are genotypically diverse, confirming and extending results obtained recently by
Angelini et al. (2011). Ribosomal database comparisons revealed that these isolates belong to
two bacterial phyla, i.e. Proteobacteria and Bacteroidetes. For the isolates that were classified as
Proteobacteria, the majority was phylogenetically related to Sphingomonas species and the
others to Rhizobium, Stenotrophomonas, Ralstonia, and Burkholderia spp. To our knowledge,
Sphingomonas species have not been reported to form or associate with nodules on groundnut.
When re-introduced into autoclaved field soil, most Sphingomonas isolates obtained in our
study did not form nodules on groundnut roots. However, in the presence of some of the
identified Sphingomonas isolates, in particular isolates H32 and HR75, nodules were found on
groundnut roots. Inoculation with isolates HR9 and HRI10, which are closely related to
Rhizobium, did not or only marginally result in nodule formation on groundnut plants. Also
isolates HR7, HR21, HR77 and HRS, close relatives of Stenotrophomonas, Ralstonia or
Burkholderia, did not form nodules on groundnut. Additional studies will be necessary to
confirm these results and to determine if the Sphingomonas isolates H32 and HR75 are capable
of nodule formation and N»-fixation.

In the 2011 field experiment, both Rhizobium sp. strain HR9 and Sphingomonas sp. strain
HR32 did not significantly increase plant height, branch length, plant biomass or flower
production (chapter 6). Although there was a tendency that both HR9 and HR32 increased the
number of nodules per plant, these differences were not statistically significant. A similar trend
was observed for the nitrogen content of the groundnut plants treated with HR9 and HR32.
Despite the fact that no significant effects on plant biomass were found, both bacterial isolates
did significantly enhance pod yield with increases of 15.8 and 18.5%, respectively. There was
also no apparent correlation between these yield increases and the incidence of several major
soil-borne diseases: strains HR9 and HR32 did not provide any control of stem rot, damping-
off, black collar rot and bacterial wilt. However, both bacterial strains significantly reduced the
incidence and the severity of leaf spot diseases of groundnut. As described earlier for the two
Bacillus strains, the reduction of leaf spot diseases by HR9 and HR32 may have resulted in an
increase in photosynthetic leaf area and consequently in the observed pod yield increases.
Whether isolates HR9 and HR32 colonize the leaf surfaces of groundnut and interact directly
with these fungal leaf pathogens remains to be determined. Another possible mechanism
involved in the biocontrol activity of both bacterial strains may be induced systemic resistance.

Elucidating the mechanisms involved will be subject of future investigations.
Future perspectives
The observation that S. rolfsii populations from groundnut were relatively sensitive to

tebuconazole provides opportunities to use this fungicide to control stem rot disease in Vietnam.

Combination with other control measures, including biological control, is recommended to
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prevent resistance development as was observed previously for S. rolfsii populations exposed
repeatedly to this fungicide. Several of the Pseudomonas strains described in this thesis are
particularly effective in controlling stem rot disease, whereas the Bacillus, Sphingomonas and
Rhizobium strains can be further exploited to control leaf spot diseases and to improve plant
growth and pod yield. Combining chemical pesticides and biocontrol agents for control of stem
rot disease has been evaluated before. For example, combining Trichoderma viride with
pentachloronitrobenzene, captan or aldrex T fungicides controlled stem rot disease on tomato
(Chima Wokocha 1990). Similarly, Trichoderma harzianum, Rhizobium sp., and carbendazim
were combined for management of stem rot of groundnut in India (Muthamilan and Jeyarajan
1996). In both studies, however, the level of disease control achieved by these combinations
was not significantly better than that provided by the biological control agents alone.
Experiments will be conducted to determine if combination of tebuconazole with Pseudomonas
or Bacillus strains leads to additive or synergistic effects on stem rot and other groundnut
diseases. Finally, registration and formulation of the antagonistic bacteria identified in this
thesis should be pursued in order to successfully use these microorganisms as an integral part of

future management practices to control stem rot and other groundnut diseases.
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Summary

Groundnut (Arachis hypogaea L.) is an economically important legume crop in Vietnam
and many other countries worldwide. Stem rot disease, caused by the soil-borne fungus
Sclerotium rolfsii Sacc., is a major yield limiting factor in groundnut cultivation. Current control
methods mostly rely on the extensive use of fungicides and on cultural practices. Both methods
are not always effective and repeated fungicide use can lead to resistance development in the
pathogen population. To further improve disease control and to reduce the use of chemical
pesticides in groundnut cultivation, the feasibility of biological control of stem rot was
investigated. The project initially focused on evaluating the occurrence and severity of stem rot
disease in farmer fields in central Vietnam. It appeared that 5-25% of the groundnut plants in
farmer fields in central Vietnam were infected by S. rolfsii. From infected fields, S. rolfsii
isolates were collected and their genetic diversity was investigated as well as the variation in
sensitivity to tebuconazole, a fungicide commonly used to control stem rot disease. Based on
ITS-rDNA sequence analyses, three distinct groups were identified among a total of 103
randomly selected S. rolfsii field isolates, with the majority (n=90) in one ITS group. S. rolfsii
isolates originating from groundnut, tomato and taro were all pathogenic on groundnut and
relatively sensitive to tebuconazole. However, the isolates displayed substantial diversity in
various genetic and phenotypic traits, including mycelial compatibility, growth rate, and
sclerotial characteristics.

Subsequently, the efficacy of various beneficial bacteria to suppress stem rot disease was
investigated. First, the biocontrol activity of well-characterized antagonistic Pseudomonas
strains was evaluated in vitro and in growth chamber, nethouse and field experiments. Secondly,
indigenous groundnut-associated bacteria were isolated, their diversity was investigated and
their antifungal activity was analysed in nethouse and field experiments in central Vietnam.
Finally, endophytic bacteria living inside groundnut nodules were isolated, characterized and
tested for biocontrol and plant growth promotion under field conditions. For several of the most
promising bacterial strains, the mechanisms involved in biocontrol of stem rot disease were
investigated.

The experiments conducted with well-characterized Pseudomonas strains showed that
only phenazine-producing Pseudomonas chlororaphis strain Phz24 and Pseudomonas sp. strain
SH-C52, producing the chlorinated lipopeptide thanamycin, inhibited hyphal growth of S. rolfsii
and suppressed stem rot disease. Mutants of these strains that were deficient in phenazine or
thanamycin production did not show any activity against S. rolfsii, indicating that these
metabolites play an important role in suppression of stem rot disease. Other Pseudomonas
strains producing structurally different lipopeptides did not or only marginally inhibit growth of
S. rolfsii. These results suggested variation in sensitivity of the stem rot pathogen S. rolfsii for

structurally different lipopeptides produced by Pseudomonas.
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Indigenous groundnut-associated bacteria with activity against S. rolfsii were classified by
16S-rDNA  sequence analysis as y-Proteobacteria (Pseudomonas), Bacteroidetes
(Chryseobacterium), and Firmicutes (Bacillus). Among these indigenous bacterial genera,
Pseudomonas sp. RAD2 consistently reduced stem rot disease under nethouse and field
conditions. The genes and bioactive compounds involved in the biocontrol activity of strain
R4D2 have not been identified yet, but phenotypic analyses suggest that biosurfactant
production plays a central role. Chryseobacterium sp. R4B3 did not reduce stem rot disease in
nethouse experiments, but was effective in suppression of stem rot disease under field
conditions. Finally, the two indigenous isolates that were identified as Bacillus spp. did not
reduce stem rot disease in nethouse experiments, but were effective in disease control under
field conditions. Furthermore, both Bacillus strains significantly increased pod yield with dry
weight increases of up to 30% relative to the control.

Endophytic bacteria of groundnut nodules appeared to be genetically diverse. The
majority was closely related to Sphingomonas while others were classified as Rhizobium,
Burkholderia, Stenotrophomonas, and Sphingobacterium species. In nethouse experiments,
occasionally, nodule formation on roots was observed on groundnut plants grown in soil
supplemented with some of these endophytic isolates, but further analyses are required to
establish that these isolates are indeed responsible for nodule formation and nitrogen fixation.
For two of the identified endophytic isolates, i.e. Rhizobium sp. HR9 and Sphingomonas sp.
HR32, field experiments showed that both strains were not effective against stem rot and other
soil-borne diseases of groundnut, but significantly reduced leaf spot diseases caused by
Cercospora and Cercosporidium spp. Application of these two endophytic bacterial strains also
led to increases in pod yield of groundnut under field conditions.

In conclusion, several of the bacterial strains tested in this study, in particular
Pseudomonas and Bacillus spp., significantly improved pod yield of groundnut by 10 to 30%.
The consistency in pathogen control and yield increase observed in two independent field
experiments at two different locations in two consecutive years, holds great promise for further
development of these bacterial strains as key components of an integrated strategy to manage

multiple diseases of groundnut and to improve yield.
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Samenvatting

Pinda (Arachis hypogaea L.) is een economisch belangrijk gewas in Vietnam en diverse
andere landen wereldwijd. Stengelrot, veroorzaakt door de bodemschimmel Sclerotium rolfsii
Sacc., is een belangrijke opbrengstbeperkende factor in de pindateelt. Momenteel wordt deze
ziekte voornamelijk bestreden door middel van fungiciden en teeltmaatregelen. Beide methoden
zijn echter niet altijd effectief en veelvuldig gebruik van fungiciden kan leiden tot resistentie-
ontwikkeling in de pathogeenpopulatie. Om de bestrijding van stengelrot te verbeteren en het
gebruik van fungiciden in de pindateelt te reduceren, hebben wij de haalbaarheid van
biologische bestrijding van deze ziekte bestudeerd. In dit onderzoek hebben we in eerste
instantie het véérkomen en de ernst van stengelrot in pindavelden in Vietnam onderzocht.
Hieruit bleek dat 5 tot 25% van de pindaplanten in het veld geinfecteerd was met S. rolfsii.
Daarnaast werden S. rolfsii isolaten verzameld waarvan de genetische diversiteit werd
bestudeerd alsmede hun gevoeligheid voor tebuconazole, een fungicide dat veelvuldig gebruikt
wordt om stengelrot te bestrijden. Op basis van ITS-rDNA sequenties van 103 willekeurig
geselecteerde S. rolfsii isolaten werden drie groepen geidentificeerd; de meerderheid van de
isolaten (n=90) behoorde tot één ITS groep. S. rolfsii isolaten van pinda, tomaat en taro waren
allemaal pathogeen op pinda en relatief gevoelig voor tebuconazole. De S. rolfsii isolaten
vertoonden echter aanzienlijke diversiteit in verscheidene genetische en fenotypische
kenmerken, waaronder vegetatieve compatibiliteit, groeisnelheid en diverse eigenschappen van
sclerotién, de overlevingsstructuren van deze bodemschimmel.

Vervolgens werd onderzocht of stengelrot onderdrukt kan worden door goedaardige
bacterién die de pindaplant koloniseren. Allereerst werd de effectiviteit van bekende
Pseudomonas stammen geévalueerd in in vitro experimenten en in klimaatcel-, kas- en
veldexperimenten. Tevens werden van pindaplanten bacterién geisoleerd en gekarakteriseerd;
een aantal hiervan werd vervolgens getest op hun schimmelremmende werking in kas- en
veldexperimenten in Vietnam. Tot slot werden ook endofytische bacterién uit de
wortelknolletjes van pindaplanten geisoleerd, gekarakteriseerd en getest op hun vermogen om
stengelrot te onderdrukken en plantengroei te bevorderen onder veldomstandigheden. Voor een
aantal van de meest veelbelovende isolaten werden de werkingsmechanismen die betrokken zijn
bij de onderdrukking van stengelrot nader onderzocht.

De experimenten met de bekende Pseudomonas stammen lieten zien dat alleen
Pseudomonas chlororaphis Phz24, producent van phenazines, en Pseudomonas sp. SH-52,
producent van het gechloreerde lipopeptide thanamycine, in staat waren de groei van S. rolfsii te
remmen en stengelrot te onderdrukken. Mutanten van deze stammen, die geen phenazine of
thanamycine kunnen produceren, verloren hun activiteit tegen S. rolfsii hetgeen een aanwijzing
is dat deze twee metabolieten een belangrijke rol spelen in biologische bestrijding van

stengelrot. Andere Pseudomonas stammen die structureel verschillende lipopeptiden produceren
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remden de groei van S. rolfsii niet of nauwelijks. Deze resultaten suggereren dat er variatie is in
gevoeligheid van S. rolfsii voor verschillende lipopeptiden geproduceerd door Pseudomonas.

De bacterién die geisoleerd waren van pindaplanten en activiteit vertoonden tegen
S. rolfsii werden op basis van 16S-rRNA analyses geclassificeerd als y-Proteobacterién
(Pseudomonas), Bacteroidetes (Chryseobacterium) en Firmicutes (Bacillus). Van deze
bacteri€le genera was Pseudomonas sp. stam R4D2 effectief in onderdrukking van stengelrot
van pinda zowel in kas- als veldexperimenten. De genen en bioactieve stoffen betrokken bij
onderdrukking van stengelrot door R4D2 zijn nog niet opgehelderd, maar diverse analyses
suggereren dat de productie van zogenaamde biosurfactants een centrale rol speelt.
Chryseobacterium sp. R4B3 was niet in staat stengelrot te verminderen in kasexperimenten,
maar was wel effectief in de onderdrukking van stengelrot onder veldomstandigheden. De twee
isolaten die geidentificeerd waren als Bacillus soorten bleken ook niet in staat om stengelrot te
onderdrukken in kasexperimenten, maar waren wel effectief onder veldomstandigheden.
Daarnaast zorgden deze Bacillus isolaten voor een significante toename in peulopbrengst tot
zelfs 30% ten opzichte van de niet-behandelde planten.

De bacterién die geassocieerd zijn met stikstofbindende wortelknolletjes van pindaplanten
bleken genetisch divers te zijn. De meeste isolaten waren nauw verwant aan Sphingomonas
soorten, terwijl andere isolaten als Rhizobium, Burkholderia, Stenotrophomonas en
Sphingobacterium soorten geclassificeerd werden. In kasexperimenten werd slechts incidenteel
wortelknolvorming gevonden op pindaplanten die geteeld werden op grond waaraan deze
bacterie-isolaten waren toegevoegd. Vervolgexperimenten zijn nodig om vast te stellen of deze
bacterie-isolaten in staat zijn wortelknolletjes te vormen die stikstof kunnen binden. Twee van
deze bacterie-isolaten, te weten Rhizobium sp. HR9 en Sphingomonas sp. HR32, bleken niet in
staat om stengelrot en andere bodemgebonden pindaziekten te onderdrukken, maar gaven wel
een significante onderdrukking van bladvlekkenziekten van pinda veroorzaakt door Cercospora
en Cercosporidium soorten. Beide bacterie-isolaten zorgden ook voor een toename in
peulopbrengsten van pinda onder veldomstandigheden.

Samenvattend kan geconcludeerd worden dat een aantal van de in deze studie geteste
bacterién, met name Pseudomonas en Bacillus stammen, de peulopbrengst van pindaplanten
aanzienlijk kan verhogen met toenames variérend van 10 tot 30%. De consistentie in ziekte-
onderdrukking en opbrengstverhoging in twee onafhankelijke veldexperimenten op twee
verschillende locaties in twee opeenvolgende jaren, is veelbelovend voor verdere implementatie
van deze bacterie-isolaten in een geintegreerde strategie om meerdere pindaziekten te

onderdrukken en de opbrengst te verhogen.
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