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ABSTRACT

The physiology oB. subtilis R14 was investigated in minimal medium under exogggen and oxygen-limited
conditions. Growth and efficient sporulation coldd achieved in excess-oxygen culture on medium regttily
metabolizable carbon and nitrogen sources, whidovadd high growth rate and high biomass yield. Arsh
transition phase between the exponential growth spatulation could be attained by formulating a moed with a
well-balanced C/N ratio. Under oxygen-limitationythin the presence of essential nutrients (i.e.essamutrient
cultivation), B. subtilisR14 produced bioactive compounds, which showeditgcagainst several phytopathogenic
bacteria. Under anaerobic condition, the organisia dot grow neither through fermentation nor andsimo
respiration. However, addition of pyruvate to thedium allowed its growth through fermentation améerobic
respiration. The knowledge acquired in this work could be retév@th for the design of a production process as
well as for the formulation of an effective comnmrbiocontrol product.
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INTRODUCTION et al.,2004;). Bacilli control the bacteria that cause
the plant disease through a variety of mechanisms
The genusBacillus is one of the most utilized in of action, such as competition, systemic resistance
the biocontrol of phytopathogens. This genusnduction and antibiotic production. The
comprehends a heterogeneous group of Grammechanism of antibiosis has been shown to be one
positive, aerobic or facultative anaerobic,0f the most important (Thomashow and Weller,
endospore-forming bacteria (Fritze, 2004). Thél996). Among several peptide antibiotics, they
endospores are thermotolerant structures, resistaioduce lipopeptides, which are amphiphilic
to dryness, ultraviolet radiation and organiccompounds with surfactant activity (Zuber et al.,
solvents. These properties, associated to theyabili1993).
of producing peptide antibiotics, contribute to itsPeptide antibiotics are composed of amino acids,
utilization to the biocontrol of several root andbut they often show little similarity to gene-
foliar diseases (Backman et al997; Kloeper, encoded polypeptides in terms of structure and
1997: Melo, 1998: Jacobsen et &004: Schisler mechanism of their biosynthesis (Zuber and
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Marahiel, 1997). Several strains @&. subtilis (Smith, 1993). The actual choice depends upon the
produce cyclic lipopeptides, among them surfactinactivity of an elaborated signal transduction
which is one of the most powerful biosurfactaninetwork, which ultimately affects two key
known (Mulligan, 2004). Surfactin behaves as dranscription factors, SpoOA and AbrB (Phillips
very powerful surfactant because of itsand Strauch, 2002). IB. subtilis R14, the
amphiphilic nature, with a polar amino acid headgroduction of bioactive compounds was observed
and a hydrocarbon chain. Transcription of ¢$hi@ in batch cultivation on complex medium under
operon is the major point of regulation of surfacti oxygen limitation (Monteiro et al2005).

production, and it has turned out to involve dn this work, the physiology d8. subtilisR14 was
complex array of controlling elements includinginvestigated on defined growth media in excess-
autoregulation, phosphorylation cascadespxygen and oxygen-limited batch cultures to
extracelullar signaling, and interplay with theidentify stimuli for lipopeptide synthesis and
regulation of different developmental pathwayssporulation. Both spores and lipopeptides are
(Chater and Bibb, 1997). products of interest for the development of a
B. subtilis R14 is an epiphytic isolate obtainedcommercial biological control agent. Furthermore,
from the surface of cabbage leaveBragsica the bioactivity of compounds produced B
oleraceaevar. capitatal. cv. Midori) (Assis et al., subtilis R14 was investigatedn vitro against
1996; 1997). The efficiency of this isolate as aseveral important phytopathogenic bacteria.
biocontrol agent was investigated agathstblack Bacterial fruit blotch Acidovorax avenaesubsp.
rot of crucifers, caused byXanthomonas citrulli) is the main constraint for the cultivation of
campestrispv. campestrisand the bacterial fruit melon, watermelon and other cucurbits in the
blotch of melon, caused byjcidovorax avenae world and in Brazil, where it can cause losses in
subsp. citrulli. In greenhouse experiments, thethe production between 40-50%, reaching up to
isolate eliminated the black rot of kale when téste100% in the rainy season (Sales Junior and
against three isolates oK. campestris pv. Menezes, 2001). Crown gallAgrobacterium
campestrisin all application periods tested (Assistumefacieng affects the plants belonging to 140
et al., 1996). When submitted to field tests, thisgenera of more than 60 families. Infected plants
isolate had its efficiency corroborated, reducingvith tumors at their crowns or on their main roots
73% of the disease on cabbage (Assis e1887). have reduced yields and may die (Agrios, 1997).
The control of the bacterial fruit blotch was Fire blight of apple and peaErwinia amylovora
investigatedn vivo by treating the infected yellow does not occur in Brazil. However, in United
melon seeds with broths oB. subtilis R14 States, it is only managed by the combination of
cultivation (Santos et al2006). The treatments, several control measures and antibiotic
with and without cells, showed no significantapplications leading to the development of
difference, indicating that the disease reductiomesistant bacterial strains (Agrios, 1997). Soft ro
occurred due to the presence of bioactivdPectobacterium carotovordmon several hosts
compounds produced during the cultivation. Theccurs in the field, in transit, and especially in
mechanism of antibiosis was confirmad vitro  storage. It reduces the market value of crops and
against nine strains ofX. campestris pv. increase the expenses for preventive measures
campestris and the compounds produced werdAgrios, 1997). Bacterial wilt Ralstonia
characterized as lipopeptides (Monteiro et al.solanacearumof potato, tomato and many other
2005). hosts is also one of the most important plant
The production of secondary metabolites igliseases worldwide. The high variability of the
normally associated with the bacterium’s responspathogen allied to the colonization of the plant
to a growth-limiting environment. Faced with thevascular system make its control extremely
depletion of essential nutrient®. subtilis can difficult (Agrios, 1997). Black rot of crucifers
adopt several responses, including motility(Xanthomonas campestrigv. campestriy is
secretion of extracellular enzymes, competence faransmitted by the seeds and often causes severe
genetic transformation, antibiotic production, andosses (Agrios, 1997). Bacterial cankeX. (
finally  sporulation. Depending on the campestrispv. viticola) is the main bacteriosis
environmental signal, one or more of theseccurring in grapevine in Brazil, especially in the
alternative processes can be stimulated or inkibitéS8o Francisco Valley, where it constrains the
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cultivation of susceptible cultivars such as Reémmonium and nitrate: NaNO 4 g, and
Globe, Italia, Festival and Benitaka, among othe(NH,),SO, 4 g; and on medium containing nitrate
(Nascimento and Mariano, 2004). as the sole nitrogen source: Naj\®g.

Cultivation conditions

MATERIALS AND METHODS Inocula were grown in Fernbach flasks on
_ _ glucose/(NH),SO, medium in a rotatory shaker
Microorganism (model C25KC, New Brunswick Scientific), at 37°

B. subtilis R14, isolated from the surface OfC and 250 rpm, and 5% (V/V) was used to
cabbageR. oleraceaevar. capitatal. cv. Midori)  jnoculate the bioreactor. The cultivations were
leaves, was used in this work. The microorganisferformed in an instrumented 4-liter working-
belongs to the Culture Collection of theyolume batch bioreactor (Bioflolll, New
Laboratory of Phytobacteriology of the FederalBrunswick Scientific). For excess-oxygen culture,
Rural University of Pernambuco (Brazil). Thethe aeration and agitation rates were kept at 1 vwm
isolate was preserved on nutrient agar slants at and 700 rpm, respectively, and cultivations were
C and subcultured every three months during thisarried out at 30° C and 37° C. For oxygen-limited

work. culture, no forced aeration was used and the
_ agitation was reduced to 300 rpm. Cultivations
Cultivation media were carried out at 37 °C in this case. All the

For excess-oxygen cultivation, the mediumexperiments were performed in duplicates.
consisted of (per liter of distilled water): glueps For anaerobic condition, the cultivations were not
10 g; (NH).SQ, 2 g; KHPQ, 13.6 g; carried out in the bioreactor, but in test tubes,
MgSQ,-7HO, 0.2 g; trace elements solution, 10which were incubated at 37 °C in anaerobic
mL. The trace elements solution consisted of (peGaspak jars under an €0, atmosphere. In this
liter of distiled water): CaG|l 0.42 ¢; case, the experiments were made in triplicates.
FeSQ:-7H0, 2.29 g; MnGl-4H,0, 0.10 g; ZnGJ,

0.17 g; Cud, 0.03; CoC)6HO, 0.06; and Antimicrobial activity of bioactive compounds
NaMoO,-2H,0, 0.06; pH 7. Bioactive compounds produced during oxygen-
For anaerobic cultivation, performed in test tubessestricted cultivation were tested against the
the medium was buffered and glucosephytopathogenic bacteria listed in Table 1, where
concentration was reduced to minimize pHthe respective plant disease was specified. A
variation. The medium consisted of (per liter ofsample from one of the cultivations was passed
distilled water): glucose, 5 g; (NHMSQ, 4 g; through a C-18 column to recover the bioactive
K.HPQ, 13.6 g, KHPQ,, 4 g; MgSQ.7H,0, 0.2  compounds, which were eluted with methanol, and
g. Growth was also investigated on mediunthen tested against all the listed bacteria. The
containing a mixture of ammonium and nitrate:activity test was performed as described in the
NaNG;, 2 g, and (NB).SO, 2 g; and on medium analytical methods below.

containing nitrate as the sole nitrogen source:

NaNG;, 4 g. Furthermore, cultivations were alsoAnalytical methods

performed with the addition of sodium pyruvateBiomass concentration was determined
(5 g) to all the investigated media. Parallel agrob spectrophotometrically at 600 nm (Hewlett
cultures were also carried out in large diametstr tePackard 8453). Spore concentration was expressed
tubes as control experiments. The tubes weras colony forming units (CFU) per mL, after

placed in a rotatory shaker at 250 rpm. leaving the sample at 80 °C for 15 min, diluting,
Since biomass yield was expected to decreasad plating on nutrient agar medium. Glucose and
during oxygen-limited cultivation, the (NH4),SO, concentrations were assayed utilizing

concentrations of glucose and ammonium sulphatenzymatic kits (Gold Analisa; glucose-PP and urea
were increased to (per liter of distilled water):UV-PP, respectively). Antimicrobial activity was
glucose, 40 g; (NSO, 8 g. This allowed the determined using the agar diffusion method.
production of bioactive compounds at detectabl&amples of 20 pl and discs of 6 mm were used to
levels. Higher concentrations were not used tperform the assays. The activity was expressed as
avoid the substrate inhibition. Growth was alsdhe diameter of the inhibition halo in millimeters
investigated on medium containing a mixture of
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(mm). To quantify the production of bioactive preliminary studies had shown that, among the
compounds during the cultivations, thephytopathogenic bacteria investigated in this
phytopathogenic bacterium Agrobacterium study, it was the most sensitive to the compounds
tumefaciensvas used as test microorganism, sinc@roduced byB. subtilisR14.

Table 1 - Phytopathogenic bacteria and respective plasadie.

Microorganism Disease
Acidovorax avenasubspcitrulli Bacterial fruit blotch of melon
Agrobacterium tumefaciens Crown gall on several hosts
Erwinia amylovora Fire blight of apple and pear
Pectobacterium carotovorum Soft rot on several hosts
Ralstonia solanacearuiRS13 bv.1 Bacterial wilt of potato
R. solanacearurRS103 bv.1 Bacterial wilt of tomato
Xanthomonas campestris pv. campestris Black rot of crucifers
X. campestris pv. viticola Bacterial canker of grapevine
RESULTS AND DISCUSSION same. The production of bioactive compounds was

not detected during the exponential phase in either
Many biocontrol agents are difficult to formulatecases. This was not surprising, since
as products. The sporulating Gram-positivemicroorganisms grow fast when nutrient are
bacteria, such aBacillus and Streptomycesoffer abundant and readily available, and antibiotic
biological solutions to the formulations problemsproduction nearly always takes place only after
(Emmert and Handelsman, 1999). The endosporeapid growth has ceased.
are thermotolerant structures and resistant tGrowth and sporulation are two means by which
dryness, ultraviolet radiation and organic solventBacillus ensures survival under all environmental
These properties, associated to the ability ofonditions. In its natural environment, it is dgyin
producing peptide antibiotics, contribute tothe transition state th&. subtilisexcretes several
Bacillus utilization in commercial formulations for enzymes and bioactive compounds to degrade the
the biocontrol of several plant diseases. Whenomplex substrates and ensures that other bacteria
producing biomass dBacillus spp. for biological and fungi are prevented from invading its
control, the production should be designed t@cological niche. Sporulation is usually considered
maximize the production of efficacious sporeghe last resort to be embarked upon when all other
rather than vegetative cells. On the other haral, thattempts to grow, compete and survive have been
physiology of the vegetative cells are responsiblexhausted. In the bioreactor environment, to attain
for the field activity of the biological agent. a rapid sporulation, a short stationary phase was
B. subtilisR14 was isolated from the surface ofplanned by using a balanced C/N ratio in the
cabbage leaves and has been shown to be effectimedium. As shown in Figures 1 and 2, due to the
as a biocontrol agent (Assis et al., 1996; 1997tharacteristic of the formulated medium, the
Lipopeptides produced by this play a major role irtransition from the exponential to stationary phase
the reduction of the incidence of the bacteriaitfru was rapid, and consequently, the production of
blotch of melon and the black rot of crucifersbioactive compounds could not be detected in the
observed in greenhouse and field trials (Monteirpost-exponential growth phas@ balanced C/N

et al.,2005; Santos et ak006). ratio resulted in the depletion of glucose and
ammonium sulphate concomitantly, and, as a last
Aerobic cultivations mean of survival, sporulation occurred in both the

Figure 1 and Figure 2 present the results obtainezhses in response to exhaustion of these nutrients.
during cultivation under excess-oxygenAt 24 hs of cultivation, the maximum spore
availability at 30C and 37C, respectively. concentration of 10 CFU/mL was attained at
Growth rate during the exponential phase &C30 37°C. Due to the slower growth rate, a lower spore
was half than at 3T (data not shown), while the concentration, around 1CFU/mL, was observed

maximum biomass concentration reached was trtt 30°C at the same time.
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Figure 1 - Time course of cell growth, substrate consumptamy sporulation, during aerated
cultivation ofBacillus subtilisR14 at 30° C
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Figure 2 - Time course of cell growth, substrate consunmptiand sporulation, during aerated
cultivation ofBacillus subtilisR14 at 37° C.

Anaerobic cultivations and/or sodium nitrate (Fig. 3). Neither
B. subtilis considered for a long time as a strictfermentation nor nitrate respiration could be
aerobe, can also grow anaerobically either bgbserved under these conditions. After 72 hs of
utilizing nitrate or nitrite as an electron accemo inoculation, no growth was observed in any case
by fermentation in the absence of electrorstudied. However, these results were not
acceptors (Nakano and Hullet, 1997; Nakano andnexpected. It has been shown tBatsubtilishas
Zuber, 1998). To verify whethd®. subtilisR14 a very inefficient glucose fermentation system,
could grow under strict anaerobic condition,which requires the addition of pyruvate or mixture
cultures were carried out in anaerobic jars usingf amino acids to support growth on minimal
minimal media containing ammonium sulphatemedium (Nakano et al1997).
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Figure 3 - Time course of cell growth ddacillus subtilisR14 in different cultivation media at
37°C: (A) anaerobic growth and (B) aerobic growiBAN - Glucose + ammonium
sulphate + sodium nitrate sodium; GA - Glucose +mamium sulphate; GN -
Glucose + sodium nitrate; GPAN - Glucose + sodiymupate + ammonium sulphate
+ sodium nitrate; GPA - Glucose + sodium pyruvatammonium sulphate; GPN -
Glucose + sodium pyruvate + sodium nitrate.

To study the influence of the addition pyruvate tanechanism of antibiosis has been shown to be one
the growth of B. subtilis R14 in anaerobiosis, of the most important (Thomashow and Weller,
sodium pyruvate was added to the minimum media996). Among several peptide antibiotiBacillus
used previously. In all of the cultivations carriedspp. produce lipopeptides, which are amphiphilic
out on medium containing glucose and pyruvate asompounds with surfactant activity (Zuber et al.,
carbon sources, microbial growth was detected993). The production of both antimicrobial and
(Fig. 3). Growth in the presence of pyruvate can bsurfactant activities occur during the growthBof
attributed to the induction of the gene that cedifi subtilis R14 on solid and liquid complex media
the pyruvate dehydrogenase (PDH), whicHMonteiro et al.2005). For this strain, it has been
catalyzes the synthesis of acetyl-CoA fromshown that antibiosis has a major role in the
pyruvate (Nakano et all997; Nakano and Zuber reduction, observed in greenhouse and field trials,
1998; Nakano and Zuber, 2002). In the mediaf the incidence of black rot of crucifers and itfru
containing sodium nitrate, higher yield on biomas®lotch of melon.

was observed in relation to growth on medialhe soil, a natural habitat f@. subtilis contains
containing ammonium sulphate as the sol@mumerous anaerobic microenvironments, and
nitrogen source. When nitrate was present in the@any genes required for antibiotic production by
medium, it was reduced to nitrite, corresponding t@. subtilis are induced by oxygen limitation
an anaerobic respiration, which yields 36 to 3§Nakano and Zuber, 2002). The soil also contains
ATP molecules (Ramos et aPQ00; Sonenshein, an abundant source of nitrate. To assess the
2002). In the absence of nitrate, growth may occunfluence of oxygen limitation and the presence of
by the fermentative pathway, in which energy isiitrate on the production bioactive compounds by
generated by phosphorylation at the substrate levBl subtilisR14, cultivations were carried out under
(energy vyield of 2 ATP molecules) (Nakano andoxygen limitation in different glucose media,

Zuber, 1998). containing ammonium sulphate, sodium nitrate or
both nitrogen sources at 37 °C.
Oxygen-restricted cultivations Figure 4 presents the results obtained during

Bacillus spp. are involved in the control of plantoxygen-limited cultivation on glucose and
diseases through a variety of mechanisms ammonium sulphate medium. After inoculation,
action, such as competition, systemic resistandde growth was unrestricted until less than 8 hs of
induction, and antibiotics production. Thecultivation, after which growth followed a linear
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pattern, indicating that oxygen limitation tookwere detected throughout the oxygen-limited
place. Growth ended after 50 hs of cultivationgrowth. At 75 hs of cultivation, a maximum
when carbon and nitrogen were still available, bubioactivity was observed (~ 21 mm) when growth
oxygen might be depleted. Growth could notwas already declining. The biomass yield on
proceed further since fermentation does not occumonsumed glucose was much lower than under
in anaerobiosis in minimal medium as shown irexcess-oxygen cultivation, and sporulation was not
the anaerobic jar cultivation experiments.observed under this restricting condition.
Increasing bioactive compound concentrations
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Figure 4 - Time course of cell growth, substrate consunmtiand bioactive compound
production, during oxygen-restricted cultivation Bécillus subtilisR14 at 37° C,
with ammonium sulphate as sole nitrogen source.

Figure 5 shows the results on growth and productase could be attributed to the fact that the
formation by B. subtilis R14 using glucose and inoculum was grown on glucose and ammonium
sodium nitrate as the sole nitrogen source. A lineasulphate medium. The production of bioactive
growth pattern was observed as when ammoniucompounds was also observed during the restricted
sulphate was present as the sole nitrogen sourgeowth phase. The maximum activity (~25 mm)
(Fig. 4), but a higher biomass yield was obtainedwvas higher and attained earlier, at around 60 hs of
As in the previous case, growth proceeded focultivation.

about 50 hs. The longer lag phase observed in this
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Figure 5 - Time course of cell growth, substrate consunmtiand bioactive compound
production, during oxygen-restricted cultivation Bécillus subtilisR14 at 37° C,
with sodium nitrate as the sole nitrogen source.
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Figure 6 shows the results obtained whelt around 35 hs of -cultivation, maximum
ammonium and nitrate were used together dsioactivity, equal to the one obtained with nitrate
nitrogen sources during oxygen limitation.as sole nitrogen source, was already attained.
Growth rate was enhanced when compared to thir one of the oxygen-restricted cultivations, the
previous case. Growth ended before 30 hs dctivity of the compounds produced By subtilis
cultivation, when ammonium was nearly depletedR14 was tested against other important
The maximum biomass obtained was higher thaphytopatogenic bacteria besidésgrobacterium
that obtained with ammonium sulphate and lowetumefaciensAll the bacteria tested were sensitive
than that obtained with sodium nitrate. This resulto the compounds as shown in Table 2. The
could indicate that while ammonium was usednhibition halos were similar or larger than those
solely as nitrogen source, nitrate might have beesbtained for X. campestrispv. campestrisand
used as a final electron acceptor. Even though, ticidovorax avenasubsp. itrulli, causal agents of
growth was not observed on this medium undethe black rot of crucifers and the bacterial fruit
anaerobic conditions, nitrate reductase has bedrotch of melon, respectively, which have both
isolated from B. subtilis cultured under low shown to be efficiently controlled bB. subtilis
aeration (Nakano and Zuber, 1998). As in the tw&R14 (Assis et al., 1996; 1997; Monteiro et al.,
previous cases, bioactive compounds productioR005; Santos et aR006).

occurred throughout the oxygen-limited growth.
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Figure 6 - Time course of cell growth, substrate consumptiand bioactive compound
production, during oxygen-restricted cultivation Rdcillus subtilisR14 at 37° C,
with ammonium sulphate and sodium nitrate as nénogpurces.

Table 2 - Activity of bioactive compounds produced B subtilis R14 during oxygen-limitation against
phytopathogenic bacteria.

Microorganism Halo (mm)
Agrobacterium tumefaciens 26.3+0.1
R. solanacearunRS103 bv.1 15.8+0.1
Pectobacterium carotovorum 159+0.1
Xanthomonas campestps. viticola 145+0.2
X. campestripv. campestris 13.6+0.2
Acidovorax avenasubspcitrulli 12.1+0.2
Erwinia amylovora 11.8+0.2
Ralstonia solanacearunkRS13 bv.1 11.0+0.1
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