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Biocontrol of Bacillus subtilis against Fusarium verticillioides in vitro
and at the maize root level
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Abstract

Bacillus species as a aroup offer several advantages over other hacteria for profection against rool pathagens because of their ability to form
enduspores. and because of the broad-speetrum activity of their antibiotics. The ohjectives of this work were to determine the ability of striins
of Beacilhus toinhibil Fusarim verticilfioides growth and fumonisin B accumulation in vitro, and 1o evaluate the ability of the best hagterivm
for preventing rhizosphere and endorhizosphere colonization by E vertivillioides, Bacterial populations from the maize rhizoplane were
uhtained, and the capacity of ten Baeitfus strains to inhibit fungal growth and lumaonisin By accamulation in vitry was assaved. According (o
Ihese fesults. B subilis CED was selecied as the best anlagonist for testing maize raot eolonization of F verticillioides. Bacillus snbiilis CEl
at 10F and 107 CRUmI~" inocula was able to reduce rhizoplane and endorhizosphere colenization of £ verticillicides in greenhouse rials,

The strain 8. sebtilis CE| could be a potential biclogical control agent against £ versicillioides ot the ronn Tevel.

& 2005 Elsevier SAS. All rights reserved,
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i. Introduction

Maire (Zea mays L) is one of the moest important cercal

erains grown worldwide. Fusaran verticilliotdes is one of

the most commonly reported soil-borne fungal pathogens in-
lecting maize [ 1,2.36] and the most prevalent Fusarinm 1so-
lated in freshly harvested maize in Argentina [11,18] This
microorganism not only causes severe reductions in yields
and quality, but also produces secondary metaholites such as
fumonisins (FB), especially fumonisin By (F13;), which af-
feet human and animal health 10,1931, F verticillioides
san be found inomaize elds at diflerent stages of maize car
development [23]. The discase symptoms vary [rom asymp-
tematic infection 1o severe roting of all plant parts. Mowve-
ment of the funmus inside the young plant from the roots to
the stalk and linally 1o the cob and kernels has been shown
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in u number of studies [23.38]. Since £ verticillioides is cn-
dophytic in maize [2] and is almost universally associated
with muize and maize products [43.44], it 1s very important
to contrel this specics in this agriculurally imponant com-
modity. Furthermore, rootl colonization by £ vertieillivides
has heen considercd the initiator of systemic infection that
eventually resulis in the {ungus producing [umonising in
kernels, Seed treatment with hiocontral agents is an appro-
priate method for hiocontrol of soil-borne plant pathogens
in the spermosphere and rhizosphere [4,24,30,35]. Bacilfus
species, us a group, offer several advantages over other bac-
teria for profection agmnst root pathogens because of their
ahility ta form endospores and the broad-spectrum activity
of their antibiotics. There are numerous repornts of Hoecil-
fies spp, which repress pathogens [3,13,15]. Rhizosphere col-
onization and root disease control with Bacillus species in-
trodduced as seed inoculants have been reported [20,27.29],
The influence of bivlogical control agents that protect seeds
and roors has been determined clsewhere |3,28,48], but the
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ability of Bacilfus strains to prevent F. verticillioides cal-
onization of maize roots in Argentina has not been cvalu-
ated.

The ohjectives of this work werer (1) 10 determine the
ability of strains of Bacilfus 1o inhibit £ verticillioides
growth and fumonisin By accumulation in vitro, and (2) to
cvaluate the ability of the most effective bacterium for pre-
venting rhizosphere and endorhizosphere colonization by
F verticillioides,

2. Materials and methods
2.1, Sampling

Samples from a commercial maize ficld (Morgan M401,
Argentina SA, Buenos Aires, Argenting) were collected dur-
ing seedling stage (15 days). The field soil was Toamy sand.
Twenty plants were randomly chosen and removed. Plants
were lifted together wath adherent soil into plastic bags,
transported fo the laboratory within 12 b and analyzed the
same day.

2.2. Microorganisms

To obtain bacterial populations from the maize rhi-
zoplane, roots were gently washed in phosphate-buffered
saline (PBS, Oxoid, Lid., London, UK) for 2 min o remave
the adhering soil and shaken for 5 min in PES conunning
0.025% Tween 20, A threeleld dilution of the homogenates
was plated on tryptic soy broth plus 2% agar (TSBA). Plates
were incubated for 24—38 ha 23 °C. Total counts and counts
per colony type were made. One colony per colony lype was
isolated and purified on TSBA [25.26.47].

Selected Bacilins sirains were examined [ Gram re-
action, oxygen requirciment, spore formation and catalase
reaction [47]. Ten out of 74 strains of Bucillus spp. were se-
lected according to exclusionary principles eriteria proposed
by Cavaglicrs et al. [8], These hacteria obtained higher niche
overlap indices (NOIs).

Sirain CEL, the best in vilro competitor, was identilied
on the basis of 168 rDNA gene sequence similanity analysis
conducted by Macrogen (Pathlinder in Genomics Research-
Macrogen Tne., Korea). Bacillus subtilis CEIl (RCRL 1284
demonsteated 1009 similarity with B. subtilis 1413, MO4,
AYS53097).

E verticilioides MTOTS, a fumonisin By producer, was
isolated from maizc in Argentina. This strain is deposiwed
in the Fusarimm Rescarch Center Collection (Pennsylvania
Spate University, University Park, PA USA),

2.1 Bacillus inoculim preparation
Two loopfuls of each bacterium from 3 day-old cultures

on triptic soy agar (AS) were transferred separately w50 ml
tryplic soy broth (TSB) medium andl incubated overnight

al 25°C. Bucterial cells were centrifuged (4300g, 15 min}
and re-suspended in spore suspension (sodium lauryl sul-
Fate 0009, Serial decimal dilutions were done tw obtain
109 cellsml ™! from each bacterivm homogenate. The con-
centration of cell suspension was determined using a hemao-
cylometer. Viability was confirmed by standard plate count
method using TSBA.

2.4. Fungal spore preparation

Erlenmeyer llasks (300 ml) containing 100 ml of a sporu-
lation medium [7] were inoculated with o 6 mm disk cul
from a sinsle spore isolate of £ verdicillivides cultured on
carnation leaf agar (CLA) [37] using a sterile cork borer,
Cultere was ingubated at 25°C for 7 days on an oscilla-
tory shaker (200 rpm). At the ¢nd of the incubation period,
spores were harvested hy filtration through sterile gauze.
The spore suspension was prepared in sodium-lauryl sullale
(0014, wiv) and NaCl (3%). The spore concentration was
determined using a hemocylometer and su spensions were di-
luted 1o ohiain 10 spores ml~!, Conidial viability was con-
firmed by the standard plate method using Nash and Snyder
agar [37].

2.5 In vitro studies

2.5.1. Determination of anlibiosis

Culture mediom was 3% maize meal extracl agar
(MMEA) [32]. Perri dishes were inoculated with 10 ul of
109 sporesml™" of E verticillioides in the center of each
plate. Ten microliers of the different hacterial antagonists
10 a final concentration of 10% CFU ml ! were invculated in
2 5 mm diameter wells around the fungal inoculum. Treal-
ments were incubated Tor 10 days at 25°C in polyethylene
hags. The inhibitory elfects of Bacillns strains on the lin-
car growth of F verticillivides were determined. For growth
of dual cultures (Bacilhes spp—F verticillivides), compleie
growih inhibition was considered 1o be 1004 inhibition, The
percent of inhibited £2 verticillioides was calculated.

2.5.2. Derermination of inhibition
af funionisin By production

Belvre cooling, MMEA (10 mly was combined with
100 i (10" cellsml~ ') of each antagonist and poured into
Petri dishes (60 x 10 mm). Ten microliters ol & vernieil-
tioides (107 cellsml ™"y were inoculated into the center of
cach plaie. Colturcs were incubated al 25°C for 20 days in
polycthylene bags. Toxins were extracted with acetonitrile—
water (131, vwiv) by shaking the culure media and mycelia
from coineculated and control cultures with the solvent (o
30 min on an orhital shaker (150 rev min~ ') and then filter-
ing the extracts through filer paper no. 4. Whatman) [17].
The extracts were Trozen and stored at—20°C uniil analyzed.
An aliquor of the extract (1000 pl) was taken and diluted with
acetonitrile—water as necessary for high performance liquid
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chromatosraphy, The fumonisin content of the OPA deriva-
tive was evaluated by HPLC. us described by Shephard et al,
[46] and modified by Doko et al. [14].

2.5.3. Maize seed sterilization and inoculalion

Maire sceds were sterilized by gamima irradiation at 25 °C
in 2 "Co source at the National Commission on Atomic En-
croy {Buenos Aires, Argentina); a dose of 1200 krad was
psed. This treatment was used o eliminate the natural mi-
croflora of seeds withow affecting their germination, viabil-
ity and nutritive value [16]. Stenlity tests were performed (o
determine the efficacy of imadiation treatment, Maize seeds
were placed in dichloran—rose-bengal—chloramphemcol agar
(DRBC) |39 and plates were incubated lor 7 days at 25°C.

Tor determine the initial water content, 2 g of maize seeds
{five replicates) were dried using an oven with torced air cir-
culation for 3 h a 130 4 1°C. Samples were then weighed
until they reached constant weight and the initial water con-
tent was determined . Twenty grams ol irradiated maize seeds
were placed in horosilicate Peiri dishes and adjusted with
sterile distilled water o achicve 0.982 water activity, The
water content of maize was allowed wequilibrate for 7 days
at 5°C 1w avoid seed germination.

Petri dishes containing 70 g of maize graing were inoc-
ulated with 1 ml (10 sporesml™') of E verticillioides and
Ul (10 cellsml ™'y of £, subtilis. Control treatment con-
sisted in 70 g of maize grains with | ml (0% cellsmi ™'y
ol £ verticillioides. Culwres were incubated for 35 days at
25 2 in a chamber under controlled relative humidity (975 )
achicved using a K280y saturated solution. To avoid any
changes in relative humidity, the saline solution was replaced
daily with fresh solution over a 35-day perod. Three repli-
eates per treatment were removed at 10, 20 and 35 interval
days for analysis of ergosterol content, fumonisim By content
and E verticillivides colony-forming units (CFUs).

2.5.4. Ergosterol analysis

Ergosteral was determined according 1o the method pro-
posed by Scitz et al. [45] and maodificd by Bermingham
el al, [5]- A 10 g sample of ground maize was extracted
with 50 ml of methanal for 30 min on a shaker, The ex-
ract was liltered and 25 ml were added (o a screw-capped
test tuhe contining 3 g of KOH. The mixture was agi-
tated on @ vortex mixer o dissolve the KOH and 10 ml of
n-hexane was added. The mixture was incubated am 73°C
in a water bath for 30 min and then it was allowed to cool
1o room temperature, The mixture was allowed to settle and
25 ml of the extract was obtmned. Five ml of distilled wa-
ter were added o the mixtore. Tt was shaken and then the
hexane layver removed and transferred to a 30 ml beaker.
The mixture was extracted a second ume and combined
with the first hexane extract. The pooled hexane extracts
were evaporated on a hot-water bath (65 °C). The residue
was redissolved in 5 ml of methanol (HPLC grade), filiered
through a Millipore filter of (.45 pm and the filtrate subject
to HPLC analysis. Twenty ml of the filtrate were analyzed

using the methed proposed by Bermingham et al. [3]. The
extract was loaded on a reverse phase column { Phenomenex
IB-SIL 5 C18. 150 » 4.6 mm, 00F-0082-E0) with a UV de-
tector {Hewlett-Packard). The absorbance of ergosterol was
detected at 282 nm. The mobile phase was methanol—water
{96:4) a1 @ flow rae of 1.2 mimin™'. A standard ergos-
terol (Sigma) retention time of 8.3 min was used to develop
a calibration curve using ergosterol solutions of 1, 2, 3, 5
and 6 mgml~ I, A 20 pl injection was used for each level.
The precision of the ergosterol extraction method was de-
termined by analysis of ergosterol concentration. The mean
ergosterol concentration for S experimental samples ranged
from 92.6 10 102 pge ! and the percentage coefficient of
variation by the erposterol concentrations were: | pg. 8.1%:
5 g, 3.9%:; 10 pe, 2.6%: 25 pg, 2.7%. The ergosterol re-
covery from spiked samples with 100 pg had a mean of
96 pg {n = 10, range = 89-100) and a coefficient of vari-
ation of 3,60

2.5.5, Fumanisin By analysis

The fumonisin B concentration was determined using
the method proposed by Shephard et al. [46]. Ground maize
seeds (25 g) were extracted with 50 ml of methanol:water
{3:1. wiv) and shaken for 30 min on an orbual shaker. The
extract was fillered through fAlter paper (no. 4, Whatman,
Inc., Clilton. NJI). The extract was quantitatively analyzed
tfor FI3| by HPLC as described above.

2.5.6. [ verticillivides CFUs

Ground maize (10 g) was blended with 90 mi of (L1%
peptone water solution. Serial dilutions from 1077 10 107%
were made and 0.1 ml aliquots were inoculated n triplicate
on Nash-Snyder agar. Plates were incubated for 7 days atl
244C. Total counts were made. £ verticillioides was con-
firmed according to Nelson et al. [37].

2.6, Greenhouse stndres

According o results obtained in in vitro assavs B sub-
rilis CEl was selected as the best antagonist to test maize
root colonization of F verficillivides. B. subnlis CE1 in-
oculum was prepared as described above, Senal decimal
dilutions were done Lo obtain 10, 107 and 10° cellsml ',
Antagonistic treatments were prepared: (1) B subnlis CE|
at 10° cellsml~": (2) B. subrilis CE1 a1 107 cellsmi™"; and
(3) B subrifis CEL at 10° cellsml ™'

Seventy-five seeds of maize were submerged in 100 ml
of bacterial inoculum in 250 ml Erleameyer flasks. Control
seeds were submersed in 100 ml of TSB. Flasks (250 ml
Erlenmeyer fasks) were incubated at 25°C on a rolatory
shaker at 70 rpm for 2 h to allow bactenal cells to adhere o
seeds. After incubation, excess moculum was removed and
seeds were immediately planted for greenhouse studies.

B. subtilis CE1 was tested for its ability to inhibit F ver-
ticillioides root colonization using a modification of the
tube assay described by Weller and Cook [49]. Plastic tubes



2.5 mm in diameter and 16.5 cm long were filled with 2 cm
of field maize soil. One treated seed was placed on lop of the
soil and covered with 2 em of sand—vermiculite (131, wiv)
MNon-treated seeds were planted as controls in cach assay.
Water was added 1o cach wbe on alternate days alter plant-
ing, racks of wbes were covered with aluminum foil, kept
in the dark for 5 days at 20°C, then uncovered and kept
at 20°C with a 14 h photoperiod. After 20 days. all plants
were collected and CFU counts of F veriieillioides from thi-
zoplane and endorhizosphere levels were made according o
Cavaglieri et al. [8]. This assay was done twice,

2.7 Statistical analvsis

Antibiosis, ergosterol and fumonisin By content and CFU
counts were analyzed by analysis of variance. Means were
compared by Fisher's LSD test to determine the signifi-
cant difference hetween control and co-cultures except for
fumonisin By content, for which the Scheffé rest was per-
{ormed. The Pearson corrclation coefficient was used 1o
evaluate the strength of the relationships between in vitro
and in-greenhouse conditions [41]. The analysis was con-
ducted using PROC GLM 11 SAS (SAS Institute, Cary, NC,
LJSAN

Talsle |
Tni vitre acitles sieain antagonism toward £ vertiotiiodes MTOTS

3. Results
34, Antibiosis and reduction aof fumenisin 8 production

Antibiosis produced by 10 Bacillus surains on £ verricil-
linides M7T075 and their influence on fumonisin By produc-
tion in vitro are shown in Table 1. All strains sigmficantly in-
hibited F verficitlioides growth. Antibiosis ranged between
2% and 78%. Bacillus sp. 3 and Bacillus sp. CE1 produced
the greatest antifungal activity. Mean values of fumonisin
By production were compared. Only Bacillus sp. CEl and
Bacillus sp. 86, were able 1o reduce wain production, 50
and 29%, respectively. Bacillus sp, CEl showed the maost
consistent F verticillioides inhibiticn of both growth and fu-
monisin production in vitro.

3.2, Influence of B, subtilis CET on E verticillioides
ergastern! content, fumonisin By accunmiation ane CFUs

The influence of B subiilis CE1 on F verticillivides
M7075 ergosteral content, fumonisin production and CFUs
an irradiated maize at different incubation periods is shown
in Table 2, Ergosterol content was reduced 68, 44 and 42%
after 10, 20 and 35 incubation days. respectively, when it

Hecitlos Foverticillinides MTOTS

siram Colony Sehedte Antibiosis Fumonisin By Jrheffs Fumonisin 1y
diameter (mm)® | et (% production (g e P test reduction (%)

C 1033+ 1354 br - Jux15 & -

3 7.6+ 5.00 i % 221+ 188 a o

CE1 11,35 £ 4.649 h o] 19109 r 50

13 2364 1489 f s 051 34 [ /]

20 1933+ 13,11 4 EH] CN B s © 0

24 364 £ 1822 - b L ol 0

56 32T £ 1259 d 42 56427 i ]

04 2060 £ 100G c 28 I | @ [&]

67 35,0064 11.80 a 15 TRE33 b 0

80 36,000+ 18,52 £ 43 71+ 341 he Q

86 3266+ 1453 b k3| 2T 412 I 29

Wlies are the mean + S0 (standard deviation of 3 replicates). Letters in commmon are nol sig

[P < 0L001), PSeheffé rest {F < 0.001).

ticamly different accomling 1o *Fisher's protected LD test

Tuble 2

Erzosterc] production, fumomisin By production and CFUs of £ verrivillisides MTOTS grown in co-culluns 1 veritcillivides—B. subetlis CED) on imediated
THTE

Inguhation Treatment F verdcilliordes MITS

{days) Frgosteral Fumodisin lovg g CFU=
— (g Byipee™") {logp CFUE™")
1l C 610 1849+ [3e +77b

20 c ITE+ 1B S I o O 02+ 88a

a5 C 4T44+1Ta e+ 1llb I0L7.2a

i FE MEe1lf s L1ar G+ 3.7 be

20 B 2L EDSe 90T+ 1.1c 6.0+ 3.0cd

35 FE 2704134 Map 014 49£35d

Values are (e mean + SI3 (siandard deviation) of 5 replicates. C: manze + F verticillivides M7075; FB: dual cultores £ verticillioides—B. subdlis CEl on
maize. Means in a column with a letler in common are net significantly different accoring 1o the LED test (£ = 0.001)



Table 3

F vertivillivides roct eounts from rhizoplane and enderbizosphere of marze after 20 growing days

Bactenal secd

logyg 7 verticillioides CFU g™ of oot tissue

i

Inhibitien (%)

treatments (cells mi~ !y Rhizplane Inhibiticn (%} Endorhizosphere

Untreated control 061 £ 3061 2 59564 3235 0
109 4880 +3.39Tah 145 4548 £ 3238 b 14.03
i 4497 £ 4060 b 11.20 3605 £ 536 ¢ 3579
1 0A40 + 2447 ¢ 9855 0008 4 0,354 d LR

% Viglues are the mean £ SD (standard deviation) of 15 neplicaes, The letters in commaon arg ool significantly different according o 151 fest [ = 0001

Table 4
Correlation cocflicient of antibiosis on maize grains and £ verticlliondes
ClFUs in precnhouse cxperiments

Interaction Correlation coelticient (r}

Antibiosis 955y VS 0N ErLN 355y 0.998
Amtibiosiz assay ve greenhowse assay (1505
Oy graing assay v grecniouwse wssay (.05

Significance was defined as any cormelation = 0,50,
MR X T

was comparcd with controls. The maximum level detected
wis 47.5 pge~! after 35 incubation days. B. subiiliv CEl
significantly reduced FB accumulation, which reached 33%
at 35 incubation days. About 10" cells ml~" of F verticil-
linighes were found in control treatments at all incubation
periods assayed. The bacterial treatment reduced the CFLUs
over 24-23% at 20 and 35 incubation days, respectively (Ta-
ble 2.

3.3 Greenhouse studies

Table 3 shows the influcnce of B, subrilis CE1 on native
F verticillivides colonization at different inoculum sizes and
maize root levels. Seed bacterization with B, subtilis CLE at
105, 107 and 10°% cells ml—! inoculum concentrations inhib-
ited & verticillivides counts at the rhizoplane level, whereas
all bacterial treatments reduced the lungal CFUs at the en-
darhivosphere level. The 10° cellsml™" dose showed the
highest inhibition percentages of Fo verticillivides inhibition
at the two root levels tested,

3.4, Correlation analysiy

To analyze the behavior of B, subeilis CE] 1P cellsml ™!
between in vitro and greenhouse studies, the Pearson corre-
lation cocllicient index was applied. The three experiments
showed positive correlations (r = 0,998, r = 0.995). There
was substantial antibiosis (60%:), and E verticillioides CFL
reduction (40-504) m in vitro assays. Moreover, a similar
behavior in greenhouse trials, in which colonization inhibi-
tion reached high values (98.55-09.86%) could be observed.
These results showed that in vitro anlagomistic ability was
maintained in the greenhouse study (Table 4).

4, Discussion

This work reveals that 8, subiilis CEl can be used to
inhibit F verticillivides maize root colonization. The appli-
cation of this knowledze should contribute to preventing ver-
tical transmission of endophytic F verticillioides and could
help to reduce Tuture maize grain fumonisin contamination.

In previows siudies we demonstrated the utility of the
niche overlap index (NOT) in choosing the best bacterium
45 a potential biocontrol agent [8.9]. In this work, inhihitory
studies conducted in vitro with Bacillus strains, sclected ac-
cording to NOIL, demonstrated their ability to inhibit £ ver-
ticillioides growth. Earlier studies reported Bacillus spp. an-
tibiotic properties and potential biologieal control of plant
pathogenic fungi [33,34.40].

One of our Bacillus sirains stimulated fumonisio By pro-
duction in co-culture, This is in agreement with Cuero ctal.
[12] who Tound B amyloliquefaciens able to increase Loxin
production of Aspergillus favas in maize grains, It is poassi-
ble that the Beeillus strain under our experimental conditions
aliered the substrate enhancing growth of £ verficillioides
and its ahility to produce FB;.

B. subtitis CEl, isolated in this research, wus demon-
strated 10 be the most effective in reduction, affecting fungal
srowth parameters and toxin production in vitro at afl incu-
hation periods tested.

In terms of its potential application as a biocontrol agent,
sced bacterization studies with B, subtilis CEL were car-
ried out 1o assess, in a rhizosphere environment, its antag-
onism toward the indigenous maize £ verticillioides. Ap-
plication of bacleria to sceds has been used for biological
cantrol ol soil-borne plant pathogens aflecting many host
plants [4.21.42]. There exist few data concerning inhibi-
tion of E verticillioides by bacterial isolates. Hinton and
Bacon [22] reported that one isolate of Enterobacter cloa-
cae associated, as an endophyte, with corn roots, stems and
lenves. is antagonistic woward £ menififorme and other toxic
fungi associated with cor. More recently, studies involving
F verticillivides and B. subiilis showed promising reduction
of mycotoxin accumulation during the endophytic growth
phase [3]. The results oblained in this study show the ahility
of B. subrilis CE1 w reduce rhizoplune and endorhizospherc
F. verticillioides colonization at all inoculum and maize rool
levels tested, with 108 cellsml™" being the most effective
concenlration.



It is generally recognized that expression of anlagonism
by & microorganism towards a pathagen in culture medium
cannot be regarded as evidence thal the microorganism will
control the pathogen in the field [42]. Bevivino el al, [6] ob-
tained a poor correlation between in vitro and greenhouse
studies when assessing Burkholderia cepacia antagonism
against F meniliforme and . prolifevatum on maize. In con-
irast, results obtained in the present study indicated an im-
portant correlation belween anlagonism recorded in vito
and the effectiveness of B. subtilis CEL at inhibiting colo-
nization of £ verticillioides on maize grain and in green-
house mals.

In conclusion, B. subtilis has potential, as a maize inoe-
ulant, for inhibiting F verticillioides oot colonization. Re-
search is continuing on the development of this bacterium as
a biocontrol agent in field wials,
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