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tion ranged for 62.1-88.4%, paralleling the correlation results
with the highest classification success for size 40 Indian River
red grapefruit. For handheld NIR testing of tangerine, classi-
fication results for halogen and LED light sources were simi-
lar. Predicted Brix levels were coupled with physical and color
features and analyzed by a neural network. This multi-feature

approach slightly reduced error levels for grapefruit but tan-
gerine results degraded when compared to predicted values
based on Brix only.
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Fig. 6. Average absolute error levels for Brix prediction by PLS or PLS plus
physical/color features analyzed by neural network. NN(1) terminated at
10,000 epochs, NN(2) terminated at 2000 epochs with minimum error level
of <0.0001 achieved.
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Abstract.

 

 Effective biocontrol of postharvest decay could pro-
vide an alternative approach for chemical control and for ship-
ping chem-free citrus. Developing effective biocontrol agents,
formulations and application methods for postharvest decay
control of citrus is obviously needed. With the effort to look for
effective biocontrol agents, two 

 

Bacillus subtilis

 

 strains GB03
and GB07, were tested for their potential biocontrol activity of
green mold caused by 

 

Penicillium digitatum

 

 on ‘Valencia’ or-
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ange. 

 

B. subtilis

 

 strain GB07 achieved green mold control of
72.2 to 100% in four separate experiments when a preventive
test method was used. GB03 only showed green mold control
of 11.1 to 55.6% under the same test conditions. GB07 also re-
duced green mold incidence by 83% when it was applied to
naturally infected fruit using a simulated commercial applica-
tion system through a packingline. The performance of GB07
for green mold control was similar to that of standard chemical
thiabendazole (TBZ) at 1,000 ppm level. To achieve good bio-
control activity, GB07 should be present in injury sites prior to

 

P. digitatum

 

 infections. A minimum required concentration of
GB07 at a 3 

 

×

 

 3 mm injury has been calculated as 2 

 

×

 

 10

 

6

 

 cells.
Under temperatures from 10, 15, 20, 25, and 30 

  

°°°°

 

C, the best ef-
fect of GB07 on decay reduction was obtained at 30

  

°°°°

 

 C, fol-
lowed by 25 

  

°°°°

 

C.

 

 

 

GB07 has also been demonstrated to produce
antifungal compounds which actively suppressed the growth
of 

 

P. digitatum in vitro

 

. 

 

B. subtilis

 

 GB07 may have good poten-
tial to be developed as a new biocontrol agent of green mold
and other decays on Florida citrus fruit.
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Postharvest decay is one of the major factors affecting
fresh citrus fruit quality, shelf life and economic returns in
Florida. Postharvest disease control in Florida is conducted by
an integrated procedure using synthetic fungicides as the
core component. There are three registered fungicides, thia-
bendazole (TBZ), imazalil and sodium o-phenylphenol
(SOPP), for postharvest treatments of citrus fruit. However,
there is a great potential risk that one or more of these fungi-
cides will be removed from markets due to increasingly re-
strictive federal regulations, pathogen resistance or other
factors. TBZ and imazalil are currently under the EPA review
for re-registration, and SOPP will be reviewed later. Currently
there are no alternatives to these postharvest chemicals in cit-
rus industry. Biological control of postharvest decays of fruit
and vegetables has been an active research area and may pro-
vide a good alternative to chemicals (Droby and Chalutz,
1999; Wilson et al., 1991). Biocontrol may also provide a good
tool to solve the problems of chemical residues in fruit and
juice and pathogen resistance development. Compared with
root or foliar diseases, postharvest disease is more suitable for
biocontrol since the environmental factors are more stable

 

and can be controlled. BioSave®

 

 

 

10 LP and Aspire are two
commercial biocontrol products registered for the control of
decays caused by injury-mediated pathogens on citrus fruit,
but their use is very limited in Florida due to the packing-
house operation conditions (Brown and Chambers, 1996).
There is a need to look for more practical and effective bio-
control agents for the control of citrus postharvest diseases in
Florida. The objective of this study was to evaluate two 

 

Bacillus
subtilis

 

 strains as the potential biocontrol agents for citrus
postharvest green mold control.

 

Materials and Methods

 

Fungal pathogen.

 

 A 

 

Penicillium digitatum

 

 strain (PD-9) was
originally isolated from decayed citrus fruit. The pathogen was
maintained in a soil tube and stored at 22 

 

°

 

C. The fungus was
recovered from the soil tube and grown on potato dextrose
agar (PDA) when it was needed prior to each experiment.

 

Bacillus subtilis

 

 strains. Two 

 

B. subtilis

 

 strains, GB03 and
GB07, were obtained from Gustafson, Inc., Plano, TX. GB03
and GB07 are active ingredients of commercial biocontrol
products, Kodiak and Epic, respectively. These two biocontrol
products were registered and used for control of root diseases
of cotton and other crops. These two strains have been main-
tained in original product materials and kept in a refrigerator
for about 10 yr.

 

Effects of B. subtilis strains on green mold on ‘Valencia’ orange.

 

Prior to fruit inoculations, 

 

P. digitatum

 

 PD-9 was grown on
PDA for 4 d, and 

 

B. subtilis

 

 GB03 and GB07 were grown for 7
d. The cell suspensions of 

 

P. digitatum

 

 PD-9 and 

 

B. subtilis

 

GB03 and GB07 were prepared from the PDA cultures. The
cell concentration of PD-9, GB03 and GB07 in suspensions
was 10

 

6

 

, 10

 

8

 

 and 10

 

8

 

 cells/mL, respectively, based on a hema-
cytometer determination. Two test methods were used in this
study: (1) Artificial application of biocontrol agents: ‘Valen-
cia’ orange were obtained from a local commercial packing-
house in Polk County, Fla. Fruit were not treated with any
chemicals before they were brought to the facility. Fruit were
washed, randomized, and dried through a simulated com-
mercial packingline. Fruit were wounded 3 mm deep and 3
mm diameter at a fruit equator site. One wound was made on
each fruit. Thirty fruit were used for each treatment. Twenty

 

µ

 

L of cell suspension (10

 

8

 

 cells/mL) of GB03 or GB07 were
placed into each wound. The fruit treated with water were
used as control. Biocontrol treated fruit then were incubated
in a dish pan with moist paper at 25 

 

°

 

C. After 24 h the same
fruit were inoculated with PD-9 by placing 20 

 

µ

 

L of the spore
suspension (10

 

6

 

 spores/mL) at each of the same wounds. In-
oculated fruit were incubated at 25 

 

°

 

C in the same dish pans.
Decay was counted every 2 d. (2) Simulated commercial ap-
plication of biocontrol agent:

 

 

 

The fruit were not inoculated
with the pathogen PD-9. The fruit were dripped with GB07
suspension (10

 

8

 

 cells/mL) or a postharvest chemical thia-
bendazole (TBZ) at 1,000 ppm when the fruit were run
through a packingline. The fruit were treated with GB07 or
TBZ on brush bed of the packingline for approximately 15
seconds. Three replicates were used for each treatment. Each
replicate had about 40 to 50 fruit. Treated fruit were dried at
50-60 

 

°

 

C for 1-2 min and then incubated at 21 

 

°

 

C and 90 to
100% relative humidity. Decay incidence was recorded weekly
up to 4 weeks.

 

Effects of B. subtilis GB07 concentrations on decay control.

 

GB07 cell concentration was made at 0, 10

 

3

 

, 10

 

4

 

, 10

 

5

 

, 10

 

6

 

, 10

 

7

 

,
10

 

8

 

 and 10

 

9

 

 cells/mL in the suspensions. These suspensions
and PD-9 spore suspension (10

 

6

 

 spores/mL) were used to
treat fruit wounds following the procedure of the artificial ap-
plication of biocontrol agents described as above. Treated
fruit were incubated at 25 

 

°

 

C, and decay was recorded at 4 d
after fruit inoculation with 

 

P. digitatum

 

 PD-9.

 

Effects of temperatures on the performance of GB07 on decay con-
trol

 

.

 

 Fruit were treated with GB07 (10

 

8

 

 cells/mL) and 

 

P. digi-
tatum

 

 PD-9 (10

 

6

 

 spores/mL) following the procedure of the
artificial application of biocontrol agents and pathogen de-
scribed previously. Treated fruit were incubated at a temper-
ature of 10, 15, 20, 25, and 30 

 

°

 

C. Decay was recorded every
day up to 8 d.

 

Effects of time periods of fruit injury colonization by GB07 on
green mold control.

 

 Fruit were wounded as described previously,
and 20 

 

µ

 

L of GB07 (10

 

8

 

 cells/mL) were placed into each
wound at 0, 4, 8, 16 and 24 h before inoculating the same
wound site with 

 

P. digitatum

 

 PD-9 (20 

 

µ

 

L of 10

 

6

 

 spores/mL).
Treated fruit were incubated at 25 

 

°

 

C, and decay was record-
ed at 4 d after fruit inoculation with PD-9.

 

Antibiotic activity of GB07 against P. digitatum in vitro

 

.

 

 B. sub-
tilis

 

 GB07 was cultured on PDA by making a single streak
across the center of the plate. After 2 d, 10 

 

µ

 

L of PD-9 suspen-
sion (10

 

6

 

 spores/mL) were placed on either side of the GB07
streak at a distance of 2 cm. Control plates were streaked with
autoclaved water and inoculated with PD-9 spore suspension.
Five plates were used for each treatment. The inhibitory activ-
ity of GB07 to PD-9 was recorded after the plates were incu-
bated at 25 

 

°

 

C for 4 d.

 

Data analysis.

 

 Analysis of variance and regression was per-
formed using the general linear model procedure of SAS.
Treatment means were compared using the Ryan-Einot-Gab-
riel-Welsch multiple range test (

 

P

 

 

 

≤

 

 0.05).

 

Results

 

Effects of B. subtilis strains on green mold control on ‘Valencia’
orange. 

 

When 

 

P. digitatum

 

 PD-9 was applied into artificial inju-
ry sites 24 h after 

 

B. subtilis

 

 GB03 and GB07 were applied,
GB03 and GB07 showed green mold control of 11.1 to 55.6%
and 72 to 100%, respectively, in four separate experiments
(Table 1). GB07 performed much better than GB03 for green
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mold control under the same test conditions. When GB07 was
applied to naturally infected fruit using a simulated commer-
cial dripping system through a packingline, GB07 reduced
decay by 83%, and TBZ at 1,000 ppm reduced decay by 73.6%
compared to non-treated control (Fig. 1). Statistical analysis
indicated that GB07 reduced green mold similar to commer-
cial standard chemical TBZ under the same test conditions.

 

Effects of B. subtilis GB07 concentrations on green mold control.

 

Green mold incidence increased as GB07 concentration at
fruit injury sites decreased (Fig. 2). There was a significant
negative correlation between green mold incidence and
GB07 concentration (r = 0.8838, P = 0.0036). The GB07 at 10

 

8

 

and 10

 

9

 

 cells/mL achieved 78.9% and 82.4% of green mold
control, respectively.

 

Effects of temperatures on the performance of GB07 on green mold
control.

 

 When the biocontrol tests were performed under tem-
peratures of 10, 15, 20, 25, and 30 

 

°

 

C, the best effect of GB07
on green mold control was obtained at 30 

 

°

 

C, followed by
25 

 

°

 

C (Fig. 3). Under 10 

 

°

 

C, green mold developed rapidly 7
d after fruit inoculation with 

 

P. digitatum 

 

PD-9. At 15 

 

°

 

C the
green mold increased significantly 5 d after inoculation.

 

Effects of time periods of fruit injury colonization by GB07 on
green mold control. 

 

The percentage of green mold control in-
creased as the colonization time of GB07 at injury sites in-
creased (Fig. 4). A significant positive correlation (r = 0.9938,
P = 0.00059) was obtained between them. When GB07 and
PD-9 were presented at fruit injury sites at the same time, the
percentage of green mold control by GB07 was only 33.3%,
while a 24-h of colonization of injury sites by GB07 prior to
the PD-9 inoculation showed a 100% green mold control.

 

Antibiotic activity of GB07 against P. digitatum in vitro.

 

 When

 

P. digitatum

 

 PD-9 was cultured on the PDA with GB07 streaked
culture, PD-9 had a little or no visual growth compared with
that in control plates (Fig. 5). The antibiotics produced by
GB07 strongly suppressed the growth of PD-9.

 

Discussion

 

Biocontrol of postharvest diseases has been an active re-
search area for many years (Droby and Chalutz, 1999). Two
biocontrol products, Aspire (

 

Candida oleophila

 

) and BioSave®

10 LP (

 

Pseudomonas syringae

 

), have been registered for com-
mercial postharvest treatment of citrus fruit for decay control
(Brown and Chamber, 1996). Since the decay control efficacy
and consistency of these biologicals are usually less compared
to the fungicides TBZ and imazalil, they have not been used in
Florida packinghouses (Brown and Chamber, 1996). In this
study, two 

 

B. subtilis

 

 strains were subjected to test their potential
for postharvest citrus green mold control. The data of this
study indicated that 

 

B. subtilis

 

 GB07 significantly reduced green
mold caused by 

 

P. digitatum

 

 if GB07 presented at injuries prior

 

Table 1. Effects of 

 

Bacillus subtilis

 

 strains on green mold on ‘Valencia’ orange
inoculated with 

 

Penicillium digitatum

 

.

Experiment Bacterial strain % Fruit decay

 

y

 

% Decay control

Expt. I Control 75.0 A

 

z

 

B. subtilis

 

 GB03 33.3 B 55.6

 

B. subtilis

 

 GB07 0.0 C 100.0

Expt. II Control 90.0 A

 

B. subtilis

 

 GB03 75.0 A 16.7

 

B. subtilis

 

 GB07 15.0 B 83.3

Expt. III Control 90.0 A

 

B. subtilis

 

 GB03 80.0 A 11.1

 

B. subtilis

 

 GB07 25.0 B 72.2

Expt. IV Control 83.3 A

 

B. subtilis

 

 GB03 50.0 B 40.0

 

B. subtilis

 

 GB07 10.0 C 88.0

 

y

 

Decay incidence was obtained after fruit inoculation with 

 

P. digitatum

 

 PD-9.

 

z

 

Means with the same letter within the same column are not significantly dif-
ferent (P 

 

≤

 

 0.05) based on the Ryan-Einot-Gabriel-Welsch multiple range test.

Fig. 1. Effect of Bacillus subtilis GB07 on green mold control of ‘Valencia’
orange using a simulated commercial application procedure. Means with the
same letter on each bar are not significantly different based on the Ryan-
Einot-Gabriel-Welsch multiple range test (P ≤ 0.05).

Fig. 2. Correlation between green mold incidence and Bacillus subtilis
GB07 concentrations at ‘Valencia’ orange fruit injury sites.
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to P. digitatum infections. This indicated that B. subtilis strains
may have good potential to be developed as new biocontrol
agents for postharvest decay control of citrus fruit. Similar in-
formation about B. subtilis strains as potential biocontrol agents
has also been reported by others on citrus and other fruits (Pu-
sey and Wilson, 1984; Pusey et al., 1988; Singh and Deverall,
1984). Since GB07 performed significantly better than GB03
on green mold control, it is possible that a good strain of B. sub-

tilis might be discovered or selected for green mold control
from screening a large number of B. subtilis isolates.

Generally, most biocontrol agents lack eradicant activity
compared with chemicals, and usually exhibit a preventive ac-
tivity by competing for nutrients or spaces with pathogens in
infection courts. Our study also demonstrated that GB07 pri-
marily exhibited a preventative activity. This model of action
is similar to that of the commercial biocontrol products, As-
pire and BioSave® 10 LP. Our study of GB07 on the relation-
ship between the pre-colonization time and decay control
efficacy showed that GB07 had to be presented at injuries at
least 16 h prior to P. digitatum infection in order to achieve a
more than 80% decay control. This can be a limitation for us-
ing GB07 to control green mold after pathogen infections.
However, in one of our tests, when naturally infected fruit
were treated with GB07 through a simulated commercial
dripping system through a packingline, GB07 significantly re-
duced green mold incidence. Since this was a simulated com-
mercial operation, the mechanisms of decay control by GB07
in this case might be due to a complex interactions among
fruit injury occurring time, injury healing degree, fruit tissue
resistance, GB07 colonization and P. digitatum infection.
Therefore, further studies of GB07 for decay control are
needed at commercial application procedure to fully demon-
strate its potential for postharvest decay control.

To achieve a successful decay control, the biocontrol or-
ganisms have to colonize injury sites with a concentration at a
certain level. Under our test conditions, a minimum GB07 con-
centration of 2 × 106 cells at a 3 × 3 mm injury site was needed
to achieve about 80% decay control. In addition, as a successful
biocontrol agent, it should survive at the injury site, proliferate
and compete with pathogen for nutrients and space, or pro-
duce antibiotics against the pathogens. It is not clear how well
GB07 can adapt to the citrus fruit injuries. Biological control
agents also can be greatly affected by environmental factors
such as temperature and humidity. These factors not only af-
fect the performance of biocontrol agents, but also affect host
fruit physiology, pathogen infection and pathogenesis. The re-
sults in the current study indicated that GB07 performed the
best at 30 °C, and followed by 25 °C. The best efficacy of GB07

Fig. 3. Effect of Bacillus subtilis GB07 on green mold incidence on ‘Valan-
cia’ orange under different temperatures.

Fig. 4. Effect of pre-colonization time of Bacillus subtilis GB07 at fruit inju-
ry sites on green mold incidence. Standard errors were calculated based on
three replicates.

Fig. 5. Antibiotic activity of Bacillus subtilis GB07 against Penicillium digi-
tatum PD-9.
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at 30 °C might result from a combination effect of fruit injury
healing and suppression of pathogen growth by high tempera-
ture. At low temperature, 10 and 15 °C, green mold was less in
the initial several days after fruit inoculation with the patho-
gen. This might be due to the slow proliferation and infection
of pathogen at the low temperatures. The best biocontrol of
green mold may be achieved under particular environmental
conditions which promote biocontrol agent’s activities and
suppress the pathogen’s activities.

In this study, the antibiotic activity of B. subtilis GB07
against P. digitatum in vitro has been demonstrated. The anti-
biotic production by B. subtilis has also been reported by
many other researchers (Burachik et al., 1964; McKeen et al.,
1986). Most of the known antibiotics produced by B. subtilis
are polypeptides (Burachik et al., 1964; Katz and Demain,
1977; McKeen et al., 1986). However, it is still not known if
GB07 produces the antibiotics at citrus fruit injuries. If so,
what role that the antibiotics may play for decay control in cit-
rus fruit needs further study.

Compared to the commercial biocontrol agents BioSave®
10 LP and Aspire, the advantages of B. subtilis strains as biocon-
trol agents are their strong resistance to adverse environmen-
tal factors since B. subtilis can produce endospores. The
endospores are dormant resting cells with distinctive proper-
ties of great resistance to external environmental factors such
as heat, UV irradiation and toxic chemicals. Because of this
characteristic of B. subtilis, the cell viability maintenance of
GB07 should be much easier and effective during storage and
delivery compared to other biocontrol agents. This study
mainly focused on the potential of GB07 for green mold con-
trol. It is likely that GB07 may also have potential for the con-
trol of blue mold caused by P. italicum and sour rot caused by
Geotrichum candidum since these decays are also caused by in-

jury-mediated fungal pathogens. Probably GB07 has no effect
on the control of citrus stem-end rot caused by Diplodia natal-
ensis and Phomopsis citri since these pathogens are latent infec-
tion fungi and colonize fruit bottom tissue and develop when
natural openings occur during abscission (Brown and Wilson,
1968). Further studies are needed before GB07 can be recom-
mended and developed as a new effective biocontrol agent for
the integrated postharvest disease control of citrus in Florida.
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Abstract. Collard greens (Brassica oleracea var. acephala)
“Manteiga” were harvested in commercial fields in Brasilia,
Brazil, aiming to evaluate different oxygen, carbon dioxide and
nitrogen combinations to extend the shelf life of the fresh cut
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product. After harvest, leaves were taken to the postharvest
laboratory, selected for external blemishes and minimally pro-
cessed (3 mm thick) inside a cold room (13 ±±±± 2 °°°°C). After pro-
cessing, fresh cut collard greens were stored under two
controlled atmosphere (CA) conditions (3% O2, 4% CO2; 5% O2,
5% CO2 - balance N2), and normal air (control), at 5 °°°°C (95% RH),
for six days. Daily, minimally processed collard greens were
evaluated for total vitamin C, total chlorophyll, total soluble sol-
ids content, and titratable acidity. Total vitamin C content de-
creased for all treatments during the storage period. Storage
under CA conditions delayed total vitamin C degradation for
both atmospheres studied. At the end of the storage period,
fresh cut collard greens stored under 3% O2, 4% CO2 showed
around 25% and 56% more vitamin C than the material stored
under 5% O2, 5% CO2 and control, respectively. Total chloro-
phyll content decreased during the storage period. At the end
of the experiment, fresh cut collard greens stored under 3% O2,


