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Abstract

The concentration of free cations is one factor that may influence biofilm formation and
consequent contamination of milk formulations by Geobacillus spp. and Anoxybacillus
flavithermus during the manufacture of milk powders.

Culture optical densities were measured to show that Ca?" and Mg?* predominantly
increased the planktonic growth of Geobacillus spp. and A. flavithermus cultures.
Culture cell numbers were enumerated, and a protein quantification assay was used to
indicate that increases in optical density elicited by Ca?* and Mg?* supplementation was
due to increased production of bacterial surface protein rather than an increase in cell
numbers.

High individual concentrations of Na*, K* or Ca%* (63 — 250 mM) inhibited the
planktonic growth of Geobacillus spp., and Mg?" protected Geobacillus spp. from high,
inhibitory concentrations of Na*, K* or Ca?*.

The number of viable cells attached to stainless steel coupons was enumerated to
show that cation concentrations or the monovalent to divalent cation ratio (2:1
compared to 10:1) did not influence the transition of bacteria from a planktonic to
surface-attached form, or the subsequent formation of an established biofilm. However,
preconditioning of the bacteria with cations increased their subsequent attachment. It
was proposed that the transition of bacteria from a planktonic to surface-attached form
is primarily mediated by the expression of bacterial surface proteins, as induced by

cation preconditioning.



The number of attached Geobacillus spp. was up to 4 log CFU cm? lower, for
up to 18 h of biofilm formation, in a milk formulation that had a high monovalent to
divalent cation ratio (greater than 10:1) relative to a milk formulation that had a
monovalent to divalent cation ratio that resembled that found in unprocessed milk.
Supplementation of a milk formulation that had a high monovalent to divalent
cation ratio with Ca?" or Mg?* fully alleviated the inhibitory effect of the milk
formulation on biofilm formation by Geobacillus spp.

It was concluded that there is potential for the total thermophile count in milk
powders that have high monovalent to divalent cation ratios to be markedly

reduced. This would increase the quality and selling price of the milk powders.
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an average of triplicate cultures. The error bars represent 95% confidence intervals (P <
0.05), which were determined using SAS statistical analysis software. ..............c.cc....... 98

FIG. 2.8 Optical density of Geobacillus sp. F75 (A) and Geobacillus sp. DSM 5336 (B)
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grown in casein digest medium (1 g I'") supplemented with a variety of cation
proportions, relative to the optical density of the bacterial isolate grown in casein digest
medium (1 g 1™ unsupplemented with cations (baseline control). N, K, C, and M
designate free Na*, K, Ca®”, and Mg”", respectively, CM 1:5 refers to a Ca>":Mg”" ratio
of 1:5, NKC refers to a Na":K":Ca®" ratio of 1:1:2, and all other treatments have equal
proportions of each supplemented cation. For all treatments, whenever a cation is
supplemented, it is supplemented at a concentration of 63 mM, except for the NKC
treatment, where in this instance Na” and K" are each supplemented at concentrations
of 31 mM. The cultures were incubated at 55°C for 10 h. Two replicates were done,
and each replicate consisted of an average of triplicate cultures. The error bars
represent 95% confidence intervals (P < 0.05), which were determined using SAS
statistical analysis SOFtWATE. ..........c.coieriiiiiriieii ettt 100
FIG. 2.9 Optical density of A. flavithermus E16 grown in casein digest medium (1 g17)
supplemented with 2 — 250 mM of either Na* (A), K* (B), Ca*" (C) or Mg2+ (D),
relative to the optical density of the bacterial isolate grown in casein digest medium (1 g
) unsupplemented with cations (baseline control). The cultures were incubated at
55°C for 10 h. Two replicates were done, and each replicate consisted of an average of
triplicate cultures. The error bars represent 95% confidence intervals (P < 0.05), which
were determined using SAS statistical analysis software. ...........ccccoevveerieeiienieenenne. 102
FIG. 2.10 Optical density of A. flavithermus DSM 2641 grown in casein digest medium
(lg ) supplemented with 2 — 250 mM of either Na' (A), K' (B), Ca®" (C) or Mg2+
(D), relative to the optical density of the bacterial isolate grown in casein digest medium
(1 g1'") unsupplemented with cations (baseline control). The cultures were incubated at
55°C for 10 h. Two replicates were done, and each replicate consisted of an average of
triplicate cultures. The error bars represent 95% confidence intervals (P < 0.05), which

were determined using SAS statistical analysis SOftware. ...........ccccoeeveeviiecienieenenne. 104
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FIG. 2.11 Amount of surface polysaccharide (A) and surface protein (B), associated
with the pellet after centrifugation at 11,800 X g, per CFU of A. flavithermus E16
culture after a 10 h incubation at 55°C, grown in casein digest medium (1 g17)
supplemented with a total cation concentration of, from left to right, 0, 2, and 125 mM
(consisting of equal proportions of Na*, K*, Ca**, and Mg®") (n = 3). Error bars
represent + 1 standard deviation (Gp1). «eeeoeeerveerieeiienieeeeree et 109
FIG 3.1 Attachment, after 30 min of incubation at 55°C, by viable A. flavithermus E16
(A, C, and E) and Geobacillus sp. F75 (B, D, and F) cells (log CFU cm™) on stainless
steel coupons fully submerged in casein digest medium (1 g 1'") supplemented with
cation compositions of 0 mM (i), 2 mM Ca*" (ii), 2 mM Mg2+ (ii1), 31 mM 2:1 (iv), 31
mM 10:1 (v), 125 mM 2:1 (vi), and 125 mM 10:1 (vii). Total supplemented cation
concentrations of 31 mM (iv and v) and 125 mM (vi and vii) had monovalent to
divalent cation ratios of 2:1 (iv and vi) and 10:1 (v and vii). Each monovalent to
divalent cation ratio comprised equal Na" and K" concentrations and equal Ca®" and
Mg”" concentrations. Prior to the attachment assay, the bacteria were grown
planktonically for 9 h at 55°C in three different media: casein digest medium (1 g17)
(unconditioned) (A and B), casein digest medium (1 g 1™ supplemented with various
cation compositions (preconditioned with cations) (ii—vii) (C and D), and casein digest
medium (1 g 1™ supplemented with lactose (1 g I") and various cation compositions
(preconditioned with cations and lactose) (ii—vii) (E and F). Experiments were repeated
as triplicates and error bars represent one standard deviation (c,.;). The letters (a — e)
represent significantly greater (P < 0.05) attachment by cation preconditioned cells (C,
D, E and F) relative to unconditioned cells (A and B) for each respective bacterial
isolate and each respective cation composition. Letter ‘a’ represents 2 mM Ca”" (ii), ‘b’
represents 31 mM 2:1 (iv), ‘c’ represents 31 mM 10:1 (v), ‘d’ represents 125 mM 2:1

(vi), and ‘e’ represents 125 MM 10: 1. ...ccoiiiiiiiiiiiieieeecee e 134
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FIG 3.2 Biofilm formation, after 6 h of incubation at 55°C, by viable A. flavithermus
E16 (A, C, and E) and Geobacillus sp. F75 (B, D, and F) cells (log CFU cm’?) on
stainless steel coupons fully submerged in casein digest medium (1 g 1) supplemented
with cation compositions of 0 mM (i), 2 mM Ca®" (ii), 2 mM Mg2+ (ii1), 31 mM 2:1 (iv),
31 mM 10:1 (v), 125 mM 2:1 (vi), and 125 mM 10:1 (vii). Total supplemented cation
concentrations of 31 mM (iv and v) and 125 mM (vi and vii) had monovalent to
divalent cation ratios of 2:1 (iv and vi) and 10:1 (v and vii). Each monovalent to
divalent cation ratio comprised equal Na* and K* concentrations and equal Ca*" and
Mg”" concentrations. Prior to the biofilm formation assay, the bacteria were grown
planktonically for 9 h at 55°C in three different media: casein digest medium (1 g1™)
(unconditioned) (A and B), casein digest medium (1 g 1) supplemented with various
cation compositions (preconditioned with cations) (ii—vii) (C and D), and casein digest
medium (1 g I'") supplemented with lactose (1 g 1) and various cation compositions
(preconditioned with cations and lactose) (ii—vii) (E and F). Experiments were repeated
as triplicates and error bars represent one standard deviation (c,.;). The letters (a — d)
represent significantly greater (P < 0.05) biofilm formation by cation preconditioned
cells (D and F) relative to unconditioned cells (B) by Geobacillus sp. F75 for each
respective cation composition. Letter ‘a’ represents 2 mM Mg" (ii), ‘b’ represents 31
mM 2:1 (iv), ‘¢’ represents 31 mM 10:1 (v), and ‘d’ represents

125 MM 251 (V). cetenieeiieeiieie ettt ettt et et e e st e e s e esaessaenseensenseenseennenneenes 136
FIG 3.3 Attachment, after 30 min of incubation at 55°C, by viable A. flavithermus E16
(A and C) and Geobacillus sp. F75 (B and D) cells (log CFU ¢cm™) on stainless steel
coupons fully submerged in milk formulations (MF) 1-4. Prior to the attachment assay,
the bacteria were grown planktonically for 9 h at 55°C in either casein digest medium (1
g 1) (unconditioned) (A and B) or milk formulations 1-4 (preconditioned with milk

formulation) (C and D). Experiments were repeated as triplicates and error bars
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represent one standard deviation (Gy1). «.eeceveeeeerieeiieeiieeeeee et 141
FIG 3.4 Biofilm formation, after 6 h of incubation at 55°C, by viable A. flavithermus
E16 (A and C) and Geobacillus sp. F75 (B and D) cells (log CFU cm™) on stainless
steel coupons fully submerged in milk formulations (MF) 1-4, after 6 h of incubation at
55°C. Prior to the biofilm formation assay, the bacteria were grown planktonically for 9
h at 55°C in either casein digest medium (1 g 1"") (unconditioned) (A and B) or milk
formulations 1-4 (preconditioned with milk formulation) (C and D). Experiments were
repeated as triplicates and error bars represent one standard deviation (c,.;). The
asterisk (*) depicts a significant difference (P < 0.05) between MF 2 and
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FIG 4.1 MALDI-TOF MS spectra of a whole cell extract of Geobacillus sp. F75 grown
as a biofilm in casein digest medium (1 g 1") either unsupplemented with cations (A),
supplemented with a total Na*, K", Ca®" and Mg”" concentration of 31 mM with a
monovalent to divalent cation ratio of 10:1 (B), or supplemented with 2 mM Mg2+ ©).
The arrows identify spectra peaks indicating a mass/charge (m/z) value of
approximately 2792, which represents a putative protein with an estimated mass of 2792
Da. The Geobacillus sp. F75 biofilm cultures were grown on three separate occasions
and each replicate was analysed on the MALDI-TOF Microflex LT target plate in
quadruplicate. Each spectrum shows the analysis of one target plate spot

OF ONE TEPIICALE. ...ovviiiiieiiecie ettt ettt e et e e teessbeeseeeaba e sseenseennns 160
FIG 4.2 MALDI-TOF MS spectra of a whole cell extract of Geobacillus sp. F75 grown
as a biofilm in casein digest medium (1 g 1) either unsupplemented with cations (A),
supplemented with a total Na", K™, Ca*" and Mg2+ concentration of 31 mM with a
monovalent to divalent cation ratio of 10:1 (B), or supplemented with 2 mM Mngr (©).
The arrows identify spectra peaks indicating a mass/charge (m/z) value of

approximately 5714, which represents a putative protein with an estimated mass of 5714
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Da. The Geobacillus sp. F75 biofilm cultures were grown on three separate occasions
and each replicate was analysed on the MALDI-TOF Microflex LT target plate in
quadruplicate. Each spectrum shows the analysis of one target plate spot

OF ONE TEPIICALE. ...ttt sttt et e st ee 162
FIG 4.3 MALDI-TOF MS spectra of a whole cell extract of Geobacillus sp. F75 grown
as a biofilm in casein digest medium (1 g 1) either unsupplemented with cations (A),
supplemented with a total Na*, K™, Ca*" and Mg”" concentration of 31 mM with a
monovalent to divalent cation ratio of 10:1 (B), or supplemented with 2 mM Mg*" (C).
The arrows identify spectra peaks indicating mass/charge (m/z) values of approximately
7076 and 7374, which represent putative proteins with estimated masses of 7076 and
7374 Da, respectively. The Geobacillus sp. F75 biofilm cultures were grown on three
separate occasions and each replicate was analysed on the MALDI-TOF Microflex LT
target plate in quadruplicate. Each spectrum shows the analysis of one target plate spot
OF ONE TEPLICALE. ..ottt ettt ettt et e beesaeeaeesbeesaeeneenns 164
FIG 5.1 Biofilm formation, after 6-18 h of incubation at 55°C, by viable Geobacillus
sp. F75 cells (log CFU cm ) on stainless steel coupons completely submerged in milk
formulation 2 (A), milk formulation 2 supplemented with 50 mM NaCl (B), milk
formulation 2 supplemented with 100 mM NaCl (C), milk formulation 4 (D), milk
formulation 4 supplemented with 2 mM CacCl, (E) and milk formulation 4
supplemented with 2 mM MgCl, (F). Experiments were repeated as triplicates and
error bars represent = 1 standard deviation (6,-1). An asterisk (*) depicts a significant
difference (P < 0.05) between cation-supplemented and unsupplemented milk
formulations for the respective milk formulation and time point. ............cccccevveennnnnen. 180
FIG 5.2 Biofilm formation, after 6-18 h of incubation at 55°C, by viable Geobacillus
sp. TRa cells (log CFU cm ) on stainless steel coupons completely submerged in milk

formulation 2 (A), milk formulation 2 supplemented with 50 mM NaCl (B), milk
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formulation 2 supplemented with 100 mM NacCl (C), milk formulation 4 (D), milk
formulation 4 supplemented with 2 mM CacCl, (E) and milk formulation 4
supplemented with 2 mM MgCl, (F). Experiments were repeated as triplicates and
error bars represent + 1 standard deviation (o,-1). An asterisk (*) depicts a significant
difference (P < 0.05) between cation-supplemented and unsupplemented milk
formulations for the respective milk formulation and time point. ............ccccceveeenennee. 182
FIG 5.3 Biofilm formation, after 6-18 h of incubation at 55°C, by viable Geobacillus
sp. 183 cells (log CFU c¢m ?) on stainless steel coupons completely submerged in milk
formulation 2 (A), milk formulation 2 supplemented with 50 mM NacCl (B), milk
formulation 2 supplemented with 100 mM NaCl (C), milk formulation 4 (D), milk
formulation 4 supplemented with 2 mM CacCl, (E) and milk formulation 4

supplemented with 2 mM MgCl, (F). Experiments were repeated as triplicates and
error bars represent = 1 standard deviation (6,-1). An asterisk (*) depicts a significant
difference (P < 0.05) between cation-supplemented and unsupplemented milk
formulations for the respective milk formulation and time point. ............cccceeueeeennenne. 184
FIG 54 Biofilm formation, after 6-18 h of incubation at 55°C, by viable Anoxybacillus
flavithermus E16 (A) and (B), A. flavithermus TRb (C) and (D) and A. flavithermus 136
cells (E) and (F) (log CFU cm °) on stainless steel coupons completely submerged in
milk formulation 2 (A), (C) and (E), and milk formulation 4 (B), (D) and (F).

Experiments were repeated as triplicates and error bars represent & 1 standard deviation
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