
ORIGINAL ARTICLE

Dual-species relations between Candida tropicalis isolated
from apple juice ultrafiltration membranes, with
Escherichia coli O157:H7 and Salmonella sp.
M.C. Tarifa1, J.E. Lozano1 and L.I. Brugnoni1,2

1 Pilot Plant of Chemical Engineering (UNS-CONICET), Bah�ıa Blanca, Argentina

2 Department of Biology, Biochemistry and Pharmacy, Universidad Nacional del Sur, Bah�ıa Blanca, Argentina

Keywords

apple juice, Candida tropicalis, co-cultures,

Escherichia coli O157:H7, Salmonella sp.,

stainless steel.

Correspondence

Lorena I. Brugnoni, 12 de Octubre 991, 8000

Bah�ıa Blanca, Buenos Aires Province,

Argentina.

E-mail: brugnoni@uns.edu.ar

2014/1508: received 25 July 2014, revised 11

November 2014 and accepted 11 November

2014

doi:10.1111/jam.12710

Abstract

Aims: The objective of this study was to determine the interactions between

common spoilage yeast, Candida tropicalis, isolated from ultrafiltration

membranes, and Escherichia coli O157:H7 and Salmonella sp. on stainless steel

surfaces.

Methods and Results: Single and dual-species attachment assays were

performed on stainless steel at 25°C using apple juice as culture medium. The

growth of Salmonella sp. rose when it was co-cultivated with C. tropicalis in

dual biofilms at 16 and 24 h; the same effect was observed for E. coli O157:H7

at 24 h. The colonization of C. tropicalis on stainless steel surfaces was reduced

when it was co-cultivated with both pathogenic bacteria, reducing C. tropicalis

population by at least 1�0 log unit. Visualization by SEM demonstrated that

E. coli O157:H7 and Salmonella sp. adhere closely to hyphal elements using

anchorage structures to attach to the surface and other cells.

Conclusions: These results suggest a route for potential increased survival of

pathogens in juice processing environments. These support the notion that the

species involved interact in mixed yeast–bacteria communities favouring the

development of bacteria over yeast.

Significance and Impact of the Study: This study support the plausibility that

pathogen interactions with strong biofilm forming members of spoilage

microbiota, such as C. tropicalis, might play an important role for the survival

and dissemination of E. coli O157:H7 and Salmonella sp. in food-processing

environments.

Introduction

Contamination of food by spoilage and pathogenic micro-

organisms costs the food industry millions of dollars

annually; much of this contamination may be attributed

to the presence of biofilms in the processing plants

(Brooks and Flint 2008).

In food industry, the presence of undesirable biofilms

causes serious problems such as impeding the flow of

heat across the surface, increase in the fluid frictional

resistance at the surface and increase in the corrosion rate

at the surface leading to energy and product losses. In

addition, the biofilms, including spoilage and pathogenic

microflora also offer considerable problems of cross-con-

tamination and postprocessing contamination (Kumar

and Anand 1998). The risk becomes even more serious,

as it has been observed that the antimicrobial resistance

of biofilm cells is significantly increased compared to

planktonic ones (Bridier et al. 2011; Brugnoni et al.

2012a).

As the recognition of biofilms as microbial phenome-

non, most investigations have been focused on bacterial

biofilms, with little reference to the involvement of yeasts

in either single-species phenomena, or as part of mixed-

species communities (El-Azizi et al. 2004), even less in

the food sector.
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Yeasts predominate in spoilage of acid food products as

they have the ability to grow at low pH, high sugar concen-

tration and low water activity conditions and resist inacti-

vation by heat processing which enables them to survive or

grow in fruit or fruit products (Stratford et al. 2000). The

Food and Drug Administration in the final ruling stated in

the Federal Register (FR 2001), identified Escherichia coli

O157:H7, Salmonella enterica and Listeria monocytogenes as

the bacterial pathogens pertinent to juice safety. Several

Salm. enterica and E. coli O157:H7 outbreaks have how-

ever been attributed to consumption of apple juice and cit-

rus juices (Cheng et al. 2003; Alonzo 2013).

As described in bacterial biofilms (Liu et al. 2014), it

could be assumed that the presence of yeast strains strong

biofilm producers on food industry premises could

potentially promote colonization by pathogenic bacteria,

which many are poor biofilm formers. These food-borne

bacterial pathogens, even in small numbers, would take

advantage of this protective mechanism by interacting

with yeasts, which is of great concern from the food

safety standpoint.

In food-processing lines, yeasts belonging to Saccharo-

myces, Candida and Rhodotorula have been isolated from

biofilms on conveyor tracks and can and bottle warmers

in packaging departments of a beverage industry (Salo

and Wirtanen 2005). Yeasts are able to attach and

develop biofilms on ultrafiltration (UF) membranes used

in beverage clarification (Tarifa et al. 2013) and in pre-

and post-UF processing equipment (Brugnoni et al.

2007). As yeast in such sites cannot be easily removed by

cleaning (Brugnoni et al. 2012a; Tarifa et al. 2013) and as

attached yeast are highly resistant to biocidal agents

(Brugnoni et al. 2012b), even low initial numbers of sur-

viving yeasts may grow to form biofilm in these sites.

Most of the previous studies on interactions between

yeast and bacteria (Nair and Samaranayake 1996a,b;

Peters et al. 2010; Thein et al. 2006) focused only

Candida albicans and bacteria of human health concern.

As far as we know, there is no information on interac-

tions between yeast isolated from food industry premises

and food pathogens. Research in this area should be of

great interest, because the coexistence of multiple micro-

bial species is frequently observed in commercial food-

processing plants (Uhlich et al. 2010).

The present paper studies the effect of Candida tropi-

calis, isolated from an UF membrane used in apple juice

clarification, on the colonization of stainless steel by

E. coli O157:H7 and Salmonella sp.

It is not possible to perfectly reproduce the field condi-

tions in experimental studies, but at least four factors

were set to model as closely as possible the juice plant sit-

uation. Those were as follows: (i) strain isolated from a

plant after cleaning and disinfection for co-culturing with

E. coli 0157:H7 and Salmonella sp.; (ii) apple juice as cul-

ture medium; (iii) incubation of cultures at 25°C which

is usual in apple juice processing plants; (iv) stainless

steel (SS) AISI 304 used as food-contact material.

Materials and methods

Micro-organisms and preparation of inocula

For the present study, two bacteria strains, Escherichia coli

O157:H7 (EDL 933) and Salmonella sp. (isolated from

poultry in our laboratory), and one yeast strains, C. tropi-

calis, were used. The yeast strain was isolated from the

surface of a polyvinylidene fluoride UF membrane used in

a large-scale apple juice processing industry located in

Argentina as described in Tarifa et al. (2013). For the cor-

rect ID of the yeast strain, a phenotypic identification was

performed through the analysis of typical morphological

features (Kurtzman and Fell 1998), along with a biochem-

ical and physiological characterization (fermentation of

seven carbohydrates, assimilation of two nitrogen and

nineteen carbon sources, urea hydrolysis and growth at

37°C). Genotypic identification was also performed,

through the analysis of the single gene sequence of the

domains D1/D2 region of 26S rDNA and from the inter-

nal transcribed space (ITS) region, as described by

Taverna et al. (2013). The DNA extraction was performed

using the UltraClean Microbial DNA Isolation Kit (MO

BIO Laboratories, Inc., Solana Beach, CA, USA) and pre-

served at �20°C until use. For the purification of the PCR

products, a PureLink PCR Purification Kit (Invitrogen,

Carlsbad, CA, USA) was used and sequenced in the refer-

ence laboratory Instituto Nacional de Enfermedades Infec-

ciosas ‘Dr. Carlos G. Malbr�an’ (Buenos Aires, Argentina).

Once obtained, the sequences were edited using BIOEDIT

7.0.0 and the similarity was obtained using BLASTN tool of

the National Center for Biotechnology Information.

Stock culture of the strain was suspended in 20% (v/v)

glycerol in yeast extract–glucose–chloramphenicol (YGC)

broth: 0�5% w/v yeast extract (Merck KGaA, Darmstadt,

Germany), 2% w/v glucose (Merck KGaA, Darmstadt,

Germany) and 0�01% w/v chloramphenicol (Fluka

Chemie AG, Buchs, switzerland) and stored at �70°C.
For bacteria assays, stock cultures of the strains were

cultivated in Triptic Soy Broth (TSB, Difco, Detroit, MI)

at 37 � 1°C for 24 h and harvested by centrifugation at

5000 g for 10 min (Labofuge 200, Kendro, Germany).

The supernatant was discarded and cell pellets were

washed twice with phosphate-buffered saline (PBS:

0�15 mol l�1 NaCl, 0�05 mol l�1 KH2PO4, 0�05 mol l�1

K2HPO4, pH 7�2). In all cases mentioned from now on,

the suspensions were prepared until reaching a popula-

tion of ca. 8�0 log colony forming units (CFU) ml�1.

Journal of Applied Microbiology 118, 431--442 © 2014 The Society for Applied Microbiology432

Interactions between yeast and bacteria M.C. Tarifa et al.



For experiments, a loop of frozen cells of C. tropicalis

was suspended in YGC broth at 25 � 1°C and

50 rev min�1 on an orbital shaker (Vicking M23, Vicking

s.r.l., Argentina) until reaching the stationary phase

(48 h), harvested by centrifugation at 1200 g for 5 min

(Labofuge 200, Kendro, Germany) and subsequently

resuspended in sterile clarified 12 °Brix apple juice, to

achieve a population of ca. 6�0 log CFU ml�1.

The 12 °Brix clarified apple juice used in the successive

assays was prepared from 72 °Brix concentrated apple

juice obtained from a large-scale apple juice processing

industry located in Argentina and sterilized by microfil-

tration (pore size 0�45 lm) (Metricel�Grid, Gelman-

Sciences, Ann Arbor, MI, USA). The approximate

composition of the clarified apple juice can be seen in

Lozano (2006).

Bacterial survival studies in apple juice

To adhere and form a biofilm, microbial cells must be

able to survive in the food system under study; in this

work apple juice.

To study the survival capability of E. coli O157:H7 and

Salmonella sp. in apple juice, the cell suspensions prepared

as stated in 2�1 were used as inocula. Samples were then

incubated at 25 � 1°C for 4, 18 and 24 h. Moreover, a

precondition in apple juice was carried out to mimic a

worst-case scenarios, for instance, the contamination of

apple juice with acid-adapted cells during manufacturing

process, postprocessing or during transportation.

To do so, experiments were performed in apple juice

inoculated with a suspension of E. coli O157:H7 and

Salmonella sp. for 4 h at 25°C. Then, these acid-adapted

(AA) cells were harvested by centrifugation at 5000 g for

10 min and suspended in apple juice. Bacterial survival was

determinate at 25°C and cell viability at 0, 4, 18 and 24 h.

For the enumeration of viable populations of E. coli

O157:H7 and Salmonella sp. in each incubation period,

samples were serially diluted with PBS and determined by

plating 1 ml on Tryptic Soy Agar (TSA, Difco) by tripli-

cate and incubated at 37°C for 24–48 h.

Mono and dual attachment assays

SS-coupons (25 9 15 9 1 mm, type AISI-304) were the

abiotic substrates used for biofilm formation because this

material is the most commonly used for the manufacture

of food-processing equipment (Wijman et al. 2007).

Before the experiments, the chips were soaked for 15 min

with 2% of a detergent solution (Extran MA 02 neutral,

Merck KGaA, Darmstadt, Germany) at 50°C and rinsed

five times for 5 min each with hot tap water followed by

five rinses with distilled water. Finally, the chips were

autoclaved for 15 min at 120°C. For each micro-organ-

ism, the experiments were carried out in sterile glass Petri

dishes divided in six sections by glass pieces (Brugnoni

et al. 2007). The divisions were made by fusing the Petri

dish base and the glass division to avoid overlapping of

the coupons during the experiment.

For bacteria, experiments were performed with acid-

adapted cells in apple juice for 4 h at 25°C. Then, these
acid-adapted cells were harvested by centrifugation at

5000 g for 10 min and suspended in apple juice to

achieve a population of ca. 8�0 log CFU ml�1. For yeast

cells, the suspensions were prepared as stated in 2�1.
For mono-species colonization assays, suspensions of

each species were poured into each Petri dish division

containing a sterilized SS coupon, followed by incubation

at 25°C for 2, 8, 16 and 24 h, under static conditions.

After each time, the coupons were carefully removed

from the division using sterile forceps and thereafter

rinsed by immersing it for 2 min in 5 ml of PBS with

shaking (50 rev min�1), to remove the loosely attached

cells. Coupons for each micro-organism were later used

for scanning electron microscopy (SEM), epifluorescence

microscopy (EM) and viable counts. Triplicate tests were

performed under identical conditions in two independent

trials.

For dual-species colonization, the following combina-

tions were assayed: C. tropicalis/E. coli O157:H7 and

C. tropicalis/Salmonella sp., and equal volumes of the

standardized suspensions of each pair were mixed imme-

diately before use. The mixed suspensions of bacteria and

yeast were prepared as described above, and attachment

test was made as explained in the previous paragraph.

SEM and EM

SEM was used to determine the adhesion patterns on SS

surfaces. The coupons were fixed with glutaraldehyde

(2�5%) in phosphate buffer (0�1 mol l�1, pH 7�2);
washed three times with the same buffer and dehydrated

by critical point drying (E3000, Polaron Instruments,

Hatfield, PA, USA). Samples were gold coated (300 �A) in

a Pelco Model 3 Sputter Coater 91000 metal evaporator

(Lozano 1990) and viewed with a Scanning Electronic

Microscope (LEO EVO 40, Cambridge, UK) at 7�0 kV

acceleration voltage.

For EM, the chips were stained with fluorescein diace-

tate (FDA). The principle behind a test using FDA is that

only live cells will convert FDA to fluorescein. FDA spe-

cifically stains cells possessing esterase activities and intact

cell membranes. This fluorescent probe is widely used as

an indicator of cell viability (Ki-Bong and Hideaki 2002).

A standard stock solution of 2 mg ml�1 (0�2% w/v)

FDA, (C24H1607, Sigma–Aldrich Chemical Co., St. Louis,
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MO) was prepared in acetone (Dorwil, Industria Argen-

tina) and stored to �18°C. The coupons from each

experimental condition were stained with sterile FDA

acetonic solution in 0�1 mol l�1 phosphate buffer (0�04%
v/v), pH 7�5. After 90 min shaking at 25 � 1°C in dark-

ness, the coupons were rinsed twice with sterile distilled

water. Chips were then allowed to air-dry and observed

with an epifluorescence microscope (Olympus BX 51,

NY, USA) using a 1009 oil-immersion objective, blue

excitation U-MWB2. The total number of bacterial cells

per field and attached bacteria per hyphae were counted.

Per cent attachment was calculated by dividing the num-

ber of attached bacteria by the total number of bacteria.

A total of 10 random fields per coupon were analysed.

Quantification of cells

To analyse the proportion of bacteria and yeast in each

assay, the number was estimated by placing SS-coupons

into a test tube with glass beads and vortexed to full

speed for 3 min (to remove the adherent micro-organ-

isms) (Lindsay and von Holy 1997). In each incubation

period, samples were serially diluted with PBS and deter-

mined by plating 1 ml on TSA (Difco) and YGC agar

(Merck, Germany) by triplicate and incubated at 37 and

25°C, respectively, for 24–48 h. The results were

expressed as CFU cm�2.

Statistical analysis

Counts were converted to decimal logarithmic values

(log CFU cm�2) to nearly match the assumption of a

normal distribution.

In all analyses, triplicate tests were performed under

identical conditions in two independent trials and the

results expressed as mean and standard deviation (mean

� SD). When appropriate, Student’s t-test was used for

comparison of means. Confidence level equal or higher

than 95% was considered statistically significant.

Results

Survival studies in apple juice

As shown in Fig. 1, the viable population of Escherichia coli

O157:H7 in apple juice regardless of acid adaptation,

declined when incubated at 25°C for 24 h. The population

of the acid-adapted (AA) cells of E. coli O157:H7 decreased

2�90 log CFU ml�1 at 18 h and 2�72 log CFU ml�1 at

24 h, whereas not adapted (NA) ones decreased

4�7 log CFU ml�1 at 18 h and 4�6 log CFU ml�1 at 24 h.

Comparing the results between AA and NA cells, the dif-

ferences in the reductions were significant (P < 0�05) along

the experience. Nonetheless, acid tolerance of Salmonella

sp. was not dependent on prior exposure to a low pH. No

significant differences (P > 0�05) were found when AA and

NA cells were incubated for 24 h in apple juice. Apple juice

inoculated with Salmonella sp. contained ca. 8�0 and

8�4 log CFU ml�1 of the AA and NA, respectively, after

24 h of incubation at 25°C. Unlike E. coli 0157:H7, Salmo-

nella sp. not only survived but also grew quickly in apple

juice between 4 and 18 h of incubation.

Mono-species attachment assays

The number of attached cells of E. coli O157:H7 and

Salmonella sp. on the SS surfaces along the time intervals

assayed (2, 8, 16 and 24 h) ranged between 4�98–
6�59 log CFU cm�2 and 6�00–6�69 log CFU cm�2,

respectively, as shown in Table 1. When comparing

mono-species attachment and in co-culture, significant

differences were observed in the adhesion of Salmonella

sp. and E. coli O157:H7 at 2 and 8 h (P < 0�05).
As expected, mono-specie cultures of C. tropicalis on

stainless steel surfaces demonstrated a profuse growth
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Figure 1 Survival studies of bacteria in 12 °Brix apple juice (pH

4�3 � 0�2) during 24 h at 25°C (□) acid-adapted Escherichia coli

0157:H7, (■) nonadapted E. coli O157:H7, (M) acid-adapted Salmo-

nella sp. and (▲) nonadapted Salmonella sp. Results are

means � standard deviations (n = 3).

Table 1 Attached cells of Candida tropicalis, Escherichia coli O157:

H7 and Salmonella sp. on the stainless steel surfaces grown in 12 °Bx

apple juice for 2, 8, 16, 24 h. Data are expressed as mean

log CFU cm�2 (�SD)

Time (h)

Candida

tropicalis

Escherichia coli

O157:H7 Salmonella sp.

2 5�66 � 0�035 4�98 � 0�125 6�00 � 0�088
8 6�26 � 0�081 6�54 � 0�155 6�22 � 0�088
16 6�58 � 0�032 6�64 � 0�190 6�51 � 0�022
24 6�74 � 0�015 6�59 � 0�002 6�69 � 0�073
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and dense colonization of the substrate (Fig. 2a,d) with a

number of cells ranging from 5�66 to 6�74 log CFU cm�2

(Table 1). It was observed that following the adhesion of

C. tropicalis blastospores (yeast form) to SS surface at

2 h, the adhered cells multiplied continuously and

blastospores became hyphae which formed three-dimen-

sional structures. The three-dimensional structures of

biofilms are generally comprised of yeast cells, pseudo-

hyphae and hyphae. The mature biofilm enables Candida

yeast to fix onto extracellular surface, and the hyphae

form a cross-sectional structure with structural frames.

In addition SEM images of the mono-species cultures

of Salmonella sp. (Fig. 2b,e) and E. coli O157:H7 (Fig. 2c,

f) show the presence of single cells distributed all over

the SS surface or forming small clusters of cells already

after 16 and 24 h incubation.

As seen in Fig. 3, the cells of Salmonella sp. (a and c)

and E. coli O157:H7 (b and d) attached to SS and other

counterparts using flagella or fibril-like structures, which

are surface structures projecting away from the cell wall.

As seen in these images, Salmonella sp. showed a higher

development of anchorage structures compared to what

happened with E. coli O157:H7.

Dual-species attachment assays

Once the survival of E. coli O157:H7 and Salmonella sp.

in apple juice was established, the interactions in co-cul-

ture between them and C. tropicalis were studied.

The growth of Salmonella sp. rose when it was co-cul-

tivated with C. tropicalis at 16 and 24 h (Table 2) and

the same effect was observed for E. coli O157:H7 at 24 h

(Table 2), indicating a global positive interaction in what

respects bacterial strains.

On the other hand, it was observed that the coloniza-

tion of C. tropicalis on SS surfaces was reduced when it

was co-cultivated with both pathogenic bacteria strains as

can be seen in Fig. 4a–h, suggesting that Salmonella sp.

and E. coli O157:H7 have a strong negative effect on the

formation of C. tropicalis biofilms (Table 2). SEM obser-

vations of dual co-cultures shows that bacteria attach to

C. tropicalis hyphae and insert between C. tropicalis cells

(Fig. 5a–e).
A similar behaviour to the one seen in mono-species

cultures was registered by bacteria strains in the presence

of C. tropicalis as what respects anchorage structures.

Salmonella sp. showed a higher development of fibril

structures since 2 h of attachment (Fig. 5a–d) and E. coli

O157:H7 at 24 h (Fig. 5e).

In dual co-cultures with C. tropicalis, per cent counts

demonstrated that Salmonella sp. and E. coli 157:H7

(Fig. 5f) have a high hyphal association through the

experience (between 58–80% and 30–74%, respectively).

Discussion

Acidification is one of the important measures commonly

employed to control growth and survival of spoilage and

10 µm* 10 µm*Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 274 CCT-BB Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 166 CCT-BB 10 µm* Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 69 CCT-BB

10 µm*
Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 72 CCT-BB

10 µm*
Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 54 CCT-BB

10 µm*
Mag = 4·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 270 CCT-BB

(a) (b) (c)

(f)(e)(d)

Figure 2 SEM images of mono-species attachment on stainless steel AISI 304 incubated in 12 °Brix apple juice at 25°C. First row: 16 h exposure,

second row: 24 h exposure. (a and d) Candida tropicalis, (b and e) Salmonella sp. and (c and f) Escherichia coli O157:H7.

Journal of Applied Microbiology 118, 431--442 © 2014 The Society for Applied Microbiology 435

M.C. Tarifa et al. Interactions between yeast and bacteria



pathogenic micro-organisms in food (Brown and Booth

1991). However, various acidic foods such as apple cider

(Besser et al. 1993), mayonnaise (Weagant et al. 1994)

and yoghurt (Morgan et al. 1993) have been implicated

in the outbreaks of food-borne disease caused by Escheri-

chia coli O157:H7 and Salmonella.

Results of the present study further demonstrated that

acid adaptation increased the acid tolerance of E. coli

O157:H7 in acid fruit juices. Acid adaptation response is

a phenomenon by which micro-organisms show an

increased resistance to environmental stress after the

exposure to a moderate acid environment. It was also

reported that acid adaptation prolonged the survival of

some pathogens in various food systems, having feasible

important implications in food safety (Leyer and Johnson

1997; Tsai and Ingham 1997). Acid tolerance is probably

an important component of virulence for E. coli O157:

H7, and it allows a small number of cells to cause illness

by their being protected in the gastric tract. Hence, the

tolerance of E. coli O157:H7, which has a low infectious

dose, to acidic food compounds leads a serious scenario

for this bacterium as a food-borne pathogen (Mao et al.

2001). On the other hand, survival of acid-adapted

Salmonella sp. was less than its nonadapted counterpart

in apple juice. Growth and survival of Salmonella within

fruits and vegetables of various acidities has been demon-

strated by a number of investigators (Asplund and Nurmi

1991; Golden et al. 1993; Zhuang et al. 1995; Parish

1997). The mechanism of acid resistance is not precisely

known for Salmonella, but similar to E. coli, exposure to

acid results in the production of numerous acid shock

proteins (Foster 1991; Foster and Hall 1991).

In this study, the experiences were carry out with apple

juice obtained from a producer/exporter company to

model the main intrinsic factors of apple juice, repre-

sented by low pH and high sugar concentrations that

these micro-organisms face when exposed to this media.

In fruit juice processing plants, so as to attach on surfaces

Mag = 25·00 K X1 µm* ETH = 7·00 kV WD = 8 mm Photo No. = 64 CCT-BB Mag = 25·00 K X1 µm* ETH = 7·00 kV WD = 8 mm Photo No. = 71 CCT-BB

Mag = 25·00 K X1 µm* ETH = 7·00 kV WD = 8 mm Photo No. = 74 CCT-BBMag = 12·00 K X
2 µm*

ETH = 7·00 kV WD = 8 mm Photo No. = 167 CCT-BB

(d)

(a) (b)

(c)

Figure 3 SEM images of anchorage

structures used by Salmonella sp. and

Escherichia coli O157:H7 for cell–cell and/or

cell-surface adhesion on stainless steel AISI

304 and incubated in 12 °Brix apple juice at

25°C. First row: 16 h exposure, second row:

24 h exposure. (a and c) Salmonella sp. and

(b and d) E. coli O157:H7.

Table 2 Attached cells of co-cultures of Candida tropicalis with Escherichia coli O157:H7 and Salmonella sp. on stainless steel surfaces, grown in

12 °Bx apple juice for 2, 8, 16, 24 h. Data are expressed as mean log cm�2 (�SD)

Time (h)

Candida tropicalis

E. coli O157:H7 Salmonella sp.E. coli O157:H7 Salmonella sp.

2 3�80 � 0�312*** 4�00 � 0�707*** 5�00 � 0�494 6�07 � 0�068
8 4�34 � 0�102*** 4�52 � 0�213*** 6�78 � 0�345 6�29 � 0�168
16 5�63 � 0�299* 5�72 � 0�152* 6�81 � 0�061 6�99 � 0�034***
24 5�60 � 0�295** 5�92 � 0�082** 7�01 � 0�046** 7�10 � 0�022***

Significant differences between mono species and in co-culture are expressed through the following nomenclature *P < 0�05, **P < 0�01,
***P < 0�001.
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and proliferate, microbial pathogens must survive in this

acidic liquid food. Using 12 °Brix apple juice pH~ 4�3
in adhesion assays would be useful for obtaining more

realistic information compared with standard laboratory

growth media. This finding is a matter of concern partic-

ularly for fruit juice processing industries using modern

processing equipments, as represents a hazard state. With

mechanical and process automation, the surfaces are in

repeated contact with raw juice, thus increasing the

opportunities for Salmonella and E. coli O157:H7 to

transfer and attach leading to biofilm formation. Due to

this, we believe that it is important to study and consider

the use of stressed or adapted cells, as the use of healthy

exponentially growing cultures may inaccurately represent

their survival state in the natural environment.

Although recent decades have witnessed a surge in the

area of biofilm research, relatively little is known about

the behaviour of communities of mixed micro-organisms,

particularly mixed fungal–bacterial communities.

Candida tropicalis, as mentioned before, was isolated

from UF membrane samples of a large-scale apple juice

processing plant. As described in this work, C. tropicalis

in monoculture can adhere and colonize the stainless

steel surface and consequently form a biofilm. The

10 µm* 2 µm*
Mag = 4·00 K X ETH = 7·00 kV WD = 7 mm Photo No. = 154 CCT-BB Mag = 5·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 156 CCT-BB
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(f)(e)
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Figure 4 SEM images of mixed fungal–

bacterial communities on stainless steel AISI

304 incubated in 12 °Brix apple juice at 25°C.

Left panel: Candida tropicalis/Salmonella sp.

and right panel: C. tropicalis/Escherichia coli

O157:H7; (a, b) 2 h, (c, d) 8 h, (e, f) 16 h

and (g, h) 24 h.
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dimorphism of C. tropicalis serves as a major factor

that influenced the formation of the biofilm. The abil-

ity to switch the morphology between yeast and hyphal

form it has been seen in other strains with known

development of hyphae. This feature could be crucial

for the ability to adhere and colonize surfaces (Calder-

one 2002; Saville et al. 2003). In C. albicans, De Ber-

nardis et al. (1998) found that for yeast–hyphae
morphogenesis, the pH of the host niche around 4�5,
acts as an environmental signal that regulates gene

expression. Previous works established that expression

of PHR1 and PHR2 (genes encode a function required

for C. albicans morphogenesis) in vitro is regulated in

response to the acidic pH of the growth environment,

independent of temperature, nutritional factors or mor-

phology (Saporito-Irwin et al. 1995; M€uhlschlegel and

Fonzi 1997).

At this stage, the molecular mechanisms that regulate

phenotypic switching and biofilm development in

C. tropicalis remain unknown. Regardless of the gap of

information in this matter, in our study, C. tropicalis

formed a mature biofilm in an acidic environment with

high sugar content at 25°C.
In our study, Salmonella sp. and E. coli O157:H7

grown in apple juice showed to easily establish on SS sur-

faces in short times relevant to the fruit juice industry,

particularly overnight or during idle hours. Several stud-

ies have shown that extracellular appendages such as

flagella, pili or curli present in bacteria may play an

important role in the initial stages of adhesion, assisting

the cells in the attachment to abiotic surfaces, including

food-contact ones (Austin et al. 1998; O’Toole and Kolter

1998; Pawar et al. 2005; Van Houdt and Michiels 2010).

As C. tropicalis has survived typical cleaning and disin-

fection procedures, it was assumed that was firmly

attached to the UF membrane. Therefore, they inevitably

encounter and interact with many other microbial spe-

cies, and these interactions might concern the survival,

colonization and pathogenesis of these organisms

involved. Co-aggregation and co-adhesion reactions of

1 µm*
Mag = 25·00 K X ETH = 7·00 kV WD = 7 mm Photo No. = 160 CCT-BB

1 µm*
Mag = 8·00 K X ETH = 7·00 kV WD = 8 mm Photo No. = 165 CCT-BB
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(a) (b)

(c)

(f)(e)

(d)

Figure 5 SEM images shows the anchorage

structures used by the bacteria strains for

cell–cell and/or cell-surface adhesion. (a, b, c,

d) Candida tropicalis/Salmonella sp. at 2, 8,

16 and 24 h, respectively; (e) C. tropicalis/

Escherichia coli O157:H7at 24 h. (f)

epifluorescence microscopy image of the

interaction between E. coli O157:H7 and

hyphae of C. tropicalis stained with

fluorescein diacetate. Magnification 2009.
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micro-organisms are significant colonization factors

because they enable development, stabilization and main-

tenance of complex communities (Jenkinson and Douglas

2002). Co-aggregation may help increase the mass of the

species (yeast/bacteria) allowing them to form clumps of

higher sedimentation velocity, or it may expose adhesion

receptors found in the cell wall of the yeast (Peters et al.

2012).

As mentioned above, C. tropicalis forms a real biofilm

in monoculture assays. In co-culture assays with E. coli

O157:H7 and Salmonella, it was seen that bacteria

encounter an eligible niche in the yeast hyphae, suggest-

ing some interspecies interaction. This co-adhesion with

bacteria is thus a complex multimodal interaction by

which mixed-species colonization would be promoted.

It has been reported (Handley et al. 1999; Jenkinson

and Douglas 2002) that for oral streptococci, oral actino-

myces and other plaque bacteria, many of the co-aggrega-

tion adhesins are carried on fimbriae or fibrils. The

distancing of co-aggregation adhesins away from the cell

surface on fibrils and fimbriae will help partner organ-

isms make effective contact with each other. The thin

fibrils and fimbriae act to penetrate the electrostatic bar-

rier that operates between cells in close contact

(10–20 nm apart) (Busscher et al. 1992), thus acting as

probes to locate the appropriate receptor on the partner

organism successfully. These interactions cells-fimbriae

were clearly observed by SEM (Fig. 3). In addition, some

chemical interaction might occur between the two species

that induces phenotypic changes in E. coli 0157:H7 and

Salmonella sp. allowing them to attach more effectively.

Most of the work addressed in the literature investigat-

ing fungal–bacterial attachment focused only on clinically

important fungal–bacterial interactions. As far as we

know to date, there is no information on the effect of

direct cell interaction in co-cultures between non-Can-

dida albicans species and food-borne pathogens. Due of

this, the comparative discussion of the obtained results

can only be performed with reference of yeast and bacte-

ria of human health concern.

A number of bacterial species including S. pyogenes and

Acinetobacter baumannii have been reported to have pref-

erence in binding to C. albicans hyphae (Cunningham

2000; Peleg et al. 2008; Bamford et al. 2009). Another

tight association between bacterial cells and fungal hyphae

has been observed between C. albicans and Staphylococcus

aureus, which is assumed to promote the invasion ability

of S. aureus through epithelial layers (Thein et al. 2006;

Peters et al. 2010) in a nonlethal interaction. Peters et al.

(2010), to assess the potential for hyphal–bacterial inter-
actions of various bacterial species on Candida albicans

hyphae, demonstrated that Staphylococcus aureus had the

highest hyphal association (56%), followed by Streptococ-

cus pyogenes and S. epidermidis (25%). Pseudomonas aeru-

ginosa, a known hyphae binder, had a hyphal association

of 17%, while E. coli and Bacillus subtilis, demonstrated

the lowest hyphal binding (5�7 and 2�5%, respectively).

Another observation performed in this study was that

the co-culture of yeast with bacteria clearly demonstrated

the antagonistic effect of E. coli O157:H7 and Salmonella

sp. on C. tropicalis biofilm formation.

Many of the previously identified C. albicans–bacteria
interactions result in fungal and/or bacterial killing dur-

ing co-culture (Hogan et al. 2004; Brand et al. 2008; Kim

and Mylonakis 2011). As seen in Fig. 5f, cells of E. coli

O157:H7 interact closely with C. tropicalis hyphae. The

same was observed in co-cultures with Salmonella sp. As

FDA staining is widely used to indicate cell viability

(Hassan et al. 2002; Rocha-Valadez et al. 2005; Lecault

et al. 2007), we can conclude that the negative effect of

E. coli O157:H7 and Salmonella sp. on C. tropicalis bio-

film formation does not occur through the death of the

hyphae.

In one of the earliest studies, Nair and Samaranayake

(1996a,b) reported that E. coli significantly suppressed

the adhesion of C. albicans and Candida krusei to human

oral epithelial cells (Nair and Samaranayake 1996b).

More recently, the same group (Thein et al. 2006) con-

firmed that E. coli and Ps. aeruginosa can significantly

compromise C. albicans biofilm formation in a dose-

dependent manner. Bandara et al. (2009) noted that

E. coli ATCC 25922 suppressed the adhesion of others

relatively common Candida species: C. krusei, C. dublini-

ensis, C. tropicalis and C. parapsilosis. The authors indi-

cate that E. coli and Candida species in a mixed-species

environment mutually modulate biofilm development,

both quantitatively and qualitatively, and that E. coli LPS

appears to be a key component in mediating these out-

comes. In a more recent study, Bandara et al. (2010)

demonstrated that Salmonella LPS significantly sup-

pressed the metabolic activity of Candida spp. in general.

Although the exact mechanisms underlying fungal–bac-
terial interactions are not fully understood, recent

researches indicate that a range of molecules secreted by

both species interacting play a role in such complex

interactions. Bacterial and fungal quorum sensing mole-

cules appear to be predominantly involved in these multi-

species interactions (McAlester et al. 2008; De Sordi and

Muhlschlegel 2009).

Evidently, bacterial pathogens, such as E. coli 0157:H7

and Salmonella sp., and spoilage yeast such as C. tropical-

is, can be entrapped in multi-species sessile communities

formed on inadequately cleaned and disinfected food-

processing surfaces. Undoubtedly, further work is

necessary to clarify the molecular basis of these bacterial–
fungal interactions.
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Findings in this study support the plausibility that

pathogen interactions with strong biofilm forming mem-

bers of spoilage microbiota, such as C. tropicalis, might

play an important role for the survival and dissemination

of E. coli O157:H7 and Salmonella sp. in food-processing

environments.

Based on the data obtained from the present study,

much attention should be given to prevent the contami-

nation of these pathogens in acidic drinks. Effective mea-

sures to reduce or eliminate vegetative pathogens in fruit

or vegetable products, especially those with a low infec-

tive dose, are thus required.

Acknowledgements

We thank the Secretar�ıa de Ciencia y T�ecnica of the

Universidad Nacional del Sur (PGI 24/B171), the Consejo

Nacional de Investigaciones Cient�ıficas y T�ecnicas de la

Rep�ublica Argentina (PIP 112-201101-00438) and Agen-

cia de Promoci�on Cient�ıfica y Tecnol�ogica, Ministerio de

Educaci�on Ciencia y Tecnolog�ıa of Argentina (PICT

2011, N� 0697) for funding this research.

Conflict of interest

The authors have no conflicts of interest to declare.

References

Alonzo, A.G. (2013) Influences of simultaneous

physicochemical stresses on injury and subsequent heat

and acid resistances of Salmonella Enteridis in apple juice.

Food Control 31, 28–34.
Asplund, K. and Nurmi, E. (1991) The growth of salmonellae

in tomatoes. Int J Food Microbiol 13, 177–182.
Austin, J.W., Sanders, G., Kay, W.W. and Collinson, S.K.

(1998) Thin aggregative fimbriae enhance Salmonella

enteritidis biofilm formation. FEMS Microbiol Lett 162,

295–301.
Bamford, C. V., d0Mello, A., Nobbs, A.H., Dutton, L.C.,

Vickerman, M.M. and Jenkinson, H.F. (2009) Streptococcus

gordonii modulates Candida albicans biofilm formation

through intergeneric communication. Infect Immun 77,

3696–3704.
Bandara, H.M.H.N., Yau, J.Y., Watt, R.M., Jin, L.J. and

Samaranayake, L.P. (2009) Escherichia coli and its

lipopolysaccharide modulate in vitro Candida biofilm

formation. J Med Microbiol 58, 1623–1631.
Bandara, H.M.H.N., Yau, J.Y.Y., Watt, R.M., Jin, L.J. and

Samaranayake, L.P. (2010) Pseudomonas aeruginosa

inhibits in-vitro Candida biofilm development. BMC

Microbiol 10, 125–133.
Besser, R.E., Lett, S.M., Weber, J.T., Doyle, M.P., Barrett, T.J.,

Wells, J.G. and Griffin, P.M. (1993) An outbreak of

diarrhea and hemolytic uremic syndrome from Escherichia

coli 157:H7 in fresh-pressed apple cider. J Am Med Assoc

269, 2217–2220.
Brand, A., Barnes, J.D., Mackenzie, K.S., Odds, F.C. and Gow,

N.A.R. (2008) Cell wall glycans and soluble factors

determine the interactions between the hyphae of Candida

albicans and Pseudomonas aeruginosa. FEMS Microbiol Lett

287, 48–55.
Bridier, A., Briandet, R., Thomas, V. and Dubois-Brissonnet,

F. (2011) Resistance of bacterial biofilms to disinfectants:

a review. Biofouling 27, 1017–1032.
Brooks, J.D. and Flint, S.H. (2008) Biofilms in the food

industry: problems and potential solutions. Int J Food Sci

Technol 43, 2163–2176.
Brown, M.H. and Booth, I.R. (1991) Acidulants and low pH.

In Food Preservatives ed. Russell, N.J. and Gould, G.W. pp.

22–43. Glasgow, Scotland: Blackie.
Brugnoni, L.I., Lozano, J.E. and Cubitto, M.A. (2007)

Potential of yeast isolated from an apple juice to adhere to

stainless steel surfaces in the apple juice processing

industry. Food Res Int 40, 332–340.
Brugnoni, L.I., Cubitto, M.A. and Lozano, J.E. (2012a)

Candida krusei development on turbulent flow regimes:

biofilm formation and efficiency of cleaning and

disinfection program. J Food Eng 111, 546–552.
Brugnoni, L.I., Lozano, J.E. and Cubitto, M.A. (2012b)

Efficacy of sodium hypochlorite and quaternary

ammonium compounds on yeasts isolated from apple

juice. J Food Process Eng 35, 104–119.
Busscher, H.J., Cowan, M.M. and van der Mei, H.C. (1992)

On the relative importance of specific and non-specific

approaches to oral microbial adhesion. FEMS Microbiol

Rev 8, 199–209.
Calderone, R.A. (2002) Candida and Candidiasis. Washington

D.C.: American Society for Microbiology (ASM) Press.

Cheng, H.Y., Yu, R.C. and Chou, C.C. (2003) Increased acid

tolerance of Escherichia coli O157:H7 as affected by acid

adaptation time and conditions of acid challenge. Food Res

Int 36, 49–56.
Cunningham, M.W. (2000) Pathogenesis of group A

streptococcal infections. Clin Microbiol Rev 13, 470–511.
De Bernardis, F., Muhlschlegel, F.A., Cassone, A. and Fonzi,

W.A. (1998) The pH of the host niche controls gene

expression in and virulence of Candida albicans. Infect

Immun 66, 3317–3325.
De Sordi, L. and Muhlschlegel, F.A. (2009) Quorum sensing

and fungal–bacterial interactions in Candida albicans: a

communicative network regulating microbial coexistence

and virulence. FEMS Yeast Res 9, 990–999.
El-Azizi, M.A., Starks, S.E. and Khardori, N. (2004)

Interactions of Candida albicans with other Candida spp.

and bacteria in the biofilms. J Appl Microbiol 96,

1067–1073.
Federal Register (FR). (2001) Hazard analysis and critical

control points (HACCP); procedures for the safe and

Journal of Applied Microbiology 118, 431--442 © 2014 The Society for Applied Microbiology440

Interactions between yeast and bacteria M.C. Tarifa et al.



sanitary processing and importing of juice. U.S. Food and

Drug Administration. Final rule. Fed Reg 66, 6138–6202.
Foster, J.W. (1991) Salmonella acid shock proteins are

required for the adaptive acid tolerance response.

J Bacteriol 173, 6896–6902.
Foster, J.W. and Hall, J.K. (1991) Inducible pH homeostasis

and the acid tolerance response of Salmonella

typhimurium. J Bacteriol 173, 5129–5135.
Golden, D.A., Rhodehamel, E.J. and Kautter, D.A. (1993)

Growth of Salmonella spp. in cantaloupe, watermelon and

honeydew melons. J Food Prot 56, 194–196.
Handley, P.S., McNab, R. and Jenkinson, H.F. (1999) Adhesive

surface structures on oral bacteria. In Dental Plaque

Revisited: Oral Biofilms in Health and Disease ed. Newman,

H.N. and Wilson, M. pp. 145–170. London: Eastman

Dental Institute.

Hassan, M., Corkidi, G., Flores, C., Galindo, E. and

Serrano-Carre�on, L. (2002) Accurate and rapid viability

assessment of Trichoderma harzianum using fluorescence-

based digital image analysis. Biotechnol Bioeng 80, 677–
684.

Hogan, D.A., Vik, A. and Kolter, R. (2004) A Pseudomonas

aeruginosa quorum-sensing molecule influences Candida

albicans morphology. Mol Microbiol 54, 1212–1223.
Jenkinson, H.F. and Douglas, L.J. (2002) Interactions between

Candida species and bacteria in mixed infections. In

Polymicrobial Diseases, Chapter 18 ed. Brogden, K.A. and

Guthmiller, J.M. pp. 357–373. Washington (DC): ASM

Press. Available from: http://www.ncbi.nlm.nih.gov/books/

NBK2486/

Ki-Bong, O. and Hideaki, M. (2002) Rapid viability

assessment of yeast cells using vital staining with 2-NBDG,

a fluorescent derivative of glucose. Int J Food Microbiol 76,

47–53.
Kim, Y. and Mylonakis, E. (2011) Killing of Candida albicans

filaments by Salmonella enterica serovar Typhimurium is

mediated by sopB effectors, parts of a type III secretion

system. Eukaryot Cell 10, 782–790.
Kumar, C.G. and Anand, S.K. (1998) Significance of microbial

biofilms in food industry: a review. Int J Food Microbiol

42, 9–27.
Kurtzman, C.P. and Fell, J.W. (1998) The Yeast, a Taxonomic

Study, 4th edn. 1054 pp. New York, NY: Elsevier.

Lecault, V., Patel, N. and Thibault, J. (2007) Morphological

characterization and viability assessment of Trichoderma

reesei by image analysis. Biotechnol Prog 23, 734–740.
Leyer, G.J. and Johnson, E.A. (1997) Acid adaptation sensitizes

Salmonella typhimurium to hypochlorous acid. Appl

Environ Microbiol 63, 461–467.
Lindsay, D. and von Holy, A. (1997) Evaluation of dislodging

methods for laboratory-grown bacteria biofilms. Food

Microbiol 14, 383–390.
Liu, N.T., Nou, X., Lefcourt, A.M., Shelton, D.R. and Lo,

M.Y. (2014) Dual-species biofilm formation by

Escherichia coli O157:H7 and environmental bacteria

isolated from fresh-cut processing facilities. Int J Food

Microbiol 171, 15–20.
Lozano, V.S. (1990) Preparaci�on de muestras biol�ogicas para

microscop�ıa de barrido [Biological samples preparation

for scanning electron mircoscopy]. In Introducci�on a la

Microscop�ıa Electr�onica [Introduction to Electron

Microscopy] ed. de Lozano, V.S. and Morales, A. pp.

133–156. Bah�ıa Blanca: CRIBABB-CONICET.

Lozano, J.E. (2006) Fruit manufacturing: scientific basis,

engineering properties and deteriorative reactions of

technological importance. In Food Engineering Series ed

Gustavo V. Barbosa-C�anovas. pp. 133–149: New York

Springer Verlag, 131 illus., Hardcover. ISBN: 0-387-30614-5.

Mao, Y., Doyle, M.P. and Chen, J. (2001) Insertion

mutagenesis of reduces acid and heat tolerance of

enterohemorrhagic Escherichia coli O157:H7. J Bacteriol

183, 3811–3815.
McAlester, G., O’Gara, F. and Morrissey, J.P. (2008) Signal-

mediated interactions between Pseudomonas aeruginosa

and Candida albicans. J Med Microbiol 57, 563–569.
Morgan, D., Newman, C.P., Hutchinson, D.N., Walker, A.M.,

Rowe, B. and Majid, F. (1993) Verotoxin producing

Escherichia coli O157:H7 infections associated with the

consumption of yoghurt. Epidemiol Infect 111, 181–187.
M€uhlschlegel, F.A. and Fonzi, W.A. (1997) PHR2 of Candida

albicans encodes a functional homolog of the pH-

regulated gene PHR1 with an inverted pattern of pH-

dependent expression. Mol Cell Biol 17(10), 5960–5967.
Nair, R.G. and Samaranayake, L.P. (1996a) The effect of oral

commensal bacteria on candidal adhesion to denture

acrylic surfaces. APMIS 104, 339–349.
Nair, R.G. and Samaranayake, L.P. (1996b) The effect of oral

commensal bacteria on candidal adhesion to human

buccal epithelial cells in vitro. J Med Microbiol 45,

179–185.
O’Toole, G.A. and Kolter, R. (1998) Flagellar and twitching

motility are necessary for Pseudomonas aeruginosa biofilm

development. Mol Microbiol 30, 295–304.
Parish, M.E. (1997) Public health and non-pasteurized fruit

juices. Crit Rev Microbiol 23, 109–119.
Pawar, D.M., Rossman, M.L. and Chen, J. (2005) Role of curli

fimbriae in mediating the cells of enterohaemorrhagic

Escherichia coli to attach to abiotic surfaces. J Appl

Microbiol 99, 418–425.
Peleg, A.Y., Tampakakis, E., Fuchs, B.B., Eliopoulos, G.M.,

Moellering, R.C. Jr and Mylonakis, E. (2008) Prokaryote-

eukaryote interactions identified by using Caenorhabditis

elegans. Proc Natl Acad Sci USA 105, 14585–14590.
Peters, B.M., Jabra-Rizk, M.A., Scheper, M.A., Leid, J.G.,

Costerton, J.W. and Shirtliff, M.E. (2010) Microbial

interactions and differential protein expression in

Staphylococcus aureus-Candida albicans dual-species

biofilms. FEMS Immunol Med Microbiol 59, 493–503.
Peters, B.M., Jabra-Rizk, M.A., O’May, G.A., Costerton, J.W.

and Shirtliff, M.E. (2012) Polymicrobial interactions:

Journal of Applied Microbiology 118, 431--442 © 2014 The Society for Applied Microbiology 441

M.C. Tarifa et al. Interactions between yeast and bacteria

http://www.ncbi.nlm.nih.gov/books/NBK2486/
http://www.ncbi.nlm.nih.gov/books/NBK2486/


impact on pathogenesis and human disease. Clin Microbiol

Rev 25, 193–213.
Rocha-Valadez, J.A., Hassan, M., Corkidi, G., Flores, C.,

Galindo, E. and Serrano-Carre�on, L. (2005) 6-pentyl-a-
pyrone production by Trichoderma harzianum: the

influence of energy dissipation rate and its implications on

fungal physiology. Biotechnol Bioeng 91, 54–61.
Salo, S. and Wirtanen, G. (2005) Disinfectant efficacy of

foodborne spoilage yeast strains. Trans I Chem E, Part C

83, 288–296.
Saporito-Irwin, S.M., Birse, C.E., Sypherd, P.S. and Fonzi, W.A.

(1995) PHR1, a pH-regulated gene of Candida albicans, is

required for morphogenesis. Mol Cell Biol 15, 601–613.
Saville, S.P., Lazzell, A.L., Monteagudo, C. and Lopez-Ribot,

J.L. (2003) Engineered control of cell morphology in vivo

reveals distinct roles for yeast and filamentous forms of

Candida albicans during infection. Eukaryot Cell 2,

1053–1060.
Stratford, M., Hofman, P.D. and Cole, M.B. (2000) Fruit juice,

fruit drinks and soft drinks. In The Microbiological Safety

and Quality of Food ed. Lund, B.M., Baird-Parker, T.C.

and Gould, G.W. pp. 836–869. Gaithersberg: Aspen
publishers.

Tarifa, M.C., Brugnoni, L.I. and Lozano, J.E. (2013) Role of

hydrophobicity in adhesion of wild yeast isolated from the

ultrafiltration membranes of an apple juice processing

plant. Biofouling 29, 841–853.
Taverna, C.G., Bosco-Borgeat, M.E., Murisengo, O.A., Davel,
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