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ABSTRACT 

IVEY, MELISSA LEIGH. Transcriptome Analysis of Saccharomyces cerevisiae under Bacterial 

Contamination and Lactic Acid Stress during Ethanolic Fermentation. (Under the direction of Dr. 

Trevor Phister.) 

 

Bacteria and yeast co-exist in numerous fermented food systems including cheese, bread and 

meat products being either beneficial or detrimental to the process.  Of these systems, ethanol 

fermentation is the most at risk for the detrimental effects of bacterial contamination.   Sluggish 

or stuck fermentations from bacterial contamination are a continual problem in the wine industry 

and contamination of beer can lead to off aromas and flavors.  The largest problem with 

contamination during these fermentations is the decrease in ethanol production seen.  Studies 

have demonstrated that the majority of bacterial contamination during ethanol fermentation is 

lactic acid bacteria (LAB).  Until recently, the main theory for the decrease in ethanol was the 

accumulation of lactic acid being produced by the bacteria.  Recent studies have brought this 

theory into question and have suggested the bacteria are affecting the yeast in some other way.   

To better understand the effects of LAB on yeast during ethanol fermentation, transcriptome 

analysis was performed on continual feed fermentations of Saccharomyces cerevisiae 

contaminated with Lactobacillus zeae.   

The first part of this research consisted of numerous fermentations of  S. cerevisiae contaminated 

with several different strains of LAB or with lactic acid (1% w/v).  Strains used included 

Lactobacillus kunkeei, Lactobacillus paracasei, Lactobacillus plantarum and L. zeae.  

Fermentations were monitored for yeast cell growth and viability, glucose consumption and 

ethanol and lactic acid production.  All results were compared and it was determined that L. zeae 

had the greatest effect on yeast cell growth and ethanol production.  The strain also produced the 
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most lactic acid but had the least impact on glucose consumption.  All these factors led to L. zeae 

being chosen as the contaminant of focus for the transcriptome analysis research. 

The second part of this research involved triplicate runs of continual feed fermentations of 1% S. 

cerevisiae contaminated with 1% L. zeae or 1% w/v lactic acid.  Again yeast cell growth and 

viability, glucose consumption and ethanol and lactic acid production were monitored.  In all the 

fermentations, contamination with bacteria had a greater impact on the ethanol production.  At 

specific time points (before treatment, 30 minutes after treatment, 12 hours after treatment and 

24 hours after treatment) samples were frozen for subsequent RNA isolation to examine 

transcriptional effects on the yeast.  Samples taken from bacterial fermentations were labeled 

with either Cy3 or Cy5 while samples taken at the same time point in the lactic acid 

fermentations were labeled with the opposite dye.  Microarray hybridizations were done in 

triplicate and the gene expression at each time point was compared.    It was determined that at 

12 and 24 hours after contamination, several genes were down-regulated as compared to the 

lactic acid fermentation.  Most of these genes are involved in cell cycle and transport functions 

of the cell.  In total 53 genes were effected.  

Overall, this research indicates that there are interactions occurring between the LAB and yeast 

during ethanol fermentation that adversely affects the yeast’s ability to produce ethanol.  
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1. Lactic acid bacteria and yeast in foods.   

Lactic acid bacteria (LAB) and yeast coexist in many food systems, being either beneficial or 

detrimental to the end product.  These systems include a wide variety of foods including 

beverages, such as wine, beer and cider, dairy products such as milk and cheeses, fermented 

vegetables, as well as, meat products and breads.  Sourdough bread utilizes many hetero- and 

homofermentative LAB, as well as yeast, with Saccharomyces exiguus, Candida krusei, 

Pichia norvegensis and Hansenula anomala being prevalent at about a 100:1 LAB:yeast 

ratio, giving the bread its distinct flavor (Gobbetti et al., 1998).  The most prevalent species 

of LAB include Lactobacillus plantarum, Lactobacillus sanfranciscensis and Lactobacillus 

brevis.  In certain spontaneous sourdough fermentations it is likely that a secondary 

microbiota exists consisting of bacterial species such as Lactobacillus alimentarius, 

Lactobacillus acidophilus, Lactobacillus fructivorans, Lactobacillus fermentum, 

Lactobacillus reuteri and Lactobacillus pontis and yeast species such as Saccharomyces 

exiguous, Candida krusei and Candida milleri (Gobbetti et al, 1994, Vogul et al., 1996, 

Corsetti et al., 2001).  It is thought that the growth of the various lactic acid bacteria is 

promoted in co-culture with yeast mainly due to the excretion of specific amino acids and 

small peptides (Spicher and Schroeder, 1978, Paramithiotis et al., 2006).   The interaction 

between LAB and yeast is central to acceptability of the final product, as the acidification 

influences the final characteristics of the bread, most notably texture and flavor (Gobbetti er 

al., 1998, Rehman et al., 2007).  

During the ripening of soft cheeses, yeasts play a role in the development of aroma through 

the production of volatile compounds but can also impact the flavor of the final product by  
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contributing proteolytic and lipolytic enzymes (Leclercq-Perlat et al., 2004). Using a mixed 

starter culture of LAB and the yeast Debaryomyces hansenii has facilitated the ripening of 

many soft cheeses, as well as, Romano cheese (Deiana et al., 1984). D. hansenii effects soft 

cheese through lactose and lactate consumption during deacidification of the curd (Riahi et 

al., 2007). D. hansenii also affects the aroma of soft cheese, such as Munster, through the 

production of 2-phenylethanol, while Kluyveromyces marxianus contributes through the  

production of numerous esters (Leclercq-Perlat et al., 2004).  Along with D. hansenii, 

Yarrowia lipoytica is a common yeast present in starter cultures used for cheesemaking.  In 

studies of cheddar cheese production, both yeast species contributed to the bitter flavor of the 

cheese, did not inhibit growth of LAB and accelerated the ripening stage.  It was also 

determined that the higher the growth of these species, the stronger the cheddar flavor of the 

product, which was stable for 9 months after production (Ferreira et al., 2003).   

In meat products, such as fresh sausages, fermentation of LAB and of some yeasts make a 

more stable product by lowering the pH and creating a harsher environment for spoilage or 

pathogenic microorganisms (Cocolin et al., 2009).  Studies done on the dry pork sausage 

androlla found that yeast are present, on average, at concentrations of 4.3 log cfu/g with 

lactic acid bacteria being present at 9.11 log cfu/g.  Although both LAB and yeast species are 

found in the product, their roles in the production are still not fully understood (Garcia 

Fontán et al., 2007).  Other dry sausages show similar results.  Chorizo and salchichón made 

from ostrich, deer and pork were evaluated for growth of both LAB and yeasts.  In all meat 

sources, LAB outnumbered yeasts species present, although the level of LAB was greatest in 

pork sausages.  In the yeast counts, deer sausage had the lowest yield with pork again having  
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the most.  Again the exact role of these organisms is not clear, but it is thought they affect the 

end pH, which differed depending on the meat used (Capita et al., 2006). One of the most 

well studied food systems is wine, which contains numerous LAB and yeasts (Fleet, G. 

1997).  Oenococcus oeni is primarily responsible for the Malolactic Fermentation (MLF), a 

process that adds to wines flavor, aroma and microbial stability. The MLF is a biological 

process in which malate is converted to lactate and carbon dioxide (Garvie et al., 1967, Davis 

et al., 1985, Versari et al., 1999, Liu 2002). The MLF can be greatly affected by the choice of 

yeast used in the primary fermentation and Mills et al. demonstrated mutualism, 

commensalism and antagonism occurring between different O. oeni starters (Mills et al., 

2008). A combination of O. oeni, Pediococcus pentosaceus and S. cerevisiae has been shown 

to decrease the acidity of red wine, improving the taste by making a smooth, balanced and 

biologically stable product (Eliseeva et al., 2000).  

Although there are numerous benefits from these interactions, there are also many 

detrimental effects seen in foodstuffs. Sluggish and stuck fermentations are a continuous 

problem, mainly in the biofuel and wine industries.  These are characterized by a slowing or 

complete stop of glucose consumption during the fermentation process. There are typically 

four types of sluggish fermentation: (1) sluggish initiation with rate eventually becoming 

normal; (2) normal initiation becoming sluggish; (3) sluggish throughout the entire time 

course; and (4) an abrupt arrest usually late into the fermentation (Butzke and Bisson, 2000). 

There are numerous factors that contribute to problems during fermentations including, 

nitrogen deficiency (Bely et al., 1990), thiamin depletion of the must (Peynaud et al., 1977), 

lack of oxygen (Traverso Rueda et al., 1982), excessive clarification of juice (Alexandre et  



("

"

al., 1994, Houtman et al., 1986), and inhibition of yeast cell activity by fermentation by-

products, primarily decanoic (Edwards et al., 1990, Lagon-Lafourcade et al., 1984) and acetic 

acid (Edwards et al, 1999), pH (Kado et al, 1998), toxins (Barre 1982, Van Buuren 1992) and 

pesticides (Diognon and Rozes, 1992).  There are many approaches used to combat these 

issues. Blateyron and Sablayrolles (2000) demonstrated that sluggish and stuck fermentations 

were solved by adding 7mg/L oxygen and 300mg/L diammonium phosphate, at the halfway 

point of the fermentation.  The focus of this research is on the detrimental effects of LAB, 

mainly Lactobacillus spp. on ethanolic fermentation of Saccharomyces cerevisiae. 

2. Inhibitory mechanisms of lactic acid bacteria  

Currently, there are numerous theories to account for the interaction of LAB and yeast. 

Accumulation of both lactic and acetic acids are major inhibitory end products produced by 

LAB. While these acids lower the pH of any fermentation, their true inhibitory effect is seen 

in the undissociated form of the acid, as it is capable of diffusing through the cell membrane. 

Once inside the cell, it can then dissociate, releasing H+ ions that acidify the cytoplasm of the 

cell (Schnürer and Magnusson, 2005). There are numerous other compounds produced by 

LAB that are known to contribute to the inhibition of ethanol production such as diacetyl, 

reuterin and fatty acids (Figure 1).   

Additionally, competition for trace nutrients is believed to contribute to the effect of LAB on 

yeast, but it has not been possible to clearly separate the inhibition due to the depletion of 

nutrients verses the effects of end-products produced by the contaminant.  Currently there is 

little to no evidence available in the literature to suggest that competition for nutrients, rather 

than inhibition by metabolic end-products is the major reason for the loss of ethanol and  
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viability found in contaminated industrial ethanol fermentations (Bayrock and Ingledew, 

2004).  Numerous metabolites have been associated with the inhibitory effects of LAB and 

yeasts. Diacetyl produces the aroma of butter and is produced by strains within all genera of 

LAB (Lindgren et al., 1990).  In general, yeasts and Gram-negative bacteria are more 

sensitive to this compound than LAB and other Gram-positive bacteria.  Jay (1982) found 

that Candida lipolytica, Debaryomyces cantarellii and Rhodototula tubra were all 

significantly inhibited at more than 200µg/ml diacetyl at a pH < 7.7. During metabolism of 

glycerol, some LAB produce an intermediate known as reuterin (Schnürer and Magnusson, 

2005).  Species known to produce this compound are L. reuteri, L. brevis, L. buchneri and L. 

coryniformis (Schütz and Radler, 1984; Claisse and Lonvaud-Funel, 2000; Magnusson 

2003).  Reuterin is a broad-spectrum antibiotic active against several different 

microorganisms including Gram-positive and Gram-negative bacteria, as well as, yeast and 

fungi, specifically species of the genera; Candida, Torulopsis, Saccharomyces, Aspergillus 

and Fusarium (Chung et al., 1989; Schnürer and Magnusson, 2005).  There has been some 

work that suggests proteinaceous compounds also affect yeasts.  Okkers et al. (1999) found a 

peptide from Lactobacillus pentosus that had fungistatic effects against C. albicans while 

Magnusson and Schnürer (2001) found a small, heat stable peptide from Lactobacillus 

coryniformis subsp. coryniformis that has antifungal effects against several molds and yeasts.  

Sjögren et al. (2003) found that hydroxylated fatty acids produced by L. plantarum have an 

effect against a broad spectrum of yeasts at a range of 10-100 µg/ml.  While these 

compounds do inhibit the growth of yeast, production of organic acids, specifically lactic and 

acetic acid, is still considered the major inhibitory factor produced by LAB.   
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Narendranath et al. (2001) studied the effects of lactic acid and acetic acid on the growth of 

S. cerevisiae in minimal media.  They observed a decrease in the specific growth rates of the 

yeast, as well as, an exponential increase in lag times.  Examining the effect during 

fermentation, a reduction was seen in both glucose consumption and ethanol production after 

the acetic acid concentration exceeded 0.1% w/v.  Surprisingly, lactic acid at a concentration 

of only 0.6% w/v completely shut down glucose utilization and ethanol synthesis. This is 

significant as contaminating LAB may easily produce this amount. To ensure the decrease 

was a response to the addition of organic acids and not an effect of the drop in pH, growth of 

the yeast was monitored in minimal media at the same pH as seen with the acids (pH2.6 and 

3.0). The dry weight of S. cerevisiae was eightfold less with the addition of lactic and acetic 

acid than when the pH was altered without organic acids.  

Graves et al. (2006) examined the effects of both lactic and acetic acids on fermentations of 

S. cerevisiae in corn mash.  Examining fermentations at pH 4, 4.5, 5 and 5.5, lactic or acetic 

acid were added at levels ranging from 0-4% w/v.   Levels of solid matter were also altered 

to 20, 25 or 30% to examine the effects of increased osmotic stress on the yeast cells.  For 

lactic acid, the maximum effect occurred at pH 4 where acid levels of 4% w/v decreased final 

ethanol concentrations by 0.50, 1.03 and 2.07% v/v in the 20, 25 and 30% solids mashes, 

respectively.  For acetic acid, a concentration of 1.6% w/v was enough to decrease ethanol 

synthesis rates at all pH values.  At pH 4, only 0.4% w/v was needed.  Although the synthesis 

of ethanol was reduced with 1.5% w/v acetic acid, the final amount of ethanol produced at 

pH values !5 was relatively high with 10, 11 and 12% w/v present at 20, 25 and 30% solids 

respectively.  Graves et al. (2007) went further to examine the effects of adding both lactic  
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and acetic acids at different temperatures: 30, 34 and 37
o
C.  The two acids acted 

synergistically in reducing the final ethanol concentrations as the final quantities decreased 

sharply as the concentration of acids increased.  At concentrations of 0.3% w/v acetic acid 

and 4% w/v lactic acid all ethanol concentrations decreased from roughly 12-14% v/v to 0, 2 

and 1% v/v at 30, 34 and 37
o
C, respectively.   

3. Lactobacilli contamination of food fermentations.   

LAB play a significant role in many different types of food fermentations.  For most 

fermented food products, LAB are beneficial providing an antimicrobial environment that 

protects against numerous pathogenic microorganisms.  Spoilage due to LAB often occurs in 

refrigerated, packaged meat and fish products (García-Cañas et al., 2004). They will 

occasionally produce off odors and flavors as well as slime on the product, which is most 

commonly associated with heterofermentative LAB (Lindgren et al., 1990), even though 

homofermentative lactobacilli are major contributors to premature spoilage of vacuum-

packaged cooked cured meat products such as bologna (Zhang et al., 1999).  Species of 

Leuconostoc, Carnobacterium, Enterococcus and Brochothrix are widely associated with 

spoilage of modified-atmosphere packaged meat, in particular, ham (Vasilopoulous et al., 

2008).  This review will focus on the serious problems that occur in alcoholic fermentation 

processes from LAB contamination.   

Interactions between wine yeast and LAB, mainly lactobacilli, have been studied for decades.  

Some LAB are known to improve the flavor of wine through malolactic fermentation, such 

as O. oeni, though many lactobacilli found in wine are considered spoilage organisms, due to 

the production of acetic acid and other off-flavors (Davis et al.,1985, Edwards et al., 2000).  
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Certain genera of LAB, including Lactobacillus and Pediococcus, are of particular concern 

for producing off flavors and aromas in wine because of their ability to produce compounds 

including acetaldehyde, succinic acid, lactic acid and acetic acid, to name a few. (Bartowsky, 

E.J. 2009, Neeley et al., 2005).  LAB have the ability to decarboxylate amino acids creating 

biogenic amines, which not only alters the flavor and aroma but can also cause severe health 

issues, including headaches, respiratory distress and allergic reactions, when consumed 

(Silla-Santos 2006, Lonvaud-Funel 2001).  Flavors and aromas that are desirable in wine 

depend heavily on the concentration of the compound.  For example, diacetyl is a desirable in 

wine at lower than 4 mg per liter. Concentrations over this threshold overpower the wine and 

ruin the final product (Bartowsky E.J. 2009).  Fortunately, most LAB spoilage scenarios can 

be avoided with correct hygiene management during the vinification and maturation process.   

As LAB are needed in wine for malolactic fermentation, it is important to distinguish the 

good strains from the spoilage strains and determine what makes them proliferate.  

Lemareasquier (1987), isolated strains of Leuconostoc oenos (now known as O. oeni), 

Pediococcus cerevisiae, Lactobacillus hilgardii and other unidentified strains of bacteria 

from Champagne wine. It was shown that the yeast stimulated growth of some unidentified 

bacteria, while others were inhibited. This suggests there is a possible by-product of the yeast 

that can stimulate growth of LAB. Huang et al. (1995) isolated LAB from commercial wines 

that were undergoing sluggish or stuck fermentations. Bacteria were isolated based on their 

inhibition of yeast growth. Three strains of unidentified bacteria were isolated.  Two of these 

strains were identified as strains of O. oeni (Edwards et al., 1998a). The third strain was 

shown through rDNA sequencing to be a novel species of Lactobacillus.  It was later  
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characterized and named Lactobacillus kunkeei (Edwards et al., 1998b). The effects of the 

bacterium were tested on two different yeast strains: Saccharomyces bayanus and S. 

cerevisiae.  L. kunkeei significantly inhibited both strains of yeast with neither yeast strain 

achieving a strong log phase.  The bacteria reached a viability of 10
9
 CFU/ml while the 

maximum yeast viability was 10
6
 CFU/ml.  Fermentations of the same yeast strains without 

bacteria reached viabilities of greater than 10
7
 CFU/ml.  It was also shown that simultaneous 

inoculation of yeast and bacteria did not exhibit an effect on the yeast viability.  Ethanol 

production was also greatly affected as production by S. bayanus decreased from 13.2 to 

10.4% while S. cerevisiae decreased from 13.4 to 10.7% (Huang 1995).  Edwards et al. 

(2000) identified another novel strain of Lactobacillus from a wine undergoing a stuck 

fermentation. It was also characterized through rDNA sequencing and named L. nagelii.  At 

this time, L. nagelii and L. kunkeei are the only species of Lactobacillus that are known to 

slow alcoholic fermentation of grape musts (Edwards et al., 2000).   

A study conducted in 2004 observed the frequency of LAB strains in red wines produced by 

small wineries. It was determined that most LAB present were species of Lactobacillus but 

there were some strains of Pediococcus damnosus and Leuconostoc sp. (Beneduce et al., 

2004).  The wines evaluated were produced with low doses of sulphur dioxide, as small 

wineries tend to use less SO2 and do not always use starter cultures for malolactic 

fermentations.  It is thought the high pH of the final product, compared to the typical low 

wine pH, counteracted any activity of the SO2 and allowed for proliferation of the spoilage 

organisms.  One common defect, in wines and many other fermented foods, is high levels of 

biogenic amines such as histamine.  While the majority of LAB contaminants in wine are  
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Lactobacillus sp. the organisms most often associated with histamine production are 

Pediococcus sp.  A study, conducted in 2005, examined 136 LAB strains, isolated from wine, 

for histamine production.  The majority of contaminants characterized were Lactobacillus 

sp., at 40% of the isolates, but the majority of histamine positive contaminants were 

Pediococcus parvulus strains (Landete et al., 2005).  

Many bacteria have also been shown to contaminate beer and thus produce a sour-tasting 

product, with common culprits being Pediococcus sp., Pectinatus sp., Megasphaera 

cerevisiae (Simpson et al., 1992, Sakamoto et al., 2003) and Lactobacillus sp., which alone 

accounted for 60-90% of the contaminants identified (Suzuki et al., 2008). Beer is a hostile 

environment for most bacteria with a high ethanol concentration, low pH, high carbon 

dioxide concentration, and extremely low oxygen content.  Beer also contains bitter hop 

acids, commonly known as iso-!-acids, that inhibit the growth of many bacteria through 

dissipation of the transmembrane pH gradient, leading to a reduction in the proton motive 

force. Tolerance to these conditions characterizes bacteria associated with beer spoilage 

(Simpson et al., 1993, Sakamoto et al., 2003). Additionally, increased proton pumping by the 

membrane bound H
+
-ATPase has been shown to contribute to hop resistance (Sakamoto et 

al., 2003).  The most vigorously growing bacteria that spoils beer is Lactobacillus brevis, 

although some strains do not have any ability to spoil beer (Suzuki et al., 2004b).   There are 

strains of LAB, however, that have no negative effect on beer. Thus discrimination between 

problematic and benign strains can be rather difficult. There are numerous conserved regions 

within LAB that indicate an ability to spoil beer.  The regions surrounding ORF5, a putative  

PMF-dependant multidrug transporter with homologues present in a number of beer spoilage  
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LAB, are commonly used to differentiate beer-spoilage strains of LAB (Paulsen et al., 1996, 

Bolhuis et al., 1997, Suzuki et al., 2004d).  ORF5 was identified as a candidate for a 

secondary mediator of hop resistance in L. brevis ABBC45, a very strong beer-spoilage strain 

(Suzuki et al., 2002, 2004b) This ORF was located on a plasmid designated pRH45II. 

Excision of a region containing ORF5 was concomitant with the complete loss of beer-

spoilage ability of the ABBC45 strain. Of the region excised, there were 12 putative ORFs 

designated as ORF1-12, all of which could be associated with beer-spoilage ability (Suzuki et 

al., 2004b,c,d) Suzuki et al. (2004d) found that DNA regions containing ORF1-7 were 

virtually identical among three contaminants, L. brevis, L. paracollinoides and P. damnosus. 

Fugii et al. (2005) used RAPD-PCR to find a single locus specific to beer-spoilage 

microorganisms.  This locus is a three-part operon encoding a putative glycosyl transferase, 

membrane protein and teichoic acid glycosylation protein. This locus was found in known 

spoilage strains of L. brevis, L. collinoides, L. coryniformis and P. damnosus (Fugii et al., 

2005) Sami et al. (1997) developed a method to determine the capability for beer-spoilage 

bacteria.  Using the hop possible-resistance gene horA, identified on a plasmid of 

Lactobacillus brevis, a pair of primers were developed and used to examine various 

Lactobacillus sp. through polymerase chain reaction (PCR).  It was determined that DNA 

fragments were amplified almost exclusively in beer-spoilage lactobacilli, regardless of the 

species, making it possible to rapidly characterize the capability of a bacteria to spoil beer 

(Sami et al., 1997).  Haakensen et al. (2007) went one-step further and used horA to develop 

a real-time PCR assay.  The method was tested using several common LAB species, some  

known to spoil beer such as L. brevis and L. casei, as well as others that are not, such as L.  
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acidophilus and L. delbrueckii.   Each strain was analyzed with real-time PCR and then 

inoculated into beer to see if they were capable of spoilage.  All strains that tested positive 

for the horA gene were able to grow in beer within about a week (Haakensen et al. 2007). 

4. Lactobacilli contamination of biofuel fermentations.   

Chronic bacterial infections are expected to occur during bioethanol fermentations (Bayrock 

et al., 2004, Skinner et al., 2004). This can negatively affect the efficiency of such 

fermentations, as acute contaminations can happen unpredictably and cause slow or stuck 

fermentations (Skinner et al., 2004).  Of all contaminants, LAB are especially troublesome, 

as they grow rapidly and possess a tolerance to high temperature, as well as low pH, an ideal 

environment for them to thrive (Narendranath et al., 1997). Lactobacillus sp. are the 

predominant contaminates seen as they are well adapted for survival under high ethanol, low 

pH and low oxygen.  Skinner and Leathers (2004), examined fermentations occurring from 

three different facilities: one wet-mill operation that did not use any antibiotic treatment and 

two dry-grind operations one of which used antibiotics only in the propagation tank and the 

other dosing with antibiotic treatment every four hours.  Samples were taken from the 

facilities at various points during a nine-month span.  Isolates were purified and identified 

from each sample taken.  The wet-mill operation showed contamination levels near 10
6 

CFU/ml with 44-60% being Lactobacillus sp.  Of these, 21-45% were of the species L. 

delbrueckii subsp. delbrueckii.  In the first dry-grind facility, bacteria reached peak levels at 

10
5
-10

8 
CFU/ml with Lactobacillus sp. again being dominant at 37-39% of isolates.  In this 

case, the dominant species was L. delbrueckii subsp. lactis with L. delbrueckii subsp.  

delbrueckii not being isolated. There were large populations of both Pediococcus sp. and  
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Weisella confusa with each making up 18-24% of the total isolates. In the second dry-grind 

facility, Lactobacillus sp. made up the majority of contaminants at 69-87% with peak 

bacterial counts reaching 10
8
 CFU/ml.  L. delbrueckki subsp. delbrueckii was again the most 

prevalent species isolated.   

5. Effects of lactobacilli contamination on biofuel fermentations.  

Lactobacilli may have numerous effects on ethanol fermentations, most notably by 

decreasing yeast cell populations and ethanol production.  They may also increase the 

amount of lactic and in some cases acetic acid produced. Chin et al. (1994) examined the 

effects of using backset, combined with the presence of LAB strains, on yeast fermentation 

and ethanol production in wheat mash. Five fermentations were performed using 50% 

backset collected from laboratory distillers. Three fermentations were completed for each 

contaminant used: Lactobacillus fermentum and Lactobacillus delbrueckii.  One was a 

control of just S. cerevisiae, one was inoculated with the contaminant and one was inoculated 

with the contaminant and supplemented with 0.45% w/v yeast extract.  Each wheat mash 

fermentation was inoculated with 10
7
cells/ml yeast and when appropriate with 10

8 
cells/ml 

bacteria. The amount of L. fermentum did not appear to affect either the yeast viability or the 

ethanol production of the fermentations.  L. delbrueckii did not seem to effect the ethanol 

production but did cause a loss in yeast viability.  L. fermentum is a heterofermentative 

organism meaning that it produces: lactic acid, acetic acid, carbon dioxide and ethanol.  L. 

delbrueckii is a homofermentative organism meaning its fermentation product is lactic acid, 

which could explain the decrease in viability seen (Chin 1994). P. de Oliva-Neto and Yokoya 

(1994) examined alcoholic fermentation of S. cerevisiae and  
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Lactobacillus fermentum.  It was determined that the viability of the yeast cells decreased 

markedly as the bacterium increased.  Total yeast population also decreased as bud formation 

significantly decreased toward the end of the fermentation when lactic acid levels reached 4.8 

g/L.  Once lactic acid levels reached 6 g/L with bacterial numbers at 1.2 x 10
9 

CFU/ml, the 

ethanol production began to significantly decrease as well.  To date, it is the common belief 

that the effects of contaminating bacteria on yeast fermentations demonstrated above, occur 

through one of two methods: accumulation of lactic and acetic acids or competition for trace 

nutrients (Bayrock et al., 2004, Naredranath et al., 1997).  However, numerous studies have 

demonstrated that these mechanisms may not completely account for the observed inhibition.  

Makanjuola et al. (1992) studied the effects of Lactobacillus plantarum contaminants, 

isolated from a malt whisky distillery, on laboratory-scale fermentations.  Once inoculated 

with bacteria the ethanol yield, final yeast count and final pH all decreased, while bacterial 

counts, final specific gravity, and residual total carbohydrate all increased.  A Lactobacillus 

plantarum inoculum of 1.8x10
8 

CFU/ml caused a decrease in ethanol production by S. 

cerevisiae of just over 20%.  A second experiment was conducted to examine the effects of 

nine different strains of LAB including strains of Lactobacillus brevis, L. plantarum, and 

Leuconostoc sp.  Bacterial inocula ranged from 1.2 x 10
7
 to 3.7 x 10

7 
CFU/ml.  Each 

bacterium caused a decrease in final ethanol output ranging from 6-22%. Overall in this 

work, a bacterial count of 4.5 x 10
8
 CFU/ml resulted in approximately a 17% reduction of 

ethanol.  The bacteria also caused a decrease in yeast populations ranging from 4-21%.  Two  

strains of L. plantarum caused the largest decrease in both yeast counts and ethanol 

production.  These strains also caused flocculation of the yeast cells after 4 h of fermenting.  
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This suggests that flocculation could be an important mechanism of inhibition.  One would 

assume the most probable reason for ethanol decrease to be limiting amounts of fermentable 

carbohydrates, yet this does not appear to be the case as residual carbohydrate increased in 

the presence of the bacterium (Makanjuola et al., 1992).    

Ngang et al. (1990) studied the effects of Lactobacillus casei contamination on beet molasses 

alcoholic fermentation. They observed a decrease in ethanol production when bacterial levels 

reached 1.2 x 10
4
 CFU/ml or higher.   It was further determined that to achieve 50% growth 

inhibition of S. cerevisiae 10 g/L of lactic acid must be present while the L. casei produced 

only 2.5 g/L.  The theory that nutrient depletion caused the decrease in ethanol production 

was dismissed, as suppression was evident even when the fermentations were supplemented 

with either glutamic acid or yeast extract.  Pure cultures of L. casei were fractionated and 

fermentations were conducted using the spent medium to examine the effects of possible 

metabolites being produced.  Ethanol production and yeast growth were both inhibited by the 

supernatant, but the compound responsible was not identified.  

Bayrock and Ingledew (2001) examined the effects of Lactobacillus paracasei on steady 

state conditions of S. cerevisiae undergoing multistage continuous culture fermentation 

(MCCF).  In this particular system, five fermentors were connected in a series with each 

containing an additional connection that empties into a common effluent line.  This allows 

for the system to run in either a series fermentation or as five individual fermentations.  The 

growth of S. cerevisiae took eight days to reach steady state conditions where it was 

inoculated with a 1:100 ratio of L. paracasei to S. cerevisiae. This ratio proved too low to 

have any effect on the yeast growth.  Numerous fermentations showed that there was no  
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major effect on yeast growth even up to a 100:1 ratio of L. paracasei: S. cerevisiae.  It was 

determined that the contaminant was not able to overtake the fermentation because of low 

pH.  Once pH was controlled to 6.0 the steady state value of the L. paracasei increased from 

3.7 x 10
5
 to 1 x 10

10 
CFU/ml.  At this level, the viability of the yeast began to decrease with 

the final cell concentration of L. paracasei out-numbering S. cerevisiae by 3.2 logs.  Most 

notably, when S. cerevisiae was in steady state, ethanol concentrations were measured at 40-

45 g/L. This concentration decreased by 44% when the contaminant was introduced leveling 

off at 25 g/L (Bayrock et al., 2001).  Over this period of ethanol decrease, the lactic acid 

concentration rose from 5 to 20 g/L.  Next, Bayrock and Ingledew (2004) looked at the 

effects of undissociated lactic acid on a S. cerevisiae fermentation.  Using individual 

fermentors, steady state levels of S. cerevisiae were monitored over undissociated lactic acid 

concentrations ranging from 1-7% w/v.  At a level of 3.44% w/v lactic acid, a 53% decrease 

in cell viability was observed.  Viability decreased by 3.5 orders of magnitude at 5.35% w/v 

and was undetectable at 7% w/v undissociated lactic acid.  This was confirmed by 

monitoring glucose consumption, which decreased as the lactic acid levels increased.  The 

ethanol concentration was also monitored and was reduced by 50% at a lactic acid level of 

2.5% w/v.  No ethanol was detected at higher than 5.4% w/v lactic acid.  It was determined in 

the study discussed above that even at its highest level of impact,  L. paracasei produced a 

maximum of 2% w/v lactic acid (Bayrock et al., 2001).  This calculates to 0.01% w/v 

undissociated lactic acid.  Which, taking into account the current results, suggests that L.  

paracasei does not produce enough undissociated lactic acid to account for the 44% decrease 

in ethanol production demonstrated in their earlier experiment (Bayrock et al.,  
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2004).  The above studies suggest that neither lactic acid production nor nutrient depletion is 

fully responsible for the decrease of ethanol production or cell growth of S. cerevisiae during 

fermentation with LAB contamination.  Therefore, it is possible and even suggested by the 

results of the Ngang (1990) study that there is a type of quorum sensing-like signaling 

occurring between the contaminating LAB and S. cerevisiae.  

6. Quorum sensing in prokaryotes.   

Cell-to-cell communication or quorum sensing (QS) is a form of genetic regulation that 

controls microbiological functions through synchronization of gene expression based on an 

increase in cell density (Zhang et al., 2004).  This phenomenon relies on the production and 

detection of extracellular hormone-like signaling molecules known as autoinducers (Bassler 

et al., 1999, Waters et al., 2005).  These autoinducers diffuse into the environment with the 

external concentration increasing as the cell population increases (Fuqua et al., 1994). Once 

the autoinducer has reached a minimal threshold, the microorganisms are able to detect the 

signals and in response simultaneously change their gene expression, as a group (Waters et 

al., 2005).  QS is involved in the regulation of many processes including luminescence, 

antibiotic production, plasmid transfer, motility and biofilm production (Zhang et al., 2004).  

Most of these processes are unproductive when done by an individual cell, but are beneficial 

when done by a large number of cells. Quorum sensing has been identified in numerous 

bacteria including: Vibrio sp., Psuedomonas sp., Erwinia sp., Serratia sp., Yersinia sp., 

Rhizobium sp., and Agrobacterium tumefaciens (Whitehead et al. 2001).     

There are two main QS systems: the acylhomoserine lactone (AHL) mediated system found 

in Gram-negative bacteria and the peptide mediated mechanism found mostly in Gram- 
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positive and in a few Gram-negative bacteria (Zhang 2004).  The AHL mediated system was 

first described in the bioluminescent marine bacterium, Vibrio fischeri (Nealson et al., 1970).  

At a concentration of >10
8
 cells/ml V. fischeri were brightly luminous at an intensity per cell 

independent of cell density.  This luminescence quickly dropped once the cell population 

decreased below this threshold with no light emission below 5 x 10
6
 CFU/ml.  It was 

presumed that the cells were producing a compound that induced expression of the 

luminescence gene, luciferase (luc). To test this theory, purified cell-free extract was taken 

from high population samples, and added to samples that did not emit light.  After this 

addition, luminescence was seen in these samples.  It was later determined that the 

autoinducer in this experiment was an acylhomoserine lactone or AHL (Eberhard et al., 

1981).  After production, AHL is able to freely diffuse through the membrane of the cell and 

increases in concentration as the population grows (Kaplan and Greenberg 1985, Waters et 

al., 2004).  When a critical threshold is met, the AHL will bind to the protein LuxR.  This 

complex activates transcription of the operon encoding luciferase (Stevens et al 1994, Waters 

2004) which floods the environment with the signal creating a positive feedback loop. The 

population then upregualtes gene expression and produces light.  This process has become 

the model for quorum sensing in Gram-negative bacteria.  

Peptide mediated two-component regulatory systems are more common in Gram-positive 

bacteria including lactic acid bacteria (Sturme et al. 2002).  In this system, ABC transporters 

process and export peptide autoinducers, usually pheromones, from the cell into the 

environment.  These phermones are recognized extracellularly by membrane bound sensor 

kinase proteins which autophosphorylate a conserved histidine residue.  The phosphoryl  
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group is subsequently transferred to a response regulator on conserved aspartate residues.  

This phosphorylation activates transcription of a specific target gene (Bassler et al., 1999).  

There are also quorum-sensing systems that utilize aspects of both gram-positive and gram-

negative signaling, known as hybrid quorum sensing (Bassler et al., 1999).  The 

microorganisms of such systems recognize the autoinducers AI-1 and AI-2 via a two-

component circuit.  One well-studied system is that of Vibrio harveyi, a free-living marine 

bacterium that uses this system to regulate bioluminescence (Miller et al., 2001).  The 

sensors of AI-1 and AI-2 are LuxN and LuxQ respectively, which channel phosphate to a 

signal integrator protein called LuxU (Bassler et al., 1993, 1994a, Freeman et al., 1999a). 

LuxU, a phosphotransferase protein, transfers the signal to the regulator protein LuxO 

(Bassler et al., 1994b, Freeman et al., 1999a, 1999b).  In this system, under low cell density, 

LuxO is phosphorylated, which causes repression of luxCDABE expression.  Under high cell 

density, the sensors transition from kinases that drive phosphate toward LuxO to 

phosphatases that drain phosphate from the system, thus resulting in expression of 

luxCDABE and the production of light by the bacteria (Freeman et al., 1999a, 1999b, 2000, 

Lilley et al., 2000, Miller et al., 2001). 

7. Quorum sensing in Yeast.   

There have been numerous cases of quorum sensing like phenomenon in eukaryotic systems, 

mainly in fungi. The first example in the literature, was in Histoplasma capsulatum; a 

parasitic fungi (Krügler et al, 2000, Sprague Jr. et al, 2006). Virulent strains of H. 

capsulatum possess !-(1,3)-glucan in the cell wall of their yeast form while avirulent strains 

do not.  Production of !-(1,3)-glucan mainly occurs inside macrophages after the H.  
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capsulatum has been engulfed, i.e. when their density is increased (Krügler et al, 2000).  

When a dense culture was washed and diluted in normal media only about 30% of the yeast 

were able to synthesize !-(1,3)-glucan after 24 hours, while culture diluted in culture 

supernatant remained positive for production of !-(1,3)-glucan (Krügler et al, 2000).  This 

suggests that H. capsulatum releases a factor that, at a certain cell density, promotes 

incorporation of !-(1,3)-glucan into the cell wall and thus enhances virulence.   

While quorum sensing like phenomenon have been discovered in many species, only a few 

quorum-sensing molecules (QSM) have been identified.  According to Hornby et al (2001), 

for a compound to be considered a QSM it must possess certain properties.  It must be 

extracellular, diffusible and removable from cells by washing.  It must be produced 

continually during growth in amounts proportional to cell mass. It must alter cell morphology 

but not alter growth rate. Finally it must be produced at all growth temperatures for the 

organism. The most widely studied eukaryotic quorum sensing system is that of Candida 

albicans.  It is thought that quorum sensing influences the ability of C. albicans to produce 

biofilms.  Biofilms play a major role in C. albicans infections, as the vast majority of human 

cases occur due to biofilm formation on implanted devices such as catheters and prosthetic 

heart valves (Alem et al., 2006). There are four known QSM of C. albicans: farnesoic acid, 

morphogenic autoregulatory substance (MARS), farnesol and tyrosol (Hazen et al. 1983, 

Hornby et al., 2001, Oh et al., 2001, Chen et al., 2004). All of these molecules facilitate a  

morphological switch in the yeast, at high concentrations. In the case of farnesoic acid and 

farnesol, germ tube formation in C. albicans is decreased upon introduction of the chemicals, 

with filamentous germ tubes occurring at low cell densities and budding occurring at high  
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cell densities, although farnesoic acid has only 3.3% of the activity of farnesol (Hornby et al., 

2001, Oh et al., 2001). The activity of MARS is similar to farnesol but to date, MARS has 

not been identified as a specific substance. It is, however, different from farnesol as it is in 

activated by low or high pH, reacts with ninhydrin, has a UV maximum above 270nm, must 

be assayed within 2 days and has no aroma, all of which suggest a proteinacious compound 

(Hazen et al., 1983).  Tyrosol, on the other hand, initiates germ tube formation with germ 

tube formation increasing from 15% to 80% after introduction of tyrosol into the culture 

(Chen et al., 2004).  This effect is overriden by the action of farnesol and thus suggests a 

complex system of positive and negative control for mycelium formation (Chen et al., 2004, 

Alem et al.  2006). Tyrosol was also shown to abolish the lag phase of yeast growth when 

low density cultures were supplemented with conditioned media from high density cultures 

of C. albicans (Chen et al., 2004).   

Of these QSMs, the most is known about farnesol and its effects on C. albicans growth.  It 

has been shown that as little as 30-35 µM of farnesol is enough to inhibit the switch to 

mycelia growth and its production is not effected by temperature or carbon source (Hornby et 

al., 2001).  Studies of biofilm formation of C. albicans determined that high amounts of 

farnesol (300 µM) would completely inhibit biofilm formation while lower levels increased 

the amount of pseudohyphae in the cultures (Ramage et al., 2002).  Kruppa et al. (2004) 

discovered the only receptor known for farnesol, Chk1p, which is part of a two-component 

regulatory system.  It was shown that mutants lacking Chk1p were not affected by the 

addition of farnesol on either biofilm formation or mycelia formation.  When a single copy of 

the gene was added to the yeast they were again suseptible to farnesol (Kruppa et al., 2004).   
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Enjalbert et al. (2005) demonstrated that the morphological shift seen by adding farnesol 

alone to a culture does not inhibit the switch as much as using spent media, suggesting there 

are other compounds present that have yet to be discovered.   

Enjalbert et al. (2005) studied the hyphal induction of C. albicans triggered by the 

resumption of stationary phase cell growth.  Microarrays were performed using RNA from 

samples grown at 30
o
C and 37

o
C without farnesol and 37

o
C with farnesol.  This allowed 

them to differentiate gene expression due to the morphological state of the cell from gene  

expression due specifically to the presence of farnesol (Enjalbert et al., 2005).  Overall there 

were several genes of interest that appeared to be influenced by farnesol including hypha-

specific genes that showed delayed and reduced induction upon farnesol exposure, the up-

regulation of drug response and stress-response genes, as well as the influence of cell cylce 

and histone production genes (Enjalbert et al., 2005).   Cao et al. (2005) performed 

microarray analysis to examine the effects of farnesol on biofilm formation of C. albicans.  

Two cultures were examined, both grown for 24 h, one in the presence of farnesol and the 

other in the presence of a control solution.  The results of this profile were similar to 

Enjalbert et al.(2005) with differenital expression of hyphal formation-associated genes as 

well as drug resistance genes, cell cylce genes, iron transport genes and cell wall synthesis 

genes, although not all the affects of these functional groups were seen in the same genes 

(Cao et al., 2005).     

8. Quorum sensing in Saccharomyces cerevisiae.  

Most cases of quorum sensing studied in yeast and fungal species involves the morphological 

switch from budding growth to filamentous growth, commonly referred to as dimorphism.   
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This phenomenon is characterized by branching networks of cells to form a mycelium 

(Ceccato-Antonini 2008).  It is understood that S. cerevisiae switches morphology as a way 

to forage for nutrients under stress, but it has also been shown that fusel alcohols induce the 

same change even in nutrient rich environments. These fusel alcohols include 3-methyl-1-

butanol, 2-methyl-1-butanol, 2-methyl-1 propanol, 2-phenylethanol and tryptophol. All of 

these alcohols are produced as metabolic end-products of the catabolism of amino acids such 

as leucine, isoleucine, valine and the aromatics (Dickinson J.R, 2008).  

As stated above, farnesol is a well studied QSM in C. albicans.  Its effects have also been 

studied in  S. cerevisiae. Machida et al. (1999) showed that as little as 25 µM farnesol was 

enough to completely inhibit S. cerevisiae growth.  They also demonstrated that the effects 

could be prevented if a membrane permeable diacylglycerol DAG analogue, which activates 

yeast protein kinase C, was added concurrently.  It is important to note that addition of DAG 

is ineffective if the cells are pretreated with farnesol for more than 20min.  Machida et al. 

(1999) went further to show that the cell cycle genes encoding DNA ligase (CDC9) and 

histone acetyltransferase (HAT2) were repressed in farnesol-treated cells.  It is also possible 

the inhibition is coming from the creation of reactive oxygen species through interference of 

a phosphatidylinositol-type signaling mechanism (Machida et al., 1999a,b).  Although 

farnesol does have an effect on the growth of S. cerevisiae it is not thought to be a QSM, as 

the mechanism is not cell density dependent.  

Recently, it has been shown that S. cerevisiae produces two QSMs, tryptophol and 

phenylethanol, which are products of the catabolism of  the amino acids tryptophan and 

phenylalanine.  As stated previously, these molecules are usually seen under conditions of  
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stress, most notably nitrogen starvation. Chen et al. (2006) demonstrated that conditioned 

media from cultures of S. cerevisiae in stationary phase induced a nearly five-fold increase in 

flo11 expression, a glycosylphosphatidylinositol (GPI) anchored cell surface protein essential 

for filamentous growth. This autoinduction of FLO11 is dependent on Tpk2p, the catalytic 

subunit of the Ras-cAMP dependent protein kinase A (PKA) and its transcription factor 

FLO8 (Sprague et al., 2006).  While individually both alcohols promoted an increase in 

filamentous growth, they showed the most impact when used together.  Chen et al. (2006) 

went further to demonstrate that S. cerevisiae mutants defective in aro8 and aro9, genes 

coding for transaminases required for aminoacid catabolism, showed reduced filamentous 

growth, which was reversed by addition of exogenous aromatic alcohols.  Upon addition of 

ammonium, the biosynthesis of both alcohols was suppressed while at low nitrogen levels the 

expression increased, implying the switch to filamentous growth upon nitrogen starvation is 

signaled through these aromatic alcohols (Chen et al., 2006).  Further whole-genome 

microarray analysis showed that these alcohols regulated a small set of about 150 genes, 70% 

of which are up-regulated upon entry to stationary phase, suggesting they may play a role in 

signaling the entry to stationary phase (Chen et al., 2006, Sprague et al., 2006).  Another 

microarray analysis found that between 53-64% of the genes altered in response to aromatic 

alcohols are also altered during entry to stationary phase (Wuster and Bahu 2010).  

Production of tryptophol and phenylethanol is through a positive feedback loop as the 

expression the aromatic aminotransferases is induced by tryptophol via the Aro80p 

transcription factor (Figure 2).  This indicates that cells at a high population produce more 

aromatic alcohols per cell than at those at low populations (Wuster and Bahu 2010).  Upon  
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examination of the differential expression of the aromatic alcohols, phenylethanol was shown 

to have the strongest effect with expression of 412 genes altered.  Tryptophol effected the 

expresion of 264 genes while the aromatic alcohol tyrosol effected 251 genes.  Using the 

three alcohols together effected 246 genes (Wuster and Bahu, 2010).  By examining changes 

in gene expression upon transcription factor deletion, transcription factor overexpression and 

ChIP-ChIP analysis it was determined that numerous transcription factors are involved in the 

response, but only Cat8p and Mig1p responded to all three aromatic alcohols.  Incidently, 

both of these factors are involved in the regulation of enzymes that participate in the response 

to glucose repression which is consistent with the theory that filamentation may aid in 

survival during nutrient limiting conditions (Wuster and Bahu 2010). It has been suggested 

that numerous other chemical signals participate in the regulation of filmentous growth in S. 

cerevisiae including isoamyl alcohol and 1-butanol, both known to contribute to off flavors 

in fermented alcohols (Hogan et al., 2006).  While both of these alcohols are derived from 

amino acid catabolism under nitrogen-limiting conditions and have been shown to stimulate 

pseudohyphal growth in haploid cells, they do so through the pheromone-responsive 

mitogen-activated protein kinase (MAPK) cascade (Hogan et al., 2006, Lorenz et al., 2000).  

Lorenz et al. (2000) showed that filamentous growth was induced in haploid cells exposed to 

1% v/v 1-butanol, isobutanol, isoamyl alcohol and tert-amyl alcohol.  During this 

experiment, it was also shown that 1% v/v ethanol induced the same filamentous colonies in 

diploid cells, but not haploid.  Cultures grown in liquid media supplemented with 1% butanol 

showed elongated, filamentous growth of cells after 8h incubation.   
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9. Quorum sensing in mixed populations.  

While quorum sensing or cell-cell signaling is widely studied in prokaryotic and eukaryotic 

systems as mentioned above, it’s role in mixed populations is not as well studied.  There have 

been multiple studies done to examine the interactions in mixed-yeast populations.  Nissen et 

al. (2003) characterized the early deaths of Kluyveromyces thermotolerans and Torulaspora 

delbrueckii during mixed wine fermentations with S. cerevisiae. During fermentations with 

simulated grape juice, both the non-Saccharomyces species died around the second day when 

171-172 g/l glucose was still available, indicating nutrient depletion is not the cause for the 

premature deaths.  In a second fermentation cyclosporin A, a compound that inhibits 

apoptosis in S. cerevisiae, was added after two days.  The non-Saccharomyces still died, 

indicating apoptosis is not likely the mechanism at work.  During these fermentations, no 

toxic compounds could be detected.  It seemed that the deaths were a result of a cell-to-cell 

contact mechanism with viable S. cerevisiae and the lesser ability of K. thermotolerans and 

T. delbrueckii to compete (Nissen et al., 2003a,b).  This theory was established because the 

non-Saccharomyces yeasts proliferated when heat inactivated S. cerevisiae was added.  

Pérez-Nevado et al. (2006) examined the same type of premature death of wine strains 

Hanseniaspora guilliermondii and H. uvarum when fermented with S. cerevisiae.  Numerous 

fermentations showed that the early death was not dependent on ethanol concentration or 

nutrient depletion.  When cell-free supernatants from day 3 and 6 were inoculated with H. 

guilliermondii, the cells still died and did so at a higher rate in the 6 day supernatant.  This 

indicates that the Saccharomyces may be excreting a compound(s) that is adversely affecting 

the other yeasts (Pérez-Nevado et al., 2006).   
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Considering ethanol production of S. cerevisiae decreases when contaminated with LAB, 

signaling between mixed populations of bacteria and yeast is of more interest.  Hogan et al. 

(2002) examined the effects of co-culturing Pseudomonas aeruginosa with Candida 

albicans.  Under these conditions, P. aeruginosa readily attached to filaments of C. albicans 

but did not adhere to the bud form. It was further shown that the bacteria killed these 

filaments, while the bud form retained its full vitality.  It was also shown that more 

stationary-phase bacteria attached to yeast filaments than did exponential-phase bacterial 

cultures (Hogan et al. 2002).  Hogan continued these studies and found the morphology of C. 

albicans can be vastly altered, transitioning from filamentous to bud growth.  It was 

determined that homoserine lactones, the QSMs used by Gram-negative bacteria, were 

excreted by P. aeruginosa and responsible for the change, with mutant strains unable to 

produce these molecules having no effect on the morphology of C. albicans (Hogan et al., 

2004).  Goerges et al. (2006) screened numerous yeast strains isolated from smear-ripened 

cheeses for anti-listerial activity.  Three strains of Candida intermedia and one strain of 

Kluyveromyces marxianus were able to inhibit the growth of Listeria monocytogenes with the 

excretion of an as yet unidentified molecule (Goerges et al., 2006). Strom et al. (2005) 

examined the effects of Lactobacillus plantarum on the fungus Aspergillus nidulans.  Co-

cultivation of these microorganisms results in an altered morphology of A. nidulans and a 

36% decrease in total biomass (Strom et al., 2005, Wargo et al., 2006).  Noverr et al. (2004) 

examined the effects of Lactobacillus rhamnous on C. albicans.  Supernatants from cultures 

of L. rhamnous, L. casei and L. paracasei were tested and determined to inhibit mycelia 

formation of C. albicans.  Supernatants of 2-hour cultures inhibited 30-55% while 24-hour  
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cultures inhibited 92-98% (Noverr et al., 2004). Although the instances discussed above 

suggest a connection between quorum sensing molecules of bacteria and yeasts, to date it is 

unknown what role these molecules actually play in yeast-bacterial interactions.  However as 

discussed below LAB do produce a number of the aromatic and fusel alcohols used as 

quorum sensing molecules by yeasts. 

10. Aromatic alcohol production by lactobacilli.  

Lactobacillus sp. are able to produce aromatic byproducts through amino acid catabolism, 

mainly through transamination or decarboxylation as seen in Figure 3 (Christensen et al., 

1999; Fernandez et al., 2006).  Aromatic amino acid (AAA) catabolism proceeds through the 

Erlich pathway, which is initiated by aminotransferases (Ar-AT) that transform the amino 

acids into their corresponding !-keto acids, using pyridoxal phosphate as a cofactor 

(Gummalla et al., 2001, Hansen et al., 2001, Ghosh et al., 2008).  These Ar-ATs can differ 

greatly among different strains.  For example, two separate Ar-ATs have been found in two 

strains of Leuconostoc lactis, one has a relative activity on AAA as Trp>Tyr>Phe while the 

second has an activity of Phe>Tyr>Trp (Christensen et al., 1999).  AAA catabolism is also 

thought to play an important role in the ability of anaerobic/fermentative microorganisms to 

obtain energy in a nutrient-limited environment, such as under nitrogen starvation 

(Christensen et al., 1999). Metabolites derived from aromatic alcohols have been found from 

many species of Lactobacillus.   L. casei and L. helveticus have both been shown to produce 

byproducts such as phenethanol, phenylpropiaonic acid and "-cresol from catabolism of 

phenylalanine and tyrosine (Gummalla et al., 2001).  Lactobacillus brevis, Lactobacillus 

curvatus, L. delbrueckii, L. paracasei and Leuconostoc lactis have all been shown to produce  
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tyramine from the decarboxylation of tyrosine (Christensen et al., 1999).  As mentioned 

before, there are three aromatic alcohols thought to be of most concern to our research: 2-

phenylethanol, tryptophol and tyrosol.  These aromatic alcohols have been detected in, and 

shown to impact, numerous different yeast-bacterial systems. It has been shown that volatiles 

in sourdough bread are important in the sensory evaluation of the product.  The most intense 

bread-like flavor is related to many compounds including 2-phenylethanol, derived from 

phenylalanine.  Sourdough bread fermented with L. plantarum exhibits an unpleasant 

metallic sour taste, but when supplemented with S. cerevisiae the bread has a more aromatic 

flavor and shows a higher content of aromatic compounds including 2-phenylethanol 

(Hansen et al., 2005). Studies of red wine have shown that changes occur in the 

concentrations of many phenolic compounds after malolactic fermentation takes place, 

including an increase in both tyrosol and tryptophol (Hernández et al., 2006). Tyrosol in 

particular has been studied in both red and white wines as well as olive oil for its potential 

antioxidant properties (Dudley et al., 2008; Covas et al., 2003). High concentrations of both 

tyrosol and tryptophol have also been implicated in slightly bitter, abnormal flavors in beer 

although these effects are limited (Dunn and Lindsay, 1985; Rosculet, 1971). 

11. Significance/Hypothesis 

It is our hypothesis that a quorum-sensing type of interaction is occurring between the 

Saccharomyces cerevisiae and contaminating lactic acid bacteria.  We believe that the 

bacteria are producing aromatic alcohols and other inhibitory compounds that are signaling S. 

cerevisiae and causing a change in their growth that results in a decrease in both cell number 

and ethanol production. This research will help us better understand the interaction between 
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yeast and bacteria during alcohol fermentations, leading to an improvement in the efficiency 

of ethanol production.   
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FIGURES 

 

Figure 1: Summary of the main antifungal compounds produced by different lactic acid 

bacteria. Lactic and acetic acid are the main compounds produced that affect S. cerevisiae.  

 

Figure 2: Production of aromatic alcohols in Saccharomyces cerevisiae. Aromatic 

aminotransferases (Aro8, Aro9 and Aro10), pyruvate decarboxylases (Pdc1, Pdc5 and Pdc6) 

and alcohol dehydrogenases (Adh) synthesize tryptophol, phenylethanol and tyrosol from 

tryptophan, phenylalanine and tyrosine respectively.  Aro9 and Aro10 are regulated by the 

transcription factor Aro80, which is activated in turn by tryptophol creating a postivie 

feedback loop. Tryptophol and phenylethanol up-regulate the genes tpk2, flo11 and flo8 all of 

which are involved in filamentous growth.  
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Figure 3: Catabolic pathways of aromatic amino acids in LAB.  Dotted lines indicated 

chemical reactions. Dashed lines indicate hypothetical reactions. Adh, alcohol 

dehydrogenase; Aldh, aldehyde dehydrogrenase; Hpdc, hydroxyphenylacetate decarboxylase; 

Hycdh, hydroxyisocaproate dehydrogenase; Ldc, indole acetate decarboxylase. 
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CHAPTER 2:  

Effects of Lactobacillus sp. Contamination on Continuous Feed Fermentations of 

Saccharomyces cerevisiae 
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1. Introduction 

There are numerous strains of LAB that are associated with a decrease in ethanol production 

during Saccharomyces cerevisiae fermentations (10).   Preliminary fermentations were 

conducted and contaminated with one of four species of lactobacilli, Lactobacillus kunkeei, 

Lactobacillus paracasei, Lactobacillus plantarum or Lactobacillus zeae, to determine which 

bacterium had the greatest impact on S. cerevisiae.  L. kunkeei was first isolated from stuck 

grape juice fermentation (3,5).  While unknown at the time, the bacterium was described as 

“a Gram-positive, rod-shaped organism that possessed weak catalase activity” (5).  

Sequencing of the 16S rRNA revealed it was a member of the genus Lactobacillus and was 

similar to the L. casei cluster.  It was determined that the isolate was a novel species which 

was named L. kunkeei (3).  L. paracasei was first discovered in wine fermentation by Rodas 

et al. (9) using 16S-ARDRA.  Later studies confirmed it to be a common contaminant, (10) 

and determined it was a more detrimental LAB species decreasing ethanol output by more 

than 2%, the average for other lactic acid contaminants studied (8).  L. plantarum has 

previously been identified in numerous studies as a contaminant of ethanolic fermentations 

(8,10,11).  Thomas et al. (11) found that if L. planatrum reached concentrations of >10
9 

cells/ml, ethanol production would decrease by up to 22%.  L. zeae is closely related to L. 

casei and many strains have been previously classified as L. casei subsp. casei (1).  While 

few studies have examined the effects of L. zeae on alcoholic fermentations, L. zeae has been 

identified as a predominant contaminant of aged sherry-type wine and a main producer of 

biogenic amines (7).  This study investigates the effects of these bacteria on continuous-feed 

fermentations of S. cerevisiae to determine which has the most effect on ethanol production.   
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2. Materials and methods 

2.1 Cultures and growth conditions.  

Saccharomyces cerevisiae, strain BY4741, was used for all studies.   Fresh cultures were 

maintained at 30
o
C in shaking flasks of Potato Dextrose (PD) medium or in Yeast Peptone 

(YP) medium which was prepared as 1% yeast extract, 2% peptone and 17% dextrose.  

Working cultures were maintianed at 4
o
C on YP or PD plates.  Four bacterial strains were 

used for the preliminary fermentations: L. kunkeei, L. paracasei L. plantarum and L. zeae.  

Fresh bacterial cultures were maintained without agitation at 30
o
C in MRS broth and at 4

o
C 

on plates. All media was obtained from BD Scientific (Franklin Lakes, NJ) 

2.2 Fermentations.  

Fermentations were conducted using 3L bioreactors (Bioengineering, Switzerland). 

Fermentations with L. kunkeei were completed in PD while L. plantarum, L. paracasei and L. 

zeae were completed in YP.  Fermentations were conducted at 30
o
C, with 200 rpm constant 

agitation.  After 24 hours, the pH was controlled to 6.0 using 1M NaOH and 1M HCl. 

Bioreactors were set up for continuous feed, achieving a dilution rate of 0.042 L per hour. 

Fermentations were carried out in a 1 L volume of media (autoclaved 45 minutes before 

proofing).  After proofing for 48 hours, a 1% inoculum of S. cerevisiae, grown overnight, 

was added.  Non-sterile samples were taken every day to monitor cell growth, viability, was 

well as, glucose, lactic and acetic acid and ethanol concentrations.  Samples were taken by 

sealing off areas of exhaust and aerating to build pressure in the vessel thus forcing the 

sample out of the sampling port. Liquid was first drained into a waste beaker to assure 

samples were from the vessel and not media left in the port.  Yeast fermentations were  
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conducted until the fermentation reached steady state, characterized by " 5% change in 

growth and glucose levels over a three-day period.  This was usually achieved in 8 to 12 

days.  After steady state was achieved, a 1% inoculum of bacteria, grown overnight in MRS, 

was added.  Non-sterile samples were then taken every 2 h for a period of 12 h and again at 

24 h to see the effect of the bacterium.  Again, cell growth, viability, glucose, lactic acid and 

ethanol levels were determined as described below.   Sterile samples for RNA isolation were 

obtained before inoculation of the bacterium, and at 30 minutes, 12 h and 24 h after 

inoculation for RNA isolation.  These samples were taken directly into liquid nitrogen to 

limit changes in gene expression due to sampling. (2).  

2.3 Cell growth and viability.  

S. cerevisiae growth was monitored in three ways: by spectroscopy, by plating and by direct 

microscopic counts using a hemacytometer.  Samples were first serially diluted in 1% 

peptone water and each method was implemented. Optical densities were measured at 600nm 

for all samples to determine growth curves. For greater accuracy, samples were diluted until 

an OD reading of <1 was obtained. The OD was then multiplied by the dilution factor to 

determine the final value. Yeast counts were obtained on plates of either YP or PD with 

kanamycin (Fisher Scientific, Waltham MA) and bacterial counts were obtained on plates of 

MRS with cyclohexamide (Fisher Scientific, Waltham MA).  Both yeast and bacteria were 

counted using a tilt plate method on gridded square plates. For each row in the grid, 10 #l of 

a sample is applied and the plate is then tilted on its side to allow the sample to run vertically 

down the plate.  The resulting counts in each row correspond to a separate plate count. Thus, 

this method allows for six dilutions to be plated on one plate, as there are six rows of squares 
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per plate. To calculate the total CFU/ml for the samples the following equation was used, 

taking into account the dilution of only adding 0.01ml to the plate (6).   

CFU/ml = total colony count x 10
2+dilution 

 

A hemacytometer is a microscopic slide marked with a grid consisting of four squares of a 

known area, and was used to count yeast only.  Ideally, there should be more than 100 cells 

per square to get an accurate assessment of the population.  When a known amount of the 

liquid is applied to the grid, 10 #l in this case, the number of cells per unit of area can be 

counted, giving a measure of the cells per volume.  The equation used is:  

Concentration per milliliter= total count in four squares x 2,500 x dilution factor.   

The hemacytometer can be used in conjunction with methylene blue staining to study the 

viability of the cells.  Methylene blue is a membrane permeable stain that only penetrates 

dead cells, while keeping viable cells colorless.  As such applying this stain allows a count of 

total cells and dead cells.  By subtracting the dead cell count from the total cell count, a 

viable cell count is achieved.  Therefore a percent viability can be calculated as below (4). 

% Viability= (viable cells ml
-1

/ total cells ml
-1

)*100 

2.4 High Pressure Liquid Chromatography.  

The concentration of glucose, ethanol, lactic acid and acetic acid were all measured using 

Waters high-pressure liquid chromatography (HPLC) system (Waters, Milford, MA). 

Supernatants of samples were analyzed via Breeze HPLC System (Waters, Milford, MA) 

using an Aminex HPX-87 ion exchange column with 0.5 mM H2SO4 as the mobile phase and 

a flow rate of 0.5 ml min
-1

. Separations were conducted at 60
o
C with 10 #l sample injections 

and a 30 minute run time.  
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3. Results 

3.1 Fermentations in Potato Dextrose 

The first fermentation was completed using potato dextrose (PD) medium.  The fermentation 

took 6 days to reach steady state at which time L. kunkeei was added.  Over the next 24 

hours, the yeast cell population decreased from 3.3 x 10
7
 to 1.4 x 10

7
 cells/ml or 56.5%. 

Interestingly, cell viability increased by 12.2%. This decrease in population can be seen 

immediately after inoculation (Figure 1).  Counts of L. kunkeei reached 2.7 x 10
9 

cells/ml 

after 24 hours. Total ethanol production decreased 51.6%.  Twelve hours after inoculating 

with the bacteria, glucose concentration had decreased 100%, with no glucose being 

detected.  A total of 1.6% w/v lactic acid was achieved.  A control fermentation was also 

performed by adding only lactic acid after steady state of S. cerevisiae was achieved.  L-

lactic acid (at a concentration of 1% w/v) was added to the continual feed media at the same 

rate of 0.042 L per hour, allowing for a gradual increase in lactic acid as seen with the 

bacteria.  Levels slowly reached a total concentration of 1.8% w/v by 24 hours. Cell growth 

decreased from 3.5 x 10
7
 to 2.7 x 10

7
 cells/ml or 31.5% while cell viability decreased 1.1%.  

Glucose decreased by 23.7% while ethanol decreased by 24.2% (Figure 2).   

3.2 Fermentations in Yeast Peptone 

To avoid the severe depletion of glucose, the next set of fermentations were completed using 

yeast peptone (YPD) medium.  Figure 3 is a comparison of fermentations with S. cerevisiae 

alone to assure it was a reasonable replacement. The fermentations were inoculated with 

either L. paracasei, L. plantarum or L. zeae.  The first study took approximately 8 days to 

reach steady state where 1% L. paracasei was added.  After inoculation, the yeast cell  
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population decreased from 2.6 x 10
8
 to 1.8 x 10

8
 cells/ml or 31.6%.  Cell viability also 

decreased by 26%. The L. paracasei population increased to 5.3 x 10
9 

cells/ml.  Both glucose 

and ethanol decreased by 48.9 and 14.8% respectively. By the end, lactic acid reached a peak 

of 1.9% w/v (Figure 4). The second fermentation took 8 days to reach steady state where 1% 

L. plantarum was added. Overall yeast cell counts decreased from 7.3 x 10
8
 to 2.4 x 10

8
 

cells/ml or by 66.9%.  During this study, cell viability increased by 7.7% but glucose and 

ethanol again decreased by 12.31 and 22.5% respectively. Lactic acid peaked at 1.6% w/v.  

L. plantarum counts were not determined as the agar plates used were too smeared to get an 

accurate count (Figure 5).  The next fermentation was contaminated with L. zeae.  The final 

fermentation took 8 days to reach steady state.  The yeast cell count decreased by 68% going 

from 6.3 x 10
8
 to 2.0 x 10

8
 cells/ml.  The viability also decreased by 10.4%.  L. zeae reached 

1.2 x 10
9
 cells/ml after 24 hours.  Interestingly, the glucose increased by 26.3% while ethanol 

decreased by 23.3%.  Lactic acid reached a peak of 2.1% w/v (Figure 6).  A control 

fermentation with 1% w/v lactic acid was also performed.  Yeast cell counts did decrease, 

from 8.4 x 10
8
 to 5.8 x 10

8
 cells/ml or 31.5%. Viability also decreased by 8.6%.  Glucose was 

continually being consumed and eventually decreased by 97% but ethanol only decreased 

0.2% (Figure 7).  Growth curves for the three bacteria used during these fermentations are 

seen in Figure 8.  A complete summary of all the fermentations completed is given in Table 

1.   
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4. Discussion 

4.1 Fermentations with L. kunkeei and lactic acid in PD  

Looking at all the fermentations performed, the data shows that each LAB strain had a 

significant effect on the yeast growth and reduced ethanol output.  The first set of 

fermentations completed were done in PD and inoculated with L. kunkeei or supplemented 

with lactic acid as a control.  Yeast growth reached a height of 3.3 x 10
7 

cells/ml but 

decreased after inoculation of L. kunkeei to 1.4 x 10
7 

cells/ml.  Fermentation with lactic acid 

reached a peak yeast count of 3.5 x 10
7 

cells/ml but only decreased to 2.7 x 10
7 

cells/ml.  

Ethanol production decreased in the presence of L. kunkeei from 0.4% to 0.2% while the 

lactic acid only control decreased from 0.63 to 0.48%.  These results indicate the 

fermentation with L. kunkeei had a greater impact on the end products.  The control 

fermentation reached a peak of 1.8% w/v lactic acid while L. kunkeei produced a peak of 

1.5% w/v. This suggests that the decrease in yeast growth and ethanol production were not 

solely caused by the accumulation of lactic acid, as the control had a greater increase in lactic 

acid but a lesser impact on ethanol production.  While it appears L. kunkeei had a great effect 

on all aspects of the fermentation it is important to point out the PD was depleted of glucose 

by 100%.  This leads to an impossible question: are the effects seen upon bacterial 

contamination a result of nutrient depletion or the presence of the bacteria?  There is some 

indication that the LAB caused an effect as both yeast cell count and ethanol production 

decreased by more than twice the control fermentation.  This is most likely because L. 

kunkeei grew to a level of 2.7 x 10
9
 cells/ml.  The high growth of bacteria would deplete the 

nutrients quickly; resulting in a higher decrease of yeast counts and thus lowered ethanol  
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production.  PD contains only 2% glucose, which evidently is not enough to ensure glucose 

depletion has no impact on the results.  Even running a continuous feed, glucose was near 

depletion by 12 hours, indicating a media with more substrate was needed.  To avoid this 

issue a new medium, YP, was used for subsequent fermentations.  The YP used was 

composed of 17% glucose, effectively limiting the possibility of macronutrient depletion.   

4.2 Fermentations with L. paracasei, L. plantarum, L. zeae and lactic acid in YP 

The next fermentations were inoculated with either L. paracasei, L. plantarum or L. zeae. 

Glucose depletion was not an issue as, by the end of all fermentations performed, residual 

glucose remained in the medium.  Yeast cell growth was greatly affected by L. paracasei 

with a decrease of 2.6 x 10
8 

to 1.8 x 10
8
cells/ml and by L. plantarum with a decrease of 7.3 x 

10
8 

to 2.4 x 10
8 

cells/ml seen. Both fermentations reached an average of 5.3 x 10
9
cells/ml 

bacteria.  Ethanol decreased greatly with both bacteria as well, on average 18%. The final 

LAB examined was L. zeae.  Again yeast cell counts were affected by the inoculation 

decreasing from 6.3 x 10
8 

to 2.0 x 10
8
cells/ml.  Bacterial cell growth did not reach levels as 

high as L. paracasei with L. zeae peaking at 1.2 x 10
9
cells/ml.  Given these results it was 

surprising to see that L. zeae had a greater effect on ethanol production, decreasing by about 

23%. This was made more interesting when glucose levels were examined. L. zeae did not 

cause glucose levels to decrease at all, in fact, glucose increased by 26.3% over time. This 

was unexpected since the L. zeae continued to grow at a steady rate, indicating that while 

both bacteria and yeast were using glucose the levels were not decreasing significantly. This 

suggests a possible change in the yeast metabolism of glucose. Comparing all the LAB 

fermentations with the lactic acid control, it is obvious there is some interaction occurring  
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between the bacteria and the yeast.  Overall, L. zeae had the greatest impact on ethanol 

production without greatly affecting the yeast cell growth and was chosen as the bacterial 

contaminant to focus on for the rest of this study.  Three more fermentations with L. zeae and 

three control fermentations with lactic acid were completed for transcriptome analysis and 

are discussed in the following section.  
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TABLES AND FIGURES 

Table 1: Summary of steady state fermentations of S. cerevisiae inoculated with 

Lactobacillus sp. or lactic acid. 

Fermentation 

Sample  

Yeast 

Total Cell 

Count 

Decrease 

(%) 

Yeast 

Viability 

Decrease 

(%) 

Glucose 

Decrease 

(%) 

Ethanol 

Decrease 

(%) 

Lactic 

Acid  

Formed     

(% w/v) 

Undissociated 

Lactic Acid 

Formed (% 

w/v) 

L. kunkeei 56.46 12.16 100.00 51.59 1.56 0.011 

Lactic Acid 

PD 18.58 1.02 23.73 24.17 

1.86 0.013 

L. paracasei  48.00 26.00 48.90 14.79 

         

1.89 

0.014           

L. plantarum 66.92 -7.67 12.31 22.50         1.60 0.012 

L. zeae  68.00 10.40 -26.26 23.32 2.13 0.015 

Lactic Acid 

YP  31.55 8.65 97.00 0.18 

 

1.00 

 

0.007 

Yeast cell count, viability, glucose and ethanol are all given in percentage decrease after 24 

hours.  Lactic acid and undissociated lactic acid are given in amount accumulated. pH of the 

fermentations was controlled to 6. 
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Figure 1: Fermentation of S. cerevisiae in PD inoculated with L. kunkeei.  A 1% inoculum of 

S. cerevisiae was grown to steady state and inoculated with 1% L. kunkeei.  T=0 indicates the 

time of inoculation with bacteria after three days of fermenting at steady state.  

Saccharomyces cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic 

acid (') were monitored for 24 hours.  
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Figure 2: Fermentation of S. cerevisiae in PD with lactic acid supplementation.  A 1% 

inoculum of S. cerevisiae was grown to steady state and supplemented with 1% lactic acid. 

T=0 indicates the time of lactic acid addition after three days of fermenting at steady state. 

Saccharomyces cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic 

acid (') were monitored for 24 hours.  
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Figure 3: Fermentation of S. cerevisiae in Potato Dextrose (&) or Yeast Peptone Dextrose (') 

indicating YPD was an appropriate replacement for PD for the final three fermentations.  

 

 

Figure 4: Fermentation of S. cerevisiae in YP inoculated with L. paracasei.  A 1% inoculum 

of S. cerevisiae was grown to steady state and inoculated with 1% L. paracasei.  T=0 

indicates the time of inoculation with bacteria after three days of fermenting at steady state. 

Saccharomyces cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic 

acid (') were monitored for 24 hours.  
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Figure 5: Fermentation of S. cerevisiae in YP inoculated with L.plantarum.  A 1% inoculum 

of S. cerevisiae was grown to steady state and inoculated with 1% L. plantarum.  T=0 

indicates the time of inoculation with bacteria after three days of fermenting at steady state. 

Saccharomyces cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic 

acid (') were monitored for 24 hours.  
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Figure 6: Fermentation of S. cerevisiae in YP inoculated with L. zeae.  A 1% inoculum of S. 

cerevisiae was grown to steady state and inoculated with 1% L. zeae.  T=0 indicates the time 

of inoculation with bacteria after three days of fermenting at steady state. Saccharomyces 

cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic acid (') were 

monitored for 24 hours.  
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Figure 7: Fermentation of S. cerevisiae in YP with lactic acid supplementation.  A 1% 

inoculum of S. cerevisiae was grown to steady state andsupplemented with 1% lactic acid. 

T=0 indicates the time of lactic acid addition after three days of fermenting at steady state. 

Saccharomyces cerevisiae total cell count ($) and levels of glucose (%), ethanol (&) and lactic 

acid (') were monitored for 24 hours.  

 

Figure 8: Growth curves of each lactobacilli after inoculation into steady state S. cerevisiae 

fermentations over 24 hours. L. zeae ($), L. paracasei (') and L. kunkeei (&).  Counts were 

unable to be obtained for L. plantarum.  

 

 

-"

$"

%"

&"

'"

("

)"

*"

+"

,"

-"

$"

%"

&"

'"

("

)"

*"

-" %" '" )" +" $-" $%" $'" $)" $+" %-" %%" %'"

!
"
3
$%
&
''
(
)
*
'$

+
$,
)
-
$

./*&$012$

-"

$"

%"

&"

'"

("

)"

*"

-" %" '" )" +" $-" $%" $'" $)" $+" %-" %%" %'"

!
"
4
$%
&
''
(
)
*
'$

./*&$012$



)&"

"

 

CHAPTER 3: 

TRANSCRIPTOME ANALYSIS OF SACCHAROMYCES CEREVISIAE IN CO-

CULTURE WITH LACTOBACILLUS ZEAE 
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1. Abstract 

A majority of ethanolic fermentations are carried out by Saccharomyces cerevisiae, and are 

prone to contamination with species of lactic acid bacteria (LAB). These contaminants 

impact both cell growth and ethanol production of S. cerevisiae. Past studies have shown that 

LAB cause, on average, a 2-20% decrease in ethanol production and have been known to 

cause stuck fermentations. Continuous feed, pH controlled fermentations were completed 

using S. cerevisiae BY4741 intentionally contaminated with Lactobacillus zeae to examine 

the effects of LAB contamination on ethanol production. Control fermentations were 

conducted by supplementing media with 1% w/v lactic acid.  A greater decrease in ethanol 

production, nearly 20%, was seen in fermentations contaminated with L. zeae compared to 

fermentations with lactic acid alone.  Transcriptional responses were also examined for each 

fermentation.  Overall numerous genes were affected upon bacterial contamination.  A 

majority of these genes were involved in nutrient uptake, predominately cha1 and fui1. 
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2. Introduction 

Bacterial contamination is a problem that plagues many food and industrial fermentations. It 

is a particular problem in alcoholic fermentations with contaminants causing off flavors in 

wine and beer and loss of product in biofuel fermentations. (21).  While recent concern over 

lowering dependence on oil has resulted in an increase in the research of biofuel fermentation 

and how to improve the efficiency of such fermentations; little research has focused on the 

role of contaminating bacteria.  The most common microbial contaminants of biofuel 

fermentations are lactic acid bacteria (LAB), in particular Lactobacillus sp. (21).  These LAB 

may effect growth and ethanol production of Saccharomyces and can even cause stuck 

fermentations (11,18,21).  Their impact is such that they are often currently controlled on an 

industrial scale by the use of  antibiotics such as penicillin and virginiamycin (15). Much of 

the inhibition of yeast growth by LAB is due to the bacterial production of lactic acid, with 

undissociated acid having the greatest effect (3,4), In fact, several studies have examined the 

transcriptional responses of Saccharomyces to the acidic conditions found during 

contamination..  Abbott et al. (1) examined the transcriptional response of S. cerevisiae to 

numerous organic acids including benzoate, sorbate, acetate and propionate under anaerobic 

conditions.  While numerous genes were affected, only 14 were upregulated by all acids 

more than two-fold.  These included cwp2, pir1, ccr4, pan1, tim44, imp2, rrd1, yhr087w, 

sod2, wsc4, spi1, rnq1, ygp1 and sml1. A majority of these genes are involved in cell wall 

structure and organization, mitochondrial transport and DNA synthesis and repair, although 

there was no statistically significant overrepresentation of functional categoreis (1).  Abbott  
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et al. (2) examined the effects of high concentrations of lactic acid on anaerobic 

fermentations of S. cerevisiae.  They found that the Haa1p regulon is a key component in the 

response of Saccaromyces to high concentrations of undissociated lactic acid.  The known 

targets for Haa1p are TPO2 and TPO3 both of which are involved in polyamine and organic 

acid transport (2).   Kawahata et al. (17) examined the response to both lactic and acetic acid, 

and found that the acidic conditions induced expression of Aft1p, a gene involved in metal 

metabolism.  Other genes induced included the stress response genes ygp1, dak2, hsp26, tsp1, 

and hsp150. It was also demonstrated that of the genes whose expression level changed, the 

majority included plasma membrane proteins, metal transporters and hexose transporters 

(17).   Overall, numerous genes have been identified as being involved in the response of S. 

cerevisiae to lactic acid during fermentations. 

While these studies have taught us much about Saccharomyces response to both lactic and 

acetic acid, research by both, Bayrock and Ingledew (4) and Ngang et al. (19) has 

demonstrated that the amount of lactic acid produced by Lactobacillus sp. is not a sufficient 

amount to account for the level of Saccharomyces inhibition typically observed.  Bayrock 

and Ingledew (3) examined the effects of different undissociated lactic acid concentrations on 

continuous feed fermentations of S. cerevisiae.  It was determined that roughly 3.5% w/v 

undissociated lactic acid was needed to see a significant decrease in yeast cell growth.  A 

second fermentation inoculated with Lactobacillus paracasei demonstrated a significant 

decrease in S. cerevisiae growth while only producing 0.01% w/v undissociated lactic acid 

(4).  This suggests that more is contributing to the decrease in yeast cell growth than simply 

the accumulation of lactic acid.  Ngang et al. (19) conducted beet molasses fermentation  
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using S. cerevisiae and several concentrations of lactic acid.  The alcohol production of these  

fermentations depended more on the osmotic pressure of the wort used rather than the 

concentration of lactic acid.  All fermentations of wort A, which started at 70 g/L sugar, were 

able to reach roughly 40% w/v ethanol, while fermentations of wort B, which started at 140 

g/L sugar, were significantly slow.  Fermentations with high concentrations of lactic acid, 

defined as 30 g/L, only produced 10% w/v ethanol.  As the same concentrations of lactic acid 

were used for both wort A and wort B, this also suggests the accumulation of lactic acid is 

not the sole contributor to the decrease of ethanol seen in these fermentations.   

The aim of this study was to examine the transcriptional changes in Saccharomyces 

cerevisiae caused by the contamination of fermentation with Lactobacillus zeae. Samples 

from continuous feed S. cerevisiae fermentations intentionally contaminated with L. zeae 

were compared to fermentations treated with lactic acid alone to determine what effect, out 

side of acid inhibition, the bacteria have on the yeast.  Thus, to limit the effects of 

undissociated lactic acid, all fermentations were conducted at a pH of 6, which is well above 

3.86, the pKa of lactic acid. 

3. Materials and methods 

3.1 Cultures and growth conditions.  

The laboratory strain Saccharomyces cerevisiae BY4741 was grown at 30
o
C in a glucose-

rich YPD medium (1% yeast extract, 2% peptone, 17% dextrose) with agitation to maintain 

cultures.  Fresh cultures of the bacterium Lactobacillus zeae were maintained at 30
o
C in 

MRS with no agitation. For all cultures used, 50% glycerol stocks were kept at -80
o
C. All 

media was obtained from BD Scientific (Franklin Lakes, NJ). 
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3.2 Fermentations.  

A 1% overnight culture of S. cerevisiae BY4741 grown at 30
o
C was used to inoculate 1 L of 

YPD in a 3 L bioreactor (Bioengineering, Wald, Switzerland).  Before fermentations began 

the bioreactors were autoclaved for 45 minutes and allowed to run with medium alone for 48 

hours to ensure air was not leaking into the vessel.  Fermentations were conducted in 1 L 

YPD media with 200 rpm constant agitation and a controlled pH of 6.0, maintained through 

automatic additions of 1M NaOH and 1M HCl.  All fermentations were continuously fed 

supplemental medium at a dilution rate of 0.042 L per h.  Aeration was only applied during 

sampling, which occurred once daily until steady state was achieved.  Steady state was 

classified as three days with less than or equal to a 5% change in both OD and residual 

glucose concentration.  Steady state took roughly 5-8 days to achieve.  After steady state was 

confirmed the fermentations were either inoculated with a 1% overnight culture of L. zeae or 

were supplemented with YPD and 1% w/v L-lactic acid..  Samples were then collected every 

2 hours for 12 h and again at 24 h to monitor cell growth and viability, as well as, ethanol, 

glucose, lactic acid and acetic acid concentrations.  Samples of 50ml were collected before 

treatment began, and then at 30 min, 12 h and 24 h after treatment began.  For these time 

points, 1 ml was used for immediate analysis while 49 ml was quickly frozen in liquid 

nitrogen and stored at -80
o
C for subsequent RNA isolation (8).  All other samples collected 

were in 1ml aliquots and were immediately analyzed.  
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3.3 Analytical methods.  

S. cerevisiae BY4741 cell growth was monitored in three ways: by spectroscopy, by plating 

and by hemacytometer count. OD readings were collected at 600nm to determine steady 

state.  Yeast counts were obtained using agar plates of YPD with 10 µg/ml kanamycin 

(Fisher Scientific, Waltham MA) to eliminate bacterial growth. L. zeae counts were obtained 

using agar plates of MRS with 10 µg/ml cyclohexamide (Fisher Scientific, Waltham MA) to 

eliminate yeast growth.  Both yeast and bacteria were counted using a tilt plate method (16) 

on 100mm x 15mm square plates (BD Falcon, New Jersey).   Hemacytometer counts, along 

with methylene blue, were used to determine viability of the yeast throughout the 

fermentation (13).   

3.4 High Pressure Liquid Chromatography.  

Supernatants of samples were analyzed for glucose, ethanol, acetic and lactic acids via high-

performance liquid chromatography using a Waters Breeze HPLC system (Waters, Milford, 

MA) and an Aminex HPX-87 ion exchange column (company, city state). The mobile phase 

was 0.5 mM H2SO4 and the flow rate was 0.5 ml min
-1

. Separations were conducted at 60
o
C 

with 10 #l sample injections and a 30 minute run time.  

3.5 RNA isolation and cDNA synthesis.  

Total RNA was extracted from frozen samples using the Ambion Ribopure Yeast RNA 

isolation kit (Austin, TX) protocol.  Samples were thawed on ice and 3 x 10
8
 cells were 

collected for each isolation reaction. A total of eight isolation reactions per fermentation 

sample were performed. After isolation, samples were DNase treated for 30 minutes at 37
o
C.  

Ethanol precipitations were then performed using 5M sodium acetate and the pellets were re- 
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suspended in 30-40 µl DEPC-treated water. All eight isolations performed were combined 

together after the re-suspension to reach a concentration of ! 2.5#g/#l. All samples were 

quantified on a 1% agarose gel using RiboRuler high range RNA ladder (Fermentas, 

Burlington, Ontario). Total RNA was stored at -20
o
C until cDNA synthesis.  Reverse 

transcription for cDNA synthesis was performed using Invitrogen (Carlsbad, CA) double-

stranded cDNA synthesis kit.  The manufacturer’s protocol was followed using oligo d(T) 

primers to transcribe 25 #g total RNA. Samples were examined through 1% agarose gel 

electrophoresis for integrity. Concentrations were calculated from absorbance readings at 

260nm. cDNA was kept at -20
o
C until labeling.  

3.6 cDNA labeling.   

cDNA samples were labeled either green with Cy3 or red with Cy5 using Nimblegen dual-

color labeling kit (Madison, WI). The kit implemented a post-labeling protocol.  Absorbance 

at 260nm was taken for all samples to determine the concentration of labeled cDNA using a 

NanoDrop ND 1000 Spectometer (Thermo Scientific, Wilmington, DE). Dye swapping was 

implemented where two replicates of RNA samples from fermentations with lactic acid were 

labeled with Cy3 and one with Cy5, while two replicates of RNA from fermentations with L. 

zeae were labeled with Cy5 and one with Cy3.  This results in a more balanced labeling 

system for comparison between the two treatments.  Samples were stored at -20
o
C until 

microarray hybridization. 
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3.7 Microarray hybridization.  

Microarray hybridizations were completed using NimbleGen Gene Expression Analysis 

Hybridization System by Roche (Madison, WI). Samples were analyzed in triplicate using  

Saccahromyces cerevisiae 12x135K array slides made of 60mer probes for 5,777 genes with 

5-8 probes per gene.  Analysis was done using both biological triplicates and technical 

triplicates.  Each array was hybridized using 4#g of both Cy3 and Cy5 labeled cDNA and 

were tracked using tracking controls according to the Nimblegen protocol. Hybridization was 

conducted for 20 hours using the Nimblegen MAUI hybridization system (Madison, WI).  

Slides were stringently washed and scanned using an Axon GenePix 4000B scanner. 

NimbleScan 2.0 software was used to burst array images and to grid the arrays while JMP 

Genomics 4.0 software was used for the analysis of gene expression.  Arrays of L. zeae 

samples were compared to samples of lactic acid fermentations.  Genes were considered 

significant if more than a 2-fold change was seen with a p-value > 0.05.  These genes 

ontologies where determined using the KEGG Pathway Database.  

4. Results 

4.1 Fermentations with L. zeae and Lactic Acid.  

A total of three fermentations were completed examining the effects of L. zeae on S. 

cerevisiae.  Overall, after inoculation with 1% L. zeae, cell counts of S. cerevisiae decreased 

by 49.4 ± 10.6% with viability also decreasing by 3.5 ± 6.3%.  Ethanol concentrations 

drastically decreased by 21.8 ± 5.7% w/v.  Using the Henderson-Hasselbach equation (and 

assuming pKa of lactic acid is 3.86) the amount of undissociated lactic acid was estimated to 

be 0.013 ± 0.005% w/v.  At the end of the fermentations an average residual glucose level of  
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3.9 ± 0.3% w/v was detected.  Figure 1 is a representative graph of all bacterial 

fermentations.  Control fermentations using 1% w/v lactic acid were also completed.  

Overall, addition of 1% w/v lactic acid resulted in an average increase of 11.3 ± 10.2% S.  

cerevisiae cell count, as well as, an increase in viability of 2.47 ± 3.44%.  Ethanol 

concentrations decreased by 8.1 ± 4.8%, significantly less than the decrease with L. zeae 

contamination.  Undissociated lactic acid was estimated to be 0.006 ± 0.001% w/v.  Residual 

glucose levels were similar as with L. zeae at 4.8 ± 0.05% w/v.  Figure 2 is a representative 

graph of what was seen in all lactic acid fermentations.  A complete summary of all 

fermentations, control and contaminated, is in Table 1.  A control fermentation where 

medium was inoculated without bacterial growth was also conducted to ensure these 

decreases were not an effect of dilution or slight washout.  There was no effect seen during 

this fermentation (data not shown).  

4.2 Microarray Analysis.   

To obtain statistically reliable data, triplicate cultures and arrays were carried out for each 

time point (Before treatments, 30 minutes, 12 hours, and 24 hours after treatments) of both L. 

zeae fermentations and lactic acid addition to the fermentation.  Gene changes were 

considered significant at a p-value of 0.05 with a 2-fold change. Gene comparisons were 

made between the responses of S. cerevisiae to bacterial contamination to lactic acid.  The 

total number of genes that showed significant responses is in Table 2. 

A comparison of lactic acid and L. zeae fermentations showed a large number of responsive 

genes and an overall trend of genes being down-regulated upon L. zeae contamination after 

several hours (Table 3). After 30 minutes of treatment little difference in gene expression  
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was observed between the lactic acid and L. zeae fermentations  with one gene being up-

regulated, ans1, a protein of unknown function and one gene being down-regulated, spl2, a 

regulatory protein involved in the cell cycle pathway. Spl2 has also been implicated in 

phosphate metabolism (5) and the Pho81 CDK inhibitor pathway (12).  After 12 hours, all 3 

up-regulated genes were involved in cell silencing with ybl018w being of most significance.  

Of the down-regulated genes rxr1 and rxt3 are involved in the cell cycle while wsc4 is 

involved in regulation of transcription through the RNA pol I promoter.  The greatest 

changes in transcription were detected after 24 hours of contamination with nearly all the S. 

cerevisiae genes of significance being down-regulated when compared to the lactic acid 

alone fermentations.  Numerous genes were shown to be significantly down-regulated with 

69% of them being involved in nutrient utilization, in particular nitrogen uptake, 19% 

involved in the cell cycle and 6% of unknown function.  The genes of most significance were 

fui1, fur4, rif1, cha1, ycr108c, hxt15, ngg1, cdc14, yhr212w-a and dsn1. The only up-

regulated gene was tsa2, which is a stress inducible protein involved in the cell cycle, namely 

the progression of G1 phase.  Three microarrays were hybridized using RNA isolated from L. 

zeae cultures only to ensure no cross-hybridization or interference was occurring, in the 

slight chance that the yeast kit isolated bacterial RNA.  None of the samples hybridized to the 

arrays (data not shown) indicating cross-hybridization is not of concern.  

5. Discussion:  

5.1 L. zeae contamination on S. cerevisiae fermentation:  

Comparing the fermentations performed, the data show that contamination with L. zeae has a 

greater effect on ethanol production than just lactic acid alone.  This phenomenon has been  
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documented previously (4).  The decrease in cell counts of S. cerevisiae contaminated with L. 

zeae was 60% greater than the decrease observed with lactic acid alone. More importantly, 

ethanol production decreased by an additional 14% with L. zeae contamination when 

compared to lactic acid alone. Currently there are three theories for how lactic acid bacterial 

contamination causes a decrease in ethanol production: the accumulation of undissociated 

lactic acid produced by the bacteria, nutrient depletion, and inhibitory compounds that 

adversely effect the yeast cells (3,4). Bayrock and Ingledew (4) examined the effect of 

undissociated lactic acid on cell counts of S. cerevisiae during steady state continuous feed 

fermentations and found that about 3.5% w/v undissociated acid is needed to significantly 

effect yeast cell growth.  Assuming the pKa of lactic acid is 3.86 the undissociated lactic acid 

concentrations can be calculated using the Henderson-Hasselbach equation.  L. zeae 

contamination resulted in an average of 0.013% w/v undissociated lactic acid where the 

control fermentations produced only 0.006% w/v.  Considering S. cerevisiae was greatly 

affected by the L. zeae, it can be assumed that lactic acid build-up is not the sole factor for 

the decrease seen.   The second theory, nutrient depletion, is also brought into question as the 

residual glucose levels for all fermentations was roughly 4% w/v, indicating the system never 

depleted its carbon source. However, it must be noted that while the limitation of 

macronutrients can be eliminated as the main contributing source of the decrease in ethanol, 

micronutrient depletion cannot be ruled out.  These observations suggest that the third theory, 

an unknown inhibitory compound is one likely contributing factor for this phenomenon.  

Further studies on the compounds being produced by L. zeae during fermentation are needed.  
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5.2 Microarray comparison of lactic acid and L. zeae responses   

Samples were analyzed for differences at each of the four time points to determine how the 

gene expression changed upon L. zeae contamination over 24 hours.  Comparing lactic acid 

samples to L. zeae samples, overall, genes were down-regulated upon bacterial  

contamination.  It also indicated that more genes were affected the longer the yeast-bacterial 

co-fermentations occurred.  Samples taken before any treatment was implemented showed a 

few gene changes, most of which were up-regulated in the bacterial fermentation and are 

mostly involved in transcription and cell division.  This makes sense because cell growth of 

S. cerevisiae tended to be higher in the bacterial fermentations at steady state. These changes 

are most likely differences that naturally occur between fermentation runs, as yeast growth in 

each fermentation will naturally vary slightly.   There was little difference between the two 

treatments (acid or bacteria addition) at 30 minutes as only two genes were detected.  It is 

interesting that spl2, a regulatory gene in the cell cycle, significantly decreased with the 

contamination, which coincided with a significant decrease in S. cerevisiae cell growth.   At 

12 hours, a greater number of genes were down-regulated, all of which are involved in the 

cell cycle, transcription, and cell wall integrity.  Again this is plausible, as at 12 hours the 

yeast cell number is greatly lowered in the presence of bacterial contamination.  At the final 

time point, 24 hours after contamination, a considerable change in gene expression is 

observed with significant down-regulation of the genes fui1 and cha1.  Both of these genes 

are involved with utilization of nutrients, in particular nitrogen.  FUI1 is suggested to be a 

nucleoside transporter, which is an integral membrane protein that mediates the uptake and 

release of nucleosides and nucleoside analog drugs (23, 24).  CHA1 has also been previously  
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identified to be involved in cell cycle regulation along with the proteins CDC14 and WSC4 

(22).  These genes have specifically been linked to the M phase (mitosis) of cell growth, 

being up-regulated during this time. The down-regulation of these genes suggests the S. 

cerevisiae cells are not entering M phase in a normal manner and therefore are not dividing  

as efficiently during bacterial contamination.  Interestingly, up-regulation of WSC4, an ER 

membrane protein and a stress response gene, has been seen in S. cerevisiae under acid 

stress, although under LAB contamination it is down-regulated (1). This again suggests that 

acid stress is not the sole factor behind the decreases seen during LAB contamination. TSA2 

is a thiol peroxidase, which switches its function to a molecular chaperone when the cell is 

under oxidative stress.  This switch is thought to be a fundamental process of cellular 

homeostasis (14). HXT15 was also greatly affected, being down-regulated by almost half.  

HXT genes are involved in glucose metabolism and have previously been identified as 

significant genes during lag phase of S. cerevisiae (6).  Overall a down-regulation of multiple 

genes involved with the cell cycle and transcription was seen upon L. zeae contamination, 

which could explain the significant decrease in cell growth of S. cerevisiae and therefore the 

decrease in ethanol production.  
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TABLES AND FIGURES 

 

Figure 1: Representative graph of fermentations of S. cerevisiae inoculated with L. zeae.  A 

1% inoculum of S. cerevisiae was grown to steady state and inoculated with 1% L. zeae.  T=0 

indicates the time of inoculation with bacteria after three days of steady state fermentation 

(Graph is representative of three independent fermentations). Saccharomyces cerevisiae total 

cell count ($) and levels of glucose (%), ethanol (&) and lactic acid (') were monitored for 24 

hours.  
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Figure 2: Graph of fermentations of S. cerevisiae with lactic acid supplementation.  A 1% 

inoculum of S. cerevisiae was grown to steady state and supplemented with 1% lactic acid. 

T=0 indicates the time of lactic acid addition after three days of fermenting at steady state. 

(Graph is representative of three independent fermentations) Saccharomyces cerevisiae total 

cell count ($) and levels of glucose (%), ethanol (&) and lactic acid (') were monitored for 24 

hours.  
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Table 1: Summary of steady state fermentations of S. cerevisiae inoculated with L. zeae or 

1% w/v lactic acid. Yeast cell count, viability, glucose and ethanol are all given in percentage 

decrease. Lactic acid and undissociated lactic acid are given in amount accumulated. 

Compilation of three independent experiments 

Fermentation 

Sample  

Yeast Total 

Cell Count 

Decrease(%) 

Yeast 

Viability 

Decrease 

(%) 

Glucose  

Decrease 

(%) 

Ethanol 

Decrease 

(%) 

Lactic 

Acid 

Formed     

(% w/v) 

Undissociated 

Lactic Acid 

Formed (% 

w/v) 

L. zeae  49.4±10.6 3.5±6.3 23±6.9 21.8±5.7 1.5±0.6 0.010±0.005 

Lactic Acid 6.8±21.6 2.6±5.3 9.2±12.8 6.6±6.7 

 

0.93±0.07 

 

0.007±0.0006 

 

Table 2: Total number of S. cerevisiae genes changes in response to contamination with L. 

zeae in comparison to gene changes in lactic acid fermentations.  

 Lactic Acid Response 

Up-Regulated 15 

Down-Regulated 38 
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Table 3: Comparison of S. cerevisiae gene expression in response to contamination with L. 

zeae or addition of lactic acid. 

Significance   

(log10 P value) 

 

Time 

Point 

 

Gene 

Name 

 

Gene Function 

Lactic 

Acid 

L. zeae 

 

 

30 

Minutes 

After 

 

ANS1 

 

SPL2 

 

Putative protein of unknown function; 

transcription dependent upon Azf1p  

Protein with similarity to cyclin-dependent 

kinase inhibitors; downregulates low-affinity 

phosphate transport during phosphate limitation; 

overproduction suppresses a plc1 null mutation; 

GFP-fusion protein localizes to the cytoplasm 

 

(-) 0.74 

 

(+) 0.27 

 

(+) 0.78 

 

(-) 1.25 

 

 

 

 

 

12 

Hours 

After 

 

YBL018

W 

RCR1 

 

 

 

 

RXT3 

 

WSC4 

 

Protein of unknown function 

Protein of the ER membrane involved in cell 

wall chitin deposition; may function in the 

endosomal-vacuolar trafficking pathway, helping 

determine whether plasma membrane proteins 

are degraded or routed to the plasma membrane  

Subunit of the RPD3L complex; involved in 

histone deacetylation  

ER membrane protein involved in the 

translocation of soluble secretory proteins and 

insertion of membrane proteins into the ER 

membrane; may also have a role in the stress 

response but has only partial functional overlap 

with WSC1-3 

 

(+) 0.84 

(+) 0.40 

 

 

 

 

(+) 0.84 

 

(+) 2.60 

 

(+) 2.15 

(-) 0.93 

 

 

 

 

(-) 0.05 

 

(+) 1.28 
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Table 3 continued

 

 

 

 

 

 

 

 

 

24 

Hours 

After 

 

TSA2 

 

 

 

 

 

FUI1 

 

 

 

FUR4 

 

 

RIF1 

 

 

 

CHA1 

 

 

 

HXT15 

 

 

 

NGG1 

 

 

 

 

CDC14 

 

 

YHR212 

(W-A) 

DSN1 

 

Stress inducible cytoplasmic thioredoxin 

peroxidase; cooperates with Tsa1p in the 

removal of reactive oxygen, nitrogen and sulfur 

species using thioredoxin as hydrogen donor; 

deletion enhances the mutator phenotype of tsa1 

mutants  

High affinity uridine permease, localizes to the 

plasma membrane; also mediates low but 

significant transport of the cytotoxic nucleoside 

analog 5-fluorouridine  

Uracil permease, localized to the plasma 

membrane; expression is tightly regulated by 

uracil levels and environmental cues  

Protein that binds to the Rap1p C-terminus and 

acts synergistically with Rif2p to help control 

telomere length and establish telomeric 

silencing; deletion results in telomere elongation  

Catabolic L-serine (L-threonine) deaminase, 

catalyzes the degradation of both L-serine and 

L-threonine; required to use serine or threonine 

as the sole nitrogen source  

Protein of unknown function with similarity to 

hexose transporter family members, expression 

is induced by low levels of glucose and 

repressed by high levels of glucose  

Transcriptional regulator involved in glucose 

repression of Gal4p-regulated genes; component 

of transcriptional adaptor and histone 

acetyltransferase complexes, the ADA complex, 

the SAGA complex, and the SLIK complex  

Protein phosphatase required for mitotic exit; 

located in the nucleolus until liberated by the 

FEAR and Mitotic Exit Network in anaphase 

Protein of unknown function 

 

Essential component of the MIND kinetochore 

complex  

 

(+) 0.34 

 

 

 

 

 

(+) 1.93 

 

 

 

(+) 0.87 

 

 

(+) 1.40 

 

 

 

(+) 2.99 

 

 

 

(+) 1.93 

 

 

 

(+) 1.40 

 

 

 

 

(+) 1.40 

 

 

(-) 0.19 

 

 

(+) 0.87 

 

(+) 1.40 

 

 

 

 

 

(-) 0.72 

 

 

 

(-) 0.19 

 

 

(+) 0.34 

 

 

 

(+) 0.87 

 

 

 

(+) 0.87 

 

 

 

(+) 0.34 

 

 

 

 

(+) 0.87 

 

 

(-) 1.78 

 

 

(-) 0.72 
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APPENDIX A:  

RAW FERMENTATION DATA FOR CHAPTER 2 
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Table A.1 Raw Data for L. kunkeei fermentation 

Lactobacillus kunkeei 

Hour Day O.D. 

% 

Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.0 97.1 2.04E+06 2.11E+06 

24 1.0 1.0 90.7 4.44E+07 3.38E+07 

48 2.0 0.9 92.8 3.54E+07 1.97E+07 

72 3.0 1.1 93.6 3.75E+07 2.14E+07 

98 4.1 1.2 92.5 4.18E+07 1.50E+07 

121 5.0 1.2 89.9 3.87E+07 1.20E+07 

144 6.0 1.0 88.3 3.38E+07 - 

166 6.9 0.8 85.3 3.29E+07 - 

167 7.0 1.2 88.5 2.00E+07 1.81E+07 

169 7.0 1.6 88.7 2.94E+07 1.36E+07 

171 7.1 2.2 86.2 2.30E+07 1.16E+07 

173 7.2 2.9 87.4 2.22E+07 1.10E+07 

175 7.3 3.4 91.9 2.31E+07 1.70E+07 

177 7.4 3.4 92.5 2.25E+07 1.75E+07 

179 7.5 3.6 90.1 2.12E+07 1.80E+07 

192 8.0 3.1 91.8 1.43E+07 2.73E+07 
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Table A.2 Raw Data for lactic acid fermentation in PD 

Lactic Acid PD  

Hour Day O.D. 

% 

Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.1 93.6 4.03E+06 2.33E+06 

21 0.9 0.7 97.8 3.50E+07 2.91E+07 

25 1.0 0.8 96.1 3.35E+07 3.14E+07 

27 1.1 0.8 96.1 3.43E+07 3.05E+07 

29 1.2 0.8 97.3 3.57E+07 2.42E+07 

31 1.3 0.8 96.5 3.06E+07 3.00E+07 

33 1.4 0.8 96.6 2.64E+07 1.27E+07 

46 1.9 0.8 96.8 2.73E+07 1.35E+07 
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Table A.3 Raw Data for L. paracasei fermentation 

Lactobacillus paracasei  

Hour Day O.D. 

% 

Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.1 97.1 9.53E+06 2.77E+06 

21 0.9 2.4 96.4 1.13E+08 4.60E+07 

45 1.9 7.4 97.8 2.90E+08 1.21E+08 

70 2.9 12.5 85.8 6.88E+08   

94 3.9 13.5 92.9 8.43E+08 4.50E+08 

117 4.9 13.2 97.2 3.74E+08 8.70E+07 

141 5.9 5.1 95.9 3.02E+08 1.15E+08 

165 6.9 13.7 92.1 5.08E+08 3.70E+08 

189 7.9 13.7 85.7 4.99E+08 2.43E+08 

211 8.8 11.1 91.2 2.62E+08 2.37E+08 

213 8.9 10.5 90.8 2.76E+08 1.35E+08 

217 9.0 11.7 88.3 3.20E+08 2.05E+08 

219 9.1 11.9 86.7 3.16E+08 1.35E+08 

221 9.2 12.3 93.8 2.64E+08   

223 9.3 12.5 92.5 2.43E+08 1.14E+08 

237 9.9 10.0 67.5 1.79E+08 2.30E+07 

262 10.9 7.5 77.9 2.60E+08 2.47E+08 
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Table A.4 Raw Data for L. planatrum fermentation 

Lactobacillus plantarum  

Hour Day O.D. 

% 

Viability Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.3 99.3 1.34E+07 7.15E+06 

16.5 0.7 7.4 98.2 2.30E+08 2.82E+08 

24 1.0 8.4 90.0 5.53E+08 - 

41 1.7 13.0 86.7 6.20E+08 3.00E+08 

65 2.7 12.0 94.8 5.58E+08 3.70E+08 

89 3.7 12.1 93.8 6.40E+08 3.70E+08 

113 4.7 13.0 92.1 7.14E+08 1.50E+08 

140 5.8 11.2 94.9 5.85E+08 2.60E+08 

165 6.9 12.8 93.3 6.58E+08 2.50E+08 

185 7.7 13.3 95.1 6.38E+08 - 

207.5 8.6 13.5 96.2 7.26E+08 - 

208.5 8.7 11.7 96.7 5.61E+08 - 

210.5 8.8 11.2 94.3 2.78E+08 - 

212.5 8.9 12.1 91.8 2.86E+08 - 

214.5 8.9 12.5 92.0 2.51E+08 - 

216.5 9.0 12.6 92.6 2.42E+08 - 

219.5 9.1 12.0 89.8 2.60E+08 - 

244.5 10.2 12.4 93.8 2.40E+08 - 
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Table A.5 Raw Data for L. zeae fermentation 

Lactobacillus zeae  

Hour Day O.D. 

% 

Viable  Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.1 96.5 1.01E+07 1.57E+06 

21 0.9 2.4 95.8 1.02E+08 5.60E+07 

45 1.9 5.6 99.2 2.52E+08 1.06E+08 

70 2.9 9.4 78.8 5.25E+08 - 

94 3.9 11.6 92.5 8.04E+08 2.90E+08 

117 4.9 12.3 95.9 3.92E+08 1.36E+08 

141 5.9 10.4 86.7 2.48E+08 1.07E+08 

165 6.9 12.4 89.3 8.08E+08 3.80E+08 

189 7.9 12.6 93.2 6.28E+08 1.23E+08 

211 8.8 12.1 96.5 3.81E+08 9.90E+07 

213 8.9 11.0 96.4 2.70E+08 - 

217 9.0 11.1 94.8 3.09E+08 2.33E+07 

219 9.1 11.3 86.4 2.93E+08 1.11E+08 

221 9.2 11.9 91.9 2.78E+08 8.20E+07 

223 9.3 12.5 94.9 2.76E+08 - 

237 9.9 13.2 94.9 2.59E+08 2.66E+07 

262 10.9 10.5 98.9 2.03E+08 7.10E+07 
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Table A.6 Raw Data for lactic acid fermentation in YP 

Lactic Acid YP 

Hour Day O.D. 

% 

Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.1 99.7 3.19E+06 4.45E+06 

16.5 0.7 7.4 99.1 3.24E+08 3.55E+08 

24 1.0 7.8 85.7 7.45E+08 - 

41 1.7 12.6 84.9 8.14E+08 3.01E+08 

65 2.7 14.3 97.7 9.83E+08 4.40E+08 

89 3.7 14.8 95.6 1.01E+09 4.20E+08 

113 4.7 16.5 95.9 1.00E+09 6.50E+08 

140 5.8 15.6 97.7 6.93E+08 5.40E+08 

165 6.9 12.7 98.5 7.70E+08 3.70E+08 

185 7.7 11.7 86.5 7.34E+08 - 

207.5 8.6 18.2 88.6 6.68E+08 - 

208.5 8.7 17.0 90.4 8.43E+08 - 

210.5 8.8 17.2 88.2 7.11E+08 - 

212.5 8.9 15.6 94.6 4.04E+08 - 

214.5 8.9 16.9 89.0 4.62E+08 - 

216.5 9.0 17.8 88.7 4.59E+08 - 

219.5 9.1 18.3 98.1 5.99E+08 - 

244.5 10.2 16.2 98.9 5.77E+08 - 
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RAW FERMENTATION DATA FOR CHAPTER 3 
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Table B.1: Raw Data of L. zeae fermentations for microarray hybridization n=1 

Hour Day O.D. % Viable  Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.2 99.8 1.04E+07 8.30E+06 

17.5 0.7 6.9 96.4 2.16E+08 NTC 

40.5 1.7 8.9 95.8 2.38E+08 2.67E+08 

65.5 2.7 8.2 68.9 2.27E+08 1.24E+08 

91.5 3.8 7.5 97.4 2.95E+08 1.74E+08 

117 4.9 8.0 93.0 2.39E+08 1.73E+08 

137 5.7 8.2 96.7 2.20E+08 7.30E+07 

162 6.8 7.7 92.6 2.20E+08 1.32E+08 

210 8.8 7.5 96.9 2.33E+08 1.00E+08 

231 9.6 7.7 89.0 2.50E+08 6.50E+07 

262 10.9 7.1 96.4 1.97E+08 5.60E+07 

283 11.8 7.2 95.7 2.39E+08 1.26E+08 

305 12.7 7.5 94.2 2.32E+08 1.26E+08 

327 13.6 6.9 96.2 2.51E+08 1.22E+08 

328 13.7 6.7 96.3 1.85E+08 7.00E+07 

330 13.8 6.7 97.6 1.67E+08 4.40E+07 

332 13.8 7.1 96.0 1.88E+08 4.40E+07 

334 13.9 6.9 95.0 1.51E+08 5.00E+07 

336 14.0 8.1 95.3 1.45E+08 1.08E+07 

338 14.1 8.0 96.7 1.57E+08 6.20E+06 

340 14.2 8.3 96.2 1.46E+08 1.10E+07 

352 14.7 9.6 96.9 1.53E+08 5.10E+07 
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Table B.2: Raw Data of L. zeae fermentations for microarray hybridization n=2 

Hour Day O.D. % Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.7 99.7 2.82E+07 2.16E+07 

22 0.9 10.4 97.7 4.81E+08 2.60E+08 

47 2.0 10.2 92.3 4.23E+08 2.90E+08 

57 2.4 10.8 95.0 6.21E+08 2.40E+08 

73 3.0 10.5 94.8 3.63E+08 2.46E+08 

83 3.5 11.2 95.4 4.06E+08 3.50E+08 

97 4.0 11.4 95.9 3.96E+08 3.80E+08 

105 4.4 12.2 96.3 4.43E+08 4.20E+08 

121 5.0 11.0 94.5 8.43E+08 3.50E+08 

145 6.0 13.1 89.0 6.26E+08 2.60E+08 

145.5 6.1 14.3 94.6 3.26E+08 4.20E+08 

147 6.1 13.1 92.8 3.99E+08 3.40E+08 

149 6.2 15.0 88.8 4.93E+08 2.60E+08 

151 6.3 11.9 90.4 4.29E+08 4.30E+08 

153 6.4 13.9 91.0 2.91E+08 4.10E+08 

155 6.5 13.9 88.3 3.41E+08 5.10E+08 

157 6.5 12.9 88.7 3.21E+08 2.90E+08 

181 7.5 13.3 99.3 2.49E+08 2.60E+08 
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Table B.3: Raw Data of L. zeae fermentations for microarray hybridization n=3 

Hour Day O.D. % Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.3 99.0 1.00E+07 8.60E+06 

7 0.3 1.9 96.9 9.65E+07 1.29E+07 

22 0.9 8.8 94.5 3.41E+08 7.30E+07 

55 2.3 7.4 99.4 2.45E+08 1.01E+08 

68 2.8 8.5 98.6 3.31E+08 5.70E+07 

77 3.2 12.7 97.2 5.30E+08 5.20E+08 

93 3.9 11.3 98.1 5.16E+08 Smudge 

101 4.2 13.3 90.9 4.10E+08 5.60E+08 

117 4.9 12.7 97.5 3.96E+08 4.20E+08 

126 5.3 11.7 99.0 4.96E+08 4.40E+08 

146 6.1 12.2 96.9 4.86E+08 3.80E+08 

165 6.9 13.0 97.5 5.03E+08 4.50E+08 

189 7.9 12.4 95.0 4.00E+08 5.60E+08 

198 8.3 12.2 96.7 5.33E+08 9.60E+08 

213 8.9 12.3 97.6 4.25E+08 6.00E+08 

213.5 8.9 16.2 95.7 4.31E+08 5.60E+08 

215 9.0 10.3 97.0 2.43E+08 3.70E+08 

217 9.0 10.5 87.2 2.34E+08 4.10E+08 

219 9.1 10.2 92.5 2.26E+08 5.70E+08 

221 9.2 11.0 95.2 2.36E+08 4.60E+08 

223 9.3 10.9 95.0 2.40E+08 4.00E+08 

225 9.4 10.8 98.4 2.06E+08 Smudge 
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Table B.4: Raw Data of lactic acid fermentations for microarray hybridization n=1 

Hour Day O.D. % Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.4 98.2 1.25E+07 7.40E+06 

7 0.3 2.2 98.5 1.17E+08 1.04E+07 

22 0.9 9.0 97.3 3.21E+08 6.70E+07 

46 1.9 9.0 94.1 4.00E+08 8.70E+07 

55 2.3 12.8 98.9 3.41E+08 4.50E+08 

68 2.8 13.7 97.1 4.34E+08 7.00E+07 

77 3.2 12.7 97.5 4.91E+08 4.60E+08 

93 3.9 12.6 98.9 4.74E+08 TNC 

101 4.2 13.2 99.1 4.06E+08 4.20E+08 

117 4.9 14.2 99.8 6.28E+08 4.40E+08 

126 5.3 12.1 99.2 6.54E+08 5.00E+08 

146 6.1 13.2 97.5 5.43E+08 6.70E+08 

165 6.9 14.7 98.4 5.34E+08 5.40E+08 

165.5 6.9 13.1 98.4 5.34E+08 5.00E+08 

167 7.0 12.7 96.0 4.64E+08 5.40E+08 

169 7.0 11.5 99.0 3.84E+08 5.00E+08 

171 7.1 11.3 94.4 4.03E+08 5.80E+08 

173 7.2 10.4 90.2 3.08E+08 5.10E+08 

175 7.3 11.0 96.9 3.20E+08 5.00E+08 
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Table B.4 continued

177 7.4 12.2 80.8 3.78E+08 4.80E+08 

189 7.9 15.1 98.7 5.79E+08 5.10E+08 

 

Table B.5: Raw Data of lactic acid fermentations for microarray hybridization n=2 

Hour Day O.D. % Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.3 98.4 9.53E+06 1.14E+07 

7 0.3 2.0 98.6 1.04E+08 1.36E+07 

22 0.9 8.9 97.3 3.21E+08 7.60E+07 

46 1.9 10.4 93.5 3.68E+08 6.20E+07 

55 2.3 10.3 99.0 2.90E+08 9.80E+07 

68 2.8 12.5 98.6 4.50E+08 4.60E+07 

77 3.2 13.2 98.0 4.94E+08 4.70E+08 

101 4.2 12.9 99.0 3.94E+08 5.10E+08 

117 4.9 13.1 98.9 5.46E+08 4.60E+08 

126 5.3 12.7 98.8 4.21E+08 4.90E+08 

146 6.1 11.5 96.4 3.81E+08 3.80E+08 

165 6.9 11.6 97.7 4.40E+08 5.40E+08 

165.5 6.9 11.0 98.7 3.83E+08 3.70E+08 

167 7.0 11.5 97.2 3.54E+08 3.80E+08 

169 7.0 11.8 98.8 4.01E+08 3.90E+08 

171 7.1 11.2 96.3 4.10E+08 5.30E+08 

173 7.2 11.6 98.4 4.60E+08 4.40E+08 
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Table B.5 continued:  

175 7.3 10.8 97.2 4.01E+08 5.60E+08 

177 7.4 11.2 98.4 5.40E+08 5.90E+08 

189 7.9 10.7 98.3 4.53E+08 3.20E+08 

 

Table B.6: Raw Data of lactic acid fermentations for microarray hybridization n=3 

Hour Day O.D. % Viable Hemacytometer Cells/ml Plate Cells/ml 

0 0.0 0.8 99.6 2.38E+07 2.86E+07 

18 0.8 8.4 98.8 2.91E+08 2.76E+08 

26 1.1 9.0 91.6 4.16E+08 3.60E+08 

42 1.8 11.9 81.8 3.91E+08 3.70E+08 

66 2.8 11.5 95.0 3.97E+08 3.35E+08 

90 3.8 11.6 97.7 4.88E+08 4.40E+08 

114 4.8 11.9 90.3 5.26E+08 - 

114.5 4.8 13.2 97.0 6.08E+08 - 

116 4.8 12.2 95.1 3.29E+08 - 

118 4.9 12.6 94.6 5.17E+08 - 

120 5.0 11.4 95.3 4.64E+08 - 

122 5.1 11.3 98.0 3.97E+08 - 

124 5.2 11.3 89.1 6.68E+08 - 

126 5.3 11.5 97.5 4.89E+08 - 

138 5.8 9.7 96.1 6.45E+08 - 
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APPENDIX C: 

MICROARRAY DATA FOR CHAPTER 3 
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Figure C.1 12 Hour Microarray Clustering of Genes 
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Figure C.2 12 Hour Microarray Volcano Plot 
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Figure C.3 12 Hour Microarray Variance Distributions 
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Figure C.4 24 Hour Microarray Clustering of Genes 
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Figure C.5 24 Hour Microarray Volcano Plots 
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Figure C.6 24 Hour Microarray Variance Distributions 

 


