
 

Abstract 

BECKNER, MARGARET ELIZABETH. Understanding Volatile Compound Production by S. 
cerevisiae and L. plantarum and their Role in Interactions between the Species. (Under the 
direction of Dr. Trevor Phister.) 
 

Lactic acid bacteria (LAB) and yeast are principally responsible for fermentations that 

are critical to the world’s food supply and have been used for thousands of years to produce 

a host of common food products.  Among other things, these organisms are responsible for 

the production of volatile compounds that contribute to the desirable aroma and flavor 

associated with products such as wine, beer, cheese, yogurt, and pickles.  Many of these 

products rely on a delicate microbial balance that, if altered, can cause spoilage and loss of 

product.  A prime example of this is the slowing of growth and loss of ethanol production in 

a yeast fermentation contaminated with LAB.  Recent research has indicated that complex 

interspecies signaling can be responsible for shifts in microbial population dynamics (Smith 

et. al. 2004), but little research has been conducted examining the mechanisms of these 

interactions. To begin understanding these mechanisms, the identification and analysis of 

volatile compounds produced by both Saccharomyces and Lactobacillus strains was 

analyzed through the use of non-targeted Solid Phase Micro-Extraction followed by a 

comprehensive two-dimensional gas chromatograph coupled to a time-of-flight mass 

spectrometer (SPME-GCxGC-TOFMS). In addition, studies were initiated on the effects of 

these compounds on alcoholic fermentations via plate reader analysis and flask 

fermentations in the presence of key compounds of interest. In the long term, this work 



may lead to an understanding of why production losses are observed in contaminated 

fermentations and provide a means by which to mitigate such losses.   

 To begin this research, a number of flask fermentations were carried out in in which 

Lactobacillus plantarum WCFS1 and two different strains of Saccharomyces cerevisiae were 

grown together and independently.  Samples were taken at critical points of the 

fermentations for volatiles analysis using a SPME- GCxGC-TOFMS.   After processing and 

data analysis, 27 compounds of interest were positively identified.    Of these, three were of 

particular interest, 2-Nonanol, 3-Methyl-2Buten-1-ol, and δ-Dodecalactone.  These 

compounds were only produced in the fermentations in which both the yeasts and the 

bacteria were grown together.   

The second part of this research involved investigating the effects of these and two 

other known, volatile yeast signaling compounds, 2-phenylethanol and tyrosol, on 

Lactobacillus plantarum WCFS1, S. cerevisiae Cat1 and S. cerevisiae S288c. Organism growth 

in the presence of various concentrations of the five compounds was evaluated using a 

plate reader which allowed for a rapid and uniform manner of assessment.  From there, to 

further study the inhibition observed, the low concentrations of tyrosol and 2-

phenylethanol were specifically selected for study in larger flask fermentations.  The impact 

these compounds had on growth markers such as glucose consumption, ethanol production 

and cell count were monitored over the course of the fermentation.  These compounds 

demonstrated significant growth inhibition on the plate reader, but consistent effects were 



not observed in the larger scale.  The chemical analyses however were able to confirm for 

the first time that tyrosol and 2-phenylethanol were produced in low concentration by 

WCFS1.  This combined with the observed effects of these compounds supports the idea 

that yeast signaling compounds are produced by bacteria.  In conclusion, further research 

should be conducted to elucidate the production and potential effects of signaling and 

aromatic compounds produced by Saccharomyces and Lactobacillus during fermentation.  
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Introduction 
Long before humans understood exactly what caused their grape juice or cabbage to 

turn into wine or sauerkraut we have been taking advantage of the fermentive capacity of 

both yeast and lactic acid bacteria.  Fermentation is commonly defined as the anaerobic 

catabolism in which an organic compound serves as an electron donor and another organic 

compound serves as an electron acceptor with ATP being produced by substrate level 

phosphorylation (Madigan et. al. 2006). Another, simpler, definition describes fermentation 

as a microbially mediated conversion of sugars into products such as ethanol and lactic acid 

(Scott, 2008). Lactic acid bacteria (LAB) and yeast are principally responsible for 

fermentations that are critical to the worlds food supply and have been used for thousands 

of years to produce a host of common food products.   

Yeast and LAB cohabitation 
 Traditionally LAB such as Leuconostoc and Lactobacillus spp. are chiefly responsible 

for fermented milk products such a cheeses, yogurt, and buttermilk as well as fermented 

vegetable products like pickles, olives, sauerkraut and even kimchi.  Yeast species such as 

Saccharomyces, Candida, Kluyveromyces and Pichia are primarily responsible for products 

such as bread, wine, beer and chocolate (Smith 2004). Some food products such as 

sourdough bread, kefir and vinegar rely on a mixture of these organisms for 

production(Scott & Sullivan 2008).  Both yeast and bacteria are vital to these processes for 

their ability to use the sugars commonly found in many food products such as glucose, 

fructose, and lactose to produce ATP and natural preservatives such as organic acids (lactic 
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and acetic acid in the case of LAB) and ethanol (a primary yeast metabolite).  They also 

produce desirable flavor compounds.   

Given their similar roles and fermentive capacities it is not surprising that yeast and 

lactic acid bacteria (LAB) are often found living both competitively and symbiotically in the 

same microbial ecosystems. Sourdough fermentations for example rely almost exclusively 

on LAB species such as Lactobacillus brevis, Lb. plantarum as well as yeast species such as 

Saccaromyces cerevisiae and S. exiguous for their unique flavor and texture (Gobbetti et al. 

1994).  Studies have demonstrated a trophic relationship between the yeast and bacterial 

species in so far as the bacteria tend to grow more slowly in the presence of yeast and vice 

versa, yet they typically do not compete for the same carbon sources and are able to thrive 

in each other’s presence (Gobbetti et al. 1998).  In fact, it has been demonstrated that the 

presence of certain LAB in sourdough facilitate glucose formation from maltose, thus 

providing further carbohydrate sources for the yeast (Gobbetti et al. 1998). This is, of 

course, an oversimplified version of what has proven to be a complex ecology.  As any baker 

will tell you there are as many failures as there are successes when it comes to a healthy, 

active sourdough starter.  It only takes a small shift in the environment to allow one 

organism to out-compete all of the others. This is just one example of why species-species 

interactions are a vastly complex, important and active area of study.  
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Classic lactic acid bacterial fermentations 
If sourdough is the ideal environmental example of lactic acid bacteria and yeast 

mutualism, there are a myriad of environments in which these two classes of organisms are 

in direct competition.  In the case of many vegetable fermentations, a secession of various 

lactic acid bacterial species is necessary for proper aroma, flavor, and texture.  Traditionally, 

conditions are artificially enhanced to favor the growth of organisms already present on the 

vegetables themselves.  In the case of cabbage and pickled cucumbers sodium chloride is 

added to draw out water, inhibit the growth of possible spoilage organisms and promote 

the growth of species such as Leuconostoc and Lactobacillus (Scott & Sullivan 2008). Each of 

these organisms plays a role in the production of acids which lower the pH, giving the 

products their characteristic flavors and long shelf life.  This harsh, high salt, low pH 

environment is generally inhospitable to most other organisms.  However, like the 

sourdough fermentations, there are yeast species that are capable of thriving in this 

environment.  Unlike the sourdough fermentation though, they are not a welcome addition.  

Species of Zygosaccharomyces, Pichia and Issatchenkia are all capable of infecting vegetable 

fermentations and lending flavor and texture characteristics that are less than 

desirable.(Thomas & Davenport 1985) Their presence is one of competitive inhibition in 

many cases as opposed the mutualism seen in sourdough (Franco et al. 2012) . 

Classic yeast fermentations 
A similar example of competitive inhibition, one in which the yeast are the desired 

organism and the bacteria are considered spoilage organisms, is wine and beer 



5 
 

fermentations.  The propensity of Saccharomyces species, most notably S. cerevisiae, to 

convert sugars into ethanol is a trait that humankind has been happy to take advantage of 

for thousands of years.  It is only the in last hundred or so that scientists have begun to 

understand the details and complexities of this process.  Much like the vegetable 

fermentations, in order to acquire the desired attributes in the end product, the 

fermentations must be carefully controlled.  As previously explained, both yeast and lactic 

acid bacteria are present on the exterior of many of the same food products and are able to 

occupy the same relative ecological niche.   Traditional fermentations of wine, much like 

vegetable fermentations, are ones of microbial secession in which different yeast species 

grow and die off at various stages throughout the fermentation (Phister 2009). Unlike 

vegetable fermentations where salt is added to favor bacterial growth, the naturally high 

sugar content of grapes (in the case of wine) and wort (in the case of beer) as well at the 

temperature of fermentation all favor yeast growth (Fleet 2003; Soleas et al. 1997).   No one 

really wants wine or beer that tastes like pickles however, and given the ecologically 

competitive nature of both yeast and lactic acid bacteria this is a distinct possibility. For this 

reason, the study of yeast and bacterial interactions with regards to food fermentations are 

of valuable significance.   

The role of aroma and flavor compounds in Quorum sensing in yeast 
         Quorum sensing, a system by which organisms respond to population dynamics, is 

used by both yeast and bacteria.  In yeasts, quorum sensing molecules (QSMs) have been 

suspected or demonstrated to regulate gene expression in a number of species including 
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Histoplasma capsulatum, Ceratocystis ulmi, and Saccharomyces cerevisiae (Hogan, 2006, 

Nickerson et. al 2006).  However, the greatest depth of research has been on Candida 

albicans and the regulation of its yeast to mycelium conversion by farnesol (Sprague et. al. 

2006).  Farnesol is an acyclic sesquiterpene alcohol with a slight floral odor.  It is used in the 

perfume industry to enhance floral and rosy notes and is a known insect pheromone(Yang 

et. al. 2004).   In studying the inoculum size effect in C. albicans, Hornby et al. isolated (E,E)- 

farnesol and described its ability to inhibit the transition from yeast to mycelium even in the 

presence of inducing agents (Hornby et. al. 2001).  Farnesol has also been found to increase 

the survival of C. albicans in response to oxidative stress (Martins et. al. 2007).  Tyrosol, an 

aromatic alcohol prominent in olive oil among other foods, stimulates mycelium formation 

although this effect is overridden by farnesol (De Sordi et. al. 2009; Chen et. al. 2004).  

These findings seem to indicate that small molecular compounds, both aromatic and non-

aromatic alcohols, play a role in the growth and behavior patterns of C. albicans. What’s 

more is these compounds need not be produced by the organism, if they are present in the 

environment in high enough concentration they have the ability to induce change in the 

yeast’s behavior (Chen et. al. 2004). 

         In Saccharomyces, farnesol may be produced at high levels. When added externally 

a growth inhibitory effect is observed.  Farnesol, however, does not appear to be a QSM in 

Saccharomyces; its effects are not cell density dependent.  Currently the only QSMs 

identified in Saccharomyces are the aromatic alcohols tryptophol and phenylethyl alcohol 
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(aka. 2-phenylethanol). These alcohols stimulate the transition from yeast to filamentous 

form in response to low nitrogen levels (Chen et. al. 2006).  It should also be noted that 2-

phenylethanol is responsible for a distinct rose note and thus is a desirable flavor and 

aroma compound in wine.      

Quorum sensing in bacteria 
         Quorum sensing in bacteria has been studied far more extensively than it has in 

yeast.  There are several sources that have discussed it in exquisite detail (Schertzer et al. 

2009; Smith et al. 2004).  As with the yeast, quorum sensing in bacteria can be defined as an 

accumulation of cells that coincides with the extracellular accumulation of signaling 

compounds allowing for the regulation of cellular functions. These may include but are not 

limited to biofilm formation, metabolic shift, sporulation, bacteriocin production, flavor 

compound formation and virulence responses depending on the organism(Schauder & 

Bassler 2001).  There are a multitude of documented bacterial quorum sensing molecules 

(QSM), the most prominent in bacteria being acyl-homoserine lactones (AHL’s), a furanosyl 

borate diester known as Autoinducer-2 (AI-2), as well as various small peptides.  
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(A)                                                                         (B)             

 

  

         

 Figure 1.  The basic structure of well-known QSM in bacteria are shown above.  
The basic structure of an AHL is shown in (A).  The R1 group can be –OH, 5O, or –H. The R2 
group is an acyl chain varying in the number of carbons, and the chain may be saturated 
or unsaturated. Examples of AHLs include N-butanoyl-L-homoserine lactone (C4-HSL), N-
(3-hydroxybutanoyl)-L-homoserine lactone (3-hydroxy-C4-HSL), and N-(3-oxododecanoyl)-
L-homoserine lactone (3-oxo-C12-HSL). Figure and legend are from reference (Smith et. al. 
2004).  The structure of AI-2 is given (B).  It is unique in that is it one of only a few bio-
active molecules to incorporate boron.   

 

Homoserine lactones, sometimes known as Autoinducer-1 (AI-1), are primarily 

responsible for gram negative, single species interactions.  AI-2 on the other hand has been 

demonstrated to have effects in mixed culture populations of both Gram positive and Gram 

negative bacteria(Schauder et al. 2001).   

Bacterial and yeast interactions  
It has been proven that AHLs are also signaling compounds for certain yeast strains.  

Hogan and Kolte et. al.(2004) found that a homoserine lactone produced by Psuedomonas 

aeruginosa suppressed filimentation and biofilm formation by C. albicans.  This suggests 

that other communicative interactions between yeast and bacteria are possible and warrant 
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further study. Two studies examined the effect of Lactobacillus cultures on fungal 

morphology. Strom et al. 2005 demonstrated that co-culture of Aspergillus nidulans with 

Lactobacillus plantarum affected both the fungal mycelia morphology and the total growth 

of the fungi (36% less growth). Furthermore Noverr and Huffnagle found that Lactobacillus 

rhamnous inhibited mycelia formation in C. albicans. They further tested both 2 hour and 24 

hour supernatants of Lb.rhamnous, Lb. casei and Lb. paracasei and found that 2 hour 

supernatants inhibited mycelia formation induced by serum from 30-55% and 24 hour 

cultures inhibited formation by 92 to 98%. The ability of the supernatant to both generate 

activity and increase this activity over time suggests that a soluble compound produced 

during growth of the lactobacilli is responsible. Noverr and Huffnagle did not go on to 

isolate the compound but suggested that the production of short chain fatty acids may be 

responsible for this activity. While this may be the case, it is also possible that the 

production of AHLs or another QSMs are be responsible, as seen by the interaction between 

P. aeruginosa and C. albicans described above.  

Bacterial contamination of fuel ethanol fermentations 
Whereas the proposed interactions between LAB’s and Saccharomyces could be 

beneficial in a system like sourdough fermentation, they can be tremendously detrimental 

in biofuel fermentation where the potential for loss of ethanol translates directly to a loss in 

revenue.  As can been seen in table 1, Skinner and Leathers (2004) monitored three corn-

based fuel fermentations, one wet mill operation which did not use antibiotics and two dry 

grind fermentations, one of which added antibiotics only to the yeast propagation tank 
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while the other dosed the fermentation tank every four hours. Samples were taken from 

various points along the production lines for nine months. The wet mill facility reached 

bacterial contamination levels of 106 colony forming units per milliliter (cfu/mL) with 

between 44 and 60% of the total population being Lactobacillus sp., predominantly Lb. 

delbrueckii subsp. delbrueckii. In the first dry grind facility, bacterial contamination levels 

reached 105 to 108 cfu/mL before subsiding by the end of the fermentation. Between 37 

and 39% of the bacterial isolates were Lactobacilli, predominantly Lb. delbrueckii subsp. 

lactis with Lb. delbrueckii subsp. delbrueckii not being found. The next most common 

bacterial isolates were Pediococci representing about 24% of the isolates. In the second dry 

grind facility, which dosed the fermentation with virginiamycin every four hours, 

Lactobacillus sp accounted for 69 to 87% of the total bacteria isolated with Lb. delbrueckii 

subsp. delbrueckii the most prevalent. 
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Table 1. Survey of Bacterial Contaminants in Fuel Ethanol Plants. Values represent a range 
over multiple samplings. (Skinner and Leathers, 2004) 

Genus % of total   

 Wet Mill Dry Grind #1 Dry Grind #2 
Bifidobacterium 0-20 1-2 0 

Clostridium 0-9 0 0 

Lactobacillus 44-60 37-39 69-87 

Lactococcus 0-4 0-6 0 

Leuconostoc 0-6 1-8 0-8 

Pediococcus 0-6 19-24 0-4 

Weisella 0-2 18-24 0-6 

 

A study of an industrial ethanol plant in Korea which used tapioca as a substrate 

found that lactobacilli were the only bacterial contaminates to survive from processing of 

the tapioca through the end of the fermentation where they reached levels of 1x108 cfu/mL 

(Chang et al. 1995). In further laboratory experiments Lactobacillus fermentum was found 

to be the most detrimental lactobacilli to the fermentation, causing a 10% reduction in 

ethanol production (Chang et al. 1995). 

 In Brazil, the second largest bioethanol producer on the planet, 360 active distilleries 

use sugarcane juice and/or sugar molasses as a fermentation substrate.  Four of these 

distilleries were sampled between 2007 and 2008 and a total of 489 LAB isolates were 
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obtained.  The abundance of LAB in the fermentation tanks varied between 6.0x105 and 

8.9x108.  rRNA operon enzyme restriction profiles indicated that most LAB isolates belonged 

to the genus Lactobacillus with the majority of the species belonging to L. fermentum and L. 

vini.  These species were found in medium containing up to 10% ethanol.  This suggests the 

selection of ethanol tolerant bacteria over time throughout the process. (Lucena et al. 2010) 

Effects of lactobacilli contamination on biofuel fermentations 
The effects of lactobacilli contamination have been studied extensively in the 

laboratory. It has generally been believed that lactobacilli cause inhibition of Saccharomyces 

or limit ethanol production through two basic methods; either production of lactic and 

acetic acids or through competition for nutrients (Naredranath 2003; Narendranath et al. 

1997). However, a number of researchers have demonstrated that these mechanisms may 

not completely account for this inhibition. 

Thomas et al. (2001) found that growth of Lactobacillus fermentum for 24 hours 

prior to inoculation with Saccharomyces caused a 22% loss in ethanol production. Unlike 

previous work suggesting loss of ethanol yield, in part due to utilization of carbohydrates, in 

this study all available sugar was consumed (Makanjuola et al. 1992; Thomas et al. 2001). 

Further, Thomas et al. (2001) state “The loss of this magnitude could not be explained in 

terms of sugars being diverted for bacterial growth, production of acetic acid or lactic acid, 

or by increased synthesis of glycerol alone.”  
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Very few studies on the effects of organic acids on ethanol production have actually 

been undertaken in production medium. The few that have, usually using corn mash, all 

demonstrated a protective effect of the more complex medium due to increased buffering 

capacity (Graves et al. 2006; Thomas et al. 2002). Graves et al. (2006) found that lactic acid 

had a maximum effect on ethanol production at  a concentration of 4% w/v in a 

fermentation at pH 4 (corresponding to a 2.36 % w/v undissociated acid concentration). 

Acetic acid was found to accelerate ethanol production at low levels (≤0.2%) at all pH 

values. At higher concentrations Saccharomyces was found to be resistant to 0.8% w/v 

acetic acid at pH 5 and 5.5, and ethanol production was reduced at lower pH values (4 and 

4.5) with lower levels of acetic acid (≥0.4%v/w) (Graves et al. 2006). While the acids are 

known to work synergistically (Graves et al. 2006b), Narendranath and Power (2005) 

suggested increasing the medium pH would diminish the effects of these acids as the higher 

pH would result in less undissociated acid. The authors also found that an increase in pH 

from 4 to 5.5 in media containing between 20 and 35% dissolved solids (dissolved solids in 

normal production may be up to 30% w/v) increased ethanol production by approximately 

2% in each case (Narendranath and Power 2005). These results suggest that developing 

methods which allow fermentation to occur at higher less stressful pHs and still limit the 

impact of lactic acid bacteria may help improve the efficiency of ethanol production and not 

just limit the loss of ethanol due to bacterial contamination. 
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Work by Bayrock and Ingledew (Bayrock and Ingledew 2001; Bayrock and Ingledew 

2004) clearly demonstrates that lactic acid bacteria would still have an effect on these 

higher pH fermentations and that more is involved in the inhibition of Saccharomyces by 

lactobacilli than just the production of lactic acid. They first inoculated 2.7 x 109 cfu/mL of 

the rapid growing homofermentive (lactic acid production only) Lactobacillus paracasei 

strain into a multistage continuous culture fermentation system with a steady state 

Saccharomyces population (3 x 107 cfu/mL) and no pH control. The lactobacillus numbers 

declined to a steady state of 3 x 103 cfu/ mL and no effect was observed on Saccharomyces 

growth or ethanol production. The same effect was observed even with inoculation rates up 

to 100:1 lactobacilli to Saccharomyces. This corresponded to results from other work and 

caused the authors to state that this low level of chronic contamination was a “ticking time 

bomb” for ethanol producers (Bayrock and Ingledew 2001; Magnus et al. 1986; Thomas et 

al. 2001). If various fermentation conditions were to change such as pH or temperature it 

could allow the lactobacilli to outgrow the Saccharomyces and cause either a loss of final 

product or a stuck fermentation (Bayrock and Ingledew 2001). 

To demonstrate this concept, Bayrock and Ingledew (2001) initiated pH control in a 

steady state fermentation, raising the pH to 6.0. Within 3 days, the lactobacilli population 

increased by 4.4 log cfu/ml and the Saccharomyces population decreased by 83%. The 

ethanol concentration decreased by 44% and the lactic acid levels increased from 0.41% 

w/v to 2% w/v. In further work examining the effects of lactic acid on Saccharomyces’ 
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ethanol production in a similar multistage continuous culture fermentation (differing only 

slightly in dilution rate), the authors demonstrated that the amount of lactic acid produced 

could not completely account for the level of Saccharomyces inhibition at a pH of 6.0 

(Bayrock and Ingledew 2004). Under these conditions only 0.01% of the lactic acid would be 

undissociated while at least 3.4 % undissociated lactic acid was required to achieve a 50% 

reduction in yeast numbers (Bayrock and Ingledew 2004). This corresponds to 644% w/v 

lactic acid needed at the pH controlled conditions to achieve a 50% inhibition of 

Saccharomyces. Therefore the 2% lactic acid produced in the previous experiment could not 

possibly account for the much larger reduction of Saccharomyces demonstrated in their 

earlier work (Bayrock and Ingledew 2001; Bayrock and Ingledew 2004). This left the authors 

to conclude that the competition for trace nutrients such as thiamine played a key role in 

the competition between Saccharomyces and lactobacilli (Bayrock and Ingledew 2004). 

However, while they suggested that the addition of trace nutrients could lessen the impact 

of lactobacilli they never performed an experiment to demonstrate these benefits (Bayrock 

and Ingledew 2004). 

Ngang et al. (1990) addressed the concern over competition for nutrients in their 

study. They observed inhibition of ethanol production by Lactobacillus contamination at 

levels over 1.2 x 104 cfu/mL in a beet molasses fermentation. They further demonstrate that 

10 g /L of lactic acid were needed to achieve a 50% inhibition of Saccharomyces growth 

while the Lactobacillus casei sp. used in the study only produced 2.5 g/L. The possibility that 
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Saccharomyces growth was suppressed through competition for nutrients was dismissed, as 

growth was still suppressed even upon the addition of glutamic acid or yeast extract to the 

mixed fermentation. Using an extract of spent medium of a pure Lb. casei culture, they 

demonstrated inhibition of ethanol production and yeast growth but were unable to 

identify the inhibitory compound. 

Inhibitory mechanisms of lactic acid bacteria 
Currently, there are numerous theories to account for the interaction of LAB and 

yeast. 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 hydrogen 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 2). Additionally, competition for trace nutrients is thought 

to contribute to the effect of LAB on yeast, but it is not possible to clearly separate the 

inhibition due to the depletion of nutrients verses the effects of end-products produced by 

the contaminant.  Therefore, as of now, 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 viability in contaminated industrial 

ethanol fermentations (Bayrock and Ingledew 2004).  Numerous metabolites have been 

associated with the inhibitory effects of both LAB and yeasts. Diacetyl, also known as 2,3-
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butandione, produces the characteristic 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 non-LAB, and Gram-positive bacteria.  Jay (1982) 

found that Candida lipolytica, Debaryomyces cantarellii and Rhodototula tubra were all 

significantly inhibited at more than 200g/ml diacetyl at a pH <7.7 using several different 

types of substrates. During metabolism of glycerol, some LAB produce an intermediate 

known as 3-hydroxypropionaldehyde, or more commonly known as reuterin (Schnürer and 

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

buchneri, L. coolinoides and L. coryniformis (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 

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

that suggests proteinaceious compounds can also affect yeasts.  Okkers et al (1999) found a 

medium length 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 a strong effect against a broad spectrum of yeasts at a range of 10-100g/ml.  

While these compounds do inhibit the growth of yeast, production of organic acids, 
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specifically lactic and acetic acid, are still considered the major inhibitory factors produced 

by LAB.   

 

 

 

 

 

 

 

 

 

Figure 2. Summary of the main antifungal compounds produced by different lactic acid 
bacteria. Lactic and acetic acid are the main compounds produced that effect S. 
cerevisiae.  

 

Current contamination solutions in industry  
Several techniques are currently being employed in an attempt to combat rampant 

unwanted microbial growth.  Bacterial infections can be controlled by the use of antibiotics 

and acid treatment (Muthaiyan and Ricke 2010).  Yeast infections however, can cause a 

complete change in the yeast population within the system.  In wine fermentation, sulfur 

dioxide (SO2) is mostly used to avoid contamination by spoiling yeasts (Loureiro 2003). 
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However, given the amounts needed to maintain low yeast levels and its potentially 

corrosive and toxic nature, it is not a viable, long term solution for bioethanol production 

facilities.  Other fungicides and antimicrobial compounds such as chitosan (Escudero-Abarca 

et al. 2004), hydroxycinnamates, organic acids (Neves et al. 1994), and membrane active 

antimicrobial peptides (Bom et al. 2001) have been used with varying degrees of success.  

These methods however, can pose a potential biological and environmental hazard if waste 

is not properly disposed of (Pimentel 2008). Some of these treatments are also quite costly. 

An alternative has been proposed, however: Polyhexamethyl biguanide (PHMB), 

which is a fungicide shown to prevent and actually kill D. bruxellensis.  It is in fact the only 

fungicide shown to specifically kill D. bruxellensis without harming S. cerevisiae. Elsztein et 

al. (2008) concluded that the use of PHMB at 200 mg L-1 in combination with a high-

fermenting PHMB-resistant strain may prevent the establishment of contamination in the 

bioethanol fermentation process.  However, more research should be done in this area to 

determine the safety and cost-effectiveness of this and other such compounds.   

Hypothesis and proposed research 
Whether for food or fuel, understanding the interactions taking place between yeast 

and bacteria are not only of scientific but economic value.  Many of the known signaling 

compounds for both classes of organism are small, volatile compounds.  Though the subject 

of bacterial interspecies signaling has been well researched, the study of yeast signaling is 

still in its early stages and the subject of inter-kingdom communication has been rarely 
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studied on the microbial level.   Further investigation is needed to identify potential 

signaling compounds between Saccharomyces and Lactobacillus specifically.  It is our 

hypothesis that both known quorum sensing like compounds in yeast, such as 2-

phenylethanol and tyrosol as well as yet to be identified small volatile compounds may have 

a metabolic effect on Saccharomyces and Lactobacillus species.   Though it is not within the 

scope of this project, it is our belief that  understanding how these compounds are 

produced, and what effects they might have, will lead to a better understanding of how to 

potentially mitigate product loss due to contamination.    
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CHAPTER 2 
 INVESTIGATION OF QUORUM SENSTING-LIKE 
INTERATIONS BETWEEN LACTOBACILLI AND 

SACCHAROMYCES SPECIES 
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Introduction 
 It has long been thought that the inhibition of yeast growth by lactic acid bacteria in 

contaminated ethanol fermentations was due to either the competition for nutrients or the 

production of lactic acid. However, recent research has shown that the amount of lactic acid 

produced by Lactobacillus sp. is not sufficient to account for the level of growth inhibition 

displayed by Saccharomyces and though micronutrients cannot be ruled out, macronutrient 

completion does not fully explain the phenomenon either (Bayrock & Ingledew 2004; Ngang 

et al. 1992). Recently, quorum sensing has been found to play a role in not only bacterial 

development but yeast growth and morphology as well.  It has been demonstrated that the 

behavior of C. albicans can be altered by the presence of quorum sensing molecules (QSMs) 

such as the aromatic alcohols 2-phenylethanol and tyrosol (Chen & Fink 2006). Since neither 

nutrient competition nor the production of lactic acid alone can account for Saccharomyces 

inhibition in ethanol fermentations, it stands to reason that some other form of inter-

species signaling may be responsible.  It is our hypothesis that ‘quorum sensing-like’ 

interaction may be taking place between lactobacilli and Saccharomyces present in these 

fermentation and adversely affecting the yeast.  A set of experiments was devised to 

investigate this.   

Materials and methods 

Cultures and growth conditions 
Saccharomyces cerevisiae strain BY4741 and Lactobacillus plantarum strain WCFS1 

(ATCC BAA-793) were used in the following studies. Fresh yeast cultures were maintained at 
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30oC in non-shaking flasks of either yeast peptone dextrose media containing 1% yeast 

extract, 2% peptone and 2% dextrose (YPD) or yeast peptone dextrose media containing 1% 

yeast extract, 2% peptone and 17% dextrose (YPD17). Fresh bacterial cultures were 

maintained 30oC in non-shaking flasks of MRS broth.  Spent media was produced by 

inoculating fresh YPD17 with 1% of L. plantarum and allowing it to ferment for 24 hours 

before cells were removed.  Working cultures were struck from glycerol stocks kept at -80oC 

onto plates of their respective media, which were then grown at 30oC for 24 hours before 

being stored at 4oC.  All media was obtained from BD Scientific (Franklin Lakes, NJ). 

Plate reader experiments 
Plate reader experiments were conducted using a BioTek Synergy™ HT Multi-Mode 

Micro plate Reader (BioTek, Winooski, VT) with CytoOne 96-well plates (USA Scientific, 

Ocala, FL).  Fresh media was dosed with a 1% inoculum of an overnight culture grown at 

30oC without shaking.  In addition, 250µL of the appropriate concentration of the 

compound to be tested was added to create a stock solution that was then dispensed in 

triplicate into each well.  Each well received 250µL.  Controls used were an equivalent 

volume of the appropriate carrier for the test substance (media, water or ethanol). The 

plate reader was held at 30oC for 48 hours and optical density was measured every hour 

after the plate was shaken to achieve homogeneity. Replicates were each conducted in 

triplicate. The effects of the aromatic alcohols 2-phenylethanol (2PE) and tyrosol were 

investigated at the following concentrations: 1 µM or 10µM.  All chemicals were obtained 

from Sigma (St. Louis, MO). 
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Continuous feed fermentations 
Fermentations were conducted using 3L bioreactors (Sartorius, Germany) using 

YPD17 media and S. cerevisiae BY4741.  The pH was adjusted to 6.0 using 1M NaOH or 1M 

HCl.  The reactors were set up for continuous feed, achieving a media turnover of 1L per 

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

before proofing). After proofing for 48 hours to ensure sterility was maintained, a 1% 

inoculum of S. cerevisiae, grown overnight, was added. Non-sterile samples were taken 

every day to monitor cell growth and viability, as well as glucose, lactic acid, acetic acid, and 

ethanol concentrations using HPLC. 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 ensure samples were from the vessel and not 

media left in the port. Yeast fermentations were 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, the 

media was swapped for a keg containing media dosed with the amount of 2-phenylethanol 

to be tested, either 10, 50, or 100µM.  Samples were then taken every two hours for 12 

hours and a final hour 24 sample was taken to monitor cell growth and viability, as well as 

glucose, lactic acid, acetic acid, and ethanol concentrations via HPLC.  Samples were to be 

collected at hours 2, 12 and 24 for microarray analysis. These 50mL samples were collected, 

flash frozen in liquid nitrogen and held at -80oC until analysis. 
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High Pressure Liquid Chromatography 
The concentrations of glucose, ethanol, lactic acid and acetic acid were measured 

using high-pressure liquid chromatography (HPLC). Supernatants of samples were analyzed 

via a Waters Breeze HPLC System (Waters, Milford, MA) using an Aminex HPX-87 ion 

exchange column with 0.5mM H2SO4 as the mobile phase and a flow rate of 0.5ml min-1.  A 

Waters refractive index detector was used. Separations were conducted at 60oC with 10µL 

sample injections and a 30 minute run time. Calculations of concentrations were based on 

previously run standard curves. 

Results and Discussion 

Plate reader experiments 
 As seen in figure 1, growth of BY4741 was significantly inhibited by both 1 µM and 

10µM concentrations of tyrosol. Conversely, growth was stimulated slightly by the same 

concentrations of 2PE as compared to the control.  This was a somewhat unexpected result 

given that aromatic alcohols are known to up-regulate the expression of stationary phase 

genes (Chen & Fink 2006).  It is possible that 2-PE exhibits a hormetic effect,. an opposite 

effect in small doses compared to large, in S. cerevisiae, especially when previous research 

has only demonstrated the effects of much higher doses of the compound.   

Continuous feed fermentations-complications and solutions 
 The original intention of the scale up to continuous feed fermentations was to gain a 

better understanding of the metabolic effects of 2PE and tyrosol on S. cerevisiae BY4741 in 

both standard and spent media through HPLC and microarray analysis.  This however, 
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proved to be a more difficult task than originally anticipated for several reasons.  Before the 

effects of the compounds could be investigated, the culture needed to reach steady state, a 

process usually taking between 8 and 12 days.  In order to reach steady state, the media 

feed needed to be kept at a constant rate.  The pumps on the Sartorius reactors, however, 

would fluctuate inconsistently over time due to several factors.  The basic tenets of 

volumetric flow rates are as follows: flow rate is dependent upon the dynamics of pump 

speed and the cross sectional volumetric area of the tubing. The viscosity of the liquid, its 

temperature and what pressure is being exerted on in all play into flow control. For these 

reasons, it is not possible to set the flow rate on the reactor in terms of a volume per time 

unit. Arbitrary units are given by the reactor and flow rate must be judged by the amount of 

liquid flowing out over time.  It was observed that, as the amount of media in the keg 

decreased or the tubing stretched out from being worn by the pump heads, the flow rates 

would fluctuate dramatically.  The combination of these issues made it all but impossible to 

achieve a constant flow rate and reach a steady state fermentation.  In only two out of 

seven attempts was steady state ever reached and of these only one was successfully dosed 

with 10uM 2-PE over time (Figure 2).  Another, more insidious issue was one of persistent 

contamination of the yeast culture.  An organism eventually identified as a Mycobacterium 

was found to be infecting even the stock cultures.  The extremely small size and slow plate 

growth characteristics made diagnosing contamination extremely difficult.  Even after 

BY4741 was cleaned with a rigorous course of antibiotics it seemed to remain particularly 

susceptible to infection.  Maintaining clean cultures of the strain was labor intensive and 
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time consuming, so much so that the decision was finally made to switch to a different set 

of strains to carry out any further experiments.    

Yet another complication of the original experimental setup was that the spent 

media turned out to be impossible to make. It was observed that the bacteria would not 

grow in YPD17 due to the fact that the glucose level was too high.  Growth in YPD media 

with 2% glucose was less than desirable as well.  Therefore many different media 

formulations were investigated to find a single media that would support robust growth of 

both the yeast and the bacterial strains.   

Conclusions 
 With so many different complicating issues, the original experimental design was 

ultimately redesigned in favor of another approach.  Upon further literature review, a new 

design was contrived which allowed for the acquisition of a large amount of samples from a 

large range of treatments for both analytical and metabolomic study.  Ultimately, a much 

more in-depth and comprehensive study that better tackled the subject of yeast-bacteria 

interactions was developed and successfully carried out.   
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Figures 
 

 

Figure 1. The effects of 1 and 10 µM 2 PE and Tyrosol on S. cerevisiae BY4741 were 
evaluated via plate reader.  The figure above represents an average of three replicates.   

 

 

Figure 2. Continuous feed fermentation of S. cerevisiae BY4741 in which media containing 
10 µM 2 PE was pumped in over a 36 hour period and changes in glucose consumption and 
ethanol production were observed.   
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CHAPTER 3 
A METABOLOMICS ANALYSIS OF INTERACTIONS 

BETWEEN, S.CEREVISIAE AND L. PLANTARUM  
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Introduction 
Volatile compounds make up a large component of the flavor and aroma experiences of 

food.  These flavors and aromas signal information to the consumer, such as whether or not 

something tastes good or is safe to eat.  Likewise aromas of a product are often the first 

indication of spoilage (Wyatt 2003).  Therefore these compounds are capable of signaling 

other types of information to a host of species within a trophic cascade.  Signaling from 

plant to insect, plant to plant, fungi to plant, bacteria to fungi and everything in-between 

takes place in part because of volatile compound production by the organisms involved 

(Wager & Breed 2000; Schulz & Dickschat 2007; Khidyrova & Shakhidoyatov 2002).  This 

topic is of particular relevance to the subject of ethanol fermentations where fungal and 

bacterial species interact regularly.  Unfortunately these interactions are vastly complex and 

until recently, technology was unavailable for adequate study.  It is only in the last few years 

that the detection and quantification of these compounds has been possible through 

various chemical methods such as High Pressure Liquid Chromatography (HPLC) and Solid 

Phase Micro-Extraction followed by comprehensive two-dimensional gas chromatography 

coupled to a time-of-flight mass spectrometer (SPME-GC×GC-TOFMS) (Adahchour et al. 

2006; Johanningsmeier & McFeeters 2011).  Currently there is little published literature that 

addresses the detailed interactions of Saccharomyces species and lactic acid bacteria 

species in the field of ethanol fermentation.  An interdisciplinary approach combining 

analytical chemistry, metabolomics and microbiology may provide a more complete view of 
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the topic.  The following research examines methodologies and analytical techniques in an 

effort to provide a platform for future research.      

Materials and Methods 

Cultures and growth conditions. 
Saccharomyces cerevisiae, strains Cat1 (#226 Ethanol Technologies) and S288c (CBS 8803), 

as well as Lactobacillus plantarum WCFS1 (ATCC BAA-793) were used in the following 

studies. Fresh cultures were maintained at 30oC in non-shaking flasks of medium comprised 

of 2% glucose, 1% peptone, 0.5% yeast extract, 0.2% KH2PO4 , 0.1% NaOAc, 0.05% Ascorbic 

Acid, 0.02% MgCl2, and 0.0016% MnCl2, designated LpSc media.   Media was adjusted to pH 

6.5 with 1M hydrochloric acid prior to being autoclaved.  “Spent Media” was made by 

allowing WCFS1 to ferment LpSc for 24 hours before the media was sterilized by passage 

through a 0.22um filter.  Working cultures were struck from glycerol stocks kept at -80oC 

onto LpSc plates that were grown at 30oC for 24 hours before being stored at 4oC.  All media 

was obtained from BD Scientific (Franklin Lakes, NJ) 

Growth experiments 
Growth was monitored using a BioTek Synergy™ HT Multi-Mode Micro plate Reader 

(BioTek, Winooski, VT) with CytoOne 96-well plates (USA Scientific, Ocala, FL).  Fresh LpSc 

media was dosed with a 1% inoculum of an overnight culture grown at 30oC without 

shaking.  In addition, 250uL of the appropriate concentration of the compound to be tested 

was added to create a stock solution that was then dispensed in triplicate into each well.  

Each well received 250uL.  Controls used were an equivalent volume of the appropriate 



41 
 

carrier for the test substance (media, water or ethanol). The plate reader was held at 30oC 

for 48 hours and optical density was measured every hour after the plate was shaken to 

achieve homogeneity. Replicates were each conducted in triplicate. The effects of the 

aromatic alcohols 2-phenylethanol (2PE) and tyrosol were investigated at the following 

concentrations: 10, 50 and 100uM.  The effects of 2-nonanol, 3-Methyl-2-buten-1-ol, and δ-

dodecalactone were investigated at 1, 0.1 and 0.01uM concentrations.  All chemicals were 

obtained from Sigma (St. Louis, MO). 

Flask Fermentations 
Fermentations were carried out in 500mL Erlenmeyer flasks filled with 250mL of LpSc media 

and equipped with foam stoppers. Flasks were inoculated with 1% of overnight cultures and 

dosed with appropriate concentrations of compounds to be tested.  Flasks were held in a 

non-shaking incubator at 30oC for 24 hours.  Samples are taken periodically and evaluated 

for cell growth using Optical Density at 600nm (OD600) and plate count. Fermentation 

progress was monitored via High Pressure Liquid Chromatography (HLPC).   

High Pressure Liquid Chromatography 

Fermentation analysis 
The concentrations of glucose, ethanol, lactic acid and acetic acid were measured using 

HPLC. Supernatants of samples were analyzed via a Waters 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.  A Waters refractive index detector was used. 
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Separations were conducted at 60oC with 10µl sample injections and a 30 minute run time. 

Calculations of concentrations were based on previously run standard curves. 

Tyrosol analysis 
The concentration of tyrosol was measured using HPLC and a diode array detector.  A 

wavelength of 276nm was used to detect tyrosol.   Supernatants of samples were analyzed 

via Breeze HPLC System (Waters) using a Phenomenex C18 Reversed-Phase column with 

78% H2O, 20% Acetonitrile, and 2% Acetic acid as mobile phase A and 98% H2O and 2% 

Acetic acid as mobile phase B. A gradient was run with flow rates outlined in table 1.   

Separations were conducted at 60oC with 250 µL sample injections and a 25 minute run 

time. Calculations of tyrosol concentrations were based on previously run standard curves.  

Method adapted from Bengoechea et al. 1995.   

SPME of volatile components 
Supernatants of the fermentations from hours 2, 9, and 24 were diluted 1:5 with deionized 

water (796 μL) and acidified with 3 N H2SO4 (4 μL) in 10 mL screw-cap headspace vials 

(Microliter Analytical Supplies, Inc., Suwanee, GA). NaCl (0.40 g) was added to “salt out” 

volatile components from the samples. Samples were also analyzed at a 1:250 dilution to 

account for volatile components present in amounts that resulted in column overloading at 

the 1:5 dilution. Samples were randomized for analysis order (PROC PLAN, version 9.1.3 SAS 

software, SAS Inst., Cary, NC. and placed into a refrigerated sample tray (2 oC). Automated 

sampling was performed using a CombiPal autosampler (Model CTC Analytics (Switzerland), 

LEAP Technologies, Carrboro, N.C., U.S.A.). Headspace vials containing the diluted samples 
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were agitated at 500 rpm (5s on and 2 s off) for 15 min at 40 oC prior to extraction. Volatile 

compounds were collected by insertion of a 1-cm, 50/30 μm DVB/CarboxenTM/PDMS 

StableFlexTM SPME fiber (Supelco, Bellefonte, PA) into the headspace above the sample for 

30 min at 40 oC with 100 rpm agitation (5s on and 2s off). Extracted volatile compounds 

were desorbed from the SPME fiber into the GC inlet at 250 oC for 15 min. A blank sample 

(1.0-mL deionized water containing 6 mM sulfuric acid and 0.4 g NaCl) was run between 

each sample to reduce carry-over of components on the SPME fiber. (Johanningsmeier & 

McFeeters 2011) 

Comprehensive, GC×GC-TOFMS 
A LECO Pegasus III GC×GC-TOFMS instrument (LECO Corp., St. Joseph, MI.) included an 

Agilent GC (Agilent Technologies, Santa Clara, CA) fitted with a secondary oven and 

cryogenic modulator. The 2D separation was achieved using a SolGel-Wax, 30 m × 0.25 mm 

i.d. × 0.25 μm film thickness (SGE, Austin, TX) polyethylene glycol 1st dimension column in 

the primary oven and an RTX 17-01, 1.0 m × 0.1 mm i.d. × 0.1 μm film thickness (Restek, 

Bellefonte, PA) 14% cyanopropylphenyl-86% dimethyl polysiloxane 2nd-dimension column 

in the secondary oven. Columns were conditioned according to manufacturer 

recommendations prior to use. A 0.75 mm i.d. Siltek deactivated SPME liner (Restek) was 

used in the inlet. It was set at 250 oC and operated in pulsed splitless mode with a pulse 

pressure of 37 psi for 1 min. The split vent was opened 2 min following injection, and the GC 

was operated in constant flow mode with 1.3 mL/min helium carrier gas. The primary oven 

temperature was maintained at 40 oC for 2 min and then increased at 5 oC/min to 140 oC. 
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The temperature ramp was then increased to 10 oC /min to 250  oC and the temperature 

was held at 250 oC for 3 min. The secondary oven followed the same temperature program 

except the temperature was maintained at 10 oC higher than the main oven until the 

temperature reached a maximum of 250 oC in the secondary oven. The transfer line 

temperature was maintained at 250 oC. The modulator offset was +30 oC with a   1.5s 2nd-

dimension separation time and 0.3-s hot pulse. Compressed air (35 psi) was used for the hot 

pulses, and liquid nitrogen-cooled nitrogen gas (18 psi) was used for the cold pulses. The 

mass spectrometer was operated with −70 eV and an ion source temperature of 200 oC. The 

detector voltage was set at 1500 V and masses 25 to 500 were collected at 200 spectra per 

second. No solvent delay was employed. (Johanningsmeier & McFeeters 2011) 

Results 

Flask Fermentations for the collection of samples to be analyzed via SPME-GCxGC-
TOFMS 
 All fermentations progressed as expected.  In the case of both yeasts, stationary 

phase was reached and all glucose was consumed within 24hrs.  In the case of the WCFS1, 

stationary phase was reached within 12 hours but the glucose remained at ~0.75% (Table 2) 

at hour 24.  Also as expected, seen in figures 1 and 2, the total cell concentration in the solo 

fermentations was higher than that those of the co-fermentations.   

Comprehensive SPME-GCxGC-TOFMS Volatile components of yeast and lactic acid 
bacteria solo and co-fermentations 
 Over 500 individual peaks with a Signal to Noise ratio of ≥250 were identified in each 

of the fermentations. From these, several significant trends were identified and outlined in 
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table 3.  There was a class of compounds that were only produced by both yeasts in the 

absence of bacteria. There was a class of compounds produced by both yeasts when 

bacteria were present. Not surprisingly these compounds were  lower in concentration in 

the co-culture fermentations.  The same was true for the compounds that were produced 

by the bacteria alone and in co-culture. There was a significant number compounds 

produced by both the bacteria and the yeast regardless of whether or not they were grown 

together. Finally there was a small group of compounds that were only produced in the co-

cultures. 

Growth experiments 
The two yeast strains Cat1 and S288c responded to the five compounds in 

significantly different ways. Firstly, S288c flocculatedin LPSC in the absence of any 

compounds at the later stages of fermentation(figure 16).  This is not a common trait for 

this strain.  Variability observed in the plate reader growth experiments with S288cmay be 

caused by this flocculation behavior. .  

 As can be seen in figures 3 and 4, the most significant trends observed in Cat1 were that 

growth was significantly inhibited by 10 μM 2PE, and 100 μM tyrosol.  Both of these 

compounds at these concentrations increased duration of the lag phase.  Interestingly, it 

appears that the 10 μM tyrosol concentration has a slight stimulatory effect.  The cells leave 

lag phase more quickly though they do not reach an increased OD overall.   A similar effect 

was observed in 2-nonanol (2-N), 3-Methyl-2-buten-1-ol (3-M), as well as in 6-
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heptyltetrahydro-2H-Pyran-2-one (δ-dodecalactone (δ-D) (figures 5-7).  In each case the 

treated cells left lag phase much more quickly than the control.  The control did eventually 

reach a higher OD in the presence of 2-N and 3-M.   

As stated previously S288c exhibited different trends from those of Cat1.  Figure 8 

shows that in the presence of 10 μM 2PE, lag phase was only slightly extended and the final 

OD was actually higher than that of the control.  The flocculation also seemed not to be 

present.  The 100 μM concentration of 2PE depressed overall growth for s288c while not 

affecting the timing of lag phase. In the case of tyrosol, shown in figure 9, while the 10 μM 

concentration had little effect, the 50 and 100 μM seemed to have direct opposite effects.  

Tyrosol at the 100 μM concentration inhibited growth and greatly extended lag time while 

50 μM tyrosol increased over all growth and decreased total lag phase time.  Similar to 50 

μM tyrosol, all concentrations of δ-D decreased lag time and increased overall growth.  The 

presence of 0.01 μM 2-Nonanol has the interesting effect of causing the OD to slowly 

decrease after stationary phase had been reached.  As can be seen in figure 15, the well 

dosed with 0.01 μM 2-N showed a distinct pattern of cell aggregation while the control well 

did not.  This kind of aggregation, only seen in the presence of 0.01 μM 2-N, allows for more 

light to be able to pass through the well thus accounting for the decrease in OD over time.   

Unlike the yeasts, WCFS1 was not affected by the presence of any of the compounds at 

their given concentrations.  This can be seen in figures 13 and 14.   
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Flask Fermentations scaled up from plate reader experiments in LpSc and spent 
LpSc 
Though significant differences were observed in yeast behavior among the plate reader 

experiments, the same cannot be said for the flask fermentations. When scaled up into 

flasks, the differences in growth and behavior disappear (figures 17-20).  The experiments in 

which the concentration of tyrosol was tracked over the course of the fermentation in both 

whole and spent media did provide some interesting results however. In the fermentations 

done in whole media, the two yeast species seem to respond differently to tyrosol in so far 

as the flasks containing Cat1 demonstrated a slight increase in the concentration of tyrosol 

over time (figure 21) and flasks containing S288c  demonstrated a slight decrease (figure 

22).  The glucose consumption, ethanol production and cfu/mL count remain the same 

regardless of treatment.    The same trends in tyrosol concentration were not observed in 

the spent media experiments (figures 23 and 24). In both yeast strains the concentration of 

tyrosol decreased slightly, although not in quite the same pattern.  There is a sharp initial 

decrease, then the concentration levels off, and then at hour12, in the case of Cat1, there is 

a slight increase at the end of the fermentation.  In the case of S288c there is another slight 

decrease.   It should also be noted, that the spent media contained an approximate starting 

concentration of 30 μM tyrosol that could only be accounted for by bacterial production.    

This accounts for the higher than expected starting concentrations of tyrosol in the treated 

flasks and may account for the sharp drop off seen at hour two.   
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Discussion 

Flask Fermentations for the collection of samples to be analyzed via SPME-GCxGC-
TOFMS 
 Both yeast strains and the bacteria behaved as expected in LpSc media.  It is a well 

published fact that yeast in the presence of bacteria do not grow to the cell densities that 

they would were they to be grown in culture by themselves and that this is not solely due to 

macro nutrient, i.e. carbon source competition (Bayrock & Ingledew 2001). It has also been 

reported that lactic acid bacteria growth has the potential to be inhibited by the presence 

of contaminatory yeast (Viljoen 2001).  Therefore it was not surprising to observe that both 

the yeasts and the bacteria grew to a lesser cell density when grown in co-culture than they 

did when grown independently. In order to investigate other potential causes of both yeast 

and bacterial growth inhibition, samples were taken throughout the fermentation and the 

volatile fractions were evaluated via SPME-GCxGC-TOFMS. 

Comprehensive GCxGC-TOFMS of volatile components of yeast and lactic acid 
bacteria independent and co-fermentations 
Volatile compounds make up a large percentage of the flavor and aroma experiences of 

food.  These flavors and aromas have the capacity to signal a variety of information to the 

consumer such as whether or not something will taste good, or is safe to eat.  The aroma of 

a product is often the first indication that it is spoiled.  It is not surprising therefore that 

these compounds are also capable of signaling other types of information to a host of 

species within a trophic cascade. Signaling from plant to insect, plant to plant, fungi to 

plant, bacteria to fungi and everything in-between takes place in part because of volatile 



49 
 

compound production by the organisms involved.  As can be seen in table 4, many of the 

compounds produced by both the yeast and bacteria are responsible for many different 

types of signaling interactions.  Of particular interest to the scope of this project are the 

class of compounds that were only produced when the bacteria and yeast were grown 

together.  Summarized at the bottom of table 4; 3-methyl-2-Buten-1-ol, aka prenol, 2-

Nonanol, and 6-heptyltetrahydro-2H-Pyran-2-one, aka δ-dodecalactone are all potential 

signaling compounds in their own way.  δ-dodecalactone in particular is known to be an 

anti-fungal agent, specifically for the species C. albicans.  This is interesting especially when 

coupled with the knowledge that N-acylhomoserine lactones are well known bacterial 

quorum sensing molecules (Smith et al. 2004) (Schertzer et al. 2009).  It stands to reason 

that other forms of lactones may have a hormonal or signaling capacity as well.  Given that 

the non-targeted GCxGC analysis is not a quantitative approach, various concentrations of 

all three of these compounds were tested for their potential growth affecting quality on the 

two saccharomyces strains as well as the lactobacillus strain.  

Growth experiments  
The high throughput capacity of a plate reader allows for the rapid screening of growth in 

the presence of various concentrations of suspected signaling molecules.  The most obvious 

and notable trends from these experiments are that, for both yeast species, 2PE and tyrosol 

had the most effect on growth, while prenol, 2-Nonanol, and  δ-dodecalactone had only 

marginal effects.  Interestingly, the yeasts seem to be the only ones affected. None of the 

compounds had a measurable effect on the growth of WCFS1.  This is not entirely 



50 
 

unexpected as 2PE, tyrosol and δ-dodecalactone are known signaling or inhibitory 

compounds in C. albicans, but it is interesting especially given that it is entirely possible that 

the bacteria are capable of producing these compounds.  Indeed, as seen in table 3 in the 

case of 2PE they do.  Tyrosol was unable to be detected via the mass spec protocol but as 

seen in figures 22 and 23 an approximate [30 μM] of tyrosol was produced in LpSc by 

WCFS1 over the course of a 24hr fermentation.  Given the plate reader data, this 

concentration may not largely effect Cat1 but could potentially lengthen the lag phase and 

inhibit the overall growth of S288c.  Since two aromatic alcohols demonstrated the most 

prominent effects larger flask fermentations were done so that samples could be taken and 

evaluated via HPLC to monitor glucose consumption and ethanol production.   

Flask Fermentations scaled up from plate reader experiments in LpSc and spent 
LpSc 
The flask fermentations were intended to be larger scale versions of the plate reader 

experiments.  This larger scale allowed for a much closer monitoring of the growth of the 

yeasts as they progressed through fermentation.  Unfortunately, as confirmed by triplicates 

fermentations, the effects seen in the plate reader do not carry through to the larger flask 

fermentations.  For both yeast strains, at all concentrations of 2PE and tyrosol there was no 

extension of lag phase, or decrease in overall growth.  This hints at the idea that signaling 

interactions are potentially not only cell density dependent, but scale dependent as well.   

As previously stated the concentration of tyrosol in the media was able to be tracked via 

HPLC.  In an effort to investigate whether or not tyrosol was being actively produced by the 
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yeast and the bacteria and if it was potentially being consumed during a yeast fermentation 

a set of flask fermentations were carried out in which the concentration of tyrosol was 

tracked over time.  The same experiment was done in both regular LpSc and LpSc that had 

been previously fermented by WCFS1.  Of interest is the fact that WCFS1 only consumes 

approximately half of the glucose present in the media, suggesting that there is some other 

key nutrient that is depleted first.  This nutrient is most like one that the yeast do not 

require or are able to synthesize on their own as they are able to grow perfectly well in 

‘spent’ LpSc.  The two yeast species do grow differently and respond differently to the 

presence of tyrosol however depending on which media they are in.   In regular LpSc Cat1 

seems to actually produce a small amount of Tyrosol.  This is not evident in the controls due 

to the fact that a concentration of less than 20 μM was not able to be reliably detected.  It is 

evident by the increase in concentration in the flaks that were dosed with tyrosol however.  

S288c on the other hand appears to be consuming the tyrosol in some way.  To what end is 

still unclear.  The cultures grown in spent media demonstrated different behavior with 

regard to tyrosol.  The media itself was shown to contain 30 μM of tyrosol, presumably 

produced by the bacteria.  This in and of its self is extraordinary in that this is the first time 

this has been observed in WCFS1.  For both yeast strains, the initial concentration of tyrosol 

dropped by 10 μM after the first 2 hours. There isn’t however a corresponding affect on any 

of the growth markers.  The tyrosol is obviously being consumed but both yeasts to a minor 

extent but again, the purpose is still unknown.  That the yeast consumed aporoximately the 
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same amount that was made by the bacteria may suggest that tyrosol needs to be in some 

sort of biologically active form in order to be used by or have an effect on the yeast.  

Conclusions  
 Further research is warranted to help elucidate the effects of volatile and aromatic 

compounds produced by Saccharomyces and Lactobacullus during fermentation.  Many of 

the compounds identified via the Mass spec analysis are known signaling compounds in 

other species and may play a role in mediating cell to cell interactions between the species.  

It is our belief that this research is only the beginning of a much larger investigation. Ideally 

all of the identified volatile compounds would be quantitated and their effects tested in a 

successive scale up manor.  More finely tuned analytical techniques should also be 

investigated to aid in the understanding of some of the finer points of what is surely a 

complex series of interactions. 
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Tables and Figures 

Table 1. HLPC Gradient for tyrosol analysis with 78% H2O, 20% Acetonitrile, and 2% Acetic 
acid as mobile phase A and 98% H2O and 2% Acetic acid as mobile phase B.  Tyrosol comes 
off the column in the first ten minutes. 

 
 

 

 

 

Table 2. Hour 24 summary of major fermentation products of solo and co-fermentations 
conducted for GC-Mass Spec sample collection.   

  Solo Fermentations Co-Culture Fermentations 

  S. 
cerevisiae 
strain 
S288c 

S. cerevisiae 
strain Cat1 

L. plantarum 
strain 
WCFS1 

S288+WCFS1 Cat1+WCFS1 

Glucose 0.00% 0.00% 0.73% 0.00% 0.00% 

Ethanol 0.59% 0.57% 0.00% 0.38% 0.43% 

Lactic 
Acid 

0.00% 0.00% 0.56% 0.45% 0.36% 

 

 

 

Time (Min) Flow (mL/Min) %A %B 
0 1 100 0 
15 1 20 80 
16 1 20 80 
25 1 10 90 
30 1 10 90 
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Figure 1. Data shown from fermentations that were sampled for GcxGc-TOFMS.  Number 
of colony forming units per mL (Cfu/mL) are shown after hour 24 of fermentation by Cat1 
and WCFS1 grown independently or grown together. Labels shown with * are significantly 
different.    

 

 

Figure 2. Data shown from fermentations that were sampled for GcxGc-TOFMS.  Number 
of colony forming units per mL (Cfu/mL) are shown for hour 24 fermentations of S288c 
and WCFS1 grown independently or grown together.  Labels shown with an * are 
significantly different.    
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Table 3. Identified volatile compounds produced by S. cerevisiae strains Cat1 and S288c and 
L. plantarum strain WCFS1 when growth together and separately in LpSc media. 

Compound CAS1 registry 
# 

Method of 
Identification2 

Similarity RI3 cal Unique 
mass4 

Tentatively identified compounds produced by both yeasts individually but not in co-
culture 
1,6,10-Dodecatrien-3-ol, 
3,7,11-trimethyl-,(E)- 

40716-66-3 MS 920 2034.4 69 

2,3-Pentanedione 600-14-6 MS 805 998.51 43 

1-Butanol, 2-methyl-, acetate 624-41-9 MS 918 1111.8 72 

1-Hexanol 111-27-3 MS 869 1346.9 56 

1-Propanol, 2-methyl- 78-83-1 MS 911 1067.7 33 

3-(Methylthio)propyl acetate 16630-55-0 MS 853 1621.5 88 

Propanoic acid, 2-oxo-, ethyl 
ester 

617-35-6 MS 884 1263.6 43 

Tentatively identified compounds produced by both yeasts individually and in co-
culture 
2-Phenylethyl acetate 103-45-7 MS 898 1807.1 104 

1-Propanol, 3-(methylthio)- 505-10-2 MS 898 1708.5 61 

1,3-Dioxolane, 2,4,5-
trimethyl- 

3299-32-9 MS 915 897.59 101 

Silane, trimethyl(3-
methylbutoxy)- 

18246-56-5 MS 811 839.45 75 

Propanoic acid, 2-hydroxy-, 
ethyl ester, (S)- 

687-47-8 MS 918 1334.4 45 

Hexanoic acid, ethyl ester 123-66-0 MS 913 1227 88 

1-butanol, 3-methyl-, acetate 123-92-2 MS 899 1111.8 43 

Butanoic acid, ethyl ester 105-54-4 MS 852 974.16 71 

Propanoic acid, ethyl ester 105-37-3 MS 916 908.76 57 

Tentatively identified compounds produced only by LAB individually and in co-culture 

2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate 

6846-50-0 MS 869 1882.1 71 

Undecanoic acid 112-37-8 MS 806 2297.1 41 

3-Hexanone 589-38-8 MS 810 990.49 57 
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Table3-Continued 

Compound CAS1 registr
y # 

Method of 
Identification2 

Similarity RI3 cal Unique 
mass4 

Tentatively identified compounds produced by both bacteria and yeast individually and 
in co-culture 
Phenylethyl Alcohol 60-12-8 MS 929 1904.5 91 

Phenol, 4-ethyl- 123-07-9 MS 831 2141.5 107 

Isobutyl acetate 110-19-0 MS 916 953.73 43 

Hexanoic acid 142-62-1 MS 869 1835 60 

Octanoic acid 124-07-2 MS 898 2045.3 60 

Tentatively identified compounds produced only in co-culture 

3-methyl-2-Buten-1-ol 556-82-1 MS 883 1314.7 71 

2-Nonanol 628-99-9 MS 850 1516 45 

6-heptyltetrahydro-2H-Pyran-
2-one 

713-95-1 MS 826 2345.5 99 

 
1 Chemical Abstracts Service registry number 
2 MS=identification based on mass spectral match to the NIST 05 library with >800 similarity 
3 Retention indices based on 1st-dimension retention of components on SOL-GEL-WAX (polyethylene 

glycol) column using SPEME GCxGC-TOFMS 
4 Mass selected by ChromaTOF software during automated data processing to represent an 

interference free mass for each analyte; The unique mass for each component was used for 
calculation of peak area. 
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Table 4.  A brief overview of known attributes associated with tentatively identified 
compounds from the SPME-GCxGC-TOFMS analysis. 

Chemical Name Common Name  Summary of Known Attributes Reference 

Tentatively identified compounds produced by both yeasts individually but not in co-culture 

3,7,11-trimethyl-(E)-1,6,10-
Dodecatrien-3-ol 

α-Nerolidol or Peruviol Member of sesquiterpene family 
Closely related to farnesol 
Insect pheromone 
Juvenile plant hormone 
Promising anti-fungal agent 
Yeast signaling compound 

(Martins et al. 
2007) 

2,3-Pentanedione Acetyl propionyl Member of diketone family 
Structurally similar to diacetyl 
Used in flavor and perfume industry for 
its odor and flavor 
Side product of amino acid synthesis in 
yeast 

(Nedovic et al. 
2000) 

1-Butanol, 2-methyl-, 
acetate 

2-Methyl-1-butyl 
acetate 

Aroma component of wine, fruit and olive 
oil 
Aroma and flavor component of apple 
and cantaloupe 

(Beaulieu & 
Grimm 2001) 

1-Hexanol None Grassy aroma 
Signaling compound in bees 

(Wright & 
Schiestl 2009) 

1-Propanol, 2-methyl- Isobutyl alcohol ‘Fusel alcohol’ 
Produced by Saccharomyces cerevisiae  
from valine metabolism 

(Dickinson 
1998) 

3-(Methylthio)propyl 
acetate 

Methionol, acetate Volatile sulfur compound 
Vital flavor component in cheese and 
fermented beverages 
Earthy, alliaceous odor 

(Landaud et al. 
2008) 

Propanoic acid, 2-oxo-, 
ethyl ester 

Ethyl pyruvate Anti-inflammatory agent in mice 
intestinal epithelial cells 

(Sappington et 
al. 2003) 

Tentatively identified compounds produced by both yeasts individually and in co-culture 

2-Phenylethyl acetate None Rose-like/honey flavor 
Similar to 2PE 
Desirable in wine aroma and flavor 

(Viana et al. 
2009) 

1-Propanol, 3-(methylthio)- Methionol Volatile sulfur compound  
Closely related to Methionol acetate 

See Methionol 
acetate 
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Table 4-Continued 

Chemical Name Common Name  Summary of Known Attributes Reference 

1,3-Dioxolane, 2,4,5-
trimethyl- 

None Little known or published 
Present in oxidized wine aromas  

(Escudero et al. 
2000) 

Silane, trimethyl(3-
methylbutoxy)- 

None Member of silane family 
No literature published on its 
biological importance 

N/A 

Propanoic acid, 2-hydroxy-, 
ethyl ester, (S)- 

Ethyl (S)-(-)-lactate No literature published on its 
biological importance 

N/A 

Hexanoic acid, ethyl ester Ethyl caproate Member of fatty acid ethyl ester 
family 
Known flavor compound  
Secondary metabolite of 
Saccharomyces cerevisiae 

(Ardö 2001) 

1-butanol, 3-methyl-, 
acetate 

Isoamyl acetate or 
Banana oil 

Banana flavor  
Well-known metabolite of 
Saccharomyces cerevisiae  

(Fukuda et al. 1998) 

Butanoic acid, ethyl ester  Ethyl butyrate Known fruity flavor  
Metabolite in S. cerevisiae 

(Killian & Ough 
1979) 

Propanoic acid, ethyl ester Ethyl Propionate Known fruity flavor  
Metabolite in S. cerevisiae 

See above 

Tentatively identified compounds produced only by LAB individually and in co-culture 

2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate 

Kodaflex TXIB,  
Texanol ® 

Known plasticizer in food packing 
materials 

(Wilkes et al. 2005) 

Undecanoic acid None Carboxylic acid 
Biosynthesis inhibitor of 
phosphatidyl serine, phosphatidyl 
ethanolamine and 
polyphosphoinositol in the fungus 
Trichophyton  

(Das & Banerjee 
1982) 

3-Hexanone None Potential precursor to several 
hormones 

(T. R. Hamilton-
Kemp,*,† et al. 1996) 

Tentatively identified compounds produced by both bacteria and yeast individually and in co-culture 

Phenylethyl Alcohol 2-phenylethanol Known signaling compound in 
Candida ablicans 

(Martins et al. 2007) 

Phenol, 4-ethyl- None Know spoilage compound in wine 
produced by Brettanomyces yeast 

(Heresztyn 1986) 

Isobutyl acetate None Fruity or floral  
Produced by yeast 

(Park et al. 2009) 
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Table 4-Continued 

Chemical Name Common Name  Summary of Known Attributes Reference 

Hexanoic acid None Caprylic acid 
Antibiotic against 

Staphylococcus aureus, numerous 
Streptococcus species, and Candida 
albicans.  

(Huang et al. 
2011) 

Octanoic acid None Same as above See above 

Tentatively identified compounds produced only in co-culture 

3-methyl-2-Buten-1-ol Prenol Green or fruity smell  
Found in volatile profile of 

many fruits 

(Khidyrova & 
Shakhidoyatov 2002) 

2-Nonanol None Cucumber aroma 
Known alarm pheromone in 

honey bees 

(Wager & Breed 
2000) 

 6-heptyltetrahydro-
2H-Pyran-2-one 

δ-
dodecalactone 

Known antifungal agent (Yang et.al. 
2011) 

 

 

 

Figure 3: Growth experiment data, averages three replicates of S. cerevisiae Cat1 
demonstrating the effects of 10 μM, 50 μM, and 100 μM 2-phenylethanol.   
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Figure 4: Growth experiment data, averages three replicates of S. cerevisiae Cat1 
demonstrating the effects of 10 μM, 50 μM, and 100 μM tyrosol.   

 

 
Figure 5: Growth experiment data, averages three replicates of S. cerevisiae Cat1 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM 2-nonanol (2-N). 
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Figure 6: Growth experiment data, averages three replicates of S. cerevisiae Cat1 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM 3-Methyl-2-buten-1-ol (3-M). 

 

  

 
Figure 7: Growth experiment data, averages three replicates of S. cerevisiae Cat1 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM δ-dodecalactone (δ –D). 
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Figure 8: Growth experiment data, averages three replicates of S. cerevisiae S288c 
demonstrating the effects of 10 μM, 50 μM, and 100 μM 2PE.  

  

 

Figure 9: Growth experiment data, averages three replicates of S. cerevisiae S288c 
demonstrating the effects of 10 μM, 50 μM, and 100 μM tyrosol. 
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Figure 10: Growth experiment data, averages three replicates of S. cerevisiae S288c 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM  2-nonanol. 

 

  

Figure 11: Growth experiment data, averages three replicates of S. cerevisiae S288c 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM 3-Methyl-2-buten-1-ol. 
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Figure 12: Growth experiment data, averages three replicates of S. cerevisiae S288c 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM   δ-dodecalactone. 

 

  
 

Figure 13. Growth experiment data, averages three replicates of L. plantarum WCFS1 
demonstrating the effects of 10 μM, 50 μM, and 100 μM 2-phenylethanol and tyrosol. 
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Figure 14. Growth experiment data, averages three replicates of L. plantarum WCFS1 
demonstrating the effects of 1 μM, 0.1 μM and 0.01 μM 2-nonanol, 3-Methyl-2-buten-1-ol 
and δ-dodecalactone. 

 

 

 

 

 

 

 

Figure 15. Wells from 96-well plate depicting S288c exposed to 10 μM 2-N(right) and an 
untreated control well (left).  
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Figure 16. Example of S288c flocculation in LpSc (right) compared to normal growth in 
standard PD media (left).  
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Legend:  

 

Figure 17. Averages of Cat1 fermentations in the presence of three different 
concentrations of 2PE.  
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Legend:  
 

Figure 18: Averages of Cat1 fermentations in the presence of three different 
concentrations of tyrosol (Ty).   
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Legend: 

 

Figure 19: Averages of S288c fermentations in the presence of three different 
concentrations of 2-PE. 
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Legend: 

 

Figure 20: Averages of S288c fermentations in the presence of three different 
concentrations of tyrosol. 
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Figure 21: Averages of Cat1 triplicate flask fermentations conducted in LpSc. Controls 
shown top left, flasks in which tyrosol was added shown top right, HPLC data of tyrosol 
concentration over time shown bottom center.   
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Figure 22: Averages of S288c triplicate flask fermentations conducted in LpSc. Controls 
shown top left, flasks in which tyrosol was added shown top right, HPLC data of tyrosol 
concentration over time shown bottom center.   
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Figure 23: Averages of Cat1 triplicate flask fermentations conducted in L.plantarum spent 
LpSc. Controls shown top left, flasks in which tyrosol was added shown top right, HPLC 
data of tyrosol concentration over time shown bottom center.   
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Figure 24: Averages of S288c triplicate flask fermentations conducted in L. plantarum 
spent LpSc. Controls shown top left, flasks in which tyrosol was added shown top right, 
HPLC data of tyrosol concentration over time shown bottom center.   
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Appendix A 
PREVIOUSLY PUBLISHED LITERATURE REVIEW 
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