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ABSTRACT 

 

Bioethanol from sugarcane has a lower carbon footprint than petroleum based fuels but 

the industry is plagued by various economic pressures, including product loss due to 

contamination of fermentation facilities. Lactobacillus species and other lactic acid producing 

bacteria from the feedstock and environment are important bacterial contaminants. Further 

studies focused on process optimization and validated the use of antibiotics and acid treatment to 

reduce ethanol losses due to bacterial contamination. Monensin, penicillin and virginiamycin 

have been shown to reduce bacterial counts in bioethanol but increased incidence of antibiotic 

resistant bacteria means alternative approaches are needed. To test efficacy of the antimicrobials 

hen egg white lysozyme, nisin and the combination of nisin and penicillin against representative 

contaminants a model system was developed.  To mimic the typical Brazilian conditions, the 

model incorporates high initial yeast inoculum, fermentation times of twelve hours or less and 

final ethanol concentration of 5.5 to 6 % weight/volume. The impact of penicillin and nisin on 

bacteria isolated from sugarcane juice or adapted by successive passes in sugarcane juice in 

fermentation of sugarcane juice by Saccharomyces cerevisiae JAY291 was measured by 

counting the bacteria and yeast. In addition, ethanol and lactic acid titers were measured and by 

HPLC analysis of the fermentate. Plate counts revealed that the combination of 250 ppm of nisin 

and 2 ppm penicillin was the most effective treatment against Lactobacillus paraplantarum, as 

well as against a mix of L. paraplantarum and four other bacterial species.  Combining nisin 

with penicillin could decrease the amount of penicillin used to control contamination and 

mitigate the risk of antibiotic resistant bacteria proliferating. This model system can be employed 

for testing other novel antibacterial measures such as bacteriophages, or engineered phage 

endolysins and bacteriocins.  
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CHAPTER 1 INTRODUCTION 

  

 

 

1.1 Problem statement 

 

Once upon a time, ethanol from carbohydrate rich feedstocks was put forth as sustainable 

alternative for finite petroleum based fuels. In 2015 the United States of America led world 

production of bioethanol followed closely by Brazil[1,2] Corn provides the main substrate for 

bioethanol in the US and sugarcane serves the same function in Brazil. Numerous pressures 

challenge the bioethanol industry, including product loss due to bacterial contamination of 

fermenters. Surveys of fermenter and substrate populations revealed that a significant portion of 

bacterial contaminants belonged to the Lactobacillaceae [3–6].  

The family Lactobacillaceae contains several genera of bacteria which produce lactic 

acid from carbohydrates, and these bacteria are often referred to as lactic acid bacteria (LAB). 

LAB are Gram-positive with low G-C ratios[7,8]. Plants are often the natural habitat of LAB.  

Tolerance of low pH, high ethanol and higher osmotic pressures make them well suited for 

growth in ethanol fermentations.  These characteristics, combined with the variety and diversity 

of contaminating species make them difficult to control in large scale ethanol fermentations 

which do not take place under aseptic conditions[9,10].  

 

1.2 Objectives and results 

 

The overall objectives of this research were to 1) create a model system to study 

contaminants of sugarcane bioethanol; 2) evaluate potential antimicrobials against growing cells; 

and 3) test promising antimicrobials in sugarcane ethanol fermentations by Saccharomyces 

cerevisiae. The model described in Chapter 3 incorporates key aspects of the Brazilian sugarcane 
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ethanol process including; yeast inoculum of ten percent vol/vol, fermentation of sugarcane juice 

in 12 hours, more than 5 % final ethanol concentration with a yield of greater than 50 percent. 

Based on review of the literature and experimental data, antimicrobials were testing by pipetting 

a small amount of antimicrobial on to a freshly spread lawn of early log phase bacterial cells. 

This spot on lawn assay provided insight into the relative spectrum of nisin, hen egg white 

lysozyme (lysozyme), and mutanolysin against growing bacteria which are the most problematic 

in ethanol contaminations. The bacteriocin nisin impacted the largest number of LAB tested 

without inhibiting the growth of S. cerevisiae. The efficacy of nisin alone and combined with 

penicillin was evaluated in the model system first in S. cerevisiae fermentations contaminated 

with a single LAB and then in fermentations contaminated with a mix of 5 LAB.  Nisin resulted 

in a reduction of log CFU/ml of Lactobacillus paraplantarum and in combination with penicillin 

reduced the total CFU/ml of the mix of five LAB contaminants.  This model system could be 

used to study the impact of other alternative antimicrobials including bacteriophage endolysins, 

engineered lytic enzymes or bacteriocins. 
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CHAPTER 2 REVIEW OF LITERATURE 

 

 

 

2.1 Bioethanol overview 

 

In the search for a renewable replacement for finite petroleum resources, many countries 

are turning to fermentation of plant sugars or starch rich plants like sugarcane and corn [11]to 

produce ethanol for fuel. The same techniques implemented for centuries to produce beer, wine 

and distilled spirits have been scaled up to manufacture quantities of ethanol sufficient to be used 

directly as fuel or as a fuel supplement. Government programs aimed at achieving energy 

independence in both the United States of America (US) [12] and Brazil subsidized the fledgling 

ethanol industry and to some extent, related infrastructure[13]. In 2015, the number of operating 

ethanol plants was 199 in the US [12]and Brazil had more than 300 plants[2]. In Brazil most 

facilities are designed to produce both sugar and ethanol[13]. The US ethanol plants produce 

ethanol and lesser amounts of co-products. Co-products in the US include dried distillers grain 

solids (DDGS) and corn oil[14,15]. Brazil plants may produce spent yeast as a coproduct. Both 

spent yeast and DDGS are used primarily for animal feed so the amount of allowable antibiotic 

residues present is regulated[16,17].  This regulation is an important consideration to keep in mind 

when determining the best method to control bacterial contamination of bioethanol plants.  

In scaling up the processes typically used for fermented beverages, costly steps related to 

maintaining aseptic conditions, such as pasteurization of the substrate, were omitted since the 

ethanol produced is meant to be consumed by vehicles rather than people[6]. Corn and sugarcane 

plants undergo minimal processing prior to being used as fermentation substrate[18]. These plants 

are the natural habitats of diverse communities of microbes, including wild yeast and lactic acid 

producing bacteria (LAB)[5,19,20]. The same types of microbes which enabled our ancestors to 
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enjoy the products of spontaneously fermented fruits like wine and cider and vegetables such as 

pickles, sauerkraut, kim chi still inhabit the same ecological niches[21]. These niches include 

plants such as sugarcane and corn. The lack of a sterilization equipment in ethanol facilities 

combined with the use of minimally processed plants results in an ongoing microbial 

contamination which decreases ethanol production efficiency[6,22,23].  

 2.2 Contaminants common in bioethanol facilities 

Given the non-aseptic conditions of typical bioethanol fermentation, it is unsurprising that 

contaminants include all three kingdoms. A recent survey of sugarcane bioethanol plants 

chronicled a variety of archaea[3]. While some organisms are inhibited by the high ethanol, high 

sugar, and low pH, wild yeast [19] and bacteria [4–6,24,25] are commonly identified as 

contaminants. Focusing on the bacterial contaminants, members of the Lactobacillaceae family 

are consistently the predominant family of bacteria identified in ethanol fermentations from both 

corn[5,6,26–28] and sugarcane [3,4,25].  An important point to note is that many of these papers 

isolate contaminants by plating on de Mann, Rogosa, Sharpe (MRS) plates with cycloheximide to 

inhibit yeast growth. MRS was developed specifically to cultivate lactobacilli[29], so it is not 

surprising that Lactobacillus and other LAB were frequently isolated.  In the past two years, culture 

independent studies have expanded the information available on diversity of contaminants.  In 

Brazil, samples of substrate at different points in the ethanol fermentation process of one facility 

revealed Proteobacteria were the most abundant in the juice from the mill and the must (the 

clarified, concentrated then cooled juice, pH 5-6). Reads from Firmicutes, the phyla containing the 

Lactobacillaceae family, outnumbered all other bacteria in the fresh sugarcane juice; the clarified 

juice (after undergoing heat treatment of 105°C and addition of calcium compounds to precipitate 

out solids pH > 7.0 then adjusted to 5-6); the concentrated juice (heated to 115°C then cooled); 



6 

 

and the wine (the product of fermentation, after centrifugation of the yeast pH 4)[3].  Studies of 

nine [28] and five [5] dry mill corn ethanol plants in the United States provided insight into the 

larger bacterial community in ethanol facilities. The study by Li et al., evaluated up to 5 types of 

samples from 5 different facilities[30]. Three samples were at different stages in the fermentation, 

early, mid and late and another sample was from the yeast propagation tank.  At a given facility, 

the communities in the fermentation samples were similar to each other but distinct from the yeast 

propagation community[5]. The five facilities had very different communities with no identifiable 

commonality linking them[5]. Two of the facilities had predominantly Firmicutes but the other 

three had predominantly Proteobacteria. 

 

2.3 Lactobacillaceae family contaminations 

 

 

Of the Firmicutes, the predominant family found in the Li et al., study was 

Lactobacillaceae[5]. Lactobacillaceae includes the many genera of LAB, including Lactobacillus, 

Leuconostoc, Pediococcus, Enterococcus, Aerococcus, Oenococcus, Lactococcus and Weissella. 

The same characteristics which make many species from these genera ideal for fermented 

products, including acid and ethanol tolerance [31], fermentative metabolism and the ability to 

thrive even with the presence of higher than average solutes commonly used to reduce water 

activity like salt and sugar, enable LAB to thrive in ethanol fermentations. Lactic acid bacteria 

may impact fermentation through production of lactic acid, acetic acid, exopolysaccharides which 

foul equipment[32], forming biofilms[28,33,34], competing for key nutrients[35]; and causing 

flocculation of S. cerevisiae which impairs centrifugation[19,36,37]. Many studies aiming to 

characterize ethanol facility contaminants focus on members of the genera Lactobacillus. This is 

likely due to them being the predominant genera isolated, particularly in the culture dependent 
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studies mentioned previously. Lactobacillus fermentum and Lactobacillus plantarum are two of 

the most frequently studied.  

Lactobacillus fermentum 

 

L. fermentum is one of the most oft evaluated ethanol fermentation contaminants. A recent 

survey of corn ethanol facility microbiome found 62 out of 768 sequenced were L. fermentum 

isolates[28]. Further, 50 of those 62 caused a ten g/L reduction in ethanol with simulated 

contaminated corn mash fermentations[28]. While those numbers are impressive, not all L. 

fermentum species are effective at reducing ethanol, as one study found when evaluating the 

reaction of 66 different S. cerevisiae strains to common stressors in the Brazilian sugarcane 

fermentation process [37]. When using an inoculum of 106 CFU/ml of a L. fermentum strain 

isolated from a distillery and 108 CFU/ml of S. cerevisiae strains there was no difference in the 

fermentation profiles with or without the bacteria. However, this lack of effect may also be due to 

the low inoculation level of bacteria. Using a wheat mash model system to study the impact of 

inoculation level of LAB on final ethanol production by S. cerevisiae showed that the amount of 

ethanol inhibition by L. fermentum increased as the CFU/ml of LAB increased[38]. The 1997 

Narendranath et al., study evaluated L. paracasei, L. rhamnosus, L. plantarum as well as L. 

fermentum[39]. A later study by Narendranath and Power, also looked at the relationship between 

yeast inoculation rates and the impact of LAB contaminants[40].   

L. plantarum 

Because it is often one of the most abundant species isolated in ethanol plants[25,28], L. plantarum 

has also been studied extensively.  Many studies of bioethanol contaminants consider at least two 

contaminant strains. L. fermentum or L. brevis are often compared to L. plantarum.  A recent study 

by Peng et al., concluded that L. plantarum was more likely to reduce ethanol, at least in glucose 
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based media[38]. This was attributed to higher amounts of lactic acid produced by L. plantarum 

compared to L. brevis.  A similar conclusion was reached by researchers in Brazil based on initial 

lab assays[34]. However, when industrial sugarcane bioethanol conditions were simulated, the 

homofermentative L. plantarum was not as detrimental as the heterofermentative L. fermentum.   

Heterofermentative and Homofermentative metabolism as a consideration 

The Rich et al. 2015 study suggested a link between heterofermentative fermentation 

profiles and impact on ethanol.  The two species with the most isolates which reduced ethanol by 

10 g/L or more when corn mash was the substrate were L. fermentum and L. mucosae[28]. Both 

species are obligately heterofermentative[8].  Heterofermentative metabolism of carbohydrates 

by LAB means that in addition to lactic acid, CO2, acetic acid and ethanol are produced [21].  

The Rich et al group evaluated ethanol inhibition based on a model developed by Bischoff et al. 

The LAB and S. cerevisiae were co-cultured in corn mash with initial inoculations of 107 for 

each[39].   One heterofermentative bacteria, Weissella confusa, and two homofermentative 

species, Lactobacillus delbrueckii and Lactobacillus amylovorus did not thrive in the simulated 

fermentation conditions and 102 or fewer were present at the end of fermentation (Bischoff et al., 

2008).  Only the two heterofermentative L. fermentum  strains and  a Lactobacillus brevis caused 

significant reductions of ethanol in corn mash[42].  Under the exact same conditions, but with 

YP glucose instead of corn mash, no reduction of ethanol resulted[42]. These three strains 

produced more than 1 g/L of acetic acid in addition to 2.5 – 4.9 g/L of lactic acid. Acetic acid has 

a pKa of 4.76 and lactic acid has a pKa of 3.86[43]. The primary mechanism of microbial 

inhibition of weak organic acids, such as lactic and acetic acid depends on free diffusion of the 

un-dissociated (uncharged) acid through the cell membrane of the target microbe. Once inside 

the higher pH of the cytoplasm causes the acid to dissociate, lowering the pH of the cytoplasm 
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and requiring the microbe to redirect ATP from cell growth to pumping the extra protons out of 

the cell [44].   In S. cerevisiae this diversion of ATP typically results in inhibition by extending 

the lag phase while the cell works to maintain the cytoplasmic pH[44].  Because only the un-

dissociated form can freely diffuse into the cell, the pH of the medium and the pKa of the acid 

are key considerations. Sugarcane ethanol fermentation typically starts at pH 5.5- 6 and ends 

with a final pH of 4.0[3,9,45].  At a pH of 4.76 the acetic acid will be equal portions dissociated 

and un-dissociated forms but lactic acid will have more dissociated form because 4.76 is 

significantly higher than its pKa of 3.86.  Keeping in mind that pH is a log scale, the amount of 

acetic acid needed to inhibit S. cerevisiae will be considerably less than the amount of lactic acid. 

Various studies have found differing amounts of lactic acid [41,46,47] needed to reduce ethanol 

production by S. cerevisiae and in the corn ethanol the level which is considered likely cause a 

serious impact is 8 g/L[38] . L. plantarum, a homofermentative LAB, grows quickly and 

produces 2 moles of lactic acid per mole of glucose and under lab conditions in sugarcane media, 

L. plantarum inhibited ethanol production[34]. However, in a fermentation simulating the normal 

conditions in Brazil, high yeast inoculum and 12 hour fermentation time and 5 cell recycles, L. 

plantarum did not inhibit ethanol production but the heterofermentative L. fermentum resulted in 

a notable decrease in ethanol yield[36].  The authors suggest that the heterofermentative ability 

to quickly consume fructose while the S. cerevisiae consumes the glucose may provide 

heterofermentative species an advantage[36]. This would not be a consideration in corn derived 

ethanol which is glucose based due to the saccharification of corn starch.  In addition to the 

inhibition by the un-dissociated form of the acetic acid produced by heterofermentative 

organisms, acetic acid may also trigger apotosis in S. cerevisiae [45,46].  
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It is important to note that the acid wash step which normally is applied in Brazil was not 

included in that experiment. It is not inconceivable that the L. fermentum would have survived the 

acid wash step and the cell recycling would select for more acid tolerant strains.  Looking at the 

populations in four facilities at different points of the season, Lucena et al., found diversity 

decreased as the season progressed and L. fermentum along with L. vini were two of the species 

still remaining at the end of the season[50]. In fact, at three of the four plants those two species 

accounted for more than 2/3 of the species identified in the period ranging from 60 – 180 days into 

the season[50]. The fourth facility did not have any L. fermentum at any point of the sampling 

period and was the only facility which used molasses as the sole feedstock[50].  

 

Which bacteria causes the most inhibition of ethanol production appears to be highly 

species specific and conditions such as bacterial inoculation level, yeast inoculation level, total 

fermentation time, and medium composition are all important considerations.  Other factors to 

consider are the source of the yeast and bacteria. Basso et al. used both industrial yeast and 

contaminants isolated from molasses from an ethanol plant [34]. But other studies pair bacteria 

isolated from acutely contaminated ethanol facilities with lab/wild type S. cerevisiae 

strains[10,28,39] or common bakers’ yeast[41]. To study the impact of contamination in sugarcane 

bioethanol fermentation it is important that lab conditions closely mimic distinctive features of the 

Brazilian process 

 

2.4 Sugarcane bioethanol fermentation process in Brazil 

 

The Brazilian process of bioethanol fermentation from sugarcane has several 

distinguishing features. These features directly impact contamination diversity and treatments.  

Characteristic features of Brazilian bioethanol fermentation from sugarcane include: substrate with 
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readily fermentable sugars; short fermentation times, high yeast inoculation level; acid wash 

between fermentations; yeast cell recycle; minimal residual sugar and ethanol yields from 7-11 

percent w/vol. Seventy five to eighty five percent of the distilleries utilize a fed batch process[51–

53]. The fed batch model with recycling of the yeast is often referred to as the Melle-Boinot process 

[54–56]. The Frenchman Firmin Boinot patented a process in the 1930s which entailed the use of 

large yeast inoculum, cell recycle and acid treatment to reduce contamination between cycles[57]. 

High yeast inoculation levels decrease fermentation time which make it more difficult for bacteria 

to grow to levels which inhibit ethanol production. Fermentation is primarily but not strictly 

anaerobic, with agitation and carried out at 30-33 °C. The heat of the environment and generated 

by the fermentation often results in temperatures higher than the targeted temperature of 30 °C. 

Portuguese settlers introduced sugarcane to Brazil in the early 1500s [58]. Today, Brazil is 

the largest grower of sugarcane in the world[55].  Most of the sugarcane facilities in Brazil are 

designed to produce both sugar and ethanol depending on market demand for each [52,59].  

Sugarcane degrades quickly after harvest, which means unlike corn, production of sugar or ethanol 

occurs almost exclusively during the harvest season which can range from 180 to 240 days 

depending on the weather and the region. Approximately 90 percent of Brazilian sugarcane is 

produced in the South-Central region. In the South-Central region, which includes the state of Sao 

Paulo. The harvest season is typically from April through December [37,59]. Lesser amounts are 

produced in the northeast of Brazil and that season runs from September through March[59,60] 

(UNICA 2015). The desired temperature for fermentation is 30 °C but may regularly reach 32°C 

or higher depending on the weather and plant design. The fast fermentation with a large initial 

inoculum generates heat[9,37,48,61].  
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During the season most sugarcane distilleries run 24 hours a day.  Since fermentation times 

range from 6 to 12 hours[9,23,45] two or more fermentations may be completed per day.  As a 

result the yeast may be recycled 400 or more times in a season. After less than 0.5 % of sugars 

remain in the fermenter, the yeast are centrifuged and the wine is separated. Following 

centrifugation the yeast cream is treated with sulfuric acid diluted with water to a pH ranging from 

1.8 – 2.5 for 1-2 hours[61]. The acid wash step is done under aerobic conditions due to the 

mechanism of sulfuric acid which kills microorganisms[25,46,62]. Wild yeasts and contaminating 

bacteria are reduced during this acid treatment, and some of the fermenting S. cerevisiae are also 

impacted[19,63,64].  While a broad spectrum, including both Gram-negative and Gram-positive 

bacteria are reduced by the sulfuric acid wash[25,37,62], some persist and contamination remains 

a problem[9,23,36].       

The key to complete fermentation is a short time is a high yeast inoculation level and yeast 

that are adapted to the Brazilian conditions.  Typically inoculation levels are 8 to 12% (w/vol) 

percent of the fermentation. The practice of starting the season with bakery yeast exclusively was 

discontinued as long term studies utilizing karyotyping of S. cerevisiae strains demonstrated that 

the bakery yeast was quickly displaced and did not survive the season. Indigenous yeast which 

consistently predominated at the end of the season were isolated and studied further[45,56,61]. At 

the beginning of the season, the first inoculation is predominantly baker’s yeast with a much 

smaller proportion of the industrial strains with proven track records such as CAT-1 or PE-

2[9,13,23]. As the season progresses the most competitive strains survive, which are often a mix 

of the industrial strains and some indigenous S. cerevisiae with stress response regulation suited 

for this environment[45,65].   
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The fermentation substrate, molasses and/or concentrated sugarcane juice, is added to the 

yeast inoculum gradually. Both sugarcane juice and molasses are predominantly sucrose. Small 

amounts of the component monosaccharides glucose and fructose are also typically present. Since 

S. cerevisiae naturally produce invertase[61], the saccharification step of corn ethanol production 

is not needed for sugarcane fermentation. While sugars are readily available, sugarcane juice needs 

to be concentrated via evaporation and contains limited amounts of nitrogen and essential growth 

factors[66–68]. It may also contain trace metals like aluminum which inhibit S. cerevisiae at high 

enough levels[9,66,68]. The sugars in molasses are already concentrated during the sugar 

crystallization process, and contain higher amounts of nutrients but contain different components 

from the refining steps which may detrimentally impact the yeast[66,69,70]. The distinctive 

characteristics of molasses may also translate in different diversity of contaminating bacteria as 

show in the Trapiche facility in the Lucena et al., study[4].  Many distilleries use a combination of 

sugarcane juice and molasses as the must which serves as the fermentation substrate depending on 

the economic conditions[13,23,56]. The must is adjusted to a target pH of 5.5[9,61].  

Seventy-five to eighty-five percent of the distilleries operate on a fed batch process[9,23]. 

The tanks used in Brazil range from 0.5 to 3.0 million liters[9,13,23]. Filling the fermenter often 

takes four to six hours.[61].  The total sugars added ranges from 16 to 22 % but to minimize 

osmotic stress, the feeding rate is managed so that the level in the tank is typically kept around 6% 

[37,66,71].  Elements of the fed batch process which mitigate contamination include the acid wash, 

fast fermentation time and cleaning of the fermenters between batches. Continuous fermentation 

facilities in Brazil have greater issues with contamination compared to fed batch fermentations 

[23] which is consistent with other industrial continuous fermentations[72][22,38]. This can be 

due in part to the lack of downtime which allows regular cleaning of the fermenters. 
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2.5 Approaches to controlling bacterial contamination in bioethanol 

 

 Bioethanol producers employ several approaches to combat bacterial contamination 

including: acid washing the yeast[62,73], optimization of facility and process design[51], 

antibiotics[16,74], and less common approaches such as bacteriophages[10], bacteriocins and lytic 

enzymes are being explored[75].  The acid wash step employed in fed batch fermentation in Brazil 

is described above. Penicillin, virginiamycin and monensin which have been shown to kill Gram-

positive bacteria are the primary antibiotics used by the bioethanol industry[16,76,77]. As 

antibiotic resistance continues to increase, research into alternative methods has included 

bacteriophages, lysozyme and other lytic enzymes, engineered yeast strains and bacteriocins.  

 Antibiotics may be used either to address a severe infection[23,33] or proactively by 

ethanol producers[6,26].  The beta-lactam penicillin is widely used in both the US and Brazil. The 

typical dose ranges from 1-2 ppm per dose[16,33,72]. Acid penicillin or penicillin G may be used. 

Penicillin degrades quickly in fermentation conditions[16,77] which is results in less risk of 

residue in co-products but also limits the bacteriocidal effect.  One study suggests adding pulses 

of penicillin in different amounts will counter the risk of loss of efficacy and also may have less 

risk of increasing antibiotic resistant bacteria[60]. Virginiamycin is an antibiotic which inhibits 

protein synthesis. Early studies looked at the impact of virginiamicin on wheat mash[77].  

Virginiamycin is used particularly in corn ethanol fermentations at concentrations up to 6 ppm[26]. 

It is more stable which increases antibacterial activity but also increases residue in 

DDGS[26,31,32]. There is also some evidence that higher than recommended levels negatively 

impact S. cerevisiae[61,62] which could be a more of a problem with the cell recycling model used 

in Brazil. Monesin, an ionophore, is an alternative to penicillin deployed in Brazil [16,51]. It is 

soluble in ethanol but not in water and may be used in doses up to 3 ppm[16].  
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 Nisin, a lantibiotic antimicrobial peptide has been proven effective against LAB in food 

applications and is generally recognized as safe in certain food and beverages. Lantibiotics contain 

uncommon amino acids and have unique structures with multiple rings.  This small cationic 

peptide is produced by Lactococcus lactis and is considered a class I lantibiotic because it 

undergoes several post translational modifications prior to reaching the active form. Nisin has been 

explored as a means of controlling beer contaminants. A few studies have done preliminary 

investigations on the efficacy of nisin in biofuel in lab conditions[41,64,78].  One study determined 

the MIC of nisin for L. fermentum, L. plantarum and W. confusa in MRS broth and evaluated the 

impact of nisin on CO2 production by S. cerevisiae during fermentation. Another study used co-

cultures of LAB and S. cerevisiae to study the effect of nisin. These assays used a YP glucose 

substrate and lasted 72 hours[41], so are not readily translatable to conditions of bioethanol 

production in Brazil. Another study looked at nisin in sugarcane but did not use co-cultures of 

yeast and bacteria[64].  

 Bacteriophages and phage endolysins have also been explored as possible weapons 

against Gram-positive contaminants[10,79]. Bacteriophages isolated from ethanol plant L. 

fermentum isolates reduced contaminant levels in corn mash using an MOI of 10 when initial 

inoculums of yeast and bacteria were at 107 CFU/ml [10]. Of course, this requires the producer to 

have bacteriophages specific for the contaminant prior to infection. Enzymes from 

bacteriophages show promise as an alternative treatment including LysA and LysA2 because 

they have a suitable target range [80,81].   

 

2.6 Future Directions 

 

In the future other methods to control ethanol contaminants could include engineering yeast 

to express antimicrobials, including bacteriocins[41] or endolysins[80,82]. Since nisin is stable 
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and active at lower pH, adding it to the yeast wash step may allow decreased use of sulfuric acid 

and or shorting wash times. Finally, outcompeting deleterious contaminants by using ethanol 

facility probiotic cultures could be explored.     
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CHAPTER 3 NISIN AND PENICILLIN REDUCE LACTIC ACID BACTERIA 

CONTAMINANTS IN MODEL SUGARCANE ETHANOL FERMENTATIONS 

 

 

3.1 Abstract  

 

Bioethanol from sugarcane has a lower carbon footprint than petroleum based fuels but 

the industry is plagued by various economic pressures, including product loss due to 

contamination of fermentation facilities. Lactobacillus species and other lactic acid producing 

bacteria from the feedstock and environment are important bacterial contaminants. Further 

studies focused on process optimization and validated the use of antibiotics and acid treatment to 

reduce ethanol losses due to bacterial contamination. Monensin, penicillin and virginiamycin 

have been shown to reduce bacterial counts in bioethanol but increased incidence of antibiotic 

resistant bacteria means alternative approaches are needed. To test efficacy of the antimicrobials 

hen egg white lysozyme, nisin and the combination of nisin and penicillin against representative 

contaminants a model system was developed.  To mimic the typical Brazilian conditions, the 

model incorporates high initial yeast inoculum, fermentation times of twelve hours or less and 

final ethanol concentration of 5.5 to 6 % weight/volume. The impact of penicillin and nisin on 

bacteria isolated from sugarcane juice or adapted by successive passes in sugarcane juice in 

fermentation of sugarcane juice by Saccharomyces cerevisiae JAY291 was measured by 

counting the bacteria and yeast. In addition, ethanol and lactic acid titers were measured and by 

HPLC analysis of the fermentate. Plate counts revealed that the combination of 250 ppm of nisin 

and 2 ppm penicillin was the most effective treatment against Lactobacillus plantarum, as well 

as against a mix of L. plantarum and four other bacterial species.  Combining nisin with 

penicillin could decrease the amount of penicillin used to control contamination and mitigate the 

risk of antibiotic resistant bacteria proliferating. This model system can be employed for testing 
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other novel antibacterial measures such as bacteriophages, or engineered phage endolysins and 

bacteriocins.  

 

3.2 Introduction 

 

Biofuel fermentations are particularly at risk from Lactic Acid Bacteria (LAB) 

contamination because the plants which provide the fermentation substrate are also natural 

habitats for LAB. Since the ethanol is for transportation rather than consumption, the 

fermentation substrate is rarely subjected to bacteriostatic or bactericidal treatment. Gram- 

positive bacteria from the Lactobacillaceae family including Lactobacillus, Pediococcus, 

Leuconostoc, Enterococcus, Aerococcus and Weisella have been implicated in ethanol inhibition 

contaminants[1–4]. These bacteria, which produce primarily lactic acid from carbohydrate 

sources, have adapted to conditions with comparatively low pH and oxygen and high salt and 

ethanol concentrations. Consequently, they have been a recurring problem in wine, beer and 

spirit fermentations [5–7]. The predominant genera of LAB identified is Lactobacillus, 

regardless of whether the fermentation is from corn [1, 4]sugarcane[3, 8] or lignocellulose[9]. 

Treatments to control bacterial contamination of fuel ethanol fermentation must include 

measures against lactobacilli and other LAB to be effective.  

 Currently, antibiotics, acid treatment of the yeast and cleaning of equipment are the most 

common measures employed in industry. Acid-washing stresses the fermenting yeast and can 

lead to decreased ethanol production efficiency [10].  Stopping production for additional 

cleaning leads to loss in productivity.  US fuel ethanol plants use penicillin and virginiamycin 

[11, 12] while Brazilian plants are more likely to use monensin [13, 14] although the efficacy of 

the antibiotic treatments has been challenged. Additional complications from antibiotic use are 
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unacceptably high antibiotic residues in the dried distillers grain solids[15] or dried deactivated 

yeasts[16] sold as co-products by ethanol producers and increased development of antibiotic 

resistance in the contaminating strains[2].   

 In this study, a model system using sugarcane juice as the source of carbohydrates was 

developed. Supplementing the sugarcane juice with 0.6% yeast extract provided a source of 

nitrogen and amino acids. Due to the yeast cell recycling and sulfuric acid wash, dead yeast cells 

are a normal component of the fermenters in Brazil[14, 17]. The addition of the yeast extract 

improved bacterial and S. cerevisiae growth. Optimization of a pulsed fed batch method resulted 

in fermentations with final ethanol concentrations greater than 5% produced in 12 hours by the 

industrial derivative S. cerevisiae JAY291.  In the spot on lawn assay which assessed 

antimicrobial action against growing LAB at the concentrations tested, nisin inhibited every 

lysozyme inhibited ten of the strains and nisin inhibited all of the strains.  Due to its broad 

spectrum, nisin was tested in simulated contaminated fermentations of sugarcane juice first with 

a single LAB then with a Mix of five LAB. Nisin alone and in combination with penicillin 

resulted in reduced CFU/ml of LAB in conditions similar to Brazilian bioethanol fermentations.   

 

3.3 Materials and methods 

 

Strains and growth conditions 

 

The LAB and S. cerevisiae strains used in this study are listed in Table 3.1 and Table 3.2 

respectively.  Stock cultures were preserved at -80°C in 12.5% glycerol (v/v).  From frozen 

stock, cultures were inoculated in de Mann, Rogosa, Sharpe (MRS) broth (Difco, Sparks, MD) 

with the exception of: Lactococcus lactis grown anaerobically at 30° C in M17 (Oxoid) 

supplemented with 10 g/L of lactose and Pediococcus damnosus grown in B-MRS(1:1 filtered 
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Natural Light beer and MRS). Aerococcus viridans was incubated in 6 ml aerobically at 37 °C 

and the remaining strains were incubated in 3 ml of media anaerobically at 30°C. 

Analysis of growth   

Growth patterns of strains in different media were evaluated by measuring the optical 

density at 600 nm using a Bioscreen C (Growth Curves USA, Piscataway, NJ, USA). Strains 

were evaluated in: MRS, MRS-6, yeast peptone dextrose (YPD); YPD-6, Sugarcane juice diluted 

to 6% sugars (SC-6), and SC-6 with 0.6% yeast extract (YSC -6).  YPD was prepared with 10 

grams/L of yeast extract (BD Difco Sparks MD USA), 20 g/L of both Bacto peptones (BD Difco, 

Sparks MD USA) and dextrose (Sigma Aldrich St. Louis, MO).  MRS-6 and YPD-6 were 

prepared and autoclaved without the additional sugars then the concentration of dextrose was 

adjusted using a separately autoclaved solution of 50% dextrose and water.  SC-6 was prepared 

from clarified sugarcane juice by centrifuging the juice at 4 °C for 45 minutes, drawing off the 

juice from the pelleted solids, checking the total reducing sugars by HPLC, then diluting to 6% 

sugars with autoclaved pure water.  YSC-6 was prepared the same as SC-6 but diluted with 

autoclaved water with 6 g/L yeast extract.  The pH of all media used was adjusted to 5.5 using 

dilute HCl, then filtered using a 0.22 nm Millipore bottle-top filter.  Strains were resuscitated 

from frozen stock and grown 24 hours in the conditions and media described above and passed 

twice. The third pass was a 1% inoculation into the growth medium being evaluated.  The third 

pass was incubated anaerobically for 18 hours at 30° C.  Fresh media of interest was inoculated 

from the 3rd pass and adjusted to an OD of 0.1 using an YSI 9500 photometer. Triplicate samples 

of 200 μl of each strain in each media tested and media only controls were pipetted into the well 

plate then loaded into the Bioscreen.  The change in OD at 600 nm was measured every half hour 

for up to 72 hours anaerobically at 30° C with shaking.  Regression analysis of growth curves 
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was done using the MATLAB script and protocol as previously described by Hoeflinger et al., 

2015[18] except the threshold for growth was set at OD 0.5.  

Isolation of bacteria from clarified sugarcane juice  

Clarified sugarcane juice from Patout, Louisiana (pH 7.0 or higher) was plated on MRS 

or MRS with cycloheximide[19] (200 μg/ml) (MRS-C) plates with 1.5% agar, or directly plated 

on MRS. One hundred microliters of sugarcane juice diluted 1:9 in phosphate buffered saline 

(PBS) (MP Biomedicals, Santa Ana, CA, USA), or undiluted sugarcane juice was spread-plated 

then incubated at 30 °C in an anaerobic chamber for 24 to 72 hours.  Morphology and acid 

production were checked. DNA was purified using the Qiagen DNeasy® Blood & Tissue kit 

(Qiagen N.V. Venlo, The Netherlands) according to the manufacturer’s instructions for Gram-

positive bacteria.  The primers 8F and 1392R were used for PCR amplification of the 16-S rDNA 

region. Products were gel confirmed, cleaned with the Zymo DNA Clean & Concentrator Kit 

(Zymo Research) and then sent for Sanger sequencing. Sequences were checked and identity 

confirmed using NCBI BLAST-N, with 99% identity considered a match[20].   

Adaptation of LAB in sugarcane 

Select LAB were successively passed in YSC-6 to promote selection of isolates with 

faster growth in sugarcane juice based substrate.  Strains were initially inoculated from frozen 

stock and resuscitated in MRS anaerobically at 30°C for 24 hours. Three ml of YSC-6 was 

inoculated with 1% of the initial MRS culture. Strains were incubated in YSC-6 for 24 hours at 

30°C.  After 24 hours the OD was recorded using the YSI 9500 photometer and 1% of culture in 

YSC-6 was used to inoculate 3 ml of fresh YSC-6. This was repeated daily for at least 7 days.  

After 7 days the growth was compared to the original strain using the above described Bioscreen 
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protocol.  The adapted strains were streaked on MRS, and colonies selected inoculate fresh YSC-

6, grown 24 hours then used to make glycerol stock of the adapted strains.  

Sensitivity of growing bacteria to nisin, lysozyme or mutanolysin 

A spot on lawn assay modified from the method described by Nelson et al., 2012 [21] and 

Redondo et al.,[22] was employed to test the impact of lysozyme, mutanolysin and nisin on 

growing cells.  Bacterial strains were inoculated in fresh media from glycerol stock then passed 

two times.  The third pass was used for the spot on lawn assay. When the cultures were between 

0.2 to 0.6 OD at 600 nm, 300 µl of culture was pipetted onto a MRS plate with 1.5% agar, spread 

and then allowed to dry for up to one hour. Nisaplin (Dupont, St. Louis MO USA) containing 

2.5% nisin was hydrated in dilute HCl at pH 2.0.  Mutanolysin was hydrated using pure water. 

Hen egg white lysozyme solution from Sigma was used (50% glycerol in in 25 mM sodium 

acetate buffer, Sigma Aldrich St. Louis, MO 10 mg/ml). Dilutions of the antimicrobials were 

made 1:1 using pure water or dilute HCl for nisin and 2 μl of decreasing concentrations of 

antimicrobial were pipetted onto the plate with the freshly spread bacteria. Plates were incubated 

anaerobically at 30°C, except for A. viridans which was incubated aerobically at 37°C. Plates 

were incubated 24-72 hours depending on the growth rate of the strain and complete clearing 

was regarded as an indication of sensitivity. Water diluted to pH 2.0 with HCl was used as a 

negative control for nisin assays.   

Fermentation in sugarcane media   

Bacteria and S. cerevisiae JAY291 were resuscitated from frozen stock and passed one 

time in MRS as previously described. The second pass was into 3 ml of YSC-6 and incubation 

was anaerobic at 30° C for 16-18 hours. Bacteria were incubated anaerobically without agitation 

at 30°C. The first two passes were one 1% vol/vol inoculations and the remaining pass(es) were 
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10% vol/vol inoculation for both yeast and bacteria.  The pH of all sugarcane juice and media 

except for MRS was adjusted to pH 5.5 with HCl and filtered using a bottle-top 0.22 nm pore 

Millipore bottle-top filter (Millipore Sigma, Billerica, MA USA). For JAY291 the third pass was 

into 300 ml of 10 g/L yeast extract, 20 g/L peptones and 60 g/L sucrose (YPS-6). JAY291 was 

incubated aerobically at 30°C at 150 rpm. The third pass for LAB was into YSC-10.   The day of 

the fermentation, 100 ml of fresh YPS-6 is added to the yeast.  A 10% inoculation of the LAB 

into YSC-6 was incubated anaerobically for 3 hours at 30°C to reach early log phase. Cells were 

harvested by centrifuged at 4000 x g for 20 minutes (bacteria) or 30 minutes (yeast).  The yeast 

were re-suspended in water to wash and centrifuged again.  LAB were re-suspended in YSC-6 in 

an amount sufficient to provide the target initial inoculation. JAY291 was re-suspended in 0.1 ml 

autoclaved water per ml of yeast in the pellet. Twenty ml test tubes autoclaved with stir bars 

were used as fermentation vessels. The initial volume was 3.0 ml comprised of YSC-6, 0.3 ml of 

yeast and LAB or antimicrobials as appropriate.  

Nisin and penicillin were re-suspended in YSC-6 immediately prior to use and filtered 

through a 0.45 nm filter.  Magnetic stir plates were used to agitate the mixtures containing yeast 

in an anaerobic chamber at 30°C for 12 hours. LAB only and media only controls were not 

stirred.  At 0.5 and 2 hours after starting the fermentation, pulses of undiluted sugarcane juice 

were added to double the volume, resulting in a final volume of 12 ml. Initial samples and post 

fermentation samples were diluted in PBS for plating. LAB were counted from MRS-C plates 

and S. cerevisiae JAY291 was counted on MRS plates with 5 μg/ml penicillin G (MRS-P).  Ten 

μl drops of the dilutions were plated as described previously [23] modified instead to use three 

dilutions per plate and three drops per dilution for duplicate plates of each sample. The LAB in 

the mix were distinguished based on colony morphology, which was further confirmed by 
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morphology in broth or by streaking representative colonies on MRS. Fermentate samples were 

analyzed via on an Agilent Technologies 1260 Infinity HPLC (Agilent, Santa Clara, CA, USA) 

using the Biorad HPX-87H (Biorad, Hercules CA, USA) organic acid column as described 

previously[24]. Duplicate plates from each sample were averaged for calculating the means. 

Analysis of variance with Tukey’s was calculated using R statistical software.  In the figures, 

bars with the same letter had P values > than 0.05 when compared and bars labeled with different 

letters had P values < 0.05 when compared.  

 

3.4 Results 

Sugarcane fermentation model system development  

To study the impact of antimicrobials in sugarcane bioethanol fermentation, a model 

system was needed.  Key components of the system included: S. cerevisiae and LAB which 

thrived on sugarcane juice, antimicrobials with a broad spectrum and fermentation conditions 

which produced more than 5% ethanol and utilization of 99.5% sugars within twelve hours.   

Growth in sugarcane juice   

Sugarcane juice contains sucrose and lesser amounts of the component monosaccharides 

glucose and fructose[25, 26]. There are trace amounts of minerals, lipids and gums, but amino 

acids and nitrogen are scarce. To grow well on sugarcane juice an organism needs to be able to 

easily utilize sucrose and survive in a nutrient limited medium. The initial yeast strain tested S. 

cerevisiae D452-2, is an auxotroph (MAT α leu2 his3 ura3 can1)[27] and grows very slowly on 

sugarcane juice even when the osmotic pressure is reduced by diluting the total sugars to 6% 

(SC-6) Figure 3.1(a). Adding 0.6% yeast extract to the sugarcane juice (YSC-6) improved 

growth by D452-2, Figure 3.1(a) but fermentation was still slow. As an alternative, S. cerevisiae 
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JAY291 was evaluated.  JAY291 grew well in SC-6, Figure 3.1(b) and in YSC-6 doubling time 

decreased and maximum OD increased, Table 3.3.   

Wild-type bacteria strains grew poorly in SC-6 as well, Figure 3.2(a). The addition of the 

0.6% yeast extract (YSC-6) resulted in improved growth rates for all LAB strains evaluated and 

increased the maximum OD from 0.3 to  0.8  Figure 3.2(b). However, since this was half of the 

maximum OD of JAY291, further steps were pursued to obtain competitive contaminants.  

Isolates from clarified sugarcane juice and adaptation of LAB strains  

To strengthen the pool of contaminants, LAB were isolated from clarified sugarcane juice 

obtained from Louisiana. Isolates included Enterococcus gallinarum, Weissella cibaria and 

Lactobacillus plantarum. L. plantarum, one of our sugarcane isolates grew faster than our wild-

type strains, Figure 3.3. Also, from the initial group of potential contaminants, wild-type strains 

from species shown to inhibit ethanol production by S. cerevisiae were screened for growth in 

ethanol. Based on good relative growth in MRS with 10% ethanol evaluated as described 

previously[28] L. brevis, L. delbrueckii, L. fermentum, L. plantarum and W. confusa were selected 

to adapt for better growth in the sugarcane juice supplemented with 0.6% g/L yeast extract with 

sugar concentrations of 6% (YSC-6) and 10% (YSC-10).  L. plantarum, the sugarcane isolate, was 

also successively passed in YSC-6 and YSC-10.  Nine successive passes of L. paracasei and 27 

passes of L. plantarum produced strains which grew to a higher maximum OD in YSC-6.  The W. 

confusa strain did not significantly change maximum OD but successive passes in YSC-10 and 

YSC-6 resulted in increased production of exopolysaccharides anaerobically at 30 °C. These 

polysaccharides visibly increased the viscosity of the media. In the thickest samples, vortexing did 

not disrupt the surface tension of the culture.  
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Spot on lawn antimicrobial assay:  

With improved contaminants and a S. cerevisiae strain well suited for sugarcane 

fermentation, the next step was selection of the antimicrobial to test in fermentation conditions.  

Hen egg white lysozyme, mutanolysin and nisin were selected based on previously demonstrated 

ability of all three to inhibit growth of Gram-positive bacteria[6, 17, 29–31]. The spot on lawn 

assay[21] which demonstrates the impact of the antimicrobials against growing cells was 

employed to evaluate the spectrum and check whether the yeast was negatively impacted. The S. 

cerevisiae strains were not susceptible to nisin, lysozyme or mutanolysin at any of the 

concentrations evaluated, Table 3.4. All 19 LAB strains tested were susceptible to nisin.  A 

higher concentration of nisin for complete clearing of strains from a separate hard cider study 

and our sugarcane isolates compared to the wild-type strains, Table 3.3. Only Aerococcus 

viridans was susceptible to mutanolysin at the concentrations tested. It was also sensitive to the 

lowest concentrations of nisin and lysozyme tested.  Lysozyme also inhibited the growth of O. 

oeni and the E. gallinarum strains at the lowest concentration tested, 1,250 μg/ml. Eleven strains 

were insensitive to lysozyme at 10,000 μg/ml, the highest concentration of any antimicrobial 

tested. Since less than half of the bacteria tested were susceptible to lysozyme at these high doses 

and all were sensitive to nisin, nisin was the antimicrobial selected for further testing in 

simulated contaminated fermentations.  

Sugarcane juice fermentations by S. cerevisiae JAY291 with and without LAB contaminants 

Lab scale fermentations based on the Brazilian bioethanol process were used to evaluate 

how nisin compared with the commonly applied penicillin against LAB contaminants. The five 

conditions were: untreated (Unt); nisin 250 μg/ml (250N); penicillin 2 μg/ml (2P); nisin 125 

μg/ml with 1 μg/ml penicillin (125N1P); and nisin 250 μg/ml with 2 μg/ml penicillin (250N2P).  
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Fermentations were performed in duplicate with triplicate samples of the contaminated 

(co-cultures of LAB and JAY291) treatments. Media only, yeast only and bacteria only controls 

were also performed. JAY291 was added to YSC-6 at 10% vol/vol of the initial YSC-6 volume, 

providing a CFU/ml of 108, with a single exception. Two pulses of undiluted sugarcane juice 

were timed to allow the fermentation to be complete in 12 H and minimize osmotic stress by not 

exceeding 6-7% of total sugars. The first batch of undiluted sugarcane juice had 12.5% total 

sugars and the second batch contained 12.9% total sugars. For the 12.5% total sugars, when the 

second pulse was added at 2 hours JAY291 completed fermentation in 12 hours. After 12 hours, 

0.5% or less of sugars remained and ethanol concentrations produced by untreated, 

uncontaminated JAY291 samples were 55 g/L or greater. Based on the literature showing levels 

of bacteria often reach 107 to 108 in the fermentation tanks and in sugarcane juice[3], LAB were 

inoculated at 108 for the first four fermentations. Two fermentations were contaminated with the 

adapted L. plantarum at a concentration of 108 CFU/ml.  Another other two fermentations were 

contaminated with cocktail of five LAB strains with a combined CFU/ml of 108.  The five strains 

were the adapted L. plantarum, W. confusa and L. paracasei as well as the hard cider isolate L. 

ghanensis and wild-type L. fermentum (Mix).  An additional two fermentations were done with 

L. plantarum at an initial concentration of 109 CFU/ml to test whether increased ethanol 

reduction would occur. All bacteria were added at early log phase. The impact of the 

fermentation conditions on JAY291 and the LAB was measured by determining CFU/ml of the 

strains and fermentation product concentrations via HPLC and CFU/ml for all fermentations.  

S. cerevisiae JAY291 CFU/ml for all fermentations. 

The average starting CFU/ml for 5 of the fermentations for JAY 291 was between 1.0 and 

4.0 * 108.  On 3-30, the first fermentation with L. plantarum it was 8.8 * 107. When the initial 
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LAB inoculation level was 108, after the twelve hour fermentations the final S. cerevisiae 

JAY291 CFU/ml was consistently between 1.0 and 3.0 x 108, there was no significant difference 

in the average CFU/ml of JAY291 due to the different treatments. There was also no significant 

difference in the S. cerevisiae JAY291 due to the presence or absence of contaminants among 

and between the fermentations with the initial LAB inoculum of 108.    

L. plantarum starting and final CFU/ml  

The CFU/ml of L. plantarum varied considerably across the different treatments and even 

between the co-cultures of JAY291 and L. plantarum only controls. The highest CFU/ml L. 

plantarum reached was 109 in the untreated bacteria only controls regardless of whether the initial 

inoculation was 108 or 109. When co-cultured with S. cerevisiae JAY291, the highest CFU/ml L. 

plantarum reached the end of fermentation was 108, even if the initial inoculation level was 109, 

Figure 3.4. 

L. plantarum contaminated fermentations initial inoculation of 108 - L. plantarum CFU/ml and 

fermentation products 

When initial L. plantarum inoculation was 108, in the bacteria only controls the 

combination of 250 μg/ml of nisin with 2 μg/ml of penicillin caused 4 log CFU/ml reduction and 

there were significant differences between the different treatments, Figure 3.5. The second 

largest reduction was from 125 μg/ml of nisin with 1 μg/ml of penicillin. Because there was no 

significant difference in the CFU/ml reduction in the bacteria only samples when comparing the 

first fermentation and the second fermentation the averages of the samples from both 

fermentations are combined in Figure 3.5.    

By contrast, in the co-cultures of S. cerevisiae JAY291 and L. plantarum, there was a 

significant difference in reduction of the CFU/ml of L. plantarum by the treatments when 
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comparing the two fermentations. This can be seen in Figure 3.6 which shows the log CFU/ ml 

reduction of L. plantarum for the two fermentations separately for the co-cultured samples. This 

difference may be due to a lower initial inoculation level of S. cerevisiae JAY291 in 

fermentation 1 (8.8 x 107) compared to fermentation 2(2.0 x 108).  As noted in the bacteria only 

samples, the greatest reduction was caused by the 250 μg/ml of nisin with 2 μg/ml of penicillin. 

In fermentation one it caused a 3 log CFU/ml reduction in fermentation 1 (lilac bars) but only 1.4 

log reduction in fermentation 2 (purple bars). There were significant differences between this 

combination and the penicillin only treatment in both fermentations. 

The log CFU/ml reduction data is supported by the HPLC results. A similar pattern was 

seen in lactate present. Both days the penicillin only samples had the highest amount of lactate but 

the nisin and combination treatments had the lowest amounts of lactate. Compared to the highest 

average ethanol concentration, which was in the JAY291 contaminated with L. plantarum treated 

with the highest combination of nisin and penicillin, the untreated contaminated samples contained 

4% less ethanol. Interestingly, although the L. plantarum only controls did not contain ethanol, the 

yeast and bacteria samples frequently had higher concentrations of ethanol than then yeast only 

samples.  

Mix contaminated fermentations - Total LAB CFU/ml and fermentation products  

When S. cerevisiae JAY291 was contaminated with the Mix of 5 LAB, there was no 

significant difference between the two replicates in the impact of the treatments on the CFU/ml of 

the Mix. Figure 3.7 is based on the average log CFU/ml reduction of L. plantarum from the relevant 

samples for both days. The blue bars signify the log reduction per treatment in total CFU/ml of the 

Mix in the bacteria only controls.  The orange bars indicate the log reduction per treatment in total 

CFU/ml of the Mix co-cultured with S. cerevisiae JAY291. As mentioned previously there were 



36 

 

no significant differences in the CFU/ml of the yeast which remained at 108.  The presence of yeast 

correlated with a significant difference in the reduction of CFU/ml of the Mix for all treatments, 

except for nisin, Figure 3.7. However, in the bacteria only controls, nisin was not significantly 

different than the untreated samples.   In the bacteria only samples, the log CFU/ml reduction was 

more than two times higher than the reductions in the co-cultures with yeast for penicillin and the 

125 μg/ml nisin with 1 μg/ml penicillin. The largest reduction in CFU/ml of the Mix both in the 

presence and absence of S. cerevisiae JAY291 was caused by the 250 μg/ml nisin with 2 μg/ml 

penicillin.  This data is reinforced by the HPLC results which reveal that lactate is the lowest in 

the 250 μg/ml nisin with 2 μg/ml penicillin samples, Figure 3.8. In the untreated co-cultures, the 

ethanol concentration was 2% lower than samples treated with 250 μg/ml nisin with 2 μg/ml 

penicillin, Figure 3.8. 

Impact of treatments on CFU/ml of the individual strains in the Mix co-cultures 

 

 While the largest reduction of the total Mix co-cultured with JAY291 was only 1.5 

CFU/ml, analysis of the individual strains showed that both L. fermentum and L. ghanensis 

experienced a reduction of more than 2 log in each treatment.  L. paracasei was not reduced at all 

by 250 μg/ml nisin and minimally impacted by penicillin and the combinations, Figure 3.7. In the 

bacteria only controls it was apparent that in the nisin only treatment W. confusa was also growing 

well due to the increased viscosity of samples.   

 

3.5 Discussion 

 

 Previous work demonstrated the impact of nisin on LAB ethanol contaminants in 

MRS[17] or in YPD media[32]. In this study, in conditions which mimic the typical Brazilian 

bioethanol process using sucrose from sugarcane juice as the substrate, nisin reduces the CFU/ml 

of L. plantarum an adapted sugarcane isolate which was minimally impacted by penicillin. In a 
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mixed population there were also reductions in L. fermentum and L. ghanensis. The combination 

of 250 μg/ml nisin with 2 μg/ml penicillin caused the greatest reduction of L. plantarum and of 

the Mix co-cultured with S. cerevisiae. Using 125μg/ml nisin with 1 μg /ml of penicillin caused a 

reduction in the Mix that was not significantly different than 2 μg /ml of penicillin and not 

significantly different than 250 ug/ml of nisin against L. plantarum as a single contaminant.  This 

suggests that nisin could be used as alternative to penicillin, or that a combination could have the 

same reduction in CFU/ml with less penicillin than is currently used.  Using a rotation of 

antimicrobials, including nisin, or combinations with smaller doses could mitigate the increasing 

risk of antibiotic or nisin resistant strains. Smaller doses of penicillin or perhaps virginiamycin 

and monensin would mean less antibiotic residue in co-products. Toxic effects of monensin 

impact horses and sheep and although it has been used as a growth promoter in cattle it is lethal 

in high doses[33]. Current market trends indicate a shift away from using antibiotics as growth 

promoters and recent study showed monensin did not significantly improve growth of cattle 

when fed with S. cerevisiae [34].  

The absence of S. cerevisiae resulted in significantly higher reduction in bacterial 

CFU/ml.  The effective treatments caused greater reduction in CFU/ml in the bacteria only 

controls compared to the co-cultures of bacteria and S. cerevisiae with the single bacteria or Mix 

of contaminants.  Further support for this conclusion come from the greater impact of the 

antimicrobials in the first L. plantarum fermentation when the yeast inoculation was lower than 

the other three fermentations. There was a greater reduction of the L. plantarum when the initial 

S cerevisiae was high 107 instead of low 108, Figure 3.6. Since the inoculation level of S. 

cerevisiae in Brazilian bioethanol ranges from 10-15 % weight by volume[16, 35, 36], this is an 

important thing to consider when controlling LAB contamination. These results suggest that 
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adding antimicrobials to the must could be more effective than adding the same dose into the 

fermenter with the yeast.  The effect does not appear to specific to nisin only or penicillin only, 

because the nisin was the more effective against L. plantarum only and penicillin was more 

effective against the Mix. While both inhibit cell wall synthesis, the mechanisms are different. 

Nisin binds to Lipid II and can also result in pore formation in the cell membrane[37, 38]. 

Penicillin’s beta lactam ring binds to penicillin binding proteins blocking cell wall synthesis 

particularly at cell division[39].   When investigating the impact of sulfite and hydrogen peroxide 

on sugarcane ethanol contaminants Chang et al, saw a similar effect, and postulated that it might 

be due to reduction of reactive oxygen species due to the production of catalase by S. 

cerevisiae[40].  An opposite effect was seen with virginiamycin where it was effective in 

presence of yeast but after 48 hours in wheat mash, bacteria only samples grew, the antibiotic 

was less effective [41].  

 The different effects seen in the co-cultures of yeast and bacteria and the bacteria only 

controls emphasizes the importance of evaluating antimicrobials in conditions as close to the 

intended application.  We included a mix of representative bacteria because the studies of 

ethanol contaminants show diverse communities[3, 8, 20].  The overall reduction in CFU/ml of 

the Mix was not significantly different for the nisin compared to the penicillin, but a look at the 

species results showed that the less sensitive species to each microbial took the place of the 

sensitive species. L. paracasei was not impacted by nisin but was reduced slightly by penicillin.  

In Brazil, where recycling of the yeast also results in recycling of the bacterial contaminants[42], 

an antibacterial strategy which uses different treatments with different mechanisms of action may 

be more effective against a community where one species or two species insensitive or adapted 
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to the treatment may predominate at the end of the season like L. fermentum and L. vini in the 

Lucena survey of Brazilian distilleries[3].  

 While the ethanol reduction by the contaminants selected did not reduce the untreated 

controls by more than a few percent, this model is still a viable method for testing antimicrobials 

and could optimized by using industrial contaminants, contaminants which reach 109 by the end 

of the fermentation in co-culture, or implementing a cell recycle step. Starting with an industrial 

grade S. cerevisiae at 108 CFU/ml, means that bacterial contaminants need to be industrial 

strength as well. Peng et al demonstrate ethanol inhibition by lactic acid bacteria when the LAB 

inoculum was 107 and the S. cerevisiae from baker’s yeast inoculation was 106  [38] . Bischoff et 

al also did not get ethanol reduction of greater than  2% in YPD even with industrial bacterial 

contaminants, when the initial inoculum of yeast and bacteria were both 107 but did see 

reductions when the medium was corn mash instead of YPD[26]. They note that the final 

CFU/ml of LAB in the corn mash reached 109, a log higher than the final CFU/ml in YPD.  The 

importance of the medium is shown in these two studies and that a higher yeast inoculation level 

decreases the impact of  LAB was discussed by Narendranrath and Power [37].  It is possible that 

by decreasing the yeast inoculation level to 107 or altering the substrate, the LAB discussed in 

this study could reduce ethanol, but it both of those changes would make the experimental 

conditions less similar to industrial conditions in Brazil.  

 

3.6 Conclusion 

 

 This model system with a 10% vol/vol S. cerevisiae JAY291 inoculation using sugarcane 

juice supplemented with 0.6% yeast extract in anaerobic agitated fermentations produced ethanol 

concentrations of 5.5% or greater and utilized 99.5% or more of sugars in twelve hours.  This 
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mimics Brazilian bioethanol fermentations and can be used to study the impact of antibacterial 

treatments.  Other treatments could include different amounts of nisin, combinations with 

monensin, muramidases like lysozyme, bacteriophage endolysins such as LysA2 or 

bacteriophage treatments.  

 The small cationic peptide nisin, reduced LAB contamination by a sugarcane isolate and 

in combination with penicillin decreased a Mix of LAB. Recent work showed that combining nisin 

improved the activity of  penicillin against Gram-positive bacteria, including strains with multiple 

antibiotic resistance genes[45].  Nisin is stable and active at low pH, so adding it to the acid wash 

step may be a way to shorten the treatment time resulting in less stress on the yeast and increase 

the effectiveness of the acid wash.  Another option to explore is evaluating whether nisin producing 

Lactococcus lactis could be added with the initial yeast inoculum to reduce the viability of the 

naturally present LAB. Because sugarcane juice is predominantly sucrose, the conditions are 

favorable for nisin production. In Lc. lactis nisin production and sucrose utilization have been 

shown to be genetically linked[46].   
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3.7 Tables and Figures 

 

Table 3.1 Bacterial strains. 

     

Strains Designation Peptidoglycan 

Chemotype[47] 

Lactic acid fermentation[48, 

49]  
Origin 

Aerococcus viridans 
ATCC 

11563 

A1α direct Obligately homofermentative Air sample 

           

Lactobacillus plantarum MJM 461 A1γ mesoDpm Facultatively heterofermentative Sugarcane juice 

Lactobacillus plantarum MJM 494 A1γ mesoDpm Facultatively heterofermentative Adapted 

Lactobacillus plantarum 
ATCC 

14917 

A1γ mesoDpm Facultatively heterofermentative Pickled cabbage 

 
    

Leuconostoc mesenteroides  
ATCC 8293 A3αL-Lys-L-Ser-L-Ala Obligately heterofermentative Foods 

Oenococcus oeni MJM 485 A3αL-Lys-L-Ala(Ser)-
L-Ser 

Obligately heterofermentative Hard Apple 
Cider 

Weissella confusa ATCC 

10881 

A3α L-Lys-Ala Obligately heterofermentative Adapted 

Weissella confusa MJM 493 A3α L-Lys-Ala Obligately heterofermentative  Sugarcane 

Weissella cibaria 
MJM 489 A3α L-Lys-L-Ser-L-Ala Obligately heterofermentative Sugarcane juice 

 
    

Enterococcus gallinarum gp MJM 488 A4α L-Lys-D-Asp Obligately homofermentative Sugarcane juice 

Enterococcus gallinarum 
ATCC 

49573 

A4α L-Lys-D-Asp Obligately homofermentative Chicken 

intestine 

Lactobacillus brevis ATCC 
14869 

A4α L-Lys-D-Asp Obligately heterofermentative Human feces 

Lactobacillus casei ATCC 393 A4α L-Lys-D-Asp Facultatively heterofermentative Dairy 

Lactobacillus delbrueckii ATCC 9649 A4α L-Lys-D-Asp Obligately homofermentative Sour grain mash 

Lactobacillus paracasei 
ATCC 

25598 

A4α L-Lys-D-Asp Obligately homofermentative Milking 

machine 

Lactobacillus paracasei MJM 492 A4α L-Lys-D-Asp Obligately homofermentative Adapted 

Lactobacillus rhamnosus  ATCC53103  A4α L-Lys-D-Asp Facultatively heterofermentative Human feces 

Lactococcus lactis ATCC 

19257 

A4α L-Lys-D-Asp Obligately homofermentative Dairy 

Pediococcus acidilactici MJM 231 A4α L-Lys-D-Asp Obligately homofermentative Goat  rumen 

Pediococcus damnosus ATCC 

29358 

A4α L-Lys-D-Asp Obligately homofermentative 

  Lager beer yeast 

     

Lactobacillus fermentum ATCC 9338 A4β L-Orn-D-Asp Obligately heterofermentative Not specified 

     

Lactobacillus ghanensis MJM 487 Undetermined Homofermentative (in sugarcane 
juice)  

Hard Apple 
Cider 
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Table 3.2 Saccharomyces cerevisiae strains 

Strains Designation Description  References 

Saccharomyces cerevisiae D452-2 Lignocellulosic strain [27] 

Saccharomyces cerevisiae  JAY291 PE-2 Derivative [50] 
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Figure 3.1. S. cerevisiae D452-2 (a) and JAY291 (b) growth curves in sugarcane juice pH 5.5 

diluted to 6% total sugars (SC-6) with and without 0.6% yeast extract (YSC-6). (a) The original 

S. cerevisiae strain tested, D452-2, which grew poorly in sugarcane juice (SC-6) improved 

significantly with the addition of 0.6% yeast extract (YSC-6); (b) JAY291 grew well in SC-6 and 

improved in YSC-6   

 

(a) 

 
(b) 
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Table 3.3 Comparison of growth of S. cerevisiae JAY291 in different media. The addition of 

0.6% yeast extract increased the maximum OD to levels approaching the max OD with YPD and 

decreased the doubling time compared to SC-6 

 

 

Media 

Lag 

Time 

(hours) 

Max 

Specific 

Growth 

Rate 

(1/hours) 

Doubling 

Time 

(hours) 

Max 

OD 

Median 

OD 

Delta 

OD Replicate R^2 SSE RMSE 

SC-6 4.1 0.15 4.74 1.39 1.39 1.36 1 0.9967 0.0437 0.0279 

SC-6 2.24 0.12 5.76 1.36 1.35 1.29 2 0.9968 0.0327 0.0240 

YSC-6 3.04 0.19 3.7 1.63 1.63 1.59 1 0.9972 0.0472 0.0288 

YSC-6 3.18 0.2 3.4 1.63 1.61 1.57 2 0.9992 0.0134 0.0155 

YPD-6 2.45 0.18 3.89 1.65 1.65 1.58 1 0.9980 0.0314 0.0235 

YPD-6 2.18 0.22 3.2 1.71 1.7 1.63 2 0.9977 0.0348 0.0247 
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Figure 3.2 Growth of LAB in sugarcane juice 6 percent sugars (SC-6); and with the addition of 

0.6 % yeast extract (YSC-6). Wild-type LAB strains of the same species shown to inhibit ethanol 

barely grew in SC-6. The best growth was by W. confusa ATCC 10881, which was originally 

found on sugarcane and deposited with the ATCC.  b) Similar to the results seen with S. 

cerevisiae, faster growth and higher maximum OD readings resulted when 0.6 yeast extract was 

added to the sugarcane juice. However, this maximum OD of these LAB is still half of the 

maximum OD of S. cerevisiae JAY291 in the same time frame. 
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Figure 3.3 Growth of adapted strains in YSC-6 compared to wild-type strains: a) W. confusa b) 

L. paracasei; and c) L. paraplantarum. (a) W. confusa produced more exopolysaccharides after 

adaptation, but did not show an in OD. (b) L. paracasei successively passed in YSC-6 

demonstrates higher maximum OD and faster growth compared to the wild-type L. paracasei;  

(c) L. paraplantarum isolated from clarified sugarcane juice (total sugars 12.5% and pH 7.6) 

grew to higher maximum OD after successive passes in YSC-6 (6 percent sugars, pH 5.5) 
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Table 3.4 Minimum inhibitory concentration (MIC) for lysozyme, mutanolysin and nisin in spot 

on lawn assay 

     

Strains Designation Lysozyme  Mutanolysin  Nisin  

Aerococcus viridans ATCC 11563 < 1,250 μg/ml 250 μg/ml < 4 μg/ml 

     

Lactobacillus paraplantarum MJM 461 >10,000 μg/ml >500 μg/ml 32 μg/ml 

Lactobacillus paraplantarum MJM 494 >10,000 μg/ml >500 μg/ml 32 μg/ml 

Lactobacillus plantarum ATCC 14917  2500 μg/ml >500 μg/ml 16 μg/ml 

     

Leuconostoc mesenteroides  ATCC 8293 >10,000 μg/ml >500 μg/ml 32 μg/ml 

Oenococcus oeni MJM 485 < 1,250 μg/ml >500 μg/ml 32 μg/ml 

Weissella confusa ATCC 10881 >10,000 μg/ml >500 μg/ml 32 μg/ml 
Weissella confusa MJM 493 >10,000 μg/ml >500 μg/ml 32 μg/ml 

Weissella cibaria MJM 489 10,000 μg/ml >500 μg/ml 32 μg/ml 

     

Enterococcus gallinarum  MJM 488 < 1,250 μg/ml >500 μg/ml 32 μg/ml 

Enterococcus gallinarum ATCC 49573 >10,000 μg/ml >500 μg/ml 16 μg/ml 

Lactobacillus brevis ATCC 14869 2500 μg/ml >500 μg/ml 16 μg/ml 

Lactobacillus casei ATCC 393 10,000 μg/ml >500 μg/ml < 4 μg/ml 

Lactobacillus delbrueckii ATCC 9649 >10,000 μg/ml >500 μg/ml 16 μg/ml 

Lactobacillus paracasei ATCC 25598 >10,000 μg/ml  >500 μg/ml 16 μg/ml  

Lactobacillus paracasei MJM 492 >10,000 μg/ml  >500 μg/ml 32 μg/ml  

Lactobacillus rhamnosus  ATCC53103  >10,000 μg/ml >500 μg/ml 32 μg/ml 

Lactococcus lactis ATCC 19257 >10,000 μg/ml >500 μg/ml 16 μg/ml 

Pediococcus acidilactici MJM 231 >10,000 μg/ml >500 μg/ml 8 μg/ml 

Pediococcus damnosus ATCC 29358 10,000 μg/ml >500 μg/ml < 4 μg/ml 

     

Lactobacillus fermentum ATCC 9338 5,000 μg/ml >500 μg/ml 8 μg/ml 

     

Lactobacillus ghanensis MJM 487 5,000 μg/ml >500 μg/ml 32 μg/ml 

     

Saccharomyces cerevisiae   D452-2 >10,000 μg/ml >500 μg/ml >32 μg/ml 

Saccharomyces cerevisiae   JAY291 >10,000 μg/ml >500 μg/ml >32 μg/ml 
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Figure 3.4 Comparison of final CFU/ml of L. paraplantarum alone and with S. cerevisiae 

When the starting inoculation level of L. paraplantarum was 109, the CFU/ml at the end of 

fermentation decreased even without treatment in the presence of S. cerevisiae.  
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Figure 3.5 Bacteria only control CFU/ml for L. paraplantarum contaminated fermentations, 

impact of antimicrobials for L .paraplantarum bacteria only controls. In the bacteria only 

controls the penicillin alone and in combination with nisin resulted in average log CFU/ml 

reductions of L. paraplantarum ranging from 1.6 log to 4.6 log. In the bacteria only controls, the 

reduction by nisin was not significantly different from the untreated.  Different letters above the 

treatment indicate that the P value was < 0.05 when comparing those treatments 
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Figure 3.6 L. paraplantarum CFU/ml in co-culture with S. cerevisiae JAY291. In the two 

fermentations with L. paraplantarum as the only contaminant, a different impact of the 

treatments occurred in co-culture.  In fermentation 1, with a S. cerevisiae initial inoculation of 

8.8 x 107 (lilac bars), larger CFU/ml reductions occurred.  Less impact of nisin and the 

combinations with nisin resulted in fermentation 2 (purple bars) when the yeast inoculation level 

was higher 2.1 x108.  Different letters above the treatment indicate that the P value was < 0.05 

between those treatments. 
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Figure 3.7 Log reduction of CFU/ml of Mix in Mix only controls (blue bars) and Mix co-

cultured with S. cerevisiae (orange bars). With the Mix of 5 LAB as contaminants, there is a 

greater impact of the antibacterial treatments in the bacteria only controls (blue bars) compared 

to when the bacteria are cultured with S. cerevisiae (orange bars). Also against the Mix of 5 

bacteria, the most reduction in total CFU/ml resulted from the penicillin and the combinations of 

nisin and penicillin. Different letters indicate a P value <0.05 between those treatments. 

 Penicillin and penicillin/nisin mixtures have more effect in the Mix bacteria only controls 

compared to the co-cultures with S. cerevisiae JAY291 
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Figure 3.8 Reduction of CFU/ml of the Mix of bacteria in co-culture with S. cerevisiae by 

different treatments on the five separate strains. The Mix (green bars) contained 5 LAB, L. 

fermentum (blue bars), L. ghanensis (orange bars), L. paracasei (grey bars), W. confusa (yellow 

bars) and L. paraplantarum (purple bars). L. fermentum and L. ghanensis showed the most 

sensitivity to all treatments. Nisin did not reduce L. paracasei which overall was the least 

impacted by any of the treatments. Different letters above the strains indicate that the P value 

was < 0.05 when compared other strains receiving the same treatment.  
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Figure 3.9 Mix contaminated fermentations, ethanol and lactate concentration after twelve hour 

fermentation. Ethanol and lactate concentrations from the fermentations showed ethanol 

concentrations of 54 g/L or higher produced by S. cerevisiae JAY291. The JAY291 untreated 

and treated with 250 μg/ml nisin and 2 μg/ml penicillin had slightly lower ethanol concentrations 

than the JAY291 contaminated with the Mix of bacteria, even though the Mix only control 

produced 0.26 g/L ethanol. The combination treatments had the highest ethanol concentrations 

and lowest lactate concentrations. With the highest combination treatment, the lactate present 

was only slightly higher than the JAY291 only controls.    
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CHAPTER 4 SUMMARY AND FUTURE DIRECTIONS 

 

 

4.1 Summary and future directions 

  First generation biofuels like ethanol from corn and sugarcane have been 

established as viable alternatives to petroleum based fuels.  In Brazil, more than 90 percent of 

passenger vehicles are flex fuel which can run on mixtures of ethanol and gasoline[2,9]. To 

remain competitive, bioethanol plants need to successfully control contaminants which reduce 

ethanol production.  Alternative bioethanol production from non-food substrates also depends on 

plant material as the primary substrate and will likely encounter similar bacterial contamination 

problems[27,95].  Lactic acid bacteria have been linked to ethanol inhibition and the protocols 

developed in this work can be used to further understand the mechanisms of inhibition and 

antimicrobial strategies to minimize the impact of contamination. While several theories of why 

lactic acid bacteria inhibit ethanol production by S. cerevisiae have been suggested, there is a 

lack of agreement on the mechanism or mechanisms. This system could be used to take a closer 

look at the impact of heterofermentative vs homofermentative metabolism, competition for key 

nutrients and CFU/ml levels related to ethanol reduction in the conditions encountered in Brazil.  

Nisin alone and in combination with penicillin reduced the levels of susceptible 

contaminating bacteria in sugarcane juice under conditions similar to Brazilian bioethanol 

distilleries.  Further research on the use of nisin could include using purified nisin rather than 

Nisaplin® which has high sodium content; combining nisin and monensin, and adding the nisin 

to shorten the acid wash step.  

 Adding a cell recycling step to this model system could provide valuable insight on how 

levels of contamination change with cell recycle and what strains predominate.  Further, adding 
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an acid wash with dilute sulfuric acid would enable future researchers to evaluate the efficacy of 

the acid wash and investigate LAB adaptation to the acid and fermentation conditions.    

 Finally, to truly tackle the problem of contamination in bioethanol by bacteria, more 

emphasis should be put on understanding the impact of antimicrobial strategies against a 

community rather than a single strain. Protocols to investigate this should look more to the model 

of food contamination control studies where cocktails of strains are used for validation of 

antimicrobial treatments rather than looking to the methods used to tackle human infections. 
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