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ABSTRACT 

The fields of biodiesel and bioethanol research and development have largely developed 

independently of one another. Opportunities exist for greater integration of these 

processes that may result in decreased costs of production for both fuels.  

 To that end, this work addresses the use of the starches and glycerol from 

processed algal biomass as substrates for fermentation by the yeasts Saccharomyces 

cerevisiae and Pachysolen tannophilus, respectively. Ethanol producers commonly 

employ the former yeast for ethanol production and include the latter yeast among 

candidate species for cellulosic ethanol production.  

A simple 95% ethanol extraction at 70⁰C followed by sulfuric acid hydrolysis at 

121°C and 2 atm proved a sufficient pretreatment for S. cerevisiae fermentation of starch 

from Chlamydomonas reinhardtii mutant cw15. The maximum rate of ethanol production 

was observed as 14 mL/g-h and a maximum concentration of 0.9 ± 0.01% (m/v) was 

observed by 28 hours. Some starch appeared invulnerable to hydrolysis.  

P. tannophilus fermentation of glycerol, both independently and among mixed 

substrates, was likewise demonstrated. It was found that glucose consumption preceded 

that of glycerol and xylose, but that the latter two substrates were consumed concurrently. 

Under aerobic, batch conditions, the maximum specific growth rate of the species on a 2% 

glycerol substrate was observed as 0.04/hr and the yield coefficient for conversion of 

glycerol to ethanol was 0.07 g/g. While the maximum observed concentration of ethanol 

in the glycerol-only fermentation was 0.1% m/v, that in mixed media containing 2% each 

glucose, xylose, and glycerol was 1.5%. 
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Also investigated here was the flocculation of a mutant species of the algae C. 

reinhardtii by a combination of methanol and calcium. Algae harvest is typically an 

energy-intensive process, but the technique demonstrated here is not. Complete 

flocculation of cells was observed with only 5 minutes of mixing and less than 10 

minutes of settling using 12 mM CaCl2 and 4.6% methanol. Ethanol was observed to 

operate in the same capacity, intimating another area in which yeast bioethanol and algal 

biodiesel processes might enable one another. During growth, either an inhibitor of 

flocculation was produced or a facilitator was consumed. 
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INTRODUCTION 

According to current figures, the transportation sector now demands more than 27 

quadrillion BTU of delivered energy in the U.S., making it the most energy-intensive 

sector of the economy [1]. Despite the passage of more exacting fuel efficiency standards 

on automobiles, this demand is projected to rise to 31.8 quadrillion BTU by 2035 [ibid]. 

Petroleum-based fuels account for 94% of the supply for this sector [2].    

 Against the backdrop of this demand, many express deep concern over both the 

rising atmospheric carbon dioxide concentrations caused, in part, by human fuel 

consumption and the geopolitical consequences of our dependence on oil [3], [4]. 

Combined, these forces have compelled a move away from petroleum-based fuels toward 

domestically generated ones that leave a smaller carbon footprint [5].  One such 

alternative is the production of fuels from crops and microorganisms--fuels collectively 

known as biofuels.     

 Biofuels such as biodiesel, bioethanol, and biohydrogen derive from organisms in 

the active ecosphere, whereas petroleum fuels derive from exhumed organic matter from 

ancient times. In theory, the combustion of carbon that already participates in the above-

ground carbon cycle will raise atmospheric CO2 levels less than will burning that which 

is sequestered underground. Driven by such thinking, a national effort has supplemented 

the 94% of transportation energy from petroleum with 3% from renewable sources, 

primarily biofuels [2]. By 2030, given the conservative assumption that global oil prices 

will only rise to $130 per barrel, it has been projected that the percentage of global 

demand met by biofuels will rise from its current 0.8% to nearly 6% [4]. (The current oil 

price as of this writing is $113 per barrel.) 
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 Unfortunately, political and economic forces have popularized the use of 

resource-intensive crops (e.g. corn) as feedstocks for bioethanol processes [6]. A careful 

accounting of the total carbon budgets and ecological impacts of these processes 

sometimes contraindicates their practice [7]. As one example, it has been estimated to 

take 48 years to pay the carbon debt accrued by converting even abandoned U.S. 

cropland to farmland dedicated to growing corn for bioethanol [8]. Such time horizons lie 

far beyond the 2030 target date to realize the carbon reductions encouraged by the 

Intergovernmental Panel on Climate Change's (IPCC) 2008 report [4].  Furthermore, 

fuels derived from food crops such as corn and soy pose concerns regarding food price 

inflation, land use, habitat destruction, and water consumption [8-10].  

 In response to some of these issues, a host of "second-generation" biofuel sources 

have been developed. The sugars and oils of non-food crops, such as sweet sorghum and 

jatropha, have been converted to biofuel [11], [12]. In addition, cellulosic materials from 

agricultural "wastes" and grasses have been studied as feedstocks for ethanol production 

[13], [14]. However, there simply is not enough land on the planet to grow enough of 

these crops to meet global fuel demand [15].  

 As a result, increased attention has been paid to algae as a source of "third-

generation" biofuels [16]. It is, in fact, possible to dedicate enough land to algaculture to 

meet global fuel demand [15]. (Whether other inputs are sufficiently available is another 

matter.)  Globally, about 5000 tons of dry algae are produced annually, not so much for 

biofuels but to generate nutriceuticals, chemicals, foods and food supplements [17]. 

Algae are perhaps the most attractive organisms from which to produce biodiesel because 

they grow at high density and accumulate high concentrations of convertible lipids as 

compared to higher plants [21]. The algae farms of the near future are projected to 
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produce 100,000L/ha-yr of biodiesel, a productivity that dwarfs that of all other biodiesel 

technologies [15]. 

 In the biofuels context, algae are primarily thought of as highly efficient 

producers of the oils necessary to make biodiesel, but they are also used to produce 

bioethanol as a metabolite [18], and they can accumulate significant amounts of sugar 

biomass which can be converted to ethanol [16]. In addition, considerable amount of 

research has demonstrated algal production of biofuel gases, including bio-methane and 

bio-hydrogen [19], [20]. Finally, algal biomass can provide a substrate for gasification, 

thermochemical liquefaction, pyrolysis, and direct combustion (for a review see [16]).  

 Despite this promise, more work must be done on decreasing the costs of 

generating algal biodiesel before it becomes a commonly used fuel. Numerous studies 

with inconsistent results have been published that try to pin a cost of production on algae 

biodiesel. A good summary of these results is presented in Schenk and will be reiterated 

here [15]. One study estimated a $52-91/bbl cost (2008 dollars) of producing 30-60 g/m2-

day algae with a 50% lipid yield in open ponds fed by either pure CO2 or that from a 

power plant [22]. Another study worked from the same infrastructure cost assumptions 

but utilized a different production scheme and arrived at a cost of $84/bbl [23]. This was 

modeled on a hybrid system (i.e. bioreactor-grown algae are inoculated into a larger-

volume pond) growing algae with a lipid yield of 35% to 70.4 g/m2-day productivity. 

While these studies are promising, they are perhaps optimistic. An Israeli company, 

Seambiotic Ltd., estimated that using algae presenting 40% lipid grown at 20 g/m2-day 

would equate to a cost of $126/bbl [24]. Another review by Gallagher et al. found an 

average cost of $199 a barrel of algae oil, as informed by three literature studies [25].  
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 The wide range of values, between $51-199 per barrel, stems from the variety of 

assumptions that authors made in their estimates. However, most studies agree that the 

cost of algae oil is currently greater than that of petroleum oil. In addition, these studies 

do not discuss the quality of the oil produced. Different algae present different lipid 

profiles under different nutritional conditions, and the type of lipid produced determines 

the quality of the resulting fuel [26]. The cost of producing quality algae oil undoubtedly 

adds to the above estimates. It is important, then, for researchers to reduce the costs of 

producing algae biodiesel if it is to become price-competitive with petroleum diesel.   

  The work presented in this dissertation seeks to lower both the economic and 

environmental costs of algae biodiesel production by integrating such a process with a 

yeast-driven bioethanol process. For context, a schematic overview of this integration is 

presented in Figure 1. The envisioned process is one of coerced mutualism. In nature, 

these species are not known for their mutualistic relationship, but in a controlled system 

such a relationship can be thrust upon them by turning the byproducts of one species into 

the nutrients of the other. For example, yeast produce a number of products that might 

benefit algae, including carbon dioxide, acetic acid, and yeast nitrogen base. The former 

two products are carbon substrates of some algae that are generated as a consequence of 

yeast fermentative growth, whereas the latter is a common nitrogen substrate for algae 

that is produced industrially from yeast biomass.  Likewise, algae biomass includes lipids 

that can be converted to diesel and starches that can (in theory) be converted to ethanol. 

The starches comprise glucose molecules, which are fermentable carbon substrates of the 

ethanol industry's standard yeast, Saccharomyces cerevisiae. The lipids, after conversion 
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to diesel, yield glycerol, which is itself a fermentable carbon substrate of another yeast 

[39].    

 Other groups have realized the benefits of pairing yeast and algae in a combined 

process. One group paired an algae photobioreactor (PBR) with a yeast fermentor to 

create a microbial fuel cell that helped power a combined biodiesel and bioethanol plant 

[27]. The large scale of the yeast fermentors combined with the relatively fast rate of 

yeast growth (compared to algae) generated enough carbon dioxide to supply several 

PBRs of algae. In addition, the PBRs were used as cathodic half-cells that were paired 

with the anodic half-cells provided by the fermentors. Each reactor was stuffed with an 

electrode packing and electron-transfer mediators were added to the microbial media. 

This created a fuel cell that met some of the power needs of the plant. There is also a 

media report of the use of carbon dioxide produced by yeast used in the fermentation of 

Glenturret scotch for the growth of algae for biofuel [28].    

 The work here focuses on three specific areas where yeast bioethanol and algae 

biodiesel processes might similarly intersect to their mutual benefit. The first involves the 

enhanced calcium flocculation of algae biomass with methanol, which can also be 

achieved with ethanol from yeast. The second area of focus is the fermentation of starchy 

algae biomass by yeast. The third is the fermentation of the glycerol byproduct of 

biodiesel production by yeast. The work done on these three areas might not only drive 

down the cost of each of the biofuel processes, but may also reduce their environmental 

impacts. 
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Figure 1. Integration of yeast bioethanol and algae biodiesel processes. Algae yielded 

lipid precursors for biodiesel and fermentable starches as substrates for the yeast. 

Transesterification of algae lipids to diesel also yields fermentable glycerol. Byproducts 

of yeast fermentation include CO2, yeast nitrogen base, and acetic acid (HOAc)—all 

nutrients for the algae. Exogenous inputs might include carbon, nitrogen, nutrients, etc. 
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a. Algal Flocculation 

Depending on the analysis, harvesting of algal biomass from water requires either the 

greatest or second greatest energy input in an algae biodiesel process [16, 29]. Reducing 

energy inputs of harvesting would reduce both the cost and the environmental impact. 

Targeting this goal, the first section of this work describes an inexpensive flocculation 

method for harvesting the green algae Chlamydomonas reinhardtii.  

  Flocculation is the agglomeration of cells for the purpose of settling them out of 

solution. It is often accomplished by the addition of salts whose charges unite the 

negatively charged cells into heavier conglomerates [30]. A number of literature studies 

have explored various methods of algal flocculation over the past several decades. Tenny 

et al. tested cationic, anionic and nonionic synthetic polyelectrolytes as flocculants for 

predominately Chlorophyta-contaminated wastewater [31]. They found that only the 

cationic species were effective at bridging across algal cells, and that flocculation 

proceeded best under low pH regimes (~ pH 3) and during the late-log phase of cell 

growth.   

 However, polyelectrolytes and metal salts can be problematic contaminants in 

downstream processes, so researchers have sought other options [30]. Sukenik et al. 

explained the role of calcium, and specifically that of the calcium:phosphorous ratio, in 

the alkaline precipitation of Scenedesmus falcatus [32]. In the presence of calcium, 

autoflocculation occurred when their media pH was adjusted above pH 8.5. X-ray studies 

suggested that it might be an increased portion of octacalcium phosphate among calcium 
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phosphate species that results in this effect. Concerned about the toxicity of 

polyelectrolytes to animals that might eat the harvested algae as feed, some groups have 

looked to chitosan (from chitin) as a flocculating agent instead [33, 34]. It has been found 

to be a highly effective flocculating agent at neutral pH of Spirulina, Oscillatoria, 

Chlorella, and Synechocystis [26]. However, residual chitosan from recycled media was 

found to cause premature flocculation in algae in growth-phase reactors, which is 

undesirable [ibid].    

 In the present work, calcium chloride was shown to effectively flocculate 

nitrogen-starved C. reinhardtii, but only at elevated pH (8.4). This concentration range is 

close to that found in seawater and much higher concentrations of calcium can be found 

in wastewaters such as leachate from landfills [35]. Thus, a commercial algae biofuel 

facility might need no additional flocculant beyond that which is already present in input 

process water.  

 Additionally, the use of methanol as a facilitator of flocculation was demonstrated. 

Methanol is a fully recoverable chemical (by low-temperature distillation), and its ability 

to displace some of the calcium required for flocculation could reduce the salination of 

process water. Enhancing flocculation with methanol also might permit greater variance 

in the process's influent calcium concentration. Interestingly, ethanol was also observed 

to enhance flocculation, suggesting the possibility that a product of yeast bioethanol 

production could be useful to an algae biodiesel process.  

 Flocculation was shown to be highly effective without pH adjustment of the 

nitrogen-starved media. However, in pH-neutral growth media, the same concentration of 

CaCl2 did not produce flocs. This suggested that calcium need not be removed from the 
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residual flocculation water prior to recycling it for more algae growth. Finally, it was 

demonstrated that either a flocculation inhibitor was produced or an enhancer was 

consumed during growth. 

 

b. Value-added Products from Algae 

A critical component to making algal biodiesel processes more cost-effective is to derive 

as much value as possible from the non-oleaginous, residual biomass [16]. While much is 

known about extracting valuable pigments and healthful fatty acids from algae [36], little 

attention has been paid to the fermentation of algal starches into bioethanol. There have 

been reports of researchers harvesting macroalgae for starches that were later fermented 

by yeast into ethanol [37], [38]. Most notably, one group harvested the macroalgae 

Saccharina latissima for its laminarin storage carbohydrates [37]. A slurry of this 

substrate was successfully fermented by S. cerevisiae in the presence of the enzyme 

laminarinase without further pretreatment.  

 The present study presents another way to integrate algal and yeast renewable fuel 

processes. Namely, biomass from the microalgae C. reinhardtii mutant, cw15, was 

treated by ethanol extraction followed by acid hydrolysis to liberate sugars bound in 

starch.  (Originally, the faster-growing Chlorella protothecoides was studied; however, 

we found it very difficult to maintain mixotrophic cultures of this species free of 

contamination.) This extraction proved sufficient for removing the starches, in large part 

because this mutant lacks a cell wall and is thus susceptible to simple chemical 
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extractions rather than more energy-intensive mechanical extractions. It was further 

demonstrated that S. cerevisiae can ferment this hydrolyzed biomass quite effectively. 

There are apparently no other studies on the fermentation of microalgal starch in the 

literature. 

 Another area where co-generation of algae biodiesel and yeast bioethanol might 

benefit each process is in the reuse of glycerol. The present work addressed the 

fermentation of glycerol by the yeast Pachysolen tannophilus.  Glycerol is produced in 

abundance in the conversion of triacylglycerides to diesel fuel [39]. A sui generis report 

from the 1980s literature demonstrated that P. tannophilus can convert glycerol into 

ethanol, albeit at low yields [40]. In that work, the yeast was found to convert glycerol 

under “semiaerobic” conditions, but not under anoxic conditions. Semiaerobic was 

imprecisely defined as meaning that the Erlenmeyer flasks in which the yeast were grown 

were only loosely capped, thus permitting limited gas exchange with the ambient 

environment. Regardless, the study did find that under non-anaerobic conditions, P. 

tannophilus converted 2% (w/v) glycerol to roughly 0.4% ethanol over a period of 72 

hours with a yield of 0.2 g ethanol/g glycerol. P. tannophilus is a candidate species for 

the conversion of cellulosic biomass into ethanol, so it was of interest to study whether 

glycerol "waste" from algae biofuel processing could supplement the sugars (glucose, 

xylose) commonly observed in cellulosic fermentations. 

 While our early work failed to confirm the ability of the species to ferment 

glycerol, we had success after we stopped pumping oxygen into the cultures. Glycerol 
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fermentation both alone and in a heterogeneous milieu of sugars was demonstrated here. 

Furthermore, it was shown that, when presented with a mixed substrate of glucose, 

glycerol, and xylose, P. tannophilus will consume first glucose, then xylose and glycerol. 

The latter two substrates are consumed concurrently, but the rate of xylose consumption 

is greater. 

 In sum, this work sought to improve techniques of algal harvesting and add 

another value-added product (ethanol) to the economic profile of algae biodiesel. A 

further goal of the work was to incite thinking about how biodiesel and bioethanol 

production processes might be integrated to the benefit of each. Importantly, the 

generation of as many process inputs as possible on-site means that these materials do not 

need to be transported to the site and that the overall process is less vulnerable to price 

shocks in the broader commodities market.  

 Though this work contributes to the study of co-generation of these fuels, several 

important areas are not addressed. Specifically, further work is required to determine the 

productivity of yeast biomass, carbon dioxide, and acetic acid during fermentation in both 

batch, fed-batch and continuous systems. These products each can provide import 

substrates for algal growth. With these data in hand, mathematical models of integrated 

processes can be developed and estimates of the energy and materials offset provided by 

integrating the systems can be derived.  
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PRESENT STUDY 

Overall Summary 

The three topics addressed in this dissertation are 1) the calcium/methanol induced 

flocculation of wall-deficient mutant cells of C. reinhardtii cw15, 2) the hydrolysis and 

fermentation of the starchy biomass of cw15 by S. cerevisiae, and 3) the conversion of 

glycerol to ethanol alone and in mixed-substrate media by P. tannophilus. The primary 

goals of the research were to demonstrate potential benefits of integrating yeast 

bioethanol and algal biofuel processes and to develop methods that might reduce the cost 

of producing algae biodiesel.  

 In the flocculation study, it was shown that cw15 flocculated readily from TAP 

medium with the addition of calcium chloride at pH 8.4, and that some of the calcium 

flocculant could be replaced with methanol. The alcohol alone did not flocculate the 

algae, but it is an easily recoverable (via distillation) substitute for a portion of the 

calcium. The same combination of chemicals did not induce flocculation in wildtype cells, 

perhaps because these cells have flagella and, thus, are motile. Nor did CaCl2 flocculate 

cw15 cells at neutral pH, suggesting that the requisite calcium for flocculation can be 

conveniently provided by influent process water. 

 It was further discovered that, from the point of view of flocculation, it was better 

to remove nitrogen from the algal medium by medium replacement than it was to simply 

allow the cells to exhaust their nitrogen supply. This was likely because the cells either 

generated an inhibitor or consumed a promoter of flocculation during growth. However, 

it was noted that medium replacement is only possible with cell harvest. This underscores 

the importance of understanding and controlling the mechanism of diminished 

flocculation in growing cultures. 
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 The partial substitution of methanol for calcium may reduce the salination of 

process water so that it is purer for downstream applications. It may also provide a more 

flexible response to variance in influent calcium concentrations. Our observations suggest 

that ethanol might be substituted for methanol to similar effect. Thus, the primary product 

of yeast fermentation could play a role in the harvesting of algae for biofuel. 

 The work also has broader implications. This appears to be the first report of the 

use of a lower alcohol to enhance flocculation. Flocculation is a common water-treatment 

technique, and further study of the application of lower alcohols to such processes is 

suggested. Future work will be required to determine the mechanism by which lower 

alcohols promote flocculation by calcium and whether higher concentrations of alcohol (> 

4.6%) might effectively replace more calcium. Further work is also needed to determine 

the agent of diminished flocculation in growth media, and whether nutritional conditions 

affect its production/consumption by growing cells. Additionally, the effects of such 

variables as cell concentration, culture media types (particularly high salt), stir rates, 

temperature and pH should be explored in this system and across species of algae.  

 With regard to the second topic of this dissertation, it was shown that the starchy 

biomass of the wall-deficient cells of cw15 could be purified by hot, 95% ethanol 

extraction to the point that only acid hydrolysis was required before fermentation by S. 

cerevisiae. Casual observation suggested that the biodiesel precursor triacylglycerides 

were extracted by the hot ethanol, and further study should address this. Eight rounds of 

acid hydrolysis at 121° C, 2 atm, in pH 1.5 sulfuric acid converted much of the available 

starch into fermentable sugar. Production of acetic acid, a known fermentation inhibitor, 

was not detected. A sizable fraction of the algal starch was not broken down by 

hydrolysis.  
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In fermentations, a maximum ethanol production rate of 14 ± 0.01 mL/g-h was 

observed and fermentation was complete in about 24 hours. The maximum observed 

concentration of ethanol was between 0.8 - 0.9% (m/v). Glycerol was apparently 

produced as a byproduct in a 1:1 gram-to-gram ratio with ethanol, though the compound's 

identity must be confirmed by a more definitive method than HPLC, as used here.  

 This field of research is in its infancy, and further investigation is warranted on 

many fronts. Methods for better carbohydrate profiling of the hydrolyzed biomass are 

necessary to quantify important parameters such as yield coefficients and rates of 

consumption. Larger scale biomass production is needed to enable repetition of these 

results and to conduct fermentations in the larger volumes of controlled reactors. Much 

work could be done on the starch purification methods, especially in the area of ethanol 

extraction of triacylglycerides. Alternate protocols for degradation of starch into 

fermentable sugars, perhaps including digestion by alpha-amylase, must be studied. 

Comparisons of fermentations of starch from other species of algae grown under various 

conditions are necessary. Methods for starch storage must be developed. All of these 

avenues must be pursued before a calculation can be made of the economic costs and 

benefits of using algal starch as a source of bioethanol. 

 The final area of inquiry of this dissertation confirmed that the yeast Pachysolen 

tannophilus is capable of fermenting glycerol. The yeast is a candidate species for the 

conversion of cellulosic material to ethanol. This work demonstrated that glycerol was 

consumed simultaneously with xylose by the species, and only after glucose was depleted.  

 Glycerol (2%) was fermented under aerobic, batch conditions to yield a final 

ethanol concentration of 0.1%. The maximum specific growth rates and gram-to-gram 

ethanol-from-substrate yield coefficients were 0.04/hr and 0.07 g/g, respectively. Xylose 
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(2%) cultures yielded the same final concentration of ethanol, which is low compared to 

prior studies. This suggests that better results for the conversion of glycerol to ethanol 

might be obtained through optimization of fermentation conditions. Prior research by 

other groups suggests that careful control of oxygen flow and pH are of paramount 

importance in this regard. Ethanol production from a mixture of 2% each glucose, 

glycerol and xylose outperformed any of the substrates fermented alone, including 

glucose, in terms of the gram-to-gram yield coefficient.  

 Future research should examine whether the addition of glycerol to mixtures of 

cellulosic hydrosylates yields similar results. Also, demonstration of the use of crude 

glycerol in place of the purified preparation of these experiments would make the results 

more attractive to industry. If this could be demonstrated, a product of the algae biodiesel 

production process could find a valuable niche in the bioethanol industry.  

 

 

 

 

 

 

 

 

 



29 

Conclusions and Recommendations 

The conclusions of this research were as follows: 

 

1. Algae starch from the C. reinhardtii mutant cw15 was a viable substrate for 

fermentation to ethanol by the yeast S. cerevisiae. 

2. Not all of the starch obtained from cw15 was easily hydrolyzed in acid, but 

much of it was. 

3. cw15 was readily flocculated for harvest by calcium, but only in fresh or  

nitrogen-free medium and only at elevated pH (8.4). Calcium need not be 

removed prior to water recycling for further algae growth.  

4. Methanol was a facilitator of calcium-induced flocculation of cw15 and could 

replace some portion of the calcium needed for flocculation. 

5. The yeast P. tannophilus was capable of fermenting glycerol, both alone and in 

admixtures of glucose, xylose and glycerol. The addition of glycerol and xylose to 

a glucose fermentation by this species appears to improve ethanol yields. 

 

A general effort to integrate algae biodiesel and yeast bioethanol processes should be 

launched. There are numerous ways in which these two systems might facilitate the other. 

For example, carbon dioxide from the yeast could be used as a carbon source for the 

algae, which would reduce the carbon footprint of fermentation operations. Yeast 

nitrogen base, which is a product of yeast biomass, is a preferred nitrogen source for 

many algae. Ethanol produced by yeast can be used as a transesterification reagent for 

converting algal lipids to diesel. Oxygen generated by algae can be used in aerobic 

fermentations of cellulosic material and glycerol. Acetic acid produced as a fermentation 

byproduct can be used as a carbon source for mixo- or heterotrophically grown algae. 
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Transgenic antibiotics produced by yeast might be used to keep algal cultures free of 

contaminants, and vice versa.  It is hoped that this research will inspire these and other 

ways to cogenerate biofuels more economically and in a more environmentally sound 

fashion.  
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APPENDIX A 

FLOCCULATION OF WALL-DEFICIENT CELLS OF CHLAMYDOMONAS 

REINHARDTII MUTANT CW15 BY CALCIUM AND METHANOL 

 

 
Abstract 

Flocculation is a common and inexpensive method for harvesting algae from solution. 

After nitrogen starvation, it was shown that 83 ± 3% of the wall-deficient cells of the cw 

15 mutant of Chlamydomonas reinhardtii flocculated from 12 mL samples within 15 

minutes after the addition of 15 mM calcium chloride at pH 8.4. Only 24 ± 2% of the 

wildtype strain flocculated under these conditions, thus demonstrating how a simple 

mutation might facilitate process design. The data suggested that algae grown in waters 

with similar calcium concentrations (e.g. certain wastewaters) might be harvested through 

simple pH adjustment. It was also discovered that the addition of small amounts (< 5% 

v/v) of methanol could significantly reduce the calcium needed to achieve flocculation. 

Within 15 minutes after addition of 12 mM calcium chloride and 4.6 % (v/v) methanol, 

83 ± 4% of cw15 cells flocculated. Methanol is fully recoverable by distillation, and its 

use might enable flocculation without further water salinization when media calcium 

concentrations fall short of 15 mM. This novel, partial substitution of methanol for salt 

was desirable because methanol is fully recoverable by distillation and does not salinate 

process water. It was further shown that substrates for and/or products of cellular growth 

affected flocculation adversely. Nearly 81% of cells flocculated from fresh medium 

compared to only 54% in spent medium. 
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1. Introduction  

Algae are widely considered among the premier candidate organisms for the production 

of biofuels. Researchers have coaxed numerous species into generating biodiesel [1-5], 

biohydrogen [6], biomass for burning [7], and even bioethanol [8] with results that 

compare very favorably to generating fuels from higher plants.  

 The algal species Chlamydomonas reinhardtii had previously been disfavored for 

biodiesel production on account of its minimal accumulation of the triacylglyceride 

(TAG) precursors required for diesel production [9], [10]. However, under nitrogen 

starvation conditions, TAG production was recently demonstrated to increase 15-fold in 

wildtype and 30-fold in the cw15 sta6 mutant to levels competitive with other species. 

These TAGs comprised mostly unsaturated and monounsaturated fatty acids with chain 

lengths of 16-18 carbons, which should yield a good quality biodiesel [9]. 

  Though other species of algae have proven to be more efficient producers of 

TAGs, C. reinhardtii mutants cw15 and cw15 sta6 offer some distinct advantages. Firstly, 

C. reinhardtii is one of the best characterized of all algal species [11], [12]. Its 

physiology has been explored extensively, it has a fully sequenced genome, and it has 

proven amenable to genetic engineering. Secondly, the aforementioned mutants have no 

cell wall [9]. Algal cell walls provide not only a barrier against the environment, but also 

against engineered processes aimed at TAG extraction. The absence of this barrier would 

likely make TAG extraction substantially easier than in microalgae with intact cell walls. 

This has, in fact, been demonstrated in cw15 and cw15 sta6, where lipid bodies are 

excreted upon drying [9]. 
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 Numerous techniques have been employed to harvest algae from solution, 

including flocculation [13-16], ultrasonic aggregation [17], centrifugation [18], froth 

flotation [19], filtration [20] and simple settling. Each has characteristics that become 

more salient in particular situations. Centrifugation, for example, is fast and highly 

effective, but also energy intensive and not economically viable for unicellular algae [21]. 

Settling is often slow and only works on larger diameter cells, but requires no energy 

input [22]. 

 Flocculation refers to a conjoining of particles or cells in a suspension, usually 

initiated by a coagulant. It is a common water treatment technique for removing 

contaminants from solution and can be used as a stand-alone process or as a pretreatment 

prior to centrifugation. A number of coagulants have been used to target specific 

algaculture solutes, including multivalent metal salts, polyelectrolytes, and chitosan [13], 

[16], [19]. Flocculation can also be achieved in some species by altering environmental 

conditions, such as increasing pH [23]. 

 Choosing the appropriate flocculating agent for an algae biodiesel process 

requires an appreciation for the overall process if the environmental and economic costs 

are to be minimized. For example, increasing pH (usually to 10 or higher) may induce 

algal flocculation, but the supernatant must be neutralized before it is recycled or released 

into the environment. Water salination is a major concern of water planners, so avoiding 

the use of neutralizing acids and coagulating salts is environmentally judicious [23].  

Additionally, residual coagulant can complicate water recycling. Divikaran and Pillai 

(2002), for example, found that residual chitosan from the filtered supernatant of a 

flocculated algal culture continued to flocculate algae in cultures grown later in the 

recycled water [14]. 
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 Trial and error led us to discover that calcium chloride works effectively as a 

flocculant of cw15. Sukenik noted that at elevated pH (pH 9), calcium co-precipitates 

with the algae Scenedesmus falcatus [15]. The calcium-induced precipitation we 

observed took place at pH 8.2-8.4 in a medium that also contained phosphate. Serendipity 

further revealed to us that methanol could replace some of the calcium needed to 

flocculate cw15. Unlike other coagulants, methanol is fully and easily recoverable from 

aqueous media through distillation and is typically on-hand in biodiesel processing 

facilities (for the transesterification of TAGs to diesel). The objectives of the current 

study, then, were to characterize the flocculation of cw15 and wildtype cells using 

various combinations of calcium chloride and methanol. We also sought to determine 

whether any inhibitors of flocculation might exist in the algae medium. 

 

2. Materials and Methods 

2.1 Cell Culture.  

Wildtype (C137) and cw15 (CC-4349) C. reinhardtii were obtained via the Chlamy 

Center at Duke University. In all experiments, cells were grown with stirring in flat-sided, 

1 L flasks (Corning) of tris acetate/phosphate medium until they reached a chlorophyll 

concentration of 20-25 mg/L. Cells were then transferred to a set of 50 mL conical tubes 

(Falcon) and centrifuged at 1200 g for 5 min (Eppendorf). They were then diluted and 

kept in nitrogen-free TAP media to a concentration of 16-18 mg/L for 48 hours. Initial 

media pH was adjusted to 6.8 with HCl in both types of media prior to autoclaving. Cool 

white fluorescent lighting of 100 ± 10 µmol/m2/s2 was provided on a 12-hour light/dark 

cycle. The TAP supernatant was collected and frozen upon transfer to nitrogen-free 

media.  
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2.2 Flocculation experiments.  

2.2.1 Calcium/methanol experiments.  

For each treatment, 65 mL of nitrogen-starved wildtype or cw15 cells were transferred to 

a 100 mL beaker and stirred with a stir bar at 250 rpm on a stir plate (VWR). A 5 M stock 

solution of calcium chloride (Sigma) was prepared and methanol (EMS) was added from 

a neat preparation. First, the effect of calcium concentration alone was evaluated using 0, 

8, 12, 15, 31, and 62 mM calcium chloride. Then the effectiveness of flocculation of 

various calcium and methanol concentrations was assayed according to a Latin-square 

design.  Calcium concentrations were adjusted to 0, 8, 12, 15 mM and methanol 

concentrations were adjusted to 0, 1.2, 2.3, and 4.6% (v/v). After addition of a given 

combination of calcium and methanol to a given beaker of cells, the solution was 

permitted to mix for 5 minutes prior to transfer. 12 mL aliquots were sampled from the 

beaker and transferred to 15 mL disposable test tubes (Corning) via a pipetman 

(Drummond) set to slow speed and equipped with a 25 mL pipette tip. Flocs in these 

aliquots were allowed to settle for 10 minutes. After 10 minutes, 10 of the 12 mL sample 

were transferred to a new test tube. Each experimental treatment, then, comprised two 

aliquots containing 2 mL of settled cells and 10 mL of suspended cells. These were each 

measured for chlorophyll content. The fraction of cells flocculated was defined as the 

amount of chlorophyll in the bottom fraction divided by the total chlorophyll in both 

fractions.  
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2.2.2 Media composition experiments 

Nitrogen-starved cw15 cells grown as above were transferred to a set of 50 mL conical 

tubes and centrifuged at 1200 g for 5 min. Cells were then resuspended in an equal 

volume of one of four types of media: the same nitrogen-free media that they had been 

harvested from (hereafter called "nitrogen-free"), nitrogen-free media to which 0.4 g/L 

ammonium chloride was added (hereafter "nitrogen-free + N"), fresh TAP media, or TAP 

media in which cells had grown for 48 hours. In each case, the media was adjusted to pH 

8.4 with potassium hydroxide (KOH) prior to resuspension. Flocculation experiments 

were then carried out as above in each media type using 12 mM CaCl2 and 1.2% 

methanol as the flocculant.  

2.2.3 Water recycling experiment 

To test whether supernatant water from flocculation would require desalination before 

being recycled for growing cells, cw15 cells were grown as above but were harvested 

during exponential growth, when their concentration reached about 18 mg/L chlorophyll. 

These cells were resuspended in four separate beakers to 17 mg/L in fresh TAP media 

(65 mL) with a pH of either 6.9 or 8.4 (two beakers each). The latter pH was achieved 

through addition of KOH. For the flocculation tests, one beaker from each pH regime was 

used as a negative control and 15 mM CaCl2 was added to the other. Flocculation 

efficiency was measured as above.  

 

2.3 Chlorophyll measurements.  

Test tubes of "unsettled" and "settled" cells were spun at 1100 g for 5 minutes to collect 

the cells. In each case, the supernatant was decanted and the residual cells were 

resuspended in an equivalent volume of neat ethanol. Cells were manually dispersed in 
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the ethanol solution using a glass rod before being centrifuged at 1100 g for 5 minutes. 

The UV absorbance of the supernatant was obtained at 649 and 665 um (Ocean Optics) 

and the chlorophyll in the fraction was calculated by the equation [11]:  

 

Total chlorophyll (mg/L) = 6.1*A665 + 20.04*A649  

Three measurements were taken on each of the four samples (8 fractions) of a given 

treatment. These measurements were averaged for each fraction. Flocculation efficiency 

was defined as the ratio of the chlorophyll measured in the bottom fraction and the total 

chlorophyll from both the bottom and top fractions of each sample. In this way, 4 

replicate measurements of flocculation efficiency were obtained for each treatment tested.  

 

2.4 Statistical analysis 

ANCOVA and pairwise-t-tests were performed using the R platform for statistical 

computing [23]. Outliers were removed using a built-in outlier detection function.  

 

3. Results and Discussion 

3.1 Effect of calcium chloride on flocculation 

The cw15 mutant of C. reinhardtii lacks a cell wall and, as a consequence, has no flagella 

for motility. We were interested in how this phenotype affected the tendency of the cell to 

flocculate in the presence of calcium. CaCl2 was tested as a flocculant of nitrogen-starved 

wildtype and cw15 cells (Figure A1). 



44 

 Wildtype cells were largely unresponsive to treatment and may have actually 

settled less as calcium concentrations increased. In contrast, the cw15 cells readily 

flocculated with the addition of CaCl2 in excess of 12 mM. There appeared to be a critical 

concentration between 12 and 15 mM at which cells began to settle out of solution. The 

addition of more than 15 mM CaCl2 did not improve flocculation under the assay's 

conditions.   

 X-ray imaging work performed in a previous study determined that, at pH 8.5, 

calcium and phosphate coordinated to form what appeared to be octacalcium phosphate, 

and that this was a precipitating agent for the algae S. falcatus [15]. The media used in 

the present experiments also contained phophate ions, so a similar mechanism may have 

been at play. It is interesting to note that, like wildtype C. reinhardtii, S. falcatus has a 

cell wall, whereas cw15 does not. This might suggest that it is not the lack of cell wall per 

se that permits cw15 flocculation, but perhaps its consequent lack of flagella. 
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Figure A1. Flocculation with calcium chloride. Comparison of the effect of calcium 

chloride addition on flocculation of wildtype and cw15 C. reinhardtii cells. Media was 

48-hour-old, nitrogen-free TAP. Error bars reflect one standard deviation from the mean 

(n=4).  
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Figure A2. Comparison of the combined effects of calcium and methanol on the 

flocculation of wildtype and cw15 C. reinhardtii cells. The effect of an increasing series 

of calcium chloride on flocculation of both cell types was observed. Media was 48-hour- 

old, nitrogen-free TAP. Each of the four pairs of bars within a given category of CaCl2 

concentration represents a methanol concentration. These methanol concentrations 

increase from left to right within each CaCl2 group: 0, 1.2, 2.3, and 4.6 % (m/v). Error 

bars reflect one standard deviation from the mean (n=4).  
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3.2 Effect of calcium chloride and methanol on flocculation 

An accidental discovery suggested that methanol facilitated calcium-induced flocculation 

of cw15 cells. This inspired a Latin-square experiment in which various concentrations of 

methanol and CaCl2 were added to solutions of nitrogen-starved cells from the wildtype 

and cw15 lineage (Figure A2).  

Neither calcium nor methanol appeared to positively affect flocculation in 

wildtype cells and, in fact, may have reduced their tendency to aggregate. Under each 

condition, including the control, approximately 20-40% of the wildtype cells settled out 

of solution in 10 minutes.  

 Methanol alone also did not appear to affect flocculation in cw15 cells beyond 

what was observed in the no-methanol control (~15% in 10 minutes). This was the case 

even at much higher concentrations of methanol than those tested here (data not shown). 

However, not only did increasing concentrations of calcium greatly improve settling in 

cw15, but so did increasing methanol concentrations in combination with calcium. This 

effect was not large until the methanol concentration reached 4.6% (v/v). Higher 

concentrations of methanol were not assayed owing to concerns that they would remove 

chlorophyll from the cells and thus confound these tests.  

 The most observed settling was for a combination of 15 mM CaCl2 and 4.6% 

methanol, where 98 ± 1% of the cells had settled from solution in 10 minutes. This was 

more settling than the 89 ± 1% achieved with 62 mM CaCl2 and no methanol. 

Interestingly, the use of 12 mM CaCl2 with 4.6% methanol induced as much flocculation 

as did 15 mM CaCl2 alone. Also, more than 70% flocculation was achieved with 8 mM 

CaCl2 and 4.6% methanol. Ethanol was observed to yield a similar effect, though the 

resulting flocs appeared more susceptible to disaggregation (data not shown).  
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 By comparison, Oh et al. compared the effectiveness of three types of flocculant 

on Chlorella vulgaris: a Paenibacillus bioflocculant, aluminum sulfate (2 mg/L), and 

polyacrylamide (2 mg/L) [24]. They found flocculation efficiencies (defined and tested 

similarly to the present study) of 83%, 72%, and 78%, respectively, and determined that 

the bioflocculant worked best in the presence of 6.8 mM calcium chloride.  

 ANCOVA was performed to characterize effects of calcium and methanol on 

cw15 flocculation (Table A1). A regression model of the following form was fit with an 

adjusted R2 of 0.99:  

  fraction settled ~ methanol + calcium + calcium * methanol + ε 

where the explanatory factors were modeled as categorical variables. Each term was 

found to be significant to p << 0.001.  

 The model suggests a second-order effect caused by the interaction of calcium and 

methanol. It has been previously shown that in an aqueous solution of 5 mol% methanol, 

the average number of hydrogen bonds formed per water molecule decreases 

significantly from that observed in pure water [25]. Perhaps a description for the 

mechanism by which methanol enhances flocculation can be sought here, though it 

should be noted that the concentrations of methanol in the present study never exceeded 

about 2 mol%. 

 The difference in response between wildtype and cw15 cells is most easily 

explained by the absence of flagella in cw15 mutants. Non-motile cells would intuitively 

seem more amenable to aggregation than motile ones. However, we cannot rule out other 

possibilities. For example, the cell wall of wildtype cells may simply bear a weaker 

negative charge than the exposed cell membrane of cw15.   
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Table A1. Analysis of Covariance Table. The effects of the concentrations of calcium 

and methanol on flocculation of cw15 cells were characterized by an ANCOVA model 

that comprised two first-order terms and a second-order interaction term. 

Response: fraction of settled cells 

              Df  Sum Sq  Mean Sq F value     Pr(>F)     

calcium           3  4.9778  1.65927  1478.3434  < 2.2e-16 

methanol         3  0.0384  0.01281    11.4156  1.234e-05 

calcium*methanol    6  0.0600  0.01000     8.9066  2.503e-06 

Residuals   43  0.0483  0.00112                         

 

Residual standard error: 0.0335 on 43 degrees of freedom; Multiple R2: 0.9906, Adjusted 

R2: 0.988; F-statistic: 376.9 on 12 and 43 DF; p-value: < 2.2e-16  

 

 

3.3 Effect of media composition on flocculation 

Nitrogen starvation can be achieved in batch culture either by replacing the nitrogen 

containing media with nitrogen-free media (which requires cell harvest), by permitting 

cells to consume all of the nitrogen, or by sequestering the nitrogen so it is unavailable 
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for consumption. To test whether the first two methods produce disparate flocculation 

results, nitrogen-starved cw15 cells were resuspended in one of four types of media and 

treated with 15 mM CaCl2 (see Section 2.2.2). 

 

Figure A3. Effect of media composition on flocculation. Comparison of flocculation of 

cw15 in four types of media after addition of 15 mM CaCl2. Media types are: fresh TAP 

media (TAP), TAP media after 48 hours of growth (TAP (48h)), nitrogen-free media 

after 48 hours of nitrogen starvation (N-free (48h)), and N-free (48h) media to which a 

concentration of ammonium chloride equivalent to that found in fresh TAP media was 

added (N-free (48h) + N). Error bars reflect one standard deviation from the mean (n = 4 

replications). 
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 The results (Figure A3) demonstrate that in terms of flocculation there was no 

significant difference between media from the end of nitrogen starvation and media from 

the end of nitrogen starvation that had been supplemented with a concentration of 

ammonium chloride equal to that used in fresh growth media (p = 0.36). In other words, 

the presence of nitrogen did not affect flocculation significantly. There was a small but 

significant (p < 0.01) decrease in the fraction of cells flocculated in fresh TAP media as 

compared with either of the nitrogen free media. However, the largest observed 

difference was between used growth media (i.e. TAP media after 48 h growth) and the 

other treatments, especially the nitrogen-free ones. Whereas more than 90% of the cells 

in the nitrogen-free media settled during the assay, only 54% did so in the used growth 

media.  

 The result that the nitrogen-free media were more conducive to flocculation than 

fresh TAP medium suggests that perhaps a solute inhibitory of flocculation in TAP 

medium was consumed by the algae and/or a metabolic byproduct of stationary phase 

growth in nitrogen-free media promotes flocculation. Additionally, the result that fresh 

TAP medium was better suited for flocculation than used growth medium suggests that a 

solute that was being consumed during growth promoted flocculation and/or a metabolic 

byproduct of growth inhibited it.  

 Combined, these results lead us to conclude that to affect nitrogen starvation, it is 

preferable to replace the growth medium with a nitrogen free medium rather than simply 

allow the cells to exhaust their nitrogen supply or remove the nitrogen from solution. In 

practice, media replacement requires some method of cell harvesting. An alternative to 

media replacement would be to either removed or replenish the compound(s) in the used 

growth media that inhibit or enhance flocculation, respectively. Mucopolysaccharides in 
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cyanobacteria are known to chelate coagulants and, in yeast, mannose is known as a 

competitive inhibitor of calcium-induced flocculation [26, 27]. Future studies that focus 

on such extracellular saccharides as flocculation inhibitors should be informed by the fact 

that these inhibitors--if they be present--are likely growth-related and not maintenance-

related products. This is clear from the data in Figure A3, which demonstrate that spent 

nitrogen-free medium does not display the degree of flocculation inhibition that spent 

nitrogen-containing medium does. 

 

3.4 Study of water reuse 

Ideally, water recovered from a flocculation process could be recycled for growing more 

cells. One potential problem with water recycling is that residual flocculant can cause 

flocculation in the growth vessel [14]. Despite its being a freshwater algae, C. reinhardtii 

is halophilic and can tolerate sodium chloride concentrations approaching 200 mM [28]. 

While we knew from experience that the 15 mM CaCl2 concentration used in this study 

would not dramatically affect cell growth, we wanted to test whether it would induce 

unwanted flocculation of growth-phase cells.  

 The effect of calcium on the flocculation of growth-phase cw15 cells in fresh TAP 

media at pH 6.9 and 8.4, with and without 15 mM CaCl2, can be seen in Figure A4. At 

the normal pH of a healthy culture (pH 6.9) no difference in flocculation is observed 

between cells grown with and without the added calcium (p = 0.56, n = 4). Likewise, no  
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significant difference in flocculation is observed when the media pH is raised to 8.4  

without the addition of calcium (p = 0.78, n = 4). However, when both calcium is added 

and the pH is raised, cells flocculate effectively (73% in 10 min, p << 0.001, n = 4).  

 

Figure A4. Requirement of elevate pH for flocculation. Growth-phase cw15 cells were 

resuspended to a concentration of 17 mg/L chlorophyll in 2 beakers each of either pH 6.9 

or pH 8.4 media. One beaker of each set was left as a negative control, while to the other 

15 mM CaCl2 was added. After five minutes of stirring the four flasks, cells from each 

beaker were transferred to a set of 4 test tubes where they were allowed to settle for 10 

min. Chlorophyll measurements of both the top 10 and bottom 2 mL of these test tubes 

were taken to determine the fraction of settled cells. Error bars reflect one standard 

deviation from the mean (n = 4 replications). 
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 These results were obtained in fresh TAP media; reduced flocculation would 

likely be observed in spent growth media, as described previously. Nevertheless, it is 

clear that cw15 cells will not flocculate because of the added calcium so long as a neutral 

pH is maintained. Thus, residual calcium should not be an obstacle to water recycling. 

Moreover, the 12-15 mM concentration of calcium used in the current study is similar to 

that found in seawater and, indeed, much higher concentrations can be found in 

wastewaters such as that found in landfill leachate [29], [30]. If such water were used as 

the influent process water for algae cultivation, it is possible that no addition of flocculant 

would be required downstream. 

 

4. Conclusion 

The wall-deficient cells of C. reinhardtii, cw15, flocculate readily from TAP medium 

with the addition of calcium chloride. This flocculation is enhanced by the addition of 

low concentrations (< 5%) of methanol or ethanol. Equivalent flocculation results were 

achieved using 15 mM CaCl2 or a combination of 12 mM CaCl2 and 4.6% (m/v) 

methanol. A concentration of 8 mM CaCl2 with 4.6% methanol induced over 70% 

flocculation in 10 min. Though the alcohol alone does not cause flocculation of cw15, it 

can be used as an easily recoverable substitute for a portion of the calcium used, thereby 

reducing the salination of process water. However, even if 15 mM CaCl2 is used, results 

obtained here indicate that residual calcium in process water will not affect flocculation 
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in recycled growth media such as that which has been observed elsewhere with chitosan 

flocculants [14]. 

 From a flocculation perspective, we found that it is preferable to affect nitrogen 

starvation via media replacement rather than removing the nitrogen from the growth 

media by metabolic or other physical means. The reason is that an inhibitor (or enhancer) 

of flocculation is created by (or removed from) the medium as a result of cell growth. 

However, media replacement requires cell harvest. Thus, further work is needed to 

determine and eliminate the cause of diminished flocculation in growth media if 

flocculation is to be used for media replacement.  

  Further work is needed to determine the cause of diminished flocculation in 

growth media. Additionally, future work will be required to determine the mechanism by 

which lower alcohols promote flocculation of cw15 by calcium and whether higher 

concentrations of alcohol (> 4.6%) might effectively replace more calcium. The effects of 

such variables as cell concentration, culture media types (particularly high salt), stir rates, 

temperature and pH should be explored, and the findings should be tested on other 

species of algae, particularly non-motile and wall-deficient ones.  
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APPENDIX B  

 ACID HYDROYLSIS AND FERMENTATION OF ALGAL STARCHES TO 

ETHANOL BY THE YEAST SACCHAROMYCES CEREVISIAE 

 

Abstract 

Many studies on the use of microalgal biomass to generate lipid and starch for production 

of transportation fuels assume ready conversion of starch to ethanol. However, few have 

shown data on this process.  Here, biomass from the wall-deficient cells of 

Chlamydomonas reinhardtii mutant cw15 was sequentially treated with 70⁰C ethanol and 

60⁰C hexane prior to sulfuric acid hydrolysis at 121⁰C and 2 atm. Hydrolysis was 

monitored over time until no further starch breakdown was observed. An estimated 30% 

of the dry algal biomass was hydrolyzed for fermentation. This hydrolyzed starch was 

successfully fermented into ethanol by Saccharomyces cerevisiae to a maximum 

concentration of 0.87 ± 0.01% (m/v) at a maximum rate of 14 ± 1 mL/g-h in 28 hours. 

The observed yield coefficient of ethanol from glucose was 0.44 (g/g). Ethanol and what 

appeared to be glycerol were produced in equal proportions. This may be the first 

published report of the fermentation of microalgal biomass by yeast for the production of 

bioethanol.   

 

1. Introduction  

Bioethanol used as a substitute for gasoline in combustion engines is typically produced 

at commercial scale via the fermentation of carbohydrates. A wide variety of crops are 

harvested as fermentation feedstocks, including corn, sugarcane, and beets [1]. In 2008, 
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the United States produced more than 9 billion gallons of bioethanol, nearly all using 

corn as a feedstock [2]. To avoid creating price competition between food and fuel, 

researchers have shifted the biofuel production focus to non-food crops, such as sweet 

sorghum and the lignocellulosic "wastes" of harvested crops [3-6].  

 Typically, algae are not viewed as a bioethanol crop, but rather as producers of 

lipids (for biodiesel), hydrogen, or as substrates for thermochemical conversion [7]. 

Groups have studied the direct production of ethanol by algae and the bacterial 

fermentation of algal glycerol into solvents [8-10]. In the latter case, biomass from 

various species of Dunaliella was fermented into solvents that included ethanol, n-

butanol and propanediol. Research has also been conducted on the yeast fermentation of 

macroalgal starches into ethanol [11]. Here, the storage carbohydrate laminarin from 

Saccharina latissima was successfully fermented by the yeast Saccharomyces cerevisiae 

in the presence of the enzyme laminarinase without further pretreatment. But few, if any, 

published reports examined the direct conversion of microalgal starches into ethanol by 

yeast; this, despite algae's potential as one of the world's most productive starch 

producing crops.  

 Under nitrogen depletion, starch can account for up to 80% of the dry biomass of 

strains such as the Chlamydomonas reinhardtii mutant, cw15 [12]. Assuming just a 50% 

starch composition and an open pond yield of 20 g/m2-day, which is typical of strains 

with comparable growth rates, we estimate the potential yield of starch alone for this 

strain to be about 35000 kg/ha-yr, provided 350 days/yr of growth [7]. This compares 

very favorably to the non-cellulosic material of other crops such as maize (9700 kg/ha-yr 

as starch), sorghum (6720 kg/ha-yr as carbohydrates), and sugarcane (7800 kg/ha-yr as 

sucrose) [derived from references 13-15].  
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 Interestingly, this same mutant of Chlamydomonas reinhardtii dramatically 

increases both its starch and lipid production under nitrogen stress [12]. Lipid bodies with 

the appropriate profile of the triacylglyercide precursors of biodiesel are not only 

abundant in this cell, but are excreted upon cell drying [16]. Such excretion could 

dramatically reduce the price of lipid harvesting, which typically requires energy-

intensive cell disruption. Combined, these facts suggest that cultivation of a single 

species could yield bioethanol and biodiesel in a combined process. Also noteworthy is 

that Chlamydomonas is commonly used for biohydrogen production [17]. Its physiology 

is well understood, its genetic manipulation is commonplace, and it is one of the best 

characterized models of molecular biology [18]. 

 In the present study, we investigated whether the starchy biomass of cw15 is, in 

fact, fermentable into ethanol by the industry standard yeast, Saccharomyces cerevisiae. 

Our objectives included developing a pretreatment protocol sufficient for conditioning 

the algal biomass into an adequate feedstock for the yeast and obtaining kinetic 

parameters and yields that might inform later fermentation models.  

 

2. Materials and Methods 

2.1 Cell culture.  

The cw15 (CC-4349) mutant of C. reinhardtii was obtained via the Chlamy Center at 

Duke University. In all experiments, cells were grown at room temperature with stirring 

in flat-sided, 1 L flasks (Corning) of high-salt medium (HSM) until they reached high 

density. Cells were then transferred to a set of 50 mL conical tubes and centrifuged at 

1200 g for 5 min. They were then transferred to a nitrogen-free HSM media for 24 - 48 
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hours. Initial media pH was adjusted to 6.8 with HCl prior to autoclaving. Cool white 

fluorescent lighting of 100 ± 10 µmol/m2/s2 was provided on a 12-hour light/dark cycle.  

2.2 Biomass Harvest.  

The nitrogen-starved cw15 cells were transferred to 50 mL conical tubes and centrifuged 

at 1200 g for 5 min. The supernatant was removed and the residual biomass was frozen in 

liquid nitrogen for about a minute. The conical tubes were then warmed for about a 

minute in a 37°C water bath so that the outer layer of the biomass plug was thawed but 

the inner layer was still frozen. The conical tubes were then inverted and struck on a table 

until the biomass pellet dropped out. The biomass plugs were then transferred to a 

ceramic mortar and placed in an 80°C oven overnight. After drying, they were ground to 

a powder with a pestle and stored in a freezer. Multiple harvests were performed over 

several weeks until a total of 11.02 g of dry biomass was collected.  

2.3 Biomass Pretreatment.  

Dry biomass was washed in 50 mL of 95% ethanol for 5 minutes at 70°C with stirring 

before being transferred to a 50 mL conical tube and centrifuged at 1200 g for 5 min. The 

supernatant was decanted and stored, and the biomass was washed again. This process 

was repeated 10 times, until no further chlorophyll extraction could be observed (i.e. the 

ethanol remained mostly clear after mixing with the biomass). The ethanolic supernatant 

was evaporated away in a pre-weighed beaker. The residual biomass was then stirred in 

100 mL of 60°C hexane for one hour on a heated stir plate in a pre-weighed beaker. 

About 50 mL of hexane was added to this reaction over the course of the hour to 

compensate for evaporation. Again, the slurry was transferred to a 50 mL conical tube 

and centrifuged at 1200 g for 5 min. The supernatant was decanted and evaporated away. 
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The residual biomass was oven-dried overnight at 80°C to ensure complete removal of 

solvents. Each of the ethanol, hexane and residual biomass fractions was carefully 

weighed. The ethanol fraction was then resuspended in a 50:50 mixture of water and 

hexane, and a separatory funnel was used to separate any soluble, free carbohydrates 

from more hydrophobic molecules. Each fraction was back-extracted with the other 

solvent and separated again the same manner. These fractions were each boiled down in 

pre-weighed beakers and their dry masses were recorded.  

2.4 Acid Hydrolysis.  

The biomass that remained after ethanol and hexane extractions was subjected to multiple 

rounds of acid hydrolysis in an autoclave. It was suspended in 150 mL of ddH2O, and the 

pH of the resulting slurry was lowered to 1.5 by drop-wise addition of 12N H2SO4. As a 

point of reference, 7.8 g of a pure preparation of potato starch (Sigma) was also 

suspended in 150 mL of ddH2O, and its pH was adjusted the same way. Both solutions 

were stirred for 2 hours on a stir plate and sampled. Aliquots from each were designated 

as t = 0 hour time point samples. The solutions were then transferred to an autoclave 

where they underwent two hours of heating at 121°C at 2 atm pressure. One mL samples 

were taken from each, and these were designated the t = 2 hour time point samples. This 

process was repeated for 10 more autoclave cycles for a total of 22 hours of 121°C 

hydrolysis, plus the additional time required for the autoclave to heat and cool itself 

(about 3 hours total per cycle). Samples taken after each hydrolysis step were centrifuged 

at 14000 rpm (Eppendorf), and the liquid supernatant was pipetted to an ultracentrifuge 

tube containing a 0.2 µm filter (Microcon) and spun at 6000 rpm before being transferred 

to a glass HPLC vial (VWR). After hydrolysis was complete, the resultant slurry was 
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filtered through glass fiber filter paper (Whatman). The glucose and starch content of the 

hydrolyzed starch samples was measured by HPLC.  

2.5 Hydrolysis Monitoring.  

High-performance liquid chromatography (HPLC, Shimadzu) with refractive index 

detection was used to monitor starch hydrolysis over time. The elution buffer was 5 mN 

H2SO4 and sample run times were 30 minutes at a flow rate of 0.5 mL/min. The column 

used was an ROA organic acid column (Restek) with dimensions 300 x 7.8 mm. A 

standard curve for glucose was generated by preparing a set of 6 water/glucose standards 

from 4% m/v down to 0.1 % m/v as well as a blank. The R2 of the regression performed 

on the standard curve was > 0.999. The peak elution time for glucose was 12.26 minutes 

and that of starch was 8.2 minutes. Other peaks of interest were: fructose, 13.2 min.; 

xylose, 13.0 min; glycerol, 17.2 min; galactose, 13.0 min; sucrose, 10.3 min; cellobiose, 

10.1 min; starch, 8.65 min; acetic acid, 19.6 min; and formic acid, 18.1 min. Mannose, 

galactose and xylose were essentially inseparable. Potato starch standards were prepared 

from 8% m/v starch dissolved in pH 1.5 H2SO4 autoclaved at 121°C for 25 min. at 2 atm. 

pressure. 

2.6 Yeast culture.   

All yeast was grown at 30°C in a shaker-incubator (Innova 4300) rotating at 80 rpm at an 

initial pH of 5.5. Growth was monitored via scattering of 600 nm light using a 

spectrophotometer (Beckman DU640). Initially, yeast was cultured aerobically in a 100 

mL Erlenmeyer flask of a 1% glucose/YPD medium, which was autoclaved prior to 

inoculation. While in exponential growth phase, an aliquot was transferred to a medium 

consisting of YPD supplemented with 1% each fructose, xylose, and galactose, so as to 
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introduce the cells to the kind of diverse substrates that might be found in starchy 

biomass. This yeast was again sub-cultured, this time into medium containing 0.8% yeast 

nitrogen base (YNB, Difco), 0.5% Na2SO4, and 1% each glucose, fructose, xylose, and 

galactose and grown anaerobically in a 15 mL Eppendorf tube. This was grown into the 

exponential phase before inoculating the experimental treatments to a concentration of 

A600 = 0.05. These experimental treatments were grown anaerobically in capped, 15 mL 

Eppendorf tubes in 10 mL of a medium comprising 0.8% YNB, 0.5% Na2SO4, and the 

starch of interest.   

2.7 Biomass Fermentation.  

Media for the experimental treatments was prepared from the acid hydrolyzed biomass 

(either potato or algae). Each hydrolyzed starch was fermented for 48 hours in six 

replicate cultures.  

2.8 Fermentation Analysis.  

0.5 mL samples were periodically taken from each treatment tube. (This sampling 

process introduced some oxygen into the headspace, so the fermentations cannot be 

called strictly anaerobic.) Each sample was spun at 6000 rpm in a microcentrifuge 

(Eppendorf 5415 C). The liquid supernatant was pipetted to an ultracentrifuge tube 

containing a 0.2 micron filter (Microcon) and spun at 6000 rpm before being transferred 

to a glass HPLC vial (VWR). The cells were resuspended in 1 mL of deionized water and 

diluted as appropriate for turbidity measurements at 600 nm. HPLC analysis of the 

fermentation broth was conducted as above, with added standards introduced for ethanol 

and glycerol. Each of these standards comprised 6 concentrations from 0-4%, and 

regressions on the resultant standard curves each had an R2 > 0.999.   
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3. Results and Discussion 

3.1 Fractionation of cw15 biomass.  

Ethanol extractions are routinely performed to remove chlorophyll from algae, and hot 

ethanol is often used to extract free carbohydrates from plant material [19], [20]. In 

addition, triacylglycerides (TAGs) are soluble in hot ethanol [21]. Thus, a 70⁰C, 95% 

ethanol pretreatment of the biomass was employed to remove some of the non-starchy 

material prior to hydrolysis and fermentation.  

 Four fractions of cw15 biomass were obtained: an ethanol extracted fraction, a 

fraction subsequently extracted with hexane, an acid-soluble fraction and an insoluble 

residual from hydrolysis. Their masses were 1.71 g, 0.01 g, < 6.38 g (estimated), and  

2.92 g, respectively (Table B1). The acid-soluble fraction was not dried and weighed, so 

its mass was estimated from the initial biomass minus the mass of the other fractions.  

 The ethanol extracted fraction was expected to contain chlorophyll, free 

carbohydrates, and, possibly, lipids. Visual inspection suggested that both lipids, which 

left a viscous yellow residue on the glassware, and chlorophyll separated into this fraction. 

To look for free (fermentable) carbohydrates in the fraction, a secondary separation was 

performed by resuspending the solids in 50:50 hexane/water. The dry masses of the 

resultant hexane and water fractions were 1.43 g and 0.04 g, respectively. The latter 

fraction was resuspended in 5 mL of boiling water and sampled for analysis by HPLC. 

No carbohydrates were detected, and the amount of water-soluble material was an 

insignificant portion of the total biomass regardless. This suggested that free 

carbohydrates were not abundant in these cells. In total, an estimated 58% of the dry 

biomass was both water soluble and available for hydrolysis after pretreatment. 
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 Biodiesel producers frequently treat algae biomass with hot hexane to extract 

lipids, which was done here to further purify the starchy fraction. Interestingly, almost 

none of the residual biomass after ethanol extraction was soluble in hexane. An 

explanation might be found in the fact that cw15 is known to excrete its lipids upon 

drying [16]. Given the solubility of TAGs in near-boiling ethanol, it is possible that the 

oil portion of the cell was indeed extracted in the previous ethanol extraction step. 

Though lipids were not quantified in this study, lipid bodies were easily observed by 

microscopy after nitrogen starvation, and the ethanol fraction was indeed oily. Further 

study is required to see whether hot ethanol extraction is sufficient to remove the TAGs 

from this wall-deficient strain of algae. If so, this might reduce both the cost and the 

environmental footprint (both in terms of carbon neutrality and toxicity) of the common 

hexane extraction.  

 

3.2 Hydrolysis of algae biomass.  

Under acidic conditions, starches are solubilized, and the addition of heat under pressure 

increases the rate of the hydrolysis of these starches into their component 

monosaccharides [22]. Starch is heterogeneous in composition, yet we observed that a 

pure preparation of potato starch yielded a single starch peak on HPLC under the assay 

conditions. This made it possible to determine how much time was required to hydrolyze 

the starchy biomass (Figure B1). One to two rounds of hydrolysis were necessary before 

either type of starch (algae or potato) was fully solubilized. This was determined by the 

increased concentration of starch in these preparations between 0 and 1 cycle. The initial 

mass of solubilized algal starch was 5.13 g, which was 80% of the biomass subjected to 

acid hydrolysis and 47% of the initial biomass.   
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Table B1. Mass fractions of dry biomass. Dry biomass from cw15 was subjected to 

ethanol extraction, hexane extraction, acid solubilization, and hydrolysis, in succession. 

Fractions were collected and dried for gravimetric analysis. The ethanol extracted 

fraction was further separated into water soluble and hexane soluble fractions.  

 

Fraction Mass (g) 

Dry Biomass 11.02 

Ethanol Extracted 1.71 

Water soluble 1.43 

Hexane soluble 0.04 

Hexane Extracted 0.01 

Acid Insoluble 2.92 

Acid Soluble 6.38 

Hydrolyzed 5.13 

Recalcitrant 1.25 
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Figure B1. Time course of starch hydrolysis. HPLC chromatograms of a) potato starch 
dissolved in pH 1.5 sulfuric acid and b) algae similarly dissolved and subjected to one 
(solid line) and ten (dotted line) cycles of hydrolysis in a 121⁰C, 2 atm autoclave.  

a) 

 

b) 
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After eight 2-hour autoclave cycles, the conversion of additional algal starch into glucose 

ceased (Figure B2), whereas the pure preparation of potato starch reached an hydrolysis 

endpoint by three cycles (not shown). Furthermore, peaks between starch and glucose 

that were observed in the algae sample did not diminish further after eight cycles. At the 

end of 8 cycles, 64% and 91% of the soluble starch had been hydrolyzed in the algae and 

potato starch samples, respectively. After 8 cycles, no further sugar was liberated and the 

disappearance of starch ceased, though the HPLC results indicated clearly that residual 

starch, or another population of molecules with the same elution time(s), remained in the 

algal preparation.  

 This contrasted with the potato starch sample, where little starch remained at the 

hydrolysis endpoint, and suggested that a significant portion (up to 36%) of algal starch 

was recalcitrant toward acid hydrolysis. It is not uncommon for a portion of starches to 

resist hydrolysis in this way. In potato, crystalline, amylopectin structures tend to be more 

resistant to acid hydrolysis than more amorphous, amylose-based forms [23]. In total, the 

amount of hydrolyzed starch represented 30% of the dry weight of the original biomass 

fraction. It should be noted that starch concentrations are only approximate as they were 

measured using a set of potato starch standards. It was not possible to test what fraction 

of the starch in these standards was solubilized and therefore visible as a peak on the 

HPLC.  

Though none of the other sugars surveyed by HPLC shared the same elution time 

as glucose, we could not rule out that this peak represented a heterogeneous mixture of 

sugars. Sugars such as arabinose and rhamnose are known components of the cell wall of 

C. reinhardtii, though cw15 lacks a cell wall [24]. The composition of intra-cellular 
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starches appears to be less well characterized for this species. The initial assumption was 

that this peak represented strictly glucose, but this proved to be likely incorrect (see 

below). 

 

 

Figure B2. Liberation of Carbohydrates. Conversion of algal starch to glucose over 

multiple hydrolysis cycles at 121⁰C and 2 atm. 

 

 A region of overlapping peaks between glucose and starch was observed in the 

HPLC data. This region is where disaccharides such as cellobiose and sucrose elute. A 

small peak off the right shoulder of that labeled glucose was present in the algae but not 

the potato samples. This may represent some combination of mannose, galactose and 

xylose, all of which elute at this time. Presumably, these derive from the hydrolysis of 
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polysaccharides observed between the glucose and starch peaks. Additionally, a small 

peak at 17.3 minutes, an elution time that corresponds with glycerol, was observed in 

both types of hydrolyzed starch. Notable peaks that were absent from both 

chromatograms were acetic and formic acid, which are both fermentation inhibitors [25]. 

Formic acid is a byproduct of glucose hydrolysis, and its appearance might suggest an 

overly aggressive hydrolysis; acetic acid is a common byproduct of lignocellulose 

hydrolysis [ibid].  

 

3.3 Fermentation of Algae and Potato Starches.  

Six replicate, anaerobic fermentations of the hydrolyzed potato and algae starch were 

carried out by the yeast Saccharomyces cerevisiae. Periodic measurements of the 

concentrations of cells, ethanol, glucose, and glycerol were made of each set of 

fermentations (Figure B3). It should be noted that changes in S. cerevisiae physiology 

over the course of growth confound turbidity measurements, leading to a non-linear 

relationship between turbidity and biomass [26]. Owing to this and a small fermentation 

volume (10 mL) that prohibited gravimetric analysis, biomass productivity figures were 

not estimated or measured.    

 In all fermentations, glucose was consumed almost entirely by 24 hours. 

Nonetheless, turbidity increased after 28 hours, perhaps as a result of physiological 

changes in the cells and/or assimilation of a secondary substrate (sucrose, fructose, etc.). 

Ethanol concentrations peaked and stayed constant once glucose had been depleted. 

Ethanol and what was assumed to be glycerol were both clearly growth-related products. 

In the algal biomass fermentation, the maximum ethanol concentration observed was 0.87 

±.01 % and it was formed in an approximately 1:1 mass ratio with glycerol. These data 
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compare favorably with published results from the fermentation of macroalgae biomass 

by the same yeast. Adams et al. found that with a starting concentration of 3.5% (m/v) of 

laminarin, a maximum ethanol concentration of 0.36% (m/v) was produced [11].  

 In the case of the algae biomass fermentation, the gram-over-gram yield 

coefficient for ethanol from glucose, Ye/g, was determined to be 0.44 ± 0.06. The 

theoretical maximum Ye/g is 0.51 [27]. The HPLC data suggested that other saccharides 

were present, and an array of sugars that were not assayed for--including maltose, 

turanose, ribose, trealose, and raffinose--are all known fermentation substrates of S. 

cerevisiae [28]. While the glucose in the potato starch fermentations was depleted to 

below the limit of detection, the disappearance of "glucose" in the algal starch 

fermentations ceased once its concentration reached 0.16%. This suggests that what had 

been assumed to be glucose could have been a more heterogeneous mixture of molecules. 

In fact, the mass of hydrolyzed algal starch was estimated as 5.13 g, yet only 3.1 g of 

total glucose was observed at the end of hydrolysis (though 5% of that would have been 

lost to sampling of cycles 2-8).  

The rate of ethanol production in the algal sample was maximal during the 8 to 24 

hour time period, and production was assumed to follow Michaelis-Menten kinetics. A 

logarithmic regression between these time points yielded a maximum ethanol production 

rate, umax, of 14 ± 1 mL/g-hr.  
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Figure B3. Starch Fermentation. Conversion of a) algae and b) potato starches to 
ethanol by S. cerevisiae. Error bars reflect one standard deviation from the mean (n = 6).  

a) 

 

b)  
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4. Conclusion 

Starch from the wall-deficient cells of the C. reinhardtii mutant, cw15, was separated 

from the total biomass and acid hydrolyzed prior to anaerobic fermentation by S. 

cerevisiae. Treatment with 70°C, 95% ethanol was sufficient to remove chlorophyll and 

other molecules from the dry biomass without removing detectable levels of soluble 

carbohydrates or starch. Casual observation suggested that lipids were also extracted by 

this method, but further study is needed to validate this. This treatment was followed by 

an extraction with 60°C hexane that proved unnecessary. Eight rounds of acid hydrolysis 

at 121°C, 2 atm, in sulfuric acid (pH 1.5) converted much of the available starch into 

glucose without detectable production of the fermentation inhibitor acetic acid. In 

contrast to a hydrolyzed sample of purified potato starch, roughly a third of the algal 

starch was not broken down by hydrolysis, and successive rounds did not seem to affect 

this fraction.  The starch that was hydrolyzed, which was estimated as 30% of the original 

dry biomass, needed no further purification before fermentation. A maximum ethanol 

production rate from sugar substrate of 14 ± 1 mL/g-h was observed and fermentation 

was complete in about 24 hours. The maximum observed concentration of ethanol was 

0.87 ± 0.01% (m/v) and the yield coefficient of ethanol from glucose was 0.44 (g/g). 

What appeared to be glycerol was produced as a byproduct in a 1:1 mass ratio with 

ethanol. Further investigation is needed to obtain a carbohydrate profile of the hydrolyzed 

biomass.  
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APPENDIX C 

GLYCEROL FERMENTATION IN THE YEAST PACHYSOLEN TANNOPHILUS  

 

Abstract 

Glycerol is a common byproduct of the conversion of bio-oils to diesel fuel and of the 

conversion of sugars to ethanol by Saccharomyces yeasts. One literature report suggests 

that the yeast Pachysolen tannophilus possesses an unusual capacity for converting 

glycerol into ethanol. It is also one of the few yeasts considered appropriate for the 

fermentation of cellulosic material because of its ability to ferment sugars such as xylose, 

mannose and galactose. Glycerol might supplement these other sugars in cellulosic 

ethanol processes. Here, 2% glycerol was successfully fermented by P. tannophilus under 

batch, aerobic conditions at 30⁰C. A final ethanol concentration of 0.1% was observed as 

was a yield coefficient of 0.07 g ethanol/g glycerol. The maximum specific growth rate 

on 2% glycerol was 0.04/hr was similar to that of growth on 2% glucose (0.06/hr) and 2% 

xylose (0.03/hr). In a mixed media containing 2% of each glucose, xylose and glycerol, 

glucose was consumed prior to uptake of xylose or glycerol. Xylose and glycerol were 

consumed concurrently, but xylose at a faster rate. The presence of glycerol and xylose 

appeared to improve the efficiency of the conversion of glucose to ethanol. 

 

1. Introduction  

A considerable effort is under way to produce biodiesel fuel from algae, which are 

considered among the most promising organisms for biofuel generation [1-3]. Perhaps the 
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biggest obstacle to turning this promise into a reality is cost. Simply put, the cost of 

producing biodiesel from algae is not competitive with that of converting oil to diesel [4].  

 One avenue to making algal biodiesel more cost effective is to create value-added 

byproducts from unused biomass. In addition to the pigments, molecules of nutriceutical 

value, and starches that algae produce directly, glycerol is produced as a byproduct of the 

transesterification reaction that converts algal triacylglycerides into biodiesel [5], [6]. 

One molecule of glycerol is produced for every triacylglyceride molecule converted to 

fuel, and about 10 pounds of crude glycerol is typically produced in the transesterification 

of 100 pounds of biodiesel [7]. Glycerol is generally regarded as a waste product in this 

process, so its conversion to something of greater value could improve the economics of 

algae biodiesel.  

 Recognizing this, one group has employed the bacteria Escherichia coli to convert 

glycerol to ethanol and hydrogen, which it does in nearly stoichiometric proportions [6]. 

Another option would be to use the yeast Pachysolen tannophilus. This yeast is rare 

among yeasts for its ability to produce ethanol from glycerol [8]. Its unusual ability to 

ferment xylose has already made it a candidate species for cellulosic ethanol production 

[9]. In that capacity, it has been shown to produce ethanol at 80-90% of the theoretical 

yield from a synthetic mixture of hexoses and pentoses that mimics the carbohydrates 

derived from cellulosic material [10]. The co-fermentation of carbohydrates and glycerol 

waste might improve the economics of algal biodiesel production. 

 Ostensibly, only one study to date (from 1982) characterized the conversion of 

glycerol to ethanol by P. tannophilus [8]. The objectives of the present study were to 

confirm and better characterize glycerol fermentation by the species both as a singular 

substrate and within a mixture of glucose, xylose and glycerol. Cellulosic biomass 
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frequently comprises glucose and xylose (among other sugars), so it was of interest to see 

whether glycerol might be added as a substrate to any benefit. 

 

2. Materials and Methods 

2.1 Cell Culture.  

Note: All concentrations are expressed as % m/v unless otherwise indicated. A 

lyophilized culture of Pachysolen tannophilus (USDA Y2460) was grown in a 10 mL 

culture tube containing 0.67% yeast nitrogen base (YNB, Difco) and glucose (Sigma) for 

three days before being streaked on an agar plate of the same media mixed with 2% agar.  

For each experiment, a colony was picked from this plate and transferred into a 250 mL 

Erlenmeyer flask containing 40 mL of 2% glycerol (Sigma) and 0.67% YNB media. All 

flasks in this paper were covered with aluminum foil and grown in a 30°C shaker-

incubator that was set to agitate at 80 rpm (Innova 4300).  Once a healthy culture grew, 

cell samples were transferred to new 40 mL Erlenmeyer flasks containing media that 

comprised a carbon substrate and 0.67% YNB. The substrate used was either 2% glucose, 

2% glycerol, 2% xylose (Acros Organics), or a mixture of 2% each glucose, glycerol, and 

xylose. Triplicate cultures were grown in the 30°C incubator for at least 24 hours to 

condition the cells to the presented substrate. These cultures served as the inoculating 

flasks for the actual experimental treatments. Once a given culture of cells reached the 

end of exponential-phase growth as monitored by scattering at 600 nm (Beckman 

DU640), an aliquot of its cells was transferred into the appropriate treatment flasks to a 

final density of 0.05 turbidity units.  
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2.2 Sample preparation 

Periodically, duplicate one-milliliter samples were drawn from each flask for analysis. 

These samples were centrifuged at 6000 rpm (Eppendorf 5415 C) to separate cells from 

broth. The liquid supernatant was pipetted to an ultracentrifuge tube containing a 0.2 

micron filter (Microcon) and spun at 6000 rpm before being transferred to a glass HPLC 

vial (VWR). The cells were resuspended in 1 mL of deionized water and diluted as 

appropriate for spectrophotometry at A600. A calibration curve determined by measuring 

the A600 of a known dry mass of cells over a range of dilutions yielded the following 

regression relationship between absorbance and biomass: 

 

   A600 = 1.36 * Biomass + 0.1,  

 

where biomass is given in mg/mL. 

 

2.3 Analyte measurements.  

High-performance liquid chromatography (HPLC, Shimadzu) with refractive index 

detection was used to monitor the consumption of carbon substrates and the production of 

ethanol over time in the supernatant samples described above. The elution buffer was 2.5 

mN H2SO4 and sample run times were 28 minutes at a flow rate of 0.5 mL/min. The 

elution times for the compounds of interest were: glucose, 12.3 min; glycerol, 17.3 min; 

ethanol, 26.5 min; and xylose, 13.0 min.  The column used was an ROA organic acid 

column (Restek) with dimensions 300 x 7.8 mm. Six aqueous standards were prepared in 

house for each ethanol, glucose, xylose, and glycerol, and regressions performed on the 

resultant standard curves each yielded R2 values > 0.999.  
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3. Results and Discussion 

3.1 Conversion of individual substrates 

Daily measurements of biomass and ethanol production and substrate consumption over 

the course of five days provided the data presented in Figure C1. Although the gram-

over-gram yield of biomass to substrate consumed did not vary much among the three 

substrates (Table C1), glucose was clearly the preferred substrate both for growth and for 

fermentation. The maximum specific growth rate, µmax, for glucose growth of 0.06/hr was 

significantly lower than that of a previous report of 0.19/hr on 3% glucose [11]. However, 

this former rate was comparable to the µmax values observed here for glycerol (0.04/hr) or 

xylose (0.03/hr) growth. The maximum biomass produced for glucose, glycerol and 

xylose was 1.13%, 1.19% and 1.34%, respectively.  

 Whereas a maximum concentration of 0.1% ethanol was produced from each 

xylose and glycerol, 0.5% was observed in the glucose fermentations. The gram/gram 

yield coefficients of ethanol from glucose, xylose and glycerol were 0.24, 0.05, and 0.07, 

respectively. It should be noted that ethanol is known to be assimilated to some extent by 

this yeast, and glycerol is known to be produced by other yeasts if not this one [12], [13]. 

Exact measures of consumption and production require radiolabel experiments. In each 

case, it appeared that ethanol was produced during the growth phase rather than the 

stationary phase as has been observed elsewhere with these substrates [14], [15].  

 The previous study on glycerol fermentation by P. tannophilus reported a 

maximum ethanol concentration of 0.4% and a yield coefficient of 0.4 moles 

ethanol/mole glycerol, or 0.2 g/g, under "semi-anaerobic" conditions and 0.075% under 

anoxic conditions (yield coefficient not reported). Semi-anaerobic was defined as the 
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condition that resulted from leaving the cap on the Erlenmeyer reactor flask on loosely, 

so it is not possible to replicate the experimental conditions precisely, but other 

experimental factors such as the temperature and media composition of the published 

experiments were replicated here. 

 Aeration is one critical factor in xylose fermentation by the species. Fermentation 

of 2% xylose had been reported to yield a maximum concentration of 0.79% ethanol with 

recycled cells and 0.53% under "semi-anaerobic" conditions [8], [10]; fermentation of 3% 

xylose yielded a maximum concentration of 0.18% ethanol under anaerobic conditions 

[11]. The rate of ethanol production did not change with aeration, but the rate of cell 

growth produced these disparities [16]. Ten times more biomass was produced from 

xylose in an aerated reactor than in one without aeration. The effect of aeration has not 

been addressed as thoroughly in glycerol fermentation. 

 In addition, pH and temperature control play a role in the fermentation of xylose 

and may also in glycerol fermentation. One group found that cell growth and ethanol 

production on xylose was optimal at 32°C with the pH maintained between 2.5 and 4.5 

[16]. The µmax they observed was 0.19/hr, where we observed a considerably lower 

maximum value of 0.03/hr. Another study found a µmax of about 0.25/hr at 30°C and pH 

4.5. In an effort to replicate the original conditions for glycerol fermentation, we did not 

maintain pH control, and the pH ranged from 5.5 to 2.2 over the course of the batch 

experiments. Along with aeration, this might explain discrepancies among the data.  
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Figure C1. Fermentation of various 

substrates. Time course data for P. 

tannophilus growth on a) 2% glucose, b) 

2% glycerol, and c) 2% xylose 
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Table C1. Yields and Rates. Yield coefficients (Y) and maximal rates (µ) of 

consumption/production. e: ethanol; b: biomass; s: substrate. Yields were determined by 

dividing the maximum observed ethanol concentration by the amount of glucose 

consumed at the same time point. Rates were calculated by between the two time points 

exhibiting the fastest cell growth (average of n=3 replicates). 

 

Substrate Ye/s (g/g) Yb/s (g/g) µbmax (hr -1) µsmax (hr -1) 

Glucose 0.24 0.59 0.06 -0.08 

Glycerol 0.07 0.6 0.04 -0.05 

Xylose 0.06 0.62 0.03 -0.05 

Mixed 0.29 0.3 N/A N/A 

 

 

3.2 Conversion of mixed substrates 

A mixture of 2% each glucose, glycerol, and xylose was presented to P. tannophilus to 

observe how the variety of mixed substrates that might occur in a cellulosic ethanol 

process would affect fermentation (Figure C2). Results suggest that glucose was the 

preferred substrate and consumption of xylose and glycerol did not occur until it was 

depleted (by 48 hours). Both xylose and glycerol were consumed concurrently after that 

point, though it appeared as though xylose consumption was faster. The maximum 

biomass concentration observed was 1.32%. The biomass-to-substrate yield coefficient 

for the mixed substrate (0.3 g/g) was about half that observed in the single-substrate 
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cultures, likely reflecting the slower rate of growth on xylose and glycerol. The yield 

coefficients for just the first 48 hours of growth in the mixed media (i.e. glucose-driven 

growth) and that of the first 48 hours of the glucose-only cultures were 0.34 and 0.38 g/g, 

respectively.  

 In glucose-only cultures, ethanol concentrations peaked at 0.47% at 48 hours and 

dropped once glucose had been depleted, presumably because ethanol was being 

consumed as a carbon substrate. At 48 hours, the glucose supply had also been exhausted 

in the mixed-substrate cultures, but the ethanol concentration had reached 0.75% without 

noticeable consumption of glycerol or xylose. This suggested that the presence of other 

two substrates made conversion of glucose to ethanol more efficient. A maximum 

concentration of near 1% ethanol was observed after 96 hours of fermentation. This 

further suggested that the additional 0.25% ethanol observed at the end of the batch 

derived from the fermentation of glycerol and xylose. The yield of ethanol per gram of 

substrate for the mixed substrate (0.29 g/g) was higher than it was for any of the 

substrates individually.  

 There are prior published studies of co-fermentation of glucose and xylose in P. 

tannophilus. As with this study, they found that xylose consumption in the presence of 

glucose did not occur until glucose had been depleted from the media [9, 17]. Both of 

these studies found that in mixtures of the two sugars, a lower xylose fraction lead to a 

higher ethanol yield. The total concentration of substrate was kept constant in those 

studies, so they examined the effect of substrate substitution. In the present study, the 

additive effect of xylose and glycerol substrates was shown. Combined, these results 

suggested that while glucose is preferable to xylose as a substrate for ethanol production, 
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more total substrate does yield more ethanol. In other words, the presence of xylose and 

glycerol in no way lowers the ethanol yields that would be obtained from glucose alone.  

 

Figure C2. Mixed substrate production/consumption over time.  P. tannophilus was 

grown on a mixed substrate containing 2% each of glucose, xylose and glycerol. 

Substrate and ethanol concentrations were measured by HPLC, and turbidity 

measurements were taken by spectrophotometry at 600 nm. Data reflect averages of n = 3 

replicates. 

The next step in this research should be to add glycerol to actual mixtures of 

cellulosic hydrosylates to confirm its potential as a supplementary carbon source. 

Additional experiments should study the use of crude rather than refined glycerol. 

Important work needs to be done on optimizing the pH, temperature and aeration 

conditions for these fermentation reactions. There does appear to be promise that waste 

glycerol can be used in industrial processes to improve the economics of biofuel 

production.  
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4. Conclusion 

The yeast Pachysolen tannophilus is capable of fermenting glycerol, which is a common 

byproduct of both biodiesel and bioethanol processes. The yeast is unusual for its ability 

to ferment xylose and, as such, is of potential use for the conversion of cellulosic material 

to ethanol. This study sought to know whether glycerol could be added to a mixture of 

common sugars found in hydrolyzed cellulosic material to any benefit.  

 2% glycerol was fermented under aerobic, batch conditions to yield a final ethanol 

concentration of about 0.1% with maximum specific growth rates and gram-over-gram 

ethanol-from-substrate yield coefficients of 0.04/hr and 0.07 g/g, respectively. 2% xylose 

cultures yielded about the same final concentration of ethanol, which is low compared to 

prior studies. Ethanol production from a mixture of 2% each glucose, glycerol and xylose 

outperformed any of the substrates fermented alone, including glucose, in terms of the 

gram-over-gram yield coefficient. Assimilation of glycerol and xylose was concurrent, 

and neither began before glucose was fully depleted. The conversion of glucose to 

ethanol appeared to be more efficient in the presence of glycerol and xylose than in their 

absence. 
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APPENDIX D 

 

MEDIA RECIPES 

 

Tris Acetate Phosphate Medium (for C. reinhardtii) 

Chemical mg/L 
KH2PO4 54 
K2HPO4 108 
NH4Cl 375 
MgSO4 · 7H2O 100 
CaCl2 50 
H3BO3 11.4 
FeSO4 · 7 H2O 4.99 
MnCl · 4 H2O 5.1 
ZnSO2 · 7 H2O 22 
CoCl2 · 6 H2O 1.61 
Acetic Acid 1049 
Tris Base 2420 
Na2EDTA 50 
Adjust pH to 6.9  

 

High Salt Medium (for C. reinhardtii) 

Chemical mg/L 
KH2PO4 740 
K2HPO4 1440 
NH4Cl 500 
MgSO4 · 7H2O 20 
CaCl2 10 
H3BO3 0.19 
FeSO4 · 7 H2O 0.160 
MnCl · 4 H2O 0.415 
ZnSO2 · 7 H2O 0.003 
CoCl2 · 6 H2O 0.003 
Na2MoO4 · 2 H2O 0.007 
Acetic Acid 1049 
Na2EDTA 0.3 
Adjust pH to 6.8  
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