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Abstract 

  

1,2-Propanediol (propylene glycol, 1,2-PD) is an existing commodity chemical 

which today is almost solely produced chemically and is used in many 

different industries like pharmaceutical, cosmetic, food and plastic to mention 

a few. Previous researches have shown that it is possible to produce 1,2-PD in 

a greener way, using microbes and biomass, that also could be cheaper and 

easier than some of today’s methods.  

I wanted to investigate if a newly discovered moderate thermophilic bacterium 

Clostridium strain AK1, could produce 1,2-PD, using the de-oxy sugars 

rhamnose and glucose and investigate different factors on the production, like 

temperatures, pH and such. The macroalgae Ulva intestinalis was used as 

biomass to see how much 1,2-PD would be produced.  

My results were that the bacteria did not produce 1,2-PD from glucose, only 

from rhamnose but was hindered above 40 mM initial concentration. Ideal 

temperature to produce 1,2-PD was 50-55°C and ideal pH was 6,7. Liquid-gas 

phase ratio had little effect on 1,2-PD production. Ideal temperature to extract 

sugars from the algae was 75°C and 1% H2SO4 concentration. Clostridium 

strain AK1 was able to produce 4,34 mM of 1,2-PD from the algae’s sugars 

without extracting rhamnose alone. 

 

 

 

Keywords: 1,2-propanediol, green macroalgae, de-oxy sugars, hydrolysis, 

renewable resources. 
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Útdráttur  

1,2-Própandíól (própýlen glýcol, 1,2-PD) er hráefni sem notað er í 

margvíslegum iðnaði eins og lyfjaiðnaði, snyrtivöruiðnaði, matvælaiðnaði og 

plastframleiðsluiðnaði til að nefna nokkra. 1,2-PD er mestmegnis framleitt 

efnafræðilega í dag og því nauðsynlegt að finna umhverfisvænni leið. 

Rannsóknir hafa sýnt að möguleiki er að láta sumar bakteríurtegundir 

framleiða 1,2-PD úr endurnýjanlegum auðlindum. Einnig sýna rannsóknir 

fram á að sú aðferð gæti verið ódýrari í framkvæmd og auðveldari heldur en 

fyrri aðferðir.  

Mig langaði að rannsaka hvort nýuppgötvuð bakteríutegund, Clostridium AK1 

geti framleitt 1,2-PD úr grænþörungnum Ulva intestinalis, hvaða þættir eins og 

hitastig, sýrustig og fleira gæfu bestu niðurstöðurnar og hvort hún notaði 

glúkósa eða rhamnósa í framleiðsluferlinu.  

Mínar niðurstöður urðu þær að bakterían framleiðir ekki 1,2-PD úr glúkósa, 

aðeins rhamnósa en er hindruð ef upphafsstyrkur sykrunnar fer yfir 40 mM. 

Kjörhitastig til mestrar framleiðslu á 1,2-PD var 50-55°C og kjörsýrustig var 

pH 6,7. Hlutþrýstingur vetnis hafði lítil áhrif á 1,2-PD framleiðsluna. 

Kjörhitastig til að einangra sykrur úr þörungnum var 75°C og 1% H2SO4. 

Clostridium AK1 framleiddi 4,34 mM af 1,2-PD úr Ulva intestinalis. 

Talsvert af bakteríum geta framleitt 1,2-PD þar sem þær hafa ensím til að 

brjóta niður rhamnósann. Rhamnósi finnst í miklu mæli í grænþörungum sem 

hafa ekki lignin í stoðvef sínum. Hann er því tilvalinn til þess að nota í stað 

annarra land plantna þar sem hann er mjög fljótur að vaxa, auðveldara er að 

einangra sykrurnar og hann tekur ekki frá pláss á landi til vaxtar heldur vex 

hann við fjörur og því ódýrari í framleiðslu.  

 

Lykilorð: 1,2-própanedíol, grænþörungar, de-oxy sykrur, niðurbrot sykra, 

endurnýjanlegar auðlindir. 
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1. Introduction 

 

 Microbes have been used for innumerable things when it comes to industry and 

production of various materials and chemicals. Most bulk chemicals that are produced by 

microbes originate in the early 20th century through fermentation of e.g. corn and potatoes. Later, 

when methods to fractionize petroleum into simpler hydrocarbons were invented it was clear that 

there were numerous ways to convert these building blocks into bulk chemicals and smaller scale 

specialty products (Saxena, Anand, Saran, Isar, & Agarwal, 2010).  

 In the last two decades, microbial genetics have improved intensively, along with new 

understandings of metabolic pathways of cells. This has helped researchers to perform diverse 

enzymatic steps to transform renewable feedstocks into chemicals and pharmaceuticals that is 

economically more feasible. Due to this advantage, it is possible to use fermentation to produce 

bulk chemicals like biofuels, (hydrogen, butanol and ethanol), pharmaceuticals like vitamins and 

drugs, biofertilizers, diols (1,2-propanediol, 1,3-propanediol), lactic acid and more. By using 

fermentation to produce these chemicals, the method provides environmental and industrial 

safety first and foremost, while it also focuses on renewable nature (Rogers, Chen, & Zidwick, 

2006). 

Today, it is clear, due to global crisis and climate changes, it is necessary to find other 

methods and materials to produce bulk chemicals and other materials from bioresources to 

maintain industrial productions without encroaching the earth’s biosphere. By using biomass 

carbohydrates instead of fossil fuels, it is possible to eliminate several oxidative processes that 

are extremely expensive. Furthermore, it can provide practical route to products like alcohols, 

esters and carboxylic acids (Saxena, et al., 2010). 
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1.1 1,2-Propanediol  
 

 1,2-Propanediol (α-propylene glycol; 1,2-PD) is a three-carbon polyalcohol with 

the linear formula CH3CH(OH)CH2OH (Figure 1). It has a molecular weight of 76,09 g/mol, also 

known as a 1,2-alkanediol (Wang et al., 2015). 

 

 

Figure 1-Structure of 1,2-Propanediol 

 

1,2-PD has a high boiling point of 188°C and a low freezing point of -59°C; and has one 

chiral centre, so two enantiomers can be found in nature (Figure 2). It has a high viscosity, has a 

faintly sweet taste, is miscible with water, chloroform and acetone and is hydroscopic. Like other 

polyalcohols, 1,2-PD has low oral toxicity (LD50 = 33,7 g/Kg in rats) and low chronic toxicity 

and is generally recognized as safe (Dow, 2003). 
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Figure 2-Stereoisomers of 1,2-propanediol 

 

1,2-propanediol (1,2-PD), is a major commodity chemical that has attracted attention 

worldwide due to its application in the synthesis of biodegradable polymer resins and plastics. 

Annual sale of 1,2-PD was in 1992 over 450.000 metric tons in the US, and in 2003 it was 

estimated that the consumption of 1,2-PD was 1,2 million metric tons. This tremendous rise is 
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due to its application and importance in a wide spectrum of areas (see chapter 1.1.2) (Saxena, et 

al., 2010). 

 Former methods of the production of 1,2-PD are very hard to place in the industrial sector 

as it is very expensive in production due to high cost of materials (enzymes and sugars) as well 

as depending on using petrochemicals. But science has successfully developed methods and 

processes to satisfy the demands of consumers when it comes to “natural” or “green” products. In 

this regard, producing 1,2-PD using biological methods must be less expensive than the existing 

chemically synthesized product (Bennett & San, 2001). 

 For many years it has been know that bacteria and yeast produce 1,2-PD. In early days, 

the market value for 1,2-PD was low but with development of new biological procedures, genetic 

and metabolic engineering and new strains discovered, it is possible to compete with the former 

production method from petrochemicals. Furthermore, the process with biological procedures 

can lower costs relating to energy demand, consumption of raw material and disposal costs 

(Bennett & San, 2001). 

 

1.1.1 Applications of 1,2-Propanediol 
 

1,2-PD has a wide variety of applications ranging from personal care products to roles in 

the synthesis of larger molecules. 1,2-PD can be used as a green synthesis of propylene carbonate 

(Yadav et al., 2015), it can be used in production of lactic acid by green catalytic oxidation 

(Redina et al., 2015); (Feng et al., 2015) and in propanal generation by catalytic dehydration 

(Mori, Yamada, & Sato, 2009). 1,2-PD is a very important chemical in many industries and due 

to its increasing demand where the annual demand for 1,2-propanediol is more than 900.000 

metric tons and growing every year (Verevkin, Emel’yanenko, & Nell, 2009).  

Many green methods have been proposed for 1,2-PD synthesis where glycerol is the 

starting material (Wang, et al., 2015). 1,2-PD is a building block for the synthesis of 

intermediates and polymers in many industries (Yu-Cai et al., 2015). 1,2-PD is as mentioned 

before, also used for example in production of unsaturated polyester resins, as approved additive 

in foods, in cosmetic and pharmaceutical industries and in manufacturing of antifreeze and 

industrial solvents (Saxena, et al., 2010).  
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Therefore, it is of importance to find other methods to produce 1,2-propanediol to prevent 

encroachment on the nature and feedstock for food and to prevent production of racemic 

mixtures that cannot be re-used in other production methods and will become wastes that can be 

harmful for both people who work in the production process and for nature itself (Verevkin, et 

al., 2009).  

 
 

1.1.2 Production of 1,2-Propanediol 
  

There are two general routes to 1,2-PD production: chemical synthesis and fermentation. 

Investigations have been done in an attempt to find other resources to produce 1,2-PD than from 

glycerine produced from biodiesel, which are cheaper in production, more environmentally 

friendly and safer for those who produce it (Verevkin, et al., 2009).  

Presently, 1,2-propanediol is almost solely made from propylene oxide which is a 

derivative of propylene, a petrochemical feedstock, by using chlorohydrin process or 

hydroperoxide process (Mohanprasad et al., 2005).  

Many researchers got the idea to use microbes due to their ability to produce 1,2-PD, 

using de-oxy sugars like fucose and rhamnose as a carbon source or by other routes like 

glycolytic intermediate-dihydroxyacetonephosphate (DHAP) that is used via the formation of 

methylglyoxal and by lactic acid degradation under anoxic conditions (Bennett & San, 2011). 

Biodiesel, produced from vegetable oils, makes the by-product glycerol that is used in 

number of industries, for example plastic industry, food industry, pharmaceutical industry and 

cosmetic industry to mention a few. For every ton of biodiesel, 100 kg of glycerol can be 

produced. When glycerol comes in contact with hydrogen it forms 1,2-PD and water via 

consecutive dehydration and hydrogenation reactions (Verevkin et al., 2009).  

The production of glycerol is thermodynamically favoured due to transesterification, 

hydrogenation and dehydration in the process when biodiesel is used. By finding a method to 

produce 1,2-PD without these thermodynamical procedures, a desired yield of goal products 

could be optimized sufficiently (Verevkin, et al., 2009).  
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1.1.3 1,2-Propanediol producing organisms 
 

 Currently a wide range of microorganisms are known to ferment sugars to 1,2-PD, 

including both bacteria and yeasts, but with different yields. Strains of bacteria like E. coli and 

yeast have been genetically engineered (Bennett & San, 2001) to get higher yields of 1,2-PD 

(Saxena, et al., 2010).  

Many types of microorganisms have been tested which produce 1,2-PD, dating all the 

way back to 1954 when Enebo reported that Clostridium thermobutyricum produced 1,2-PD 

(Enebo, 1954). Later, microbes like Bacteroides ruminocola, Escherichia coli, Clostridium 

sphenoides, Saccharomyces cerevisiae, Salmonella typhimurium, Lactobacillus brevis, 

Lactobacillus buchneri and Thermo- anaerobacterium thermosaccharolyticum have been shown 

to produce 1,2-PD using different types of sugars and different kinds of metabolic pathways to 

produce the diol (Rogers, et al., 2006). 

Earliest studies of Thermoanaerobacterium thermosaccharolyticum showed that the 

strain can produce 1,2-PD from glucose, but with low product titer (Cameron & Cooney, 1986). 

Recombinants of E. coli and yeast were also metabolically designed to produce 1,2-PD from 

glucose, but with relatively low yields. Today, after number of investigations, the range of 

maximum concentration of 1,2-PD is 2-9 g/L using different types of microorganisms and sugars. 

Quite low yields of 1,2-PD have been obtained using genetically modified E. coli and 

Saccharomyces strains, so it is important to improve hosts, their pathways and process 

optimization to get higher titer results, yields and productivity of 1,2-PD (Zeng & Sabra, 2011).  

More recently, thermophilic clostridia within the genus of Caldicellulosiruptor have been 

shown to produce 1,2-PD from L-rhamnose with some strains also producing 1,2-PD from L-

fucose ranging from 0,73 mM by C. bescii to 7,66 mM by C. hydrothermalis from L-rhamnose 

and from 3,3 mM by C. bescii to 8,1 mM by C. hydrothermalis from L-fucose (Ingvadottir et al., 

2017).  
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1.1.4 Biochemical pathways to produce 1,2-propanediol 
 

 Investigations of different metabolic pathways, microbes use to produce 1,2-PD, have 

been extensively studied for several decades now. Most of the reported work has focused on 1,2-

PD production by mesophilic organisms with the exception of Thermoanaerobacterium 

saccharolyticum strain HG-8 that showed in a recent study production of (R)-1,2-PD from 

hexoses and pentoses that is independent of phosphate concentration (Altaras et al., 2001). 

Production of 1,2-PD with microorganism occurs by two main pathways: production 

from deoxysugars (Figure 3), and the methylglyoxal bypass (Figure 4) (Saxena, et al., 2010). 

 

Figure 3-Metabolic pathways for the production of 1,2-propanedol from fucose and rhamnose (Saxena et 

al., 2010) 

 

In the first pathway, methylpentoses (L-fucose and L-rhamnose) are metabolized using 

different enzymes which include a permease, isomerase, kinase and aldolase.  First route 

catabolises L-rhamnose to L-rhamnulose-1-phosphate. Then, phosphorylated sugar is cleaved to 

produce DHAP and L-lactaldehyde. The fucose is similarly metabolised to produce DHAP and 

L-lactaldehyde where fucose is isomerized to L-fuculose and then phosphorylated to L-fuculose-

1-phosphate. In both pathways, the L-lactaldehyde is reduced to L-1,2-PD under anaerobic 

conditions via reduction with NADH. This route is not commercially feasible as the cost of 



Viðskipta- og raunvísindasvið  Heilbrigðislíftækni 

 

7 
 

fucose and rhamnose is very high where the cost for the least expensive sugar (L-rhamnose) sells 

for over $300/kg (Saxena, et al., 2010). 

 The other pathway (methylglyoxal bypass) that has been studied is the utilization of a 

glycolytic intermediate, DHAP (Figure 4). In this pathway, the most important enzyme is 

methylglyoxal synthase but also methylglyoxal reductase and glycerol dehydrogenase.  

 

Figure 4-Metabolic pathway leading to the production of 1,2-propanediol from DHAP (Saxena, et al., 

2010). 

 

In this pathway, fructose-1,6-bisphosphate is degraded under phosphate limitation where 

DHAP is converted to methylglyoxal that provides inorganic phosphate for the glyceraldehyde 

dehydrogenase reaction. Methylglyoxal is then metabolized to 1,2-propanediol and D(-)-lactate 

in the regular bypass. Methylglyoxal is reduced to 1,2-propanediol either through 

hydroxyacetone (acetol) or lactaldehyde. Lactaldehyde works as an intermediate in propanediol 

formation from de-oxy sugars in comparison with hydroxyacetone that works as an intermediate 

in 1,2-propanediol oxidation. (Saxena, et al., 2010). 

Methylglyoxal pathway has been investigated in organisms like T. 

thermosaccharolyticum, S. cerevisiae and C. sphenoides, where these organisms ferment 

common sugars like glucose, mannose, fructose, xylose, arabinose, galactose, cellobiose and 

lactose. T. thermosaccharolyticum can produce enantiomerically pure (R)-1,2-propanediol that is 
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useful in most cases of applications of racemic mixture and has further application as a chiral 

synthon in organic synthesis (Saxena, et al., 2010).  

A third pathway involving lactic acid has been reported to produce 1,2-PD by lactic acid 

bacteria. The bacteria L. buchneri and L. parabuchneri can break down lactic acid to acetic acid 

with associating production of 1,2-PD along with traces of ethanol under anoxic conditions 

without needing an external electron acceptor. This lactate-converting capability is influenced by 

pH and acidic conditions (Saxena, et al., 2010). 

 In my research, Clostridium strain AK1 (DSM 18778) was used but the strain is a 

moderate thermophilic bacterium isolated from a hot spring in Iceland and has mainly been 

investigated for ethanol production but not for 1,2-PD (Orlygsson, 2012).  

 

1.2 Sugars from macro algae biomass 

  

Seaweeds (macroalgae) are fast growing marine plants that can reach a large size (about 

3-20 m) for some kelp species. Growth and biomass yield rates per surface area for seaweeds are 

much higher than for terrestrial plants as the seaweed requires much less energy for the 

production of supporting tissue than lands plants, not to mention that they have higher capacity 

of nutrient uptake over the whole surface compared to land plants (Van der Wal et al., 2012). 

Macroalgae are rich in carbohydrate content regarding starch and cellulose with the 

absence of lignin that are in terrestrial plants. Macroalgae are therefore easier to use to convert 

carbohydrates to monosaccharides when compared with lignocellulosic biomass (Ho et al., 

2013). 

To meet increasing demand for biofuels, biochemicals, feedstock diversity and product 

portfolio of biorefineries, it is necessary to find suitable biomass sources; especially that does not 

rely on using large agricultural land. Instead of using agricultural land, the focus has been on 

aquatic environment to produce seaweeds (macroalgae) as a biomass (Van der Wal, et al., 2012). 

There are many different techniques to extract sugars from biomass such as liquid-solid 

extraction, liquid-liquid extraction and acid-base extraction to list a few. A lot of extraction 
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technique have been investigated, like solvent extraction and enzyme-assisted extraction but they 

have some drawbacks. To choose a technique to extract sugars from biomass depends on the 

nature of the material and the components that are to be isolated (Segneanu et al., 2013).  

 Seaweeds is used in many commercial applications like food, soil fertilizer and animal 

feed. Nowadays it is also used as a source of hydrocolloids for the food industry, pharmaceutical 

industry and personal healthcare (Van der Wal, et al., 2012). 

 Three groups, based on pigmentation are used to classify seaweeds. The groups are: 

Brown (phaeophyceae), green (Chlorophyceae) and red (Rhodophyceae) where green seaweed 

has been a part of local diets for centuries as they are very high in protein and nutrition (Van der 

Wal, et al., 2012). 

 Pre-treatment methods and hydrolysis to extract sugars from seaweed are not as severe as 

other methods with lignocellulosic material, most likely due to lack of lignin in the seaweeds cell 

walls and also due to lower crystalline of sugar polymers (Van der Wal, et al., 2012). 

 Some green seaweed species like Ulva lactuca, also called sea lettuce, are rich in the 

deoxysugar rhamnose that can be fermented by anaerobic conditions to produce 1,2-PD with 

many types of microbial species (Van der Wal, et al., 2012). The deoxysugar fucose is also 

present in Ulva lactuca but in much less quantity (Yu-Qing et al., 2016). 

 

1.2.1 Aim of the investigation 
 

 My approach in this assignment is to research how much 1,2-PD is produced with 

rhamnose and glucose, using the moderately thermophilic bacteria Clostridium strain AK1 as 

well as extracting sugars from green macroalgae Ulva intestinalis with sulfuric acid and see if it 

is possible to produce 1,2-PD with the help of the same bacteria strain as mentioned above.   
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2. Materials and methods 

 

2.1 Cultivation conditions and organisms 
 

 Clostridium strain AK1 (DSM 18778) was isolated as described in (Orlygsson & 

Baldursson, 2007). Clostridium sphenoides (DSM 614) was acquired from Leibniz-Institut 

DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). Strain 

were cultivated in various volumes in serum bottles using basal mineral (BM) medium 

(Orlygsson & Baldursson, 2007). BM medium was prepared as described in (Sveinsdottir et al., 

2009). 

 

2.1.1 Effect of Initial Substrate Concentration 
 

 To investigate the effect of different initial glucose and rhamnose concentrations on 

growth, the strain was cultivated at 10, 20, 40, and 60 mM of each sugar. Batch cultivations were 

carried out for a period of 7 days at which point end products were analysed.  

 

2.1.2 Effect of pH and Temperature on 1,2-PD production 
 

 To investigate the effect on pH on growth, the strain was cultivated at pH ranging from 

pH 4,0 to 9,0 with 0,5 pH unit intervals. To investigate the effect of temperature on growth, the 

strain was cultivated at 35°C to 65°C with 5°C interval. Cultivations were carried out for a period 

of 7 days at which point end products were analysed. 

 

2.1.3 Effect of Liquid-gas Phase Ratio 
 

 To investigate the effect of cultivating the strain under different liquid gas phase ratios, 

118 mK serum bottles were used with three different L-G phase ratios; 0.09, 1.00 and 5.90. This 
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was done using both glucose and rhamnose (20 mM). Cultivations were carried out for a period 

of 7 days at which point end products were analysed.  

 

2.1.4 Analytical methods 
 

 Hydrogen, volatile fatty acids and alcohols were quantified by gas chromatography as 

described earlier (Orlygsson & Baldusson, 2007). D-Glucose was quantified using the anthrone 

method (Aminoff, Schaffer, & Mowry, 1970) with the modifications described by (Ingvadottir, et 

al., 2017). Methylpentoses and 1,2-PD were analysed using colorimetric methods (Dische & 

Shettles, 1948); (Jones, 1957) modified for microplates as described by (Ingvadottir, et al., 2017). 

Lactic acid was determined using the method of (Taylor, 1996) with modifications described by 

(Ingvadottir et al., 2017); Briefly, 50 µL of sample was placed in a 1,5 mL Eppendorf tube, 

followed by the addition of 300 µL of concentrated sulfuric acid and incubated in a water bath 

(100°C) for 10 minutes. After cooling to RT, 5 µL of 4% (w/v) CuSO4 reagent were added 

followed by 10 µL of 1,5% (w/v) p-phenylphenol in 95% (v/v) ethanol. The mixture was 

vortexed and allowed to incubate at room temperature for 30 minutes. 300 µL of sample was 

then transferred into a microtiter plate and read at 570 nm against a water blank. 

 Volatile end products such as acetic acid and ethanol were analysed by GC-FID as 

described by (Orlygsson & Baldursson, 2007). Hydrogen was analysed by GC-ECD as described 

by (Orlygsson & Baldursson, 2007). Optical density was determined using a Shimadzu UV-1800 

UV-Vis spectrophotometer with a pathlength of 1 cm at a wavelength of 600 nm. 

 Sugars were analysed using a Shimadzu HPLC equipped with a LC-20A solvent pump 

delivering 0,6 mL of 5 mM sulphuric acid per minute, CTO-20A column oven (60°C), SIL-20AC 

HT Autosampler, SPD-20A UV-Visible detector, DGU-20A3 online degasser, and a RID 10A a 

RID 10A refractive index detectors. Separations were performed on a Biorad HPX-87H 

maintained at 60°C. 
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2.2 Macroalgae collection and preparation 

 

Green macro algae (Ulva lactalis and Ulva intestinalis) was collected both at the shore of 

Alftanes (eastern part of Reykjanes, located in Iceland’s capital region) and Eyrarbakki (on the 

south coast of Iceland) in 21st, 22nd and 23rd of July 2016. The algae were dried for a week at 

15°C in a horse stable and then brought to the laboratory where it was grinded and put into 

plastic containers. 

 

2.2.1 Macroalgae hydrolysis 
 

Acid solutions were made into 6 flasks with different dilutions from 0,05% acid to 1% 

sulfuric acid H2SO4 using distilled water to dilute.  

25 mg of Ulva intestinalis from Alftanes shore was added to Eppendorfs, labelled with 

different acid dilutions and temperatures. 1 mL of distilled water and diluted acid ranging from 

0,05% to 1% v/v H2SO4 was added to the Eppendorfs and then put into different incubation 

ranging from 0°C to 121°C. All temperature range samples were set to incubation for 2 hours and 

then one extra set of samples for 121°C was incubated for 15 min. Those two sets of 121°C 

samples were kept in a freezer as a new autoclave was supposed to arrive as the old one broke 

down. The rest of the samples were centrifuged after incubation for 13.000 rpm for 5 min, then 

put into a fridge until HPLC (High Performance Liquid Chromatography) would arrive. 

Later on, the 121°C samples were put into an autoclave for both 15 min and 2 hours, all 

the other samples were run through HPLC along with the 121°C samples to see how much sugars 

have been isolated from the algae.  

When HPLC results were in, a single sample that showed best end-product production 

was added to the bacteria to see how much 1,2-PD would be produced. Analytical methods for 

the fermentation of the macro algae hydrolysates was performed at equivalent of 2,5 g/L in 25 

mL serum bottles for 5 days.  
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3. Results 

 

3.1 Effect of glucose and rhamnose in cultivation on formation of 

end-product 

 

 Strain AK1 was cultivated on four different concentrations of glucose and L-rhamnose. 

The initial substrate concentration was increased from 10 mM to 60 mM. Clearly, the strain was 

not capable of a complete degradation of glucose at the highest concentration applied (only 47% 

degradation). The strain showed that it was highly ethanologenic when it was grown on glucose 

as it produced 1,08 to 1,37 mol of ethanol/mol glucose where acetate was the only volatile end-

product. Hydrogen ranged from 8,3 mmol/L to 20,4 mmol/L and carbon ranged from 68,5% 

(with 40 mM glucose) to 110,6% (with 10 mM glucose).  

 When strain AK1 was grown on L-rhamnose it showed major reduced end-product of 

1,2-PD but ethanol increased slightly (Figure 5). Acetate and hydrogen were produced but 

hydrogen concentrations were lower compared with growth on glucose. Butyrate was detected 

but it was less than 2 mM.  

 

Figure 5-Growth on glucose (on the left) and rhamnose (on the right) 
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3.2 Effect of temperature on formation of end-product from 

glucose and rhamnose 

  

 Clostridium strain AK1 was cultivated at several different temperatures, both on 20 mM 

of glucose and rhamnose (liquid gas phase of 1:1). The strain showed very narrow temperature 

range where good yields of end-product ranged from 50 to 55°C (Figure 6). Ethanol was the 

main end-product with 32,4 mM and 27,6 mM ethanol at 50 and 55°C, corresponding to 1,5 and 

1,28 mole/mol glucose. 

 

Figure 6-Temperature effect from 20 mM glucose on end-product formation 
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Figure 7-Temperature effect from 20 mM rhamnose on end-product formation 

 

 The strain AK1 was cultivated in several pH values showing a pH optimum at 6,7 where 

it indicated the best end-product formation (Figure 8). The strain produced 32,2 mM of ethanol 

from 20 mM of glucose which corresponds to 1,6 mol ethanol/mol glucose (background values 

from yeast extract was subtracted and is not shown). 

 

Figure 8-Effect by different initial pH on end-product formation from 20 mM glucose 
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 When strain AK1 was grown on rhamnose with different initial pH it showed highest 

end-product formation at pH 6,7 (Figure 9). The ration between acetate and rhamnose at pH 6,7 

was 1,45. 

 

Figure 9-Effect by different initial pH on end-product formation from 20 mM rhamnose 
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Figure 10-Effect of different liquid gas phase ratios on end-product formation from glucose and rhamnose 
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Figure 11-Results from sugar hydrolysis from Ulva intestinalis 
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Figure 12-End-products from rhamnose containing Ulva from two different strains for comparison, 

Clostridium strain AK1 and Clostridium sphenoides 
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4. Discussion 

 

 Strain AK1 was isolated from a hot spring (47,8°C; pH 7,6) in Grensdalur in Hveragerdi, 

(Orlygsson & Baldursson, 2007). Recent study has shown that the strain can produce 1,2-PD 

from rhamnose but not from fucose (Orlygsson, 2012). 

Clostridium strain AK1 seems to be a new species and has been placed in Cluster IV of 

Clostridia but it might be a new genus with highest phylogenetic relationship (89,3% based on 

16S sDNA) with Anaerotruncus colihominis (Orlygsson & Baldursson, 2007). Strain AK1 

showed substantial growth and formation of end-product between 50 and 55°C with no growth or 

end product formation from glucose or rhamnose at lower or higher. The strain was isolated at 

moderate temperature and that might be an intriguing aspect of its very narrow temperature 

range. Various pH values showed most end-product formation of ethanol (from glucose) and 1,2-

PD (from rhamnose) at pH 6,7. Compared with temperature shift, the difference at both lower pH 

(4,8) and higher pH (7,8) was not much. It was surprising that the strain was not affected much 

due to acidic conditions as it was isolated initially with slightly alkaline pH (7,6) (Orlygsson & 

Baldursson, 2007). This stabilized function in different acidity might be explained by the fact 

that the strain does not produce high concentrations of acetate but instead ethanol (from glucose) 

and 1,2-PD (from rhamnose) as the main end-products.  

Clostridium strain AK1 showed that it degraded the majority of the glucose, or up to 40 

mM but was definitely inhibited at 60 mM concentrations where only 48% of the glucose was 

degraded. Several reasons for the observed inhibition could include increased osmolarity in the 

medium due to the high sugar concentration, end-product inhibition (such as acetate or ethanol), 

or hydrogen build-up. The effect of hydrogen build-up on the cultivation of the AK1 was 

examined by looking at different liquid-gas phase ratios which did not affect the ethanol 

production from glucose (Figure 10), but acetate and hydrogen were less produced when the 

liquid-gas phase ratio was high.  

The effect of increased sugar concentrations during growth on rhamnose led to a limited 

degradation of the deoxysugar and levelled off the end-product formation. This was clearly seen 

when using 40 and 60 mM concentrations of rhamnose that showed similar quantity of 1,2-PD 
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produced, but at 60 mM the rhamnose was less degraded compared to 40 mM of initial rhamnose 

concentration. It is already known that thermophiles have somewhat low tolerance for increased 

initial substrate concentrations (Sigurbjornsdottir & Orlygsson, 2012). The reason for that might 

be the pH drop because of acid build-up, it might be due to osmolarity shock or because of 

inhibitory effects of hydrogen accumulation in the headspace of the culture if it’s cultivated in 

batch.  

At present, there are no other reports showing 1,2-PD production with moderately 

thermophilic, anaerobes thermophile with methylpentoses such as rhamnose. The only references 

that are available show that mesophilic facultative bacteria like Bacillus macerans (Weimer, 

1983), Salmonella typhimurium (Babdia, Ros, & Aguilar, 1985), E. coli (Turner & Roberton, 

1979); (Lin, 1980) and strict mesophilic anaerobes like Bacteriodies ruminicola (Turner & 

Roberton, 1979) and Clostridium sphenoides (Tran-Din & Gottaschalk, 1985). Furthermore, 

several true thermophiles like Thermoanaerobacterium saccharolyticum strain HG-8 (Saxena, et 

al., 2010) and several Caldicellulosiruptor species (Ingvadottir, et al., 2017) show production of 

1,2-PD from methylpentoses. 

The investigation of 1,2-PD formation from sugars in green macroalgae Ulva intestinalis 

by using a moderate thermophilic bacterium, Clostridium strain AK1, has shown that the 

temperature of 75°C and 1% sulfuric acid (H2SO4) gave best results regarding hydrolysis of the 

algae. When hydrolysates were fed to the bacteria, along with another strain for comparison 

(Clostridium sphenoides), the results showed that Clostridium sphenoides produced more of 1,2-

PD than Clostridium strain AK1 though it is not known which sugars it used for the production 

as the rhamnose was not extracted alone.   
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5. Conclusion 

 

 Clostridium strain AK1 is the first moderate thermophile that has shown ability to 

produce 1,2-PD but with very narrow temperature range and is suppressed by substrate when 

concentration is above 40 mM. The strains end-product formation is only mildly affected by low 

or high partial pressure of hydrogen.  

 When Ulva intestinalis was hydrolysed, the optimum temperature was 75°C and optimum 

sulfuric acid of 1% gave best results. The hydrolysates were fed to the bacteria along with 

another strain of Clostridium sphenoides for comparison. 1,2-PD was produced with both 

bacteria but Clostridium sphenoides produced more of 1,2-PD than Clostridium AK1. Rhamnose 

was not extracted alone from the algae so it is not known what sugar/s the bacteria used in the 

metabolism to produce 1,2-PD. 

 It is clear that Clostridium strain AK1 produces 1,2-PD from the de-oxy sugar rhamnose. 

Macroalgae are rich of rhamnose sugars which can be used for 1,2-PD production. Some 

technology developments are still needed that are necessary for successful commercialization of 

1,2-PD like integration of metabolic pathway engineering and fermentation production 

technology. Furthermore, advances in technology in genetical engineering of microbes, 

improvements in compound measurements and theoretical analysis of metabolic fluxes can 

contribute to the design of production systems for the high value-added chemical manufacture.  

 With this contribution to the research of how to produce 1,2-PD using biomass like 

macroalgae, we are one step closer to the ability to produce 1,2-PD with biotechnology, using 

greener methods and limiting encroachment on the earths biosphere along with finding methods 

that are cheaper and easier in production of 1,2-PD. 
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