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Abstract 
 

Macroalgae are an abundant and underutilized renewable feedstock that can be 

exploited for the production of various low- and high-value biomolecules. The 

study herein describes a mild procedure for the hydrolysis of carbohydrates in 

Ulva lactuca, with an emphasis on rhamnose, and assesses the ability of 

selected Clostridia species (Clostridium strain AK1, Clostridium beijerinckii, 

Caldicellulosiruptor saccharolyticus, and Caldicellulosiruptor hydrothermalis) 

to ferment L-rhamnose from Ulva lactuca to 1,2-propanediol (1,2-PD). The 

impact of culture conditions (pH and initial substrate concentration) on 

rhamnose fermentation was investigated in batch culture. Generally, pH did not 

influence the production of 1,2-PD and all strains showed substrate inhibition 

above 40 mM of rhamnose with strain AK1 being sensitive to initial 

concentrations above 20 mM. Clostridium strain AK1 demonstrated the highest 

1,2-PD yields on rhamnose and was selected for further study. A kinetic 

examination of rhamnose utilization shows that the utilization of the substrate 

is much slower than glucose catabolism with 1,2-PD production lagging and 

reaching a maximum concentration of 7,7 mM (57% yield). When Clostridium 

strain AK1 was cultivated on Ulva lactuca hydrolysates and non-pretreated 

Ulva lactuca, the maximum yields were 0,6 g/L 1,2-PD. Clostridium strain 

AK1 is a potentially promising organism for the consolidated bioprocessing of 

green macroalgae. 

 

Keywords: Thermophiles, 1,2-propanediol, macroalgae, methylpentose, chiral 

molecules 
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Útdráttur 
 

Stórþörunga má nota sem endurnýjanlegt hráefni í framleiðslu á ýmsum 

lífefnum. Í rannsókn þessari er lýst mildri aðferð til vatnsrofs á sykrum 

grænþörungsins Ulva lactuca og hæfni valinna Clostridia tegunda (Clostridium 

stofn AK1, Clostridium beijerinckii, Caldicellulosiruptor saccharolyticus og 

Caldicellulosiruptor hydrothermalis) til gerjunar á  

L-ramnósa úr Ulva lactuca í 1,2-própandíól (1,2-PD). Áhrif breytilegra 

umhverfisaðstæðna (pH og kolefnisgjafastyrks) á gerjun ramnósa var skoðuð í 

loturækt. Sýrustig hafði almennt ekki áhrif á 1,2-PD framleiðslu stofnanna. 

Stofnar Cl. beijerinckii, C. saccharolyticus og C. hydrothermalis sýndu 

hvarfefnahindrun við ramnósastyrk hærri en 40 mM. Clostridium stofn AK1 

sýndi hvarfefnahindrun við ramnósastyrk hærri en 20 mM. Clostridium stofn 

AK1 gaf hæstu 1,2-PD heimtur á ramnósa og var í kjölfarið skoðaður nánar. 

Tímatilraun leiddi í ljós að niðurbrot ramnósa tekur mun lengri tíma en 

niðurbrot glúkósa. 1,2-PD framleiðsla hefst með nokkurs konar biðfasa og nær 

að hámarki 7,7 mM (57% heimtur). Þegar Clostridium stofn AK1 var ræktaður 

á Ulva lactuca vatnsrofslausnum og ómeðhöndluðum stórþörungi voru hæstu 

heimtur 0,6 g/L af 1,2-PD. Því er ályktað að Clostridium stofn AK1 gæti verið 

álitlegur kostur til meðhöndlunar þörungalífmassa með CBP-tækni (e. 

consolidated bioprocessing). 

 

Lykilorð: Hitakærar bakteríur, 1,2-própandíól, stórþörungar, metýl pentósur, 

hendnar sameindir 
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1 Introduction 
 

The need for green alternatives to petrochemically derived materials has never 

been larger owing to the dire environmental consequences of their extraction 

and utilization. Due to the unsustainable nature of petroleum-based products, it 

is now generally recognized that petroleum is not the feedstock of the future 

despite over a century of it being exploited as a low-cost raw material. As a 

result, the number of substitutes for both petrochemically-derived chemicals as 

well as crude oil-based fuels is increasing and as is the global interest in 

sustainable production and development, which has laid the groundwork for 

the implementation of Georgescu-Roegen´s bioeconomy (Sanz-Hernándex, 

Esteban & Garrido, 2019; Georgescu-Roegen, 1977). Modest but somewhat 

limited examples of movement towards a bio-based economy, include biofuels 

(Scully & Orlygsson, 2019), bioplastics (Karan, et al., 2019), and, more 

importantly, the production of chemical building blocks such as bioalcohols 

(ethanol, isopropanol, butanol, butanediol) and aromatic compounds (Liu et al, 

2019; López Contreras, 2010; Graichen et al, 2017). This shift towards 

sustainability has been largely achieved by the means of using a 

biotechnological approach employing a combination of renewable feedstocks 

and bioprocessing; an industry that used to be dominated by chemical 

synthesis, is now slowly shifting towards a bio-based approach in the form of 

microbial cell factories (Chen & Nielsen, 2013). The importance of building 

blocks lies in their role as precursors in organic synthesis. For instance, butanol 

serves as the precursor of butyl acrylate and methacrylate used in adhesives 

(Ndaba, Chiyanzu & Marx, 2015; Briggs & Jialanella, 2010) and furfural is 

used for furan resin production (Popa, 2018). Chiral bifunctional building 

blocks, such as 1,2-propanediol described in Section 1.2, are also important for 

the preparation of enantiomerically pure pharmaceuticals.  

 

Sustainable feedstocks for the production of biomolecules are generally 

divided into four categories of increasing complexity. First generation biomass 

includes edible carbohydrate-rich plants such as sugar beet and cane. Second 
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generation biomass includes lignocellulosic, non-edible agricultural wastes 

such as woodchips and stalks as well as solid municipal waste. Third 

generation biomass is comprised of macro- and microalgae (Lee & Lavoie, 

2013). Finally, the most recently described fourth (or “next”) generation 

biomass has become an umbrella term for alternative feedstocks that do not fall 

into the aforementioned categories, such as solid municipal waste and 

genetically engineered biomass (Dutta, Daverey & Lin, 2014). Some of the 

major challenges associated with each biomass type are summarized in Table 

1. Third generation biomass has a number of advantages over first and second 

generation feedstocks although it is more complex in its composition. 

However, processes for its utilization are less well defined.  

 

Table 1 Comparison of general features of major biomass categories (Scully & Orlygsson, 

2019) 

  Complex 

Composition 

Requires 

fertilizer 

Competes 

for land 

Commercially 

available enzymes 

Nutrient 

recovery 

Examples 

1° No Yes Yes Yes No Sugar beet 

2° Yes Yes No Yes No Grass 

3° Yes No No No Yes Macro algae 

4° Varies Varies No N/A N/A Domestic run-off 

 

 

1.1 Macroalgae 
 

Macroalgae, more commonly referred to as seaweed, present an abundant and 

highly renewable biomass feedstock for both the production and extraction of 

valuable compounds. Throughout the years, macroalgae have been used for 

pollution biomonitoring of inorganic and organic contaminants, especially in 

UK and Canadian coastal waters (García-Seoane, Fernández, Villares & Aboal, 

2018) while their use as a component of food has been employed since ancient 

times, particularly in Asia (Murty & Banerjee, 2012). Additionally, macroalgae 

have found applications as fertilizers (Rengasamy, Kulkarni, Papenfus & 

Staden, 2016), material for producing biochar (Ahmed, Okoye, Hummadi & 

Hameed, 2019), food and cosmetic additives (Roohinejad et al, 2017; Bom, 

Jorge, Ribeiro & Marto, 2019), as a source of edible pigments (Aryee, Agyei & 
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Akanbi, 2018), and nutraceuticals (López-Rios et al, 2018). Furthermore, 

macroalgae have been investigated for the use in medical biomaterial 

production (Guzman-Puyol et al, 2017) and their various isolates have been 

shown to possess antibacterial, antitumor, antioxidant (Wang, Li, Lee & 

Chang, 2017), hypoglycemic (Zhao et al, 2018), antifungal (Guedes et al, 

2012) and antiviral (Shi et al, 2017) activities. 

 

The three macroalgal phyla, Phaeophyta (brown algae), Chlorophyta (green 

algae), and Rhodophyta (red algae), have distinctively different carbohydrate 

profiles. Brown algae have a high alginate and fucoidan content, green algae 

mostly contain ulvan, cellulose, and starch while red algae primarily store 

carbohydrates as carrageenan and agar (Jung, Lim, Kim & Park, 2013).  

 

Macroalgae can contain up to 75% dry weight carbohydrates in the form of 

polysaccharides such as mannan (mannose), ulvan (rhamnose, glucuronic acid, 

xylose), carrageenan (galactose, 3,6-anhydrogalactose), agar (galactose, 3,6-

anhydro-L-galactopyranose), laminarin (glucose), alginate (mannuronate, 

guluronate), fucoidan (fucose), and starch (Wu, Wu, Liao, Wang & Shih, 2014; 

Jung, Lim, Kim & Park, 2013). The composition of the carbohydrate fraction 

varies based upon species as well as growth conditions (Misurcova, 2012). 

Agar has been an indispensable tool in microbial research ever since its 

properties were recognized by Koch´s laboratory (Petrovski & Tillett, 2012), 

carrageenans are frequently used as food stabilizers (Campo, Kawano, da Silva 

& Carvalho, 2009), the thickening and gelling properties of alginate have 

found applications in the pharmaceutical industry (Lee & Mooney, 2012), and 

fucoidan is a cosmetics and dietary additive (Fitton, Stringer & Karpiniec, 

2015). Due to their high polysaccharide content, fast growth ratio and the fact 

that they do not use arable land for their growth, macroalgae present a valuable 

and underutilized renewable feedstock for third generation biofuels.  
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Contrary to first and second generation biofuel feedstocks, macroalgae 

compete neither with food production nor for agricultural land. More 

importantly, however, macroalgae lack lignin, an extremely recalcitrant 

polymer found in most terrestrial plants to which they own their cell wall 

rigidity. Lignin has constituted one of the main drawbacks associated with 

utilizing agricultural lignocellulosic wastes for biofuel production due to high 

costs of its removal (Chen, et al., 2015). In addition to biofuels, algal biomass 

has also been explored for the fermentative production of valuable chiral 

chemical building blocks such as 1,2-propanediol. To date, only van der Wal et 

al. (2013) and Blikker et al. (2016) have reported microbial production 

(Clostridium beijerinckii) of 1,2-propanediol from green algae (Ulva lactuca) 

hydrolysates. 

 

1.2 Propane-1,2-diol 
 

Propane-1,2-diol (α-propylene glycol, 1,2-PD) is a colorless, slightly viscous, 

sweet-tasting liquid which maintains liquidity over a wide temperature range 

(m.p. < -60 °C, b.p. 188°C) (Shallenberger, 1993; Sullivan, Kuenz & Vorlop, 

2018). It is a commodity chemical that has found broad applications in the 

chemical, food, and pharmaceutical industries. First prepared and described by 

Wurtz (1859), it serves as starting material in polyresin synthesis, humectant in 

foodstuffs, solvent in cosmetics, and has been utilized in drug delivery (Heine, 

Parker & Francke, 1950; Fruijtier-Pölloth, 2005; Whitehurst, 2004). However, 

it is best known by its modern applications as the main ingredient in electronic 

cigarette liquids, aircraft deicing agents, cellular cryoprotectants, and as the 

treatment of ketotic cows (Herrington & Myers, 2015; Johnson, 2012; Jang et 

al, 2017; Piantoni & Allen, 2015).  

 

One attractive feature of 1,2-PD is its inherent biocompatibility and 

biodegradability. That said, although 1,2-PD is generally regarded as safe 

(LD50 26,4 g/kg in rats and 20,3 g/kg in mice (Sheftel, 2002)) and a better 

alternative to highly toxic ethylene glycol (Garg, Lowry & Algren, 2019), 

animal studies have demonstrated that 1,2-PD exposure may affect early 
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development (Massarsky et al, 2017) and have long-term behavioral effects 

when studied on zebrafish (Danio rerio) (Massarsky et al, 2018). Bronchial 

epithelial cells of e-cigarette smokers inhaling vaporized 1,2-PD/glycerol on a 

regular basis were found to have both altered membrane fluidity and protein 

diffusion as compared to non-smokers (Ghosh et al, 2018) although these 

aberrations could not be attributed solely to 1,2-PD. When exposing human 

lung epithelial cells to a solution of the diol and sodium metabisulfite, a 

common preservative agent used in both foods and cosmetics, the diol 

increased the toxic effects of sodium metabisulfite (Yoo et al, 2018). Berthelot-

Ricou et al (2011) performed an assessment of 1,2-PD genotoxicity when used 

as a cryoprotectant to find that the diol induced DNA damage in CD1 mouse 

oocytes. Although the mechanism is not fully clear, authors speculated on the 

effects of 1,2-PD on increased cellular calcium uptake leading to cellular 

degeneration. Furthermore, 1,2-PD induced contact dermatitis has been 

reported in the literature (McGowan, Scheman & Sharon, 2018). 

 

Individuals occupationally exposed to 1,2-PD on a regular basis include 

employees involved in theatrical production (in the form of theatrical fog) and 

aircraft workers (in the form of large quantities of deicing fluids). Dalton et al 

(2018), exposed a group of twenty individuals to 100-200 mg/m3 1,2-PD 

aerosol for up to four hours. Results concluded neither respiratory effects nor 

ocular irritation. Long-term systematic 1,2-PD exposure studies have so-far 

only been performed on rats thus remain to be undertaken for humans. Rats 

belonging to medium and high exposure groups (up to 2.2 mg 1,2-PD/liter air) 

showed an increase in nasal passage goblet cell numbers, ocular discharge and 

nasal hemorrhage (Suber, et al., 1989). However, Yi et al (2019) reported 1,2-

PD as being a promising radioprotective agent. When administered to mice 

prior undergoing total body irradiation, white and red blood cell, platelet, 

lymphocyte, bone marrow hematopoietic stem, and progenitor cell levels were 

increased as well as the expression of antioxidant enzymes. 

 

Although generally not associated with flavor, 1,2-PD seems to be of an 

importance in the biochemical synthesis of fruit aroma. For example, the 

concentration of naturally occurring diol in strawberries was estimated to be 
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0.5 g/g of wet fruit weight by Zabetakis & Gramshaw (1998). However, when 

fed to strawberry cell cultures, it was found to be metabolized into a 

glucosylated furan compound to which much of the strawberry aroma is 

attributed. Auriol, Strobel, Beltran & Gray (1978) isolated and characterized a 

glycosylated form of 1,2-PD from Rhynchosporium secalis which was shown 

to cause lesions on barley leaves similar to those caused by scald disease.  

 

Traditionally, racemic 1,2-PD has been manufactured chemically via the 

hydrolysis of propylene oxide (a petrochemical derivative), hydrogenolysis of 

glycerol, and, to a lesser extent, via the acetoxidation or hydroxylation of 

propene. These methods require high temperatures and pressure as well as the 

use of metal catalysts making them energy intensive. Furthermore, only the 

glycerol pathway can be somewhat classified as being based on a renewable 

feedstock as glycerol is a biodiesel by-product (Sullivan, Kuenz & Vorlop, 

2018). However, crude glycerol contains both glycerol and non-glycerol 

organic matter necessitating extensive purification before further use. Due to 

the high boiling point of glycerol, this purification requires high energy input 

(Rodrigues, Bordado & dos Santos, 2017).  

 

An additional valuable feature of 1,2-PD is that it is a chiral molecule; the 

carbon atom bearing the secondary hydroxyl group is chiral and thus two 

enantiomers can be found in nature: (S)-1,2-PD and (R)-1,2-PD. While 1,2-PD 

is commonly sold as a low-value racemic mixture, enantiomerically pure 1,2-

PD is a high-value specialty chemical and can be produced via fermentation as 

discussed in Section 1.2.2. An example of the use of enantiomerically pure 1,2-

PD includes its use in the preparation of pharmaceutical drugs; (R)-1,2-

propanediol is used in the synthesis of Levofloxacin, shown in, an antibiotic 

used to treat life-threatening infections (Laneman, 2006). The asymmetric 

hydrogenation catalyst, (R)- and (S)-Prophos, can also be prepared from 

enantiopure 1,2-PD (Fryzuk & Bosnich, 1978). 
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Figure 1 - The structure of Levofloxacin which incorporates (R)-1,2-propanediol 

 

The separation of 1,2-PD enantiomers is a non-trivial task. Various enzymatic 

and whole-cell resolution system options exist, such as the enantioselective 

oxidation of 1,2-PD to D-lactic acid by Glucunobacter oxydans (Su, Chang, 

Gao & Wei, 2004) and Saccharomyces cerevisiae (Kometani, et al., 1993) 

which are beyond the scope of this thesis and will not be discussed further 

herein. Another and more straightforward option is the production of either 

enantiomer via fermentation as discussed in Section 1.2.2. 

 

1.2.1 Microbial production of 1,2-propanediol 

 

The fermentative production of both enantiomers of 1,2-PD has been 

described. To date, three microbial metabolic routes stand in literature which 

include the methylglyoxal bypass pathway (Cooper, 1975), the fermentation of 

deoxy sugars such as L-fucose and L-rhamnose (Boronat & Aguilar, 1981), 

and the reduction of lactic acid (Elferink et al, 2001). Each route produces a 

different stereochemical outcome with the methylglyoxal bypass leading to 

(R)-1,2-PD, deoxysugar metabolism producing (S)-1,2-PD, and lactate 

reduction being dependent on the orientation of lactate itself. 

 

One of the earliest reports of microbial 1,2-PD production is that of Kluyver & 

Schnellen (1937) in „Bacillus rhamnosifermentans“ (which does not stand in 

nomenclature) from L-rhamnose. The fermentation of either L-rhamnose, L-

fucose or both to (S)-1,2-PD has since then been described in numerous 

microorganisms including Clostridium thermobutyricum (Enebo, 1954), 

Clostridium beijerinckii (Diallo et al, 2018), Clostridium strain AK1 

(Ingvadottir, Scully & Orlygsson, 2018), Salmonella typhimurium, Klebsiella 

pneumoniae (Badía, Ros & Aguilar, 1985), Caldicellulosiruptor species 

(Ingvadottir, Scully & Orlygsson, 2017), Escherichia coli (Hacking & Lin, 
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1976; Fjolnisdottir, Haraldsdottir, Ingvadottir, Scully & Orlygsson, 2018), 

Bacteroides ruminicola (Turner & Roberton, 1979), Paenibacillus macerans 

(Weimer, 1984), and various yeasts (Suzuki & Onishi, 1968). L-deoxy sugar 

catabolism is somewhat similar to the initial reactions of glycolysis and 

involves  isomerization and phosphorylation prior to the 6 carbon sugar being 

cleaved into dihydroxyacetone phosphate (DHAP) and L-lactaldehyde, the 

latter which is reduced to (S)-1,2-propanediol as depicted in Figure 2 (Saxena, 

et al., 2010). 

 

L-Rhamnose

L-Rhamnulose

L-Rhamnulose-1-phosphate

Dihydroxacetone
phosphate (DHAP)

L-Lactaldehyde

(S)-1,2-Propanediol

Pyruvate

Glyceraldehyde
3-Phopshate (G3P)

(Fermentation)  

Figure 2 The reduction of L-rhamnose to (S)-1,2-PD. A similar pathway exists for L-

fucose. Modified from Saxena et al. (2010). 

 

Boronat & Aguilar (1981) were first to report the anaerobic metabolism of 

deoxy sugars L-fucose and L-rhamnose to (S)-1,2-PD by wild type E. coli 

strain K-12. They argued the presence of parallel enzyme pathways, coded by 

two different gene cluster, involved in the cellular import of the sugars, 

interconversion, phosphorylation and finally reduction to (S)-1,2-PD. 
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Furthermore, they showed that while the propanediol oxidoreductase 

responsible for the reduction of the L-rhamnose metabolite is induced by the 

presence of the sugar, the oxidoreductase linked to L-fucose metabolism is 

always present in the cell and is thus not induced, but activated under the right 

conditions.  

 

The high price of commercially prepared L-rhamnose (317 € / kg) and L-

fucose (2770 € / 100 g)1 has generated the need for a more crude, renewable 

deoxy sugar source for the microbial production of (S)-1,2-PD. 

Aforementioned green macroalgae and brown macroalgae store a high 

percentage of their carbohydrates in the form of ulvan and fucoidan 

respectively, polysaccharides that contain L-rhamnose and L-fucose. These 

present an ideal raw deoxy sugar source for a more green and sustainable 1,2-

PD production which is investigated herein. 

 

In contrast, the methylglyoxal pathway is a bypass of glycolysis which 

produces methylglyoxal as a highly toxic intermediate from DHAP. The 

physiological rationale for this pathway is not clear although it is thought to 

become necessary for phosphate recovery, either during times when phosphate 

is not readily available or when the interconversion of DHAP to 

glyceraldehyde-3-phosphate (G3P) becomes a major bottleneck during 

glycolysis (Saxena et al, 2010). The methylglyoxal bypass has been reported in 

Clostridium sphenoides (Tran-Din & Gottschalk, 1985), several mutant strains 

of Thermoanaerobacterium (formerly Clostridium) thermosaccharolyticum 

(Cameron & Cooney, 1986) and Corynebacterium glutamicum (Niimi, Suzuki, 

Inui & Yukawa, 2011). Furthermore, T. thermosaccharolyticum has been 

shown to produce 1,2-PD from xylose, arabinose as well as lactose (Altaras, 

Etzel & Cameron, 2001). 

 

The methylglyoxal bypass (Figure 3) involves several steps starting from 

DHAP. Briefly, the DHAP produced during glycolysis is converted into a 

highly toxic intermediate, methylglyoxal (MG), which in turn is reduced to 

                                                 
1 Prices from Sigma-Aldrich, April 2019 
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(R)-1,2-PD either via lactaldehyde or hydroxyacetone (acetol) (Saxena et al, 

2010). The reason for the emergence of this pathway has been discussed above. 

The produced 1,2-PD is less toxic than the methylglyoxal, lactaldehyde, and 

hydroxyacetone intermediates and provides a sink for reducing potential 

allowing for the regeneration of NAD+ which is critical for the entry steps of 

glycolysis. 

 

D-Glucose

Glucose-6-phosphate

Dihydroxacetone
phosphate (DHAP)

Pyruvate

Glyceraldehyde
3-Phopshate (G3P)

Methylglyoxal

D-LactaldehydeHydroxyacetone

(R)-1,2-Propanediol

(Fermentation)  

Figure 3 The methylglyoxal bypass pathway. Modified from Saxena et al. (2010). 

 

The third pathway to producing 1,2-PD is the reduction of lactic acid to 1,2-PD 

via lactaldehyde. To date, only Elferink et al (2001) has reported the innate 

ability of strains Lactobacillus buchneri and Lactobacillus parabuchneri to 

produce 1,2-PD from lactate. Additionally, Simon, White, Lebertz & Thanos 

(1987) reported the reduction of lactate to 1,2-PD using Clostridium 

thermoaceticum. 
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1.2.2 Alternative biological routes to 1,2-propanediol 

 

Several other biological approaches to producing enantiomerically pure 1,2-PD 

have been exploited. Two alternatives, explored briefly herein, involve 

genetically modifying fermentative pathways, with the aim of increasing the 

yields of naturally diol-producing organisms, such as E. coli, or introducing the 

production mechanism into non-diol producing organisms, such as S. 

cerevisiae, or using biocatalytic methods for selective reductions of carbonyl 

compounds or oxidations capable of discriminating between enantiomers in a 

racemic mixture of 1,2-PD. Altaras & Cameron (1999) reported the production 

of (R)-1,2-PD via the methylglyoxal pathway in genetically modified E. coli. 

1,2-PD yields on glucose, under conditions where E. coli overexpressed mgs 

(encoding methylglyoxal synthase), were approximately 8% of the theoretical. 

Niu et al (2019), based on previous work of Niu & Guo (2014), engineered E. 

coli to anaerobically digest glucose, via lactic acid, to (R)-1,2-PD and thus 

bypass the production and inhibitory effects of the abovementioned 

methylglyoxal. Maximum 1,2-PD yields on glucose were approximately 20% 

of the theoretical. 

 

The use of wild type S. cerevisiae as a bioreduction tool to obtain (R)-1,2-PD 

from acetol ranges back to the early 1940s (Levene & Walti, 1943). Since then, 

the reduction of 1-acetoxy-2-propanone to (S)-1,2-PD has also been described 

(Kometani, Yoshii, Takeuchi & Matsuno, 1993; Kometani, Toide, Daikaiji & 

Goto, 2001). Jeon et al (2009) obtained a 1,2-PD producing S. cerevisiae strain 

by introducing methylglyoxal synthase coding gene, mgs (from E. coli), and 

dhaD (from C. freundii) into the wild type yeast cell allowing for the activation 

of the methylglyoxal pathway with galactose as the carbon source. Maximum 

(R)-1,2-PD yields on galactose were approximately 11% of the theoretical. 

Jung, Yun, Lee & Oh (2011) introduced both mgs and gldA (encoding glycerol 

dehydrogenase) from E. coli into a glycerol dissimilation pathway and 

overexpressed it in S. cerevisiae allowing for effective biotransformation of 

glycerol to 1,2-PD. Maximum 1,2-PD yields on glycerol were approximately 

21% of the theoretical. 
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The obvious value of natural 1,2-PD producers lies in their inherent ability to 

produce the diol, obviating the need for costly and time-consuming 

modifications and inducers. While the majority of 1,2-PD producing 

microorganisms that have been described are mesophiles, a number of 

thermophiles, particularly organisms within Class Clostridia, mentioned in 

Section 1.2.2, show high 1,2-PD yields. Thermophilic bacteria Clostridium 

strain AK1 and Caldicellulosiruptor strains showed 81% and 40,5% yields of 

the theoretical respectively (Ingvadottir, Scully & Orlygsson, 2018; 

Ingvadottir, Scully & Orlygsson, 2017). This makes screening of wild-type 

strains for the bioreduction of glucose and deoxy sugars to 1,2-PD a far more 

better investment than the genetic modification of chosen microorganisms 

although the already high yields of wild-type strains could be further improved. 

 

The work herein focuses on the liberation and utilization of the carbohydrate 

content of a third-generation biomass feedstock, the green macroalgae Ulva 

lactuca, for the microbial production of 1,2-propanediol via fermentation of the 

deoxy sugar L-rhamnose.  
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2 Materials and methods 
 

2.1 Bacterial strains and cultivation conditions 
 

A total of four strains of thermophilic anaerobic bacteria were used in the study 

described herein: Clostridium strain AK1 (DSM 18778), Clostridium 

beijerinckii (DSM 791), Caldicellulosiruptor saccharolyticus (DSM 8903), and 

Caldicellulosiruptor hydrothermalis (DSM 18901). Clostridium strain AK1 

was isolated from a hot spring in Grændalur SW Iceland in 2004 and belongs 

to the UNAk culture collection (Orlygsson & Baldursson, 2007).  

C. beijerinckii, C. saccharolyticus, and C. hydrothermalis were obtained from 

the German Collection of Microorganisms and Cell Cultures (DSMZ) which 

were maintained in BM medium containing 30% (v/v) glycerol and stored at  

-20°C. Strains were cultivated at their temperature optima,  

35° for Cl. beijerinckii, 50°C for Clostridium strain AK1, and 70°C for  

C. saccharolyticus and C. hydrothermalis. 

 

Anaerobic media were prepared using a modified Hungate technique (Hungate, 

1969) as described by Miller & Wolin (1974). Basal Mineral (BM) media 

consisted of (per liter): NaH2PO4*2H2O 3.04 g, Na2HP4*2H2O 5.43 g, NH4Cl 

0.3 g, NaCl 0.3 g, CaCl2*2H2O 0.11 g, MgCl2*6H2O 0.1 g, NaHCO3 0.8 g, 

yeast extract 2.0 g, resazurin 1 mg, trace element solution 1 mL and vitamin 

solution (prepared according to DSM141) 1 mL. The trace element solution 

consisted of (per liter): FeCl2*4H2O 2.0 g, EDTA 0.5 g, CuCl2 0.03 g, H3BO3 

0.05 g, ZnCl2 0.05 g, MnCl2*4H2O 0.05 g, (NH4)Mo7O24 0.05 g, AlCl3 0.05 g, 

CoCl2*6H2O 0.05 g, NiCl2 0.05 g, Na2S*9H2O 0.3 g and concentrated HCl 1 

mL. Filter sterilized trace element, vitamin and oxygen scavenging solutions 

were added after autoclaving or Tyndallization using a 0,22 µm syringe filter. 

All fermentation experiments were conducted at pH 7.0 with a liquid-gas phase 

ratio of 1:1 unless explicitly stated otherwise. All cultivation experiments were 

performed as independent triplicates and prepared from cultures in the 

exponential growth phase.  
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2.2 Collection and preparation of algal samples 
 

Samples of Ulva lactuca were collected manually from the Húsavík coastline 

(66°3′38.64′′N, 17°21′18.92′′W) during low tide in June 2016 and transferred 

to the UNAk laboratory facilities for further processing. Upon arrival, samples 

were briefly rinsed with cold tap water and subjected to drying at 50°C for 48 

h. Finally, they were milled using an industrial blender and stored in a dark, 

cool place until further use. In order to obtain a more pulverized, sand-like 

consistency, samples were manually ground using a mortar and pestle and 

passed through a 1 mm sieve prior to below-described extraction experiments.  

2.3 Ulva lactuca carbohydrate extractions  
 

A total of three carbohydrate extraction experiments were undertaken in order 

to optimize conditions for maximum deoxy sugar extraction. All extraction 

experiments were conducted as independent triplicates with the exception of 

preparative-scale extractions. 

2.3.1 Preliminary carbohydrate extractions  

 

Preliminary extractions were performed at four temperatures (25, 50, 75, 90 

and 100 °C), using eleven extraction solutions (dH2O, 0,1%, 0,5%, 1%, 2,5% 

and 5% (v/v) H2SO4 and 0,1%, 0,5%, 1%, 2,5%, and 5% (w/v) NaOH) in 10 x 

130 mm glass tubes at a 1:10 extraction ratio (100 mg dry, milled Ulva lactuca 

in 1 mL extraction solution). Tubes were placed in a water bath (50, 75, 90°C) 

to ensure even heating or on a benchtop at ambient temperature (25°C). 

Approximately 500 µL samples were collected from each tube after 60 min, 

centrifuged at 13000 rpm for 3 min (0-4°C), and stored at 4°C until further 

analysis. All samples were assayed for total sugar, L-rhamnose, and phenolic 

content. 
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2.3.2 Kinetic carbohydrate extractions  

 

Based on results from 2.3.1, extractions were performed at 75°C using four 

extraction solutions (dH2O, 0,5%, 1% and 2,5% (v/v) H2SO4) in 18 x 150 mm 

glass tubes at a 1:10 extraction ratio (500 mg dry, milled Ulva lactuca in 5 mL 

extraction solution). The glass tubes were placed in a water bath (75°C) to 

ensure even heating or on a benchtop (25°C) without agitation. Approximately 

150 µL samples were collected from each tube after at 15, 30, 45, 60, 90, 120, 

180, 240, 300, and 360 min, centrifuged at 13000 rpm for 3 min (0-4°C) and 

stored at 4°C until further analysis. All samples were assayed for total sugar, L-

rhamnose, starch and phenolic content. 

2.3.3 Preparative-scale carbohydrate extractions  

 

Based on results from 2.3.2, large-scale extractions were performed in singlet 

at 75°C using two extraction solutions (dH2O and 1% v/v H2SO4) in 1 L 

borosilicate glass bottles at a 1:10 extraction ratio (25 g dry, milled Ulva 

lactuca in 250 mL extraction solution). The bottles were placed in a water bath 

to ensure even heating. Approximately 500 µL samples were collected every 

60 min for 180 min, spun down at 13000 rpm for 3 min (0-4°C) and stored at 

4°C until further analysis. After 180 min, the extraction solutions were 

transferred into 50 mL falcon tubes, spun down at 4700 rpm for 20 min, 

supernatant was collected and its pH adjusted to ~ 7 using 6M NaOH. 

Hydrolysates were stored at 4°C until further use. 

2.4 Fermentation of model compounds 
 

Parallel to preparing media containing algal extracts, media containing starch 

and alginate as carbon source were prepared by weighing out the 

corresponding polysaccharides in a 2% (w/v) ratio into BM-containing 10 mL 

serum bottles followed by autoclaving for 60 min. In the case of glucose and 

rhamnose, the monosaccharides were filter sterilized using a 0,22 µm syringe 

filter (to a final sugar concentration of 20 mM) into the medium to minimize 
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browning reactions. 1 mL samples were collected at the end of incubation 

period (14 days).  

2.5 Effects of culture conditions 
 

To assess the effect of initial L-rhamnose concentration, Clostridium strain 

AK1, Clostridium beijerinckii, Caldicellulosiruptor saccharolyticus and 

Caldicellulosiruptor hydrothermalis were cultivated under anaerobic 

conditions in BM medium in 16 x 150 mm Hungate tubes containing from 0-

120 mM L-rhamnose for 14 days without agitation at appropriate temperatures.  

1 mL samples were collected at the end of incubation period. 

 

To assess the effect of pH on L-rhamnose utilization, Clostridium strain AK1, 

Clostridium beijerinckii, Caldicellulosiruptor saccharolyticus and 

Caldicellulosiruptor hydrothermalis were cultivated under anaerobic 

conditions containing pre-pH adjusted BM in the range of pH 4,5-8,5 (at 0,5 

unit increments) in 16 x 150 mm Hungate tubes without agitation at 

appropriate temperatures for 14 days. 1 mL samples were collected at the end 

of incubation period. 

2.6 Batch fermentation of Ulva lactuca and Ulva 

hydrolysates 
 

Media containing 5-70% algal extracts and 10% (w/v) dry Ulva lactuca were 

prepared in 10 mL serum bottles and sterilized by Tyndallization twice at 95°C 

for 60 min with 24 h intervals. 1 mL samples were collected at the end of 

incubation period (14 days). 

2.7 Kinetic experiments 
 

Glucose, rhamnose and mixed glucose and rhamnose medium was prepared in 

125 mL serum bottles. The monosaccharide solutions were added using a 0,22 

µm syringe filter after autoclaving. 45% (v/v) Ulva lactuca hydrolysate 

medium was prepared in 60 mL serum bottles and sterilized by Tyndallization 
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twice at 95°C for 60 min with 24 h intervals. 1 and 0,5 mL samples (from 125 

mL and 60 mL serum bottles respectively) were collected aseptically during 

regular intervals for 336 hours. 

2.8 Analytical methods 
 

Hydrogen production from all fermentation experiments was measured using a 

Perkin Elmer gas chromatograph equipped with a thermal conductivity detector 

according to Orlygsson & Baldursson (2007). Volatile fatty acid and ethanol 

produced from all fermentation experiments was measured using a Perkin 

Elmer Clarus 580 flame ionization detector gas chromatograph containing a 30 

m DB-FFAP capillary column (Agilent Industries Inc., Palo Alto, CA, United 

States) according to Orlygsson & Baldursson (2007). Optical density of 

cultures was measured at 600 nm using a UV-Visible spectrophotometer 

(Shimadzu UV-1800) and cuvettes (l = 1 cm); cultures were read against a 

dH2O blank. The concentration of total reducing sugars, methylpentoses, lactic 

acid, protein, starch, 1,2-PD, and total phenolics was analyzed colorimetrically 

according to the methods described in Sections 2.8.1-2.8.7. 

2.8.1 Total reducing sugars 

 

Total sugars were analyzed using the colorimetric method described by Miller 

(1959) with modifications. Briefly, 100 µL of sample and 100 µL of 3,5-

dinitrosalicylic acid (DNS) reagent (1 g DNS, 5 g Na2SO3, 4 g NaOH in 100 

mL dH2O) were added to a microplate and then incubated at 90°C for 20 min. 

After heating, 33 µL of a 40% (w/v) tartaric acid solution were added. Finally, 

the plate was placed on a microtiter shaker for 30 s and then read on a 

Bioscreen C at 580 nm. Glucose standards were prepared at a concentration 

range of 1-30 mM. 

2.8.2 Methylpentoses 

 

Methylpentoses were analyzed using the colorimetric method described by 

Dische & Shettles (1948) with modifications. Briefly, 50 µL of sample and 225 

µL of 15.4 M H2SO4 were added to a microplate and incubated at 90°C for 20 
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min. Afterwards, the plate was cooled to RT and 10 µL of 3% (w/v) cysteine 

hydrochloride solution added. Finally, the plate was placed on a microplate 

shaker for 30 s, allowed to develop for 60 min, and then read on a Bioscreen C 

at 580 nm. L-rhamnose standards were prepared at a concentration range of 

0,1-3 mM. 

2.8.3 Lactic acid 

 

Lactic acid was analyzed colorimetrically according to the method described 

by Taylor (1996). Briefly, 50 µL of sample was placed in a 1,5 mL Eppendorf, 

300 µL of concentrated H2SO4 added and the tube incubated in a 100°C water 

bath for 10 min. Afterwards, the sample was cooled to RT and 5 µL of CuSO4 

reagent (4% CuSO4·5H2O in dH2O) added, followed by 10 µL pPP reagent 

(1,5% p-Phenylphenol in 95% ethanol). The mixture was vortexed and 

incubated for 30 min. Finally, 300 µL were transferred into a microtiter plate 

and read at 570 nm. Lactic acid standards were prepared at a concentration 

range of 0,11-1,11 mM. 

2.8.4 Protein 

 

Protein was analyzed colorimetrically according to the method described by 

Bradford (1976). Briefly, 500 µL of Bradford reagent (100 mg Coomassie 

Brilliant Blue G-250 dissolved in 1 L of 1:2:17 95% ethanol:concentrated 

phosphoric acid:dH2O solution) were added to 50 µL of sample and absorbance 

read at 600 nm. Bovine serum albumin standards were prepared at a 

concentration range of 0-1400 µg/mL. 

2.8.5 Starch 

 

Starch was analyzed colorimetrically according to the method described by 

Gur, Cohen & Bravdo (1969) with modifications. Briefly, 50 µL of sample was 

added to a microplate well followed by 200 µL of a I2-KI reagent consisting of 

3% (w/v) iodine and potassium iodide dissolved in dH2O and the plate read on 

a Bioscreen C at 600 nm. Starch standards were prepared at a concentration 

range of 0-900 µg/mL. 
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2.8.6 Propane-1,2-diol 

 

1,2-PD was analyzed colorimetrically according to the method described by 

Jones & Riddick (1957) with modifications. Briefly, 50 µL of sample was 

added to a microplate well followed by 250 µL of concentrated sulphuric acid 

and incubation at 70°C for 20 min. After cooling to room temperature, 10 µL 

of a ninhydrin solution (3 g ninhydrin and 5 g sodium bisulfite dissolved in 100 

mL dH2O) was added and the plate developed for 60 min before reading on a 

Bioscreen C at 600 nm. 1,2-PD standards were prepared at a concentration 

range of 0,1-2 mM. 

2.8.7 Total phenolics  

 

Total phenolics were analyzed colorimetrically according to the method 

described by Singleton & Rossi (1965) with modifications. Briefly, 50 µL of 

sample, 200 µL of dH2O and 25 µL of Folin-Ciocalteu Reagent (Sigma F9252) 

were added to a microplate well followed by 75 µL of a 20% (w/v) sodium 

carbonate solution and 100 µL of dH2O. The plate was allowed to develop over 

2 h and read on a Bioscreen C at 600 nm. Gallic acid standards were prepared 

at a concentration range of 5-100 µg/mL. Results are presented as gallic acid 

equivalent (GAE). 

2.8.8 Statistical analysis 

 

Two-tailed paired Student´s t-tests (95% confidence interval) and Pearson’s 

correlation coefficient were calculated using Microsoft Excel. 
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3 Results 
 

3.1 Preliminary carbohydrate extractions 
 

The use of acid and basic conditions for methylpentose extraction from Ulva lactuca was 

investigated on a small scale at temperatures ranging from 25 to 100 °C using a solid 

macroalgae loading of 10% (w/v). Acidic extraction conditions included dH2O, 0,1%, 0,5%, 

1%, 2,5%, and 5% (v/v) H2SO4. Starch was not analyzed due to limited sample volumes. 

Rhamnose and total sugar values ranged from 8,5-41 mM and 2-52 mM respectively. The 

hydrolysates containing the maximum rhamnose were obtained at 75°C and 2,5% (v/v) H2SO4 

after a 60 min extraction period. This maximum rhamnose extraction yield was accompanied 

by a total phenolics concentration of 242 µg/mL and a total sugar concentration of 51 mM 

(Figure 4).  

 

Basic extraction conditions included NaOH concentrations from 0.1% - 5% (w/v). Starch was 

not analyzed due to limited sample volumes. Rhamnose and total sugar values ranged from 2-

40 mM and 2-53 mM respectively. Hydrolysates containing a maximum of 40 mM rhamnose 

were obtained at 100°C and 5% (w/v) NaOH after a 60 min extraction period. Under these 

conditions, the maximum observed rhamnose extraction yield was accompanied by a 

maximum concentration of total phenolics, 656 µg/mL (Figure 5). At all basic extraction 

conditions, a visible increase in protein liberation was observed compared to acidic extraction 

conditions (data not shown). 
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3.2 Kinetic carbohydrate extractions 

 

Using acidic extraction conditions (dH2O, 0,5%, 1%, 2,5% (v/v) H2SO4) at 75 °C, the 

liberation of total sugars, starch, L-rhamnose and total phenolics was followed over the course 

of 360 min. A maximum concentration of L-rhamnose, an approximately 40 mM solution, 

was obtained after a 360 min extraction with dH2O, 180 min extraction with 0,5% (v/v) 

H2SO4, 300 min extraction with 1% (v/v) H2SO4 and 300 min extraction with 2,5% (v/v) 

H2SO4 (Figure 6). Total sugar concentrations after 360 min ranged from 6 mM (dH2O) to 65 

mM (2,5% (v/v) H2SO4) and total phenolic concentrations ranged from 176 µg/mL (dH2O) to 

498 µg/mL (2,5% (v/v) H2SO4). A peak in starch concentration of 2,4 mg/mL was observed 

under slightly acidic conditions (0,5% (v/v) H2SO4).  
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Figure 6 Total sugars (mM), methylpentoses (mM) and phenolics (µg/mL) in obtained Ulva lactuca hydrolysates at 75°C as a function of acid concentration 

(%) and time (min). Values represent the average of triplicate measurements with standard deviation presented as error bars. 
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3.3 Preparative-scale carbohydrate extractions 
 

Preparative-scale extractions were performed in singlet at 75°C using two 

extraction solutions (dH2O and 1% (v/v) H2SO4) in 1 L borosilicate glass 

bottles at a 1:10 extraction ratio (25 g dry, milled Ulva lactuca in 250 mL 

extraction solution). Samples were collected at 60 min intervals for L-

rhamnose analysis (Figure 7). Under acidic conditions, an approximately 32 

mM L-rhamnose solution was obtained after a 180 min extraction period. 

Under neutral conditions, an approximately 18 mM L-rhamnose solution was 

obtained after a 180 min extraction period. These were used to prepare 

fermentation media containing different amounts of hydrolysates (Figure 8).  

 

 

Figure 7 L-Rhamnose concentration in samples pulled during large scale 180 min Ulva 
lactuca extraction under acidic (1% (v/v) H2SO4), red columns, and neutral (dH2O), 
blue columns, conditions. Values are average of triplicates with error bars 
corresponding to standard deviation. 
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Figure 8 Initial L-rhamnose concentration in seven different media differing in Ulva 
lactuca hydrolysate concentration (red columns correspond to hydrolysates prepared 
under acidic conditions and blue columns correspond to hydrolysates prepared under 
neutral conditions). The initial L-rhamnose concentration in the medium containing 
70% hydrolysate prepared under acidic conditions could not be measured due to lack 
of material. Values are average of triplicates with error bars corresponding to standard 
deviation.  
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3.4 Fermentation of model substrates by selected 

Clostridia 
 

The fermentation of model substrates found in macroalgal biomass, namely the 

monosaccharides D-glucose and L-rhamnose, at initial concentrations of 20 

mM, and the polysaccharides starch and alginate at initial concentrations 2% 

(w/v), was investigated. The fermentation was carried out in batch cultures and 

end-products were analyzed after 14 days of incubation. Clostridium strain 

AK1 produced 1,2-PD in 50% yields that of theoretical both on L-rhamnose 

and a mixture of D-glucose and L-rhamnose with a notable increase in ethanol 

production in the latter case (50% that of theoretical) (Figure 9).  

 

Cl. beijerinckii produced 1,2-PD in 22,5% yields that of theoretical under the 

same conditions, with approximately 80% ethanol yields. The main end-

products from starch and alginate included ethanol and acetate. Clostridium 

strain AK1 produced 68 mM and 27 mM ethanol from starch and alginate or 

28% and 11% yields that of theoretical (calculated as glucose equivalent) 

respectively, while Clostridium beijerinckii produced 18 mM and 12,5 mM or 

7% and 5% yields that of theoretical respectively (Figure 10). End product 

results from C. saccharolyticus and C. hydrothermalis are omitted due to bad 

inoculation stocks. 
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Figure 9 End product formation from glucose, rhamnose, starch and alginate by 
Clostridium strain AK1. Gluc stands for glucose and rha for rhamnose. Values are 
average of triplicates with error bars corresponding to standard deviation. 

Figure 10 End product formation from various from glucose, rhamnose, starch and 
alginate by Clostridium beijerinckii. Gluc stands for glucose and rha for rhamnose. 
Values are average of triplicates with error bars corresponding to standard 
deviation. 
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3.5 Effects of culture conditions 
 

The effects of initial L-rhamnose concentration and pH on the utilization of 

rhamnose was investigated for both Clostridium strain AK1 and Cl. beijerinckii 

as well as C. saccharolyticus and C. hydrothermalis.  

 

3.5.1 Effects of initial L-rhamnose concentration 

 

All strains produced 1,2-PD at all initial L-rhamnose concentrations. 

Clostridium AK1 produced the highest titers, 22 mM (S)-1,2-PD at initial L-

rhamnose concentration of 80 mM and utilized 80% of the initial carbon source 

(Figure 11). Both Cl. beijerinckii and C. saccharolyticus produced 

approximately 11,5 mM (S)-1,2-PD at 120 mM L-rhamnose, utilizing 

approximately 60% of the initial carbon source (Figure 12 and 13). Lowest 

titers were recorded for C. hydrothermalis, 8,4 mM (S)-1,2-PD at 120 mM L-

rhamnose, which utilized approximately 55% of the initial carbon source 

(Figure 14). 
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Figure 11 Effect of initial rhamnose concentration on its utilization and end product 
formation by Clostridium strain AK1. Values are average of triplicates with error 
bars corresponding to standard deviation (data from Ingvadottir, Scully & 
Orlygsson, 2018). 
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Figure 12 Effect of initial rhamnose concentration on its utilization and end product 
formation by Clostridium beijerinckii. Values are average of triplicates with error bars 
corresponding to standard deviation. 

Figure 13 Effect of initial rhamnose concentration on its utilization and end product 
formation by Caldicellulosiruptor saccharolyticus. Values are average of triplicates with 
error bars corresponding to standard deviation. 
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Figure 14 Effect of initial rhamnose concentration on its utilization and end product 
formation by Caldicellulosiruptor hydrothermalis. Values are average of triplicates with 
error bars corresponding to standard deviation. 
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3.5.2 Effects of initial pH on L-rhamnose utilization 

 

All strains produced (S)-1,2-PD at all pH values investigated, although  

Clostridium AK1 was clearly inhibited at pH below 4,8 and above 7,8, 

reaching the highest (S)-1,2-PD titers, 10,4 mM, at pH 6,7 with a 

corresponding 77% carbon utilization (Figure 15). Cl. beijerinckii reached a 

maximum of 5,3 mM (S)-1,2-PD at pH 5. Substrate utilization did not exceed 

43% (Figure 16). C. saccharolyticus was clearly inhibited at pH 8,5. 1,2-PD 

production reached a maximum of 4,4 mM at pH 4,5 (Figure 17). (S)-1,2-PD 

production by C. hydrothermalis was clearly favored at acidic conditions. It 

reached a maximum of 11,2 mM 1,2-PD at pH 6 (Figure 18).  

 

 

 

  

0

10

20

30

40

50

60

70

80

90

100

0

2

4

6

8

10

12

14

16

18

20

4,5 4,8 5,1 5,5 5,9 6,7 7,2 7,8 8,5

R
h

am
n

o
se

 u
ti

liz
at

io
n

 (
%

)

En
d

 p
ro

d
u

ct
 (

m
m

o
l/

L)

pH

EtOH Acetate Butyrate 1,2PD

Lactate H2 Sugar consumed

Figure 15 Effect of initial pH on rhamnose utilization and end product formation by 
Clostridium strain AK1. pH 4 values not shown. Values are average of triplicates 
with error bars corresponding to standard deviation. (data from Ingvadottir, Scully & 
Orlygsson, 2018). 
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Figure 16 Effect of initial pH on rhamnose utilization and end product formation by 
Clostridium beijerinckii. Values are average of triplicates with error bars corresponding 
to standard deviation. 

Figure 17 Effect of initial pH on rhamnose utilization and end product formation by 
Caldicellulosiruptor saccharolyticus. Values are average of triplicates with error bars 
corresponding to standard deviation. 
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Figure 18 Effect of initial pH on rhamnose utilization and end product formation by 
Caldicellulosiruptor hydrothermalis. Values are average of triplicates with error bars 
corresponding to standard deviation. 
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3.6 Batch fermentation of Ulva lactuca and Ulva 

hydrolysates  
 

Utilization and end product formation from diluted algal hydrolysates (from 

approximately 1 mM to 22 mM L-rhamnose equivalent) as well as untreated 

Ulva lactuca at a solid loading of 10% (w/v) by Clostridium strain AK1 and 

Cl. beijerinckii strain was analyzed after a 14 day incubation period as shown 

in Figure 19 and 20, respectively. End product results from C. saccharolyticus 

and C. hydrothermalis are omitted due to bad inoculation stocks. 
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Figure 19 End product formation from various Ulva lactuca hydrolysates by 
Clostridium strain AK1. „H2O“ stands for medium containing a hydrolysate fraction 
prepared under neutral conditions and „A“ stands for medium containing a  
hydrolysate fraction prepared under acidic conditions (1% (v/v) H2SO4). Values are 
average of triplicates with error bars corresponding to standard deviation. 
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Figure 20 End product formation from various Ulva lactuca hydrolysates by 
Clostridium beijerinckii. „H2O“ stands for medium containing a hydrolysate fraction 
prepared under neutral conditions and „A“ stands for medium containing a  
hydrolysate fraction prepared under acidic conditions (1% (v/v) H2SO4). Values are 
average of triplicates with error bars corresponding to standard deviation. 
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3.7 Clostridium strain AK1 fermentation kinetics 
 

Based on the results of previous experiments, Clostridium strain AK1 was 

selected for a more detailed examination of the utilization of both simple 

monosaccharides as the sole carbon source as well as BM containing algal 

hydrolysates (45% v/v). Utilization and end product formation from D-glucose, 

L-rhamnose, and Ulva lactuca hydrolysates was analyzed over 336 h. 

Hydrogen, ethanol, and acetate was produced in all cases.  

When grown on glucose, ethanol and acetate yields reached 55% and 26% that 

of theoretical, respectively. Glucose consumption and increase in culture 

optical density were strongly correlated for the first 36 h of incubation  

(r= -0,97) when a  maximum density of 0,5 (at 600 nm) was reached. The 

same was true for glucose consumption and ethanol (r= -0,99), acetate  

(r= -0,99) and hydrogen production (r= -0,93) during the first 74 h of 

incubation (Figure 21). After 74 h, end-product concentrations did not increase 

substantially. Clostridium strain AK1 did not produce 1,2-PD from D-glucose.  

When grown on rhamnose, a clear shift in end product formation was observed. 

Ethanol and acetate yields were 7x and 1,3x times lower than those observed 

on glucose. 50% of the rhamnose was utilized within the first 36 h of 

incubation, compared to 70% that of glucose (Figure 22). Increase in (S)-1,2-

PD production was strongly correlated with rhamnose utilization after the 

initial 36 h period (r= -0,83), reaching a maximum concentration of 7,7 mM or 

57% yields that of theoretical at the end of incubation period. Culture grown on 

rhamnose reached a maximum optical density of 0,2 (at 600 nm).  

When grown on BM containing 45% (v/v) Ulva lactuca hydrolysate prepared 

under neutral conditions (S)-1,2PD titers from reached a maximum of 

approximately 2 mM after 50 h (Figure 24). OD was not measured. When 

grown on BM containing Ulva lactuca hydrolysate prepared under acidic 

conditions (Figure 25), 50% of total reducing sugars were utilized during a 

time period of 14 h between 36 h and 50 h of incubation. A close to fourfold 

increase in ethanol production was observed during those 14 h, twofold 

increase in acetate and threefold increase in hydrogen (Figure 25). 
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Figure 21 End product formation from glucose and its utilization by Clostridium strain 
AK1 over 336 h. Values are average of triplicates with error bars corresponding to 
standard deviation. 
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Figure 22 End product formation from rhamnose and its utilization by Clostridium 
strain AK1 over 336 h. Values are average of triplicates with error bars 
corresponding to standard deviation. 
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Figure 23 End product formation from a mixture of glucose and rhamnose and total 
sugar utilization by Clostridium strain AK1 over 336 h. Error bars correspond to 
standard deviation. 

Figure 24 End product formation from a 45% hydrolysate solution (prepared via 
extraction with dH2O at 75°C for 3 h) by Clostridium strain AK1 over 336 h. Error 
bars correspond to standard deviation. 
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Figure 25 End product formation from a 45% hydrolysate solution (prepared via 
extraction with 1% H2SO4 (v/v) at 75°C for 3 h) by Clostridium strain AK1 over 336 
h. Error bars correspond to standard deviation. 
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4 Discussion 
 

The work described herein is the first report of 1,2-PD production by a 

thermophilic bacterium using macroalgae, specifically Ulva lactuca, as raw 

material via a simple sugar extraction. To date, Bikker et al (2016), Potts et al 

(2010) and Diallo et al (2018) have reported 1,2-PD formation from Ulva 

lactuca using mesophilic Clostridium strains. Furthermore, this is the first 

report of possible alginolytic properties of Cl. beijerinckii strain DSM 791 and 

Clostridium strain AK1. To date, alginate component fermentation has only 

been reported for Cl. beijerinckii strain DSM 6422 (Hou, et al., 2017). 

 

To identify the mildest conditions liberating the maximum concentration of L-

rhamnose, preliminary sugar extraction from Ulva lactuca was performed 

under neutral, acidic, and basic conditions at temperatures ranging from 25°C 

to 100°C. To establish how long extractions should be conducted for to avoid a 

decrease in carbohydrate content while minimizing the production of inhibitory 

compounds, Ulva extractions were repeated under selected conditions on a 

larger scale under chosen acidic conditions and the liberation of sugars 

followed over a period of 360 min. Additionally, a preparative scale extraction 

was performed at neutral and one chosen acidic condition. To ferment the 

liberated L-rhamnose, four strains known to ferment L-rhamnose to 1,2-PD 

were investigated; Clostridium strain AK1, Cl. beijerinckii, C. saccharolyticus, 

and C. hydrothermalis. The strains were examined for their utilization of 

glucose, rhamnose, a mixture of glucose and rhamnose, starch, alginate and 

Ulva lactuca hydrolysates in a 14 day batch culture. Similarly, the inhibitory 

effects of increasing initial L-rhamnose concentrations and the effects of pH on 

L-rhamnose utilization were assessed for all four strains. Lastly, the utilization 

of glucose, rhamnose, a mixture of glucose and rhamnose and Ulva lactuca 

hydrolysates by Clostridium strain AK1 in batch culture was followed over a 

period of 336 hours. 
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4.1 Preliminary carbohydrate extractions  
 

Ultimately, the goal of extracting L-rhamnose from Ulva lactuca with 1,2-PD 

fermentations in mind should maximize the amount of L-rhamnose while 

minimizing the extraction of other molecules present such as proteins (and 

amino acids) and phenolics keeping the formation of side products to a 

minimum. Generally, acidic conditions liberated more monosaccharides, 

including L-rhamnose, from Ulva lactuca than did alkaline conditions at 

temperatures below 100 °C. 

 

At 0,1-2,5% v/v H2SO4, an increase in temperature was positively correlated 

with an increase in total sugars liberated (r= +0,8 for 0,1% and r=+0,9 for 0,5-

5% (v/v) H2SO4) after a 60 min extraction, although the resulting titers were up 

to 10-fold lower at 0-0,1% than they were at 0,5-2,5% v/v H2SO4. This can be 

explained by the effective cleavage of glycolytic bonds from starch under 

acidic conditions catalyzed by H+. A similar trend was observed for the 

extraction of L-rhamnose, with a maximum concentration of 41 mM obtained 

after a 60 min extraction in 2,5% v/v H2SO4 at 75°C. 

 

At the highest acid concentration, however, 5% H2SO4, a substantial decrease 

in total sugars was observed, most likely due to carbohydrate dehydration to 

compounds like 5-hydroxymethylfurfuraldehyde by the acidic solution and 

elevated temperatures. However, a similar decrease in L-rhamnose yields was 

not observed. It is hypothesized that hexoses, such as glucose, are more quickly 

dehydrated into corresponding aldehyde species than deoxy sugars under 

increasing acidic conditions and temperature. This hypothesis was not 

experimentally tested although visual inspection of samples revealed a definite 

color change under increasingly acidic conditions and temperature; from clear 

to yellow to dark brown which could indicate Maillard reaction products from 

the reactions of the aforementioned sugar decomposition products and proteins 

present in the Ulva. An increase in phenolics, which potentially have 

antimicrobial activity (Pérez, Falqué & Domínguez, 2016), was observed with 
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elevated acid concentrations and temperatures. Total phenolics concentration 

reached a maximum of approximately 370 g/mL after a 60 min extraction at 

2,5% H2SO4, 100°C.  

 

A clear shift in hydrolysis products was observed under basic conditions. 

Unsurprisingly, the recovery of total sugars was much lower than under acidic 

conditions as glycosidic linkages are more easily cleaved in the presence of H+ 

than -OH. Similarly, the amount of protein liberated was much higher under 

basic conditions, as these conditions have a tendency to favor the cleavage of 

the polypeptide bond (data not shown). The highest titers of L-rhamnose were 

systematically observed at 100°C at all but two (dH2O and 0,1% (w/v) NaOH) 

extraction conditions. As under acidic conditions, the concentration of 

potentially antimicrobial phenolics increased with increased base concentration 

and temperature, reaching a maximum of approximately 656 g/mL after a 60 

min extraction at 5% (w/v) NaOH, 100°C. At all temperatures, for NaOH 

concentrations above 0,1% (w/v), the increase in total phenolics was strongly 

correlated with increased NaOH concentration (r= +0,97 in all cases). For these 

reasons, subsequent work focused on the use of acidic conditions. 

 

4.2 Kinetic carbohydrate extractions  
 

In order to identify the extraction optimum for L-rhamnose liberation from 

Ulva, a series of kinetic experiments under acidic conditions were performed, 

identified in previous experiments. Additionally, as it is well-known that non-

enzymatic browning reactions in protein and sugar rich substrates increase with 

temperature and frequently include antibacterial products (not quantified within 

the scope of this work), it was decided neither to inspect the 100°C extraction 

conditions, any of the basic conditions nor the most acidic conditions (5% (v/v) 

H2SO4) further. The reasoning for this was fourfold: firstly, the difference 

between L-rhamnose liberated after 60 min at 100°C between 2,5% (v/v) 

H2SO4 and 5% (v/v) H2SO4 during the preliminary extraction was statistically 

insignificant (p >0,025, data not shown). Secondly, the L-rhamnose liberated 



44 

 

after 60 min at 75°C and 2,5% (v/v) H2SO4 was significantly higher than at 5% 

(v/v) H2SO4 (p <0,025). Thirdly, at temperatures below 100°C, the maximum 

L-rhamnose recovered from basic extraction conditions was very low (5,7 mM 

solution). Fourthly, the aim of every extraction method should be that of a mild 

and energy efficient process, ruling out high temperatures (in this case 100°C) 

and extractant concentrations (in this case 5% (v/v) H2SO4). 

 

Likewise, the difference in L-rhamnose liberated under neutral conditions and 

0,1% (v/v) H2SO4 was statistically insignificant (p >0,025). Thus, the 0,1% 

(v/v) H2SO4 extraction condition was no further investigated. Thus, the kinetics 

of L-rhamnose, total reducing sugars, phenolic compounds and starch 

extraction was only studied for dH2O, 0,5%, 1%, and 2,5% (v/v) H2SO4. 

Finally, 75°C was chosen as the acceptable extraction temperature as the 

increase observed in L-rhamnose extraction between 50 and 75°C was 

statistically significant (p <0,025, data not shown) for dH2O, 0,5%, and 1% 

(v/v) H2SO4.  

 

The concentration of total sugars, L-rhamnose, total phenolics and starch was 

measured over the course of 360 min under acidic (0,5, 1, and 2,5% (v/v) 

H2SO4) and neutral (dH2O) extraction conditions at 75°C. As previously 

reported (Section 4.1), an increase in acidity was strongly positively correlated 

with an increase in total sugars liberated at 360 min (r= +0,99) and a clear 

increase in L-rhamnose concentration after 180 min at all acid concentrations. 

This positive correlation for L-rhamnose liberation, however, gradually 

decreased with increased acid concentration (r= +0,94 for dH2O but only  

r= +0,68 for 2,5% (v/v) H2SO4). Contrary to brown and red algae, Ulva lactuca 

stores parts of its carbohydrates in the form of starch. Thus, in addition to L-

rhamnose and total sugar analysis, starch was assayed. With increased acid 

concentration and time, a decrease in starch was observed, resulting, in turn, in 

a total reducing sugar concentration increase. For example, at 2,5% (v/v) 

H2SO4, an increase in starch liberation was strongly correlated with time for 

the first 90 min (r= + 0,9) but decreased to (r= -0,9) for the remaining 
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extraction period (120-360 min). This suggests active starch hydrolysis at 

higher acid concentrations which corresponds to the literature (Hoover, 2000). 

Generally, the concentration of total phenolics increased with time highlighting 

the need to limit extraction times to a minimum. 

4.3 Preparative-scale carbohydrate extractions 
 

In order to use the mildest, shortest but most efficient extraction conditions, a 

large scale sugar extraction was performed at 75°C for 180 min using dH2O 

and 1% (v/v) H2SO4 identified by the previous experiments. No statistically 

significant increase in L-rhamnose concentration was observed for any of the 

investigated acid concentrations during the kinetic extraction during the first 

120 minutes (p >0,025 for 15 min and 120 min sampling point). The increase 

in L-rhamnose concentration between 120 and 180 min was statistically 

significant for all extraction conditions (p <0,025) and thus 180 min were 

chosen as the minimum acceptable length of large scale sugar extraction. 

 

4.4 Fermentation of model substrates by selected 

Clostridia 
 

The clostridia strains selected for study in this work have been previously 

noted to produce 1,2-PD from L-rhamnose (Ingvadottir, Scully & Orlygsson, 

2018; Ingvadottir, Scully & Orlygsson, 2017; Diallo et al, 2018). The ability of 

these strains to utilize not only L-rhamnose but other components commonly 

found in biomass make them potential bioprocessing organisms for algal 

biomass although a number of knowledge gaps exist which are partially 

addressed herein. Clostridium strain AK1 typically ferments glucose to a 

mixture of acetate, ethanol, and hydrogen, while Clostridium beijerinckii 

further reduces acetate to butyrate as depicted in Figures 9 and 10. For 

referential purposes, these strains were also grown on starch and alginate as 

those are polymers frequently found in macroalgal biomass. As expected, when 

grown on rhamnose and a mixture of glucose and rhamnose, Clostridium strain 

AK1 (S)-1,2-PD yields remained the same while the formation of other end 
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products increased in the presence of glucose. Cl. beijerinckii’s characteristic 

butyrate production is absent when grown on starch and alginate, which 

suggests fermentation of heat-liberated monosaccharides rather than true 

amylolytic and alginolytic behavior. Amylolytic abilities of wild-type Cl. 

beijerinckii are rather an exemption than the rule (Taguchi et al, 1994), while 

amylase production by mutants has been extensively studied (Su, Zhao, Wang 

& Xu, 2015). Alginolysis has not been reported for Cl. beijerinckii in the 

literature and is an aspect that should be further explored for other Clostridia. 

 

4.5 Effects of culture conditions 
 

In order to better understand the impact of specific culture parameters, in this 

case pH and initial substrate concentration, all four strains were evaluated on 

rhamnose at various initial concentrations and pH. Changes in pH and initial 

substrate concentrations are known to cause shifts in end-product formation 

during fermentation and/or to inhibit substrate utilization all together as 

depicted for Clostridium strain AK1 in the case of pH (Figure 15) and D-

glucose (Ingvadottir, Scully & Orlygsson, 2018). 

 

In the case of Clostridium strain AK1, 1,2-propanediol yields were 83% at 10 

mM L-rhamnose, 80% at 20 mM L-rhamnose, 92% at 40 mM L-rhamnose and 

finally close to 100% at 60 mM L-rhamnose. However, the strain is clearly 

inhibited at L-rhamnose concentrations above 40 mM as witnessed by 

decreasing L-rhamnose utilization in Figure 11. A similar trend is observed 

when Clostridium strain AK1 is grown on increasing glucose concentrations 

although the utilization is generally higher and the end-product shift leans 

towards ethanol and lactate (Ingvadottir, Scully & Orlygsson, 2018). This 

might be the effect of a higher energy trade-off during D-glucose fermentation 

than in the case of L-rhamnose. 1,2-PD is not produced from glucose. 

However, that does not rule out the possibility of it possessing the mgs gene 

responsible for converting DHAP into methylglyoxal. Clostridium strain AK1 

has been whole genome sequenced which would allow for mgs screening.  
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Likewise, at acidic (pH 4,5) and basic (pH 8,5) conditions, rhamnose 

utilization of AK1 is clearly inhibited as seen in Figure 15. 1,2-PD formation 

reaches a maximum of 10 mM at pH 6,7 but stays similar at a pH range from 

4,8-7,8. Thus, pH (as long as kept above 4,8 or below 7,8) does not seem to 

matter for 1,2-PD formation. Clostridium strain AK1 exhibits a parallel trend 

when grown on D-glucose. At pH 4,5 and 8,5 D-glucose utilization is clearly 

inhibited and ethanol production reaches a maximum at pH 6,7 (Ingvadottir, 

Scully & Orlygsson, 2018). Subsequent work on the fermentation of algal 

extracts was conducted at pH 7. 

 

The initial concentration of L-rhamnose does not seem to make a substantial 

difference on the substrate utilization by Cl. beijerinckii although 1,2-PD yields 

are much lower than that of AK1, reaching a maximum of 30% that of 

theoretical at the initial concentration of 80 mM L-rhamnose. Cl. beijerinckii is 

not clearly inhibited at extreme pH conditions as seen on Figure 16. However, 

rhamnose utilization is lowest, approximately 11%, at pH 8,5, and highest at 

pH 5,5 (43% 1,2-PD yield) and pH 7,5 (41% 1,2-PD yield). 

 

Both species of Caldicellulosiruptor examined exhibit decreased fermentation 

performance with increasing substrate concertation. C. saccharolyticus gave a 

maximum 1,2-PD yield of 60% that of theoretical at 10 mM initial L-rhamnose 

concentration which decreased at higher initial L-rhamnose concentrations; 

36% 1,2-PD yield at an initial concentration of 20 mM L-rhamnose, 27% yield 

at 40 mM to a 17% 1,2-PD yield at 120 mM of L-rhamnose. However, the 

strain does not seem to be inhibited by increasing concentrations of L-

rhamnose as the deoxy sugar utilization percentage stays relatively the same 

over a concentration range of 10-120 mM. This points to a stable L-rhamnose 

import and consumption over time, regardless of its initial concentration.  

 

C. hydrothermalis showed maximum 1,2-PD yields of 55% that of theoretical 

at 10 mM initial L-rhamnose concentration. As in the case of 
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Caldicellulosiruptor saccharolyticus, yields gradually decreased with 

increasing L-rhamnose concentration; 50% at 20 mM, 35% at 40 mM, 22% at 

60 mM, 19% at 80 mM and 13% at 120 mM. Likewise, C. hydrothermalis did 

not seem to be inhibited by increasing L-rhamnose concentrations as the deoxy 

sugar utilization stayed relatively the same over a concentration range of 10-

120 mM; if anything, it increased slightly with initial L-rhamnose 

concentration suggesting a different control mechanism than that of C. 

saccharolyticus. 

 

4.6 Batch fermentation of Ulva lactuca and Ulva 

hydrolysates 
 

Clostridium strain AK1 was grown on differing concentrations of diluted Ulva 

lactuca hydrolysates prepared both in neutral and acidic conditions. When 

grown on hydrolysates, the highest 1,2-propanediol yields were obtained on 

70% hydrolysates (approximately 6 mM of 1,2-PD). However, when grown on 

non-pretreated Ulva lactuca (10% (w/v)) the yields were approximately 8 mM 

(S)-1,2-PD. This is particularly noteworthy as it provides a strong basis for 

future consolidated bioprocessing (CBP) investigations. Although not analyzed 

in terms of chirality, it is assumed with high confidence that the 1,2-PD 

produced was, in fact, in the (S)-1,2-PD due to L-rhamnose being the carbon 

source. The CBP approach would render the pre-treatment and L-rhamnose 

extraction steps of green macroalgal biomass unnecessary and decrease costs 

and labor. Similarly, the feasibility of enzymatic saccharification of Ulva 

lactuca, whether in the form of commercial enzymes or enzymatically dense 

in-house prepared yeast or bacterial broths, compared to fermentation of non-

pretreated green macroalgae as well as extraction methods described herein 

could be assessed. 

 

When grown on hydrolysates, the highest 1,2-propanediol yields of 

Clostridium beijerinckii were obtained on 70% neutrally prepared hydrolysate 

(6 mM 1,2-PD). However, when grown on non-pretreated Ulva lactuca (10% 
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(w/v)) the yields were approximately 9 mM (S)-1,2-PD. Although not analyzed 

in terms of chirality, it is assumed with high confidence that the 1,2-PD 

produced was, in fact, in the (S)-1,2-PD due to L-rhamnose being the carbon 

source. 

 

4.7 Clostridium strain AK1 fermentation kinetics 
 

Clostridium strain AK1 was selected for further study as it showed promising 

results during batch culture experiments and studies on the effects of initial pH 

L-rhamnose concentration reported by Ingvadottir, et al (2018). When grown 

on glucose as the sole carbon source over a period of 336 hours, close to 92% 

of the carbon was utilized. Fermentation end products included ethanol (20 

mM or 50% of theoretical yields), acetate (9,6 mM) and hydrogen (10 

mmol/L). No 1,2-PD production was observed on glucose. These results match 

those previously reported in the literature (Ingvadottir, Scully & Orlygsson, 

2018). The glucose culture reached maximum density after 36 h which could 

be correlated to a substantial decrease in glucose concentration and increase in 

end product formation. A sudden decrease in culture optical density after 36 h 

might be due to accumulated acidic end products and cell lysis. The density 

increases again between 260-336 h, perhaps because of culture adaptation to 

the somewhat unfavorable conditions. 

 

When grown on L-rhamnose as the sole carbon source over a period of 336 

hours, close to 67% of the carbon was utilized. Compared to the glucose 

culture, a shift in fermentation end products was observed. Production of 

ethanol reached only 7% that of theoretical yields (2,7 mM) and a decrease in 

acetate (7,8 mM) and hydrogen (2 mmol/L) production was also noted. 

Production of 1,2-PD reached 57% of theoretical yields after 336 h which very 

likely may not have been the maximum achievable titer. The delay in 1,2-PD 

formation could be the result of a metabolic bottleneck, such as L-lactaldehyde, 

which is less efficiently reduced to 1,2-PD as compared to the formation of 

other reduced end products. Ingvadottir et al (2018) reported 66% yields that of 
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theoretical. These differences might be due to natural variability. The culture 

reached maximum density at the end of fermentation period and was 50% that 

of the glucose culture. This can be explained by the fact that anaerobic 

metabolism of L-rhamnose provides the microorganism with less energy than 

glucose; the net energy gain from glucose fermentation is 2 ATP but 1 ATP 

from L-rhamnose which means that less cell mass can be achieved by 

rhamnose fermentation. A sudden decrease in culture optical density after 36 h 

might be due to accumulated end products as previously mentioned for 

glucose. The density increases again between 260-336 h, perhaps because of 

culture adaptation to the somewhat unfavorable conditions. 

 

When grown on a mixture of rhamnose and glucose over a period of 336 hours, 

fermentation end products included ethanol (19 mM), acetate (10,5 mM), 

hydrogen (7,7 mmol/L), and 1,2-PD (10 mM). The increase in 1,2-PD 

formation (66,7% that of theoretical as opposed to 57,5% when grown solely 

on L-rhamnose) could be attributed to the increase in cell mass due to the 

presence of glucose. Ethanol, acetate and hydrogen yields could have been 

expected to be higher. However, due to unusually high initial sugar 

concentration (a total of 40 mM, 20 mM glucose and 20 mM rhamnose), it was 

deemed quite likely that the culture had to adjust to these slightly unfavorable 

conditions, causing a lag in the initiation of carbohydrate utilization and thus 

lower end-product yields at the end of incubation period (refer to Figure 23). 

 

When grown on a 45% (v/v) Ulva lactuca hydrolysate prepared via extraction 

with distilled water at 75°C for 3 hours, fermentation end products included 

ethanol (15 mM), acetate (9 mM), hydrogen (6 mmol/L) and 1,2-propanediol 

(1,6 mM, refer to Figure 9). This suggests the presence of at least 15 mM 

glucose at the start of fermentation or an equivalent amount of starch, as 

Clostridium strain AK1 is amylolytic. Figure 8 shows the concentration of L-

rhamnose in media containing 45% Ulva lactuca hydrolysate, prepared under 

neutral conditions (13,5 mM). After 336 hours, L-rhamnose concentration in 
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the medium was measured at 10 mM (data not shown). Thus, 1,2-PD yields 

were approximately 46% that of theoretical. 

 

When grown on a 45% Ulva lactuca hydrolysate prepared via extraction with 

1% H2SO4 at 75°C for 3 hours, fermentation end products included ethanol (13 

mM), acetate (9 mM), hydrogen (5 mM) and 1,2-propanediol (1,1 mM). Figure 

8 shows the concentration of L-rhamnose in media containing 45% Ulva 

lactuca hydrolysate, prepared under acidic conditions (18,8 mM). After 336 

hours, L-rhamnose concentration in the medium was measured at 8 mM (data 

not shown). Thus, 1,2-PD yields were 10% that of theoretical. A clear lag 

phase, exponential phase and stationary phase is observed with regards to end 

products. A dramatic shift in ethanol, acetate, and hydrogen concentration is 

apparent at 50 h, and approximately 50% of the total sugars is utilized within 

14 h between 36 h and 50 h. This suggests a 36 h adaptation period (refer to 

Figure 25), perhaps caused by the presence of phenolic compounds or other 

inhibitory species generated during the acidic extraction. 
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5 Conclusions 
 

Rhamnose can be easily and rapidly extracted from Ulva lactuca under mild 

conditions (1% (v/v) H2SO4 at 75°C) or a simple extraction with water at 75°C. 

Several strains within class Clostridia can degrade L-rhamnose to 1,2-PD and 

four selected clostridia, Clostridium strain AK1, Clostridium beijerinckii, 

Caldicellulosiruptor saccharolyticus, and Caldicellulosiruptor hydrothermalis, 

were investigated for the ability to produce 1,2-PD from Ulva lactuca biomass. 

Clostridium strain AK1 produced the highest titers of 1,2-PD from rhamnose 

(7.7 mM from 20 mM rhamnose). Clostridium strain AK1 was also able to 

ferment non-pretreated, Tyndallized green macroalgae and produced almost 

identical amounts of 1,2-PD as from a 70% hydrolysate medium (8 mM and 6 

mM respectively), prompting further investigation into the possibility of using 

Clostridium strain AK1 for consolidated macroalgae bioprocessing. 
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