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ABSTRACT
Ethanol production using Paenibacillus strain J2 was studied on carbohydrates and lignocellulosic biomass 
hydrolysates including grass (Phleum pratense) and barley straw (Hordeum vulgare). The strain has a broad 
substrate spectrum; fermentation of glucose yielded ethanol (major product), acetate, butyrate (minor), hydrogen, 
and carbon dioxide. At glucose concentrations below 30 mM fermentation was not inhibited. Higher substrate 
loadings resulted in decreased glucose utilization and a shift of end products towards butyrate. The maximum 
yields of ethanol were 1.45 mol ethanol mol glucose-1. The end products from lignocellulosic (4.5 g L-1 dw) 
biomass hydrolysates pretreated with 0.5% HCl or NaOH (control was unpretreated) prior to cellulase treatment 
were investigated. Ethanol production from cellulose hydrolysates without chemical pre-treatment yielded 5.5 
mM ethanol g-1 with lower yields from paper and lignocellulosic biomasses (1.2-1.7 mM g-1). Ethanol production 
was enhanced by dilute acid or base pre-treatment combined with enzymatic treatment with the highest yields 
from grass (3.2 mM ethanol g-1).
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YFIRLIT
Etanól framleiðsla hjá Paenibacillus, stofni J2 var rannsakaður á sykrum og hýdrólýstötum úr flóknum lífmassa, 
m.a. vallarfoxgrasi (Phleum pratense) og hveitihálmi (Hordeum vulgare). Stofninn var með breytt hvarfefnasvið; 
gerjun á glúkósa leiddi til myndunar á etanóli (meginafurð), ediksýru, smjörsýru, vetnis og koltvísýrings. Of hár 
upphafsstyrkur (> 30 mM) glúkósa leiddi til hindrunar á niðurbroti hans og aukinnar framleiðslu á smjörsýru. 
Hámarksframleiðsla á etanóli var 1.45 mól etanól mól glúkósa-1. Lokaafurðir úr hýdrólýsötum úr flóknum 
lífmassa (4.5 g L-1 þurrvigt) sem var formeðhöndlaður með annað hvort 0.5% HCl eða NaOH auk sellulasa 
meðhöndlunar var rannsökuð. Etanól framleiðsla úr sellulósa án efnafræðilegrar formeðhöndlunar gaf af sér 5.5 
mM etanól g-1 en minni nýting var á pappír og flóknum lífmassa (1.2-1.7 mM g-1). Etanólframleiðsla á grasi jókst 
með sýru- og basameðhöndlun ásamt ensímformeðhöndlun, en hámarksnýting var 3.2 mM etanól g-1.
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INTRODUCTION
Paenibacillus is a large genus currently 
containing 148 species and 4 subspecies 
according to the Euzeby List of Prokaryotes 
with standing in Nomenclature (LPSN); many 
species are notable for their potential applications 
in biotechnology. Species belonging to the 
genus are typically gram-positive, mesophilic, 
endospore-forming flagellated rods that are 
facultative anaerobes or strict aerobes (Priest, 
2009). Several moderate thermophiles within 
the genus have been described including P. 
thermophilus, P. thermoaerophilus, P. marinum, 
and P. tezpurensis (Zhou et al. 2012, Ueda et 
al. 2013, Bouraoui et al. 2013, Rai et al. 2010). 
The genus was originally established in 1993 
(Ash et al. 1993) when Bacillus was shown to 
consist of at least five phyletic lines and one 
of them was reclassified to form the separate 
genus of Paenibacillus; Paenibacillus polymyxa 
was designated as the type species. In 1996, the 
genus Paenibacillus was reassessed on the basis 
of polyphasic taxonomic results (Heyndrickx 
et al. 1996). Paenibacilli can be isolated from a 
wide range of habitats including plant materials, 
soil, and geothermal areas (Ash et al. 1993, 
Logan et al. 2004, Khianngam et al. 2009, 
Behrendt et al. 2010, Zhou et al. 2012).

Ethanol production from complex biomass 
such as lignocellulose by using thermophilic 
bacteria has received increased interest in the past 
ten years (Taylor et al. 2009, Scully & Orlygsson 
2015). The primary reasons include the ability 
of many thermophiles to tolerate extremes 
of both temperature and pH, their increased 
doubling times as compared to mesophiles, 
simplified end product profiles, and decreased 
susceptibility to mesophilic contamination. 
Additionally, many thermophiles have broad 
substrate spectra making them well suited to 
degrading the monomers present in complex 
biomass. Strict anaerobes within the genera 
of Clostridium, Thermoanaerobacter, and 
Thermoanaerobacterium have been extensively 
studied for their ethanol production from sugars 
and biomass (Wiegel et al. 1983, Lacis & 
Lawford, 1988, Lynd et al. 1989, Almarsdottir 
et al. 2012) while little attention has been paid to 

other Firmicutes such as members of the genus 
Paenibacillus. Few reports on the fermentative 
metabolism of members of Paenibacillus 
have been reported despite some strains being 
able to degrade cellulose and other polymeric 
substrates (Dasman et al. 2002, Daane et al. 
2002). Paenibacillus macerans (formerly 
Bacillus macerans) has been reported to produce 
1.3 mole of ethanol from one mole of glucose 
(Weimer, 1984a); this species is very versatile 
even degrading glycerol and deoxyhexoses to 
1,2-propanediol (Weimer, 1984b, Gupta et al. 
2009). 

The present investigation was towards 
ethanol production by a Paenibacillus strain 
J2, isolated from an Icelandic hot spring, using 
both simple sugars and various lignocellulosic 
biomasses. Special attention was given to the 
effect of various culture variables on ethanol 
yields.

MATERIALS AND METHODS
Isolation of strain and medium 
Strain J2 was isolated on glucose (20 mM) in a 
basal medium (BM) from a hot spring (50°C, pH 
7.4) in Grensdalur in SW Iceland, as described 
earlier (Sveinsdottir et al. 2009). The BM 
medium was prepared anaerobically by using 
the Hungate technique (Hungate, 1969); briefly 
the medium was boiled for 5-10 min and cooled 
while flushing with nitrogen. The mixture was 
then transferred to cultivation bottles closed with 
butyl rubber stoppers and aluminium caps and 
autoclaved for 60 minutes. All other components 
of the medium were added separately through 
filter-sterilized (Whatman, PES 0.45 µm) 
solutions. The gas phase in all experiments 
consisted of nitrogen (99.999% purity, <5 ppm 
O2). All carbon sources used were from filter 
sterilized stock solutions except for polymeric 
substrates (cellulose, avicel, CMC, xylan, and 
starch) which were added prior to autoclaving. 
All experiments were performed at 50°C and 
pH 7.0 without agitation. The inoculum volume 
was 2% (v/v) taken from the exponential growth 
phase of a culture cultivated on 20 mM glucose. 
All experiments were performed in duplicate.
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Phylogenetic analysis
Partial 16S rRNA analysis of a 692 nucleotide 
long sequence was done according to 
Vesteinsdottir et al. (2011) and the phylogenetic 
relationship has been described previously 
(Sveinsdottir et al. 2009).

Determination of temperature and pH optimum
To determine the pH optimum of the strain, it 
was cultivated at 50°C with the initial pH set 
between pH 4.0 and 9.0 with increments of 1.0 
pH unit. The pH values of the experimental 
bottles were adjusted with HCl or NaOH. The 
temperature optimum was determined at pH 
7.0 using seven different temperature ranges 
(22, 37, 40, 45, 50, 55, 60, 65°C). Experiments 
were done in 117.5 mL bottles with 50 mL BM 
medium using glucose (20 mM) as the carbon 
source. The maximum growth rate (µmax) was 
obtained from absorbance data as previously 
described (Orlygsson, 2012).

Substrate utilization spectrum
The ability of strain J2 to utilize different 
carbohydrates was tested in 24.5 mL serum 
bottles using a 10 mL BM medium supplemented 
with various substrates. The substrates tested 
included xylose, arabinose, glucose, mannose, 
galactose, fructose, rhamnose, maltose, 
cellobiose, sucrose, lactose, trehalose, raffinose, 
starch, cellulose, CMC, avicel, xylan (oat spelt), 
glycerol, pyruvate, serine, and threonine. Final 
concentration of all substrates was 20 mM or 
0.2% (w/v) for xylan, starch, CMC, cellulose, 
and avicel. Growth was measured after 5 days 
using an increase in optical density (600 nm) and 
hydrogen production as an indicator of positive 
growth. Samples with positive growth were then 
further analysed for, hydrogen, volatile fatty 
acids, and ethanol.

Effect of initial glucose concentrations on end 
product formation
The effect of initial glucose concentration on 
the growth behaviour of strain J2 was done by 
varying the concentration from 5 to 200 mM. 
Control bottles only contained yeast extract (2 
g L-1). Glucose, hydrogen, acetate, butyrate, 

and ethanol concentrations were measured at 
the beginning and at the end of the incubation 
period (5 days). Experiments were done in 117.5 
mL serum bottles with 60 mL liquid medium.

Effect of liquid gas phases
The strain was cultivated in 117.5 mL serum 
bottles containing different amounts of liquid (2 
mL, 5 mL, 10 mL, 30 mL, 60 mL, and 90 mL), 
thus yielding different liquid-to-gas (L/G) phase 
ratios (0.02 to 3.27).

Pretreatment of biomass and hydrolysate 
preparation
Four different materials were used for the 
preparation of hydrolysates: Whatman filter 
paper (cellulose), newspaper, barley straw 
(Hordeum vulgare), and timothy grass (Phleum 
pratense). The biomass (22.5 g L-1) was either 
non-chemically treated or chemically (0.5% HCl 
or NaOH) in addition to enzymatic treatment 
with cellulases (Celluclast and Novozyme 188) 
as earlier described (Sveinsdottir et al. 2009, 
Almarsdottir et al. 2012). After pretreatment, 
the hydrolysates were adjusted with NaOH 
or HCl to pH 7.0 since the strain has a pH 
optimum between pH 7.0 and 8.0 (Sveinsdottir 
et al. 2009). The hydrolysates were then filtered 
through 0.45 µm syringe filters into sterile 
nitrogen-flushed serum bottles.

Fermentation of hydrolysates
Fermentation of carbohydrates present in 
hydrolysates was performed in 24.5 mL serum 
bottles with 8.0 mL of BM medium and 2.0 
mL of hydrolysate for a final hydrolysate 
concentration of 4.5 g·L-1. Control samples did 
not contain hydrolysate, only yeast extract (2 g 
L-1).

Analytical methods
Hydrogen, ethanol, and volatile fatty acids were 
measured by gas chromatography as previously 
described (Orlygsson & Baldursson, 2007). 
Glucose was determined by slight modification 
of the anthrone method of Laurentin and Edwards 

(2003); briefly, centrifuged sample (400 µL) was 
mixed with 2 mL of anthrone solution (0.2%                                                                                                         
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[w/v] anthrone in 72% [v/v] sulfuric acid). The 
sample was boiled for 11 minutes and then 
cooled on ice. Absorbance was then measured 
at 600 nm by using a Perkin-Elmer Lambda-25 
UV-Vis spectrophotometer.

RESULTS AND DISCUSSION
Physiology
Strain J2 was isolated from a hot spring (50 °C, pH 
7.4) in Iceland as described earlier (Sveinsdottir 
et al. 2009). The strain grows both aerobically 
(results not shown) and anaerobically; strain 
J2 is thus a facultative anaerobe as are many 
members within the genus (Priest, 2009). 
All data in the present investigation are on its 
fermentative metabolism. The strain grows at 
a relatively narrow temperature spectra, from 
37°C to 55°C with Topt between 45 and 50°C 
(generation time 1.76 h for both temperatures). 
The strain grows between pH 5.0 and 8.0 with a 
pHopt of 7.0 to 8.0 (generation time 1.99 to 2.05 
h).

Phylogeny
The partial 16S rDNA (692 bases) sequence of 
strain J2 revealed that the strain belongs to the 
genus Paenibacillus. It has 97.9 % similarity 
with P. phoenicis, 97.8% with P. barengoltzii, 
and 96.6% with P. taiwanensis. All these 
strains are mesophilic, either strict aerobes or 
facultative anaerobes, 
and do not originate 
from geothermal areas 
(Benardini et al. 2011, 
Osman et al. 2006, Lee 
et al. 2007). Among 
thermophilic species, 
strain J2 has the 
closest similarity to P. 
thermophiles (95.4%), 
P. tezpurensis (91.6%), 
P. marinum (91.2%), 
and P. thermoaerophilus 
(90.6%). The most closely 
related thermophile, P. 
thermophiles, is a strict 
aerobe. Despite its close 
relationship to several 

mesophilic strains, strain J2 may represent a 
new species based on temperature growth range 
and temperature optimum. This will be studied 
in the near future by fully sequencing the 
strain’s 16S gene, more detailed investigation 
of phenotypic traits, and by DNA-DNA 
hybridization experiments performed with the 
closest related species.

Substrate spectrum
Figure 1 shows the fermentative substrate 
spectrum of strain J2. The strain showed 
moderately broad substrate spectrum producing 
a mixture of mainly ethanol and acetate from 
most of the sugars tested. Starch and xylan were 
also converted to ethanol and acetate. The ratio 
between ethanol and acetate was lowest during 
growth on xylose (1.08) but highest on trehalose 
(1.75). The highest ethanol concentration 
was observed on glucose, 25.9 mm (controls 
subtracted), thus producing 1.29 mol ethanol 
per mol glucose (64.5% of theoretical yield). 
More oxidized substrates, such as pyruvate 
and serine, were predominantly converted to 
acetate. This is not surprising as the oxidation 
states of these substrates is greater compared 
to monosaccharides and thus there is less need 
to direct the electrons produced to NAD+ via 
ethanol production. Ethanol generation by 
Paenibacillus species has received relatively 

Figure 1. End product formation from various substrates by strain J2. Data rep-
resent the average of two replicate experiments. Standard deviations are shown 
as error bars. Hydrogen values are corrected to volume units.
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little attention although 
Paenibaillus macerans has 
been shown to produce 
1.30 mM ethanol per 
mol of glucose (Weimer, 
1984a). Strain J2 did not 
utilize arabinose, mannose, 
rhamnose, cellobiose, 
sucrose, lactose, cellulose, 
CMC, avicel, glycerol, and 
threonine.

Effect of different initial 
glucose concentrations
One of the main obstacles of 
using thermophilic bacteria 
for ethanol production 
is their relatively low 
tolerance of high initial 
glucose concentrations, 
although this can be 
overcome through 
the use of continuous 
culture techniques. Low 
sensitivity to initial 
substrate concentrations 
has been demonstrated 
with thermophilic 
members of various genera 
including Clostridium 
(Orlygsson, 2012), 
Thermoanaerobacterium 
(Almarsdottir et al. 2012), 
and Thermoanaerobacter 
(Lacis & Lawford 1988, 
Sommer et al. 2004). The main reason for this is 
due to the low buffer capacity of batch cultures 
these experiments have been performed in, end 
product inhibition (either acids or hydrogen), 
or substrate inhibition (Lacis & Lawford, 
1988). At low initial glucose concentrations 
(≤30 mM) strain J2 effectively degraded most 
of the glucose, with ethanol as the primary end 
product accompanied by smaller concentrations 
of acetate, butyrate, and hydrogen (Figure 2A). 
At higher glucose concentrations, less glucose 
was degraded; at an initial glucose concentration 
of 200 mM only 17% was degraded. The most 

likely reasons for this inhibition are due to lower 
pH values observed in the experimental bottles 
with high glucose loadings. Paenibacillus 
macerans, for example, has been shown to stop 
carbohydrate fermentation when the pH drops 
below pH 4.9 (Weimer, 1984a). To look at the 
relationship between pH and acetate formation 
these data were plotted together (Figure 2B) 
showing that increased acetate formation leads 
to lower pH at the end of incubation. Ethanol 
yields per mole of glucose consumed ranged 
from 1.18 to 1.45. However, there was a shift 
in the end product formation with increasing 

Figure 2. A) End product formation at different initial glucose concentra-
tions. Also shown are the residual glucose concentrations (in percent) af-
ter fermentation. Data represent the average of two replicate experiments 
± standard deviations. Hydrogen values are corrected to volume units. B) 
Relationship between acetate and pH after fermentation.

ETHANOL PRODUCTION BY A PAENIBACILLUS



20     ICELANDIC AGRICULTURAL SCIENCES

substrate loading. The strain did not produce 
more ethanol when the substrate concentration 
was increased; increased glucose loadings 
shifted end product formation towards butyrate 
rather than ethanol and acetate. The observed 
acetate/butyrate ratio was between 13:1 and 
10:1 at concentrations of less than 30 mM but 
to 3.6:1 at the highest glucose concentrations.

Effect of different liquid-gas ratios on strain J2
The partial pressure of hydrogen (pH2) has been 
shown to be important as an inhibitor for substrate 
utilization in strict anaerobes (Hawkes et al. 
2002, van Niel et al. 2003). To investigate the 
effect of pH2 on end product formation, strain J2 
was cultivated with six different ratios of liquid 
to gas (L/G) phase on 20 mM glucose. Figure 
3 shows that the ethanol formation for strain J2 
was rather stable over all the different L/G ratios 
applied. Ethanol production was highest at the 
lowest L/G ratio (0.02) but acetate, butyrate, 
and hydrogen production decreased with higher 
L/G ratios. In all the cultures the amount of 
ethanol observed was between 23.1 and 31.2 
mM, and the amount of acetate between 10.0 
and 15.6 mM. It is a well-known phenomenon 
that the partial pressure of hydrogen (pH2) 
strongly influences strict anaerobic bacteria that 
possess the pyruvate ferredoxin oxidoreductases 
for hydrogen production (Ben-Bassat et al. 
1981, Jones, 2008, Hawkes et al. 2002). Thus, 

high pH2 inhibits hydrogenases and directs the 
electron flow to more reduced end products 
like ethanol, butyrate and lactate (Levin et al. 
2004, Nath & Das, 2004). Indeed, for strain J2, 
hydrogen together with acetate and butyrate 
production decreased with increasing L/G 
phases but ethanol production did not increase 
(Figure 3). The main reason for this could 
be that the strain may not possess pyruvate 
ferredoxin oxidoreductase but pyruvate formate 
lyase as demonstrated in strains of P. macerans 
(Weimer, 1984a). P. macerans produces 1.3 mol 
ethanol mol glucose-1 but during kinetic study 
of the strain a late appearance of hydrogen and 
disappearance of formate suggest that formate 
is cleaved to hydrogen and carbon dioxide 
(Weimer, 1984a). Also, results indicated that the 
reducing equivalents for ethanol production were 
not only derived from the oxidation of glucose to 
pyruvate but also from pyruvate degradation to 
formate and hydrogen. Unfortunately, formate 
was not analysed in the present study but our 
results suggest a similar fermentation pattern 
could be present in strain J2. It has been shown 
that Paenibacillus macerans also produces more 
ethanol when exogenous hydrogen is added to 
closed batch fermentation on glucose (Weimer, 
1984a) but this strain is also known to convert 
acetate to acetone at low pH.

Hydrolysates
A large focus of the 
present investigation 
was on the production 
of ethanol from 
lignocellulosic biomass. 
Production of biofuels 
from lignocellulosic 
biomass using 
thermophilic organisms 
has gained increased 
interest in recent years 
and almost exclusively 
with “true thermophiles” 
which have temperature 
optima above 60°C 
(Ahring et al. 1999, 
Georgieva et al. 2008, 

Figure 3. Effect of liquid/gas phase ratio on the end product formation for strain 
J2. Results are expressed as the average of two replicates ± standard deviation.
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Almarsdottir et al. 2012) while little attention 
has been allocated to moderate thermophiles. 
Clostridium AK1, a moderate thermophile with 
a Topt of 50°C, was recently investigated in 
our laboratory and shown to produce 7.4 mM 
g-1 cellulose (Whatman paper), pretreated in 
the same way as in the present investigation. 
The highest yields on grass and straw were 
3.1 mM g-1 and 3.2 mM g-1 when pretreated 
with acid and alkali, respectively (Orlygsson, 
2012). The maximum yield of ethanol from the 
fermentation of glucose is 2 mol ethanol mol 
hexose-1 or 11.1 mM g-1 Whatman paper. Strain 
J2 produced the highest amounts of ethanol on 
untreated and acid pretreated Whatman paper, 
between 24.5 to 25.0 mM (controls subtracted) 
or 5.6 to 5.8 mM g-1 (dw), respectively (Table 
1). This was approximately 55% of theoretical 
yields which may be explained by acetate 
formation and that some glucose remained 
unutilized at the end of the incubation period. 

When cellulose was pretreated with alkali, 
considerably less ethanol was produced; instead 
more butyrate and hydrogen were produced. 
Cultivation on lignocellulosic biomass resulted 
in much lower yields. The highest ethanol yields 
of chemically unpretreated biomass were 1.75 
mM g-1 grass. This was, however, increased 
to 3.77 mM g-1 with acid pretreatment. These 
yields were in a range similar to those in some 
recent studies on wheat straw and beet molasses 
by Thermoanaerobacter mathranii and 
Thermoanaerobacter ethanolicus (Ahrin g et al. 
1999, Avci & Donmez, 2006) but considerably 
lower as compared to Thermoanaerobacterium 
AK17 on grass hydrolysates (Almarsdottir et al. 
2012). Generally, both butyrate and hydrogen 
production were highest using an alkali 
pretreated biomass. The reason for this shift in 
lower ethanol and higher butyrate and hydrogen 
production from an alkaline pretreated biomass 
is difficult to explain but could have been 

Table 1. Production of end products from hydrolysates (4.5 g L-1) from different biomasses. The biomass was 
either pretreated with 0.5% HCl or NaOH or received no chemical pretreatment prior to enzymatic treatment. 
Data represent average ± standard deviation of two replicate experiments. Ethanol yields in mM g-1 dw are 
given within brackets with control (yeast extract) subtracted. Nd = below detection limit (< 0.1 mM).

Concentration (mmol L-1)
Substrate 
(pretreatment) Ethanol Acetate Butyrate Hydrogen Glucose Glucose

(t = 0) (t = final)#
Control 2.7 ± 0.1 2.7 ± 0.1 0.2 ± 0.0 2.4  ± 0.1 Nd Nd

Whatman 27.5 ± 0.5 9.5 ± 0.4 1.1 ± 0.1 5.1 ± 0.6 30.3 ± 1.4 9.1 ± 0.3 
Whatman (acid) 27.1 ± 0.8 10.9 ± 0.2 1.1 ± 0.1 7.8 ± 0.4 31.3 ± 1.8 7.2 ± 0.2 
Whatman (alkali) 20.4 ± 0.7 11.5 ± 0.1 4.8 ± 0.3 15.3 ± 1.4 29.5 ± 0.4 6.5 ± 0.1 

Paper 9.6 ± 0.7 8.5 ± 0.6 0.8 ± 0.1 6.6 ± 0.3 8.6 ± 0.1 0.0
Paper (acid) 11.5 ± 0.7 8.9 ± 0.2 0.8 ± 0.6 6.9 ± 0.1 10.2 ± 0.1 0.0
Paper (alkali) 5.1 ± 0.5 7.1 ± 0.5 1.7 ± 0.1 8.1 ± 0.2 11.3 ± 0.1 0.0

Grass 10.6 ± 0.5 9.1 ± 0.1 1.7 ± 0.0 10.3 ± 0.6 9.4 ± 0.1 1.2
Grass (acid) 19.7 ± 1.9 12.1 ± 0.0 2.3 ± 0.8 9.9 ± 0.1 13.9 ± 0.1 1.3
Grass (alkali) 10.0 ± 0.3 10.6 ± 0.4 3.7 ± 0.2 14.4 ± 0.5 14.2 ± 0.1 2.1

Straw 8.0 ± 0.1 6.9 ± 0.2 0.6 ± 0.1 6.8 ± 0.1 4.5 ± 0.1 3.0
Straw (acid) 14.5 ± 0.5 10.2 ± 0.0 1.2 ± 0.4 6.6 ± 0.0 6.1 ± 0.1 5.7
Straw (alkali) 14.4 ± 0.2 12.2 ± 0.2 3.6 ± 0.5 12.6 ± 0.1 13.5 ± 0.1 1.2

# For paper, grass, and straw hydrolysates, glucose was not the only sugar present but results reflected total hexoses and 
pentoses.

ETHANOL PRODUCTION BY A PAENIBACILLUS



22     ICELANDIC AGRICULTURAL SCIENCES

caused by different substrates available or the 
production of inhibitory compounds.

CONCLUSION
Ethanol production capacity was studied 
by Paenibacillus strain J2 isolated from an 
Icelandic hot spring. The strain produced a 
maximum of 1.45 mol ethanol mol glucose-1 and 
had a moderate substrate spectrum, degrading 
various hexoses, xylose, disaccharides and 
polymeric substrates to ethanol, acetate and 
traces of butyrate. The main drawback of the 
strain is its relatively low tolerance to substrate 
(glucose) concentrations. This limitation can 
however be resolved by cultivating the strain 
in fed-batch or continuous culture. Finally, the 
strain produced up to 3.77 mM ethanol g-1 on 
chemically pretreated grass hydrolysates, which 
corresponds to up to 250 L of ethanol from one 
ton of this type of biomass.
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