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guaymasensis [20].

In type III ADHs, a highly conserved glycine-rich motif equivalent 
to Gly96-Ser99 in ZmADH is required for accepting NAD+ and NADP+. 
�e speci�city between the cofactors is brought by many residues, but 
one speci�c residue, an Asp residue at the 39th position in ZmADH 
has been identi�ed to be crucial in spatial determination of accepting 
NAD+ over NADP+ [43]. All type III hyperthermophilic ADHs are 
NADP+ dependent and have a Gly instead of the Asp residue.

Biochemical properties 

�e substrate speci�city and enzyme kinetic parameters are vital 
factors that can be used to deduce the physiological roles of the ADH 
in an organism and further elucidate possible industrial applications. 
�e substrate speci�cities of ADHs in oxidation and reduction are 
tested using a range of primary and secondary alcohols, aldehydes and 
ketones including aliphatic, cyclic, branched and aromatic.

Even though most of the hyperthermophilic ADHs are capable of 
oxidizing some alcohols and reducing either aldehydes or ketones, only 
one of those reactions may take place within the organism, depending 
on the substrate concentrations and apparent Km values towards certain 
substrate(s). Determination of the Kmvalues of an ADH sheds light on 
its physiological role and also aids in selecting possible candidates for 
industrial alcohol production. For example, ADH of T. litoralis has Km 
values of 11.1 mM (in the presence of 0.4 mM NADP) and 33 µM (in the 
presence of 60 mM ethanol) for ethanol and NADP, respectively [26]. 
However, the Km values for acetaldehyde and NADPH were 0.4 mM 
(in the presence of 0.3 mM NADPH) and 0.3 mM (in the presence of 4 
mM acetaldehyde), respectively [26]. �is indicates that the ADH has 
a lower Kmvalue towards acetaldehyde rather than ethanol and would 
have a physiological role in reducing acetaldehyde rather than oxidizing 
ethanol [26]. �e same could be true for ADH of Thermococcus strain 
ES1 where the Km value of NADPH and acetaldehyde was almost 10 
times lower than that of NADP and ethanol while the catalytic e�ciency 
(kcat/Km) for NADPH and acetaldehyde was approximately 3 times 
greater than that for NADP and ethanol [21]. ADH of T. guaymasensis 
also has lower Km value towards ketone than alcohol [20]. �e apparent 
Km for diacetyl reduction was found to be 0.21 mM. Compared to other 
Zn containing ADHs, this enzyme exhibited the highest thermoactivity 
(1,149 U/mg) and thermostability (t1/2 of 24 h at 95°C) [20]. Some other 
hyperthermophilic ADHs that e�ciently catalyze alcohol production 
are those from P. furiosus, T. hydrothermalis, A. pernix, and S. solfataricus 
MT4 (Table 1).

�e ADH of P. aerophylum is only active with α-tetralone as 
substrate [22]. �e apparent Km was found to be 2.4 mM and the 
catalytic e�ciency was 716.4 s-1mM-1 [22]. �e recombinant H. 
butylicus ADH showed a preference in reducing propanal to 1-propanol 
[44]. However, the optimal temperature for enzyme activity was found 
to be 60°C while the optimal temperature for growth of the organism 
was 95°C [44]. At 95°C the enzyme lost 85% of its activity. �erefore, it 
is hypothesized that this ADH characterized could not be responsible 
for the production of 1-butanol in H. butylicus since it takes place at 
95°C [44]. ADH of S. tokodaii reacts towards broad substrates including 
primary alcohols, secondary alcohols and various aldehydes except 
formaldehyde [29]. However, it was found that the Vmax values of 
reduction reactions are much higher than the oxidation reactions, but 
the Km values for substrates such as 1-pentanol, 1-hexanol and benzyl 
alcohol are lower than those for the corresponding aldehydes [29]. 
�erefore, it indicates that ADH of S. tokodaii prefers catalyzing the 
oxidation of alcohol instead of the reduction of aldehydes/ketones.

Ethanol production at high temperature

Traditionally bioethanol is produced at temperatures between 
25°C-37°C in order to maintain optimal growth of mesophilic 
ethanol producers. It has been reported that fermentation at elevated 
temperature provides many advantages including a considerable amount 
of cost reduction. According to Abdel-Banat et al. [45], increasing the 
fermentation temperature by 5°C could save approximately $800,000 per 
year, for a 30,000-kL scale ethanol plant, in terms of cooling, reducing 
contamination and simultaneous sacchari�cation, and fermentation. 
When using elevated fermentation temperatures, thermotolerant 
ethanol producers can be employed instead of mesophilic organisms 
such as S. cerevisiae and Z. mobilis. Unlike mesophilic ethanol 
producers, many hyper/thermophilic microorganisms are known to 
utilize pentose sugars from the abundantly available lignocellulosic 
material. Using this as a substrate would make bioethanol production 
more economically viable [46,47].

An ideal ethanol producer is expected to produce high yields of 
ethanol with few or no by-products, have low inhibitor sensitivity 
and high ethanol tolerance [46,47]. By nature, hyper/thermophilic 
organisms do not carry out homo ethanol fermentation and do not 
exhibit high product tolerance [47]. For instance, less than 1 mM of 
ethanol was found in the tested cultures of T. guaymasensis and H. 
butylicus [20,44]. Strain development, o�en involving metabolic 
engineering, is used to address these de�ciencies. Many thermophilic 
microorganisms have been metabolically engineered to give a high 
titer of ethanol. Thermoanaerobacterium saccharolyticum strain ALK2 
which had acetate production eliminated by deletion of phospho- 
transacetylase and acetate kinase was reported to produce a titer of 33 
g/l [48]. Some thermophilic Clostridium species like C. thermocellum 
and C. thermohydrosulfuricum, can withstand ethanol concentrations 
up to 40 g/l and deletion of a key hydrogenase maturation protein, 
hydG, increased ethanol yield by 53% of theoretical [49,50]. Geobacillus 
thermoglucosidasius can tolerate up to 10% ethanol (v/v) [46]. 
Eliminating lactate production, deleting pyruvate-formate lyase and 
overexpressing pyruvate dehydrogenase caused an increase in ethanol 
titer up to 15.9 g/l [51]. In the thermotolerant yeast 
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