Chemolithoheterotrophy – means to higher growth yields from this widespread metabolic trait?
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Abstract
Chemolithoheterotrophy is a mixed metabolic mode in which heterotrophic growth is augmented by energy conserved from the oxidation of an inorganic electron donor such as thiosulfate or sulfide (or from sulfide moieties in methylated sulfur species). This results in an increased specific molar growth yield and a more efficient uptake of carbon from the carbon source, which can lead  to more efficient biomass or product formation or more efficient degradation of pollutants etc. In this chapter we discuss the potential for harnessing this metabolic trait in biotechnology with critical evaluation of studies thus far.
1. Introduction
1.1 Metabolic modes
Microbial metabolism can be divided in many ways, with the obvious major division into autotrophs (which use carbon dioxide/bicarbonate as their sole carbon source whilst deriving energy from light mediated reactions (photoautotrophs) or from inorganic oxidation reactions (lithoautotrophs)) and heterotrophs (which use multicarbon compounds and derive both their energy and carbon from the same molecule rather than from distinct sources), with methanotrophs and methylotrophs as somewhat of a “grey area” (growing on one-carbon compounds more reduced that of carbon dioxide, they share some of the energetic restrictions from autotrophs but could also be considered as a special case of heterotrophy, since e.g. methane is used as both the carbon source and the energy source). Heterotrophs can be further divided into obligate heterotrophs (can only grow heterotrophically) and facultative autotrophs (can grow heterotrophically or autotrophically), with a further “grey area” being mixotrophs (which grow heterotrophically and autotrophically at the same time rather than just being able to do one or the other). Other mixed metabolic modes exist, such as those observed when a heterotroph that is, for example, growing on a hexose, also oxidises an inorganic electron donor – there are effectively 4 possible outcomes:
1) Oxidation of the electron donor without any discernible increase in specific growth yield. This would indicate that the organism is heterotrophic and does not gain energy from the gratuitous oxidation of the electron donor, which it may be simply detoxifying or inadvertently oxidising without useful capture of the electrons. It is worth noting that this is a common observation in batch culture but the same organisms grown in substrate-limited chemostats show outcome “4”, below (Mason, 1986; Mason & Kelly, 1988; Hutt, 2016).
2)  Oxidation of the electron donor and use of the energy derived from it to fuel carbon dioxide fixation at the same time as heterotrophic growth. This would indicate that the organism is a mixotroph, which we have already mentioned.
3) Oxidation of the electron donor with modest increase in specific growth yield but without carbon dioxide fixation and without any production of ATP in resting cells when the electron donor is supplied. This would demonstrate that the organism is not obtaining useful energy from the oxidation, but instead has a small increase in yield owing to the chemical supplied as an “electron donor” acting as an antioxidant.
4) Oxidation of the electron donor with larger increase in specific growth yield but without carbon dioxide fixation although with production of ATP in resting cells when the electron donor is supplied. This would demonstrate that respiration during heterotrophic growth is being supplemented with electrons from the electron donor, increasing proton motive force and thus ATP production, leading to a higher specific growth yield – this special case of heterotrophy is chemolithoheterotrophy.

1.2 Limitations in the literature thus far
In biotechnological applications in which product yields relate to growth yields, such as lipid production or enzyme expression, it could be possible to produce additional biomass through the application of exogenous electron donors at economical rates. Whilst chemolithoheterotrophy is widespread in the Bacteria (cf. Table 1), there is also some, albeit incomplete, evidence that it occurs in the Archaea and the Eukarya also – we have included these studies at the end of Table 1 for the sake of completeness and showing the potential versatility of the methodology.
There is at present one major limitation to our understanding and thus application of this trait: misconceptions regarding the nature of chemolithoheterotrophy, as evidenced in Table 1, in which we have curated most – but probably not all – studies to date mentioning “chemolithoheterotroph/-ic/-y”, “lithoheterotroph/-ic/-y” etc from the major microbiology journals. As can be seen from Table 1, in many cases, there is insufficient evidence to demonstrate true chemolithoheterotrophy, and instead at best gratuitous oxidation should be concluded. A very common error is referring to the oxidation of e.g. thiosulfate during growth on glucose as “chemolithoheterotrophy” without any determination if the thiosulfate is being used for energetic gain, which it must be – the organism is not taking ‘nourishment’ (-trophy, from Classical Greek fem. sing. nom. n. τροφη (trophḗ), nourishment, a meal) from the thiosulfate unless it obtains electrons from it, clearly. The analogous situation to gratuitous oxidation would be a child emptying their plate onto the floor – they have not eaten the meal, but they show the symptom of it: emptying the plate, thus, oxidising the thiosulfate does not mean that they had any trophic interaction with it, unless it can be demonstrated by means of an increase in yield, or production of ATP.
The other issue common in the literature is not actually measuring the specific molar growth yield (hereafter, yield or Y) and this is truly critical. One cannot determine if an energetic gain is present from an increase in the amount of biomass, X, be that as dry biomass, protein or cell numbers, since there is no inherent measure of how much of the carbon source was used to make it – it could simply be using more of the carbon source when thiosulfate is present and leaving some behind without it. Yield is usually given units such as “grams dry biomass per mole substrate carbon” and it is determined by measuring the carbon source being consumed and the amount of biomass being formed and dividing the change in the amount of biomass by the amount of carbon source carbon consumed in its production – for most carbon sources, this is easy to determine. Whilst it is possible to quantify the uptake of e.g. tryptone using protein or amino acid analytical methods, since such growth substrates are undefined, they really make it impossible to determine Y, and only defined media should be used – this is another limitation in the literature – a study done using yeast extract cannot determine yield, pace by using total organic carbon (TOC) analysis of the medium and that would be prone to error from soluble intermediates in any case.
1.3 Obtaining useful yield data using the chemostat 
As we have already mentioned, some chemolithoheterotrophs do not give (easily measurable in low volume) increases in Y in batch culture – for example, Pseudomonas sp. Strain T (the original “Thiobacillus trautweinii” Strain T isolated by Trautwein (1921) from the River Tauber, and the first chemolithoheterotroph studied) in our previous work (Hutt, 2016) showed c. 20% Y increases during growth on glucose in the chemostat (under carbon, oxygen or phosphate limitation), but negligible in shake-flask batch culture. Whilst perhaps considered laborious or a dying art, the chemostat is a very useful tool in bacterial bioenergetics, not least because it permits the determination of the maximum yield coefficient (Ymax), which permits proper comparison between organisms to be carried out. To determine it, substrate-limited chemostats are established at 10+ steady-states over a range of dilution rates (D, equal to specific growth rate, µ, at steady state), and at each one, Y is determined. By hyperbolic fitting of Y versus D, one can determine Ymax in the same way that one would determine Vmax for an enzyme from V versus S – the Monod kinetics of growth are analogous to the Michaelis-Menton kinetics of enzymes. The advantage of Ymax is that it is effectively independent of µ, as such permitting comparison of, for example, organisms A and B – A can grow up to a maximum specific growth rate (µmax) of 0.1 h-1 and B can grow up to 0.5 h-1 – comparing Y obtained at D = 0.05 h-1 from each organism would not be valid since for A it is at 50% of µmax and B only at 10% of µmax – whereas normalising the data in the form of Ymax allows comparison. In the context of chemolithoheterotrophy research, Ymax values make it much easier to compare the increase in Ymax that occurs when the auxiliary electron donor is present, as it is effectively under the same (hypothetical) “conditions”. It has been proposed previously (Kelly and Kuenen, 1984) that the chemostat is the ideal means to demonstrating chemolithoheterotrophy and that whilst Ymax and Y can be used to definitively demonstrate it, an increase in X or an increase in optical density (OD) cannot, particularly given that the later does not give a linear relationship and may underestimate any true increases. Since yield determination requires determination of electron donor and carbon source depletion, we have provided notes on methodologies for the former herein.
2.0 Application
Some biotechnologies are reliant upon having cheap enough means to produce high biomass yields in order to then use the biomass in the technology – examples in the literature are plentiful and as diverse as using cells to remove thorium (IV) from nuclear waste (Sar and D’Souza, 2002) through to using pigments derived from the cells as feed additives (Gil-Hwan and Choi, 2003) – the range of possible applications is vast and the central factor is the need for as much biomass as possible, as cheap as possible. Bailey and Ollis (1986) gives a good overview of the limitations of microbial growth at scale and thus the necessity to make growth as efficient as possible.
In this section we consider bioenergetic, environmental and fiscal advantages and limitations to the use of auxiliary electron donors in biotechnology. For each auxiliary electron donor considered, theoretical ATP and NADH production maxima are given. These are determined on the basis of the synthesis of ATP from ADP and orthophosphate at pH 7.2 having a change in Gibbs free energy (ΔG) of +46.1 kJ/mol ATP produced, and similarly that for the production of NADH from NAD+, a proton and an electron is +83.4 kJ/mol NADH produced. The ΔG of each oxidation reaction was determined from the standard data tables at 1 M, pH 7.2 and at 298 K. By dividing ΔG yielded by these reactions, one can determine the theoretical maxima for NADH or ATP production from each of them, which is a useful comparative tool rather than being considered an absolute value that would be produced, as it obviously is not (Kelly, 1978). Since it has been shown that ATP is produced during sulfur oxidation in some chemolithoheterotrophs (Boden et al. 2010, Boden et al., 2011; Hutt, 2016), and that since heterotrophs do not need to make NADH by reverse electron transport as obligate autotrophs must, it is unlikely that NADH is the major in vivo product of electron donor oxidation in chemolithoheterotrophs. We have not included consideration of hydrogen or hydrogen sulfide, since the complexity of working with explosive or toxic (respectively) gaseous species probably renders them less useful in industry.
2.1 Sulfur-based chemolithoheterotrophy
As can be seen from Table 1, the dominant form of chemolithoheterotrophy studied to date is that based on the oxidation of inorganic sulfur oxyanions such as thiosulfate (S2O32-) or polythionates (SnO62-, where 3≤ n ≥ 130, though in practice, the sodium or potassium salts of n = 3 to 8 are synthesisable in a pure state). There are also examples that use organosulfur compounds such as dimethylsulfide ((CH3)2S, DMS), which is actually really an inorganic electron donor if one considers it as a sulfide ion wearing two methyl groups, which remain unchanged during the oxidation to dimethylsulfoxide ((CH3)2SO, DMSO), in which only the sulfide moiety changes in oxidation state from S(II) in DMS to S(IV) in DMSO - in theory further oxidation to dimethylsulfone ((CH3)2SO2, DMSO2) at S(VI) is possible and the reverse reaction is observed in some methylotrophs (Borodina et al. 2000) but the forward reaction has not been observed, possibly owing to the paucity of means of quantifying this compound. There may also be examples that use the inorganic compound carbon disulfide (CS2).
2.1.1 Thiosulfate
Thiosulfate oxidation by chemolithoheterotrophs usually proceeds to tetrathionate, but complete oxidation to sulfate is also possible:
2S2O32- + ½O2 + H2O  S4O62- + 2OH-
ΔG = -80 kJ/mol thiosulfate
[maxima of 1.7 mol ATP or 0.9 mol NADH per mol thiosulfate]
S2O32- + 2O2 + H2O  SO42- + 2H+
ΔG = -936 kJ/mol thiosulfate
[maxima of 20.3 mol ATP or 11.2 mol NADH per mol thiosulfate]
Ammonium, sodium and potassium thiosulfates are commercially available, with technical grade sodium thiosulfate pentahydrate retailing at around US$10 per kg as of March 2018 (Thermo Fisher Scientific), at ≥ 95% purity – thus around US$2.50 per mole. We have discussed quantification of thiosulfate in the polythionates section of this chapter. As can be seen from Table 1, it would be necessary to provide thiosulfate in excess, such that it is at or double the concentration of substrate carbon e.g. for a 40mM succinate culture, 160-320mM thiosulfate would be required, at around US$0.80 to US$1.60 per litre of culture to achieve an increase of Ymax, which is obviously variable by organism, but >20 % increase is not atypical. The cost of many generalist carbon sources such as sucrose or impure corn syrups is very low, and it is probably not economically advantageous to add thiosulfate to such cultures to achieve more biomass. One may find such advantages where specialist carbon sources such as methanol or succinate are required, or in situations where pollutant is being degraded, such as a hydrocarbon, in which case speed of degradation and turnover into biomass could be increased. The carbon dioxide flux from a hexose-grown culture can represent as much as 50 % of the substrate carbon being dissimilated, but when thiosulfate is added, in order that the yield of cells increases, the carbon dioxide emission must decrease by the same amount of carbon assimilated, thus even though it is not necessarily an economically viable option, thiosulfate use could reduce carbon dioxide emissions from large-scale cultures, the only waste product being tetrathionate (see section “Polythionates”) or sulfate, the former having no major industrial application but is easily degraded to sulfate using Thiobacillus or similar genera (Boden et al., 2017), which then does not present a disposal issue.
2.1.2 Polythionates
The polythionates are not likely to be a practical option owing to their lack of commercial availability. Whilst (Table 1) tetrathionate acts as an electron donor for chemolithoheterotrophs, there is a paucity of data on the other polythionates and it is clearly important that further work is done to ascertain if any of them are useful electron donors. 98% pure sodium tetrathionate dihydrate is available at US$5,700 per kg and 99% pure potassium tetrathionate is US$1,600 per kg, but the other polythionates must be synthesised by the worker – many groups synthesise their own tetrathionate for reasons of cost and this is relatively easy to undertake, likewise for the other polythionates – none require particularly advanced skills in synthetic chemistry, or complex equipment. Polythionate salts are best stored under argon or in vacuo at -20 °C, and their solutions should be made in small volume immediately before use – tetrathionate is the most stable at neutral pH but as the chain increases, they get less stable – trithionate is also not very stable, throwing down white elementary sulfur after a few days at room temperature. Storage of solutions in non-actinic glass at 4 °C will give them a slightly longer lifetime. In our laboratory, we sterilise all polythionates in solution by passage through a 0.2 µm filter, although tetrathionate can be autoclaved without appreciable losses. Sodium trithionate is easily made by oxidising thiosulfate with hydrogen peroxide, with yields of about 60g from 150g sodium thiosulfate pentahydrate (Willstätter, 1903; Kelly and Wood, 1994). Sodium tetrathionate is made by oxidising sodium thiosulfate with elementary iodine, with yields of around 30g from 50g sodium thiosulfate pentahydrate (Trudinger, 1961; Kelly and Wood, 1994). Sodium pentathionate is made by oxidising sodium thiosulfate with arsenic trioxide. About 90g can be obtained from 500g sodium thiosulfate pentahydrate. It is worth noting that the resultant pentathionate in our hands contains traces of acetate and arsenate, which can inhibit growth and thus further purification is needed (Stamm et al. 1941). Sodium hexathionate can be made from potassium thiosulfate on reaction with nitrite at low pH, yielding about 40g of the former from 80g of the latter (Weitz and Achterberg, 1928). Sodium hexathionate can be used to make sodium heptathionate (Wood and Kelly, 1986), albeit with very low yields. Sodium octathionate can be made by reaction of thiosulfate, sulfide and sulfite in strongly acid solutions (Pollard and Jones, 1958) but is probably not stable enough to be of any industrial use as an electron donor. 
Dithionate (not to be confused with dithionite) is not a polythionate technically speaking and is so stable that it probably has limited use by the Bacteria as an electron donor, but for the sake of completeness, we have included it here. Dithionate is no longer commercially available although some laboratories including ours have significant old stocks and it appears to keep very well at -20 °C – some of our jars are decades old and have not degraded. It can be prepared using the method of Pfansteil (1946) from the reaction of sulfur dioxide with manganic oxide, which yields manganous dithionate, which is then converted to sodium dithionate dihydrate – from about 80 g manganic oxide, about 60g of the latter can be obtained – but a continuous flow of sulfur dioxide is required for several hours of incubation, which is obviously costly – an alternative method uses sodium sulfite instead (Palmer, 1954), but the authors have not used this in our laboratory.
Quantifying polythionates, dithionate and thiosulfate is often complex as they appear in mixtures and methods appropriate to this are required. Whilst high-performance liquid chromatography (HPLC) and ion chromatography (IC) methods are very widespread for quantifying polythionates in mixtures (Mandalasi, 2002), it is important to note that not every laboratory has access to the necessary equipment and for routine day-to-day determinations, colorimetric assays are very useful. Kelly and Wood (1994) give a good overview of cyanolytic methodologies for thiosulfate and polythionates alone and in mixtures along with thin-layer chromatography (TLC) which is particularly useful for “a quick look” to see how a culture is doing. In our laboratory, we have made use of both paper chromatography (with 35:65 n-butanol:methyl cellosolve (2-methoxyethanol) as the solvent system) - which although slow, gives good separation of thiosulfate and polythionates – and TLC (using silica plates in two dimensions with 95:5 n-butanol:water then 1:1 methanol:n-propanol). In both cases, we spray the plates with 0.47 M silver nitrate in 9:1 acetone:water, which gives yellow spots with thiosulfate and polythionates on a beige field – this is photosensitive and the spots will blacken and the background brown over time. If the spots do not develop quickly, placing at in an oven (e.g. of a gas chromatograph) for a few minutes is usually enough to catalyse it. Further discussion of TLC, HPLC and other methods for polythionate determination are given in Kelly and Wood (1994) and Roy and Trudinger (1970). Dithionate is more complex to determine as it is so unreactive, the only non-chromatographic method being that of Murthy (1953) in which all other sulfur oxyanions etc are oxidised to sulfate using permanganate, and then the dithionate remaining is boiled with chromic acid and the unreacted dichromate determined by iodometry – this is not terribly convenient or precise but it is one of very few options.
In terms of energetics, all polythionates are oxidised to sulfate, but only tetrathionate has reliable Gibbs energies of formation determined (Kelly, 1978) to consider the yield maxima:
S4O62- + 3.5O2 + 3H2O  4SO42- + 6H+
ΔG = -1,654 kJ/mol tetrathionate
[maxima of 35.9 mol ATP or 19.8 mol NADH per mol tetrathionate]
 Whilst a large amount of ATP could be formed if coupled to tetrathionate oxidation, the economic and supply issues are likely to prevent this being a useful tool in industry, but it may be economical in very special circumstances, such as where the carbon source is very expensive.
2.1.3 Dimethylsulfide
DMS is flammable, corrosive and very unpleasant to handle owing to a strong pungent odour. It is not expensive, at about US$15 per kg. It is worth noting that for laboratory work, DMS is best procured in small volumes and stored under argon to prevent oxidation to DMSO or DMSO2 or breakdown into carbon disulfide, all of which could give artefactual ‘data’. Solutions of DMS should be made in nitrogen- or argon-flushed sterile water (or basal medium) in serum bottles sealed with butyl rubber septa. It is useful to pre-coat these with a Teflon dry lubricant spray (available from electronics supply companies) – 2-3 coats before wrapping in foil and autoclaving is usually enough – to minimise adsorption of DMS onto the rubber. DMS solutions, spent cultures, glassware etc are readily deodorised and disposed of by oxidation to DMSO2 using household sodium hypochlorite solution at about 10% (v/v) – this is best carried out using the microemulsion of Menger and Elrington (1990) that traps the compound before oxidation and can rapidly deodorise glassware etc negating the need to soak in the fume hood for several days in hypochlorite. 
Quantifying DMS degradation can be achieved directly by gas chromatography (Boden et al., 2010) or using a colorimetric assay by extraction into iso-octane (2,2,4-trimethylpentane) and reaction with elementary iodine before measuring absorbance at 300 nm – this method works well at up to 6 mM provided a good calibration curve is prepared (Smith, 1988; Kanagawa and Kelly, 1986). Alternatively DMSO production can be quantified by reduction to DMS and assay of the latter – a stoichiometric reduction is easily achieved using 0.1 M stannous chloride in concentrated hydrochloric acid at 90 °C (Boden et al., 2011) – stronger reducing agents should be avoided as they can reduce the DMS formed into methanethiol. DMSO2 determination is only reliably possible using IC combined with mass spectrometry (Berresheim et al., 1998).
DMS is oxidised to DMSO in known chemolithoheterotrophs such as Sagittula stellata (Boden et al., 2011), but full oxidation to sulfate and carbon dioxide is known in methylotrophs and autotrophs, and could also occur in chemolithoheterotrophs.
(CH3)2S + O2 + 2H+  (CH3)2SO + H2O
ΔG = -411.04 kJ/mol DMS
[maxima of 8.9 mol ATP or 4.9 mol NADH per mol DMS]
DMS oxidation to DMSO yields relatively low potential for ATP formation, but in sites at which DMS is produced as a waste, such as during the Kraft process or swine farms etc, biofiltration of waste gas streams through cultures causing chemolithoheterotrophic growth could provide gratis extra biomass and clean up a smelly and unpleasant waste product at the same time – and DMSO of course has value as a polar aprotic solvent for industry, but separating it from aqueous solutions is not economically viable.
2.2 Manganese
Mn2+ + 2O2  MnO2
ΔG = -460 kJ/mol Mn(II)
[maxima of 10.0 mol ATP or 5.5 mol NADH per mol Mn(II)]
Manganese(II) oxidation is observed in many Bacteria, but only a small number have been seen to exhibit chemolithoheterotrophy and actually use the reaction. It is worth noting that in many older studies, the presence of a brown-black solid was diagnostic for manganic oxide (MnO2) as the reaction product. In our hands, a similar solid was formed by Pseudomonas sp. Strain T (cf. Section 2.1.1) in agar deeps but in glucose-limited chemostats, Ymax went down when Mn(II) was added to the medium at 0.1M – this could be owing to toxicity or (as has been observed in other Pseudomonas spp. e.g. Horvath et al., 2014) manganese(II) reduction, forming elementary manganese, which has a similar appearance in agar. In cases where Mn(II) oxidation is genuinely taking place, MnO2 is washed off of cells using ascorbate before determining optical densities – in the few studies shown, very large increases in optical density (over 130% increases) occur (see Table 1), but as yield was not determined, we don’t know the true extent of the energetic gain (if any). Mn(II) oxidation yields about as much ATP (hypothetical) as DMS oxidation to DSMO, which is probably not sufficient to support autotrophic growth (as autotrophs oxidise DMS to sulfate and carbon dioxide) as the yield of ATP/NADH is quite low – it is likely that these two low-yield oxidations are restricted to chemolithoheterotrophs, therefore.
Economically, manganese (II) chloride is around US$10 per kg (US$1.80 per mol), so it is not too costly to add it to cultures, but the manganic oxide produced might interfere with downstream reactions. It is worth noting that manganic oxide has some value commercially in pigments for use in industrial and fine art paints (e.g. in PBr7 Brown Iron Oxide, which is a mix of ferric and manganic oxides) – so the produced oxide could prove a valuable commodity for downstream sale, raising potential for use and uptake.
Manganese oxide formation can be quantified easily by reaction with leucoberbelin blue I and benzidine as a qualitative or quantitative colorimetric assay (Krumbein and Altmann, 1973). Manganese (II) depletion can be monitored colorimetrically using 4-(2-thiazolylazo)-resorcinol, but consideration must be made of interfering metals (Gaokar and Eshwar, 1982). 
2.3 Other possibilities as yet not observed
2.3.1 Carbon disulfide
There are other sulfur species (thiocyanate (SCN-), dithionate (S2O62-) – not to  be confused with dithionite, and which is not a polythionate in spite of the structure, and carbonyl sulfide (COS), for example) that may also serve as electron donors but carbon disulfide (CS2) is a common waste product and thus may be viable by coupling deodorisation of waste to biomass synthesis.
CS2 + 5O2  CO2 + 2SO42-
ΔG = -1,841.3 kJ/mol CS2
[maxima of 40.0 mol ATP or 22.1 mol NADH per mol CS2]
As can be seen from the ΔG of its full mineralisation, it could provide very high yields of ATP and/or NADH, thus giving much higher yields than many of the other compounds considered herein. 
Carbon disulfide even of analytical grade is seldom pure and contains carbonyl sulfide which may give artefacts – it can be easily purified immediately before use by stiring with oleum (25% free sulfur trioxide) and mercuric sulfate, washinig with sodium carbonate and then shaking with elementary mercury, drying and distilling. Whilst laborious it does give a high-purity product that can be stored under argon in the short term. We have found that even shaking with elementary mercury alone will remove much of the contamination. Further discussion of these methodologies can be found in Skidmore (1979).
2.3.2 Ammonia
Whilst included in almost all minimal media at around 10mM to serve as a nitrogen source, ammonia can also be oxidised by chemolithoautotrophs for energy gain. Unlike most of the other species discussed herein, it requires some level of intracellular specialism and compartmentalisation and thus may not be found in chemolithoheterotrophs, or at least not very widely.
2NH4+ + 5O2  2NO3- + 4H2O
ΔG = -527.6 kJ/mol NH4+
[maxima of 11.4 mol ATP or 6.3 mol NADH per mol NH4+]
As to whether this could occur in practice based on the toxic intermediates formed and the internal membrane stacks found in the ammonia oxidising autotrophs, this oxidation may be unlikely to occur outwith that guild, though it remains a thermodynamically viable means to more yield – though of course no ammonia-oxidising chemolithoheterotrophs have thus far been observed. Determination of ammonia using the Weatherburn (1967) phenol-hypochlorite method is very reliable and easy to perform.
2.3.3 Iron
In the obligate acidophiles such as Acidithiobacillus ferrooxidans, the oxidation of ferrous iron is relatively straightforward as the product (ferric iron) is soluble at low pH. At circumneutral pH, however, various ferric hydroxides and jarosites form making the thermodynamics not as straight forward and the energy yield not as high:
Fe2+ + O2 + H2O + H+  Fe(OH)3
 ΔG = -454.7 kJ/mol Fe(II)
[maxima of 9.8 mol ATP or 5.5 mol NADH per mol Fe(II)]
Whilst this is sufficient to provide an increase in yield, the elevated maintenance cost of cells caked in ferric hydroxide is much higher, and oxygen flux would be thus lower. In a biotechnological setting, it may be difficult to prevent fouling of filters and so on once ferric hydroxide starts to form. There is some value to ferric hydroxide as a pigment (PY42, Synthetic Yellow Iron Oxide) for plastics and paints, but it can be mined in large quantities relatively cheaply, thus there is no real commercial benefit to using ferrous iron as the electron donor.
Ferrous iron can be rapidly determined by titration with ceric sulfate in sulfuric acid using ferroin indicator (o-phenanthroline ferrous sulfate complex) – this has been widely used in the literature and can be used in tandem with atomic absorption methods for determination of total iron, allowing ferric iron to be determined. Alternatively, after determination of ferrous iron, another aliquot of the same analyte can be passed through a Walden redactor to convert ferric iron into ferrous iron, allowing the former to be determined by cerimetric titration as ferrous iron (Walden et al., 1934).
2.3.4 Arsenic and Antimony
Both of these are now known to act as electron donors for autotrophic growth – in the form of arsenite, which is oxidised to arsenate or Sb(III) which is oxidised to mopungite. Owing to the toxicity of arsenic and the expense of antimony, it is not likely that they would provided viable options for increasing yield but we have included them for completely. More information on their oxidation can be found in Terry et al. (2015).
Arsenate and arsenite can be difficult to determine colorimetrically in cultures owing to the high concentrations of phosphate which interfere with most methods – liquid chromatography followed by ICP-MS is a widely used option and would be suited to antimony (III) also.
2.3.5 Copper
There is very scant literature (reviewed in Kelly, 1990) on the use of Cu(I) ions by Acidithiobacillus spp. to fuel autotrophic growth, viz.:
2Cu+ + O2 + 4H+  2Cu2+ + 2H2O
ΔG = -221.6 kJ/mol Cu(I)
[maxima of 4.8 mol ATP or 2.7 mol NADH per mol Cu(I)]
Yields of ATP/NADH are low and copper ions are toxic to many organisms, thus the maintenance cost of any organism oxidising copper would be anticipated to be high – as such, the increase in yield would be very minor and would be from a low yield in the first place. It is probably not viable in practice since the high Cu(I) concentrations required for a useful yield increase would probably kill most generalists. Copper (I) and (II) ions are most easily determined by similar methods as we have outlined for arsenic, above.
3.0 Research needs
Whilst there is great potential for exploiting chemolithoheterotrophy in biotechnology to improve cell, enzyme, lipid, product etc yields, there are still significant gaps in our understanding of it. The four priorities of research in this area in the next 10 years should be:
(a) Proper determination of Y and Ymax values for suspected chemolithoheterotrophs to provided useful data for comparison. Embedded in this is the need to make use of more useful units – be that g dry biomass, g protein or number of cells – all are acceptable but clearly raw data such as optical densities are not.
(b) Secure determination of chemolithoheterotrophy by ensuring the demonstration of ATP production or enzyme-coupled oxidation of the auxiliary electron donor. This is not terribly difficult, costly or time consuming, and methods have been published for it (Boden et al., 2010).
(c) A complete understanding of the regulation and effect of an auxiliary electron donor during changing growth conditions or under different kinds of limitation versus batch culture, which will better enable the application of it in biotechnology.
(d) Determination of the genes that encode the enzymes required for it and establishment of if they can be moved to other organisms to provide them with the same energetic benefits. Being able to move the thiosulfate-oxidising system from e.g. Thermithiobacillus tepidarius into e.g. E. coli would be very useful from an increasing yields perspective, but may be complex – most auxiliary electron donors couple at the level of cytochrome c and thus organisms lacking a bc1 complex (e.g. E. coli) will not be able to use it directly and will need additional respiratory components adding. In the era of synthetic life, this is probably not outwith our means.
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Table 1
Organisms from the Bacteria, Archaea and Eukarya that were published as “chemolithoheterotrophs” or display the trait. Details of experiments performed to determine the trait are given, along with data or commentary regarding any apparent increase in yield. 

1


	
	Culture type
(terminal electron acceptor)
	Carbon and energy source 
	Auxiliary electron donor
	Product of electron donor oxidation
	Apparent effect on growth
	% increase in measured parameter 
	Reference

	Bacteria > “Proteobacteria” > Alphaproteobacteria > Rhizobiales > Bradyrhizobiaceae

	Bosea thiooxidans DSM 9653T
	Batch
(molecular oxygen)
	Succinate (18.5mM)
	Thiosulfate 
(40mM)
	Sulfate
	Optical density (600nm) rose from 0.63 to 1.15 when thiosulfate was present, but yield was not determined.
	82.5%
	Das and Mishra (1996)

	Bacteria > “Proteobacteria” > Alphaproteobacteria > Rhizobiales > “Aurantimonadaceae”

	Aurantimonas manganoxydans DSM 21871T
	Batch 
(molecular oxygen)
	Glycerol
(10mM)
	Manganese (II)
(0.1mM)
	Manganese (IV)

	Optical density (600nm) rose from 0.037 to 0.085 when Mn(II) was present, but yield was not determined.
	130.0%
	Dick et al. (2008)

	Bacteria > “Proteobacteria” > Alphaproteobacteria > Rhizobiales > Hyphomicrobiaceae

	Hyphomicrobium sp. EG
	Chemostat 
(molecular oxygen)
	Monomethylamine (10mM)

	Thiosulfate
(8.55mM)
	Sulfate
	Amount of biomass rose from 108 to 165 mg dry biomass in the presence of thiosulfate, but yield was not determined.
	52.8%
	Suylen et al. (1986)

	
	
	
	Sulfide
(10.4mM)
	Sulfate
	Amount of biomass rose from 108 to 212 mg dry biomass in the presence of sulfide, but yield was not determined.
	96.3%
	

	Bacteria > “Proteobacteria” > Alphaproteobacteria > Rhodobacterales > Rhodobacteraceae

	Citreicella thiooxidans DSM 10146T
	Batch
(molecular oxygen)
	Acetate
(20mM)
	Thiosulfate
(20mM)
	Sulfate

	Yield data not given. Amount of biomass formed (mg biomass carbon) was shown to rise with increasing thiosulfate concentrations from 2-20mM.
	Sorokin et al. (2005)

	Sagittula stellata DSM 11524T
	Chemostat (molecular oxygen)
	Succinate
(2mM)
	Dimethylsulfide
(10mM)
	Dimethylsulfoxide
	Maximum yield coefficient (Ymax) rose from 8.4 to 9.7 g dry biomass per mole succinate carbon in the presence of dimethylsulfide.
	15.5%
	Boden et al. (2011)

	Albidovulum inexpectatum DSM 12048T
	Batch 
(molecular oxygen)
	Mixed: yeast extract (0.03 % w/v), acetate (6mM) and succinate (3.7mM)
	Thiosulfate
(7.5mM)
	Sulfate
	Optical density (610nm) rose from 0.36 to 0.50 when thiosulfate was present, but yield was not determined.
	39.0%
	Albuquerque et al. (2002)

	Bacteria > “Proteobacteria” > Alphaproteobacteria > Rhodospirillales > Rhodospirillaceae

	Azospirillum thiophilum DSM 21654T
	Batch 
(molecular oxygen)
	Succinate
(3.7mM)
	Thiosulfate
(3.7mM)
	Sulfate
	No data provided pace the statement “…doubling the cell yield” during microxic growth, it is unclear if true specific growth yield is meant here or amount of biomass formed. Under oxic conditions, peroxide oxidised thiosulfate to tetrathionate but under microxia, complete oxidation was observed and it was deemed biological.
	100%
(microxia only)
	Frolova et al. 2013

	Bacteria > “Proteobacteria” > Gammaproteobacteria > Thiotrichales > Piscirickettsiaceae

	Methylophaga thiooxydans DSM 22068T
	Chemostat
(molecular oxygen)
	Methanol
(30mM)
	Thiosulfate
(10mM)
	Tetrathionate
	Yield (Y) rose from 3.12 to 3.75g dry biomass per mole succinate carbon when thiosulfate was present.

	20.2%
	Boden et al. 2010

	
	Chemostat
(molecular oxygen)
	Dimethylsulfide
(15mM)
	Thiosulfate
(10mM)
	Tetrathionate
	Maximum yield coefficient (Ymax) rose from 14.4 to 15.7 g dry biomass per mole dimethylsulfide carbon when thiosulfate was present.

	9.0%
	

	Methylophaga sulfidovorans
DSM 11578T
	Chemostat
(molecular oxygen)
	Methanol
(10mM)
	Sulfide
(8.15mM)
	Thiosulfate
	Amount of dry biomass rose from 100 to 146 mg in the presence of sulfide but yield was not determined.
	46.0%
	De Zwart et al. 1996

	Leucothrix mucor DSM 2157T
	Batch 
(molecular oxygen)
	Tryptone 
(0.03% w/v)
	Thiosulfate
(12mM)

	Sulfate
	Amount of biomass as mg protein/L was determined and rose from 219mg/L without thiosulfate to 275mg/L with it.
	25.6%
	Grabovich et al. (1999)

	Leucothrix sp. various strains
	Batch 
(molecular oxygen)
	Lactate 
(4.0mM)
	Thiosulfate
(5.9mM)
	Sulfate
	Amount of biomass as mg protein/L was determined and the mean percentage increases of the various different strains with auxiliary electron donors present are given.
	20%
	Grabovich et al. (2002)

	
	
	
	Tetrathionate
(3.3mM)
	Sulfate
	
	50-60%
	

	Galenea microaerophila DSM 24963T
	Batch
(molecular oxygen)
	Glucose 
(11mM)

	Thiosulfate
(5.6mM)
	Sulfate
	No yield or turbidity data provided. As organism is autotrophic, it is more likely to be growing mixotrophically, which is noted in the paper, but the abstract refers to chemolithoheterotrophic growth, thus we regard this as a misclassified mixotroph.
	Giovannelli et al. (2012)

	Bacteria > “Proteobacteria” > Gammaproteobacteria > Pseudomonadales > Pseudomonadaceae

	Pseudomonas sp. Strain T
	Chemostat
(molecular oxygen)
	Glucose
(10mM)
	Thiosulfate
(50mM)
	Tetrathionate
	Maximum yield coefficient (Ymax) increased from 22.6 to 26.5 g dry biomass per mole of glucose carbon in the presence of thiosulfate.
	17.3%
	Hutt, 2016

	Pseudomonas stutzeri TG 3
	Chemostat (nitrate)
	Acetate 
(10mM)
	Thiosulfate
(5.9mM)
	Tetrathionate
	Amount of biomass increased from 56 to 64mg protein per litre when thiosulfate was present, but yield was not determined.
	14.3%
	Sorokin et al. (1999)

	Pseudomonas aeruginosa
	Chemostat (molecular oxygen)
	Glucose
(10mM)
	Thiosulfate
(20mM)
	Tetrathionate
	Yields per mole of substrate carbon were given, with a 23% increase reported with thiosulfate.
	23%
	Mason and Kelly (1988)

	Bacteria > “Proteobacteria” > Gammaproteobacteria > Vibrionales > Vibrionaceae

	Catenococcus thiocycli DSM 9165T
	Batch 
(molecular oxygen)
	Acetate 
(10mM)
	Thiosulfate (30mM)
	Tetrathionate
	Amount of biomass rose from 110.4 to 135.3 mg protein per litre when thiosulfate was present but yield was not determined.
	22.6%
	Sorokin (1992)

	
	
	Sucrose 
(5.8mM)
	Thiosulfate
	Tetrathionate
	No quantitative data given for sucrose.
	

	Bacteria > “Proteobacteria” > Betaproteobacteria > Burkholderiales > Alcaligenaceae

	Achromobacter sp. Culture B
	Chemostat
(molecular oxygen)
	Succinate
(10mM)
	Thiosulfate
(50mM)
	Tetrathionate
	Maximum yield coefficient (Ymax) rose from 43.9 to 54.1 g dry biomass per mole succinate carbon when thiosulfate was present.

	23.2%
	Hutt, 2016

	Bacteria > “Proteobacteria” > Betaproteobacteria > Burkholderiales > Burkholderiaceae

	Limnobacter thiooxidans DSM 13612T
	Batch
(molecular oxygen)
	Succinate 
(10mM)
	Thiosulfate
(10mM)
	Sulfate
	Optical density (430nm) rose from 0.51 to 0.72 when thiosulfate was present.
	41.2%
	Spring et al. (2003)

	Bacteria > “Proteobacteria” > Betaproteobacteria > Burkholderiales > Comamonadaceae

	Tepidomonas ignava DSM 12034T
	Batch
(molecular oxygen)
	Succinate
(9.3mM)
	Thiosulfate 
(18.7mM)
	Sulfate
	Optical density (610nm) rose from 0.19 to 0.41 when thiosulfate was present.
	115.7%
	Moreira et al. 2000

	Ottowia thiooxydans DSM 14619T
	Batch
(molecular oxygen)
	Pyruvate 
(20mM)
	Thiosulfate (10mM)
	Sulfate
	Optical density (430nm) rose from 0.73 to 0.93 when thiosulfate was present.

	27.4%
	Spring et al. (2004)

	Bacteria > “Proteobacteria” > Betaproteobacteria > Rhodocyclales > Azonexaceae

	Dechloromonas sp. Q
	Batch
(molecular oxygen)
	Acetate 
(10mM)
	Thiosulfate (7mM)
	Sulfate
	Amount of biomass increased from 73.4 to 97.8 mg cell carbon in the presence of thiosulfate, but yield was not determined.
	33.2%
	Gommers and Kuenen (1988)
Published as “Thiobacillus sp. Q”.

	Bacteria > “Firmicutes” > Clostridia > Clostridiales > Peptococcaceae

	Desulfotomaculum alkaliphilum ATCC 700784T
	Batch 
(sulfate)
	Acetate
(20mM)
	Molecular hydrogen
	Water
	No yield or turbidity data provided. From the data provided in the original papers, it could be that gratuitous co-oxidation of molecular hydrogen during growth on acetate was observed rather than the increase in yield required so as to demonstrate chemolithoheterotrophy.
	Pikuta et al. (2000)

	Desulfotomaculum carboxydivorans DSM 14880T
	Batch 
(sulfate)
	Acetate
(20mM)
	Carbon monoxide
	Carbon dioxide
	No yield or turbidity data provided. From the data provided in the original papers, it could be that gratuitous co-oxidation of carbon monoxide during growth on acetate was observed rather than the increase in yield required so as to demonstrate chemolithoheterotrophy.
	Parshina et al. (2005)

	Bacteria > “Deinococcus-Thermus” > Deinococci > Thermales > Thermaceae

	Oceanithermus profundus DSM 14977T
	Batch
(nitrate)
	Yeast extract
(0.01% w/v)
	Molecular hydrogen
	Water
	No yield or turbidity data provided. From the data provided in the original papers, it could be that gratuitous co-oxidation of molecular hydrogen during growth on yeast extract was observed rather than the increase in yield required so as to demonstrate chemolithoheterotrophy. In any case, yield would have been impossible owing to the undefined nature of yeast extract.

	Miroshnichenko et al. 2003a

	Vulcanithermus mediatlanticus DSM 14978T
	Batch
(nitrate or molecular oxygen)
	Yeast extract (0.01% w/v)
	Molecular hydrogen
	Water
	
	Miroshnichenko et al. 2003b

	Bacteria > “Calditrichaota” > “Calditrichalia” > “Calditrichales” > “Calditrichaceae”

	Caldithrix abyssi DSM 13497T
	Batch (nitrate)
	Acetate 
(37mM)
	Molecular hydrogen
	Water
	No yield or turbidity data provided. Could grow on acetate without molecular hydrogen. Oxidation of the latter could be gratuitous oxidation – without yield data it cannot be determined if it is a true chemolithoheterotroph. Autotrophic growth not observed, ruling out mixotrophy.
	Miroshnichenko et al. 2003c

	Calorithrix insularis DSM 101605T
	Batch (nitrate)
	Not specified
	Molecular hydrogen
	Water
	No yield or turbidity data provided. Could grow without molecular hydrogen. Oxidation of the latter could be gratuitous oxidation – without yield data it cannot be determined if it is a true chemolithoheterotroph. Autotrophic growth not observed, ruling out mixotrophy.
	Kompantseva et al. 2017

	Archaea > “Euryarchaota” > Archaeoglobi > Archaeoglobales >Archaeoglobaceae

	Archaeoglobus infectus DSM 18877T
	Batch 
(thiosulfate or sulfite)
	Acetate (10mM)
	Molecular hydrogen
	Water
	No yield or turbidity data provided. Apparently “obligately chemolithoheterotrophic” as growth without molecular hydrogen did not occur. Did not grow autotrophically thus obligate mixotrophy is not the explanation. Yield data not provided.
	Mori et al. (2008)

	Eukarya > Ascomycota > Sordariomycetes > Hypocreales > Hypocreaceae

	Trichoderma harzianum
	Agar plates (molecular oxygen)
	No added carbon
	Thiosulfate
(370mM)
	Not determined
	Amount of mycelium carbon rose from 0.9µmol to 1.6µmol in the presence of thiosulfate, reflecting a 78% increase, however, we have not included this in the “increase” column since these data are taken from mycelial growth on agar plates and without an added carbon source and thus are not really comparable data to the rest given.
	Wainwright and Grayston (1988)
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  Chemolithoheterotrophy is a mixed metabolic mode in which heterotrophic growth is 

11

  augmented by e nergy conserved from the oxidation of an inorganic electron donor such as 

12

  thiosulfate or sulfide (or from sulfide moieties in methylated sulfur species). This results in 

13

  an increased specific molar growth yield and a more efficient uptake of carbon from th e 

14

  carbon source, which can lead  to more efficient biomass or product formation or more 

15

  efficient degradation of pollutants  etc . In this chapter we discuss the potential for harnessing 

16

  this metabolic trait in biotechnology with critical evaluation of  studies thus far.  

17

  1. Introduction  

18

  1.1 Metabolic modes  

19

  Microbial metabolism can be divided in many ways,  with  the obvious major division into 

20

  autotrophs (which use carbon dioxide/bicarbonate as their sole carbon source whilst deriving 

21

  energy from light medi ated reactions (photoautotrophs) or from inorganic oxidation reactions 

22

  (lithoautotrophs)) and heterotrophs (which use  multicarbon compounds   and derive both their 

23

  energy and carbon from the same molecule rather than from distinct sources), with 

24

 

