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Abstract

Achromobacter aegrifaciens NCCB 38021 was grown heterotrophically on succinate versus
exochemolithoheterotrophically on succinate with thiosulfate as auxiliary electron donor. In batch culture, no
significant differences in specific molar growth yield or specific growth rate were found for the two growth
conditions, but in continuous culture in the succinate-limited chemostat, the maximum specific growth yield
coefficient increased by 23.3 % with thiosulfate present, consistent with previous studies of endo- and
exochemolithoheterotrophs and thermodynamic predictions. Thiosulfate oxidation was coupled to respiration at
cytochrome cssi1, and thiosulfate-dependent ATP biosynthesis occurred. Specific activities of cytochrome c-
linked thiosulfate dehydrogenase (E.C. 1.8.2.2) and two other enzymes of sulfur metabolism were significantly
higher in exochemolithoheterotrophically grown cell extracts, while those of succinyl-transferring 2-
oxoglutarate dehydrogenase (E.C. 1.2.4.2), fumarate hydratase (E.C. 4.2.1.2) and malate dehydrogenase (NAD",
E.C. 1.1.1.37) were significantly lower — presumably owing to less need to generate reducing equivalents during

Krebs’ cycle, since they could be produced from thiosulfate oxidation.
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Introduction

Chemolithoheterotrophy is a mixed metabolic mode in which an organocarbon compound is used as the carbon
source, electron donor and energy source (i.e. the same as in generalist heterotrophy), with simultaneous
oxidation of an inorganic species such as thiosulfate, Mn(II), molecular hydrogen etc as an auxiliary electron
donor, generating additional proton motive force (Ap), used in turn to generate ATP (Guittoneau, 1927;
Sijderius, 1947; Trudinger, 1967; Kelly and Kuenen, 1984; Boden et al., 2010; Boden and Hutt 20184,b). If we
consider a generalist heterotroph growing on e.g. a hexose sugar, some carbon from the latter is dissimilated to
CO; to produce Ap by way of NADH (from glycolytic pathways and Krebs’ cycle) and quinol (Krebs’ cycle),
which couple to proton translocation from the cytosol to the periplasm at NADH dehydrogenase (EC 1.6.99.3)
and the quinol-cytochrome ¢ reductase (bc; complex, EC 1.10.2.2) or the Q-cycle, as well as further proton
translocation during the terminal oxidation of the respiratory chain (one of the quinol oxidases or cytochrome-c
oxidases). This Ap is then consumed for the formation of ATP by the H*-transporting ATPase (‘ATP synthase’,
EC 7.1.2.2). ATP is additionally formed at substrate level during the synthesis of succinate in Krebs’ cycle — in
some organisms succinate-CoA ligase (‘succinyl-CoA synthetase’) yields GTP (EC 6.2.1.4), in others it yields
ATP (EC 6.2.1.5) — in the case of the former, GTP is converted to ATP via nucleoside-diphosphate kinase (EC
2.7.4.6). Remaining hexose carbon is assimilated into biomass (Ci2H2406N3, 306g/mol, Anthony (1982)) at the

expense of ATP and NADPH, ultimately requiring:

2CsH1206 + 31ATP + 1%NADPH + 3NH3 — C12H2406N3 + 31ADP + 31HPO4> + 1.2NADP* + 1.5H*

This can be summarised energetically in heterotrophic organisms by the balance:

ASc = ASch + ASce
where ASc is total substrate carbon consumed, ASch is substrate carbon converted into biomass and ASce is
substrate carbon oxidised to provide energy, though it is important to note that the latter includes both energy for
anabolism (biosynthesis) sensu cell division and new growth, as well as energy for maintenance (turnover of
biomass, transport, maintaining osmotic gradients, cell motility, detoxification of metals/antimicrobials efc).
In a chemolithoheterotrophically growing organism, an auxiliary electron donor (B, following the nomenclature
of Boden and Hutt (2018b)) — an inorganic ion, molecular hydrogen etc — is oxidized e.g. thiosulfate can be
oxidized by either the cytochrome c-linked or quinone-linked thiosulfate dehydrogenase (EC 1.8.2.2 or EC

1.8.5.2, respectively):

2S:03* — S406% + 2¢
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The electrons (&) reduce cytochrome ¢ or ubiquinone, respectively, and thus Ap is generated following
translocation at the bc; complex and/or terminal oxidases. This yields additional ATP, thus the energetics of a

chemolithoheterotroph can be summarised by the balance:

Ec=ASce + ABe

(where Eg is total energy required for growth and ABe is auxiliary electron donor consumed for energy).

As such, organisms growing chemolithoheterotrophically have an additional means of producing Ap and thus
ATP, therefore dissimilate less substrate carbon for energy and assimilate more of it into biomass (Mason and
Kelly, 1988; Boden et al., 2010; Boden and Hutt, 2018a; Kelly & Kuenen, 1984; Kuenen & Beudeker, 1982;
Ghosh & Dam, 2009). Such organisms are unable to fix CO,, distinguishing them from mixotrophs, which are
able to grow autotrophically and heterotrophically simultaneously — mixotrophs superficially resemble
chemolithoheterotrophs but are distinct from the latter e.g. as outlined by Kelly and Kuenen (1984). The terms
‘chemolithoheterotrophy’ and ‘mixotrophy’ are often — incorrectly — used interchangeably as generic terms in
the literature for any mixed form of metabolism, and sometimes for thiosulfate oxidation during heterotrophic
growth, regardless of if there is any metabolic gain (Kelly and Kuenen, 1984; Boden ef al., 2010; Boden and
Hutt, 2018a), often leading to confusing and inaccurate descriptions of bacterial metabolism (Kelly and Kuenen
1984). For clarity, in the current study the definitions of chemolithoheterotrophy and mixotrophy are as
described in Kelly and Kuenen (1984) and updated by Boden and Hutt (2018a) to take into account more recent
work, such as antioxidant properties of thiosulfate that may be easily confused with this trait and further
delineating the trait into endo- and exochemolithoheterotrophy, depending upon the source of the auxiliary
electron donor. Auxiliary electron donors obtained from the environment of the cell (e.g. culture media, river
water) lead to exochemolithoheterotrophy, whereas those generated inside of the cell from e.g. organosulfur
compounds — such as thiosulfate generated from dimethylsulfide dissimilation — give rise to
endochemolithoheterotrophy. Originally these differential forms of chemolithoheterotrophy were defined by
Boden et al. 2010 and the nomenclature adjusted in Boden ef al. 2018a,b). In this study, we consider

exochemolithoheterotrophic growth only, with exogenous thiosulfate supplied.

There are two key pathways of thiosulfate oxidation known in the non-phototrophic, unicellular Bacteria, the
Lu-Kelly-Friedrich cycle and the Kelly-Trudinger pathway (Kelly, 1982). In the Lu-Kelly-Friedrich cycle,
thiosulfate is oxidised to sulfate with no free metabolic intermediates, with the whole process acting on protein-

bound sulfur intermediates. In contrast, the Kelly-Trudinger pathway produces tetrathionate and sometimes
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other free polythionate intermediates from oxidation of thiosulfate and is not dominated by protein-bound-sulfur
oxidation. The oxidation of thiosulfate by chemolithoautotrophic Bacteria is a well-studied aspect of inorganic-
sulfur metabolism but such oxidation in heterotrophic Bacteria remains relatively poorly understood: it is
usually considered to use similar or partial versions of the pathways from autotrophs. From the few studies
conducted on thiosulfate oxidation in heterotrophs most appear to utilise a partial Kelly-Trudinger pathway as
polythionates, particularly tetrathionate (S4O¢>), are produced as the end products of sulfur oxidation
(Trautwein, 1921; Starkey, 1934q, b; Trudinger, 1961a; Mason & Kelly, 1988), although a few studies have
demonstrated full oxidation to sulfate (Pepper & Miller, 1978; Schook & Berk, 1978). It must be noted that the
literature contains two key examples of inorganic sulfur oxidation in heterotrophic organisms — i) bona fide
chemolithoheterotrophy, in which sulfur oxidation is coupled to ATP biosynthesis and the maximum specific
growth yield (Ymax) increases (“fortuitous oxidation”) and ii) sulfur oxidation that does not appear to have any
positive impact on Ymax and occurs for unknown reasons (“gratuitous oxidation”) — Kelly and Kuenen (1984),
Boden et al. 2010; Boden and Hutt (2018a,b). Sensu stricto ‘chemolithoheterotrophy’ only applies to the
former. It is worth noting that another form of apparently fortuitous oxidation that was not from
chemolithoheterotrophy has been observed in Spirillum winogradskii, where thiosulfate is oxidised to
tetrathionate by reactive oxygen species produced in aerobic metabolism (Podkopaeva et al., 2005), thus Ymax
increases, but ATP was not actually produced. We have previously (Boden and Hutt, 2018b) added to the
criteria of Kelly and Kuenen (1984) that explicitly differentiate true chemolithoheterotrophy from these other

examples of sulfur oxidation in heterotrophs.

Activity of the cytochrome c-linked thiosulfate dehydrogenase (EC 1.8.2.2) has been detected in many

heterotrophic Bacteria:

28,03 + %02 + H20 — S406% + 20H + 2¢
AG° =-61.9 kJ/mol thiosulfate oxidised

The standard Gibbs energy change (AG®) given was determined de novo from AG,° values from Hoare (1985),
Ross (1985) and Zhdanov (1985). Using the method of Boden and Hutt (2018a), thermodynamic ATP synthesis
maxima (on the basis purely of thermodynamics, not biochemistry) can be determined from these values based
on the biosynthesis of ATP from ADP and orthophosphate having AG® of +46.1 kJ/mol ATP formed. The
thermodynamic ATP maximum for this reaction is 1.3 mol ATP/mol S,05%. It is worth noting that multiple
isoenzymes have been described in the literature and either feed electrons into the respiratory chain directly at

the level of cytochrome (cyt) ¢ as in Allochromatium vinosum DSM 180T of the Chromatiales of the
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Gammaproteobacteria, in which thiosulfate dehydrogenase (TsdA) is a cyt ¢ss4 of ¢. 25 kDa (Denkmann et al.,
2012). In other cases, electrons enter the chain via a second cyt ¢ (TsdB) as found in Thiomonas intermedia in
the Burkholderiales of the Betaproteobacteria and “Sideroxydans lithotrophicus” of the Nitrosomonadales in
the same class, which feeds electrons into the terminal cytochrome ¢ oxidase. A third isoenzyme is effectively a
naturally occuring TsdA:TsdB fusion protein, in which electrons are fed from thiosulfate to TsdA then TsdB
(now sensu stricto both domains of the same polypeptide) and onto a high potential iron-sulfur protein (HiPIP)
prior to the terminal oxidase (as in Marichromatium purpuratum of the Chromatiales in the
Gammaproteobacteria, Kurth et al., 2016). The recombinant TsdA:TsdB ‘fusion’ protein forms an a3,
heterodimer of 108 kDa. A similarly sized thiosulfate dehydrogenase of 115 kDa was partially purified from
Thiobacillus thioparus (Lyric and Suzuki, 1970), but the zsd4 and tsdB genes are not present in the genome of
the type strain, 7. thioparus DSM 505" (Hutt et al., 2017). Larger proteins with thiosulfate dehydrogenase
activity of 130-140 to >300 kDa in size have been found in other Bacteria (Trudinger, 1961a, b; Whited and
Tuttle, 1983; Lu and Kelly, 1988a; Schook & Berk, 1979) — this may indicate the presence of more isoenzymes

of thiosulfate dehydrogenase.

In this study we report central carbon metabolism and sulfur oxidation enzyme activities in a historically
important strain of “Thiobacillus trautweinii” originally isolated by Robert L. Starkey (1934a) — his work on
this strain (Starkey’s ‘Culture B’ = NCCB 38021) represented the first detailed physiological study of a
chemolithoheterotroph. “Thiobacillus trautweinii” was the name used fairly informally for a number of
heterotrophic strains that could oxidise thiosulfate (whether or not there was any energetic gain) but it was not
included in the Approved Lists of 1980, thus has no standing — many “7. trautweinii” isolates are actually
Pseudomonas spp. For many years the ability to oxidise inorganic sulfur compounds was seen as a unique
taxonomic trait exclusive to the genus Thiobacillus (sensu lato), but with the advent of 16S rRNA gene
phylogenetic analyses, many members of the genus Thiobacillus have been reclassified to Acidiphilium,
Acidithiobacillus, Annwoodia, Guyparkeria, Halothiobacillus, Paracoccus, Starkeya, Thermithiobacillus,
Thiomicrospira and Thiomonas (Wood & Kelly, 1995; Katayama et al., 1995; Moreira & Amils, 1997; Hiraishi
et al., 1998; Kelly & Wood, 2000; Kelly et al., 2000; Boden et al., 2012; Boden, 2017; Boden et al., 2017). Our
recent work on Starkey’s (1934a) ‘Culture B’ isolate (hereafter NCCB 38021) has shown that it is an
Achromobacter sp. (Hutt, 2016). Starkey (1934a,b) found that it oxidised thiosulfate to tetrathionate only when
organic carbon was present, and it could not grow autotrophically. Given this, Achromobacter sp. NCCB 38021

was selected as a model organism to investigate the poorly understood trait of chemolithoheterotrophy versus
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heterotrophy, already having baseline data from Starkey’s (1934a,b) studies. It does not oxidise any inorganic
sulfur oxyanions other than thiosulfate in our hands (trithionate, tetrathionate, pentathionate, hexathionate,
(bi)sulfite and dithionate were tested; Hutt (2016)). We also include a more complete identification of this

organism as a strain of Achromobacter aegrifaciens.

Materials and methods

Organism and materials

All chemicals used throughout were of analytical grade or higher from Sigma-Aldrich Corporation (Poole, UK)
unless stated otherwise. Analytical grade sodium thiosulfate pentahydrate was from Fisher Scientific and
sodium polythionates were synthesised according to Boden et al. (2010). Quartz-distilled deionised water
(ddH»0O) was used for all experiments and media were made in acid-washed ‘Class A’ volumetric glassware.
Achromobacter sp. NCCB 38021 (=Culture B = 1AM 12564 = JCM 200642 = LMD 38.21) was supplied on
nutrient agar as a kind gift of the Westerdijk Fungal Biodiversity Institute (formerly Centraalbureau voor
Schimmelcultures), Netherlands. It was grown on E Basal Salts (EBS; Boden and Hutt 20185) supplemented
with carbon sources and/or electron donors as specified in each experiment. Succinate was selected as the
carbon source for all experiments since it gave good growth without clumping of biomass, and being an
intermediate of Krebs’ cycle, it allows for facile energetic calculations. For maintenance, EBS supplemented
with 10 mM disodium succinate was solidified with 1% (w/v) high-gel-strength granulated agar (Melford,
Suffolk, UK). Unless stated otherwise all growth was at 30 °C. The genome of Achromobacter sp. NCCB 38021
has been sequenced (Boden, in preparation) and is publically available in the Integrated Microbial Genomes

(IMG) database under Genome ID 2770939327.

Analytical methods

Acid-washed ‘Class A’ volumetric glassware was employed throughout and all analyses were conducted in an
air-conditioned temperature controlled laboratory at 22°C. For spectrophotometric methods a Jenway 7315 UV-
visible spectrophotometer equipped with a Peltier-heated cell was used. Determination of biomass was
performed as previous described (Boden et al. 2010). With reference to a calibration curve of succinate-grown
cell suspensions of known optical density at 440 nm (ODa4s0) dried to a constant weight, concentrations of
biomass at any given ODa4 in mg dry biomass/L were calculated (Boden and Hutt 2018b). Succinate

concentrations were measured with a succinic acid assay kit K-SUCC (Megazyme International, Ireland)
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following the microplate protocol in a VersaMax plate reader (Molecular Devices, USA) and with reference to a
calibration curve. Thiosulfate, tetrathionate and trithionate were determined using the cyanolytic methods of
Kelly et al. (1969). Protein was quantified using the Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich)
according to the manufacturer’s instructions using bovine serum albumen as the calibrant. The pH of batch
culture experiments was determined using an Orion Star™ (3 Star) pH meter (ThermoFisher) equipped with a
Ag/AgCl, combination pH micro-probe (Nijkerk, Netherlands), calibrated daily using traceable pH 4.0 + 0.01,
7.0+ 0.01 and 10.0 £ 0.01 buffers (Fisher Scientific), with calibrations checked periodically using a pH 5.0 +

0.02 phthalate buffer (Fisher Scientific).

Phylogenetic analyses and identification of NCCB 38021

As NCCB 38021 is of unknown identity (we had previously tentatively identified it as an Achromobacter sp.,
but no further than that (Hutt, 2016; Boden and Hutt, 2018a)) two sets of analyses were undertaken, using the
complete 16S rRNA (7rs) gene and the suite of 53 ribosomal protein genes (rpsA-rpsU, rplA-rplF, rplL-rplX,
rpmA-rpmJ), concatenated as their translated amino acyl sequences — essentially as described in Boden and
Scott (2018). The sequences from NCCB 38021 were obtained from the genome sequence, not by amplification.
For other Achromobacter spp., analyses prioritised the type strains of species with validly published names,
along with some additional, well-described strains. 16S rRNA genes were obtained from the IMG/ER and
GenBank databases, prioritising those from whole-genomes rather than PCR amplicons. Concatamers of
ribosomal protein genes were obtained from the ribosomal multilocus sequence typing (rMLST) server per
Boden and Scott (2018). Phylogenetic analyses were undertaken in MEGA X (Kumar et al., 2018) — sequences
were aligned using the MUSCLE algorithm (Edgar, 2004) and the aligned datasets model-tested on the basis of
selecting the model with the lowest corrected Aikake information criterion (AICc) and maximum likelihood

trees were constructed — full details of models and parameters are given in the legends for each Figure.

Growth in batch culture

Achromobacter sp. NCCB 38021 was grown in 500 mL culture volumes in 2.5-L glass Erlenmeyer flasks.
Cultures were inoculated with 10% (v/v) of cell suspension washed from EBS agar slants to minimise substrate
carryover. Cultures were incubated at 30 °C in a model G25 Incubator Shaker (New Brunswick Scientific, NJ,
U.S.A.) at 100 orbits per minute through 5 cm radius. Three millilitre aliquots were taken at intervals for

biomass, pH and substrate efc. determinations.
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Growth in continuous culture

In chemostat experiments, EBS was supplemented to 1| mL/L with the vitamin solution of Kanagawa et al.
(1982), comprising B-complex vitamins and a-lipoic acid, to ensure such growth factors did not become
limiting. Growth in continuous culture was carried out in a customised Fermac 360 Series bioreactor system
(Electrolab Biotech Ltd, Tewkesbury, UK) equipped with a 2-L nominal-volume vessel with side-arm weirs to
give a culture volume (V) of 491.5 + 0.5 mL (triplicate determination with probes in situ). The culture vessel
was silanised to minimise wall-growth and washed thoroughly with ddH,O prior to use, as described in Boden
and Hutt (2018b). Temperature, pH and dissolved oxygen (dO,) were monitored using the Fermac 360 Control
Panel with Pt100 platinum RTM (Electrolab) temperature sensor, a FermProbe® 197 F-695 Ag/AgCl pH
electrode (Broadley-James) and OxyProbe® 196 D340 polarographic oxygen electrode (Broadley-James),
respectively, and stored electronically with Electrolab Fermentation Manager software and in a manual log
book. EBS supplemented with an energy source was pumped into the growth vessel at multiple flow rates (F),
and thus multiple dilution rates (D) using an MP-3 Micro Tube pump (Eyela, Tokyo, Japan). The pH was
maintained at 7.2 by automatic titration of sterile, standardised 0.50 M sulfuric acid and 1.00 M sodium
hydroxide. Temperature was maintained using a heated jacket and cooled with a cold-finger. Forced aeration
was achieved with a Rena Air 400 pump (Rena, France) and outflowing air was chilled using a surgical steel
Allihn condenser to prevent loss of culture volume. Stirring rates (100-350 rpm) and air flow (600-1000
mL/min) were adjusted to maintain dO, of 50 %. The production of foam not controlled by the Antifoam 289 in
the medium was mitigated by automatic titration of 0.1 % v/v Antifoam 289 (Sigma-Aldrich) against signals
from a headspace-conductivity foam-probe. Continuous cultures were inoculated with a 50 mL overnight batch
culture on succinate and left in batch culture until late exponential phase. Continuous culture was initiated and
steady-states established and tested exactly as described in Boden and Hutt (20185). Samples removed for
analytical work did not exceed 49 mL (following Pirt’s “10 % rule” to minimise perturbation of the steady-
state). A culture was determined to be in a steady-state when the specific molar growth yield (Y) was stable for

the time required for five vessel volumes of medium to pass through the growth vessel (c. 2.5 L).

Kinetic determinations

Specific molar growth yield (Y), specific growth rate (¢) and specific rate of substrate uptake (¢) were calculated
according to to Pirt (1965, 1975, 1982), Stouthamer (1979) and Boden and Hutt (2018b) as were the maximum

specific growth yield coefficient (Ymax) by applying hyperbolic fit to yield vs dilution rate data exactly as
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described in Boden and Hutt (20185). Maximum specific growth rates (umax) were determined from wash-out

kinetics using the method of Karagouni and Slater (1978).

Transmission electron microscopy sample preparation

A 100 mM cacodylate buffer at pH 7.2 was used as the diluent for all fixatives and for washing steps. Cells were
fixed in 2.5 % w/v glutaraldehyde in cacodylate buffer for 1 h and were recovered by decanting. Cells were
rinsed twice in the same buffer for 15 min, allowed to settle, the supernate discarded, and were then treated for
with 0.1 % w/v osmium tetroxide in cacodylate buffer for 1 h. After rinsing twice, as before, cells were
dehydrated by incubation for 15 min in each of 30, 50, 70 and 90 % v/v ethanol, then 15 min in each of 3
changes of 100 % v/v ethanol. Ethanol was replaced by medium-hardness low-viscosity resin (Agar Scientific,
equivalent to Spurr resin) by 12 h incubation in each of 30, 50, 70 % v/v resin premix dissolved in ethanol, then
16 h in each 3 changes of 100 % v/v resin. Resin was polymerised in an Eppendorf tube at 60 °C for 16 h. Resin
blocks were cut from tubes and sectioned with a Leica Ultracut E Ultramicrotome using a DIATOME Diamond
Knife. Sections were stained in saturated aqueous uranyl acetate (c. 7.5 % w/v) for 15 min, then in Reynold’s
stain for 15 min (Reynolds, 1963). Sections were examined using a JEOL 1400 transmission electron

microscope at the Electron Microscopy Unit (University of Plymouth).

Enzyme assays

Cells grown at D = 0.10 h™! on 10 mM succinate as the limiting substrate, with and without 50 mM thiosulfate
were prepared and used for enzyme assays. Cell pastes harvested from chemostat outflow on ice overnight were
lysed by sonication in an ice-water bath within a 4 °C temperature-controlled room using a Vibra-Cell VCX
130PB fitted with a model CV188 probe sonicator set at 60 % of maximum amplitude. Six cycles of 1 min
sonication followed by 2 min cooling in ice were performed (sonication protocol was optimised to give maximal
specific activity of succinate dehydrogenase to ensure minimal protein damage). Unlysed cells and debris were
removed from crude lysates at 14,000 x g for 20 min at 4 °C - the supernates were used as cell-free extracts
(CFEs), and the absence of remaining whole-cells was checked by light microscopy. Enzymes of inorganic
sulfur metabolism were assayed per Kelly and Wood (1994) and Krebs’ cycle enzymes per Weitzman (1969) for
citrate (Si)-synthase (EC 2.3.3.1), Fanbler & Lowenstein (1969) for aconitate hydratase (EC 4.2.1.3), Cook and
Sanwal (1969) for isocitrate dehydrogenase (NAD*, EC 1.1.1.41), Reed and Mukherjee (1969) for 2-
oxoglutarate dehydrogenase (succinyl-transferring, EC 1.2.4.2), Bridger et al. (1969) for succinate-CoA ligase
(GDP-forming, EC 6.2.1.4), Veeger et al. (1969) for succinate dehydrogenase (EC 1.3.5.1), Hill and Bradshaw

10
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(1969) for fumarate hydratase (EC 4.2.1.2), and Murphey and Kitto (1969) for malate dehydrogenase (EC

1.1.1.37).

Monitoring of ATP formation

ATP formation was monitored per Kelly and Syrett (1966) and Boden et al. (2010). All glassware was washed in
5% v/v domestic hyperchlorite bleach solution, rinsed with ddH»O and baked for two hours at 180 °C to destroy
residual ATP. Experiments were carried out in 3 mL suspensions of cells in 100 mM potassium phosphate buffer
(pH 7.2) stirred in a water-jacketted 7-mL Perspex® chamber from an oxygen electrode set-up (Rank Brothers
Ltd., UK) held at 30 °C by a TC120 recirculating water bath (Grant Instruments, Cambridge, UK). After addition
of thiosulfate, 250 pL of cell suspension was removed at 15 s intervals into 10 mL volumes of 1.45 M perchloric
acid in glass scintillation vials held in ice. Digests were incubated for 10 min at 0 °C then neutralised with 1.9 mL
0.6 M KOH solution to pH 7.2. After 10 min further incubation for the precipitate to sediment, the clear supernates
were carefully removed into fresh vials. ATP content of neutralised lysates was determined using the MAK135
ATP/ADP Ratio Kit (Sigma-Aldrich) according to manufacturer’s instructions. Light emission was monitored in
a Pi-102 luminometer (Hygiena International) in relative light units and ATP and ADP determined by reference
to an ATP calibration curve — all calibrants were exposed to the perchloric acid/KOH steps, since potassium

perchlorate somewhat quenches luminescence (Boden et al., 2010).

Oxygen uptake by whole cells

Oxygen uptake rates were measured in a water-jacketed Perspex® chamber equipped with a Clark oxygen
electrode (Rank Brothers, Cambridge, UK) under a 0.1 mm PTFE membrane. The chamber was held at 30 °C as
described above. The electrode was regularly calibrated using fully aerated buffer (‘100 %’) and solid sodium
dithionite (‘0 %’). During oxygen uptake experiments, cells suspended in 100 mM potassium phosphate buffer
(pH 7.2) were allowed to equilibrate with oxygen from the air by stirring for at least 1 h. Oxygen concentration
was recorded for 3 min followed by addition of succinate or thiosulfate to give a final volume of 3 mL and oxygen
concentration recorded for > 5 min. It was assumed that saturated buffer at 30 °C contained 230 uM O, (Lu &

Kelly, 1988b; Gnaiger, 2001).

Cytochrome spectra

Cytochrome spectra of CFEs were taken at 30 °C using the spectrophotometer described under Analytical

Methods, set to 30 °C, and using optical quartz cuvettes of 1-cm path in matched-pairs for blanks and
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experimental samples. Cytochromes were oxidised with 3 mM ammonium hexachloroiridate and fully reduced
with 3 mM sodium dithionite. Experimental cytochrome reduction was with 10 mM sodium thiosulfate. Spectra

were recorded after 1 min incubation in the Peltier-heated cell followed by brief mixing.

Statistical analysis

All statistical analyses were conducted using SigmaPlot 13.0. Pairwise comparisons were achieved with
Student’s ¢ test or the Mann-Whitney U test depending on data normality. Data points represent mean + standard

error of the mean, as indicated by error bars.

Results and Discussion

Identification of NCCB 38021

From the maximum likelihood tree based on the 16S rRNA gene given in Figure 1, it can be seen that the sequence
from NCCB 38021 clusters closely with those of Achromobacter aegrifaciens LMG 26852 and Achromobacter
anxifer LMG 26858". The 16S rRNA gene sequence identity of these to NCCB 38021 are 99.8 % and 99.7 %,
respectively, which would suggest that NCCB 38021 is a strain of A. aegrifaciens. From a maximum likelihood
tree using 53 ribosomal protein genes concatenated as their translated amino acyl sequences (Figure 2), it can be
seen that NCCB 38021 clusters with Achromobacter insolitus DSM 238077, but that there is a paucity of
Achromobacter sequences from type strains in the rMLST database, and, as can be seen by comparison with
Figure 1, the majority of strains that cluster with NCCB 38021 in the latter are absent from Figure 2 — though the
topology of the tree in Figure 2 generally supports that of Figure 1. As such, we tentatively identify NCCB 38021
as a strain of A. aegrifaciens, the type strain of which was isolated from human sputum and is an opportunistic
pathogen (VanDamme ef al., 2013), in contrast to NCCB 38021, which is from agricultural soil and does not

appear to be pathogenic.

Growth in batch culture

Achromobacter sp. NCCB 38021 was grown in 500 mL EBS medium supplemented with 10 mM succinate with
or without 20 mM thiosulfate in 2.5-L Erlenmeyer flasks at 30 °C (Fig. 3) and kinetic parameters are
summarised in Table 1. No succinate was detected at or after 11 and 9 hours for media supplemented with or
without thiosulfate, respectively. There were no significant differences with ¢ and Y with cells grown with or

without thiosulfate. After 27 h incubation 98.5% of the thiosulfate (10.7 = 0.31 mmol) had been oxidised to
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tetrathionate, with no trithionate being detected. When thiosulfate was the sole electron donor with no succinate,
there was no evidence of growth (data not shown), but 22.8% of the thiosulfate (2.3 £ 0.60 mmol) had been
oxidised to tetrathionate after 36 h. Starkey (1934) also noted a small amount of thiosulfate decomposition in the
absence of organic carbon although thiosulfate was not directly measured. Thiosulfate dehydrogenase specific
activity in cells grown on succinate alone or with auxiliary thiosulfate were 148 + 35 and 1,357 + 64 nmol min™!
(mg protein)™!, respectively, indicating constitutive expression at low levels that was upregulated when
thiosulfate was present, which explains the ability to oxidise thiosulfate in the absence of succinate. These data
support Starkey’s conclusion that NCCB 38021 cannot grow autotrophically on thiosulfate and shows an
apparent lack of beneficial effects from thiosulfate oxidation — and indeed it would not be typical for a strain of
this species to grow autotrophically. As can be seen in Fig. 3B, most thiosulfate oxidation took place during the
stationary phase when organic carbon supply had been exhausted, similar to results of batch growth obtained by
Mason and Kelly (1988) using Bacillus megaterium from the Bacillales of the Bacilli and an Aeromonas sp.
from the Aeromonadales of the Gammaproteobacteria. Presumably, the energy conserved from thiosulfate
oxidation during this period was only used for cell maintenance as substrate carbon (or its metabolites) was no
longer available for biosynthesis. A lack of beneficial effect on Y from thiosulfate oxidation in batch culture has
been seen previously in ten different heterotrophic strains by Trudinger (1967) and Mason & Kelly (1988),
where no significant differences in Y or  were observed when media were supplemented with thiosulfate.
Whether true chemolithoheterotrophy was taking place with these strains is unknown, but gratuitous oxidation
of thiosulfate appears more likely. That said, batch culture is a poor model for natural environments due to the
limited growth periods, build-up of metabolic waste, and cells being exposed to high carbon source

concentrations, so this work was repeated in substrate-limited chemostat culture.

Growth in the succinate-limited chemostat

Steady-state cultures of Achromobacter sp. NCCB 38021 were established with 10 mM succinate as the limiting
substrate from D = 0.034 to 0.195 h!. Steady-states were also established with 10 mM succinate as the limiting
substrate, with 50 mM thiosulfate also supplied, between D = 0.031 and 0.163 h!. Comparison of kinetic
parameters under these two growth regimes is given in Table 2. When thiosulfate was supplied as an exogenous
energy source there was a small increase of 2.8% in smax, and an increase of 20.9% in Yumax. Similar increases
in yield of approximately 20% have also been observed with “Thiobacillus Q” (probably a Dechloromonas or

Azonexus sp. from the Rhodocyclales of the Betaproteobacteria, Boden and Hutt 2018a) and Methylophaga
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thiooxydans from the Thiotrichales of the Gammaproteobacteria when grown exochemolithoheterotrophically
with thiosulfate as the auxilliary electron donor source (Gommers & Kuenen, 1988; Boden et al., 2010). There
was no increase in Y with “Thiobacillus Q” in batch culture on acetate with the addition of thiosulfate; however,
similarly to Achromobacter sp. NCCB 38021, there was an increase in ¥ when it was grown in an carbon-
limited chemostat and auxilliary thiosulfate was supplied. It must be noted that ATP production in “Thiobacillus
Q” was not demonstrated and whether bona fide exochemolithoheterotrophy was taking place is unknown,
although oxygen consumption was observed in the presence of thiosulfate, which strongly suggests that this,
indeed, was the case. Comparable results were seen in Pseudomonas aeruginosa KF, with no apparent energetic
benefit from thiosulfate oxidation in batch culture but a 30 % increase in Y in continuous culture was observed,
albeit examined only examined at a single D (Mason & Kelly, 1988). Many other Pseudomonas spp. have been
identified as thiosulfate oxidisers (Sijderius, 1946; Schook & Berk, 1979; Tuttle et al., 1983; Sorokin et al.,
1999). Thiosulfate oxidation appears to be widespread throughout all classes of the phylum “Proteobacteria”
and such increases in continuous culture yields, modelling the ‘real world’ scenario of carbon limitation in many
environments, may demonstrate an evolutionally advantage over obligate heterotrophs as they could out-
complete them when growth substrate is limited, as discussed by Boden (2010) and Boden and Hutt (2018a).
Whether other species of heterotrophs capable of thiosulfate oxidation gain similar benefits would be invaluable

in understanding this neglected form of bacterial metabolism.

The energetics of aerobic respiration of succinic acid are as follows, of course assuming all succinate is respired

for energy metabolism:

CsHs04 + 402 — 4CO2 + 4H20

AG° =-2,401.1 kJ/mol succinate oxidised
The oxidation of thiosulfate to tetrathionate has AG®° = -61.9 kJ/mol thiosulfate oxidised. For growth on 10 mM
succinate, a maximum of -24 kJ can be obtained — if we assume 50 % of succinate is dissimilated for energy and
the remainder assimilated, -12 kJ energy is available in theory. This equates to formation of a maximum of 260
mmol ATP. For 50 mM thiosulfate being oxidised to tetrathionate, a maximum of -3 kJ is available, thus 67
mmol ATP. In cultivation on succinate in the presence or absence of thiosulfate, one would thus anticipate —
assuming only half of the succinate provided is dissimilated for energy — a 25.8 % increase in Y and thus Ymax
from the additional ATP from thiosulfate oxidation. As the Y versus D relation for these two cultivation

conditions follows the ‘inverted uncompetitive inhibition kinetic’ we have previously described in Boden and
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Hutt (2018b), in which Y with thiosulfate is always increased by the same magnitude versus on succinate alone,
regardless of the magnitude of D, any differences in Y between the two metabolic modes would be identical to
the differences in Ymax. This theoretical value is slightly higher than the 20.9 % increase observed from our
laboratory data, and values in the region of 20-30 % increases in Ymax have been observed in other studies in
which this kinetic also applies (c¢f.- Boden and Hutt (20185) for further discussion) — this suggests that over 50 %
of succinate is dissimilated for energy (probably around 60 % in this case), thus the magnitude of the increase in
Ymax is lower. In Mason and Kelly (1988), P. aeruginosa KF was cultivated under glucose-limitation at a single
dilution rate (D = 0.065 h") on 2 mM glucose, with or without 15 mM thiosulfate, increasing ¥ from 21.0 g cell-
carbon/mol glucose (i.e. 44.7 g dry biomass/mol glucose) to 27.3 g cell-carbon/mol glucose (i.e. 58.1 g dry
biomass/mol glucose) — an increase of c. 30 % in terms of dry-weight. For this:
CeH1206 + 602 — 6CO2 + 6H20

AG° =-2,878.8 kJ/mol glucose oxidised
assuming that either 50 % or 60 % of glucose was dissimilated for energy and the same kinetic of
exochemolithoheterotrophic Y versus heterotrophic Y as in Achromobacter sp. NCCB 38021, glucose oxidation
would provide -2.88 to -3.46 kJ, thus 60 to 75 mmol ATP, and the addition of thiosulfate oxidation providing -
0.92 kJ, thus 20 mmol ATP. This would result in increases in Y of between 26.7 and 33.3 % (for 60 % and 50 %
dissimilation, respectively) — the experimental values of Mason and Kelly (1988) being in agreement with the
latter value. It is of course well-established that the fraction of carbon source dissimilated for energy can vary
considerably between organisms and carbon sources (cf. Boden and Murrell, 2011 and Pirt, 1975), but the
general observation of Y and/or Ymax increases in the magnitude of 15-35 % in chemolithoheterotrophic versus

heterotrophic growth is fairly consistent (Boden and Hutt, 2018a).

Examination of cells for intracellular polyphosphate or sulfur granules

Cells of Achromobacter sp. NCCB 38021 were harvested from steady-state chemostat cultures (D = 0.10 h™!)
limited by 10 mM succinate with or without thiosulfate and examined for the presence of intracellular granules.
It was of interest whether growth in the presence of thiosulfate caused an increase in these granules and
potentially resulted in faux increases in yield previously observed e.g. in “Thiobacillus Q” (Gommers &
Kuenen, 1988). It can be seen from transmission electron micrographs (Fig. 4) that the intracellular structures of
NCCB 38021 grown with and without thiosulfate was essentially identical, with no granules present. The

presence of polyphosphate (volutin) granules has been observed previously in exochemolithoheterotrophically-
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grown cells of “Thiobacillus Q” (Gommers & Kuenen, 1988) and elementary sulfur granules are seen in some
chemolithoautrophic sulfur-oxidisers. By excluding these, we can confirm that the differences in biomass
concentration seen between heterotrophically and exochemolithoheterotrophically grown Achromobacter sp.
NCCB 38021 were not due to granule production increasing the optical density, but bona fide increases in

biomass yield.

Enzymology of cell-free extracts obtained from heterotrophically versus chemolithoheterotrophically grown

biomass.

CFEs were prepared from biomass harvested from steady-state chemostat cultures (D = 0.10 h™') on succinate
with or without thiosulfate. Specific activities of key enzymes of inorganic sulfur metabolism and of Krebs’
cycle were assayed (Table 3). From our current understanding of sulfur oxidation, most of the enzymes of the
Kelly-Trudinger pathway were present as the activities of the cytochrome c-linked thiosulfate dehydrogenase
(EC 1.8.2.2), sulfite dehydrogenase (EC 1.8.2.1) and trithionate hydrolase (EC 3.12.1.1) were detected in both
heterotrophically and chemolithoheterotrophically grown cells. The specific activity of thiosulfate
dehydrogenase was significantly higher when cells were grown with thiosulfate (Student’s ¢ test, p < 0.001); as
were sulfite dehydrogenase (Student’s ¢ test, p < 0.001) and trithionate hydrolase (Mann-Whitney U test, p <
0.001). Up-regulation of thiosulfate dehydrogenase activity was previously shown by Boden ef a/. (2010) in
Methylophaga thiooxydans DSM 22068T grown in continuous culture on methanol versus dimethylsulfide (the
sulfur moiety of the latter is oxidised to thiosulfate, which is then oxidised to tetrathionate — an example of
endochemolithoheterotrophy), with a 2.5-fold increase of specific activity when grown on the latter. In
Achromobacter sp. NCCB 38021, thiosulfate caused a 10-fold increase in specific activity, strongly indicating
upregulation of gene expression from the presence of thiosulfate. A putative tsd4 gene (IMG genome locus:
11041 _ThiobacillustrautweiniiCultureB_01526) of 305 aa is present in the genome sequence of Achromobacter
sp. NCCB 38021 (Boden, in preparation) directly downstream of a gene (locus:

11041 _ThiobacillustrautweiniiCultureB_01525) encoding a 234 aa cytochrome c¢ss3, similar to the 224 aa
cytochrome css3 upstream of tsdA in Thiomonas intermedia DSM 18155". The protein encoded by this gene in
Tma. intermedia (TsdB) accepts electrons from TsdA during thiosulfate oxidation but does not itself oxidise
thiosulfate: it is essential for feeding electrons into the respiratory chain (Kurth ef al. 2016). The same gene
cluster is also found in the genome sequences of most other Achromobacter spp., in which the #sdA and tsdB

genes are physically distinct, thus the TsdA and TsdB proteins would be separate, per Tma. intermedia and “S.
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lithotrophicus”, in contrast to the TsdA:TsdB fusion in M. purpuratum. The apparent closest relative-sequences
to the TsdA from NCCB 38021 (other than Achromobacter spp.) were c-type cytochromes from Bordetella spp.,
Burkholderia spp. and Pseudomonas spp., rather than chemolithoautotrophic sulfur oxidisers such as

Thiobacillus.

There was a 7-fold increase in the specific activity of sulfite dehydrogenase in extracts from cells grown with
thiosulfate. Two copies of putative sulfite dehydrogenase genes (sorA4B) are present in the genome sequence of
NCCB 38021 (loci: 11041 _ThiobacillustrautweiniiCultureB_05040,

11041 _ThiobacillustrautweiniiCultureB_05041 and 11041 ThiobacillustrautweiniiCultureB_02707,
11041_ThiobacillustrautweiniiCultureB_02706) but both pairs of genes are very distant from the tsdAB genes,
thus not part of a single operon. The presence of sulfite dehydrogenase and trithionate hydrolase activities is
somewhat unexpected, since neither have a role in the thiosulfate-oxidation pathway (which terminates at
tetrathionate), but a potential role of the latter could be to destroy any trithionate that becomes present in the
environment of the cell (e.g. from chemical reaction of tetrathionate and sulfite — this potentially explaining the
sulfite dehydrogenase activity, also), since both chemically react with thiosulfate and remove it from the

environment of the cell (Roy and Trudinger, 1970):

S20:% + S306 — SO3% + S406*
AG° =-32.2 kJ/mol thiosulfate oxidised
Thus, it is possible that the role of trithionate hydrolase in this organism is to ensure that trithionate does not

interfere with the ability to utilise exogenous thiosulfate as an electron donor.

The tetrathionate hydrolase gene (tetH), as identified in Acidithiobacillus ferrooxidans in the Acidithiobacillales
of the Acidithiobacillia, is not present, nor is tetrathionate hydrolase enzyme activity, although many organisms
known to have tetrathionate hydrolase activity do not possess this gene, likely due to there being more than one
enzyme present in the Bacteria with this activity, or a misidentification in the original work. Two putative
tetrathionate reductase genes, #trAB (loci: 11041 _ThiobacillustrautweiniiCultureB 03855 and

11041 _ThiobacillustrautweiniiCultureB _03853), are predicted in the genome — this is a respiratory reductase
that reduces tetrathionate to thiosulfate during anaerobic respiration — however, the #rC gene is missing. This
encodes the membrane-bound TtrC subunit, which is likely a quinol dehydrogenase, transferring electrons to
tetrathionate via TtrAB (James ef al., 2013). The presence of an incomplete Lu-Kelly-Friedrich cycle sox operon

has already been shown in a number of Kelly-Trudinger pathway species (Boden et al., 2016; Hutt et al., 2017).
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The genes of the sox operon are completely absent in the genome of Achromobacter sp. NCCB 38021,
confirming a completely independent inorganic sulfur oxidation system, separate to the well-studied Lu-Kelly-

Friedrich cycle.

To understand the change to central carbon metabolism during exochemolithoheterotrophy, enzymes of Krebs’
cycle were examined. There was a significant decrease in the specific activities of 2-oxoglutarate dehydrogenase
(EC 1.2.4.2; Student’s ¢ test, p < 0.001), fumarate hydratase (EC 4.2.1.2; Student’s ¢ test, p = 0.005) and malate
dehydrogenase (E.C. 1.1.1.37; Student’s ¢ test, p < 0.001) in extracts prepared from cells grown
exochemolithoheterotrophically versus heterotrophically. There were no significant differences in the specific
activities of citrate (Si)-synthase (EC 2.3.3.1), aconitate hydratase (EC 4.2.1.3), isocitrate dehydrogenase (EC
1.1.1.41), succinate-CoA ligase (EC 6.2.1.4) and succinate dehydrogenase (EC 1.3.5.1). The decrease in 2-
oxoglutarate dehydrogenase, fumarate hydratase and malate dehydrogenase specific activities may indicate a
preference for the biosynthesis of the amino acid glutamate (or its downstream products) from the Krebs’ cycle
intermediate 2-oxoglutarate. Alternatively, as the lower specific activities of 2-oxoglutarate dehydrogenase and
malate dehydrogenase result in a drop in production of NADH for feeding into the respiratory chain, this
probably indicates that the provision of electrons required to generate the Ap needed for ATP biosynthesis is
from another source, viz. thiosulfate oxidation. Decreased coupling of Krebs’ cycle and the NADH pool
correlates with Krebs’ cycle fulfilling more of its anabolic role than its catabolic role in providing carbon
skeletons rather than producing Ap (and thus ATP) and CO, (Quasem et a/, 2017). During
exochemolithoheterotrophic growth, diversion of substrate carbon from energy production to biosynthesis
occurs, raising Ymax. This supports the findings of Tuttle (1980) who found more carbon-14 from [“*Cy]-D-(+)-
glucose was incorporated into biomass when thiosulfate was being oxidised in two marine heterotrophs. A
similar study with Achromobacter sp. NCCB 38021 and the fate and intermediates of organic carbon from
succinate would be beneficial in understanding the physiological changes between heterotrophic and
exochemolithoheterotrophic growth. Of course, it is possible that the decreases in specific activity of these three
enzymes with decreased specific activity were owing to inhibition by thiosulfate and/or tetrathionate in vitro,
giving a ‘partial false negative’ — whilst the former does not appear to inhibit any enzymes of central carbon
metabolism on the basis of an inhibitor search of the BRENDA database (http://www.brenda-enzymes.info), the
latter does inhibit some dehydrogenases e.g. glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12, Suzuki
and Imahori (1973)) by interaction with thiol moieties present in the active site and formation of Bunte salts.

Fumarate hydratase does not have conserved thiol moieties required for activity in either the active site or the ‘B
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site’, nor does the 2-oxoglutarate complex, but malate dehydrogenase is dependent on methionine residues in the
active site (Billue and Bell, 2012). The cofactors of the E2 subunit of the 2-oxoglutarate dehydrogenase
complex are coenzyme A (a thiol) and lipoate (a 1,2-dithiolane), and tetrathionate and/or thiosulfate interference
by chemical reaction with these cofactors could also be possible. It is well-established that thiosulfate can
oxidise dihydrolipoate (‘reduced lipoic acid”) to lipoate with concomitant formation of bisulfide and sulfite, but
there is no evidence of thiosulfate or tetrathionate reacting directly with lipoate itself — though this does not
appear to have actually been examined (Villarejo and Westley, 1963; Roy and Trudinger, 1970). Coenzyme A
contains a terminal thiol group, which could react chemically with thiosulfate or tetrathionate in several
potential ways, including the formation of a coenzyme A sulfodisulfane by binding of either of these species to
the pendent thiol moiety, as is the case with thiosulfate and/or tetrathionate with glutathione (Szczepowski,
1958). If this were the case, thiosulfate or tetrathionate present in CFEs could react with coenzyme A,
effectively removing this reaction cofactor and giving a false decrease in specific activity; however, since the
cells were from steady-state cultures devoid of thiosulfate and were well-washed to remove exogenous
tetrathionate before lysis, no appreciable quantity of either sulfur oxyanion should be present, thus this

possibility of inhibition can be disregarded.

Thiosulfate-dependent ATP biosynthesis and respiratory molecular oxygen consumption

Thiosulfate-dependent ATP production was demonstrated in resting cells of Achromobacter sp. NCCB 38021
obtained from a succinate-limited chemostat grown in the presence of thiosulfate (D = 0.10 h'!). When cells
were exposed to 1 mM thiosulfate there was production of ATP at a rate of 490 pmol min™! (g dry biomass)’!
and concentrations were significantly higher than in control cells that were not exposed to thiosulfate (Fig. 5).
ATP production rates from auxiliary energy source oxidation in chemolithoheterotrophs have been previously
reported at 280 and 570 pmol min’! (g dry biomass)™! in Sagittula stellata DSM 11524" (grown
exochemolithoheterotrophically on succinate with dimethylsulfide oxidised to dimethylsulfoxide for auxiliary
energy) and in Methylophaga thiooxydans DSM 22068T (grown endochemolithoheterotrophically on
dimethylsulfide with endogenously produced thiosulfate oxidised to tetrathionate for auxiliary energy),
respectively (Boden et al. 2011; Boden et al., 2010). For comparison, in the chemolithoautotroph
Halothiobacillus neapolitanus DSM 581, in which thiosulfate is oxidised fully to sulfate, rates of ATP
production from thiosulfate oxidation are as high as 1.6 pmol min™! (g dry biomass)"' (Kelly and Syrett, 1966).

The rate of production in our experiment started to plateau after about 60 s, presumably as cells started to
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532 consume the ATP being produced — similar timescales were seen in M. thiooxydans and H. neapolitanus in the
533 studies cited above. This confirms bona fide chemolithoheterotrophy was taking place as thiosulfate oxidation
534 was coupled to ATP production and was not being solely used as an antioxidant, and with a very similar ATP

535 production rate as in other thiosulfate-oxidising chemolithoheterotrophs, of ¢. 500 pmol min™' (g dry biomass)™.

536 In a second experiment, cells of Achromobacter sp. NCCB 38021 harvested from succinate-limited chemostats
537 grown with or without thiosulfate (D = 0.10 h'") were exposed to increasing concentrations of succinate (0.5 —
538 10.0 mM) or thiosulfate (0.5 — 10.0 mM) from which molecular oxygen consumption was recorded (Table 4).
539 Transfer of electrons from thiosulfate to respiratory molecular oxygen via cytochrome ¢ and cytochrome ¢
540 oxidase was determined from the maximum rates of substrate-dependent oxygen uptake (Vmax) by whole cells
541 exposed to thiosulfate (Table 4). There was a c.8-fold higher rate of O, consumption from thiosulfate and a
542 higher affinity for thiosulfate (evident from the lower Michaelis constant, Kr,) when cells were grown with
543 thiosulfate. This coincided with a c¢.10-fold higher thiosulfate dehydrogenase specific activity previously seen in
544 CFEs. The increase in thiosulfate-oxidation capability did not hinder succinate-dependent oxygen uptake as no
545 significant differences in Vmax or K were observed between cells formerly grown with or without thiosulfate.
546  The large change in K, in cells grown with thiosulfate could potentially indicate that the apparent thiosulfate
547 dehydrogenase activity in cells growth without it is due to a separate cytochrome ¢ that shows some level of

548 ability to oxidise thiosulfate.
549 Thiosulfate-dependent cytochrome reduction

550 Absolute cytochrome spectra were obtained from CFEs of cells harvested from a succinate limited chemostat
551 supplemented with 50 mM thiosulfate and show peaks at 412, 514 and 551 nm when thiosulfate-reduced,

552 corresponding to the Soret, f and a peaks of cytochrome css; (Fig. 6). When dithionite-reduced, peaks at 416,
553 512 and 550 nm were found. Using difference spectra of thiosulfate-reduced minus hexachloroiridate-oxidised
554  the concentration of thiosulfate-reducible cytochrome css; was estimated as 1.8 nmol (mg protein)! assuming a
555 millimolar extinction coefficient for the reduced form at 550 nm of 28 mM! cm!. Cytochrome c is the only
556 energetically feasible point at which thiosulfate oxidation can be coupled to the respiratory chain and has been
557 demonstrated in vitro in numerous studies (Trudinger 1961a, 1967; Lu et al., 1983; Kelly et al., 1993;

558 Denkmann et al., 2012). The standard redox potential (£°) of the thiosulfate/tetrathionate couple is +198 mV
559 (Kurth ez al., 2015), meaning the only realistic entry of electrons from this reaction into the respiratory chain is

560 cytochrome ¢ (E°, oxidised/reduced +220 mV). Due to the low energy from inorganic oxidation, the reduction of
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NAD" to NADH in chemolithoautotrophic organisms is not feasible, thus must be achieved via reverse electron
transport through the respiratory chain, at the expense of Ap, and thus of ATP formation (Kelly, 1971).
NAD'/NADH levels were not quantified in our study, but it is improbable that thiosulfate oxidation in
Achromobacter sp. NCCB 38021 would be coupled to NADH biosynthesis by reverse electron transport, as it is

considerably more energetically favourable coupling it with the oxidation of succinate in Krebs’ cycle.

Conclusions

Our study supports the previous work of Starkey (1934a,b) on this strain, but demonstrates additionally that this
apparent “sulfur-oxidising heterotroph” in fact exhibits bona fide exochemolithoheterotrophy resulting in an
increase in Ymax owing to coupling the oxidation of an inorganic electron donor to ATP biosynthesis, and the
magnitude of the increase is consistent with thermodynamic predictions — but this only occurs when the
organism is grown in substrate-limited continuous culture and not in batch culture. This is a property of
chemolithoheterotrophs that we are now finding to be fairly common, it having demonstrated in Methylophaga
thiooxydans, Sagittula stellata, various Pseudomonas spp. and so on (cf. Boden and Hutt (2018a) for a
comprehensive list of studies). The bioenergetic basis for this observation is not immediately clear, but we
suspect that intracellular ATP levels remain in relative excess in batch-culture versus the substrate-limited
chemostat, and as such, intracellular ATP levels limit growth in the latter but not the former. This is probably
not universally the case, and we would expect it to vary with the type of substrate used, based on the division of
substrates into three groups by Anthony (1982) after Linton and Stephenson (1978) and Anthony (1980) — 1)
substrates that leave the cell biochemically limited by ATP over [H] and C — generally these are more oxidised
substrates such as short-chain carboxylic acids, hexoses and those that are dissimilated without NADH-
consuming steps, as is the case with succinate; ii) substrates that leave the cell biochemically limited by C over
[H] and ATP — generally these are alkanes, long-chain alcohols and carboxylates, and iii) substrates that leave
the cell biochemically limited by [H] — specifically NADH - over ATP and C — generally substrates that require
initial oxygenase attack (consumes [H]), high [H]-consumption during assimilation (as is the case with C;
compounds) and dissimilatory dehydrogenases that don’t couple directly to NADH formation. Obviously much
more work is required to study chemolithoheterotrophs growing on substrates from each of these categories to
determine whether or not the “negative in batch, positive in chemostat™ trait is universal or limited only to type
‘1’ substrates, and similarly whether the kinetics that relate ¥ and ¢ during heterotrophic versus

chemolithoheterotrophic growth vary or if they always obey the ‘inverted uncompetitive inhibition’ model that
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has been the case thus far in all chemolithoheterotrophs studied — the caveat being that they are predominantly
cultivated on sugars or acetate, typically, both of which are type ‘i’ substrates. One exception of note is
Methylophaga thiooxydans, which has been grown both exo- and endochemolithoheterotrophically on C;
compounds that are type ‘iii’ substrates, and still shows this kinetic. Of course, there are considerably more
factors that the nature of the substrates, but the nature of the core biochemistry and physiology of the
heterotrophic metabolic mode is very variable — respiratory chains vary considerably, multiple glycolytic
pathways can be used (often at the same time, Wood et al., 1977) — and these factors also require consideration

in selecting organisms for further work.

The decreases to the specific enzyme activities of Krebs’ cycle observed in chemolithoheterotrophically grown
versus heterotrophically grown CFEs are consistent with a potential downregulation of the genes encoding [H]-
generating steps in chemolithoheterotrophically grown cells, since Ap is generated from thiosulfate-oxidation,
energetically ‘bypassing’ Krebs’ cycle, in a sense. One would anticipate intracellular pooling of the substrates of
these enzymes, viz. 2-oxoglutarate and fumarate (whilst malate dehydrogenase is also downregulated, malate
would of course not pool since downregulation of fumarate hydratase would result in no production of malate
from fumarate in the first place). Therefrom, glutamate and pyruvate can be produced by alanine transaminase
(EC 2.6.1.2), forming L-glutamate at the expense of L-alanine or by D-amino acid transaminase (EC 2.6.1.21),
forming D-glutamate at the expense of D-alanine, both of which are predicted in the genome sequence of NCCB
38021. L-glutamate is the substrate for glutamine synthetase (EC 6.3.1.2), which forms L-glutamine as a key
step in nitrogen assimilation from ammonia, whereas D-glutamate is involved in cell-wall biosynthesis in Gram-
stain-negative Bacteria. Fumarate can be converted to L-arginosuccinate by arginosuccinate lyase (EC 4.3.2.1)
in many organisms, however, this is not predicted in the NCCB 38021 genome. As such, it would be prudent in
future work on chemolithoheterotrophs that also display changes in regulation of Krebs’ cycle enzymes to
quantify free D- and L- amino acid and each corresponding amino acyl-tRNA in the cytoplasm during various
stages of heterotrophic and exochemolithoheterotrophic growth, including the transition period, to establish if
their pooling occurs, or if modifications in overall cellular amino acid demand from the changes in protein

expression negate this.
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Table 1 Kinetic parameters of Achromobacter sp. NCCB 38021 in batch culture on 10 mM succinate, with or
without thiosulfate. Parameters are specific molar growth yield (Y - g dry biomass/mol succinate), specific
growth rate (1 - h™!) and specific rate of substrate uptake (¢ — mmol succinate/h). Values shown are mean +
standard error of mean (n = 3).

Growth condition:

Kinetic Parameter 10 mM succinate 10 mM succinate + 20
mM thiosulfate

Y 37+£0.7 35+£2.1

(g dry biomass/mol succinate) ‘ ’

?h-l) 0.311+0.017 0.287 +0.022

1 0.983 +0.070 0.905 + 0.050

(mmol succinate/h)
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Table 2 Kinetic parameters of Achromobacter sp. NCCB 38021 in succinate-limited chemostats, with or
without auxiliary thiosulfate. Parameters are the maximum specific growth yield coefficient (¥, - g dry

biomass/mol succinate), the maximum specific growth rate (,uMAX - h") and the Pirtian maintenance coefficient

(ms - mmol succinate (geh)™).

Growth condition:

Kinetic Parameter 10 mM succinate 10 mM succinate + 50
mM thiosulfate
Y
MAX ) 51.98 62.89
(g dry biomass/mol succinate)
Fruax 0.394 0.405
(h")
ms

0.49 0.70
(mmol succinate (geh)™)
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Table 3 Specific enzyme activities in Achromobacter sp. NCCB 38021 cell-free extracts obtained from
succinate-limited chemostats. Cells were harvested from chemostat culture on 10 mM succinate with and
without 50 mM thiosulfate under carbon limitation (D = 0.10 h™!). Specific activities are given in nmol/min/(mg

protein). Values with asterisks represent statistically significantly higher activities when pairwise comparisons
were made between heterotrophically and chemolithoheterotrophically grown cells. Values represent mean +

standard error of mean (n = 3).

Specific activities of enzymes in CFEs prepared from
cells grown on:
(nmol/min/(mg protein))

Enzyme E.C. number 10 mM succinate 10 mM succinate +
50 mM thiosulfate
Inorganic sulfur metabolism:
Thiosulfate dehydrogenase (cyt c) 1.8.2.2 110+ 4 1,163 + 14*
Trithionate hydrolase 3.12.1.1 4+1 50 + 4%
Tetrathionate hydrolase 3.12.1.B1 0 0
Sulfite dehydrogenase 1.8.2.1 122+ 14 881 + 18*
Thiocyanate dehydrogenase 1.8.2.- 0 0
Krebs’ cycle:
Citrate (Si)-synthase 2.3.3.1 39+1 40=£3
Aconitate hydratase 4213 11+1 7+1
Isocitrate dehydrogenase (NAD™) 1.1.1.41 19+1 19+£2
2-oxoglutarate dehydrogenase 1.24.2 22+ 1% 13+1
Succinate-CoA ligase (GDP-forming) 6.2.1.4 33+4 35+3
Succinate dehydrogenase 1.3.5.1 48 +2 51+£2
Fumarate hydratase 42.1.2 178 £ 16* 83+5
Malate dehydrogenase (NAD") 1.1.1.37 1,011 + 6* 233+ 19
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Table 4 Oxygen uptake by whole cells of Achromobacter sp. NCCB 38021. Maximum rates of substrate-
dependent oxygen uptake (Vmax) and Michaelis constant (K.,) relating to succinate or thiosulfate concentration for
whole cells of Achromobacter sp. NCCB 38021 grown in carbon limited chemostats on 10 mM succinate with or
without 50 mM thiosulfate (D = 0.10 h!). Values shown are mean = SEM (n = 3).

succinate thiosulfate
Cells grown on: Vimax [nmol O; min!(mg K (UM) Vimax [nmol O, min'(mg K (uM)
dry biomass)!] dry biomass)™!]
Succinate 628 + 88 7.2 26+ 1 30.0
Succinate + thiosulfate 602 + 46 7.8 209+ 6 14.5
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Figure Legends

Fig 1. Maximum-likelihood tree of the genus Achromobacter on the basis of the 16S rRNA (rrs) gene. Sequences
were aligned using the MUSCLE algorithm (Edgar, 2004) in MEGA X (Kumar ef al., 2018). Aligned data were
model tested in MEGA X on the basis of the lowest corrected Akaike information criterion (AICc, Hurvich and
Tsai, 1989; Akaike, 1973). The outgroup contains equivalent gene from the type species of Alcaligenes. Numbers
in parentheses refer to genome accession numbers in GenBank or IMG/ER databases — sequences from whole-
genome sequences were preferentially used. The tree was constructed in MEGA X with partial deletion of gaps
(95 % cut-off), and the final analysis involved 1,411 nt. The model of Tamura and Nei (1993) was used with a
discrete gamma distribution (ten categories, gamma parameter = 0.6039) with 84.11 % of sites evolutionarily
invariant. Tree shown had the highest log-likelihood (-2,888.95). Branch lengths are proportional to the number
of substitutions, the bar representing 0.01 substitutions per site. Bootstrap values at nodes are on the basis of 5,000
replications (values < 70 % are omitted for clarity).

Fig 2. Maximum-likelihood tree of the genus Achromobacter on the basis of 53 concatenated ribosomal protein
gene sequences (rpsA-rpsU, rplA-rplF, rplL-rplX, romA-rpmJ) concatenated and translated in silico into amino
acyl sequences. Gene concatamers were downloaded en bloc from the ribosomal multilocus sequence typing
(rMLST) database (http://pubmlst.org/rmlst) and were translated then aligned using the MUSCLE algorithm
(Edgar, 2004) in MEGA X (Kumar et al., 2018). Aligned data were model tested in MEGA X on the basis of the
lowest corrected Akaike information criterion (AICc, Hurvich and Tsai, 1989; Akaike, 1973). The outgroup
contains equivalent concatamers from the type species of Alcaligenes. Numbers in parentheses refer to genome
accession numbers in the rMLST database. The tree was constructed in MEGA X with partial deletion of gaps
(95 % cut-off), and the final analysis involved 7,150 aa. The model of Le and Gascuel (2008) was used with a
discrete gamma distribution (ten categories, gamma parameter = 0.6434) with 42.64 % of sites evolutionarily
invariant. Tree shown had the highest log-likelihood (-27,355.45). Branch lengths are proportional to the number
of substitutions, the bar representing 0.02 substitutions per site. Bootstrap values at nodes are on the basis of 5,000
replications (values < 70 % are omitted for clarity).

Fig 3. Growth and sulfur oxyanion concentrations in batch cultures of Achromobacter sp. NCCB 38021. Growth
curves represent growth on 10 mM succinate (A) or 10 mM succinate plus 20 mM thiosulfate (B), at 30 °C under
air with shaking at 100 r.p.m. through 5 cm. Biomass (), succinate (0O), thiosulfate (A), trithionate (®) and
tetrathionate (0) were determined. Values shown indicate mean + standard error of mean (n = 3).

Fig 4. Transmission electron micrographs of Achromobacter sp. NCCB 38021 cells grown in a carbon limited
chemostats (D =0.10 h™') on 10 mM succinate without (A) or with (B) 50 mM thiosulfate, shown at 60,000x (left)
and 40,000x (right) magnification, demonstrating the absence of any accumulated granules of elementary sulfur,
polyphosphate etc during growth with thiosulfate.

Fig 5. ATP production from thiosulfate oxidation over time of whole cells of Achromobacter sp. NCCB 38021.
Cells were harvested from a carbon-limited chemostat grown on 10 mM succinate with 50 mM thiosulfate (D =
0.10 h'!). Closed circles represent control cells not exposed to thiosulfate. Open circles represent cells exposed to
a final concentration of 1 mM thiosulfate at time point zero. Values shown indicate mean =+ standard error of mean
(n=23).

Fig 6. Absolute spectra of Achromobacter sp. NCCB 38021 cell-free extracts. Cells were grown in a carbon
limited chemostats (D =0.10 h™') on 10 mM succinate and 50 mM thiosulfate. Shown are 3 mM hexachloroiridate-
oxidised (dashed line), 1 mM thiosulfate-reduced (dense solid line) and 3 mM dithionite-reduced (thin solid line).
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