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ARTICLE INFO ABSTRACT

Article history: Halotolerant, acidophilic, bioleaching microorganisms are crucial to biomining operations that utilize
Received 30 April 2023 saline water. Compatible solutes play an important role in the adaptation of these microorganisms to
Accepted 7 August 2023 saline environments. Acidithiobacillus ferrooxidans ATCC 23270, an iron- and sulfur-oxidizing acidophilic

Available online 10 August 2023 bacterium, synthesizes trehalose as its native compatible solute but is still sensitive to salinity. Recently,

halotolerant bioleaching bacteria were found to use ectoine as their key compatible solute. Previously,

Ke¥ W”rd_s" bioleaching bacteria were recalcitrant to genetic manipulation; however, recent advancements in genetic
Qf;?;lzl;:ifg tools and techniques allow successful genetic modification of A. ferrooxidans ATCC 23270. Therefore, this
Compatible solute study aimed to test, in silico, the effect of native and synthetic compatible solute biosynthesis by
Halotolerant A. ferrooxidans ATCC 23270 on its growth and metabolism. Metabolic network flux modelling was used to
Metabolic flux model provide a computational framework for the prediction of metabolic fluxes during production of native

and synthetic compatible solutes by A. ferrooxidans ATCC 23270, in silico. Complete pathways for
trehalose biosynthesis by the bacterium are proposed and captured in the updated metabolic model
including a newly discovered UDP-dependent trehalose synthesis pathway. Finally, the effect of nitrogen
sources on compatible solute production was simulated and showed that using nitrogen gas as the sole
nitrogen source enables the ectoine-producing ‘engineered’ microbe to oxidize up to 20% more ferrous
iron in comparison to the native microbe that only produces trehalose. Therefore, the predictive out-
comes of the model have the potential to guide the design and optimization of a halotolerant strain of
A. ferrooxidans ATCC 23270 for saline bioleaching operations.
© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biomining (or bioleaching) is the process of extracting metals

from low grade mineral ores using microbes that oxidize iron and/
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further restricts the use of salt sensitive microorganisms in regions
where fresh water is limited or seawater is required for bioleaching
operations [4,6,7].

Acidithiobacillus ferroooxidans strains are salt-sensitive microbes
that are inhibited by >0.2 M sodium chloride [4,8—10]. This limits
their use in biomining applications in regions of high salinity. The
members of the genus Acidihalobacter, however, represent the only
known halotolerant (i.e., tolerating high levels of salt) iron- and
sulfur-oxidizing acidophiles capable of bioleaching under salt
stress, tolerating up to 1.3 M sodium chloride [11—13]. Genomic and
proteomic studies of the Acidihalobacter spp. have revealed that the
production of compatible solutes plays a key role in their halotol-
erance [11,13]. Compatible solutes, also known as osmoprotectants,
are substances that accumulate in the cytoplasm to balance
external osmotic pressure while not interfering with the core
cellular metabolism [14,15]. They help protect biomining microor-
ganisms and enable them to live in harsh environments of acid,
temperature, oxidative, and osmotic stress [15—19]. Trehalose and
ectoine are two important compatible solutes produced by acido-
philic biomining microorganisms in response to salt stress [20—30].
In a study by Galleguillos et al. [22], trehalose was identified as one
of, or the sole, compatible solute in six species of acidophilic bac-
teria, including Acidithiobacillus ferrooxidans strain ILE32, grown at
elevated osmotic strength in liquid media. However, to date,
trehalose biosynthesis steps have not been fully studied for
A. ferrooxidans spp. Ectoine accumulation, on the other hand, has
been shown to increase halotolerance in Leptospirillum and Acid-
ihalobacter species [11,31]. In proteomic studies on Acidihalobacter
aeolianus DSM 14174", a 422-fold increase was shown in the
expression of ectoine synthase at high salt stress [13]. Similarly, in
Acidihalobacter prosperus DSM 51307 under salt induced osmotic
stress, there was a 50-fold increase in the expression of ectoine
transporters [24]. A. ferrooxidans ATCC 23270 does not produce
ectoine and it has been shown to synthesize trace amounts of
trehalose [11,22].

Kaksonen et al., 2020 [32] have previously discussed that
engineered microbes are not commonly used in large-scale bio-
mining applications due to regulatory constraints and the lack of
technology-ready engineered strains. However, they have also
recognized that mining companies are showing increasing interest
towards the opportunities synthetic biology can offer and that
modelling approaches are gaining popularity as they provide un-
derstanding of parameters affecting the growth of bioleaching
microorganisms prior to experimental validation [32]. To date, no
genetic tools for modification of the Acidihalobacter spp. exist.
Moreover, the molecular basis of carbon fixation and iron/sulfur
oxidation has not yet been published for the Acidihalobacter spp. In
contrast, A. ferrooxidans ATCC 23270 has well-developed genetic
tools, and some of its key metabolic capabilities, such as carbon
dioxide and nitrogen fixation and iron/sulfur oxidation have been
studied comprehensively [33—35]. Furthermore, several metabolic
network models have been developed for A. ferrooxidans ATCC
23270 providing additional knowledge on carbon dioxide fixation,
iron/sulfur oxidation, and extracellular polymeric substances (EPS)
production [36—38]. Metabolic flux models have been used
extensively over the past two decades for a range of microorgan-
isms and applications such as identifying optimal microbial strains
and culture media conditions [39,40], designing metabolic engi-
neering strategies and identifying genetic mutants [41—45], drug
targeting and production of chemicals [46], and creating databases/
knowledgebases of biochemical and genetic information [47—55].
However, this powerful computational systems biology approach
has rarely been realized for the exploration of the metabolic ca-
pabilities of biomining microorganisms such as compatible solute
biosynthesis.
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In this study, we aim at extending the application of genome-
scale metabolic flux modelling for the examination of different
plausible native trehalose biosynthetic routes as well as a synthetic
ectoine biosynthesis pathway by A. ferrooxidans ATCC 23270. Such
computational framework allows for better understanding the
interplay of trehalose and ectoine biosynthesis with respect to the
growth and metabolism of A. ferrooxidans ATCC 23270. We build
upon existing data by extending a currently existing metabolic
model, iMC507 [38], of A. ferrooxidans ATCC 23270 to include the
pathways, reactions, proteins and metabolites required for the
biosynthesis of the compatible solutes trehalose and ectoine. This
updated metabolic model of A. ferrooxidans ATCC 23270 was used
to predict the theoretical limits of native trehalose and non-native
ectoine biosynthesis yields. We also performed a detailed flux
analysis to compare key differences between a trehalose-producing
acidophile versus a potentially engineered ectoine-producing
acidophile at metabolite level, in silico.

2. Methods
2.1. Model assembly

Using the iMC507 genome-scale metabolic model of
A. ferrooxidans ATCC 23270 [38] as the base model, the updated
metabolic model of A. ferrooxidans ATCC 23270 was constructed by
adding genes and reactions enabling trehalose and ectoine
biosynthesis to the base model. To simulate ectoine biosynthesis by
the bacterium, four new reactions and eight genes borrowed from
Acidihalobacter spp. were added to the original iMC507 model [11].
These include a diaminobutyrate pyruvate aminotransferase (EctA),
a L-2,4-diaminobutyric acid acetyltransferase (EctB), a L-ectoine
synthase (EctC) [56], and an ectoine exchange reaction (to allow for
ectoine exchange with the extracellular environment). Also, we
performed an in-depth search for the possible routes of trehalose
biosynthesis in both the sequenced annotated genome of
A. ferrooxidans ATCC 23270, as well as in the literature. In total, six
new reactions and eight genes were added to the updated model
allowing for the formation of trehalose through both ADP-
dependent and UDP-dependent TreT pathway, as well as via the
TreY-TreZ pathway. In silico production of the osmoprotectants
trehalose and ectoine, therefore, simulates the metabolism of
A. ferrooxidans ATCC 23270 under high salt concentrations.

We also revised glycogen biosynthesis and degradation path-
ways used by A. ferrooxidans ATCC 23270 in the updated metabolic
model because the previous models of the bacterium, which
focused mainly on EPS biosynthesis, provided partial information
on glycogen metabolism. We assumed that the degree of poly-
merization of 1,4-alpha-glucan (glycogen) branching enzyme
(2.4.1.18) equals to six, and the enzyme transfers glycosyl groups to
a monomer with similar formula as amylose (i.e., debranched
glycogen). The glycogen, produced by glycogen branching enzyme,
is consequently utilized by either a glycogen phosphorylase (GIgP)
or an alpha amylase (Amy). Glycogen phosphorylase phosphory-
lates and converts glycogen into two glucose-1-phosphate and one
maltotetraose, while alpha amylase hydrolyzes two molecules of
glycogen into maltotetraose.

Next, all reactions of the updated model were charge- and mass-
balanced leading to the identification of four reactions with
incorrect stoichiometric coefficients in the iMC507 model. This
included a periplasmic sodium—calcium antiporter, a sodium-
proton antiporter, 1,4-alpha-glucan branching enzyme, and
glycogen phosphorylase. Additionally, the directionality of seven
reactions were corrected according to the thermodynamic data
available for those reactions in the MetaCyc database [57]. This
included changing the following reactions to run irreversibly:
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acetyl-CoA carboxylase, glucokinase, CTP synthase (glutamine
hydrolysing), glycogen phosphorylase, maltodextrin phosphory-
lase, and sedoheptulose-bisphosphatase.

As a result of new pathway additions, seven new metabolites
were also introduced to the base metabolic network of
A. ferrooxidans ATCC 23270. Chemical formulae of glycogen was
changed to (C12H20010)n Where n = 3. This enabled accounting for
phosphorylation of glycogen to maltotetraose and glucose-1-
phosphate by glycogen phosphorylase (EC: 2.4.1.1) to provide the
substrate of malto-oligosyltrehalose synthase (EC: 5.4.99.15), which
acts on maltodextrins having a polymerisation degree higher than
three [58]. The full list of new and revised reactions and metabolites
is available in Tables S1 and S2 of the supplementary file.

2.2. Growth and product formation predictions

The updated metabolic model of A. ferrooxidans ATCC 23270 was
named iATF-ENG to follow the existing conventions [59]. The tex-
tual format of the model is available as an Excel file (Table S1 of the
Supplementary file). All reaction fluxes are in mmol/gDCW-h
except for the reaction representing cell biomass formation that
is expressed in h™!. The medium composition was assumed to be
minimal medium [38]. The model was assembled in a format
compatible for flux balance analysis (FBA) [60]. FBA optimization
problems were solved by both the GNU Linear Programming Kit
(GLPK) solver (http://www.gnu.org/software/glpk/) and built-in
MATLAB solver in MATLAB using COBRA toolbox [61].

To simulate growth of A. ferrooxidans ATCC 23270 using the
iIATF-ENG model, bicarbonate assimilation rate was fixed to
1 mmol/gDCW.h, and the uptake of oxygen, phosphorous, nitrogen,
sulfur, and metal ions were left unbounded. Additionally, transport
of proton and water across the in silico cell membrane were left
unconstrained. The objective function of the FBA optimization
problem was maximisation of biomass, trehalose, or ectoine pro-
duction. In addition to ectoine and trehalose as the target products
of in silico growth of A. ferrooxidans ATCC 23270, exopolysaccharide
and glucose were considered as by-products, and allowed to leave
the system (i.e., to be exported into the extracellular environment if
needed). Non-growth associated maintenance ATP was set to 3.475
mmol/gDCW.h as described previously [38].

3. Results and discussion

The updated iATF-ENG metabolic model developed in this study
contains 631 reactions, 580 metabolites, and 515 genes (Supple-
mentary file, Tables S1 and S2). Ten new reactions were added to
enable trehalose or ectoine biosynthesis. Additionally, nine re-
actions were corrected for mass or charge imbalances. The first
stoichiometric model of a bioleaching microorganism was that of
A. ferrooxidans ATCC 23270 published by Hold et al. [36], in which
only 62 reactions were used. While the model was able to simulate
values of maximum oxygen uptake similar to experimental values,
the study assumed a complete tricarboxylic acid (TCA) cycle and
included all the reactions and metabolites of the complete TCA cycle
in the model. However, A. ferrooxidans is known to have an
incomplete TCA cycle as genes encoding E1-3 subunits of a-keto-
glutarate dehydrogenase are absent from its genome [62]. This
absence of a complete TCA cycle has been suggested to be a hallmark
of the obligate autotrophic lifestyle of this acidophile, therefore, the
inclusion of the entire cycle could lead to incorrect predictions of
metabolism [62]. The second model for A. ferrooxidans ATCC 23270,
published by Sepilveda [37], updated the previous model to remove
the extra reactions of the TCA cycle and to include a total of 190
reactions, 100 exclusively related to biomass production, 20
involved in central metabolism and energy generation and the
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remaining associated to extracellular polymeric substances (EPS)
synthesis. This model was able to show that the disruption of the
incomplete TCA cycle leads to overproduction of EPS. More recently,
a comprehensive model of A. ferrooxidans ATCC 23270, iMC507, was
generated which included reaction information from 507 open
reading frames [38]. Expanding on studies of EPS production by
Sepilveda [37], the iMC507 model helped to further study growth
coupled EPS production and validate the presence of malate dehy-
drogenase (MDH) and fumarase (FUM) reactions in the incomplete
TCA cycle. However, while trehalose is natively synthesized by
A. ferrooxidans ATCC 23270, the pathway for its synthesis was
neither captured in the iMC507 metabolic model nor in any of the
previous metabolic models of A. ferrooxidans ATCC 23270. The
updated iATF-ENG model captures all the recent amendments
described above. The inclusion of the synthetic ectoine biosynthesis
pathway, updating glycogen metabolism, and updating trehalose
biosynthetic pathways did not alter the simulated values obtained
for the growth of wild-type A. ferrooxidans ATCC 23270 as predicted
by the iMC507 metabolic model.

3.1. Prediction of growth and product formation by the iATF-ENG
updated metabolic model of A. ferrooxidans

The maximum biomass yield predicted by the iATF-ENG model
is 0.026 g per mole bicarbonate, which is identical to the value
predicted by the iMC507 model, confirming that the addition of
synthetic pathways or updating the trehalose biosynthesis path-
ways did not impact growth predictions. The iATF-ENG model of
A. ferrooxidans ATCC 23270 supports the biosynthesis of both native
(trehalose) and engineered (ectoine) compatible solutes. On a mole
basis, the maximum theoretical production yields of trehalose and
ectoine reaches to, respectively, 0.083 and 0.166 mol per mole bi-
carbonate (Fig. 1) as the sole carbon source (i.e., assuming that all
incoming carbon is converted into trehalose or ectoine and no
biomass is formed). When the production of both ectoine and
trehalose was shut down (i.e., constraining the bounds of exchange
reactions of both ectoine and trehalose to zero), the incoming
carbon was converted into EPS. The maximum EPS yield (at no
growth) was reached to 0.108 mol EPS per mole bicarbonate.

A. ferrooxidans ATCC 23270 can meet its nitrogen needs by either
nitrogen fixation or ammonia assimilation. Valdes et al. [62] have
depicted a genomic model for nitrogen fixation through the
nitrogenase operon as well as a model for ammonia uptake. The
iAFT-ENG model also supports growth with both ammonia and
nitrogen gas, in silico. Fig. 1 shows predicted growth as a function of
nitrogen uptake (as nitrogen gas molecule) per mole of incoming
carbon source. Based on Fig. 1, both ectoine and trehalose produc-
tion are growth-uncoupled (i.e., they compete with cellular
growth). The iATF-ENG model predicted increased flux through
fumarase, aspartate transaminase, guanosine kinase, guanine
phosphoribosyltransferase, malate dehydrogenase, and purine-
nucleoside phosphorylase (adenosine) when grown in the pres-
ence of ammonia as the nitrogen source. In contrast, when grown
with nitrogen gas as the sole source of nitrogen, the fluxes through
the oxidative Pentose Phosphate Pathway, folate metabolism,
phosphoribulokinase, pyruvate kinase, phosphoserine trans-
aminase, phosphoserine phosphatase, nitrogenase, malate syn-
thase and glycolysis were elevated.

3.2. Analysis of compatible solute biosynthesis — a comparison
between trehalose and ectoine biosynthesis pathways based on flux-
balanced predictions

Bacterial trehalose can be synthesized by 4 different pathways.
The most common route of trehalose synthesis is through the
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Fig. 1. Production envelopes showing predicted interplay between growth (as biomass yield) of A. ferrooxidans ATCC 23270 and uptake of nitrogen (as nitrogen gas molecule) (A),
ectoine production (B), and trehalose production (C). The shaded areas represent the feasible solution space predicted by the iATF-ENG model. All yields are in mole per mole of
carbon dioxide except for the biomass, which is grams biomass per mole carbon dioxide. Red and blue lines indicate, respectively, the upper and lower limits of theoretically feasible
yields. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

OtsAB pathway, catalyzed by trehalose-6-phosphate synthase
(OtsA) and trehalose-6-phosphatase (OtsB) [63]. This proceeds
from UDP-glucose and glucose-6-phosphate to form trehalose-6-
phosphate, which is dephosphorylated to yield free trehalose.
Secondly, in the TreS (trehalose synthase) pathway, trehalose is
formed by the transglycosylation of maltose [63,64]. The third
pathway is through TreYZ in which the substrates are oligomalto-
dextrin or glycogen [63]. Here, TreY (maltooligosyl trehalose syn-
thase) transglycosylates a terminal maltosyl residue into a

trehalosyl residue, which then liberates trehalose by the activity of
TreZ (maltooligosyl trehalose hydrolase) [63]. Finally, and more
recently, the hyperthermophilic archaeon Thermococcus litoralis,
was found to contain a trehalose synthesizing enzyme called TreT.
In the TreT pathway, ADP(UDP/GDP)-glucose and glucose are con-
verted to trehalose through the action of trehalose glycosyltrans-
ferring synthase (TreT) [65]. The genome of A. ferrooxidans ATCC
23270 was found to contain genes coding for the TreT and TreYZ
pathway proteins for trehalose synthesis but not for TreS or OtsAB
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pathway proteins. This is interesting, because the TreYZ pathways
are much less prominent in bacteria [63,66]. More so, the TreT
pathway is relatively new and to date has only been found in a few
archaeal (e.g., Thermococcales) and bacterial (Thermotogales)
members [65,67]. Furthermore, previously it was hypothesized that
A. ferrooxidans can only produce trehalose through the TreT-ADP
pathway [68]. However, in T. litoralis, the TreT pathways was
shown to have the highest activity on ADP-glucose but could also
use UDP- or GDP-glucose [65]. The genome of A. ferrooxidans ATCC
23270 was also found to possess the genes encoding UTP-glucose-
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1-phosphate uridylyltransferase and a UDP-dependent trehalose
glycosyltransferring synthase.

In this study, three simulations were run to simulate trehalose
biosynthesis through each of the three pathways (depicted in
Fig. 2). For simulating trehalose biosynthesis via the TreYZ pathway,
both TreT1 and TreT2 reactions were inactivated (i.e., both lower
and upper bounds of the reactions were set to zero). Here, TreT1
reaction refers to the ADP-dependent TreT and TreT2 reaction refers
to the UDP-dependent TreT. Likewise, for simulating trehalose
biosynthesis via ADP-dependent TreT pathway, both TreT2 and

2.4.1.245 (TreT1) 2.4.1.21 (GlgA)
PR ADP-glucose  (AFE 2678) _ Glycogen (debranched)
L (CeHaaNsO1P) (Cesc0s)
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6N~ are_2836)
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\'ADP ATP (C15H20010)3 '
Gl
Glucose-1P x2)Pi  Glycogen <-s=s-] 2 YCOBEMN Ly Glycogen
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y 2.4.1.245 (TreT2) (AFE_0527, 5
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Fig. 2. Proposed trehalose biosynthesis pathways for A. ferrooxidans ATCC 23270. Steps involved in ADP-dependent TreT, UDP-dependent TreT, and TreYZ pathways are shown in
purple, green, and blue colours, respectively. Steps in black show glycogen biosynthesis and degradation pathways. Steps shown as dashed lines are for illustrative purposes only.
Amy: alpha-amylase (3.2.1.1), Cga: glucoamylase (3.2.1.3), GalU: UTP-glucose-1-phosphate uridylyltransferase (2.7.7.9), GlgA: debranched glycogen synthase (ADP-dependent)
(2.41.21), GlgB: 1,4-alpha-glucan branching enzyme (2.4.1.18), GIgC: glucose-1-phosphate adenylyltransferase (2.7.7.27), GIgP: glycogen phosphorylase (2.4.1.1), TreT1: ADP-
dependent trehalose glycosyltransferring synthase (2.4.1.245), TreT2: UDP-dependent trehalose glycosyltransferring synthase (2.4.1.245), TreY: malto-oligosyltrehalose synthase
(5.4.99.15), TreZ: malto-oligosyltrehalose trehalohydrolase (3.2.1.141). Note that there is no evidence for these pathways to be active simultaneously. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Flux balance analysis of key reactions involved in the biosynthesis of trehalose predicted by the iATF-ENG model of A. ferrooxidans. GalU: UTP-glucose-1-phosphate uri-
dylyltransferase (2.7.7.9), GlgA: debranched glycogen synthase (ADP-dependent) (2.4.1.21), GlgB: 1,4-alpha-glucan branching enzyme (2.4.1.18), GIgC: glucose-1-phosphate ade-
nylyltransferase (2.7.7.27), Cga: glucoamylase (3.2.1.3), Amy: alpha-amylase (3.2.1.1), TreY: malto-oligosyltrehalose synthase (5.4.99.15), TreZ: malto-oligosyltrehalose
trehalohydrolase (3.2.1.141). Growth rate was fixed to 30% of its maximum. ADP-dependent TreT, UDP-dependent TreT, and TreYZ pathways are shown in purple, green, and blue
colours, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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TreYZ reactions were inactivated; for simulating trehalose biosyn-
thesis via the UDP-dependent TreT pathway, both TreT1 and TreYZ
reactions were inactivated.

Flux balance analysis (FBA) results show that all three trehalose
biosynthesis pathways shown in Fig. 2 are independently active
and support trehalose synthesis (Fig. 3). The results showed that
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UDP-glucose can also be taken up by trehalose synthase (EC:
2.4.1.245) for trehalose biosynthesis in A. ferrooxidans ATCC 23270.
Thus, the model supports a novel UDP-dependent trehalose
biosynthesis in A. ferrooxidans ATCC 23270 in addition to the known
ADP-dependent trehalose biosynthesis (TreT) pathway. Based on
the flux predictions, shown in Fig. 3, the reaction catalyzed by GlgC
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31

27

105

Nitrogen fixation
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Ammonium assimilation
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Fluxof ATP 9]
synthase

7.5 -

Nitrogen fixation

41

Ammonium assimilation
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c/rusticyanin
complex 33 -
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Fig. 4. Flux balance analysis showing differences in Fe(Il) oxidation (A), ATP generation (B), and oxygen uptake (C) by A. ferrooxidans during nitrogen fixation versus ammonia
assimilation predicted by the iATF-ENG metabolic model. Growth rate was fixed to 30% of its maximum. Blue: trehalose biosynthesis via ADP-dependent TreT pathway, purple:
trehalose biosynthesis via UDP-dependent TreT pathway, green: trehalose biosynthesis via TreYZ pathway, and orange: ectoine biosynthesis pathway. All fluxes shown on Y-axes are
in mmol/gDCW.h. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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is the key step in fuelling both TreYZ and ADP-dependent TreT
pathways. However, during UDP-dependent trehalose biosynthesis,
where both TreYZ and ADP-dependent TreT pathways are inactive,
GlgC is still essential. This is because UDP-dependent trehalose
synthase requires glucose in addition to UDP-glucose as substrate,
and the only way A. ferrooxidans ATCC 23270 can provide glucose
demand is by synthesising glycogen (via GlgC and GlgA) and further
breaking it down to glucose (via GlgB and Cga). The UDP-dependent
TreT pathway requires less ATP input for trehalose biosynthesis
compared with TreYZ and ADP-dependent TreT pathways accord-
ing to the model predictions. In other words, based on the flux data
predicted by the iATF-ENG model, trehalose yield (mole trehalose
produced per mole ATP consumed) is 0.98 when trehalose is syn-
thesized through the UDP-dependent TretT pathway. However,
trehalose yield reduces to 0.49 and 0.25 when trehalose is syn-
thesised through the ADP-dependent TretT and TreYZ pathways,
respectively. This translates to 50.2% higher flux through the reac-
tion catalyzed by GlgC (shown in Fig. 3) via the ADP-dependent
TreT pathway than via the UDP-dependent TreT pathway, and
74.6% higher via the TreYZ pathway than via the UDP-dependent
TreT pathway. Selecting UDP-dependent TreT pathway could be
an adaptation mechanism for A. ferrooxidans under stress (for
example, at high salt concentrations), where cells must balance ATP
resources for both survival (biomass formation) and stress toler-
ance (trehalose biosynthesis). Further experimental validations are
needed to justify such hypothesis.

The iATF-ENG model predictions suggest that A. ferrooxidans
growing with nitrogen gas (as the sole nitrogen source) oxidizes
7.3% up to 29.2% more Fe(ll) compared to its growth with ammonia
as the sole nitrogen source (Fig. 4A). The engineered strain growing
with nitrogen gas (as the sole nitrogen source) and producing
ectoine oxidizes up to 20% more Fe(Il) compared with the strain
producing trehalose (Fig. 4A). According to the flux data predicted
by the iATF-ENG model, nitrogen fixation by nitrogenase generates
dihydrogen gas that A. ferrooxidans dissipates through a quinone-
dependent hydrogenase. The conversion of dihydrogen to protons
increases the proton gradient across the membrane, and therefore,
increases flux through the oxidative phosphorylation pathway. The
generation of additional electrons during nitrogen fixation
(compared to ammonia assimilation) along with increased proton
gradient results in increased flux through the ATP synthase
(Fig. 4B), and increased flux through cytochrome c/rusticyanin
complex, which transfers the electrons to oxygen as the terminal
electron acceptor (Fig. 4C). These results suggest that engineering
A. ferrooxidans to produce the non-natural compatible solute
ectoine could be a promising option for generating halotolerant
strain.

4. Conclusions

Systems and synthetic biology offer new opportunities for en-
gineering microbes to adapt to a range of extreme environmental
conditions during bioleaching operations. However, there is a lack
of a systems-level understanding of metabolic interactions in such
complex systems. In this work, we introduced an updated genome-
scale metabolic flux model of the acidophile A. ferrooxidans ATCC
23270 enabling the prediction of metabolic interplay between
compatible solute biosynthesis and the growth of the bacterium.
Biosynthesis of trehalose (a native compatible solute) and ectoine
(a heterologous compatible solute) through different metabolic
pathways were explored in silico which led to the identification of a
new UDP-dependent trehalose synthesis route by the bacterium.
This computational work does not claim to provide a definite
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solution to the existing challenges pertaining to high salinity of
bioleaching operations. Rather, it presents possible tools and new
directions for systems-level engineering of bioleaching microbes
that would ultimately lead to more efficient bioleaching processes.
The prediction of feasible trehalose biosynthesis via a UDP-
dependent trehalose synthase by the iATF-ENG model, for
example, introduces a new potential metabolic engineering strat-
egy for increasing the production of native trehalose to assist in
improving halotolerance of A. ferrooxidans ATCC 23270. The other
plausible strategy to improve iron oxidation, and therefore metal
extraction from mineral ores, is to engineer A. ferrooxidans to pro-
duce ectoine while growing the engineered microbe with nitrogen
gas as the sole source of nitrogen. Nonetheless, some of the po-
tential areas for future development and/or improvement include
(i) updating the biomass equation of the metabolic models for
A. ferrooxidans since most of the stoichiometric ratios of compo-
nents in the biomass equation have been borrowed from distantly
related bacteria such as Escherichia coli, (ii) characterizing rusti-
cyanin chemical composition to better understand its interaction at
molecular level with electron donors (e.g., ferrous ions) and elec-
tron acceptors (e.g., cytochromes), and (iii) improving low diffusion
rates of carbon dioxide to enhance carbon fixation. Furthermore,
while in the past acidophilic microorganisms have proven to be
recalcitrant to genetic manipulation [69], recent advancements in
genetic tools and techniques for A. ferrooxidans ATCC 23270 provide
more opportunities to engineer this bacterium [70]. For example,
recent studies showed that the overexpression of glutathione
synthetase in A. ferrooxidans ATCC 23270 led to improvements in its
ability to tolerate salt stress [35]. Based on the iATF-ENG metabolic
mode, glutathione is a component of biomass reaction, and there-
fore, essential for growth. However, to our best knowledge, there
has been no reports on the participation of glutathione in other
metabolic pathways of A. ferrooxidans. Therefore, new opportu-
nities exist to develop genetically engineered strains of
A. ferrooxidans ATCC 23270 that would thrive under harsh bio-
mining environments, including salt stress. These tools do not yet
exist for halotolerant members of the Acidihalobacter genus.
Therefore, the updated iATF-ENG metabolic model can serve as a
base model and pave the way for developing future computational
systems biology tools for studying halotolerance in Acidihalobacter
species.
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