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Abstract 

The Archaea are an understudied domain of the tree of life and consist of single-celled 

microorganisms possessing rich metabolic diversity. Archaeal metabolic capabilities are of 

interest for industry and basic understanding of the early evolution of metabolism. However, 

archaea possess many unusual pathways that remain unknown or unclear.  To address this 

knowledge gap, here I built a whole-genome metabolic reconstruction of a model archaeal 

species, Haloferax volcanii, which included several atypical reactions and pathways in this 

organism. I then used flux balance analysis to predict fluxes through central carbon metabolism 

during growth on minimal media containing two different sugars. This establishes a foundation 

for the future study of the regulation of metabolism in Hfx. volcanii and evolutionary comparison 

with other archaea. 
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1. Introduction 

Compared to the much more extensively studied bacteria and eukaryotes, the more 

metabolically diverse archaea provide a unique opportunity to study the evolution and 

adaptation of metabolic networks and their regulation. One group of archaea, known as 

haloarchaea, all require salt concentrations in the molar range in order to grow, but still 

encompass a broad range of metabolic phenotypes. The fact that many haloarchaea are 

mesophilic (i.e. grow at approximately room temperature) as opposed to hyperthermophilic 

makes them convenient to culture in the laboratory.  

Even within the group of haloarchaea, there exists significant metabolic diversity and a 

wide range of nutrient requirements. Some organisms, such as Halobacterium salinarum, require a 

complex medium including >10 amino acids, and cannot use sugars as a carbon and energy 

source (Gochnauer and Kushner 1969, Severina 1990). This type of complex carbon and nitrogen 

requirement appears to be common among the Halobacteriaceae (Andrei, Banciu, and Oren 2012). 

Others have the capacity to use carbohydrates as a source of carbon and energy (e.g. Haloferax 

spp.), with some in fact highly specialized for growth on carbohydrates (e.g. Halorhabdus 

utahensis), while still other organisms grow solely on simple 2-3 carbon compounds such as 

glycerol, pyruvate, or lactate (e.g. Halosimplex carlsbadense)(Andrei, Banciu, and Oren 2012).  

The availability of different carbon sources has not, to my knowledge, been characterized 

systematically in any saline ecosystem. However, at any given water depth in a particular body 

of water, a complex mixture of different haloarchaea are found, in addition to algae (particularly 

Dunaliella salina), and halophilic bacteria (Meuser et al. 2013). The Dunaliella algae accumulate 
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molar concentrations of glycerol as an osmoprotectant (Oren 2014), and therefore their lysis 

would release glycerol into the water. It has been suggested that this glycerol may be converted 

to dihydroxyacetone by Salinibacter bacteria, and that this compound can be further utilized by 

other haloarchaea such as Haloquadratum to produce organic acids such as pyruvate (Andrei, 

Banciu, and Oren 2012). It is plausible that gluconeogenic archaea such as Halobacterium species 

and glycolytic archaea such as Haloferax and Halorhabdus species can engage in a similar 

symbiotic relationship, interconverting pyruvate and sugars in response to changes in 

environmental availability. 

Two model organisms within the haloarchaea are Halobacterium salinarum and Haloferax 

volcanii. Detailed reconstructions of the metabolic (Gonzalez et al. 2008) and regulatory (Bonneau 

et al. 2007) networks of Halobacterium salinarum have previously been published. Hfx volcanii 

prefers a more moderate salt concentration compared to Hbt. salinarum (2.5 vs. 4.3 M NaCl, 

respectively). Hfx. volcanii also differs from Hbt. salinarum in being able to use a wide array of 

sugars as a sole source of carbon and energy, including hexoses (e.g. glucose and fructose)(Pickl, 

Johnsen, and Schonheit 2012) and pentoses (e.g. xylose, arabinose)(Sutter, Johnsen, and Schonheit 

2017).  

Particularly unusual in Hfx. volcanii is that different sugars are transported and degraded 

through multiple pathways in the preparatory glycolytic reactions (Brasen et al. 2014). These 

pathways represent unusual variants of classical glycolysis. Classical pathways initially 

characterized in bacteria include the Embden Meyerhoff Parnas (EMP) pathway and the Entner-

Doudoroff (ED) pathway (Figure 1). In bacteria such as E. coli, glucose is transported and 

phosphorylated through the phosphotransferase system (PTS). In the EMP pathway, glucose-6-

phosphate (G6P) is phosphorylated twice and isomerized to fructose 1,6-bisphosphate (FBP), 



 

 

3 

which is then split and oxidized to two molecules of pyruvate, generating two net ATP molecules 

and two NADH molecules per glucose molecule. In the classical ED pathway, glucose-6-

phosphate is first oxidized to 6-phosphogluconate (in a two-step reaction that is shared with the 

pentose phosphate pathway), and this is dehydrated to produce 2-keto-3-

deoxyphosphogluconate (KDPG). KDPG is then split and oxidized a second time to generate one 

equivalent of NADH, as well as generating one net ATP equivalent. 

 In contrast, in Hfx. volcanii, glucose is taken up by a sodium symporter (Tawara and 

Kamo 1991) and converted to pyruvate by a semi-phosphorylative Entner-Doudoroff (spED) 

pathway (Brasen et al. 2014, Sutter et al. 2016). The spED pathway has the same ATP yield as the 

typical ED pathway, but rather than the initial priming phosphorylation reaction occurring 

directly on glucose to give G6P, it occurs three steps later, where 2-keto-3-deoxygluconate is 

converted to KDPG (Figure 1). This late phosphorylation fully separates the spED from the 

pentose phosphate pathway. In contrast, fructose is taken up by a bacterial-like 

phosphotransferase system (PTS), where fructose is converted it to fructose-1-phosphate (F1P). 

F1P is then phosphorylated a second time by 1-phosphofructokinase (a different enzyme from 6-

phosphofructokinase in the classical EMP pathway) to yield FBP (Figure 2). FBP, in turn, is 

metabolized to glyceraldehyde-3-phosphate through the classical Embden-Meyerhof-Parnas 

(EMP) glycolytic pathway, generating two net ATP and two NADH. This yield is equivalent to 

that of glucose oxidation through the classical EMP pathway. Both glycolytic pathways share a 

common trunk from glyceraldehyde-3-phosphate to pyruvate, yet in the EMP pathway both 

three-carbon halves pass through this sequence (Figure 2), whereas in spED only one half does 

(Figure 1). 
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In haloarchaea also use noncanonical pathways to synthesize other metabolites such as 

cofactors (Figure 3). For example, heme biosynthesis pathways in most bacteria add iron to the 

porphyrin ring in the last step. However, the alternate heme biosynthesis is pathway in some 

archaea (including Hfx. volcanii)(Kosugi et al. 2017), adds iron at a much earlier stage. This 

alternate heme pathway is an atypical continuation of the canonical pathway that synthesizes the 

siroheme cofactor of enzymes such as sulfite and nitrite reductase (Bali et al. 2011). In this 

pathway, the decarboxylation of a number of the side chains of the heme precursor 

(uroporphyrinogen III) occurs later in the pathway than that of bacteria. In addition, pathways 

for synthesis of the corrin ring of cobalamin (vitamin B12) coenzymes are incomplete in 

haloarchaea (Figure 3). Homologs of several enzymes from either the canonical aerobic (in which 

cobalt is inserted at the end of the pathway) and anaerobic (in which cobalt is inserted at the 

beginning) pathways are undetectable in the genome sequences of haloarchaea, including Hbt. 

salinarum (Ng et al. 2000) and Hfx. volcanii (this work).  

Although the unusual glycolytic reactions of the halophilic archaea have been relatively 

well characterized (Figures 1, 2), the rates of carbon flux through these pathways remains 

unclear. In addition, many other pathways in the genome-scale network remain incomplete or 

unknown, as exemplified by the cofactor biosynthesis pathways (Figure 3). We therefore 

undertook a computational approach in which the metabolic network was reconstructed from the 

Hfx. volcanii genome sequence and fluxes predicted using the constraint-based modeling method 

called flux balance analysis (FBA, Figure 4). This method does not require a priori information 

about enzyme kinetic behavior or abundance in the cell, but only the stoichiometry of each 

enzymatic reaction and the approximate partitioning of cell biomass among the end products of 

each pathway. This is useful given that, for most reactions in the genome-scale metabolic network 
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of Hfx. volcanii, an understudied organism, there are no available data specifying anything other 

than the presence or absence of the corresponding enzyme in the genomic sequence. Given the 

available concentration of precursor metabolites in the medium, FBA uses linear optimization to 

maximize the amount of biomass produced subject to the constraint that the production and 

consumption rates of each non-biomass metabolite are equal, and subject to thermodynamic 

reversibility constraints that restrict the directions of some of the reaction fluxes (Cuevas et al. 

2016, Gianchandani, Chavali, and Papin 2010, Price et al. 2003). This method is based on the 

assumption that for any given condition, the cell will regulate its metabolism such that it achieves 

close to the maximum possible increase of its biomass. A schematic depiction of the method is 

shown in Figure 4. 

In order to accelerate the creation of a draft FBA model, we used the ModelSEED web 

server (Henry et al. 2010). This automated tool accepts an annotated genome of an organism as 

input from RAST (Overbeek et al. 2014). Specifically, RAST provides a list of metabolic enzyme-

coding genes in a controlled vocabulary. This list is used by ModelSEED to populate a set of 

likely biochemical reactions to create a genome-scale metabolic reconstruction and draft FBA 

model. ModelSEED also automatically generates a biomass reaction, extrapolated from bacteria 

(Devoid et al. 2013) to be used as the objective. Additional operations such as simulation and gap 

filling, may be performed within the ModelSEED environment.  

Previous work in a related halophilic archaeal species, Hbt. salinarum, involved genome-

scale metabolic reconstruction and FBA modeling of metabolic flux (Falb et al. 2008, Gonzalez et 

al. 2008).  By incorporating experimental data on amino acid uptake rates within the FBA 

modeling framework, Gonzalez et. al. (2008) determined that Hbt. salinarum appears to prioritize 

nutrient uptake and energy production over long-term metabolic efficiency. Hbt. salinarum 
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therefore engages in extensive overflow metabolism (i.e. partial nutrient degradation and 

secretion of byproducts) at the expense of carbon incorporation into biomass. However, to our 

knowledge, neither genome-scale metabolic reconstruction nor modeling have yet been 

attempted in Hfx. volcanii, which is currently a more widely used model system than Hbt. 

salinarum for archaeal research (Leigh et al. 2011). Here we successfully conducted an automated 

reconstruction of the genome-scale metabolic network. Using this network, we constructed an 

FBA model, then gap-filled and simulated the growth of Hfx. volcanii on both fructose and 

glucose minimal medium. We conclude that this model explains the different metabolic routes of 

these sugars, as well as giving relative biomass yields consistent with the known relative 

efficiencies of these pathways. This model will be useful as a starting point to model metabolic 

and regulatory adaptation of Hfx. volcanii to growth on different media. 
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Figure 1: Diagram of the classical Entner-Doudoroff (ED, right) and semi-

phosphorylative Entner-Doudoroff (spED, left) pathways. The green arrows show the 

reactions specific to the spED pathway. Note the early phosphorylation (hexokinase) 

in ED, and the late phosphorylation (KDGK, i.e. KDG kinase) in spED. 
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Figure 2: Modifications to the EMP pathway in Hfx. volcanii. Note that although 

fructose 1,6-bisphosphatase (fbp1) is present, the reverse reaction is absent. Also note 

the pathway from fructose to fructose-1,6-bisphosphate (pts and 1-pfk). 
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Figure 3: Diagram of heme and cobalamin biosynthesis pathways in the model. The 

colors are as follows: Green--in original reconstruction; White--not included in model; 

Cyan--added to model based on genome sequence and/or literature evidence;  Red-- 

added to model despite lack of direct evidence. Enzymes in cyan are labeled with 

their corresponding gene in the genome. 
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Figure 4: Diagram illustrating the concept of flux balance analysis (FBA).  The 

exchange fluxes (blue arrows) allow metabolites (c1, c2, ....) to to enter the cell from 

the medium or exit the cell. The colored circles represent enzymes, and the v1, v2, .... 

represent the fluxes through their reactions. The net rate of production of all internal 

metabolites must be zero, except in the case of the unique “biomass” metabolite, 

whose net rate of production is the objective optimized within the model. 

2. Materials and Methods 

2.1 Metabolic network reconstruction 

The Haloferax volcanii DS2 genome sequence was annotated using the RAST web server 

(Overbeek et al. 2014), and an initial genome-scale metabolic reconstruction and draft flux 

balance analysis (FBA) model were built in an automated manner by the ModelSEED web server 

(Henry et al. 2010)(Joey Prinz, collaboration). This model was downloaded as a Systems Biology 

Markup Language (SBML) file and imported into the CobraPy framework (Ebrahim et al. 2013) 

for growth simulation with biomass as an objective.  
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Simulations of this draft model in CobraPy exhibited growth on complete medium, but 

not on minimal medium. The minimal medium contained the following metabolites: glucose, 

ammonia, sulfate, phosphate, oxygen, Mn2+, Ca2+, Fe2+, Zn2+, and Cu2+, all set at a default 

concentration of 300 arbitrary units. The metal ions were selected by their inclusion in the 

biomass reaction. CobraPy code specific to this reconstruction can be found at the GitHub 

repository https://github.com/arosko5/Haloferax-volcanii-model. 

2.2 Gap filling 

The draft model was submitted to automated gap filling in the ModelSEED environment 

in the above minimal medium. The gap-filling reactions suggested by ModelSEED were added to 

the draft SBML model using a custom Python script (available in the GitHub repository as 

“add_rxns_from_csv_table.py”). To this partially gap-filled model, the auto-generated biomass 

reaction was replaced by a modified form of the biomass reaction for Halobacterium salinarum 

from (Gonzalez et al. 2008). Modifications consisted of alterations in the stoichiometry of S-layer 

glycosylation precursors based on literature, and removal of chloride ions. The relative 

stoichiometry of sugars in the S-layer glycosylation equation was derived from the sequence of 

the known S-layer pentasaccharide in Hfx. volcanii (Tamir and Eichler 2017), while keeping the 

total moles of sugar per cell equal to that used for Hbt. salinarum in (Gonzalez et. al., 2008). For 

subsequent simulations, the simulated medium was changed to include thiamin and biotin 

vitamins, which are contained in the minimal medium used in our lab. The ionic composition of 

the medium was simplified to only Na+, Fe3+, and Co2+, with the concentrations of all components 

remaining at 300. 

https://github.com/arosko5/Haloferax-volcanii-model
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Further gap filling was performed manually. To enable growth on glucose, the 

Na+/glucose symporter, whose existence has been shown (Tawara and Kamo 1991) but whose 

molecular identity remains unknown, was added. Two different methods were then used in 

succession to identify remaining gaps. First, the ability of the model to make a representative 

subset of metabolites was checked in CobraPy (see “key_metabolites_check.py” in the GitHub 

repository). These included representative intermediates of central carbon metabolism, amino 

acids, nucleotides, coenzymes/cofactors, energy equivalents, reducing equivalents, methyl group 

carriers, and lipid building blocks. Second, the ability to synthesize each component of the new 

biomass reaction was tested systematically in CobraPy (see Jupyter notebook “Change biomass 

reaction to Halobacterium.ipynb” for details on this). When either of these two tests revealed that 

the model was unable to produce a given metabolite, pathways were traced from that metabolite 

manually through the reaction network using Cytoscape (Shannon et al. 2003) back to the carbon, 

nitrogen, and/or sulfur sources, using KEGG (Ogata et al. 1999) pathways as a guide.  

This procedure identified two classes of gaps. The first class included reactions that were 

set as irreversible in the model, but would allow essential metabolites to be produced if their 

fluxes were allowed to be reversed. Provided that in the KEGG database these reactions were 

indeed annotated as proceeding in the opposite direction in some organism, the reaction flux 

bounds were adjusted by setting the upper and lower flux bounds to be equal in magnitude but 

opposite in sign. 

The second class of gaps included those whose corresponding reaction(s) were absent in 

both directions. In this case, an attempt was made to identify a previously annotated form of the 

corresponding enzyme gene within the annotated genome of Hfx. volcanii. If the gene-enzyme-

pathway relationship was not identifiable, the Hfx. volcanii genome was searched using BLAST 
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with a bacterial form of the enzyme as a query. The bacterial enzyme-coding genes were taken 

from the NCBI database, and were submitted to BLAST by accession number. An enzyme was 

taken as a homolog if it aligned with the query over >50% of the sequence and had an E-value of 

<0.1, unless the gene was already annotated as corresponding to an entirely different enzymatic 

activity that also appears in the FBA model. If there were no homologs of the necessary enzyme 

found, a literature search was used to identify if a known alternate pathway exists in archaea, in 

which case it was added if homologous enzymes could be found in Hfx. volcanii. Otherwise, 

canonical reactions were filled into the gaps with gene annotations of “Unknown”, where in the 

case that multiple canonical pathways exist, the one with the fewest remaining gaps was 

completed. Reactions were added to the CobraPy model using a Python script in all cases (see 

“add_rxns_from_csv_table2.py”in the GitHub repository). 

2.3 Model Curation 

Among the fluxes of all reactions of the optimal solution from CobraPy on minimal 

media, those generating nucleoside triphosphates (NTPs, i.e. ATP, GTP, UTP, CTP, and ITP) from 

the corresponding diphosphates and inorganic phosphate, pumping H+, Na+, or K+ out of the cell, 

or reducing NAD+ to NADH were systematically enumerated. This revealed a number of flux 

loops driving these processes with no net input of energy or nutrients. These loops were broken 

by setting one or more reactions in each loop to be unidirectional. In particular, when two 

otherwise identical reactions existed in the model, one of them occurring at the expense of NTP 

hydrolysis and the other not, the one with NTP hydrolysis was set to irreversible. This procedure 

was based on the assumption that the existence of the uncoupled reaction would preclude 

achievement of a thermodynamic driving force for NTP synthesis by the reverse reaction. 
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Also, the citric acid cycle, glycolysis, and the pentose phosphate pathway were curated, 

in all cases manually based on literature (Brasen et al. 2014, Falb et al. 2008, Pickl, Johnsen, and 

Schonheit 2012, Pickl and Schonheit 2015). 

2.4 Model simulation, testing and analysis 

The growth yield as a function of carbon and nitrogen uptake was simulated on minimal 

medium using CobraPy with the bounds of the carbon source (glucose or fructose) and ammonia 

exchange fluxes independently varied between 20 and 300 (arbitrary units), in units of 20 up to 

100 and 100 from then on. This enabled identification of regions of exchange flux parameter space 

in which the model’s growth was limited by carbon availability, nitrogen availability, or an 

internal bottleneck due to default bounds on internal reactions. The concentrations of all other 

components were held fixed at 300.  

The model was then simulated independently on glucose and fructose, each fixed at 20 

(arbitrary units) to determine the percentage difference in growth yield for the same total carbon 

uptake. The magnitude of the growth yield was compared with measurements of grams dry 

weight from our lab (Saaz Sakrikar, unpublished data), to verify that if the otherwise arbitrary 

units of biomass were taken to represent grams dry weight, the observed yield could be achieved 

with allowed internal fluxes.  
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3. RESULTS 

3.1 Metabolic network reconstruction 

We used the ModelSEED web server (Devoid et al. 2013) to construct a draft FBA model 

in an automated manner, given the genome annotation. The draft reconstruction contained 1,152 

metabolic reactions, and is available at the following URL: 

http://modelseed.org/model/schmidlab/modelseed/MS309800.54. The biomass reaction was 

automatically generated by the ModelSEED server using a generic set of metabolites and mass 

fractions based on well-studied gram-negative bacteria (Devoid et al. 2013).  The model was first 

simulated on complete medium, which is defined as all extracellular metabolites in the model 

being present in the medium. These metabolites include numerous amino acids, nucleotides, 

cofactors, and other essential compounds, such that even a model with a large number of gaps in 

critical pathways can produce biomass. This gave a nonzero value of the biomass objective, 

verifying that the simulation was functional. However, simulations of this draft version of the 

model did not enable the production of biomass on minimal medium with glucose as the sole 

source of carbon and energy, ammonia as the nitrogen source, sulfate as the sulfur source and 

phosphate as the phosphorus source.  

3.2 Gap filling 

The initial draft model was created in a black-box manner and was likely to be missing 

reactions whose enzyme-coding genes are difficult to annotate. In fact, this model was unable to 

simulate growth on minimal medium, even though the organism is able to do so based on 

empirical studies in the lab (Rawls, Yacovone, and Maupin-Furlow 2010). As a first step of 
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refinement, automated gap filling was run in ModelSEED using minimal glucose/ammonia 

medium. In this process, 28 reactions were added to the draft reconstruction (Table 1). These 

reactions span a number of pathways, including amino acid, lipid, nucleotide, and cofactor 

biosynthesis.  

This process appears to have introduced errors, likely due to the use of a bacterial 

reference reaction set for gap filling and a bacteria-derived default biomass reaction (details of 

errors elaborated in Discussion). Therefore, we reasoned that using a modified form of the 

biomass reaction from Hbt. salinarum, a halophilic archaeal species more closely related to that of 

Hfx. volcanii, would yield more accurate results. The biomass reaction from the Hbt. salinarum 

FBA model (Gonzalez et. al. 2008) was manually substituted for the auto-generated biomass 

reaction from E. coli that ModelSEED used as template (Devoid et al. 2013).  

The biomass reaction was then modified to account for known differences between Hfx. 

volcanii and Hbt. salinarum. First, the identities and stoichiometric coefficients for the sugar 

precursors that glycosylate the Hfx. volcanii cell surface protein, or S-layer, were modified. This 

cell surface protein constitutes the vast majority of cell surface protein in Hfx. volcanii (Tamir and 

Eichler 2017), and protein glycosylation in eukaryotic cells is known to occur on the extracellular 

surface. Each S-layer protein is modified with at least one glycosyl chain, of known sequence 

(Tamir and Eichler 2017), and almost certainly additional chains whose exact composition is 

unknown (Eichler and Maupin-Furlow 2013, Eichler et al. 2013). The glycosylation pattern, 

required for integrity of the cell envelope and stress response (Eichler et al. 2013, Kaminski et al. 

2013), is known to greatly diverge from that of Hbt. salinarum (Mengele and Sumper 1992). We 

reasoned that these components in the biomass reaction were important to modify because the S-

layer comprises a large proportion of the biomass, and is likely to account for a substantial flux of 
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sugar residues into biomass. We therefore predict that the total number of glycosyl residues per 

S-layer is an important quantity in terms of biomass yield.  In line with this knowledge, we 

modified the sub-reaction of the biomass that accounts for glycosylation. Under the assumption 

that the total mass of sugar residues per cell is similar, the total stoichiometry of sugar in the Hbt. 

salinarum biomass reaction was apportioned among the glycosyl precursors according to the 

known sequence of the S-layer pentasaccharide from Hfx. volcanii (Tamir and Eichler 2017). The 

final biomass equation, and its comparison to the biomass equation from Gonzalez et. al., is 

available in Appendix A. Also at this stage, the minimal medium was modified to coincide with 

what is actually used in the Schmid lab by adding biotin and thiamin. Also, Fe2+ was replaced by 

Fe3+, due to the realization that the model includes a transporter for the latter but not the former. 

Two procedures, both performed using CobraPy and custom python code, were used to 

identify the remaining gaps to be filled manually. First, a custom Python script (see Methods and 

GitHub repository) was used to test for the ability to produce a number of key metabolites that 

any archaeal cell needs for growth, including central carbon intermediates (e.g. pyruvate, acetyl-

CoA), amino acids, nucleotides, lipids, enzymatic cofactors, reducing equivalents, and energy in 

the form of ATP. Second, an additional piece of Python code systematically tested the ability of 

the model to produce all components found in the biomass reaction. Metabolites whose 

production failed in either of these two tests indicated the presence of gaps, which were filled 

manually as described in Methods. This manual gap filling process led to the addition of 19 new 

reactions, all of which are listed in Table 2 (along with the reactions added during curation--see 

section 3.3 below), as well as providing a number of insights into the biology of Hfx. volcanii, 

which are described in the ensuing paragraphs.  
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The first insight was that the typical pathway from uroporphyrinogen III to 

protoporphyrin IX is absent in Hfx. volcanii. This alternate heme biosynthesis pathway instead 

starts from siroheme (Figure 3). This pathway has been reported in other haloarchaea (Bali et al. 

2011) and was biochemically demonstrated to exist in Hfx. volcanii (Kosugi et al. 2017). This three-

step pathway consists of two double decarboxylation steps separated by the elimination of two 

acetate groups, all of which take place after the chelation of iron, as opposed to before as in the 

classical protoporphyrin pathway (KEGG database). An interesting variant in this organism is 

that the last step of this alternate pathway, the oxidative double decarboxylation of coproheme is 

catalyzed by different enzymes, AhbD (HVO_2144) and PitA (HVO_1871), under anaerobic and 

aerobic conditions, respectively (Kosugi et al. 2017).  AhbD is a radical SAM (S-

adenosylmethionine) enzyme, which does not require species derived from molecular oxygen, 

like the enzyme (AhbC, HVO_1121) catalyzing the preceding step of the pathway. PitA, by 

contrast, is a chlorite dismutase-like protein that uses hydrogen peroxide as an oxidant. This 

reaction sequence is shown on the left side of Figure 2. Radical SAM enzymes generate a 

byproduct, 5’-deoxyadenosine, that must somehow be recycled to regenerate the active SAM 

cofactor (Miller et. al.). As Miller et. al. report, this recycling pathway is unknown beyond the 

first few steps, even in organisms for which a substantial proportion of the genome (~2%) 

encodes radical SAM enzymes. Therefore, I chose to omit SAM and its byproducts from the 

stoichiometry of AhbC and AhbD entirely rather that introduce a fictitious recycling reaction. 

The only other radical SAM enzyme in the Hfx. volcanii model, biotin synthase, which was 

included in the original draft model by ModelSEED, is part of a pathway containing many gaps. 

Our minimal medium includes biotin, meaning that this pathway was not completed. 
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Secondly, while both aerobic and anaerobic cobalamin biosynthesis pathways are 

partially present, both contain gaps. In the aerobic pathway, there are no homologs in the 

genome encoding CobG, which catalyzes the oxidation of precorrin-3A to yield precorrin-3B. 

CobF and CobK are also absent, which catalyze the methylation and reduction of precorrin-5 to 

yield precorrin-6A, respectively. In the anaerobic pathway, homologs of CbiD and CbiJ, which 

together convert Co-precorrin 5 to Co-precorrin 6B, are also undetectable.  

In Hbt. salinarum, the only other haloarchaeon in which cobalamin biosynthesis has been 

studied in detail, biosynthesis of B12 cofactor has been demonstrated experimentally only under 

aerobic conditions (Woodson et al. 2003). The biosynthetic genes are expressed to a greater extent 

during aerobic growth (Schmid et al. 2007). Also, the genes in cobalamin biosynthesis whose 

homologs are missing from Hfx. volcanii are also missing from Hbt. salinarum (Ng et al. 2000), 

suggesting that the pathway as a whole functions similarly in these two haloarchaea. Therefore, 

only the aerobic pathway was completed by filling in canonical reactions, and the anaerobic 

pathway was left incomplete. There are a number of uncharacterized genes within or adjacent to 

the two largest cobalamin biosynthesis clusters in Hfx. volcanii, which could potentially supply 

the missing activities. These clusters consist of HVO_B0048 through HVO_B0064 (15-17 genes, 16-

17 kb) and HVO_0587 through HVO_0594 (7-8 genes, 6-7 kb). A diagram of the heme and 

cobalamin biosynthesis pathways with the filled and unfilled gaps labeled is in Figure 3. 

Finally, in addition to the heme and cobalamin pathways, a number of other 

miscellaneous gaps were filled (Table 2). These gaps involved canonical pathways. Lysine 

biosynthesis was particularly poorly reconstructed by ModelSEED, likely in part because N-

succinyldiaminopimelate aminotransferase is not present in the Dap gene cluster (HVO_1096 

through HVO_1101). There is substantial evidence in bacteria that this activity can be performed 
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by a protein identical with N-acetylornithine aminotransferase from arginine biosynthesis 

(Ledwidge and Blanchard 1999, Miyazaki et al. 2001) . 

We then simulated growth on minimal glucose medium, taking all gap-filling and 

biomass reaction modifications together. This resulted in the ability of the model to successfully 

simulate growth on minimal medium using glucose as a sole source of carbon and energy. 
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Reaction ID in 

model Enzyme name Gene association Pathway Comments

Basis for 

comment

rxn00007_c 2-aminoadipate transaminase Unknown lysine biosynthesis

model has other lysine biosynthesis 

pathway sequence

rxn00125_c

Aldehyde dehydrogenase, possibly 

HVO_A0512 Unknown general carbon metabolism

rxn00127_c Arabinose isomerase Unknown pentose metabolism

rxn00213_c Aldehyde dehydrogenase Unknown folate biosynthesis

rxn00300_c

Beta-alanine pyruvate 

aminotransferase Unknown coenzyme A biosynthesis

rxn00656_c Pantoate-beta-alanine ligase Absent coenzyme A biosynthesis

Archaea first phosphorylate pantoate 

(HVO_0675) and then ligate with beta-

alanine (HVO_0674)

Yokooji et. al. 

2009

rxn00693_c Ribonucleotide reductase HVO_2452 nucleotide biosynthesis

rxn00917_c Acetyl-CoA palmitoyltransferase Unknown lipid biosynthesis Unclear that this is necessary

membrane has 

prenyl chains

rxn00957_c Ribonucleotide reductase HVO_2452 nucleotide biosynthesis

Appears incorrect--why is ATP rather 

than ADP used here?

other RNR rxns 

use NDP, like 

in bacteria

rxn00979_c Fatty acid synthase Unknown lipid biosynthesis

Archaea can synthesize fatty acids in 

small amounts, but by an ACP-

independent enzyme complex 

Lombard et. al. 

2012

rxn01152_c Dihydroneopterin aldolase HVO_0501 folate biosynthesis Originally added in wrong direction KEGG

rxn01256_c DAHP synthase Unknown

aromatic amino acid 

biosynthesis

Likely to be absent, based on 

evidence in other archaea

Falb et. al. 

2008

rxn01332_c

Nicotinate-nucleotide 

adenylyltranferase Unknown de novo NAD+ biosynthesis

rxn01418_c AIR formate-lyase Unknown thiamin biosynthesis

Wrong direction; also thiamin is 

provided in medium so may not exist see comment

rxn01423_c

Methionine synthase (B12-

independent) HVO_2753 methionine biosynthesis Originally added in wrong direction KEGG

rxn01791_c GTP cyclohydrolase HVO_1284 folate biosynthesis

rxn02155_c Alcohol dehydrogenase Unknown folate biosynthesis

rxn02504_c SHCHC synthase HVO_1469 quinone biosynthesis

rxn03909_c 2-oxoadipate dehydrogenase Unknown lysine degradation

model has other lysine biosynthesis 

pathway sequence

rxn05232_c S-adenosylmethionine hydrolase Unknown SAM degradation

Not clear why this is necessary for 

growth

rxn05234_c Sulfate-proton symporter Unknown sulfur metabolism

Appears to use sodium-dependent 

symporter (HVO_B0019) instead sequence

rxn05651_c Chorismate mutase HVO_1322

aromatic amino acid 

biosynthesis

rxn05902_c Diaminopimelate decarboxylase HVO_1098 lysine biosynthesis

Not clear why this is necessary for 

growth N/A

rxn06076_c

S-adenosylmethionine 

decarboxylase Unknown SAM degradation

Not clear why this is necessary for 

growth N/A

rxn08131_c GMP synthase

(HVO_2625 and 

HVO_0647) or 

HVO_0485 or 

HVO_0208 nucleotide biosynthesis

rxn09429_c

1-deoxy-D-xylulose-5-phosphate 

synthase Unknown

non-mevalonate terpenoid 

biosynthesis

H. volcanii has mevalonate pathway 

enzymes sequence

rxn11703_c Sulfite reductase Unknown sulfur metabolism

rxn12239_c

5-Amino-6-(5'-

phosphoribitylamino)uracil 

phosphatase

HVO_1415 or 

HVO_2370 or 

HVO_2715 flavin biosynthesis Enigmatic enzyme

Haase et. al. 

2013

Table 1-List of reactions added in automatic gapfilling in ModelSEED
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3.3 Model Curation 

Though the model at this stage was able to produce biomass, the energy yield was 

implausibly high given the concentration of the carbon source (>1000 moles of ATP per 20 moles 

of sugar, or >50 ATP/sugar). Correction of this required disrupting multiple flux loops that were 

generating NTP from NDP + Pi (where N is A, U, T, C, G, or I), transporting intracellular 

monovalent cations (H+, Na+, or K+) outward through the plasma membrane, or reducing NAD+ 

to NADH without energy input.  

Reaction ID in model Enzyme name Gene association Pathway Basis/literature reference

rxn_gluc_sym Glucose/Na+ symporter Unknown nutrient transporter Tawara et. al. 1991

rxn_EC_4_1_1_ NirDL/NirGH HVO_2227 or HVO_2313 alternate heme biosynthesis Kosugi et. al. 2017

rxn_EC_4_1_3_ AhbC HVO_1121 alternate heme biosynthesis Same as previous

rxn_EC_1_3_98_M2 AhbD HVO_2144 alternate heme biosynthesis Same as previous

rxn_EC_1_3_99_ PitA/HemQ HVO_1871 alternate heme biosynthesis Same as previous

rxn_05217_KEGG Precorrin-3B synthase (CobG)

Possibly HVO_B0052, 

HVO_B0053, 

HVO_B0055, 

HVO_B0056, 

HVO_B0063, or 

HVO_B0064 aerobic cobalamin biosynthesis

Pathway existence in Hbt. 

salinarum; candidate genes 

in cobalamin biosynthesis 

clusters

rxn_05219_KEGG Precorrin-6A synthase (CobF) Same as previous aerobic cobalamin biosynthesis Same as previous

rxn_05150_KEGG Precorrin-6A reductase (CobK) Same as previous aerobic cobalamin biosynthesis Same as previous

rxn_05227_KEGG Cobalt chelatase (CobNST) HVO_B0050, HVO_0588, aerobic cobalamin biosynthesis Genes found in genome

rxn_05680_KEGG Glycerol-1-phosphate HVO_0822 archaeal lipid biosynthesis Gene found in genome

rxn_04158_KEGG Glycerol-1-phosphate HVO_0680 archaeal lipid biosynthesis Gene found in genome

rxn_02063_KEGG Lipid geranylgeranyl reductase HVO_1396 archaeal lipid biosynthesis Gene found in genome

rxn_10147_KEGG Dihydrodipicolinate synthase HVO_1101 lysine biosynthesis Gene found in genome

rxn_04199_KEGG Dihydrodipicolinate reductase HVO_1100 lysine biosynthesis Gene found in genome

rxn_04475_KEGG

N-Succinyldiaminopimelate 

aminotransferase HVO_0043 lysine biosynthesis

At least in bacteria, dentical 

on protein level with N-

rxn_02734_KEGG N-Succinyldiaminopimelate HVO_1096 lysine biosynthesis Gene found in genome

rxn_02019_KEGG Ribonucleotide reductase (GDP NVO_2452 nucleotide biosynthesis Gene found in genome

rxn_00959_KEGG Phosphoglucomutase HVO_0199 glycosylation Gene found in genome

rxn_00289_KEGG

UDP-glucose 

pyrophosphorylase/Glucose-1- HVO_1527 glycosylation Gene found in genome

rxn_atp_syn ATP synthase Many oxidative phosphorylation

Genes found in genome. 

This is complex because H. 

rxn_01068_KEGG Fructose bisphosphate aldolase HVO_0790 glycolysis Pickl et. al. 2012

rxn_00342_KEGG Malate dehydrogenase HVO_3007 citric acid cycle Gene found in genome

rxn_05875_KEGG Ferredoxin-NAD+ oxidoreductase HVO_A0618 electron transport Gene found in genome

rxn_00835_KEGG

Glucose-6-phosphate 

dehydrogenase HVO_0511 pentose phosphate pathway

Novel enzyme, see (Pickl et. 

al. 2015)

rxn_02035_KEGG 6-phosphogluconolactonase Unknown pentose phosphate pathway

Both preceding (see above) 

and following reaction are 

present, but this enzyme 

has not been isolated

Table 2-List of reactions added in manual gap filling
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Once these loops were broken, a flux of zero was predicted through the citrate synthase 

reaction despite the aerobic growth conditions. This problem originated from two gaps in the 

citric acid cycle which were found and filled. One was the absence of malate dehydrogenase. 

However, the more unusual of these related to the fact that Hfx. volcanii uses ferredoxin as the 

electron acceptor for alpha-ketoglutarate dehydrogenase (REFERENCE), yet there was no 

reaction allowing transfer of electrons from ferredoxin to any other electron carriers, blocking 

flux through alpha-ketoglutarate dehydrogenase. Together with the use of ferredoxin as the 

electron acceptor for pyruvate dehydrogenase and the use of NADP+ by isocitrate 

dehydrogenase, this means that, unlike the canonical citric acid cycle in bacteria or eukaryotes, 

the only NADH formed directly in the oxidation of pyruvate in Hfx. volcanii is at the malate 

dehydrogenase step (Brasen et al. 2014). The complete oxidation of glucose or fructose to CO2, 

therefore, would generate four NADH, two NADPH, two reduced quinones, and eight molecules 

of reduced ferredoxin, as opposed to the maximum of ten NADH and two reduced quinones 

deposited directly into the electron-transport chain (as in eukaryotes).  

Additional curation was necessary to allow flux through the oxidative pentose phosphate 

pathway and the Embden-Meyerhof-Parnas (EMP) pathway. The EMP pathway is used by 

fructose (but not glucose)(Brasen et al. 2014), to carry flux. This curation step involved adding to 

the model the unusual fructose bisphosphate aldolase (Pickl, Johnsen, and Schonheit 2012) and 

the novel 6-phosphoglucose dehydrogenase (6PGDH) (Pickl and Schonheit 2015), which is a 

NAD+-dependent enzyme unrelated in sequence to bacterial 6PGDHs. Also in the pentose 

phosphate pathway, Hfx. volcanii lacks a homolog of 6-phosphogluconolactonase, which 

catalyzes the ring-opening reaction following the 6PGDH reaction (Figure 2, (Hartman et al. 
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2010). It is possible that the atypical 6PGDH in this organism generates 6-phosphogluconate 

directly, or else that a novel enzyme catalyzes this reaction. 

The most unusual reactions/pathways among those added are listed in Table 3, and a 

summary by pathway of the number of reactions added during both automated and manual gap-

filling and curation is in Table 4. In the original automated ModelSEED reconstruction, it is 

evident that amino acid metabolism was the most incomplete, followed by heme/cobalamin 

biosynthesis and carbohydrate metabolism. The latter two contain novel enzymes as described in 

Table 3, and the first is likely to contain novel elements as well (see comment about DAHP 

synthase in the discussion), even though the reactions actually filled were all canonical enzyme 

activities, either in an automated manner by ModelSEED (in the case of the shikimate pathway) 

or manually following BLAST searches of the genome. 

A set of all reactions in the final curated model is available in Appendix B. The final 

model itself is also available in SBML format in the GithHub repository as 

“H_volcanii_curated.SBML”. 

 

Pathway Comments Reference

Alternate heme biosynthesis (Ahb) 

pathway Uses siroheme as a precursor to heme Kosugi et. al. 2017

Ferredoxin-dependent pyruvate and 

alpha-ketoglutarate dehydrogenases Unusual electron carrier for aerobic organisms Falb et. al. 2008

NAD+ dependent glucose-6-

phosphate dehydrogenase

Unrelated in sequence and cofactor use to bacterial 

NADP+ dependent G6PDH1 Pickl. Et. al. 2015

Table 3-Atypical pathways and reactions unique to halophilic archaea

1
G6PDH, glucose-6-phosphate dehydrogenase
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3.4 Model simulation, testing and analysis 

Simulations of the model predicted the production of biomass from both glucose and 

fructose as carbon sources, with 20 units of glucose yielding 0.00422 units of biomass and 20 units 

of fructose yielding 0.0445 units of biomass. These results are in line with knowledge from the 

literature (Brasen et al. 2014, Pickl, Johnsen, and Schonheit 2012). Specifically, fructose, by 

entering the EMP pathway at the level of fructose 1,6-bisphosphate, generates two ATP per sugar 

converted to pyruvate relative to the one ATP generated by the semi-phosphorylative Entner-

Doudoroff (spED) pathway used by glucose. In addition, fructose is taken up by the 

phosphotransferase system (PTS), which accomplishes both active transport and phosphorylation 

with a single ATP equivalent, whereas glucose requires one ATP to phosphorylate and one 

sodium ion transported down its membrane gradient for the active transport. Together, the lower 

energy cost for uptake and the greater ATP yield from metabolism resulted in a 5.6% greater 

biomass yield for the same amount of carbon when simulated with fructose as opposed to 

glucose. 

Table 4-Gap filled reactions by pathway

Pathway

Number of reactions added 

during gap filling/curation

Amino acid biosynthesis 9

Heme/cobalamin biosynthesis 8

Carbohydrate metabolism 6

Lipid biosynthesis 5

Nucleotide biosythesis 4

Folate biosynthesis 4

Citric acid cycle/oxidative phosphorylation 3

Other 13
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There are some approximate growth data for Hfx. volcanii on glucose and fructose (Pickl, 

Johnsen, and Schonheit 2012). In media containing 25 mM carbon source, fructose gave a 

significantly faster doubling time than glucose (~ 4 hr. vs. ~6 hr.), the latter estimated from the 

growth curve. However, as the model only predicts the ratio of growth to sugar uptake, without 

measurements of sugar uptake rate (which were not measured in the current study), it is unclear 

how to interpret this difference. In fact, the growth curves indicate that the log phase is shorter (~ 

10 hr. vs ~20 hr.) on fructose, implying faster uptake. More experiments are necessary to 

determine the accuracy of the model predictions in this regard. The ammonia:glucose uptake 

ratio is ~0.87:1 and the ammonia:fructose uptake ratio is ~0.92:1. This result was also as expected, 

as the identity of the nitrogen source remains the same in both media conditions, yet more 

biomass is produced growing on fructose.  

Provided that the units of the carbon source concentration were scaled such that the 

biomass output can be interpreted as grams dry weight, the model is capable of carrying the 

necessary flux to match experiments from our lab (Saaz Srikar, unpublished observations). In 

particular, on 20 units of fructose, a concentration at which the model uses all available sugar, the 

biomass output is 0.0445 units (grams dry weight, see above, while the experimental growth 

yield on complete medium was only 0.010 - 0.014 grams dry weight. This implies that the actual 

sugar uptake rate is lower than 20 in model units, and it is important to measure the carbon 

uptake flux experimentally. 

A subset of fluxes for growth on glucose and fructose are shown in Figure 5. The 

different entry points of the two sugars are clearly reflected in the fact that no flux passes through 

fructose bisphosphate aldolase during simulations with glucose and, similarly, for the spED 

pathway on fructose. The flux through phosphoglycerate kinase (PGK) is approximately twice as 
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large on fructose as on glucose, as would be expected based on the fact that the EMP pathway 

generates two glyceraldehyde-3-phosphate molecules, whereas the spED pathway generates only 

two. In sharp contrast to this, the flux through pyruvate kinase (PK) is actually slightly lower 

under simulated fructose growth conditions. This is despite the fact that half of the carbon from 

the spED pathway enters at pyruvate rather than at PEP (i.e. downstream of PK), so in principle 

fructose could generate about twice as much flux through the PK reaction. This prediction is 

consistent with knowledge that PEP is the phosphate donor for the PTS system dedicated to 

fructose uptake in this organism (Pickl, Johnsen, and Schonheit 2012). When accounting for the 

flux of 20.00 through this reaction, the total flux from PEP to pyruvate during growth on fructose 

is 34.12, more than double the flux of 15.82 during growth on glucose. The citric acid cycle carries 

very slightly less flux during growth on fructose than on glucose, due to the slightly reduced 

fraction of the carbon that must be oxidized because of the greater energy efficiency of the EMP 

pathway. Taken together, these predictions from model simulations show that the model is able 

to reproduce growth on two sugars using pathways in agreement with literature, and the relative 

fluxes and growth yields are consistent with the known energy yields of the pathways. 

 

 

 

 

 

 

 

 



 

 

28 
 



 

 

29 

Figure 5: Selected fluxes in the FBA model during simulated growth on glucose and 

fructose. The flux directions are indicated with black arrows, and the flux values on 

glucose are labeled with black numbers, while the correcsponding flux values on 

fructose are labeled with blue numbers. 

4. Discussion 

 

A whole-cell flux balance analysis model has been built for the halophilic archaeon 

Haloferax volcanii. This model was extensively curated based on literature knowledge, including 

several reactions that differ from other, previously modeled haloarchaea (Gonzalez et al. 2008, 

Kosugi et al. 2017). The Hfx. volcanii model also includes a number of archaeal-specific enzymes 

that are homologous to those previously described in the literature for other organisms, and 

several novel enzymes that catalyze otherwise canonical reactions. 

While automated gap filling within the ModelSEED environment was useful as an initial 

step of revision for the draft reconstruction (Henry et al. 2010), it was somewhat problematic that 

the existing tool used a universal reaction set derived from bacteria rather than archaea as the 

reference. Inspection of the reactions selected by ModelSEED suggests that a number of these 

reactions are likely to be incorrect, as information from the literature and/or searches of the Hfx. 

volcanii genomic sequence indicate that alternate pathways are likely to be used by this organism.  

In the first notable example of such errors, in the aromatic amino acid biosynthesis 

pathway, automated gap filling included a 3-deoxy-D-arabinoheptulosonate-7-phosphate 

(DAHP) synthase enzyme, which catalyzes the transfer of phosphoenolpyruvate to erythrose-4-

phosphate with the loss of a phosphate group (Table 1). However, a BLAST search revealed that 

no homolog of this enzyme exists in Hfx. volcanii (E-value > 0.1). Instead, there is literature 

precedent for an alternate route to shikimate in halophiles, starting from 6-deoxy-5-ketofructose-
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1-phosphate (DKFP) and aspartate semialdehyde instead of erythrose-4-phosphate (Falb et al. 

2008).  

In a second example, in the coenzyme A biosynthesis pathway, automated gap filling in 

ModelSEED included pantoate-beta-alanine ligase and pantothenate kinase enzymes. However, 

the NCBI genome database for Hfx. volcanii indicates that these enzymes are absent. Instead, a 

pantoate kinase and a 4-phosphopantoate-beta-alanine ligase are present, reversing the order of 

the successive kinase and ligase steps. Thus, like other archaea (Yokooji et al. 2009), Hfx. volcanii 

may first phosphorylate pantoate (enzyme encoded by gene HVO_0675) and then ligate with 

beta-alanine (enzyme encoded by gene HVO_0674; Table 1). There were a few additional errors 

detected in the automated gap filling procedure, which that are mentioned in the comments of 

Table 1 (Haase et al. 2013, Lombard, Lopez-Garcia, and Moreira 2012). 

For future work, a reference reaction set from archaea, or even specifically from 

haloarchaea, should be used. This would increase the likelihood that the reactions that the 

automated algorithm selects to fill the gaps are truly present in the organism. Also, our work 

underscores the importance that, prior to their addition to the model, there should be an attempt 

to corroborate the existence of pathways added during gap filling with data from either the 

primary genome sequence or the literature, as was performed here during the manual phase of 

gap filling. 

Despite the fact that Hfx. volcanii, unlike Hbt. salinarum, can use sugars as carbon sources, 

the network structure of central carbon metabolism is similar in the two organisms, with the 

spED pathway and an EMP pathway complete in the gluconeogenic direction but with a single 

gap for the glycolytic direction at 6-phosphofructokinase. The case of fructose suggests that the 

most significant differences are likely located between the extracellular sugars and their entry 



 

 

31 

points into carbon metabolism, as the Hbt. salinarum genome appears to encode neither a 

phosphotransferase system nor a 1-phosphofructokinase (Ng et al. 2000). The reason why Hbt. 

salinarum cannot use glucose as a carbon source despite its full complement of spED pathway 

enzyme homologs is unknown. 

In the pentose phosphate pathway, the glucose-6-phosphate dehydrogenase is a novel 

NAD+-dependent enzyme of the short-chain dehydrogenase family that lacks homology to 

bacterial G6PDH (Pickl and Schonheit 2015). This pattern of using atypical redox cofactors 

extends to oxidation of pyruvate, with both pyruvate dehydrogenase and alpha-ketoglutarate 

dehydrogenase using ferredoxin rather than NAD+. This use of ferredoxin is uncommon in 

aerobes, but somewhat more common in archaea generally (for instance in Sulfolobus tokodaii 

(Iwasaki 2010)). Similar to most bacteria but unlike in eukaryotes, the Hfx. volcanii 6-

phosphogluconate dehydrogenase in the pentose phosphate pathway is NAD+-dependent, while 

the isocitrate dehydrogenase in the citric acid cycle is NADP+-dependent. This suggests that the 

entire pentose phosphate pathway produces no NADPH, and the citric acid cycle only yields a 

single NADH in the malate dehydrogenase reaction. 

These coenzyme differences likely have an impact on the overall thermodynamics and 

kinetics of metabolism. Within the framework of FBA, all electron acceptors are equivalent to 

NADH as long as they can possibly transfer electrons to it. However, in the cell, electron 

acceptors are maintained at different redox potentials and/or mass action ratios, and therefore the 

choice of electron acceptor potentially exerts a significant influence on reaction energetics and 

kinetics. The carriers NAD+ and NADP+ have almost exactly equal standard reduction potentials 

(~ -320 mV) (Berg et al. 2002), but at least in bacteria under aerobic conditions, the NAD+/NADH 

ratio is substantially greater than unity while the NADP+/NADPH ratio is substantially less (10-
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100 and 0.1-0.01, respectively) (Bennett et al. 2009). These imbalances raise the actual reduction 

potential for NAD+ above the standard value and depress that of NADP+. For oxidative enzymes 

or pathways that use NADP+ (such as the pentose phosphate pathway in bacteria), further 

reduction of the already mostly reduced NADP+/NADPH pool could be expected to be kinetically 

limited by the relatively low abundance of NADP+. In addition, due to the elevated potential, the 

reduction of NADP+ is thermodynamically less favorable than the reduction of NAD+; however, 

NADPH is more versatile as it can be used for reductive biomass synthesis, and stores more 

energy per electron. Typical ferredoxins have an even more negative reduction potential than 

NADP+ (~ -400 mV) (Berg et al. 2002), and therefore could transfer their electrons spontaneously 

to both. However, previous measurements of reduction potentials of ferredoxins in other 

haloarchaea (~  -280 mV in Hfx. mediterranei, ~ -340 mV in Hbt. salinarum)(Martinez-Espinosa et al. 

2007) places them above NAD+ in electron transfer free energy but likely below NADP+. 

Aside from central carbon metabolism, we incorporated some unusual features of 

porphyrin metabolism in haloarchaea, which differs from that of bacteria. For example, the last 

two reactions of the canonical bacterial heme biosynthesis pathway are replaced by a detour 

starting from siroheme (Figure 2). Although this alternate heme biosynthesis pathway is not 

unique to Hfx. volcanii, as it also occurs for example in Hbt. salinarum, an atypical feature in this 

organism is the fact that the last step of the pathway is catalyzed by a radical SAM enzyme under 

aerobic conditions, whereas a peroxide-dependent chlorite dismutase-related enzyme catalyzes 

this step under anaerobic conditions (Kosugi et al. 2017). The latter enzyme is shared by a 

different atypical heme biosynthesis pathway found in the Firmicutes and Actinobacteriaceae 

(Dailey et al. 2015). In addition, although Hfx. volcanii contains cobalamin-dependent enzymes 

(e.g. cobalamin-dependent ribonucleotide reductase), both the aerobic and anaerobic cobalamin 
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biosynthesis pathways contain gaps in Hfx. volcanii, although the gene clusters for this pathway 

contain several uncharacterized genes (Figure 3). These genes were pinpointed here in the gap 

filling phase as encoding potentially novel enzymes and as such are excellent targets for future 

genetic and biochemical studies. In addition, we found it interesting that the reactions catalyzed 

by two of the missing genes from the aerobic pathway, CobF and CobK, are the analogs of the 

two missing reactions in the anaerobic pathway, CbiD and CbiJ, with the difference being that the 

intermediates in the aerobic pathway lack a cobalt ion. It would be intriguing if the missing 

enzymes can accept substrates with and without bound cobalt. 

The cell-wide metabolic network built here can be used to model gene deletions, as well 

as the effect of transcriptional regulation, provided that transcription factors can be linked to the 

enzyme-coding genes that they regulate. This has been done previously for Hbt. salinarum, which 

revealed novel regulatory networks for gluconeogenesis (Todor et al. 2014), iron homeostasis 

(Schmid et al. 2011), and defense against reactive oxygen species (Tonner et al. 2015). It would be 

interesting to determine whether there are differences in the regulation of enzymes of the EMP 

and spED pathways between Hbt. salinarum and Hfx. volcanii that have evolved in order to 

accommodate the usage of sugars as a carbon source by the latter. In addition, as different sugars 

are metabolized by different pathways, it would be interesting to observe to what extent enzymes 

within pathways for alternate sugars are transcriptionally repressed during growth on any one 

sugar, or even non-carbohydrate carbon sources such as glycerol or amino acids. 

More generally, it would be interesting to study the more global carbon fluxes within 

haloarchaeal communities (Andrei, Banciu, and Oren 2012, Meuser et al. 2013). Having a 

quantitative model for a carbohydrate-degrading archaeon would facilitate this process, and 

allow relating its genetic adaptations back to its ecological niche. 
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Appendix A 

The following table describes the biomass equation of the FBA model, broken down into sub-reactions (as 

done in (Gonzalez et al. 2008). The production of one unit of biomass involves one stoichiometric unit of 

each sub-reaction (e.g. “RNA synthesis”). Negative coefficients indicate metabolites consumed in biomass 

production; positive coefficients indicate byproducts. Rows of red coefficients in the salt and glycosylation 

sub-reactions indicate the original coefficients from Gonzalez et. al.  
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Sub-reaction Metabolite Coefficient

Coeff. in Gonzalez 

(if different)

DNA synthesis dATP -1.42

DNA synthesis Pyrophosphate 8.86

DNA synthesis dTTP -1.42

DNA synthesis dCTP -3.01

DNA synthesis dGTP -3.01

RNA synthesis Pyrophosphate 248.33

RNA synthesis ATP -39.73

RNA synthesis GTP -84.43

RNA synthesis CTP -84.43

RNA synthesis UTP -39.73

Cofactors/ intermediates THF -0.07

Cofactors/ intermediates 10-formyl THF -0.06

Cofactors/ intermediates CoA -0.04

Cofactors/ intermediates FAD -0.04

Cofactors/ intermediates ATP -3.32

Cofactors/ intermediates NAD+ -0.04

Cofactors/ intermediates NADP+ -0.04

Cofactors/ intermediates Thiamin -0.11

Cofactors/ intermediates B12 coenzyme -0.02

Cofactors/ intermediates Glutamate -49.82

Cofactors/ intermediates Acetyl-CoA -0.04

Cofactors/ intermediates Siroheme -0.03

Cofactors/ intermediates 5,10-methylene-THF -0.06

Cofactors/ intermediates Menaquinone -0.01

Energy production H2O -35000

Energy production ATP -35000

Energy production ADP 35000

Energy production Phosphate 35000

Energy production H+ 35000
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Salt uptake Na+ -3044.76

Salt uptake Cl- 0 -3044.76

Glycosylation GDP-Mannose -3.6 0

Glycosylation UDP-Glucose -3.6 0

Glycosylation UDP-galacturonate -3.6 0

Glycosylation UDP-glucuronate -7.2 0

Glycosylation SAM -3.6 0

Glycosylation UDP 10.8 0

Glycosylation GDP 14.4 0

Glycosylation SAH 3.6 0

Glycosylation D-Glucose 0 -6.79

Glycosylation D-galactose 0 -7.81

Glycosylation

N-Acetyl glucosamine-  

6-phosphate 0 -3.39

Glycosylation Sulfate 0 -7.47

Glycosylation Phosphate 0 3.39

Protein synthesis His -81.01

Protein synthesis Leu -15.92

Protein synthesis Ile 82.96

Protein synthesis Asp -262.85

Protein synthesis Lys -70.06

Protein synthesis Val -151.99

Protein synthesis Thr -135.28

Protein synthesis Ala -210.19

Protein synthesis Glu -440.44

Protein synthesis Gly -176.22

Protein synthesis Pro -134.15

Protein synthesis Tyr -28.84

Protein synthesis Asn -60.55

Protein synthesis Cys -19.81

Protein synthesis Gln -76.41

Protein synthesis Arg -128.7

Protein synthesis Ser -110.53

Protein synthesis Met -30.44

Protein synthesis Trp -31.34

Protein synthesis Phe -67.76
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Appendix B 

Because of the large size of this table, the table has been added, in Excel format, to the GitHub repository at 

the following URL: https://github.com/arosko5/Haloferax-volcanii-model/blob/master/all_reactions.csv. It 

is also included as an additional file with this thesis document. 

https://github.com/arosko5/Haloferax-volcanii-model/blob/master/all_reactions.csv

