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Abstract

Vibrio natriegens is a fast-growing, non-pathogenic bacterium that is being considered as the next-
generation workhorse for the biotechnology industry. However, little is known about the
metabolism of this organism which is limiting our ability to apply rational metabolic engineering
strategies. To address this critical gap in current knowledge, here we have performed a
comprehensive analysis of V/ natriegens metabolism. We constructed a detailed model of V/
natriegens core metabolism, measured the biomass composition, and performed high-resolution
13C metabolic flux analysis (13C-MFA) to estimate intracellular fluxes using parallel labeling
experiments with the optimal tracers [1,2-13C]glucose and [1,6-13C]glucose. During exponential
growth in glucose minimal medium, V/ natriegens had a growth rate of 1.70 1/h (doubling time of
24 min) and a glucose uptake rate of 3.90 g/g/h, which is more than two 2-fold faster than £. colj,
although slower than the fast-growing thermophile Geobacillus LC300. 13C-MFA revealed that the
core metabolism of V/ natriegens is similar to that of £. coli; with the main difference being a 33%
lower normalized flux through the oxidative pentose phosphate pathway. Quantitative analysis of
co-factor balances provided additional insights into the energy and redox metabolism of V/
natriegens. Taken together, the results presented in this study provide valuable new information
about the physiology of V/ natriegens and establish a solid foundation for future metabolic
engineering efforts with this promising microorganism.
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1. INTRODUCTION

Escherichia coliis the most widely studied microorganism in academia (Janssen et al., 2005;
Long and Antoniewicz, 2014a). A wealth of knowledge has been generated over the past
century for this model microbe, and many molecular tools have been developed for genetic
engineering (Datsenko and Wanner, 2000; Gibson et al., 2009; Li et al., 2015; Wang et al.,
2009). As a result, £. coliis often the go-to organism for metabolic engineering efforts.
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However, researchers are increasingly interested in selecting alternative hosts for various
applications in biotechnology. One of the key physiological characteristics that impacts
industrial performance is growth rate, or perhaps more importantly, biomass specific
substrate uptake rate. This rate determines the maximum productivity that can be achieved
for a given size bioreactor. As such, faster-growing organisms offer a clear advantage over
slower-growing organisms. In this respect, wild-type E. coli has a relatively high growth rate
of about 0.7 h™1 (60 min doubling time) when grown in minimal medium with glucose as the
carbon source, and ~30 min doubling time when grown in rich medium. Faster-growing E.
colf strains have also been generated through adaptive laboratory evolution with a maximum
growth rate of about 1.0 h™1 (40 min doubling time) in glucose minimal medium (LaCroix et
al., 2015; Sandberg et al., 2016); however, for yet unknown reasons, this appears to be the
upper limit for £. coli growth rate.

To achieve even faster conversion rates, scientists are now interested in identifying
alternative fast-growing organisms to replace £. coli as the workhorse host (Lee et al., 2016;
Weinstock et al., 2016). One such organism is the Gram-negative, non-pathogenic marine
bacterium Vibrio natriegens, which is commonly found in marine and coastal waters and
sediments, and has a reported doubling time of 10 minutes or less when cultured under ideal
conditions in rich medium (Eagon, 1962). V/ natriegens (initially called Pseudomonas
natriegens) was described for the first time by Payne et al. in the early 1960s (Payne et al.,
1961). It is a moderate halophile, requiring about 1.5% NaCl for optimal growth, and grows
well under laboratory conditions with glucose as the carbon source, with an optimal growth
temperature of 37 °C (Eagon, 1962; Lee et al., 2016). Two annotated genomes are available
for V/ natriegens, for strains ATCC 12048 (Wang et al., 2013) and DSMZ 759 (Maida et al.,
2013). Recently, a wide range of genetic tools were developed and described to engineer V/
natriegens (Weinstock et al., 2016), and the fast growth of this species was shown to reduce
the time needed to execute common cloning pipelines, which has clear advantages in highly
iterative strain building efforts (Weinstock et al., 2016).

In this work, we have investigated the metabolism of V/ natriegens using state-of-the-art
tools for 13C metabolic flux analysis (23C-MFA) (Gonzalez and Antoniewicz, 2017).
Currently, no information is available about intracellular metabolism of V/ natriegens and
this lack of knowledge significantly impacts our ability to apply rational strategies to
engineer this organism. For example, in the absence of an experimentally validated flux
map, constraint-based modeling and analysis (COBRA) approaches cannot be applied to
guide new metabolic engineering designs (Becker et al., 2007; Schellenberger et al., 2011).
To address this critical gap in knowledge, here we have characterized the growth physiology,
constructed a detailed model of core metabolism, measured the biomass composition, and
performed high-resolution 13C-MFA to estimate intracellular fluxes in V/ natriegens.
Analysis of co-factor balances provided additional insights into its metabolism. Taken
together, the results presented in this study provide an important quantitative description of
the physiology and metabolism of V/ natriegens that can serve as the basis for informed host
selection, future model building, and strain design efforts.
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2. MATERIALS AND METHODS

2.1. Materials

Media and chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Tracers were
purchased from Cambridge Isotope Laboratories, [1,2-13C]glucose (99.5 atom% 13C) and
[1,6-13C]glucose (99.5%). The isotopic purity and enrichment of glucose tracers was
validated by GC-MS analysis (Cordova et al., 2016). Wolfe’s minerals (Cat. No. MD-TMS)
and Wolfe’s vitamins (Cat. No. MD-VS) were purchased from ATCC (Manassas, VA). The
growth medium for V/ natriegens was M9 minimal medium supplemented with (per liter of
medium): 15 g of NaCl, 10 mL of Wolfe’s minerals, 10 mL of Wolfe’s vitamins, and 0.05 g
of yeast extract. Glucose was added as indicated in the text. All media and stock solutions
were sterilized by filtration.

2.2. Strains and growth conditions

V/ natriegens (ATCC Cat. No. 14048, Manassas, VA) was used in this study. For tracer
experiments, cells from a frozen stock were first pre-cultured overnight at 37 °C in a shaker
flask with 20 mM initial glucose. Next, 1 mL of this culture was washed with fresh medium
and used to inoculate a new shaker flask with 10 mL of medium (20 mM initial glucose).
After 1 hr, 100 uL of this culture was used to inoculate two mini-bioreactors, one containing
10 mM of [1,2-13C]glucose and one containing 10 mM of [1,6-13C]glucose. The optical
density (ODgqp) of the inoculated cultures was about 0.015. We estimated that about 0.2 mM
of unlabeled glucose was carried over from the inoculum to the labeling cultures. Cells were
then grown at 37°C in mini-bioreactors as described before (Gonzalez et al., 2017). Air was
sparged into the liquid at a rate of 12 mL/min to provide oxygen and to ensure sufficient
mixing of the culture by the rising gas bubbles. Cell pellets were collected for GC-MS
analysis during the mid-exponential growth phase when biomass concentration (ODggg) was
between 0.7 and 1.0.

2.3. Analytical methods

Samples were collected at multiple times during the growth phase to monitor cell growth,
glucose uptake, and acetate accumulation. Cell growth was monitored by measuring the
optical density at 600nm (ODgqg) using a spectrophotometer (Eppendorf BioPhotometer).
The ODgqg Values were converted to cell dry weight concentrations using the following
relationship for V/ natriegens. 1.0 ODggg = 0.27 gpw/L, which was experimentally
determined as described in (Long et al., 2016b). Acetate concentrations were determined
using an Agilent 1200 Series HPLC (Whitaker et al., 2017), and glucose and lactate
concentrations were determined using a YSI 2700 biochemistry analyzer (YSI, Yellow
Springs, OH).

2.4. Biomass composition analysis

The methods used for quantifying biomass composition were described in (Long and
Antoniewicz, 2014b). Briefly, samples were prepared by three respective methods:
hydrolysis of protein and subsequent TBDMS derivatization of amino acids; hydrolysis of
RNA and glycogen and subsequent aldonitrile propionate derivatization of sugars (ribose
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and glucose, respectively); and fatty acid methyl ester derivatization for analysis of fatty
acids. In total, 17 amino acids were quantified. Glutamine and asparagine are deaminated
during hydrolysis to glutamate and aspartate, respectively; thus, we report the combined
pools of each. The amino acids arginine, cysteine and tryptophan are degraded during
hydrolysis and thus were not quantified. Quantification of all measured components was
achieved by isotope ratio analysis in duplicate using an isotopically labeled standard and a
naturally labeled biomass sample. In this study, the standard was generated by growing wild-
type £. colion [U-13C]glucose and aliquoting identical (1 mL of an ODgpg = 1.0) samples of
this “fully labeled” biomass. These were centrifuged and washed twice with M9 medium.
The composition of the fully labeled biomass was determined using unlabeled chemical
standards as described in (Long and Antoniewicz, 2014b).

2.5. Gas chromatography-mass spectrometry

GC-MS analysis was performed on an Agilent 7890B GC system equipped with a DB-5MS
capillary column (30 m, 0.25 mm i.d., 0.25 um-phase thickness; Agilent J&W Scientific),
connected to an Agilent 5977A Mass Spectrometer operating under ionization by electron
impact (EI) at 70 eV. Helium flow was maintained at 1 mL/min. The source temperature was
maintained at 230°C, the MS quad temperature at 150°C, the interface temperature at 280°C,
and the inlet temperature at 250°C. GC-MS analysis of fert-butyldimethylsilyl (TBDMS)
derivatized proteinogenic amino acids was performed as described in (Antoniewicz et al.,
2007a). Labeling of glucose in the medium was determined after aldonitrile propionate
derivatization as described in (Antoniewicz et al., 2011; Sandberg et al., 2016). Labeling of
fatty acids was determined after derivatization to fatty acid methyl esters (FAME) (Crown et
al., 2015b). Labeling of glucose (derived from glycogen) and ribose (derived from RNA)
were determined as described in (Long et al., 2016a; McConnell and Antoniewicz, 2016). In
all cases, mass isotopomer distributions were obtained by integration (Antoniewicz et al.,
2007a) and corrected for natural isotope abundances (Fernandez et al., 1996).

2.6. Metabolic network model and 13C-metabolic flux analysis

A metabolic network model of V/ natriegens core metabolism was constructed for 13C-MFA
based on the reactions annotated in KEGG and BioCyc databases (Caspi et al., 2012;
Kanehisa et al., 2012; Kanehisa and Goto, 2000). The complete 13C-MFA model is provided
in Supplemental Materials. The model includes all major metabolic pathways of central
carbon metabolism, including glycolysis, pentose phosphate pathway, Entner—Doudoroff
pathway, TCA cycle, glyoxylate shunt, and various anaplerotic and cataplerotic reactions,
lumped amino acid biosynthesis reactions, and a lumped biomass formation reaction, which
was derived using the measured biomass composition for V. natriegens. Since it is not
possible to distinguish between the fluxes of NAD-dependent malic enzyme (EC 1.1.1.38),
NADP-dependent malic enzyme (EC 1.1.1.40), and oxaloacetate decarboxylase (EC 4.1.1.3)
using 13C-MFA (Kappelmann et al., 2015), we included only one reaction in the model (the
NADP-dependent malic enzyme) to describe the combined flux of all three reactions. The
model also accounts for the exchange of intracellular and atmospheric unlabeled CO,
(Leighty and Antoniewicz, 2012), and G-value parameters to describe fractional labeling of
amino acids. As described previously (Antoniewicz et al., 2007¢), the G-value represents the
fraction of a metabolite pool that is produced during the labeling experiment from glucose,
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while 1-G represents the fraction that is naturally labeled, i.e. from the incorporation of
unlabeled amino acids from the yeast extract and from the inoculum. By default, one G-
value parameter was included for each measured amino acid in each data set. Reversible
reactions were modeled as separate forward and backward fluxes. Net and exchange fluxes
were calculated as follows: Vpet = V§—Vp; Vexch = Min(vs, Vp).

All 13C-MFA calculations were performed using the Metran software (Yoo et al., 2008)
which is based on the elementary metabolite units (EMU) framework (Antoniewicz et al.,
2007b). Fluxes were estimated by minimizing the variance-weighted sum of squared
residuals (SSR) between the experimentally measured and model predicted mass isotopomer
distributions of biomass amino acids, glucose derived from glycogen, ribose derived from
RNA, and the measured acetate yield, using non-linear least-squares regression
(Antoniewicz et al., 2006). All measured mass isotopomers are provided in Supplemental
Materials. For integrated analysis of parallel labeling experiments, the data sets were fitted
simultaneously to a single flux model (Antoniewicz, 2015). Flux estimation was repeated at
least 10 times starting with random initial values for all fluxes to find a global solution. At
convergence, accurate 95% confidence intervals were computed for all estimated fluxes by
evaluating the sensitivity of the minimized SSR to flux variations. Precision of estimated
fluxes was determined as follows (Antoniewicz et al., 2006):

Flux precision (stdev): [ (ﬂuxupper bound 95% ) - (ﬂuxlower bound 95% )]/4 (7)

2.7. Goodness-of-fit analysis

To determine the goodness-of-fit, 13C-MFA fitting results were subjected to a x2-statistical
test. In short, assuming that the model is correct and data are without gross measurement
errors, the minimized SSR is a stochastic variable with a - 2-distribution (Antoniewicz et al.,
2006). The number of degrees of freedom is equal to the number of fitted measurements 7
minus the number of estimated independent parameters p. The acceptable range of SSR
values is between xzalz(/%p) and le_a/z(/rp), where a is a certain chosen threshold value,
for example 0.05 for 95% confidence interval.

3. RESULTS AND DISCUSSION
3.1. Growth physiology

Growth characteristics of V/ natriegens were determined in aerobic batch culture at 37 °C in
medium containing glucose as the main carbon source (Fig. 1 and Supplemental Figures S1
and S2). The growth medium was M9 minimal medium supplemented with 1.5% NaCl,
vitamins, minerals, and 0.05 g/L of yeast extract. The addition of small amount of yeast
extract eliminated a short lag phase that was observed when cells were subcultured without
it; however, the yeast extract did not impact glucose uptake rate or the specific growth rate
(Fig. S1). During the exponential growth phase, the specific growth rate of V/ natriegenswas
1.70 + 0.02 h™1, which corresponds to a doubling time of about 24 min (Fig 1). The biomass
yield was 0.44 gp/g and the biomass-specific glucose uptake rate was 21.4 + 1.3
mmol/gpw/h. V. natriegens produced acetate as a byproduct during exponential growth, with
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about 0.8 + 0.1 mol of acetate produced per mol of glucose consumed (Table 1). No other
byproducts were detected by HPLC analysis.

3.2. Metabolic model construction and biomass composition analysis

To facilitate quantitative studies of V/ natriegens, a detailed network model of its core
metabolism was constructed for 13C-MFA based on the reactions annotated in the KEGG
and BioCyc databases. As illustrated in Fig. 2, central carbon metabolism of V/ natriegensis
similar to that of £. coli and includes the following core metabolic pathways: glycolysis
(EMP pathway), pentose phosphate pathway, Entner-Doudoroff pathway, TCA cycle,
glyoxylate shunt, and various anaplerotic and cataplerotic reactions. Compared to £. coli, V.
natriegens has one additional cataplerotic reaction, oxaloacetate decarboxylase (EC 4.1.1.3),
which is not present in £. coli. Further analysis of annotated genes revealed that V/
natriegens engages the same canonical amino acid biosynthesis pathways as E. col.

An important reaction the model for 13C-MFA is the lumped biomass reaction that captures
the drain of precursor metabolites and cofactors needed for cell growth. To determine the
coefficients in this biomass formation reaction, the biomass composition of V/ natriegens
was determined experimentally in this study. The results of this analysis are provided in
Supplemental Materials and are shown in Fig. 3, where the biomass composition of V/
natriegens is compared to the reported composition of £. co/i (Long and Antoniewicz,
2014b) and the fast-growing thermophile Geobacillus LC300 (Cordova et al., 2015; Cordova
and Antoniewicz, 2016). Proteins were the most abundant component of V/ natriegens
biomass (47% of dry weight), followed by RNA (29%), lipids (7%) and glycogen (3%). The
RNA content was higher for V/ natriegens (29%) compared to £. coli (21%), but similar to
that of Geobacillus1L.C300 (28%). It has been observed previously that RNA content is often
higher for fast growing strains (Long et al., 2016b; Pramanik and Keasling, 1997), which is
thought to reflect the need for more ribosomes to support the higher growth rates. The ratio
of RNA to protein of 0.6 g/g for V/ natriegens is consistent with a previous report at a similar
growth rate (Aiyar et al., 2002). The relative distribution of fatty acids in V/ natriegens and
E. coliwere similar, with the most abundant fatty acids being C16:1 and C16:0 followed by
C18:1 and C14:0. No odd-chain fatty acids (e.g., C15 or C17) were detected in V/
natriegens. The relative distribution of amino acids in biomass was similar for the three
microbes, with the notable exception of glutamate/glutamine (GIx), which was significantly
elevated in V/ natriegens compared to £. coliand Geobacillus LC300 (Fig. 3). The relative
abundance of aspartate/asparagine (Asx) was lower for both V/ natriegens and Geobacillus
LC300 compared to £. coli.

3.3. 13C Metabolic flux analysis

Next, we quantified intracellular metabolic fluxes for V/ natriegens during exponential
growth on glucose using high-resolution 13C-MFA. The analysis consisted of first
performing two parallel labeling experiments with [1,2-13C]glucose and [1,6-13C]glucose
(an experimental design previously identified as providing optimal flux precision (Crown et
al., 2016)). Fluxes were estimated by simultaneously fitting the measured acetate yield and
the labeling data from proteinogenic amino acids, the ribose moiety of RNA, and the glucose
moiety of glycogen to the model described in the previous section. A statistically acceptable
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fit was obtained. The minimized SSR value of 188 was lower than the maximum acceptable
SSR value of 224 at 95% confidence level, assuming a constant measurement error of 0.3
mol% for all GC-MS measurements (Antoniewicz et al., 2007a). The estimated metabolic
fluxes and 95% flux confidence intervals are provided in Supplemental Materials.

Fig. 4 shows the estimated fluxes in central carbon metabolism for V/ natriegens during
aerobic growth on glucose (fluxes normalized to glucose uptake rate of 100). The flux map
of V/ natriegenswas characterized by a high glycolytic flux (80 £ 0.5 for phosphoglucose
isomerase, and 169 + 1 for glyceraldehyde 3-phosphate dehydrogenase), relatively high
anaplerosis flux via phosphoenolpyruvate carboxylase (27 + 1), and moderate oxidative PPP
flux (18 £ 0.4) and TCA cycle fluxes (e.g. 17 + 1 for citrate synthase; and 7 + 0.4 for a-
ketoglutarate dehydrogenase). Several pathways were found to be inactive (or nearly
inactive) during aerobic growth on glucose, including the Entner-Doudoroff pathway (0.6
+ 0.1), the glyoxylate shunt (0.0 + 0.1), and gluconeogenesis via phosphoenolpyruvate
carboxykinase (0.0 + 0.3). Interestingly, a previous study reported that a majority of marine
bacteria prefer the ED pathway over glycolysis for glucose metabolism, with the notable
exception of Vibrio (Klinger et al., 2015). In our model, the NAD-dependent malic enzyme
(EC 1.1.1.38), the NADP-dependent malic enzyme (EC 1.1.1.40), and oxaloacetate
decarboxylase (EC 4.1.1.3) were lumped into a single reaction since it was not possible to
independently estimate these three fluxes. The combined flux of these three reactions was
estimated to be very low (3.5 + 0.4). Taken together, we determined that the V/ natriegens
flux map was similar to that of £. coli during aerobic growth on glucose (Crown et al.,
2015a; Leighty and Antoniewicz, 2013; Long et al, 2017), with the main difference being a
33% lower flux of glucose through oxidative PPP, i.e. 27% of glucose for £E. coli compared
to 18% for V/ natriegens. Given approximately 2.5-fold higher glucose uptake rate in V/
natriegens compared to £. coli, however, the absolute carbon fluxes (i.e., mmol/gp/h)
through the central carbon metabolic pathways are much higher in this organism.

3.4. Quantitative analysis of co-factor balances

To provide additional insights into the physiology of V/ natriegens, we analyzed the
production and consumption rates of key co-factors in metabolism based on the 13C-MFA
estimated fluxes, and calculated the overall carbon balance. In Fig. 5, the results are
summarized (see Supplemental Materials for additional details) and compared to £. coli
based on previous 13C-MFA results (Crown et al., 2015a), on a glucose-normalized basis.
The overall carbon balance for V/ natriegens was similar to that of £. coli, with about 50% of
glucose being converted to biomass, 25% to acetate, and 25% to CO». Fig. 5B shows the
normalized production and consumption rates of NADH/FADH,, NADPH and ATP, with
contributions by the various pathways (absolute contributions in units of mmol/gp/h are
shown in Supplemental Figure S3). The uncertainty introduced by the lumping of the NAD
and NADP-dependent cataplerotic reaction (malic enzymes and oxaoloacetate
decarboxylase) was minimal given the small measured flux. The amount of NADH/FADH,
produced (per mol of glucose) was similar for V/ natriegens and E. coli, with glycolysis
(~50% contribution) and the TCA cycle (~40% contribution) being the main contributing
pathways. The vast majority of NADH/FADH, was oxidized to generate ATP via oxidative

Metab Eng. Author manuscript; available in PMC 2018 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long etal.

Page 8

phosphorylation (~80%), and 20% of NADH was converted to NADPH by the
transhydrogenases.

There were relatively larger differences in the production of NADPH between V/ natriegens
and £. coli. For V/ natriegens, the majority of NADPH was produced from NADH via
transhydrogenases (56%), with oxPPP contributing 25%, and TCA cycle 14% to NADPH
production, and negligible contribution from malic enzyme (<3%). For comparison, in £.
coli, transhydrogenases and oxPPP contribute about equally to NADPH production (45%
and 41%, respectively), with the TCA cycle contributing the remaining 13%. Based on the
genome annotations, both V/ natriegens and E. coliare believed to contain two pyridine
nucleotide transhydrogenases, the membrane-bound PntAB (EC 1.6.1.2) which primarily
converts NADH to NADPH, and the soluble form SthA (EC 1.6.1.1, also referred to as
UdhA) which primarily converts NADPH to NADH (Sauer et al., 2004). The absolute net
transhydrogenase flux from NADH to NADPH was 3-fold higher for V/ natriegens (14.7
mmol/gpw/h) compared to £. coli (5.0 mmol/gpw/h), thus suggesting a much more active
PntAB enzyme.

Biological energy in the form of ATP is needed for three key cellular processes: 1) transport
of substrates and nutrients into the cells; 2) anabolism (i.e. cell growth); and 3) maintenance.
The overall ATP balances were similar for V/ natriegens and E. coli (Fig 5), with the
oxidative phosphorylation contributing the most towards ATP production, approximately
65% for both organisms, followed by substrate level phosphorylation in glycolysis (~25%),
and acetate production (~10%). The contribution of the TCA cycle to ATP production was
negligible for both organisms (<5%). It should be noted that the absolute ATP production
rate for V/ natriegens calculated here should be viewed with caution, since little information
is available about the effective P/O ratio for V/ natriegens. For simplicity, we assumed the
same P/O ratio of 2.0 for both organisms. Once a reliable estimate of the P/O ratio for V/
natriegens is available, the ATP analysis results reported here should be re-evaluated.

3.5. Comparison of V. natriegens physiology and other fast growing bacteria

Finally, we compared key physiological characteristics (i.e. growth rate, glucose uptake rate,
and oxygen uptake rate) of V/ natriegensto three other strains (Fig 6): wild-type E. coli
(Leighty and Antoniewicz, 2013), adaptively evolved E. coli (Sandberg et al., 2016; Long et
al, 2017), and the fast-growing extreme thermophile Geobacillus LC300 (Cordova et al.,
2015; Cordova and Antoniewicz, 2016). Like V/ natriegens, the E. coli characteristics reflect
growth at 37 °C, while those of Geobacillus LC300 are from growth at 72 °C. The growth
rate of \/ natriegens on minimal glucose medium (1.70 h™2, doubling time 24 min) was
significantly higher than the growth rate of wild-type £. coli (~0.7 h™1, doubling time 60
min) and evolved £. coli (~1.0 h™1, doubling time 40 min), but significantly lower than the
growth rate of the thermophile Geobacillus LC300, which has a growth rate on minimal
glucose medium of 2.15 h~1 (doubling time of 19 min) (Cordova et al., 2016). Since biomass
yields are similar for all four strains, the biomass-specific glucose uptake rates followed the
same pattern as the growth rates (Fig 6B), with Geobacillus LC300 having the highest
glucose uptake rate of 31 mmol/gpw/h, followed by V/ natriegens (21 mmol/gpw/h), the
evolved E. coli (12 mmol/gpw/h), and wild-type E. coli (8.5 mmol/gpw/h). Even more
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striking were the differences between the three mesophilic strains and the thermophilic
Geobacillus LC300 when the biomass-specific oxygen uptake rates were compared. The
oxygen uptake rate of Geobacillus LC300 (~60 mmol/gpw/h) was more than 2-fold higher
than the oxygen uptake rate of V/ natriegens (28 mmol/gpw/h), 3-fold higher compared to
evolved E. coli (19 mmol/gpw/h), and 5-fold higher compared to wild-type £. coli (12
mmol/gpw/h). These values suggest that the gram-positive thermophile Geobacillus L.C300
has a significantly more active electron transport chain compared to the gram-negative
mesophiles V/ natriegens and E. coli. Unfortunately, the glucose metabolism of Geobacillus
L.C300 has not been elucidated by 13C-MFA, so a more comprehensive comparison of
metabolic fluxes between the four strains is not possible at this time.

4. CONCLUSION

The physiological and fluxomic analyses presented here are important foundational
components of a developing knowledge base from which the community will be able to
study and engineer V/ natriegens. The verified intracellular metabolic pathways and wild-
type reference flux map will enable the use of several COBRA model-based analyses and
designs. Additional systems measurements, particularly of the proteome and transcriptome,
will complement these results and help begin to answer the fundamental question of how
this organism achieves such fast growth. For example, these measurements may determine
whether V. natriegens more efficiently allocates its proteome for growth. In adaptively
evolved E. coli, mutations in global regulation are frequently observed which shift gene
expression toward catabolic processes at the expense of stress response functions (LaCroix
et al., 2015; Utrilla et al., 2016). There is some evidence of less robust stress responses
already, with the observation of substantially lower intrinsic catalase activity in V/ natriegens
than in £. coli (Weinstock et al., 2016). Other molecular mechanisms may also be
investigated, such as the DNA replication and protein synthesis machinery (the high RNA
content measured is believed to be related to high rRNA levels and ribosome number (Aiyar
et al., 2002)). As more biological knowledge is developed, advanced /n sifico approaches
including ME models (Liu et al., 2014; O’Brien et al., 2013), kinetic models (Khodayari and
Maranas, 2016; Tran et al., 2008), and even whole cell models (Karr et al., 2012) may be
applied to develop a systems-level understanding.

Insights into fast growing strains like V/ natriegens (as well as Geobacillus LC300,
adaptively evolved E. coli, and others) may enable rational engineering approaches of
conventional organisms for improved performance. Given its natural advantages, however, it
has been proposed that V/ natriegens may be a superior next-generation host for
biotechnological applications. Its similar flux distribution to £. coliin glucose minimal
medium during aerobic growth is encouraging in that raises the prospect that some
metabolic engineering strategies previously developed in £. coli may also be successful in V/
natriegens. Further study of metabolic kinetics and regulation in V/ natriegens, and the
nature of responses to genetic and environmental perturbations (e.g. for microaerobic or
anaerobic conditions), will be critical. Finally, we have shown that although V/ natriegens
has large advantages in rate over its mesophilic counterpart £. coli, it lags behind the
thermophilic Geobacillus LC300. Similar development would be needed in systems
knowledge and genetic tools to develop this (and any other non-model organism) into a
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viable host, after which an informed choice based on desired process temperature and other
characteristics would be possible.
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Characterization of V/ natriegens growth rate in four replicate cultures. V/ natriegens was
grown aerobically in M9 medium supplemented with 1.5% NaCl, 1.8 g/L glucose and 0.05

g/L yeast extract.
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Central carbon metabolism of V/ natriegens reconstructed from genome annotations.
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Figure 3.

Biomass composition of V/ natriegens compared to £. coliand the fast-growing thermophile
Geobacillus LC300. The fractional amounts of major biomass components are shown, as
well as the distributions of fatty acids and amino acids.
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Central carbon metabolic fluxes of V/ natriegens, as determined by high-resolution 13C-MFA
(estimated flux = SD). Fluxes were normalized to glucose uptake. The two malic enzymes
and oxaloacetate decarboxylase were lumped into a single reaction, shown here as the flux

from malate to pyruvate.
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Overview of carbon and cofactor balances for V/ natriegens and E. coli. (A) The overall
carbon balance reflects the fate of glucose on a C-mol basis. (B) Metabolic pathways
responsible for the production and consumption of the cofactors NADH/FADH,, NADPH,
and ATP are summarized, on a normalized (per unit glucose) basis. For the ATP balance, the
production rate from oxidative phosphorylation and the maintenance cost (‘Other”) are based
on an assumed effective P/O ratio of 2. Since the P/O ratio has not been reliably measured in
V/ natriegens, this result should be interpreted with caution. The results for £. coli were
taken from a previous reported 13C-flux study (Crown et al., 2015).
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Figure 6.

Overall physiological assessment of four potential host strains for biotechnology
applications: V/ natriegens, E. coli (evolved and wild-type), and the thermophilic
Geobacillus L.C300. The values reflect growth at 37 °C for the mesophilic strains, and at
72 °C for Geobacillus LC300. The growth rates (A), and biomass specific glucose (B) and
oxygen (C) uptake rates are shown. The results for £. coliand Geobacillus LC300 were
taken from previous reported studies (Crown et al., 2015; Cordova et al., 2016).
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Table 1

Physiological characteristics of V/ natriegens grown in aerobic batch culture in glucose minimal medium at
37°C (mean £ sem, n= 4, biological replicates).

Growth rate 1.70 £ 0.02 1/h
Biomass yield 0.44 £0.03 gow/g
Acetate yield 0.8+0.1 mol/mol

Glucose uptake rate 21.4+1.3  mmol/gpw/h
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