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Abstract

Rhodospirillum rubrum is a gram-negative bacterium that naturally takes advantage of CO and which, in the presence of acetate,
accumulates carbon and energy units as polyhydroxybutyrate (PHB). Since the conversion of CO depends on a large protein
membrane complex that is expressed after the exposure to carbon monoxide, this study presents the effects of a CO-based
acclimation in R. rubrum on the growth trend and on the production of PHB. The strain was cultured in two consecutive
fermentation cycles on 15% of CO, and the behaviour of this species, in the presence of acetate or a reducing sugar, such as
fructose, was compared. The exposure of R. rubrum to CO during the first adaptation phase led to the development of a
metabolically active population characterised by a greater biomass growth. The supply of fructose ensured a shorter lag-phase
and a higher biomass titre, but it also determined a decrease in the biopolymer accumulation. However, R. rubrum showed the
best carbon utilisation in the absence of fructose, with a growth molar yield of 48 mg mol ™', compared to the 12 mg mol

obtained for fructose feeding.
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1 Introduction

The next few decades will be characterised by a radical change
in the economy, which will evolve from the current linear type
to the new concept of circular economy. This change in per-
spective requires a substantial evolution of the supply chain
network, in which by-products should be designed to take part
in new production cycles as secondary raw materials. Carbon
monoxide is a harmful molecule for most living beings and a
greenhouse gas that affects climate change. In this scenario,
anthropogenic activities play a crucial role, contributing by
around 70% to the global CO emissions in the atmosphere
[1]. However, carbon monoxide can be used for a broad spec-
trum of applications in the microbial fermentation field, where
it can be fed as a carbon source for all those microorganisms
that can take advantage of it. Furthermore, even though this
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kind of technology has already been launched at an industrial
scale, there is still a wide margin for improvement [2, 3].

The current environmental issues evidence the urgent need
to substitute conventional fossil-based plastics materials with
biodegradable polymers originating from renewable feedstock
[4, 5]. Polyhydroxybutyrate (PHB) is a biodegradable and
biocompostable thermoplastic that is naturally synthesised,
by several microbial species, as a carbon store and energy
source for famine periods [6, 7]. One of these species is
Rhodospirillum rubrum, a gram-negative facultative aerobe
that belongs to the Rhodospirillaceae family, which can rely
on carbon monoxide for its growth and promote the produc-
tion of PHB in the presence of acetate at the same time [8—12].
Hence, it is a suitable candidate to produce PHB on a CO-
based feeding.

Even though the CO conversion mechanism is not yet fully
understood, genetic and biochemistry studies have demon-
strated that the CO conversion of R. rubrum is mediated by
a membrane protein complex, which orchestrates the biolog-
ical water-gas shift (WGS) reaction (CO + H,O = CO, + H,)
[13] (Fig. 1). The oxidation of CO into CO, is guaranteed by
carbon monoxide dehydrogenase (CODH), a membrane pro-
tein that contains a nickel-based binding site and an iron-
sulphur centre which coordinate CO and catalyses its
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Fig. 1 The principal metabolic pathways of R. rubrum on fructose and
CO with acetate. The metabolites and enzymes in the scheme are
addressed as follows: F: fructose; F1P: fructose-1-phosphate; 6-PFK: 6-
phosphofructokinase; FBP-aldolase: fructose-1,6-bisphosphate aldolase;
G3AP: glyceraldehyde-3-phosphate; GA3P-DH: glyceraldehyde-3-
phosphate dehydrogenase; 1,3-PG: 1,3-bisphosphoglycerate; PGK: phos-
phoglycerate kinase; PGM: phosphoglycerate mutase; PEP: phospho-
enolpyruvate; PYR: pyruvate; PFOR: pyruvate synthase; PFL:

oxidation at the expenses of one water molecule, with a con-
sequent release of a couple of protons and a couple of elec-
trons. In this context, the formation of a chemiosmotic gradi-
ent across the cell membrane, that is, a transmembrane proton
gradient derived from the water-gas-shift reaction, leads to the
production of molecular hydrogen and the phosphorylation of
ADP molecules [14]. Therefore, it is supposed that a large
membrane-bound protein complex composed of CODH, an
accessory electron transport protein equipped with an Fe-S
centre (CooF), a membrane CO-tolerant [NiFe]-hydrogenase
(which is also called CO-linked hydrogenase) and an ATP-
synthase can promote (i) proton pumping and (ii) proton
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pyruvate-formate lyase; FDHH: formate-hydrogen lyase; ACS: acetyl-
CoA synthase; TCA: tricarboxylic acid cycle; PhaA: 3-ketotiolase;
PhaB: acetoacetyl-CoA reductase; PhaC: PHB synthase; CODH: carbon
monoxide dehydrogenase, CooF: electron transfer protein; CooH: CO-
induced hydrogenase; ATPase: ATP-synthase; e-: electron; CooA: CO-
dependent transcription factor. The figure was created with
BioRender.com

reduction coupled with ATP synthesis activity [15-19]. The
cell within this mechanism is able to dissipate electrons in
excess and to provide ATP during dark fermentation.

This large membrane-bound complex in R. rubrum is in-
duced by the presence of CO. In fact, it is only once the cells
are exposed to carbon monoxide, that a CO-sensor transcrip-
tional activator, CooA, can bind CO and turn on the expression
of those genes involved in the oxidation of CO [15, 20-22]. It
has been demonstrated that these transcriptional events present
an accumulation profile, with an amount of produced proteins
that grows as exposure to carbon monoxide increases [23].
However, even though CO is the preferred substrate in the
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absence of other carbon sources, an increase in the partial pres-
sure of CO can also determine inhibition events on CO uptake,
which results into a slower CO conversion [24, 25].

In similar carboxytrophs species, an acclimation to CO is a
culturing procedure that allows the most efficient cultures to be
[26]. For instance, in the acetogen Clostridium [jungdahlii, it
has been demonstrated that an adaptation phase, reached by
exposing the pre-cultures to CO, could enhance CO stress tol-
erance. Moreover, in the same study, it was also demonstrated
that the combination of CO and a reducing sugar could posi-
tively affect the accumulation of both the biomass and the end
products, such as ethanol or acetate, due to a higher accumula-
tion of energy (e.g., ATP and GTP), and to the reducing equiv-
alents (e.g., NADH) provided by the sugar metabolism [27].

In the studies dedicated to PHB biosynthesis with CO as
the main carbon and energy feedstock, R. rubrum is generally
cultivated using syngas as the source of CO and acetate as the
main liquid carbon source. Under these standard culturing
conditions, R. rubrum presents a linear growth trend because
it is mainly limited by CO mass transfer events from the gas to
the liquid phase, with a biomass accumulation yield that is
affected by the amount of supplied syngas [10—12]. It has also
been demonstrated that the presence of acetate induces the
accumulation of PHB [10].

Fructose is a fermentable sugar which can lead to high-
density cultures being achieved in darkness fermentations
[28, 29]. However, no information regarding a co-feeding of
CO and sugars has been presented so far. Such a feeding
strategy can be identified as mixotrophic fermentation, in or-
der to distinguish it from the standard CO-based fermentation
conditions that is carried out on CO and acetate.

For these reasons, this work has focused on the effects of an
adaptation step made with CO in the wild-type strain of

Fig. 2 The experimental
culturing strategy adopted to test a
CO-based adaptation in

R. rubrum. Each condition tested
is represented by a culturing bot-
tle followed by a description of
the carbon source used, where
“Fruct.” stands for fructose and

R. rubrum and has compared them with the contribution of
fructose in the presence of carbon monoxide. The strain was
exposed to 15% of CO in 160-mL serum bottles filled to 20%
with the liquid medium for the acclimation and the successive
growth cycle. R. rubrum was cultured in two consecutive
growth cycles, in which the accumulated biomass from the
first fermentation run was inoculated into fresh media for a
subsequent cultivation cycle. During the experiments, the CO
was restored every 24 h, and the effects of the adaptation on
the biomass growth efficiency, the substrate conversion and
PHB production were evaluated.

2 Materials and methods
2.1 Bacterial strain and cultivation

Rhodospirillum rubrum (ATCC 11170) was pre-cultured in a
160-mL serum bottle which was closed with a rubber stop-cap
(Fig. 2). The growth was carried out under darkness in 80 mL
of Rhodospirillum rubrum no-light CO (RRNCO) medium [9,
10], with 15 mM of fructose used as liquid carbon source. The
preculture was grown for 48 h until it reached an optical den-
sity of 1.5 at 600 nm (ODgg) and it consumed all the fructose
present in the medium [12].

The adaptation and culture cycles were run in 160-mL se-
rum bottles filled with 30 mL of the RNNCO medium and
different carbon sources (3 mM of acetate and 5 or 15 mM of
fructose for the mixotrophic condition). The biomass growth
started at an initial ODggo 0f 0.08. The headspace in the bottle,
which corresponded to 130 mL, was filled with 15% of CO
and 85% of N,. During biomass growth, the bacteria were fed
with the following procedure: the headspace in the bottle was

/_\ ; : .

I Cycle
Adaptation run

o 15 mM Fruct. 5 mM Fruct. 15 mM Fruct. 3 mM Ac.
Ac.” stands for acetate. The fig- 15:85 CO:N, 15:85 CO'N, 15:85 CON,
ure was created with
BioRender.com 1
' ' B
Il Cycle
Culturing run
5 mM Fruct. 3 mM Ac. 5 mM Fruct. 3 mM Ac.
1585 CON;  15:85 CO:N, every 24 hours 15:85 CO'N,
15:85 CO:N,
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purged for 30 s using a vacuum pump, washed with Ny,
purged again for another 30 s and filled with a fresh aliquot
of CO and N,. This procedure was repeated every 24 h. The
experiments were carried out in biological triplicate. All the
cultures were conducted at 200 rpm at 30 °C. The experimen-
tal strategy consisted in culturing the biomass in a first growth
cycle, carried out on CO and 3 mM of acetate (standard CO-
based fermentation), or on 5 or 15 mM of fructose
(mixotrophic fermentation) for the adaptation cycle. Hence,
the cells adapted under the standard CO-based fermentation
were seeded in a fresh medium with the same amount of
acetate, while the cells grown on 5 mM of fructose were in-
oculated on a fresh mixotrophic medium with 5 mM of fruc-
tose or in an RRNCO medium on 3 mM of acetate. Moreover,
the cells that underwent an adaptation cycle on fructose were
also inoculated in a mixotrophic medium that was supplied
with 5 mM of fructose every 24 h. During the adaptation
phase, the growth was stopped before the stationary phase
was reached to allow propagation in the second growth cycle.

2.2 Growth characterisation

Biomass growth was evaluated measuring the absorbance at
660 nm. Aliquots of 1 mL were taken from the culture bottles
and analysed in a spectrophotometer (Thermo Fisher
Scientific), with appropriate dilutions, when necessary. Cell
dry weight measurements were determined gravimetrically.
Biomass samples were centrifuged at 10,000 rpm for 5 min,
washed twice and air-dried at 80 °C for 12 h in an oven.

Acetate, fructose and formate were detected by means of
HPLC analysis (Shimatzu). After sampling the culture, the
medium was filtered using a 0.2-um cellulose nitrate filter
and was analysed using an ROA-Organic Acid H+ (8%) col-
umn (Phenomenex), with an isocratic flux of 0.7 mL min~' of
5 mM of H,SO, and a temperature of 50 °C. Acetate, fructose
and formic acid were detected after 13.59 min, 9.17 min and
12.3 min of retention time, respectively. Acetate and fructose
were identified by means of a RID detector, while formate was
detected using a PDA detector at 206 nm.

2.3 PHB quantification

Biomass samples were centrifuged at 10,000 rpm for 5 min,
washed twice and dried at 80 °C for 12 h in an oven. Once the
biomass concentration had been estimated (g L"), the dry
biomasses were hydrolysed with 1 mL of 96% H,SO,4 under
stirring at 800 rpm, in an agitated oil bath at 90 °C for 1 h. At
the end of the reaction, a 1:125 dilution was prepared, and the
samples were analysed by means of HPLC (Shimatzu) using
an ROA-Organic Acid H+ (8%) column (Phenomenex), with
an isocratic flux of 0.7 mL min ' of 5 mM of H,SO, and a
temperature of 50 °C. The related PHB signal appeared at
210 nm after 23.09 min from the injection of the sample, a
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signal that corresponds to the crotonic acid, the monomer that
comes from hydrolysed PHB [30].

2.4 Gas composition analysis

In order to perform the analysis of the composition of the gas
present in the headspace of the bottle, a gasbag, previously
purged and put under vacuum using a vacuum pump, was
connected, by a needle, to the serum bottle hosting the
R. rubrum cultures, and the gas was sampled. The procedure
was improved by the presence of an overpressure, which was
developed as a result of the performed water gas shift reaction
after 24 h of cultivation. The collected gas was analysed by
means of SRA micro-GC, equipped with a Molsive 5A col-
umn at a temperature of 100 °C with argon as the carrier gas
(for the quantification of H,), and with a PoraPLOT U column
at 85 °C, using helium as the carrier gas (for CO, analysis).

2.5 Calculations

The molar growth yield (Y1) Was calculated after complete
depletion of the consumed substrate. It was calculated on the
basis of the work of Schultz [31], considering the total carbon
atoms present as the substrate (acetate or fructose), as follows:
mg of collected biomass on mmol of consumed substrate per
atom of C of the substrate.

3 Results and discussion
3.1 Effect of CO adaptation on biomass accumulation

R. rubrum was grown under darkness in two successive cul-
ture cycles, which are an adaptation run and a cultivation run,
respectively (Fig. 3). R. rubrum was fed with 15% of CO
during both fermentation runs, and its growth trend supported
by CO and acetate was compared with that obtained when CO
and fructose were used as co-substrates. Two different con-
centrations of fructose, corresponding to 5 and 15 mM, were
investigated in the adaptation phase to verify its effect on
biomass growth. The headspace composition was restored
every 24 h with a fresh mix of CO and N, at concentrations
of 15 and 85%, respectively. At the end of the first culture
cycle (I cycle), the biomass samples were transferred to fresh
culture media (Il cycle), and the effects of adaptation, as a
result of exposure to CO exposure in the presence of fructose
or acetate, were analysed on the growth rate.

During the first growth cycle, the biomass showed an ex-
ponential improvement, characterised by a specific growth
rate, pu1, of 0.8 h ' on 5 and 15 mM of fructose, respectively
(Fig. 3a). The strain doubled the accumulated biomass, which
peaked at an ODgg4 of 0.62 as a result of the highest tested
sugar concentration. A diauxic growth trend was observed,
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Fig. 3 Adaptation and growth cycles of R. rubrum in the presence of CO
under standard CO-based fermentation conditions and mixotrophic
growth conditions under darkness. a Adaptation phase of R. rubrum on
15% of CO and 5 mM of fructose (A), 15 mM (o) of fructose, or 3 mM of
acetate (0) into the liquid phase. b Second growth cycle of pre-adapted
cultures A. Pre-adapted cultures on 5 mM of fructose were transferred to a
fresh liquid medium containing 5 mM of fructose (A) or 3 mM of acetate
(0), while pre-adapted cultures on acetate were seeded in a fresh medium
containing 3 mM of acetate (o). All the experiments were made in bio-
logical triplicate

probably due to a metabolic adaptation from sugar-dependent
growth to CO-based fermentation, as the evolution of the
CO,/H; couple from CO oxidation indicates (Fig. 4). The
intermediate lag phase lasted around 24 h on 5 mM of sugar,
after which R. rubrum restarted to grow with a y, of 0.01 h™ .
On the other hand, the diauxic trend was not observed for
cultures fed with 15 mM of fructose.

During the standard CO-based fermentation conditions
(CO and acetate), 72 h of adaptation was necessary before
the growth phase began at a y, of 0.03 h™'. This longer lag
phase could be a consequence of the time required for
R. rubrum to activate the protein complex responsible for
the CO metabolism.
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Fig. 4 CO, and H, production profiles measured in the two successive
fermentation cycles. a CO, (o, @) and H, (A, A) productions of cultures
adapted on 15% of CO and 5 mM of fructose. b CO, (o, ®) and H, (A, A)
profiles of the standard CO-based fermentation of 15% CO and 3 mM of
acetate. The adaptation cycle (open symbols) and the second cultivation
run (black symbols) are shown in the graph

Both feeding strategies were investigated in the second
culture cycle (Fig. 3b). The cultures grown in the presence
of fructose were transferred to fresh media supplemented with
fructose or acetate, respectively, while the cultures adapted
under acetate were moved to a medium with an identical com-
position. Moreover, since the samples that underwent the ad-
aptation on 15 mM of fructose showed a decreasing biomass
trend, they were not propagated.

The first adaptation cycle had two main effects on the sec-
ond culture run: it diminished the lag phase and promoted
biomass growth efficiency. The diauxic growth on 5 mM of
fructose showed an intermediate lag phase, which was less
than halved with respect to the adaptation cycle, while it di-
minished by one-third in the case of the standard CO-based
fermentation condition. Parallelly, the adaptation to CO guar-
anteed a higher biomass yield, and at the end of the observa-
tion, the growth efficiency was three-fold higher than the first
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CO-based fermentation, with a maximum biomass accumula-
tion of 0.5 g L™" for both fermentation strategies. Therefore,
once R. rubrum shifted to a metabolism sustained by CO, no
effect of fructose presence was detectable on the biomass
trend. This similar biomass concentration reached at the end
of both fermentation strategies is evidence of the biomass
growth principally being sustained by the presence of CO,
once the sugar had been depleted. Indeed, the CO-based feed-
ing lasted 4 days, while fructose-assisted growth lasted less
than 1 day.

3.2 Analysis of the headspace gas composition

During the first and the second fermentation cycles, the gas
phase was restored with 15% of CO every 24 h. Before the
restoration, the amounts of evolved CO, and H, were mea-
sured under each tested condition. CO, was the first gas spe-
cies to be observed in the adaptation phase with 5 mM of
fructose (Fig. 4A), as it originates from fructose oxidation,
while H, appeared after the lag phase, thus suggesting a shift
to CO-dependent growth. A similar gas profile appeared dur-
ing the second fermentation cycle in the presence of 5 mM of
fructose. However, in this case, the H,/CO, couple presented
a shift on the time axis. Under the standard CO-based fermen-
tation conditions (Fig. 3B), the CO, and H, production pro-
files followed the same growth trend as the biomass.
However, a similar shift was observed on the time axis.

The production profile of CO, and H, in 1:1 ratio, mea-
sured during standard CO-based fermentation or in the pres-
ence of fructose, is evidence of the strain growing under a CO-
limited condition. Indeed, this is the typical WGS reaction
ratio [13]. Even though R. rubrum has other ways of produc-
ing hydrogen, they were inactivated under the experimental
conditions that were applied. R. rubrum can, in fact, produce
H, in another three ways: through the reduction of N, by
nitrogenases, as a product of formate oxidation mediated by
a formate—hydrogen lyase complex, and, when it is cultivated
with light, by a membrane-bound uptake hydrogenase enzyme
(that shows both H, oxidation and evolution activity).
Nevertheless, the presence of ammonium and CO, in the lig-
uid medium and headspace, respectively, ensured the inacti-
vation of both nitrogenases and formate lyase, while the ap-
plication of darkness prevented the transcription of the H,-
uptake hydrogenase [32-36].

3.3 Growth substrate utilisation and PHB production

Once the cultures had adapted to the presence of CO in the
first culture cycle, the substrate consumption and product for-
mation were measured in the liquid phase of the second fer-
mentation run by means of HPLC analysis (Fig. 5). The data
confirmed that the fructose was depleted in 24 h, in the pres-
ence of 5 mM of fructose. The fructose consumption was
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Fig. 5 Fructose and acetate conversion. After the adaptation phase, the
variation in the fructose concentration (o0) and the relative production of
acetate (0) and formate (0) were evaluated by means of HPLC analysis in
cultures grown on 15% of CO and 5 mM of fructose. In the same way, the
acetate (@) and formate (¢) trends were analysed in samples grown on
15% of CO and 3 mM of acetate

followed by a release of 4.6 +£0.3 mM of acetate, a value that
remained stable throughout the fermentation period. The fruc-
tose metabolism in R. rubrum proceeds via the Embden—
Meyerhof-Parnas (EMP) pathway, which, in the absence of
oxygen or any other reducing agents, such as dimethyl sulf-
oxide, is mainly metabolised as formate, succinate, acetate and
CO, [31]. Under this condition, the tricarboxylic acid (TCA)
cycle partially operates in reductive mode, causing a contrac-
tion of the available reducing equivalents [31, 37, 38].
Accordingly, the consumption of acetate, which occurs when
the TCA operates in oxidative mode or when the cell produces
PHB, was not observed, while an increase in organic acids
was verified, as the formate profile demonstrated.

Formate is the second end-product obtained from the de-
carboxylation of pyruvate mediated by pyruvate-formate lyase
(Fig. 1). Moreover, because of the presence of CO, its further
oxidation into CO, and H, was prevented [34, 35, 39, 40].
Thus, in the presence of 5 mM of fructose, the concentration
of formate peaked at a value of 8§ +£0.4 mM under the
mixotrophic condition, while it stayed under 2 + 0.2 mM un-
der the standard CO-based fermentation feeding.

In order to confirm whether fructose consumption resulted
in an accumulation of formate, a control experiment was car-
ried out in which an adapted R. rubrum biomass was cultured
with a daily supply of 5 mM of fructose and CO. Figure 6
shows the biomass accumulation, the substrate consumption
and the relative acetate and formate evolution. As expected,
repetitive fructose-based feeding favoured the accumulation
of the biomass, which reached a maximum ODgg4, of 1.5.
Fructose was depleted during biomass accumulation, and
0.58+0.05 g L ! of biomass, 5.1+0.1 mM of acetate and
11+£2 mM of formate were achieved, thereby confirming a
higher formate accumulation.
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Fig. 6 The effect of organic acid accumulation on repetitive fructose-
based feeding. A control culture of adapted R. rubrum on 15% of CO
was cultured on 15% of CO and 5 mM of fructose, which were supplied
every 24 h. The biomass (A), acetate (o), formate (0) and fructose (o)
were monitored during the fermentation

On the other hand, the acetate was gradually depleted under
standard CO-based fermentation conditions (Fig. 5). In this
case, the primary electron source for the cell is that of the
oxidation of carbon monoxide, and the biomass, therefore,
consumed acetate as a building block for biomass and PHB
production [10]. A tiny increase in acetate concentration was
observed during the first hours of culturing under the standard
CO-based fermentation conditions. Such a variation was also
observed in similar experiments that are not reported in this
work. It could be the result of some products metabolised from
the yeast extract, which was present in the medium.

The final amount of produced PHB was measured after
the adaptation phase, on the last day in which the fermen-
tation was carried out. As reported in Table 1, a similar
amount of PHB was found for the mixotrophic and

Table 1 Growth rate, maximal accumulated biomass, molar growth
yield and the percentage of PHB collected for the standard CO-based
fermentation and mixotrophic cultures, respectively. Data were collected
during the adaptation (I cycle) and during the second culture run (I

standard CO-based fermentations, where it peaked at about
8% with respect to the cellular dry weight. However, the
PHB concentration in the control culture, which was ex-
posed to repetitive fructose feeding, showed a PHB accu-
mulation of 3%. In accordance with the trend of formate
and acetate, the decrease in PHB accumulation could have
been derived from a shift in the electrons and carbon units
from the biosynthetic biopolymer pathway to the residual
biomass and organic acid production. Hence, the daily sup-
ply of reducing sugar could have blocked the restoration of
reducing equivalents, caused by a lack of reducing agents,
thereby preventing the accumulation of PHB.

On the other hand, the presence of the high acetate concen-
trations found in the samples fed with CO and fructose sug-
gests that the small amount of the corresponding PHB was not
a consequence of a previous polymer consumption mediated
by the biomass itself.

Calculations of the carbon molar growth yield on the liquid
carbon sources confirmed that the acetate source resulted in a
better investment of carbon resources for the biomass, which
showed a yield of 48.33 mg mmol ' C as a result of CO and
acetate-based feeding (Table 1). Instead, under mixotrophic
conditions, the same index corresponded to 12 and
4 mg mmol ' C mol ™', respectively, for single and repetitive
fructose supplies. Similar values were also reported in the
work of Schultz, where R. rubrum was cultured in an anaero-
bic environment with a fructose supply [31].

The pH was also measured for each tested condition. In the
case of the standard CO-based fermentation condition, and in
the presence of 5 mM of fructose, its value was almost stable
ataround 7.5 throughout the entire fermentation. In samples in
which fructose was added every 24 h, it instead dropped day
by day, passing from 7.5 to 4.9, because of the higher amount
of formate in the media.

cycle). In the graph, 4, and p, indicate the specific biomass growth
observed during the adaptation and during the second fermentation cycle,
respectively

CO Feeding 1 ) Lo ) Maximal Molar growth yield PHB (%)
biomass (g L") (mg mol ')?

Anaerobic, pure N - 5 mM fructose 0.08 0.13 43 /

Adaptation + 5 mM fructose 0.08 0.01 0.24+0.06 n.d.
Adaptation 15 mM fructose 0.08 / 0.23+0.01 7.6° n.d.
Adaptation + 3 mM acetate 0 0.03 0.15+0.08 n.d.
Culture + 5 mM fructose 0.06 0.01 0.37+0.05 12 7%
Culture + 5 mM fructose (every 24 h) 0.04 / 0.58+0.05 4 3%
Culture + 3 mM acetate 0.03 / 0.45+0.01 483 8%

*The molar growth yield was calculated as reported in the work of Schultz [27]

° This value was calculated taking into account the highest registered biomass concentration
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3.4 The CO adaptation mechanism

The substrate adaptation on 15% of carbon monoxide resulted
in a decrease in the time necessary to metabolise CO, as re-
ported in Fig. 2, and in turn caused a reduction in the lag
phase. In the presence of carbon monoxide, the production
of energy relies on the formation of a chemiosmotic H* gra-
dient across the membrane [19]. As previously reported in the
literature, the CODH complex shows a rapid response to CO,
once this molecule has entered the cells [23]. However, its
transcription depends on the CooA transcriptional factor,
which is activated by CO [41].

The results have demonstrated that the first exposure to CO
determined the generation of a metabolically active popula-
tion ready to take advantage of CO in the successive cultures,
which may have relied on a higher availability of the CO
oxidation protein complexes from the adapted cells. As antic-
ipated, the CO oxidation complex is arranged in order to con-
nect the CODH with a membrane ATPase, and efficiently
ensure the synthesis of ATP, which is the only energy source
of CO-based feeding [18, 19]. The possibility of promptly
taking advantage of CO, after the first exposure to CO, could
render the ATP more available to the cells, thus resulting in a
reduced lag-phase. Hence, H, evolved earlier in the adapted
cultures during the second culturing round, thus pointing out a
parallel ATP production.

In the same way, in another carboxytrophs species, that is,
Citrobacter amalonaticus Y19, the over-expression of the
transcriptional factor CooA was shown to lead to an improve-
ment of the whole CO oxidation protein complexes, as dem-
onstrated by the increased activities of CODH and CO-
tolerant hydrogenase [42].

In our experiments, a similar effect of the influence of the
energy balance on the growth was recognised in those cultures
supplied with 5 mM of fructose, which did not show a detect-
able lag phase maybe because of the higher ATP/NAD(P)H
supply that was ensured by the sugar. As proof of this effect, it
is necessary to note that such behaviour has also been identi-
fied in Thermoanaerobacter kivui, which, once adapted to
carbon monoxide, presented a rise in the growth efficiency,
as could be seen from the measured higher activity of CODH,;
moreover, CO-resistant hydrogenase improved the production
of measured ATP [43].

4 Conclusion

The application of exhaust fumes produced by industrial ac-
tivities as a feed for microbial fermentation is an example of
how different production processes can interact with each oth-
er in respect of a circular economy strategy. In this scenario,
this study has focused on the effects that an adaptation phase
on CO can have on R. rubrum.

@ Springer

The exposure to CO determined the generation of a meta-
bolically active biomass, which was promptly able to activate
the oxidation of CO during the subsequent cultivation run.
The adaptation phase could act in favour of the biomass ener-
gy balance derived from the CO metabolism and, consequent-
ly, reduce the lag phase and improve the accumulation of
biomass.

Moreover, the supply of fructose showed positive effects
during the first steps of R. rubrum growth, even in the pres-
ence of carbon monoxide. However, unlike what was ob-
served for Clostridium ljungdahlii, in which ethanol produc-
tion increased by 20% after an adaptation made with fructose
and CO, the addition of a reducing sugar did not lead to any
improvement in PHB accumulation.

The PHB accumulation capacity decreased as a result of
repeated fructose feeding, and the carbon units could be pref-
erentially spent on the biosynthesis of residual biomass or
were released as either organic acids and CO,. In this way, it
has been demonstrated that the feeding of a reducing sugar, in
combination with CO, is useful to trigger the biomass growth.
However, once the cells have adapted to the presence of CO, it
becomes the preferred electron donor for the PHB biosynthe-
sis and biomass growth.
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