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in high-pressure anaerobic processes: CO,
partial pressure as a novel tool in biorefinery
concepts

Pamela Ceron-Chafla'’, Jo de Vrieze?, Korneel Rabaey??, Jules B. van Lier' and Ralph E. F. Lindeboom'

Abstract

Background Elevated CO, partial pressure (pCO,) has been proposed as a potential steering parameter for selective
carboxylate production in mixed culture fermentation. It is anticipated that intermediate product spectrum and pro-
duction rates, as well as changes in the microbial community, are (in)directly influenced by elevated pCO,. However,
it remains unclear how pCO, interacts with other operational conditions, namely substrate specificity, substrate-to-
biomass (5/X) ratio and the presence of an additional electron donor, and what effect pCO, has on the exact compo-
sition of fermentation products. Here, we investigated possible steering effects of elevated pCO, combined with (1)
mixed substrate (glycerol/glucose) provision; (2) subsequent increments in substrate concentration to increase the
S/X ratio; and (3) formate as an additional electron donor.

Results Metabolite predominance, e.g., propionate vs. butyrate/acetate, and cell density, depended on interaction
effects between pCO,-S/X ratio and pCO,—formate. Individual substrate consumption rates were negatively impacted
by the interaction effect between pCO,-S/X ratio and were not re-established after lowering the S/X ratio and add-
ing formate. The product spectrum was influenced by the microbial community composition, which in turn, was
modified by substrate type and the interaction effect between pCO,—formate. High propionate and butyrate levels
strongly correlated with Negativicutes and Clostridia predominance, respectively. After subsequent pressurized fer-
mentation phases, the interaction effect between pCO,—formate enabled a shift from propionate towards succinate
production when mixed substrate was provided.

Conclusions Overall, interaction effects between elevated pCO,, substrate specificity, high S/X ratio and availability
of reducing equivalents from formate, rather than an isolated pCO, effect, modified the proportionality of propion-
ate, butyrate and acetate in pressurized mixed substrate fermentations at the expense of reduced consumption rates
and increased lag-phases. The interaction effect between elevated pCO, and formate was beneficial for succinate
production and biomass growth with a glycerol/glucose mixture as the substrate. The positive effect may be attrib-
uted to the availability of extra reducing equivalents, likely enhanced carbon fixating activity and hindered propionate
conversion due to increased concentration of undissociated carboxylic acids.
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Background

The emergence of the biorefinery concept, where fuel and
chemicals production from (waste) biomass feedstock
are envisioned [1], has become a strong driver for prod-
uct spectrum diversification in anaerobic processes. It
has motivated the inclusion of carboxylates production,
such as propionate and butyrate and bulk chemicals, such
as succinate, in addition to biogas from anaerobic diges-
tion (AD), as (bio)products of interest [2—4]. Anaero-
bic processes using complex substrates rely on trophic
diversity and interspecies interactions to carry out the
required bioconversions; thus, the formation of specific
intermediates and final products in open microbiomes
depends on prevailing operational conditions [5-7]. Due
to the interconnection between operational conditions,
the intermediate products profile, microbial commu-
nity and productivity/selectivity, management strategies
have been proposed to boost performance by manipu-
lating process parameters (operational-based strategy)
and through biomass acclimation and bioaugmentation
(microbial-based strategy) [8].

Changes in substrate concentration [9-11], pH [12-14]
and temperature [15, 16] are known to influence the pro-
file of intermediate products. Reactor operation [17, 18],
substrate-to-biomass (S/X) ratio [19, 20] and headspace
composition [21-23] can also modify the intermedi-
ate product spectrum. However, thus far, no successful
strategies for targeted carboxylates production as inter-
mediate products have been reported. High-pressure
anaerobic digestion (HPAD) is considered an innova-
tive technology with potential for direct biogas upgrad-
ing [24, 27]. In an HPAD reactor, the partial pressure of
biogas components, i.e., CO,, may play a role in pathway
steering and selectivity in intermediate product forma-
tion [25, 26]. The latter, thus far, remains a limitedly stud-
ied process due to its operational complexity and high
capital expenditure. Nonetheless, possible changes in the
community composition, pathways up- or down-regula-
tion, possible pressure-induced alterations of enzymatic
activity in HPAD, may have a decisive role in intermedi-
ate (product) formation.

An increased CO, partial pressure (pCO,) in HPAD
reactors may result from an autogenerated build-up in
operational pressure [26]. Previous work showed that
bioprocesses operating at high pCO, experienced tox-
icity and acidification effects [26]. Additionally, high
pCO, impaired substrate transport over the microbial
cell membrane, due to a decreased membrane poten-
tial [28] and imposed kinetic, bio-energetic and physi-
ological limitations [29]. Using a pressure-adapted
inoculum, authors observed that low methane produc-
tion rates and propionate accumulation correlated with
increasing pCO,, constituting pioneering evidence of a
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potential steering role of elevated pCO, in HPAD [26].
Intermediate product formation does not only depend
on the (re-) distribution of organic carbon from the
original substrate and the possible role of pCO, on the
thermodynamics of (de)carboxylation reactions, but
also on the availability of reducing equivalents and the
ratio NADH/NAD™ [30, 31].

At the macro-process level, changes in the degree of
reduction of the employed substrate [32, 33], high S/X
ratio or provision of an additional electron donor [34] can
be applied to alter the availability and the flux of reducing
equivalents. However, an increasing S/X ratio may impair
bioconversions in non-adapted biomass, due to kinetic
limitations in the production and utilization of interme-
diates [35]. Substrate specificity and biomass adaptation
at increasing substrate concentrations has been pivotal in
selecting a microbial community that is more resilient to
the detrimental effects of elevated pCO, [36] and, most
likely, also fluctuations in the S/X ratio.

Under the premise that microbial resiliency is attained,
elevated pCO, could play a role in steering metabolic
pathways, because of its tuning effect in enzyme activi-
ties related to (de)carboxylation of intermediates [37—
39]. These reactions are relevant for the breakdown of
substrates sharing the glycolytic pathway, e.g., glucose
and glycerol, where carbon atoms and electrons are dis-
tributed towards the reductive (propionate) or oxidative
(acetate) branch of the pathway in response to growth
conditions [40]. Elevated pCO, could also modify the
intermediate product spectrum via autotrophic CO,
fixation. Acetogenic bacteria, such as Clostridium spp.,
which are crucial in anaerobic microbiomes, can fix
CO, into acetyl-CoA via the Wood-Ljungdahl pathway
(WLP), provided the availability of reducing equivalents
[41]. Mixotrophic acetogenic metabolism, i.e., concurrent
heterotrophic and autotrophic growth with high acetate
production [42-44], can be enhanced if sugars and CO,
are present. Increasing acetate concentrations can favor
chain elongation processes with lactate or ethanol [10,
45], as long as acetotrophic methanogenic activity is
inhibited [46].

Elevated pCO, could also cause shifts in the microbial
community structure, indirectly impacting the inter-
mediate product spectrum. As an environmental driver,
elevated pCO, could select carbon fixation traits, lead-
ing to a predominance of specific acetogens, such as
Clostridium spp. [47]. Combined pCO,—pH effects may
favor the predominance of acid-resistant groups from
the phyla Chloroflexi and Firmicutes [48]. Depend-
ing on the electron transfer mediator (H,, formate),
elevated pCO, may also restructure the methanogenic
community [49]. The interplay of pCO, and substrate
concentration impacting the S/X ratio could modify
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syntrophic interactions [50], and may cause metabolic
uncoupling [51], potentially affecting the intermediate
product spectrum.

Overall, there is ample evidence that elevated pCO,
influences anaerobic processes in multiple ways. How-
ever, the role of pCO, is insufficiently understood to use
it as a steering parameter for specific carboxylate pro-
duction in HPAD. It remains unclear how elevated pCO,
could interact with process conditions to ultimately tar-
get a particular product, e.g., succinate. In this work,
interaction effects of elevated pCO, with (a) the provi-
sion of mixed substrate (glycerol/glucose), (b) high sub-
strate concentration increasing the S/X ratio and (c) the
presence of an additional electron donor (formate) were
investigated. The mixed substrate was provided on the
grounds of substrate divergence to propionate produc-
tion via the succinate pathway (glycerol) and ATP pro-
vision to satisfy maintenance and growth requirements
(glucose) [52, 53]. A high S/X ratio was imposed as a
selection mechanism to favor fermentative and suppress
methanogenic activity, due to metabolic uncoupling.
Finally, we assessed the effects of formate addition, con-
comitant to elevated pCO,, to stimulate carbon fixat-
ing activity and likely promote the formation of reduced
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intermediates (e.g., succinate), due to the increased avail-
ability of reducing equivalents.

Results

Mixed substrate conversion in batch operation

under elevated pCO,

Substrate conversion rate

In experiment I (see “Methods” section “Mixed substrate
conversion under elevated pCO,”), the reference sub-
strate conversion rate under single or mixed substrate at
5 bar pCO, was determined using the inoculum without
previous exposure to pressurized conditions. The logis-
tic model used to describe glucose conversion showed
three times faster glucose conversion at lower initial con-
centrations in the mixed substrate treatment than in the
single substrate (Fig. 1A, Table 1). Conversely, the linear
regression model showed that glycerol conversion was
1.6 times higher in the only glycerol condition than in the
mixed substrate treatment (Fig. 1B, Table 1).

Substrate conversion rates were also determined in
experiment II, which was carried out in sequential phases
(see “Methods” section, “Mixed substrate conversion
under elevated pCO,”): II-A (mixed substrate conver-
sion), II-B (increase in the S/X ratio) and II-C (presence
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Fig. 1 Glucose (A) and glycerol (B) conversion in single and mixed substrate treatments during Experiment | at 5 bar pCO,. Glucose and glycerol
conversion in phases II-A (Cand D), II-B (E and F) and II-C (G and H) during Experiment II. Experimental data are presented as discrete symbols for
mixed substrate treatments (GG_CO?2) at 5 bar pCO,, mix substrate control at 5 bar pN, (GG_N2) and single substrate controls (glucose GLU_CO2
and glycerol GLY_CO2). Modeled data according to the description provided in Table 5 are presented as a continuous black line. Substrate is
expressed in mg COD after volume correction due to liquid sampling in the reactors during each phase
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Table 1 Estimated glucose and glycerol conversion rates calculated with the logistic model (in h~") and simple linear regression (in
mg substrate h™") for (a) treatments with single and mixed substrate in Experiment | and (b) single substrate controls at 5 bar pCO,
(glucose GLU_CO2 and glycerol GLY_CO2), mixed substrate control at 5 bar pN, (GG_N2) and treatments with mixed substrate at 5 bar

pCO, (GG_CO2) in the different phases of Experiment I

Experiment Treatment Phase Model Glucose conversion Glycerol conversion Rate units
rate + (adjusted R?) rate + (adjusted R?)
Single substrate—glucose Logjistic — 0.36%** (0.95) k(h™"
Single substrate—glycerol Linear regression — 7.4%**(0.96) (mg Glycerol h™")
Mix substrate Logistic 4 linear regres- — 1.10*** (0.95) — 4.7%**(0.99) k (h™") (mg Glycerol h=")
sion
Il Single substrate—glucose II-A Logistic — 0.15**(0.99) k(h™"
(GLU_CO2) I8 NA
II-C — 041%**(0.99)
Single substrate—glycerol II-A — 0.04***(0.98)
(GLY_CO2) -8 —021%(099)
I-C — 0.36"**(0.99)
Mixed substrate (GG_CO2) II-A — 0.12%**(0.99) — 0.27***(0.99)
II-B NA — 0.03***(0.99)
I-C — 0.27**(0.98) — 0.07*(0.89)
Mixed substrate (GG_N2)  II-A NA — 0.29%* (0.99)
II-B NA — 0.19%**(0.99)
I-C NA — 1.95%(0.99)

NA not available

Significance level *p <0.05, **p < 0.01, ***p <0.001

of formate as external electron donor). In phase II-A, the
logistic model provided a good approximation (adjusted
R?>0.98) to describe substrate conversion in all cases,
except for glucose conversion in GG_N2. The experimen-
tal data corresponding to GG_N2 are presented in Fig. 1
(subplots C, E and G), but rates were not calculated, due
to the limited number of useful data to describe the curve
shape in the interval 0-50 h. Rates of glucose conver-
sion were comparable between GG_CO2 and GLU_CO2
(Table 1). Glycerol conversion was similar between GG_
CO2 and GG_N2, representing an eightfold increase
compared to GLY_CO2 (Table 1). The GLY_CO2 started
with a higher substrate concentration, due to a techni-
cal failure in feeding preparation, but as evidenced in
Fig. 3, complete substrate depletion was achieved after
160 h. Since the standard deviation in COD fed during
phase II-A was lower than 10%, reasonable comparisons
between treatments and controls can be performed.
During phase II-B, glucose conversion occurred faster
than in II-A, with glucose being not detectable after 20 h
in all cases (Fig. 1E). Consequently, accurate rate estima-
tion was not possible, because of the limited useful data
points. Glycerol conversion rate in GG_CO2 was lower
than in GG_N2 (Table 1). Conversely, rates in GLY_CO2
and GG_N2 were comparable, but differentiated by a
noticeable lag phase approximately corresponding to
50 h (Fig. 1). In phase II-C, the reduction in substrate

concentration and adding 5 mM formate were benefi-
cial to achieve a faster substrate conversion. Although
the glucose conversion rate in GG_CO2 was lower than
GLU_CO2, both rates were higher than in phase II-A,
but still with a noteworthy lag phase of approximately
20 h. Glycerol conversion rates also improved; for exam-
ple, in GG_CO?2, the rate was faster than in phase II-B,
but remained lower than the calculated value in II-A
(Table 1). In GG_N2 and GLY_CO2, the glycerol con-
version rates were faster than in phases II-B and II-A
(Table 1).

End-of-phase (EoP) product spectrum

In phase II-A, COD was converted to lactate (28—33%)
during the first 21 h in all treatments and controls,
except for GLY_CO2 (< 1%). Intermediate succinate and
formate represented less than 2% of the COD fed in all
cases, except for GG_N2 (5%) (Fig. 3B). After 209 h, the
EoP product spectrum for GG_CO2 was composed of
propionate (301+5%), butyrate (22+4%) and acetate
(3+1%) (Fig. 2, expressed in mg COD). The EoP product
spectrum in GG_N2 showed similarities with GG_CO?2,
except for a low butyrate contribution (3%) (Fig. 2). In
the case of GLY_CO2, the EoP product spectrum was
dominated by propionate (62%), with a small acetate pro-
portion (3%) (Fig. 2); whereas GLU_CO2 showed a high
proportion of butyrate (29%) and a lower proportion
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Fig. 2 End-of-phase (EoP) product spectrum expressed as a
percentage of the COD fed in phases II-A, II-B and II-C in Experiment

Il. Data are presented for the mixed substrate treatments (GG_CO?2) at
5 bar pCO,, mixed substrate control at 5 bar pN, (GG_N2) and single
substrate controls (glucose GLU_CO2 and glycerol GLY_CO2) at 5 bar

pCO,
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of propionate (13%) and acetate (4%) (Fig. 2). Biomass
decay, calculated as the difference between initial and
final VSS concentrations, occurred in all treatments dur-
ing phase II-A (Fig. 2). Regarding the EoP gaseous prod-
ucts, in GG_CO2, approximately 19+ 3% of the COD-fed
accounted as CH,. In GG_N2, COD-CH,, corresponded
to 32% of COD-fed, and for GLY CO2 and GLU_CO2
accounted for 5 and 18%, respectively.

Increased substrate concentrations during phase II-B
did not cause important changes in the EoP product
spectrum in GG_CO2. After correcting for carried-over
concentration from phase II-A, EoP product spectrum
was composed of propionate (24 4 2%), butyrate (2 4 0%)
and acetate (2+0%) (Fig. 2). In GG_N2, it was composed
of propionate (17%) and acetate (1%), while butyrate was
not detected (Fig. 2). In GLY_CO2, COD was primarily

transformed to propionate (43%), whereas in GLU_CQO2,
to a mixture of butyrate (35%), propionate (6%) and
GG_CO02 GG_N2
Phase II-A Phase II-B Phase II-C Phase II-A Phase II-B Phase I-C
g00 A s00 B

a

[e]

13)

(o]

€

GLU_CO2 GLY_CO2
Phase II-A Phase II-B Phase II-C Phase II-A Phase II-B Phase II-C
800 c 800 —AD
o ® A A
A AA AAAA

sampling time (hours)

A Glycerol @ Glucose[_]Formate[ ] Lactate ] Succinate ["] CH4 ] Bu ] Pr[[] Ac

sampling time (hours)

Fig. 3 Product spectrum (values in the y-axis expressed in mg COD) over time in the different phases (II-A, II-B and II-C) of Experiment II. Experiment
Il lasted 596 h and values in the x-axis correspond to the different sampling points. Data are presented for mixed substrate treatments at 5 bar pCO,
(GG_CO2) (A), mixed substrate control at 5 bar pN, (GG_N2) (B) and single substrate controls (glucose GLU_CO2 and glycerol GLY_CO2) (C and D).
Abbreviations correspond to methane (CH,), butyrate (Bu), propionate (Pr) and acetate (Ac)
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acetate (1%) (Fig. 2). The CH, production accounted for
15+2%, 2 and 17% of the COD-fed in the case of GG_
CO2, GLY_CO2 and GLU_CO?2, respectively. The control
GG_N2 showed a decrease in the recovery of COD as
CH, (only 15%).

Noteworthy differences were observed in the EoP
product spectrum after adding formate and reducing the
substrate concentration to reduce the S/X ratio (phase
II-C). An increase in succinate production (10£2%
from COD fed) was detected in GG_CO2 (Fig. 2). Suc-
cinate accumulated until the end of phase II-C after
214 h. Lactate (8 +2%) was detected in the first 16 h
and was further converted to carboxylates (Fig. 3). The
EoP product spectrum in GG_CO2 included propionate
(27+£7%) and acetate (240.4%), while no butyrate was
detected (Fig. 2). The control GG_N2 did not show the
same trend regarding lactate and succinate. Initially, 18%
of the COD was directed to lactate and only 2% to suc-
cinate (Fig. 3). By the end of phase II-C, both metabolites
were not detected. The EoP product spectrum in GG_N2
was composed of propionate (28%), acetate (14%) but no
additional butyrate. GLY_CO2 showed a COD recov-
ery of 112% after discounting for carried-over COD
from phase II-B (Table 2) and its EoP product spectrum
included propionate (85%) and acetate (17%). In the con-
trol GLU_CO2, the EoP product spectrum corresponded
to butyrate (42%), propionate (3%) and acetate (6%). An
increase in acetate was observed in all conditions except
for GG_CO2, which showed acetate levels comparable
to phases II-A and II-B (Fig. 2). CH, production in GG_
CO2 accounted for 29 +10% of the COD-fed, whereas in
GLY_CO2, GLU_CO2 and GG_NZ2, it accounted for 10,
18 and 20% of the COD fed, respectively.

In GG_CO2 treatments, high propionate produc-
tion was hypothesized as an effect of mixed substrate
and elevated pCO, during experiment II; however, there
were no significant differences (p=0.32) in propionate
concentrations between GG_CO2 and GG_N2 (paired
samples Wilcoxson test). In contrast, butyrate concen-
trations were significantly different (p<0.0001) in all
phases of experiment II. The aligned rank transform test
was used to evaluate if independent factors, e.g., process
conditions or their interaction effects were significant
to explain the differences in carboxylate concentrations
and cell density in experiment II. When analyzing pCO,
as the main effect, this factor was non-significant for
carboxylates and succinate production, as evidenced by
the p-values (Table 3). In contrast, the interaction effect
between pCO, and process conditions was significant to
explain differences in propionate and butyrate produc-
tion (pCO,—substrate concentration) and succinate pro-
duction (pCO,—additional electron donor) (Table 3).

(2023) 16:27
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Cell density

During phase II-A, a decrease in total cell density of
42+14, 49 and 57% was established for GG_CO2,
GLY_CO2 and GG_N2, respectively, whereas GLU_CO2
showed a moderate increase (25%) (Fig. 4). In phase II-B,
the measured cell density was corrected for dilution, due
to medium refreshing. A steep decrease of 7018% in cell
density was observed in GG_CO2, compared to initial
values. A similar sharp decrease was registered in reac-
tors GLY_CO2 and GLU_CO2, corresponding to 91 and
76%, respectively. Conversely, GG_N2 showed a slight
reduction (7%).

The cell density was positively affected by formate
addition and reduction in substrate concentration to
lower the S/X ratio in phase II-C, with the final biomass
in GG_CO?2 increasing by 28 +5%. In GLY_CO2, there
was an even more predominant positive effect, since cell
density experienced a fivefold increase compared to the
initial concentration (Fig. 4D). However, this effect did
not appear in GLU_CO2, where a substantial decrease in
cell density was assessed, i.e., 53%. A similar observation
was registered for control GG_N2, where the cell density
decreased by 59%, higher than values observed in phase
II-B.

Cell densities were significantly different between
the start and end points of phase II-A (p=0.0008), II-B
(»p=0.0003) and II-C (p=0.00001). The aligned rank
transform test showed that substrate concentration and
addition of external electron donor were the main effects
explaining the differences in cell density, whereas pCO,
did not. However, the interaction effects pCO,—substrate
concentration and pCO,-additional electron donor
were significant to explain differences in cell densities in
experiment II (Table 3).

Changes in the microbial community

During experiment II, the effect of sequential changes in
operational conditions on microbial community struc-
ture and its relation with shifts in product spectrum
under elevated pCO, was examined. Microbial com-
munity analysis resulted in an average of 140,365+ 6153
total reads per sample and 2230 OTUs in total. After
singleton removal, OTUs were reduced to 1935. Bacte-
ria and Archaea corresponded to 80% and 20% of total
processed reads in the original inoculum. The bacterial
community in the inoculum was composed of Anaero-
lineae (77%), Actinobacteria (6%) and Clostridia (5%) at
the class level. The archaeal community in the inoculum
primarily included Methanomicrobia (81%) and Metha-
nobacteria (19%). Changes in the relative abundance of
Bacteria and Archaea during experiment II are presented
in Additional file 1: Table S1.
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Table 3 Summary of p-values® from the aligned rank transform test for the main and interaction effects of elevated partial pressure of
CO, (pCO,) or N, (pN,), substrate concentration and addition of external electron donor (formate) in carboxylates production and cell

density during Experiment I

Independent factor pCO, Substrate pCO, External
concentration electron
(S/X ratio) donor
Interaction pCO,: substrate pCO2: external
concentration electron donor
(S/X ratio)
Dependent  Propionate (Mg 081 0.94 Frxx 0.78 0.07 0.59
variable cobL™
Butyrate (mg COD 037 o xR 0.62 0.1 0.76
L
Acetate (mg COD 0.25 0.31 0.13 0.31 043 0.36
L
Succinate (mg COD 0.22 0.18 0.67 0.26 FHEX FxEX
L
Cell density (cells 0.77 0.09 * 0.87 0.75 FREX
mL™

2 Significance level *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001

In phase II-A, the bacterial community of GG_
CO2 was mainly composed of the class Anaerolin-
eae (35+8%), Negativicutes (family Veillonellaceae)
(27+£20%), Clostridia (19+16%) and Thermotogae
(6+0%). The GG_N2 included Clostridia (42%), Anaero-
lineae (37%) and Thermotogae (7%). GLY_CO2 com-
prised Negativicutes (37%), Anaerolineae (32%) and
Clostridia (13%). GLU_CO2 showed a predominance of
Anaerolineae (51%), Clostridia (28%) and Actinobacteria

(8%) (Fig. 5A). In phase II-B, Anaerolineae became pre-
dominant in GG_CO2 (62+1%), being followed by Act-
inobacteria (11£1%) and Clostridia (12+2%). GG_N2
showed an almost complete predominance of Anaero-
lineae (72%). The major classes in GLY_CO2 corre-
sponded to Anaerolineae (51%), Negativicutes (27%) and
in GLU_CO2 to Anaerolineae (69%), Clostridia (11%)
and Actinobacteria (9%) (Fig. 5A). Noticeable changes in
the community were observed in phase II-C: GG_CO2

GG_CO2

GG_N2

B
9e+08 -
6e+08 -
ol | m
oo, = ——— | -

Cell concentration (cells mL‘1)

GLU_CO2 GLY_CO2
C D
9e+08-
6e+08-
0e+00- N e i

Start

Phase II-A Phase II-B Phase II-C

Start  Phase II-A Phase II-B Phase II-C

Fig. 4 Total cell density measured at the beginning and the end of the different phases of experiment II. Data correspond to treatments with mixed
substrate (glycerol-glucose GG_CO2) at 5 bar pCO,, control at 5 bar pN, (GG_N2) and controls for conversion of individual substrate as glucose
(GLU_CO2) and glycerol (GLY_CO2) at 5 bar pCO,. Error bars represent the standard deviation of three technical replicates employed during flow

cytometry (FCM)
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Fig.5 Relative abundances of the top 10 most abundant classes
across all treatment and control samples in A bacterial community
and the top 5 most abundant classes in B archaeal community. The
horizontal axis includes the time points where samples were taken
and correspond to the start of experiment Il and the end of phase II-A
(209 h), II-B (376 h) and II-C (596 h)

still showed Anaerolineae predominance (50+6%),
but the abundance of Clostridia (20+14%) and Nega-
tivicutes (11+£9%) increased. Synergistia (6+4%) also
showed higher abundance than phases II-A and II-B. In
GG_N2, Clostridia (52%) and Anaerolineae (37%) were
predominant and Synergistia exhibited low abundance
(2%). Clostridia (36%) dominated in GLY_CQO2, followed
closely by Anaerolineae (27%), Negativicutes (23%) and
Synergistia corresponded to 4%. In GLU_CO2, bacterial
community composition resembled phase II-A: Anaero-
linea (54%), Clostridia (32%), but Synergistia accounted
for 5% (Fig. 5A).

The dominant classes in the archaeal community
were Methanomicrobia and Methanobacteria, with
fluctuating abundances throughout experiment II. After
phase II-A, Methanomicrobia and Methanobacteria
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accounted for 76 4% and 23 +£4% in GG_CO2.In GG_
N2, their abundances were 66 and 32%, respectively.
In GLY_CO2 and GLU_CO2, abundances were simi-
lar: 59% vs. 41% (Fig. 5B). In phase II-B, abundances
remained comparable to phase II-A for GG_CO2,
GLY_CO2 and GLU_CO2. However, GG_N2 showed
an increased abundance of Methanomicrobia (80%)
(Fig. 5B). In phase II-C, some slight changes in the
abundance were observed. Methanomicrobia corre-
sponded to 76£1% and Methanobacteria to 23+£1%
in GG_CO2. Relative abundances of both families in
GG_N2, GLU_CO2 and GLY_CO?2, corresponded to
73-27%, 67-32% and 72-28%, respectively (Fig. 5B).
The trends in group predominance in the bacterial and
archaeal communities were also validated by absolute
taxon abundance with flow cytometry data according
to [54] to highlight the effect of inter-sample changes
in cell density during experiment II (Additional file 1:
Fig. S1.

Significant differences in richness were only found in
the archaeal community (p=0.005) when comparing
the initial and final stages in experiment II, and not in
the bacterial community (p=0.18). In terms of the beta
diversity, significant differences were found between the
archaeal community in the inoculum and the sample
used as starting point for experiment II, indicated as t=0
in Fig. 5 (p=0.03), which suggests an effect of sample
storage. However, this was not the case for the bacterial
communities (p=0.14). On the other hand, significant
differences were not found between the bacterial and
archaeal community when grouped by type of substrate
(»p=0.78 and p=0.83) and gas used for headspace pres-
surization (p=0.63 and p =0.85), respectively. However,
bacterial and archaeal communities were significantly
different when considering the presence and absence
of formate as an additional electron donor (p=0.001
and p=0.03). Total cell density, as the proxy of biomass
growth, measured carboxylate concentrations, external
electron donor (formate) and pCO, were included in a
canonical correspondence analysis (CCA) to highlight
possible correlations between process conditions and
microbial community structure. The constrained vari-
ables selected for constructing the model explained 70%
(p=0.001) of the variance in the microbial community
(Fig. 6).

Undissociated carboxylic acids

High substrate concentration leading to an increase
in the S/X ratio (Phase II-B) could be compatible with
enhanced acid production, due to disparities in acid
production and consumption. Combined with CO,
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Fig. 6 Canonical correspondence analysis (CCA) of the microbial
community ordinated at the OTU level. Samples correspond to mixed
substrate (GG_CO2) at 5 bar pCO,, mixed substrate control at 5 bar
PN, (GG_N2) and single substrate controls (glucose GLU_CO2 and
glycerol GLY_CO2). Significant correlations between community
composition and operational conditions: elevated pCO, (P),

presence of formate as additional electron donor (F), carboxylate
concentrations (acetate (Ac), propionate (Pr), butyrate (Bu)) and cell
density concentrations (CD normalized to the log;, ) are depicted as
blue arrows

dissolution in each phase, it could have led to pH fluc-
tuations, despite the provided high buffer concentration.
Lowered pH could provoke an increase in the concen-
tration of undissociated carboxylic acids, which could
inhibit microbial activity. A pH value of 6.5 was calcu-
lated (“Methods” Egs. 2 and 3) as the lowest equilibrium
value achieved in phase II-B, and we used it to estimate
the time evolution of undissociated acetic (HAc), propi-
onic (HPr) and butyric (HBu) acids throughout experi-
ment II as depicted in Fig. 7. Additionally, undissociated
carboxylic acid concentrations were employed to investi-
gate possible correlations with changes in the microbial
community structure. A significant negative correlation
between total undissociated carboxylic acids (expressed
as mg HAc equivalents L™!) and the log-absolute abun-
dance of total archaea (r,=— 0.71, p=0.002) was found
(Additional file 1: Fig. S2A). Both predominant classes,
Methanomicrobia and Methanobacteria, were nega-
tively correlated with undissociated carboxylic acids
(ry=— 0.73, p=0.001 and r,=— 0.58, p=0.019) (Addi-
tional file 1: Fig. S2B, C).
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Discussion

Interaction effects between elevated pCO,-operational
conditions steer product formation in anaerobic mixed
culture fermentation

Previous research has suggested a potential steering
role of elevated pCO, in anaerobic processes, e.g., AD
and mixed culture fermentation, particularly concern-
ing propionate production [26]. Observed differences in
the production/conversion of propionate and butyrate
in GG_CO2 and GG_N2 during experiment II align
with this proposition. However, these differences can-
not be exclusively ascribed to elevated pCO,, since there
were also disparities in methanogenic activity between
GG_CO2 and GG_N2 (Table 1), which could have led
to the accumulation of reducing equivalents, eventu-
ally impacting pathway feasibility. Higher CH, produc-
tion occurred in GG_N2 than in GG_CO2 during phases
II-A and II-B (Fig. 2A, B), which aligns with results pre-
viously presented for glucose and glycerol conversion
with non-adapted inoculum at 5 bar pN,/pCO, [55]. Our
previous work [51] reported a reduction (53 to 85%) in
the methane yields when reactor headspace was pres-
surized with CO, rather than N,. However, in phase
II-C, the obtained CH, became similar in GG_CO2 and
GG_N2 due to a decrease in the methanogenic activity
in GG_N2 (Table 3) and resumed methanogenic activ-
ity in GG_CO2 after decreasing the S/X ratio and add-
ing formate (Fig. 2A, B). These changes in methanogenic
activity occurred despite the overall reduction in absolute
archaeal abundances (Additional file 1: Fig. S1B).

Several roles can be attributed to formate in the metha-
nogenesis reestablishment during phase II-C. Formate
can be indistinctively used by some hydrogenotrophic
methanogens [56, 57] and acetogenic bacteria, as an elec-
tron donor [58]. Acetogenic bacteria have shown a higher
formate affinity than methanogens when cultivated
together; thus, at low formate concentrations, acetogenic
bacteria could outcompete methanogens regarding
formate utilization [59]. Under conditions of elevated
pCO,, methanogenesis in GG_CO2 could have been re-
established via a “mediated” process. Acetogenic bacte-
ria could have utilized formate to fix CO, into acetate,
which, together with acetate from glucose fermentation
(Egs. 3, 4, 6 Additional file 1: Table S2), was subsequently
consumed by acetotrophic methanogens. The concomi-
tant increase in the absolute abundance of Clostridium
and Veillonella spp. and class Methanomicrobia (genus
Methanosaeta) in treatments GG_CO2 during phase II-C
supports this postulate (Fig. 5). It has been reported that
low formate concentrations (2 mM) can have notorious
effects on microbial growth and activity [58, 60]; but also
microbial acclimation after short-term sequential batch
incubation [61] could have played a role in the observed
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Fig. 7 Evolution of calculated undissociated carboxylic acid concentrations (acetic—HAc, propionic—HPr and butyric—HBu acids) during
experiment II. Data are presented for mixed substrate treatments at 5 bar pCO2 (GG_CO2) (A), mixed substrate control at 5 bar pN2 (GG_N2) (B) and
single substrate controls (glucose GLU_CO2 and glycerol GLY_CO2) (C and D)

differences between phase II-A and II-C in the treat-
ments of experiment II. More experimental work includ-
ing incubations in parallel is required to differentiate
effects associated with formate addition and microbial
acclimation.

The product spectrum in GG_CO2 closely resembled
the expected profile from the independent conversion
of glycerol and glucose at 5 bar pCO,, with propion-
ate and butyrate being present (Fig. 2). Butyrate rather
than propionate concentrations were significantly dif-
ferent between GG_CO2 and GG_N2 (see Results). At
first instance, this result diverges from observations
presented earlier [26, 55], and it does not align with a
direct link between elevated pCO, and, e.g., high pro-
pionate levels. However, this finding evidences that the
relation pCO,—product spectrum is more complex than
initially proposed. The product profile does not seem to
be defined by an isolated effect of pCO,, but rather by
interaction effects with operational conditions, such as
type of substrate, S/X ratio and presence of additional

electron donors (Table 3). Furthermore, these changes in
the intermediate product spectrum result from a trade-
off in terms of reduced substrate consumption rate and
establishment of lag-phases due to elevated pCO, (Fig. 1,
Table 1).

When analyzing the product spectrum for the indi-
vidual substrates, enhanced propionate production from
glycerol was observed in control GLY_CO2 at 5 bar pCO,
(Fig. 2). Elevated pCO, most likely stimulated carbon
fixation in the reductive side of the TCA cycle towards
propionate via the higher activity of enzymes, such as
pyruvate carboxylase [62], CoA transferase [63] and PEP
carboxykinase [64]. In contrast to results presented ear-
lier [26, 55], where propionate was the main metabolite
from glucose conversion under 5.0 and 6.2 bar pCO,,
respectively, GLU_CO?2 presented high butyrate and ace-
tate levels. Increased butyrate production in GLU_CO2
and GG_CO2 could be attributed to the presence of
excess acetate and carbohydrates enhancing the activity
of butyryl-CoA:acetate CoA-transferase, a key enzyme in
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the pathway of certain Clostridium spp. [65] (Eq. 5 Addi-
tional file 1: Table S2). Clostridium spp. were a predomi-
nant bacterial group in GLU_CO2 (Fig. 5A) and showed
a strong positive correlation with butyrate concentra-
tions (Fig. 6). However, they were less predominant in
prior glucose experiments [55] and DGGE results from
[26], which helps to explain differences in the reported
product spectrum composition. Excess acetate may
be ascribed to reduced consumption by acetotrophic
methanogens, since absolute archaeal abundances were
negatively impacted by elevated CO, (Additional file 1:
Fig. S1B), high S/X ratio (phase II-B) and increasing con-
centrations of undissociated carboxylic acids (Fig. 7).

In GG_CO2 succinate production may have become a
suitable alternative to dispose of excess reducing equiv-
alents after formate addition if propionate conversion
became limited by the predicted high concentrations of
undissociated carboxylic acids [66] (Fig. 7). Stimulat-
ing carboxylation activity in pyruvate carboxylase and
PEP carboxykinase by elevated CO, concentrations has
shown positive correlations with succinate production
[67]. In pure cultures of Actinobacillus succinogenes,
keeping CO, concentrations above 17.1% saturation
increased succinate levels [68]. Besides CO, supply, pro-
viding an additional electron donor (in this case, formate)
has been favorable for succinate production [37]. As an
intermediate metabolite in pressurized anaerobic sys-
tems, succinate has only been previously reported by [69]
as a product of the saccharification of gelatinized starch
at 30 °C and 16 bar. Thus, despite yields being low, i.e.,
succinate represented < 10% of the COD fed to GG_CO2
in phase II_C (Table 1), results constitute encouraging
evidence of the steering potential of elevated pCO,.

Other changes in product spectrum after formate
addition in phase II-C were related to higher acetate
concentrations in the controls (Fig. 2). Our results sug-
gest, through indirect observations, the occurrence of
enhanced CO, fixation in phase II-C, due to formate
addition. First, a considerable increase in COD-acetate
in GLU_CO2 and particularly in GLY_CO2 was observed
(Table 2). Second, significant differences were detected
in the absolute abundances of bacteria with possible
acetogenic metabolism in the Firmicutes phylum, such
as Clostridium spp., (p<0.05). Third, an increased rela-
tive abundance of Methanosaeta (Fig. 5B) in response to
higher acetate levels with concomitant recovered CH,
production in all pCO, treatments (Table 2). Finally,
high cell densities in GG_CO2 and GLY_CO2 could have
resulted from carbon and electron fluxes being directed
towards anabolic processes in response to enhanced
CO, fixation in the presence of organic non-methanized
substrate (formate) as electron donor (Fig. 4A and D).
However, definite proof of enhanced CO, fixation shall
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come from studies with labeled formate and CO, to
track the carbon faith on pressurized anaerobic con-
versions. In this way, it will be possible to differentiate
between acetate from CO, fixation and acetate accumu-
lated because of reduced methanogenic activity. Moreo-
ver, substrate-labeled studies can be complemented with
genome-centric metatranscriptomics analysis to examine
the up-regulation of, e.g., genes of the Wood-Ljungdahl
pathway in metagenome-assembled genomes [70].

Other differences between GG_CO2 and GG_N2
corresponded to measured cell densities and biomass-
related products. After two pressurization cycles and
formate addition in phase II-C, final cell density (proxy
of biomass growth) was 1.5 and 4.5 times higher in GG_
CO2 than in controls GG_N2 and GLU_CO2, respec-
tively (Fig. 4). According to the aligned rank transform
test, the presence of an additional electron donor was a
significant factor to explain differences in cell density
(Table 3). The additional availability of reducing equiva-
lents from formate could have enhanced CO, fixation
and, in turn, increased levels of acetyl-CoA, a precur-
sor of anabolic and catabolic products [71]. Remarkably,
there was an opposite trend between the results from cell
density measurements and VSS concentrations in experi-
ment II. When analyzing VSS (expressed as COD-bio-
mass), the values for GG_N2 were the ones 1.7, 2.7 and
2.5 times higher than GG_CO2, GLY_CO2 and GLU_
CO2 in phase II-C, respectively (Table 2). These results
suggest that VSS may not constitute an adequate proxy
of biomass growth, since it does not distinguish between
dead/non-viable cells, extracellular compounds and the
biomass corresponding to active microbial cells [36, 72].
Further research shall systematically quantify biomass
and biomass-associated products under pressurized
headspace to discriminate between enhanced anabolism
and higher synthesis of extracellular microbial products.

Interaction effects between elevated pCO,-process
conditions modify the community composition

and indirectly product spectrum

The interaction effects between pCO,—operational con-
ditions were expected to modify the metabolic activity
and microbial community structure, indirectly impact-
ing the product spectrum. Particularly, under unfa-
vorable conditions for methanogenesis, such as high
S/X ratio, increased undissociated carboxylic acids and
elevated pCO,, an increase in the abundance of stress-
tolerant microorganisms with metabolic flexibility was
expected [73]. The absolute abundances of the par excel-
lence stress-tolerant Clostridium spp. (Additional file 1:
Fig. S1) were significantly different (p=0.001) when
considering phase II-A, II-B and II-C as grouping fac-
tor in experiment II. Previous investigations have shown
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positive effects of formate addition on the growth rates
and total carbon fixation of certain acetogenic cultures,
particularly in Clostridium spp. such as C. ljungdahlii
and C. carboxidivorans [58, 74], which aligns with the
changes of Clostridium spp. in phase II-C. Metabolic
pathways for carbohydrate fermentation in Clostrid-
ium spp. are diverse. At low pH, ABE fermentation, i.e.,
acetone—butanol—ethanol [75] occurs, whereas, at cir-
cumneutral pH, the fermentation pattern could be domi-
nated by butyrate-acetate [76]. Propionate production in
Clostridium spp. is ascribed to the acrylate pathway, i.e.,
lactate to propionate [77], occurs in particular strains (C.
propionicum) and has been evidenced using glucose or
glycerol as substrates [78]. Hence, provided that Clostrid-
ium spp. with propionate-producing metabolism are
selected, the acrylate pathway also constitutes a thermo-
dynamically feasible option for propionate production,
with lower dependency on CO, availability at circumneu-
tral pH (Eq. 11, Additional file 1: Table S2), as in the case
of GG_N2.

Another remarkable result corresponds to the increase
in the absolute abundance of the class Negativicutes, par-
ticularly the family Veillonellaceae, when glycerol and
elevated pCO, were present (GG_CO2 and GLY_CO2,
Additional file 1: Fig. S1A). In systems degrading glyc-
erol at circumneutral pH, a concomitant increase in the
abundance of Veillonellaceae and Clostridiaceae has been
observed [79]. Propionate production is the preferred
pathway for glycerol conversion in most members of
Veillonellaceae [3, 80, 81], which also became evident in
the strong positive correlation between Veillonellaceae
and high propionate concentrations (Fig. 6). In this fam-
ily and the Negativicutes class, the most common path-
way for propionate production is the succinate pathway,
i.e., phosphoenolpyruvate (PEP) — succinate — propion-
ate, where CO, plays a role. Glycerol conversion experi-
ments with open mixed cultures gave limited emphasis
to CO, evolution in the headspace or liquid medium [3,
79]; thus, an indirect causal relation between CO, levels
and enhanced propionate production via the selection of
members from the Veillonellaceae family, with reported
acetogenic nature in the lineage [82], may have been over-
looked. However, the observation that Veillonellaceae
was a less relevant group in GG_N2 (Fig. 5A), where glyc-
erol was present but not CO,, supports the hypothesis of
CO, requirement for Veillonellaceae predominance.

The sustained predominance of class Methanomicro-
bia (genus Methanosaeta), particularly in GG_CO2 and
GLY_CO2 and to a lower extent in GLU_CO2 (Fig. 5B),
also stands out from the presented results. This obser-
vation aligns with our previous results [55] and prior
pressurized AD studies [26]. Methanosaetaceae became
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predominant in the archaeal community, although ele-
vated pCO, conventionally results in thermodynamic
constraints towards acetotrophic methanogenesis [29].
In addition, Methanosaeta is unable to directly utilize
hydrogen and formate for CO, reduction to CH,—[83].
However, additional thermodynamics analyses showed
that increasing acetate concentrations (phase II-C)
(Table 2) might compensate for detrimental effects of ele-
vated pCO, ultimately helping to develop favorable bio-
energetics for acetotrophic methanogenesis (Additional
file 1: Fig. S3). A recent study by [3] proposed that Meth-
anosaeta may be more resilient to increasing carboxylate
concentrations, further explaining the predominance of
this group during Experiment II.

A possible link between increased pCO, levels and the
abundance of members of the class Anaerolinea, whose
relative abundance remained high throughout experi-
ment II (Fig. 5A), remains to be elucidated. On one side,
since these microorganisms were highly abundant in the
original inoculum (Fig. 5A), they could be considered
part of the core anaerobic microbiome as other close
relatives in the Chloroflexi phylum [84]. On the other
side, the observed fluctuations in absolute abundances
throughout experiment II (Additional file 1: Fig. S1A)
suggest an effect of applied operational conditions on
this microbial group. Pressure and higher concentra-
tions of carboxylic acids could have selected for Anaero-
linea populations, due to their adhesive feature enabling
attachment, formation of protective structures and
exchange of intermediate products [85]. Furthermore,
recent research in deep-sea sediments has provided evi-
dence of a homoacetogenic lifestyle for members of phy-
lum Chloroflexi [86]. Thus, if elevated pCO, selected for
homoacetogens in the Anaerolinea class, this may con-
stitute additional explanatory evidence for the coexist-
ence with Methanosaeta spp. as observed in this research
(Additional file 1: Fig. S1) and other anaerobic reactors
[84, 87]. These findings encourage further exploration
of this presumed syntrophic relation in atmospheric and
pressurized anaerobic systems.

We have elaborated on the possible roles of micro-
bial groups present after the anaerobic microbiome was
exposed to elevated pCO, and to successive changes in
the S/X ratio and addition of external electron donor.
However, since “presence does not imply activity” [88],
the next step in the exploration of the microbial ecology
of high-pressure anaerobic digesters will be the applica-
tion of more advanced -omics (metagenomics, metatran-
scriptomics) to gain insight into the gene expression and
pathway assembly in response to conditions of elevated
pCO, [89, 90].
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Combined pH-pCO, effects impact pathway feasibility

in anaerobic systems leading to modified product
spectrum

Sequential batch operation at elevated pCO,, with mod-
erately high substrate concentration, high S/X ratio and
relatively short phase durations, led to constrained com-
plete acid conversion (Fig. 3). Acid accumulation, in turn,
could have had a more substantial effect due to higher
pH fluctuations than anticipated during the provision
of 150 mM buffer as HCO;~. Thus, the system could
have experienced lower pH than the calculated value of
6.5, leading to higher levels of undissociated carboxylic
acids than those predicted in experiment II and conse-
quently to product-induced inhibition (Fig. 7). Propion-
ate conversion is inhibited by concentrations>80 mg
L~! undissociated propionic acid (HPr) and ~ 3 mg L™
undissociated acetic acid (HAc) at pH=7 [91]. Limited
propionate conversion at a higher HPr concentration of
260 mg L' has been reported [35] and coincides with
the upper boundary for predicted HPr in experiment II
(Fig. 7D). Inhibition of the specific acetic acid utilization
rate in methanogens at 145 mg HAc L™! was reported
by [92] and a higher concentration of 1141 mg HAc L™
caused inhibitory effects on hydrogen yield from glucose
[93]. A 37-60% reduction in the net carboxylates produc-
tion from glucose at 2000 mg HAc L™}, 1400 mg HPr L™
and 120 mg HBu L™, has also been documented [66].
Thus, product-induced inhibition due to increased undis-
sociated carboxylic acids, as an outcome of combined
pH-pCO, effects, could help to explain carboxylates (e.g.,
propionate) accumulation and changes in product spec-
trum at elevated pCO, and high S/X ratio. However, it
cannot be considered the standalone explanatory mecha-
nism in experiment II, since carboxylates accumulation
occurred already in phase II-A at lower concentrations
of undissociated carboxylic acids (Figs. 2, 7). Therefore,
increasing undissociated carboxylic acid concentrations
complement the explanatory mechanism for steering
product formation in experiment II based on the inter-
action effects between pCO,—process conditions and its
modification of microbial community composition.

Total concentrations of carboxylates, particularly
undissociated ones, could become a strong modifier of
microbial community structure [94] and activity [95].
Hence, in the scenario of increasing undissociated car-
boxylic acid concentrations in experiment II, dissimilari-
ties in the abundance of syntrophic partners constrained
microbial syntrophy. These dissimilarities were associated
with a significant, moderate negative correlation between
archaeal abundance and undissociated carboxylic acids
(Additional file 1: Fig. S2A) and the significant differences
in the abundance of syntrophic organisms from class
Synergistia (p<0.05) when phase was considered the

(2023) 16:27

Page 14 of 20

grouping factor in GG_CO2. Eventually, the constrained
syntrophic conversion of propionate and butyrate would
have led to the divergence of the pressurized anaerobic
system from CH, to carboxylates production in a single
reactor without the addition of methanogenic inhibitors
due to interaction effects between elevated pCO,, pH and
high S/X ratio in experiment II. However, more experi-
ments are needed to extrapolate our present observations
regarding the steering of product formation from CH,
to carboxylates based on the interaction effect of opera-
tional parameters. In future experiments, other types of
anaerobic inoculum shall be used and a higher variability
in the range of selected operational conditions shall be
applied to address the issue of reproducibility.

Methods

Inoculum

Flocculent anaerobic sludge was obtained from an
anaerobic membrane bioreactor (AnMBR), treating
wastewater from a food and feed industry, as reported
in [36]. The physicochemical characteristics of the
inoculum are presented in Table 4. The inoculum was
stored for one month at 5.6 °C. After that, biomass
was pre-incubated at its original operational tempera-
ture (35 °C) and concomitantly activated with 50 mg
L~! substrate (glucose) for 24 h before starting the
experiments.

Mixed substrate conversion under elevated pCO,

Sequential batch experiments were carried out to
investigate the effect of successive changes in opera-
tional conditions (e.g., high S/X ratio and addition of
formate as external electron donor) on carboxylates
and CH, production under elevated pCO, (5 bar).
Batch incubation modality was selected based on the

Table 4 Physicochemical ~ characterization  of  anaerobic
inoculum used in experiments | and II*

Parameter Unit Mean+SD
Total chemical oxygen demand (TCOD)? gL 307402
Soluble COD (SCOD) mg L™ 275412
Total suspended solids (TSS) gL 157403
Volatile suspended solids (VSS)? glL™! 15240.1
VSS/TSS % 95+£2
Ammonium (NH,—-N) mg L 217402
Total phosphorous (TP) mg L™! 498438
pH - 73

*Average and standard deviations calculated from technical replicates (n=3)

@The high COD/VSS ratio is attributed to the presence of fats in the original
inoculum, since it was treating influent containing residues from chocolate and
animal feed production
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Table 5 Overview of dual substrate conversion experiments under elevated partial pressure of carbon dioxide (pCO,)

Experiment Description Conditions
Duration (h) pCO, (bar) Biomass Soluble COD
(gVss reactor®
L (gL™
I Reference conversion rate of glucose, glycerol and mixed substrate (1:1 molar 7 5 44 37
ratio) under elevated pCO,
II-A Mixed substrate effect on carboxylates production under elevated pCO, (1:1 0-216 5 44 5
molar ratio)
II-B Effect of higher substrate concentration to increase the substrate-to-biomass ~ 216-376 5 2.1 10
ratio (S/X) on carboxylates production under elevated pCO,
II-C Mixed substrate effect on carboxylates production under elevated pCO, (1:1 376-596 5 2.0 5

molar ratio) + additional electron donor (formate—5 mM)

2 COD reactor corresponds to the intended concentration after feeding concentrated substrate solution to each reactor

premise of anticipated differentiated microbial com-
munity responses depending on the way the stress con-
dition is applied (direct vs. successive), as reported for
other stressors such as high NH,* concentrations [61].
An operational pressure of 5 bar pCO, was selected
as a boundary condition between extended lag-phases
and noticeable CO, effects on substrate conversion
based on previous work [29, 55]. Pressurized stainless-
steel reactors (200 mL) (Nantong Vasia, China) were
employed for the batch incubations. The liquid medium
(120 mL), added to each reactor, consisted of substrate,
macro and micronutrients solution prepared accord-
ing to [96] and buffer solution at a concentration of
150 mM as HCO;™ to keep pH around 7.5. Concentra-
tions and molar ratios between glycerol and glucose in
the feeding solution varied in the different experiments,
as explained in Table 5.

Experiment I: determination of reference substrate
conversion rate under elevated pCO,

This experiment was conducted to estimate the conver-
sion rates of glycerol, glucose and the mixture (1:1 molar
ratio) at 5 bar pCO,. We used the activated and pre-incu-
bated inoculum described in the previous section and the
operational conditions summarized in Table 5.

Experiment Il: mixed substrate (glycerol and glucose)
conversion under elevated pCO,

This experiment consisted of three sequential phases
(II-A, II-B and II-C) with varying operational condi-
tions under elevated pCO, to monitor shifts in product
spectrum and microbial community structure. Experi-
ments corresponding to the main condition of inter-
est, mixed substrate of glycerol and glucose (GG_CO2),
were carried out in triplicates. Three single controls were
included for individual glycerol and glucose conversion
at 5 bar pCO, (GLY_CO2, GLU_CO2) and conditions of

pressurized headspace with a non-reactive gas, i.e., 5 bar
using nitrogen (GG_N2). Due to limited reactor avail-
ability, controls were carried out in parallel as single reac-
tors. This approach was chosen to avoid differences in
the characteristics of the starting inoculum between the
main condition and controls if otherwise decided to carry
out triplicate controls as temporal sequential batches.
Stainless steel reactors were inoculated with acclimated
inoculum, incubated at 35 °C and continuously shaken
at 110 rpm. Samples (2 mL liquid and 10 mL gas) were
taken trice per day (first 2 days), twice per day (subse-
quent days) and once per day (last 3—4 days) to measure
substrate conversion and formation of liquid and gaseous
products in each phase. From liquid samples collected at
the initial (t=0 h) and the endpoint of each phase, 250
uL was fixed with glutaraldehyde (1% v/v) and stored at
5 °C for total cell determination by flow cytometry.

Phase II-A: mixed substrate conversion

Operational conditions and experiment duration are
reported in Table 5. Macro- and micronutrients were
proportionally dosed according to the increase in ini-
tial COD to prevent nutrient limitations. Buffer solution
(150 mM as HCO3™) was provided in the feeding solu-
tion. Reactor headspace was adjusted to 5 bar pCO, fol-
lowing the methodology described in [29] and left for
equilibration with the liquid phase for 2 h. The experi-
ment was terminated after complete substrate depletion
and >70% soluble COD was recovered in liquid and gase-
ous products.

Phase II-B: effect of high substrate concentration to increase
S/X ratio

After the final liquid and gas sampling in experiment II-A,
20 mL was removed from all reactors via the liquid sam-
pling port and replaced by fresh medium (40 mL in total)
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to start phase II-B at a moderate volumetric exchange
ratio of 33%. Fresh medium for reactors GG_CO2 con-
sisted of a concentrated solution to achieve substrate
concentrations indicated in Table 5. Macro- and micro-
nutrients were proportionally dosed. The fresh medium
was injected into the pressurized reactors employing
a pressure-resistant, stainless steel, double-ended liq-
uid sampling vessel with an effective volume of 100 mL
(Swagelok, US). One side of the vessel was connected to
a>99% compressed CO, bottle, set at 2 bar overpres-
sure from the manometer reading. The other side was
connected to one of the liquid sampling ports of the
pressure reactors controlled by a stainless-steel needle
valve. Pressure deviations occurred after liquid extrac-
tion and new medium injection; thus, before restart-
ing the experiment, headspace pressure was adjusted to
5 bar total pressure with>99% CO, or N,. After one hour
stabilization period, gas samples (10 mL) were taken to
determine the initial gas composition. Experiment II-B
was finalized after complete substrate depletion (10 days
comparable with phase II-A), corresponding to a COD-
recovery >50% in gaseous and liquid products.

Phase II-C: effect of external electron donor (formate)

This experiment was initiated after final liquid and gas
sampling in phase II-B. Reactor feeding and re-pressuri-
zation were carried out as previously described for phase
II-B and under the operational conditions mentioned
in Table 5. Formate (5 mM) was added to the concen-
trated feeding solution to evaluate the effect of additional
electron donor in the product spectrum under elevated
pCO,.

Analyses

Physicochemical analyses

Secondary metabolites, i.e., acetate, propionate, butyrate
and valerate were measured from filtered (0.45 pum) liq-
uid samples by gas chromatography (7890A GC, Agilent
Technologies, US) according to [97]. The detection lim-
its for these compounds were 12, 16, 18 and 23 mg L™,
respectively. The method and device settings also allowed
alcohol determination (ethanol, propanol, butanol);
however, amounts in our samples were below the detec-
tion limits (5, 2.5 and 2.5 mg L™}, respectively). Glucose,
glycerol, formate, succinate and lactate were measured
in filtered (0.45 pum), acidified samples by high-perfor-
mance liquid chromatography (LC-20AT; Shimadzu,
Japan) using an Aminex HPX-87H (300 x 7.8 mm) col-
umn with sulphuric acid (5 mM) as eluent. Operational
conditions were as follows: flow rate of 0.5 mL min~},
RID-20A detector at 50 °C for glucose and glycerol deter-
mination and SPD-20A detector at 40 °C with wavelength
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at 210 nm for organic acids. The detection limits were
50 mg L™! for organic acids, glucose, and glycerol accord-
ing to prepared calibration curves. Gas samples (10 mL)
were measured by gas chromatography (7890A GC,
Agilent Technologies, US) as described in [55]. The pH
(inoLab® Multi 9620 IDS), total and soluble COD, TSS
and VSS, ammonium and total phosphorus were meas-
ured according to standard methods [98].

Total cell numbers

Total cell numbers were assessed by flow cytometry
(AttuneTM NxT 2019; InvitrogenTM—ThermoFisher
SCIENTIFIC, US) using Mili-Q as sheath fluid. Pre-treat-
ment started with fixed samples vortexed and diluted
(1:10) with 0.20-um filtered phosphate-buffered saline
(PBS) solution. Next, diluted samples were sonicated
(100 W) for 3 min at room temperature, vortexed, filtered
at 20 um with falcon, sterile, syringe-type filters (BD BIO-
SCIENCES, US) and serially diluted (1:1000). After pre-
treatment, samples were placed in 96-well plates, stained
with 5% SYBR® Green I (InvitrogenTM—ThermoFisher
SCIENTIFIC, US) and incubated at 37 °C for 20 min. The
AttuneTM NxT 2019 was used in the BRxx configuration
with two lasers: 480 nm and 635 nm. The channel used
during the measurements corresponded to BL1 (530/30).

Microbial community analysis and statistical processing

Liquid samples (1.5 mL) were centrifuged at 12,298 RCF
for 2 min and obtained biomass pellets were collected
and stored at — 80 °C. The DNA extraction was done
according to the DNeasy UltraClean Microbial Kit (Qia-
gen, Germany). The DNA quality and quantity were con-
trolled using Qubit® 3.0 DNA detection (Qubit dsDNA
HS Assay Kit, Life Technologies, United States). Library
construction, sequencing in the Illumina platform and
preliminary data processing were done according to the
internal protocol from Novogene (Hong Kong) (Addi-
tional file 1: Materials and methods). Statistical analyses
from microbial community data were carried out in R
version 3.6.1 (http://www.r-project.org) [99]. Canoni-
cal correspondence analysis (CCA) was performed in R
software [99], employing the function cca from the vegan
package [100]. The CCA was selected for the analysis,
since it effectively assesses how environmental factors or
process conditions (pCO,, carboxylates concentration,
formate) relate to the microbial community structure
[101]. The significance of the ordination based on the
selected environmental constraints and of the canonical
axes was tested via permutation analysis (anova.cca). As
a measurement of alpha diversity, community richness
was calculated based on the total number of taxa after
singleton removal, using the function estimate_richness()
from the phyloseq package [102]. Significant differences
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(p<0.05) in beta diversity, calculated using the Bray-
Curtis distance measure [103], were identified employing
pairwise permutational ANOVA (PERMANOVA) using
the adonis function (vegan). Spearman’s correlation anal-
yses were carried out using the function cor.test (). Non-
parametric analysis of variance was performed using the
Wilcoxon test for paired samples. The variance in car-
boxylates concentration (acetate, propionate, butyrate),
succinate concentration and cell density, due to the main
effects and interactions of three independent factors, e.g.,
process conditions as gas pressure, substrate concentra-
tion and additional electron donor was analyzed with the
R package ARTool (Align-and-rank data for non-para-
metric factorial ANOVA) [104].

Estimation of substrate conversion rates

The application “Simple fit” from OriginPro [105] was used
to adjust non-linear or linear models to describe substrate
conversion. Logistic models and linear regression have
been previously reported in the literature as good approxi-
mations to describe soluble substrate utilization in AD
[106, 107]. Simple linear regression and the logistic model
were employed to fit the data in experiment I, whereas only
the logistic model proved adequate to fit the data in experi-
ment II.

The logistic model equation (Eq. 1) corresponds to

a
T (1 + exp(—k(x — x0)))’ @

y

where y represents the substrate concentration, a the
maximal initial substrate concentration (mg L™!), k is the
logistic model constant comparable to the consumption
rate (h™1), x corresponds to time (h) and x, is the time
point where the sigmoid changes its curvature.

Calculations

Bioenergetics

Thermodynamic calculations were developed according
to [108] to establish the energy feasibility of biochemical
reactions possibly occurring in pressurized experiments.
Substrate and product concentrations corresponded to the
physiological range (1 mM) and corrections were applied
only for mesophilic temperature (35 °C) and initial pH
(7.5).

Reactor pH under elevated pCO, and concentration

of undissociated carboxylic acids

Due to limitations in the employed experimental set-up,
the pH could not be continuously registered during the
pressurized experiments. Therefore, we estimated the low-
est equilibrium pH possibly achieved in the system after
the equilibration of CO, concentrations between the head-
space and the liquid medium based on Henry’s law (Eq. 2)
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and the Henderson—Hasselbalch equation (Eq. 3). This pH
value was used to calculate the expected undissociated
carboxylic acid concentrations throughout experiment
II, based on the GC measurements for acetate, propion-
ate and butyrate. Equilibrium constants (ky, K,) were cor-
rected for mesophilic temperature (35 °C). The pKa values
for acetic, propionic and butyric were obtained from [66]
and for H,CO;* from [109]. For the Spearman correlation
analysis, the total concentration of undissociated acids was
expressed in acetic acid equivalents (mg L™!) according to
the method described by [110]:

H2C0§ = Pco, * Ky, (2)

[A7]

pH = pK, + log

Conclusions

Elevated pCO, can act as a steering parameter in anaer-
obic processes, e.g., mixed culture fermentation and
AD; however, its “modus operandi” is complex, and the
obtained selectivity leads to trade-offs with substrate
consumption rates and lag-phases. Changes in product
spectrum and cell density, rather than an isolated effect
of increasing pCO, showed dependency on the interac-
tion effects with process conditions, such as S/X ratio
and availability of external electron donor. Interaction
effects between elevated pCO, substrate specificity
and the aforementioned process conditions modified
the microbial community composition, e.g., higher
abundance of acetogenic microorganisms, whose activ-
ity further modified the product spectrum. Succinate
production was observed as a result of the interaction
effect between pCO, and formate in mixed substrate
experiments after subsequent pressurized cycles. Suc-
cinate production was attributed to the availability of
extra reducing equivalents, likely enhanced carbon fix-
ating activity and end-product accumulation (propion-
ate) due to increasing concentrations of undissociated
carboxylic acids.

Abbreviations

ABE Acetone-butanol-ethanol

AD Anaerobic digestion

CCA Canonical correspondence analysis
CcoD Chemical oxygen demand

EoP End-of-phase

FCM Flow cytometry measurement
HAC Undissociated acetic acid

HBu Undissociated butyric acid

HPAD High-pressure anaerobic digestion
HPr Undissociated propionic acid

NA Not available

pCO, CO, partial pressure

PEP Phosphoenolpyruvate
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SCOD Soluble chemical oxygen demand
TCOD Total chemical oxygen demand
TP Total phosphorous

TSS Total suspended solids

VSS Volatile suspended solids

WLP Wood-Ljungdahl pathway
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