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ABSTRACT

Recently, a study showed that a glycerol fermentation by Clostridium pasteurianum could be
metabolically redirected when the electroactive bacterium Geobacter sulfurreducens was added in the
culture. It was assumed that this metabolic shift of the fermentative species resulted from an interspecies
electron transfer. The aim of this study was to find out the mechanisms used for this interaction and how
they affect the metabolism of C. pasteurianum. To get insights into the mechanisms involved, several
coculture set-ups and RNA sequencing with differential expression analysis were performed. As a result,
a putative interaction model was proposed: G. sulfurreducens produces cobamides molecules that
possibly modify C. pasteurianum metabolic pathway at the key enzyme glycerol dehydratase, and affect
its vanadium nitrogenase expression. In addition, the results suggested that G. sulfurreducens’s electrons
could enter C. pasteurianum through its transmembrane flavin-bound polyferredoxin and cellular
cytochrome b5 — rubredoxin interplay, putatively reinforcing the metabolic shift. Unravelling the
mechanisms behind the interaction between fermentative and electroactive bacteria helps to better

understand the role of bacterial interactions in fermentation set-ups.

Keywords: Cobalamin, RNAseq, Clostridium pasteurianum, Geobacter sulfurreducens, metabolic

shift, interspecies electron transfer

Keypoints:
- C. pasteurianum — G. sulfurreducens interaction inducing a metabolic shift is mediated
- C. pasteurianum’s metabolic shift in coculture might be induced by cobamides

- Electrons possibly enter C. pasteurianum through a multiflavin polyferredoxin



Introduction

Climate change is a major challenge to be urgently tackled. To limit global warming to 1.5 °C in 2100
compared to 1990, it was proposed to reach net-zero CO, emissions by 2050 (Rogelj et al. 2018). In this
perspective, fossil fuels have to be partly replaced by liquid biofuels that are supposed to be multiplied
by a factor of 4 by 2050 in the framework of the “Net-zero emission roadmap’ (IEA 2021). The synthesis
of biodiesel, that represents the most important part of liquid biofuels, produces glycerol as a by-product.
As a consequence, the production of glycerol (5 million tons in 2011 of which only 40 % was used
according to Monteiro et al. 2018) is predicted to deeply increase in a near future. As a way of
valorisation, glycerol can be biologically transformed by fermentation into several valuable compounds
such as 1,3-propanediol, propionate or butanol that are useful energy or platform molecules (Monteiro
et al. 2018).

Fermentation with mixed cultures can be used as an inexpensive way for waste valorisation, but
bioprocess control is more difficult when compared to pure cultures. Strategies such as bioaugmentation
(Okonkwo et al. 2020) or electrofermentation (Moscoviz et al. 2016) were proposed to control such
fermentations. For example, addition of electrons with a poised electrode in a fermenter allowed for
redirection of metabolic pathways towards ethanol in a mixed culture glycerol fermentation (+130 %;
Moscoviz et al. 2018), and addition of Clostridium acetobutylicum led to higher yield in 1,3-propanediol
(up to a 60 % increase) and induced ethanol production in a similar set-up (Dams et al. 2016). Mixed
culture fermentations rely on a great number of microorganisms with considerable types of interactions
that rule the process and the formation of end products. Understanding bacterial interactions is thus
critical to trigger bioprocesses towards the production of specific compounds.

In previous studies, the glycerol-fermenting strain Clostridium pasteurianum was proven to divert its
metabolic pathway from butanol to 1,3-propanediol in presence of a cathode (Choi et al. 2014) or with
the bacterial partner Geobacter sulfurreducens (Moscoviz et al. 2017a). In the latter experience, C.
pasteurianum was cultivated along with the model electroactive bacterium G. sulfurreducens, the former

could ferment glycerol, but the latter lacked an electron acceptor to grow. G. sulfurreducens grew



though, suggesting that its electrons were transferred to C. pasteurianum. As a result of this forced
interaction, the metabolic profile of the fermentative species shifted towards the production of
propanediol at the expense of butanol, reaching a yield of 0.2 gpropanediol-Jglycerol = (+37 %). However, the
interaction mechanisms leading to such increase in 1,3-propanediol concentrations remain unknown.
Neither a cellular molecular switch, nor any electron transfer system was suspected for C. pasteurianum,
as the previously observed proteins involved in electron transfer such as c-type cytochromes (Faustino
et al. 2021; Lovley 2017), flavin-based protein cluster (Light et al. 2018) or aerobic cytochrome bd
(Pankratova et al. 2018; Paquete 2020) are not present in this species. Understanding the interaction
mechanism between this fermentative species and electroactive species is interesting to better control
mixed culture glycerol fermentation.

The present study aimed at characterizing the interaction between C. pasteurianum and G.
sulfurreducens leading to a metabolic shift of the fermentative species. The preculture conditions
favourable to this interaction were first investigated and RNA sequencing with differential expression
analysis was then performed to unravel C. pasteurianum’s inward electron transfer system and the

consequences on its metabolism.

Materials and methods

Media
Chemicals were purchased from Sigma Aldrich (Saint-Louis, USA) and were used for the following
media.
Trace metal solution (for 1L): nitrilotriacetic acid, 1.5 g; MgS0O4.7H,0, 3 g; MnSQ..H,0, 0.5 g; NaCl,
1 g; FeS0O4.7H,0, 0.2 g; C0oS04.7H,0, 0.18 g; CaCl,.2H,0, 0.1 g; ZnS0O4.7H20, 0.18 g; CuSO4.5H:0,
0.01 g; KAI(SO4)2.12H,0, 0.02 g; HsBOs, 0.01 g; Na,Mo04.2H,0, 0.01 g; NiCl,.6H,0, 0.03 g;

Na,Se03.5H,0, 0.3 mg; Na;W04.2H,0, 0.4 mg; The final pH was adjusted to 7.



Medium A (for 1L): glycerol, 10 g; NH4CI, 0.5 g; KCI, 0.3 g; NaH;P0..2H,0, 3.2 g; Na;HPO4, 4.5 g;
Na;SOq4, 0.1 g; MgCl,.6H,0, 0.15 g; cysteine.HCI, 0.2 g; 10 mL trace metal solution. The final pH was
adjusted to 6.5.

Medium B (for 1L): NH.CI, 1.5 g; KCI, 0.1 g; NaH2P0O4.2H;0, 0.7 g; NaAcO, 0.82 g; NaHCOs3, 2.5 g;
resazurine 1 mg; cysteine.HCI, 0.5 g; 10 mL of trace metal solution; Na.-fumarate, 8 g. The final pH of
the medium was 6.8.

Medium C (for 1L): glycerol, 10 g; NH4CI, 2 g; KCI, 0.75 g; NaH2P0O4.2H,0, 3.2 g; Na;HPO4, 4.5 ¢;
NaAcO, 0.82 g; Na;S04, 0,28 g; MgCl».6H,0, 0,26 g; cysteine.HCI, 0.2 g; 10 mL of trace metal solution.
The final pH of the medium was 6.9.

All media were 99.995 %-N; sparged, pH adjusted, cysteine amended and autoclaved before adding 10
mL/L Wolfe’s vitamin solution (Wolin et al. 1963), and fumarate if needed. 110-mL serum bottles (50

mL working volume) or 600-mL flasks (400 mL working volume) were used.

Experimental coculture setup

G. sulfurreducens PCA DSM12127 was purchased from DSMZ (Braunschweig, Germany) and was
cultivated in medium B in 400 mL flasks. The pre-culture was centrifuged (4250 g 12 min) and washed
with medium C. After the recentrifugation (4250 g 12 min), and the resuspension, it was inoculated all
at once with the partner bacteria in medium C (final concentration x2.7). A fraction of the resuspension
was inoculated in medium B (50 mL) to check the viability of the cells. The concentration of C.
pasteurianum at the beginning of the cocultures was around 5x10° cells/mL and the concentration of G.
sulfurreducens was around 5x10° cells/mL.

C. pasteurianum DSM525 was purchased from DSMZ (Braunschweig, Germany) and was cultivated in
DSM medium 54b and subcultured in medium A at least twice to remove residual yeast extract before
inoculation 1/50 in medium C with or without G. sulfurreducens.

All bacteria were cultured in a shaking incubator at 35 °C (optimal temperature for G. sulfurreducens
DSM12127). All manipulations were performed using Hungate-type techniques modified by Miller (see

techniques in Miller and Wolin 1974).



The entire glycerol has always been consumed at the end of the fermentations. On-line pressure was

monitored every 30 minutes by a micro-gas chromatography pGC-3000 (SRA Instruments, France).

Analytical methods

Metabolites were sampled at initial (t0) and final (after 48 to 96 h) stage of growth, and were quantified
using a High Pressure Liquid Chromatography (Dionex Ultimate 3000). Aminex HPX-87H column
(BioRad Cat No. 125-0140) with a pre-column Cation H (BioRad Cat No. 125-0129) were heated at
45 °C. Mobile phase was H.SOs 4.1 mM at 0.3 mL/min, analysed through a refractometer (Waters
2414).

Gases were analysed at final stage with a Gas Chromatography (PerkinElmer Clarus 580) with a Rt-U-
BOND column (RESTEK Cat No. 19752 30m x 0.32mm x 10um) for CO; and a Rt-Msieve 5A column
(RESTEK Cat No. 19722 30m x 0.32mm x 30um) for N2, O, and H.. Mobile phase was argon (3.5 bars)
and the detector was a thermal conductivity detector. Temperatures of the injector, oven and detector
were 250, 60 and 150 °C respectively.

Absorbance spectra were recorded with a UV-visible UV-2501 PC spectrometer (Shimadzu, Nakagyo-
ku, Japan) with plastic cuvettes.

Ammonium quantification was assessed using LCK302 tubes (Hach, Dusseldorf, Germany) and

DR3900 spectrometer (Hach).

Molecular biology techniques

RNA was extracted using Qiagen RNeasy Mini kit (Qiagen Cat No./ID 74104). Cells (1.4 mL for C.
pasteurianum or 1 mL for cocultures) were harvested at a given pressure of the flasks (1.2 bar, i.e. during
the first hours of exponential growth) and put in 1.6 mL of RNA Protect Bacteria Reagent (Qiagen Cat
No./ID 76506) 5 minutes before having been centrifuged 5000 g 10 min. The pellet was stored at -80
°C. 20 pL of proteinase K (Qiagen Cat No./ID 19131) and 200 pL Tris-EDTA-lysozyme buffer (30 mM
Tris — 1 mM EDTA, pH 8, lysozyme 15 g/L) were added. The mix was incubated 10 min with 10 s
vortex every 2 min before adding 1300 pL RLT — B-mercaptoethanol (1 %) buffer and transferring into
lysis matrix E (MPBio). FastPrep-24 5G (MPBio) was used to lyse the cells (40 s at 6 m/s). The
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supernatant, after a 12,300 g 30 s centrifugation, was transferred into 1040 L absolute ethanol and the
mix was loaded onto the kit column. A 350 uL RW1 wash was followed by the adding of DNAse
(Qiagen Cat No./ID 79254) — RDD buffer (10-70 pL). After a 12 min incubation, 350 pL RW1 buffer
was added (5 min incubation) and eluted, before a 500 uL RPE buffer wash. RNAs were finally eluted
in 50 puL RNAse-free water and stored at -80 °C. Nucleic acids were quantified with a microplate reader
Spark (Tecan, Switzerland). Their concentrations were around 100 and 400 ng/uL for C. pasteurianum
and coculture respectively.

DNA was extracted using Fast DNA Spin Kit for Soil (MPBio) and following the manufacturer’s
instructions starting with 2 mL samples. Lysis was perform with a FastPrep-24 5G (MPBio) 40 s at 6
m/s speed. Nucleic acids were quantified with a microplate reader Spark (Tecan). Quantitative PCR
were conducted as in Moscoviz et al. (2017a) to count the number of cells, knowing that C. pasteurianum

has 10 copies of 16S DNA.

RNA sequencing
RNAseq was performed at the GeT-PlaGe core facility, INRA Toulouse, as previously described (Péden
et al. 2019), using one lane in one flow cell of a HiSeq3000 Illumina sequencer. Two quadruplicates
were sequenced.

Raw data are available under the SRA accession PRINA707372.

RNA data analysis

RNA sequencing data were analysed using the Genotoul calculation cluster. Reads were FastQC-
checked (https://www.bioinformatics.babraham.ac.uk/) before a TrimGalore
(https://www.bioinformatics.babraham.ac.uk/) trimming (stringency 3). The SortMeRNA package
(Kopylova et al. 2012) was used to fuse the paired reads and to remove 5S, 16S and 23S RNA (according
to GenBank sequences NZ_CP009268.1 and NC_002939.5). Around 90 % (C. pasteurianum) to 97 %
(coculture) reads were removed at this stage. Alignment was then performed using bwa mem
functions(Li and Durbin 2009; Li 2013) with Poehlein et al. annotation (NCBI assembly
GCF_000807255.1; Poehlein et al. 2015). SamTools (Li et al. 2009) and Integrative Genomics Viewer
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(Robinson et al. 2011) were used for visualisation. Read counts were obtained with the FeatureCounts
module (Liao et al. 2014; 50 % overlap for attribution, non paired-reads). Around 90 % of the reads
were unambiguously assigned to C. pasteurianum genes (leading from 2.4 to 6.3 million reads per
samples). The remaining reads were essentially constituted of reads overlapping 2 annotated genes
(operon), reads in gene’s 5’-untranslated regions or reads attributed to G. sulfurreducens.

Further analyses were done under R environment (https://www.r-project.org/, version 3.6). DESeq2
suite (https://bioconductor.org/packages/release/bioc/html/DESeq2.html; Love et al. 2014) was used to
perform differential expression analysis (apeglm shrinkage of Zhu et al. 2019); pre-filtering: 10 reads
per gene). A set of 3962 genes (out of 4085 annotated C. pasteurianum genes) were thus compared.
Genes were considered differentially expressed if they were twice more or twice less expressed.
Blast2GO software (Conesa et al. 2005; https://www.blast2go.com/) allowed to attribute Gene Ontology
terms to proteins of C. pasteurianum with the following parameters: blastp-fast tool, 20 BLAST hits,
against firmicutes, only proteins having at least a mean of 10 reads attributed. TopGO suite (Alexa et al.
2006) allowed then for Gene Ontology terms enrichment, using the classic algorithm with nodesize 5.

Redundant terms are not shown in this article.

Results

Effect of cell physiological state on C. pasteurianum - G. sulfurreducens
interaction

The first objective was to assess the culture conditions favourable to a successful Geobacter
sulfurreducens — Clostridium pasteurianum interaction on glycerol. A successful interaction is
characterized by a metabolic shift of C. pasteurianum from butanol to 1,3-propanediol, as reported by
Moscoviz et al. (2017a). In the latter work, the physiological status of the two bacteria before performing
the coculture was supposed to play a critical role in the establishment of the interaction.

The present experiment was performed by mixing simultaneously C. pasteurianum and G.
sulfurreducens sampled from pre-cultures at different physiological states: exponential-, stationary- or

late sporulating-phase cells, in medium containing only glycerol and acetate as carbon sources for C.



pasteurianum and G. sulfurreducens respectively. G. sulfurreducens was therefore deprived from
electron acceptors and was thought to discharge its electrons to C. pasteurianum. The marker used to
assess both the establishment and the strength of the bacterial interaction was the nature of the metabolic
change. Indeed, C. pasteurianum produced more 1,3-propanediol (+37 %) and acetate, and less butanol
(16 %) and ethanol as a result of the interaction with G. sulfurreducens (Moscoviz et al. 2017a). All
these metabolites were thus quantified at the end of the fermentation.

The fermentation profiles showed a variation in the concentrations of all tested metabolites, and this
variation was in line with what would be expected from a successful interaction (Moscoviz et al. 2017a).
The results confirmed that the physiological state of the bacteria at the beginning of the coculture was
critical for the establishment and the strength of the interaction between them. Indeed, 2- to 5-day pre-
culture of G. sulfurreducens (exponential and late-exponential growing phases) was optimal to favour
the interaction (see Fig. 1a). In particular, a +76% increase in propanediol yield was observed in
cocultures inoculated with 5-day G. sulfurreducens pre-cultures, whereas a +12 % only was seen with
9-day pre-cultures. In contrast, the metabolic change was more pronounced with aged C. pasteurianum
pre-culture (see Fig. 1b). Indeed, a +160 % in propanediol yield was reached with cocultures inoculated
with C. pasteurianum pre-cultures at late sporulating-phase (>1.5-day old), whereas a +29% only was
observed with exponential-phase cells (grown overnight for 18 h).

In conclusion, the best condition was to use C. pasteurianum cells from a pre-culture in the late

sporulating-phase and G. sulfurreducens cells from a pre-culture in exponential phase.

C. pasteurianum shows earlier and faster growth in coculture

To evaluate the impact of the interaction on cellular growth, the number of cells of both bacterial species
were measured by quantitative PCR and compared at final stage of growth (see Figure S1). C.
pasteurianum growth was not affected in any coculture conditions and no significant growth of G.

sulfurreducens was observed.
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Fig. 1 Fermentation profiles of C. pasteurianum alone vs. cocultured with G. sulfurreducens. a. The
coculture was inoculated with G. sulfurreducens pre-cultures whose age ranged from 2 days (D2,
exponential-phase cells) to 5 days (D5, late exponential-phase cells), 7 days (D7, stationary-phase cells)
and 9 days (D9, late sporulating-phase cells). b. The coculture was inoculated with C. pasteurianum pre-
cultures whose age ranged from 18 h (exponential-phase cells) to 25 h (stationary-phase cells), 41 h and

48 h (late sporulating-phase cells). Error bars are standard deviation of triplicates

In order to follow the kinetics of the fermentation process, the gas pressure of the reactors was measured
all along the fermentation. Interestingly, the lag phase of the fermentation was shortened in cocultures
when compared to C. pasteurianum grown alone (see Figure S2a). Old C. pasteurianum cells exhibited
long lag phase up to 2-3 days when subcultured in fresh medium and this lag phase was substantially
shortened down to 1 day when the same cells were instead inoculated along with G. sulfurreducens.
Moreover, C. pasteurianum produced gas faster when in presence of G. sulfurreducens (rate of 0.175 +

0.003 h™ in coculture vs. 0.124 + 0.024 h™' with C. pasteurianum alone; standard deviation of
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quadruplicates; see Figure S2b), which probably indicates a faster growth of C. pasteurianum in

coculture.

A mediated interaction between C. pasteurianum and G. sulfurreducens
Experiments were then conducted to know whether the interaction between the two species was
mediated by a molecule or happens by cell-to-cell contact.

In the previous section, it was shown that C. pasteurianum’s metabolic profile changed when cultivated
with G. sulfurreducens. Here we looked at the influence of G. sulfurreducens culture medium (spent
medium) on C. pasteurianum. Indeed, in a different experiment, G. sulfurreducens was cultivated with
acetate and fumarate as electron acceptor and, during the exponential phase, C. pasteurianum was added.
In some of the bottles, G. sulfurreducens cells were removed (0.22 pum filtration) before adding C.
pasteurianum. Interestingly, a metabolic shift was observed with the spent medium of G. sulfurreducens
and was similar to full cell cocultures, with for instance +114 % (coculture) and +92 % (spent medium

culture) increases in 1,3-propanediol content (see Fig. 2).
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Fig. 2 Metabolic profiles of C. pasteurianum at the end of the fermentation. Media were supplemented with
fumarate and inoculated or not with G. sulfurreducens. After 2 days, some media were autoclaved or 0.22-um

filtered. C. pasteurianum was then added. Error bars are standard deviation of quadruplicates.
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The presence of G. sulfurreducens cells was therefore not necessary to induce changes in C.
pasteurianum metabolic profile. This observation supports an interaction mechanism relying on a shuttle
molecule.

G. sulfurreducens culture supernatants (0.22-um filtered) were analysed by UV-visible spectrometry to
look for a shuttle molecule. An absorption peak at 408 nm was found, which moved to 398 nm when
the samples were air-oxidized (see Fig. 3). This trait might be attributed to c-type cytochromes as

previously proposed by Bansal et al. (2013) and Seeliger et al. (1998).
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Fig. 3 UV-visible spectrogram of G. sulfurreducens spent medium (0.22-um filtered, raw or air-oxidised) after 2

days of culture compared to fresh medium

C. pasteurianum is known to harbour different metabolic patterns when iron concentration drops,
producing more propanediol and lactate, and less butanol (Dabrock et al. 1992; Groeger et al. 2017). A
possible scheme could be a consumption of iron by G. sulfurreducens, that makes C. pasteurianum
change its metabolism. However, no lactate was observed in any culture, whereas lactate accumulation
is expected as an evidence for iron limitation (Dabrock et al. 1992; Utesch et al. 2019). Moreover, adding
iron (in the form of Fe'") to the cultures did not prevent the metabolic shift (see Figure S3). Addition of
other metals like the iron competitor cobalt (Dulay et al. 2020) or chelated cobalt (vitamin B1, or
cyanocobalamin) did not induce metabolic change of C. pasteurianum (see Figure S4).

Cysteine was proposed as electron acceptor for G. sulfurreducens (Kaden et al. 2002) and could be part
of the interaction between the two species. However, C. pasteurianum metabolic change still occurred

in fermentation medium with no cysteine supplementation (see Figure S5).
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Translation, electron transfer, cobalamin synthesis and nitrogenase expression
modification in C. pasteurianum when interacting with G. sulfurreducens
highlighted by RNAseq analysis

In order to better understand the mechanisms behind the metabolic change of C. pasteurianum in co-
culture, RNA sequencing and differential expression analysis were performed on quadruplicate
exponential-growth phase C. pasteurianum cells in presence or absence of G. sulfurreducens (metabolic
profiles are available in Figure S6). Out of the 4085 C. pasteurianum’s annotated genes, 1028 were
differentially expressed (i.e. twice more or twice less expressed) in coculture compared to pure culture.

The details of the results are available in Table S1.

Global analysis of RNAseq data

With the aim of assessing which functions of C. pasteurianum were modified in presence of G.
sulfurreducens, it was first attempted to attribute functions to every genes of C. pasteurianum. All
coding genes of C. pasteurianum were thus assigned to Gene Ontology (GO) terms (Ashburner et al.
2000; see Methods section). As a result, 2543 out of 3850 proteins were expected to have at least one
molecular function, and 2117 at least one biological function. The remaining proteins were considered
as of unknown function.

A Gene Ontology enrichment was then performed using TopGO functions suite (Alexa et al. 2006). It
allowed assessing how strongly a specific molecular or biological function was modulated when G.
sulfurreducens was present in the medium.

In terms of molecular functions (see Table 1), ribosome scaffolding appeared as the strongest modified
function in presence of G. sulfurreducens, with 25 differentially expressed genes (out of 56 annotated
in the genome; rank 1, Gene Ontology term #0003735, p-value of 8.7 x 107°), 23 of which were
upregulated (see the detailed proteins in Table S1). The same genes were also counted in the “structural
molecule activity” term (see Table 1, rank 2). rRNA binding and tRNA binding enrichments support the

hypothesis of a significant effect of G. sulfurreducens on C. pasteurianum’s translation machinery,
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which seemed overexpressed. With a p-value of 0.017 and 9 differentially expressed genes, the electron
transfer activity was also highly modified by the presence of G. sulfurreducens. Among these 9 genes,
8 were overexpressed (see Table S1).

In terms of biological functions (see Table 2), the most significantly modified process was the synthesis
of cobalamin (ranks 1, 2, 3, 5 and 12), with half of the annotated metabolic pathway that was
downregulated (see details on Table S1). Functions linked with multi-organism processes were also
modified (see Table 2, ranks 6, 8, 13 and 18) notably through downregulated quorum sensing genes, and

processes linked with translation (Table 2, ranks 4, 7, 10, 11, 14, 16 and 17) were overexpressed.

Table 1 Top molecular functions of C. pasteurianum modified by G. sulfurreducens in coculture
compared to C. pasteurianum grown alone (Gene Ontology enrichment)

Rank GO ID Term Annotated  Significant®  Fisher®
1 GO0:0003735  structural constituent of ribosome 56 25 (23/2) 8.7x10°
2 GO0:0005198  structural molecule activity 63 25 (23/2) 8.0x10™*
3 G0:0019843 rRNA binding 44 18 (16/2) 0.0029
4 G0:0000049 tRNA binding 22 10 (7/3) 0.011
5 GO0:0009055 electron transfer activity 20 9 (8/1) 0.017
6 G0:0005506 iron ion binding 30 11 (7/4) 0.043
7 GO0:0003796  lysozyme activity 7 4 (1/3) 0.044

@ upregulated and downregulated genes are written in brackets (upregulated/downregulated).
b Fisher’s exact test (p-value)

14



Table 2 Top biological functions of C. pasteurianum modified by G. sulfurreducens in coculture
compared to C. pasteurianum grown alone (Gene Ontology enrichment)

Rank GO ID Term Annotated  Significant®  Fisher®
1 GO0:0033013 tetrapyrrole metabolic process 29 15 (0/15) 2.6x10™
2 GO:0006766 vitamin metabolic process 51 21 (5/16) 8.8x10™*
3 G0:0009235 cobalamin metabolic process 23 12 (0/12) 9.8x10™*
4  GO0:0043604 amide biosynthetic process 145 46 (38/8) 0.0015
5 (GO0:0051188 cofactor biosynthetic process 108 36 (14/22) 0.0019
6  GO0:0051704 multi-organism process 21 10 (1/9) 0.0061
7 GO0:0006412 translation 119 37 (30/7) 0.0062
8 GO0:0002376 immune system process 5 4 (0/4) 0.0084
9  GO0:0017144 drug metabolic process 111 34 (16/18) 0.011
10 GO0:0032268 regulation of cellular protein 8 5 (1/4) 0.013

metabolic process
11  GO0:0044267 cellular protein metabolic process 244 65 (33/32) 0.019
12 GO:0006824 cobalt ion transport 6 4 (0/4) 0.021
13  G0:0098542 defense response to other organism 6 4 (0/4) 0.021
14  GO0:1901566 organonitrogen compound 385 96 (62/34) 0.030
biosynthetic process
15 GO0:0000041 transition metal ion transport 16 7 (3/4) 0.036
16 G0:0019538 protein metabolic process 357 89 (35/54) 0.037
17 G0:1901564 organonitrogen compound 682 159 (73/86)  0.061
metabolic process
18 GO0:0044419 interspecies interaction between 11 5 (1/4) 0.063
organisms
19 GO0:0048518 positive regulation of biological 11 5 (1/4) 0.063
process
20  GO0:0006730 one-carbon metabolic process 8 4 (3/1) 0.068
21  GO0:0055080 cation homeostasis 8 4 (3/1) 0.068
22 G0:0022900 electron transport chain 29 10 (9/1) 0.069

2 upregulated and downregulated genes are written in brackets (upregulated/downregulated).
b Fisher’s exact test (p-value)

Study of the most differentially expressed genes

Aside from this global analysis, the most differentially expressed genes were studied (see Table 3). The
top genes are part of a vanadium-nitrogenase cluster (nifH6, vanfDGKEN), which was upregulated up to
90 fold in presence of G. sulfurreducens. Some metal transporters were also upregulated (arsB, feoB,
CLPA_RS10690). The central metabolism was deeply modified, downregulating the major alcohol
dehydrogenase adhE (CLPA_RS14065) whereas glycolysis and acetate kinase genes were upregulated
(CLPA_RS18665, CLPA_RS05440, CLPA_RS10110, CLPA_RS10115). This is consistent with the

metabolic shift observed in the presence of G. sulfurreducens where less production of ethanol and
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butanol, and higher production of acetate were observed. Surprisingly, the 1,3-propanediol synthesis
operon (CLPA_RS11050 to CLPA RS11085) was not differentially expressed whereas 1,3-propanediol
was the most dysregulated metabolite. An extra-electron transporter, namely a b5-cytochrome of C.
pasteurianum (CLPA_RS02120) was 11-fold upregulated. As 40 % of the amino acids of C.
pasteurianum’s b5-cytochrome are charged, the protein is probably located in the cytoplasm.

Only two differentially expressed proteins were predicted to be both involved in electron transport and
membrane-bound: a downregulated ubiquinone oxidoreductase (CLPA_RS16710) and a 5-fold
overexpressed flavin mononucleotide (FMN)-binding polyferredoxin (CLPA_RS05505). The latter
protein possesses 8 extracellular flavin sites and 3 intracellular ferredoxin sites according to the InterPro
tool (https://lwww.ebi.ac.uk/interpro; Blum et al. 2021), which is an indicator of a putative electron
transfer between the extracellular space and the cytoplasm. This protein is clustered with a flavin adenine
dinucleotide (FAD):protein FMN-transferase (CLPA_RS05500, twice overexpressed) that is 40 %
similar to the FmnB protein involved in electron transfer in Listeria monocytogenes (Light et al. 2018).
This transferase probably flavinylate the FMN-binding polyferredoxin to allow for electron transfer, as

pointed out in Light et al. (2018).

Discussion

An interaction between C. pasteurianum and G. sulfurreducens leading to a metabolic shift of the
fermentative species on glycerol was previously observed (Moscoviz et al. 2017a) and the mechanisms
behind this interaction were here further investigated. The metabolic change induced by the interaction
was reproduced, but neither an impact on the growth of C. pasteurianum nor a significant growth of G.
sulfurreducens were here observed. In our study, C. pasteurianum seemed to grow faster and earlier in
coculture, and the faster growth was confirmed by the translation upregulation in the RNA sequencing
analysis. Therefore, the proposed parasitic interaction between these two species, as suggested by

Moscoviz et al. (2017b) was not substantially supported by our observations.
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Table 3 The most differentially expressed (log.) genes of C. pasteurianum in presence of G.
sulfurreducens

Locus Name Diff.expr. RPKM? Function

CLPA RS06895 vnfD +6.49 198  Vanadium nitrogenase

CLPA_RS06890 nifH6 +6.14 150  Vanadium nitrogenase

CLPA_RS06905 vnfK +5.44 85 Vanadium nitrogenase

CLPA _RS02330 arsB +5.16 144 Metal transporter

CLPA_RS03505 -5.14 44

CLPA_RS06910 wvnfE +4.79 45 Vanadium nitrogenase
CLPA_RS19295 —-4.67 75

CLPA_RS06900 wvnfG +4.63 68 Vanadium nitrogenase
CLPA_RS11440 —-4.63 64

CLPA_RS14065 adhE —-4.60 3099  Alcohol dehydrogenase
CLPA_RS13565 -4.47 163

CLPA RS06915 wvnfN +4.43 54 Vanadium nitrogenase
CLPA_RS02335 +4.43 195  Oxydoreductase (arsB operon)

CLPA RS09700 agrA4 -4.42 21 Quorum sensing transcription regulator
CLPA_RS02895 -4.39 14 Cobalamin synthesis protein
CLPA_RS02560 feoB +4.03 12 Iron Il transporter

CLPA_RS06420 -3.99 1019

CLPA_RS20100 -3.93 37 Membrane lysine

CLPA RS18665 +3.88 1632  Glycerol dehydrogenase
CLPA_RS10690 +3.83 8 Metal transporter

CLPA_RS05440 +3.83 205 Glycerol-3-phosphate dehydrogenase
CLPA_RS16075 -3.78 14

CLPA_RS18365 -3.68 18

CLPA_RS00975 -3.65 34

CLPA RS01160 +3.64 196  Transposase endonuclease
CLPA_RS12215 +3.58 39 Fe-S protein

CLPA_RS13580 -3.55 415

CLPA_RS02120 +3.51 63 Cytochrome b5

CLPA_RS09705 agrB -3.50 11 Quorum sensing membrane transporter
CLPA_ RS20995 -3.50 23 Citrate/malate metabolism regulation kinase

@ Reads Per Kilobase and per Million, calculated before the DESeg2 normalisation

Interestingly, the modifications in metabolic profiles were dependent on the physiological status of both
cells at the inoculation. It appeared that exponential-phase cells of G. sulfurreducens and late
sporulating-phase cells of C. pasteurianum were the best conditions for the interaction to occur. This
could be due to the low growth rate of G. sulfurreducens, unadapted to grow using non-canonical
electron acceptors. This bacterium would then have extra time to produce a pool of interacting molecules
while C. pasteurianum goes through its lag phase. Indeed, it appeared that the interaction between the

two bacteria could be mediated by a molecule that was routinely produced by G. sulfurreducens when
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grown on acetate and fumarate, as the presence of G. sulfurreducens cells were not mandatory for the
metabolic change to be induced (see Fig. 2).

Traces of a molecule that could be attributed to a c-type cytochrome were seen in G. sulfurreducens’s
spent medium making C. pasteurianum shift its fermentation profile. Consistently, production of soluble
c-type cytochromes by G. sulfurreducens was elsewhere observed during growth phase (Seeliger et al.
1998), but their involvement in electron transfer was ruled out (Lloyd et al. 1999). Besides, the
autoclaved medium, having thus non-functional linearized G. sulfurreducens proteins showed still a
similar effect on C. pasteurianum, excluding the possibility of a protein-based interaction. Nonetheless,
the interacting molecule could be a cobamide, as previously observed for G. sulfurreducens by Yan et
al. (2012), or a heme derivative.

Therefore, whereas G. sulfurreducens probably used C. pasteurianum as electron acceptor, the
metabolic change of the latter is probably mainly induced by a small molecule and not necessarily by
the electron transfer itself.

Interestingly, RNA sequencing allowed identifying several genes and classes of genes from C.
pasteurianum whose expressions were significantly impacted: the translation machinery, the electron
transfer activity, the nitrogen fixation (all up-regulated), the cobalamin synthesis and bacterial
interaction mechanisms (both downregulated).

Cobalamin is a corrinoid tetrapyrrole whose biosynthetic pathway diverts from heme synthesis (Fang et
al. 2017). Cobalamin is used as a cofactor for 1,3-propanediol synthesis in C. pasteurianum (Macis et
al. 1998), this metabolite being the main compound produced in coculture. Cobalamins are derived from
cobamide, differing by the ligands flanking the cobalt (Sokolovskaya et al. 2020). Cobamides are known
to be produced by G. sulfurreducens (Yan et al. 2012) and to be involved in several bacterial interaction
(Sokolovskaya et al. 2020). Interestingly, the metabolic pathway of Akkermansia muciniphila, a gut
bacterium, was reoriented in presence of a such compound, changing from succinate to propionate
production (Belzer et al. 2017).

In our study, no metabolic change was observed when the cobamide molecule vitamin By, was added to

C. pasteurianum cultures, but the ligands surrounding the cobamide are known to be specific for both
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the supplier and the receiver (Yan et al. 2012; Sokolovskaya et al. 2020), and vitamin B is probably
not an efficient cobamide for C. pasteurianum.

Cobalt and cobamide were also proven to be essential for nitrogen fixation in C. pasteurianum (Nicholas
etal. 1964). C. pasteurianum is a known nitrogen-fixing bacterium that has four nitrogenase complexes,
one being an iron-only nitrogenase, one other a vanadium nitrogenase. Both are upregulated in our
experiments (but the Fe-nitrogenase has a low expression, with RPKM = 10). Interestingly however,
Fe- and V- nitrogenases are suspected to be unused when either ammonium is available or molybdenum
is lacking, probably because they are less efficient than the usual molybdenum nitrogenase (Harwood
2020). Ammonium was neither limiting, nor lower in coculture batches than in pure culture ones (577
+ 34 mg/L NH4* axenic vs. 578 £ 13 mg/L in coculture, at the RNAseq sample time; N = 3). Thus, either
G. sulfurreducens traps molybdenum, or another regulation system exists, which could be linked with
cobamide, as previously suggested (Kliewer and Evans 1963; Evans and Kliewer 1964). Therefore, an
upregulation of the V-nitrogenase complex was possibly a consequence of the cobamide dysregulation.
Ammonium content at the end of the fermentation was not different when G. sulfurreducens was present
(454 £ 4 mg/L NH4* in coculture vs. 451 + 4 mg/L; N = 2). Therefore, the V-nitrogenase complex (~70-
fold upregulated) probably did not fix high amounts of dinitrogen. It was reported that V-nitrogenase
could be expressed on highly reduced substrates, dumping excess electrons in the form of H, (Luxem et
al. 2020). However, less H, was produced in coculture batches (see Figure S6). The role of V-
nitrogenase remains therefore unclear.

Considering all results a putative scheme of the interaction mechanisms was hypothesized as follows
(see Fig. 4): G. sulfurreducens produces cobamides (or hemes) that possibly interfere with C.
pasteurianum’s growth, in several possible ways. The excess of cobamide could downregulate the
cobalamin metabolic pathway, as a tight retrocontrol, and upregulate the vanadium nitrogenase. The
extra cobamide molecules from G. sulfurreducens could also boost C. pasteurianum’s 1,3-propanediol
synthesis at the key cobamide-dependant enzyme glycerol dehydratase, while the 1,3-propanediol
operon was not overexpressed. The cobamide’s ligands are known to be important for this enzyme
efficiency and auto-deactivation (Toraya 2000), and G. sulfurreducens’ cobamide (Hazra et al. 2015)
could induce less deactivation of the enzyme of C. pasteurianum. This could explain the higher
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propanediol production observed. As a support of this hypothesis, no metabolic change was observed in
fermentation medium supplemented with glucose instead of glycerol (see Figure S7), indicating that G.
sulfurreducens interference occurs on an enzyme specific to the glycerol metabolism such as the glycerol
dehydratase.

The electron transfer predicted in Moscoviz et al. (2017a) might not be linked with this putative
cobamide-mediated interaction. Indeed, the cobalt atom trapped in the corrin is probably not involved
in electron transfer, as its redox potentials are around —0.6 V (Co"'"/Co") and +0.2 V (Co'"/Co') vs.
standard hydrogen electrode (Dereven’kov et al. 2013). The electrical interaction (needed for G.
sulfurreducens to produce cobamides or hemes) could instead occur via either direct or mediated
electron transfer as previously observed for G. sulfurreducens (Lovley 2017; Huang et al. 2020). Based
on the RNAseq data, it can be proposed that the electrons coming from G. sulfurreducens might be
discharged in C. pasteurianum through a transmembrane FMN-binding polyferredoxin and cellular
cytochrome b5 — rubredoxin interplay (Das and Ljungdahl 2003), all proteins being upregulated (5, 11
and 3 fold, respectively; see Fig. 4). These extra electrons could also participate to a lesser extent in the
metabolic change observed, as seen when C. pasteurianum is cultivated on a cathode (Choi et al. 2014;
Khosravanipour Mostafazadeh et al. 2016; Utesch et al. 2019). This would enhance the metabolic shift
and explain the upregulation of acetate production and downregulation of ethanol and butanol syntheses.
As first attempt of better understanding the mechanisms underlying the interaction between C.
pasteurianum and electroactive bacteria, a putative interaction scheme was proposed in this study, even
though this possible interaction mechanism needs confirmation through analysis of the cobamide
molecule and use of mutant strains. This work opens new perspectives on interactions between
fermentative and electroactive species in mixed culture fermentation setups to control end products

formation.
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Fig. 4 Recapitulative scheme of some of the putative interactions between G. sulfurreducens and C. pasteurianum.
Cobamides produced by G. sulfurreducens could enter C. pasteurianum and compete for the cofactor site in the
glycerol dehydratase, leading to more 1,3-propanediol synthesis. G. sulfurreducens’ cobamides could
downregulate C pasteurianum cobamide synthesis and upregulate its vanadium nitrogenase. Electrons from G.
sulfurreducens could be discharged to C. pasteurianum through its FMN-binding polyferredoxin and intracellular
cytochrome b5 and rubredoxin that probably reduce a redox sensor, the latter inducing a general metabolic change.
Inset: the FMN-binding polyferredoxin could be flavinylated by a FAD:protein FMN-transferase similar to the
FmnB protein of Light et al. (2018) and thus transfer electrons between its extracellular flavins and intracellular
ferredoxins. The polyferredoxin was chosen to start at the start codon ATG (1052 aminoacids). Rex: redox-sensing

protein. 3-HPA: 3-hydroxypropionaldehyde. FAD: Flavin adenine dinucleotide. FMN: Flavin mononucleotide
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