Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2022

SUPPORTING INFORMATION of “Combusted-diesel additives containing
CeO, nanomaterials shape methanogenic pathways during sludge digestion and
enhance biogas production”

Auffan Mélanie*?, Kabore Abdoul Karim?, Cuny Anais®®, Amin Ali Oulfat®, Barakat Mohamed®, Angeletti Bernard?, Proux
Olivierd, Bottero Jean-Yves®?, Roche Nicolas®¢, Santaella Catherine®

2CEREGE, CNRS, Aix Marseille Univ, IRD, INRAE, Aix-en-Provence, France

b Civil and Environmental Engineering, Duke University, Durham, NC 27708, USA

¢ Aix Marseille Univ, CEA, CNRS, BIAM, LEMIRE, Saint-Paul-Lez-Durance, France

40SUG, UAR 832 CNRS - Univ. Grenoble Alpes, IRSTEA, INRAe, Météo-France, Grenoble, France

¢ International Water Research Institute (IWRI), Mohammed VI Polytechnic University, Ben Guerir 43150, Morocco

Feature volatility analysis: dynamic view of important features: For a dynamic visualization of the feature volatility
analysis, open the https://view.qiime2.org/ and drag the volatility plot.qzv file into the frame. Select group column “treatment”
and the ASV number in the metric column menu.

Figure S 1. Aerobic wastewater treatment operating parameters: (A) Evolution of VSS, (B) COD removal, (C) Nitrogen
removal, (D) Phosphorus removal, (E) ATP production, (F) pH evolution.

Figure S 2. Microbial community structure of the aerobic sludge. PCA based on Weighted UniFrac distance Abundance &
Phylogeny.

Figure S 3. Aerobic sludge response following combusted CeO, NMs dosing. (A, B) Specific hydrolytic enzyme activities

(Protease and a-glucosidase), (C, D) Polysaccharides of extracellular polymeric substances secretion during the aerobic sludge
culture. *Represents data that are statistically significant (p-value<0.05). Values are average + standard deviation.

Figure S 4. Distribution and speciation of Ce during the anaerobic sludge production. (Left) Total and dissolved (<3 KDa) Ce
concentrations remaining in the liquid phase after separation by centrifugation of the anaerobic sludge (Black symbols). Blue
squares represent the total concentration of combusted CeO, NMs (in mg CeO,.L!") injected in the digestors during 40 days.
Red circles represent the Ce concentration in the liquid phase of control digestors at the end of the experiment. Values are
means of three repetitions + standard deviation. (Right) Experimental HERFD-XANES spectra at the Ce Ls;-edge in the
anaerobic sludge fed with contaminated aerobic sludge. Experimental XANES spectrum is compared to Ce (III)-phosphate and
initial combusted Envirox™ reference compounds.

Figure S 5. Anaerobic digestion operating parameters. (A). Time course of volatile suspended solids, (B). ATP production, (C).
Culture pH. Opened symbols correspond to control culture and filled symbols to reactor spiked with comb-CeO, NMs.

Figure S 6. Microbiome composition in the control and comb-CeO, contaminated AD. Stacked bar plots showing the relative
abundance and distribution of the total microbial community at class level at day (D) 1, 11, 19, 22 and 29.

Figure S 7. Feature volatility analysis: abundance (+ error bars) of the two most discriminatory ASV over time between the
control (orange) and the comb-CeO, AD.

Figure S 8. Main physico-chemical and structural and characteristics adapted from Auffan et al. (2017).

Table S 1. Feature volatility analysis is used to determine how microbial communities change over time on the ASV level.
Feature importance, and descriptive statistics (global mean and global standard deviation) help guiding an exploratory
investigation to identify relevant features for subsequent investigation .

Table S 6, Differentially abundant taxa between the control and comb-Ce0O, contaminated AD. Linear Discriminant Analysis
Effect Size (LEfSe): all linear discriminant analysis [LDA] scores, >3). Taxonomy levels: (p), phylum; (c), class; (o), order; (f),
family; (g), genus. Relative abundances of taxa that are increased in the control (green) and comb-CeO, contaminated (red)
AD.


https://view.qiime2.org/

o

-3 Control . A
4| Comb-CeO, NMs
25
£2|
w0 [':]
2= 2
ER =
° 1|
-
4
e AR B
Rl
E E --- CODin
= E 2|. A cOD out Control
E 5 A COD out Comb-CeO; NMs
251
of
h -] i = s
120—&-“-_... sl . ]
=
§ 90| =-=N-NO;In === N-NHs In C
g O N-NO; Out Control [ N-NH, Out Contrd|l
£ 60| ® N-NO; Out Comb-CeD, NMs M N-NH, OutComb
[ -Ce0,
c NMs
& 30 _
o
: M
-
- 3 : . . . 3
® 6 D
g 4
o O Control
1=
™ J4 ® Comb-CeO, NMs
=4 b 2
2E3 T
=N
i -
o 1
150
E
A
g © 100/
>
So
°E
4]
2< 50/
25
< Control
Comb-CeO, NMs
10
F
8 ] MR -
= pra T e Tty Y YY)
Z s
:E_ Control
4 Comb-CeO, NMs
%0 15 20 30 35 20

25
Time (d)
Figure S 1. Aerobic wastewater treatment operating parameters: (A) Evolution of VSS, (B) COD removal, (C) Nitrogen
removal, (D) Phosphorus removal, (E) ATP production, (F) pH evolution.
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Figure S 2. Microbial community structure of the aerobic sludge. PCA based on Weighted UniFrac distance Abundance &
Phylogeny.
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Figure S 3. Aerobic sludge response following combusted CeO, NMs dosing. (A, B) Specific hydrolytic enzyme activities

(Protease and a-glucosidase), (C, D) Polysaccharides of extracellular polymeric substances secretion during the aerobic sludge
culture. *Represents data that are statistically significant (p-value<0.05). Values are average + standard deviation.
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Figure S 4. Distribution and speciation of Ce during the anaerobic sludge production. (Left) Total and dissolved (<3 KDa) Ce
concentrations remaining in the liquid phase after separation by centrifugation of the anaerobic sludge (Black symbols). Blue
squares represent the total concentration of combusted CeO, NMs (in mg CeO,.L!) injected in the digestors during 40 days.
Red circles represent the Ce concentration in the liquid phase of control digestors at the end of the experiment. Values are
means of three repetitions + standard deviation. (Right) Experimental HERFD-XANES spectra at the Ce L;-edge in the
anaerobic sludge fed with contaminated aerobic sludge. Experimental XANES spectrum is compared to Ce (IIT)-phosphate and

initial combusted Envirox™ reference compounds.
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Figure S 5. Anaerobic digestion operating parameters. (A). Time course of volatile suspended solids, (B). ATP production, (C).
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Figure S 6. Microbiome composition in the control and comb-CeO, contaminated AD. Stacked bar plots showing the relative
abundance and distribution of the total microbial community at class level at day (D) 1, 11, 19, 22 and 29.
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Figure S 7. Feature volatility analysis: abundance (+ error bars) of the two most discriminatory ASV over time between the
control (orange) and the comb-CeO, AD.
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Figure S 8. Main physico-chemical and structural and characteristics adapted from Auffan et al. (2017).



Table S 1. Feature volatility analysis is used to determine how microbial communities change over time on the ASV level.
Feature importance, and descriptive statistics (global mean and global standard deviation) help guiding an exploratory
investigation to identify relevant features for subsequent investigation 0.
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Table S 2. Differentially abundant taxa between the control and comb-CeO, contaminated AD. Linear Discriminant Analysis Effect Size (LEfSe): all linear discriminant analysis [LDA] scores, >3).
Taxonomy levels: (p), phylum; (c), class; (0), order; (f), family; (g), genus. Relative abundances of taxa that are increased in the control (green) and comb-CeO, contaminated (red) AD.

LDA Score Taxa Potential function

3.4 Archaea; Euryarch ; Meth icrobia; Mett bial The hydrogenotrophic order Methanomicrobiales includes Methanoculleus spp., Methanocorpusculum sp., and
unclassified Methanoregulaceae (Ziganshin 2016)

43 Bacteria

3.7 Bacteria; Bacteroidetes Macromolecules degradation, volatil fatty acid (VFA) and alcohol production. Higher population of Bacteroidetes phyla
are associated with high hydrolytic activity in full-scale anaerobic digesters (Khan 2021)

3.7 Bacteria; Bacteroidetes; Bacteroidia

3.6 Bacteria; Chloroflexi; Anaerolineae; GCA004 Cellulose hydrolysis (Xia 2016), important for the granulation of sludge (Yamada and Sekiguchi 2009)

43 Bacteria; Firmicutes Macromolecules degradation, VFA and alcohol. Higher population of Bacteroidetes phyla can be associated with high
hydrolytic activity in full-scale anaerobic digesters (Khan 2021)

4.3 Bacteria; Firmicutes; Bacilli

4.3 Bacteria; Firmicutes; Bacilli; Lactobacillales

4.4 Bacteria; Firmicutes; Bacilli; Lactobacillales; Carnobacteriaceae; Trichococcus Fermentative bacteria, detected in mesophilic hydrogen-producing consortia as bacteria that accompany hydrogen
producers (Sikora 2013)

4.1 Bacteria; Firmicutes; Clostridia; Clostridiales; Acidaminobacteraceae Potential syntrophic oxidizing bacteria (SAO) (Dyksma 2020, Lim 2020)

33 Bacteria; Firmicutes; Clostridia; Clostridiales; Tissierellaceae Potential syntrophic oxidizing bacteria (Dyksma 2020, Lim 2020)

3.4 Bacteria; Firmicutes; Clostridia; Clostridiales; Tissierellaceae; Sedimentibacter Potential syntrophic oxidizing bacteria (Dyksma 2020, Lim 2020)

3.4 Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales; Erysipelotrichaceae; Clostridium Syntrophic butyrate producer (Vital 2014)

33 Bacteria; Proteobacteria; Gammaproteobacteria Macromolecules degradation, VFA and alcohol (Khan 2021)

3.5 Bacteria; Proteobacteria; Gammaproteobacteria; Enterobacteriales

3.4 Bacteria; Pr bacteria; G oteobacteria; Enterobacteriales; Enterobacteriaceae

33 Bacteria; Synergistetes; Synergistia; Synergistales; Thermovirgaceae The increase in the relative abundance of Synergistales was found to be highly correlated with the increased rate of
methane production from oil via hydrogenotrophic archaea (Nakasaki 2019)

3.5 Bacteria; WWE1

3.6 Bacteria; WWE1; Cloacamonae

3.6 Bacteria; WWE1,; Cloacamonae; Cloacamonales

3.6 Bacteria; WWE1; Cloacamonae; Cloacamonales; Cloacamonaceae

3.4 Bacteria; WWE1; Cloac Cloac les; Cloac eae; W22 Syntrophic fatty-acid bacteria (Esquivel-Elizondo 2016) that have metabolic capabilities for butyrate and propionate
fermentation, as well as for reverse acetogenesis (acetate catabolism by methanogens)

4.6 Archaea

4.4 Archaea; Euryarchaeota

3.6 Archaea; Euryarchaeota; Methanobacteria




3.5

3.5

3.5

4.6

4.1

4.2

4.1

4.2

4.4

33

3.9

3.7

3.6

3.7

3.3

3.8

3.5

3.5

3.5

3.5

3.5

Archaea; Euryarchaeota; Methanobacteria; Methanobacteriales

Archaea; Euryarchaeota; Methanobacteria; Methanobacteriales; Methanobacteriaceae

Archaea; Euryarch ; Meth teria; Methanobacteriales; Methanobacteriaceae; Methanobacterium
Archaea; Euryarchaeota; Methanomicrobia

Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; Methanocorpusculaceae

hinl,

Archaea; Euryarch ; Meth icrobia; Mett Methanocorpusculaceae; Methanocorpusculum
Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales

Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; Methanosarcinaceae

Archaea; Euryarch : Meth icrobia; Mett inales; Meth inaceae; Methanosarcina

Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; Marinil
Bacteria; Chloroflexi

Bacteria; Chloroflexi; Anaerolineae; Anaerolineales

Bacteria; Chloroflexi; Anaerolineae; Anaerolineales; Anaerolinaceae

Bacteria; Chloroflexi; Anaerolii Anaerolii Anaerolinaceae; T78

Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae

Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales; Erysipelotrichaceae; RFN20
Bacteria; Spirochaetes; Spirochaetes

Bacteria; Spirochaetes; Spirochaetes; Spirochaetales

Bacteria; Spirochaetes; Spirochaetes; Spirochaetales; Spirochaetaceae

Bacteria; Spirochaetes; Spirochaetes; Spirochaetales; Spirochaetaceae; Treponema

Bacteria; Synergistetes; Synergistia; Synergistales; Dethiosulfovibri eae; Aminobacterium

Hydrogenotrophic methanogens (Ziganshin 2016)
Hydrogenotrophic methanogens (Ziganshin 2016)

Hydrogenotrophic methanogens (Ziganshin 2016)

Hydrogenotrophic methanogens (Ziganshin 2016)
Hydrogenotrophic methanogens (Ziganshin 2016)
Acetoclastic methanogens (Ziganshin 2016)
Acetoclastic methanogens (Ziganshin 2016)
Acetoclastic methanogens (Ziganshin 2016)

Saccharolytic bacteria (Hanreich 2013)

Hydrolytic or fermentative bacteria (Yamada 2005)

Synthrophic acetogenic bacteria (Gagen 2015)

Homoacetogens, which consume H, and CO, to produce acetate. Alternative hydrogenotrophs (Li 2016)

Synthrophic acetogenic bacteria on aminoacids (Morris 2013)
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