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Abstract

Physicochemical and operational parameters affect microbial communities, impacting anaerobic digestion (AD) systems.
Microbial dynamics in response to these parameters were temporally investigated by DNA and cDNA of the /6 S rrna gene
in a pilot-scale hybrid anaerobic reactor (HAnR) fed with sugarcane vinasse. Key microbes for biogas production, includ-
ing Bacteroidetes-vadinHA17, Paludibacteraceae-H1, Prolixibacteraceae, Desulfovibrio, Syntrophobacter and Methano-
spirillum, were favored by the maintenance of volatile fatty acids (VFA)<3700 mg.L™!, pH>5.6, temperature>29.8 °C,
chemical oxygen demand (COD)<31.4 g.L™! and organic loading rate (OLR)<9.7 kg.COD.m >.d"!. Temperature and pH
also favored the redundancy of fermentation and H,-mediated methanogenesis and the evenness and diversity indexes, all
related to biogas quality. Concentrations up to 2,050 mg.SO,>".L™", 3,270 mg.K.L™!, 367 mgMg.L™!, 0.4 mg.Cu.L"! and
1.1 mg.Zn.L™! led to adverse effects over microbial abundance, functional redundancy and ecology, but tolerant micro-
organisms, like Paludibacteraceae, Anaerolineaceae and Methanosaeta, kept fermentation and methanogenesis ongoing,
although less efficiently. Microbial interactions were also affected by evaluated parameters beyond metabolic dependence.
This study highlights the importance of parameter monitoring in scaled-up AD reactors to promote the adequate establish-
ment of microbial communities and therefore contribute to system stability.

Highlights

The microbiota evaluated by DNA and cDNA were affected by temperature, pH, VFA, COD and OLR.
Higher pH and temperature and lower VFA, COD and OLR favored key-microbes to CH4 production.
The temperature and pH also favored microbial ecology and metabolisms for CH4 production.

Sulfate and metals harmed the microbiota, metabolisms and ecology in the reactor.

Tolerant microbes kept the operation ongoing, but with less efficiency.

The monitoring parameters have been shown to determine the microbial cooccurrence.
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conditions in the system, which can promote the structuring
of a resistant microbial community disfavoring less adapted
members [3]. Changes in the microbiota in anaerobic reac-
tors occur according to operational conditions and physi-
cochemical parameters [4, 5]. The occurrence of functional
redundancy, characterized by distinct microorganisms per-
forming similar functions, is also essential to keep a resilient
community and to maintain the stability of the AD through
operational disturbances [6, 7]. For adequate organic mat-
ter conversion into biogas, methanogenic archaea need to
interact with bacteria that produce H,, formate and acetate,
main substrates for CH, production [8]. However, micro-
bial groups of hydrolytic and fermentative bacteria and of
methanogenic archaea that perform these processes may
have distinct ideal conditions for growth [9]. Thereby, it is
necessary to optimize the physicochemical and operational
parameters (e.g. temperature, pH, organic load) that influ-
ence both bacteria and archaea as best as possible to ensure
conversion of substrates into biogas [10—12].

The temperature of AD processes affects the microbial
growth, metabolic activity, ecology and interactions in the
reactor [12—16]. Once the vinasse is generated at tempera-
tures between 65 and 107 °C, it may be advantageous to
conduct the digestion of this residue at thermophilic con-
ditions (45-55 °C), although several reactors were also
operated at mesophilic temperature (20—40 °C) [2, 11]. The
microbiota tends to be more diverse at mesophilic than ther-
mophilic temperatures, which allow a greater reactor’s resil-
ience to overcome the operational disturbances and to keep
a more stable system [11]. Changes in temperature can also
generate synergic effects with other parameters, such as pH,
organic load and concentrations of inhibitory compounds
or nutrients, promoting different results of microbial toler-
ances in the reactor [16—18].

Anaerobic microbial communities may also be impacted
by pH stress, which influences the growth rate and the meta-
bolic pathways in the system [ 19]. Methanogens are particu-
larly sensitive to pH alterations and can be inhibited in very
acid or alkaline conditions, which affect gene expression,
gene regulation and/or activity of methanogenic enzymes,
being in general favored at neutral pH between 6.8 and 7.2
[11, 12, 20]. At pH lower than 6.0, the methanogenic com-
munity may be drastically reduced, while acidogenic bac-
teria dominate the microbial community [21]. Additionally,
the volatile fatty acid (VFA) produced by those bacteria pro-
mote a low pH in the system, negatively interfering on AD
and inhibiting the methanogenic activity [22].

Microbial communities of anaerobic reactors can also
have distinct responses to the organic load rate (OLR)
according to their tolerance and capacity of adaptation,
which may be associated with further system decline
[23-25]. High chemical oxygen demand (COD) and OLR,
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which characterize organic overloading, can change the
acid-type fermentation in the system and harm the metha-
nogenic community, causing an imbalance between hydro-
lysis/acidogenesis and methanogenesis processes [26, 27].
Therefore, overloading impairs the conversion of VFA to
CH,, leading to the acid accumulation and pH decrease [26,
28, 29]. Additionally, the continuous accumulation of VFA,
especially propionic acid, can cause system failure [18].
On the other hand, the production of acetate promotes CH,
production via acetoclastic or hydrogenotrophic methano-
genesis in vinasse digestion, by direct consumption or by
syntrophic oxidation to H, and CO,, respectively [30]. The
consumption of acetate and H, + CO, by methanogens main-
tain the bioprocesses of AD ongoing, since the interspecies
H, transfer in syntrophic relationships reduces the H, partial
pressure, allowing the occurrence of the acetogenesis step
and keeping the anaerobic system in balance [18, 27].

The presence of recalcitrant and/or potentially inhibitory
compounds in the vinasse, mainly sulfate (SO42_) and met-
als, must also be considered in vinasse digestion [11, 31, 32].
The SO,* in vinasse is reduced by sulfate reducing bacteria
(SRB) along the AD process, decreasing biogas quality [29].
High concentration of SO42_ also impairs CH, production,
through competition for substrates between methanogens
and SRB, or direct inhibition of the methanogenic consor-
tium by H,S [4, 30, 33, 34]. In AD, the microbiota is also
sensitive to high concentrations of metals, which may inhibit
microbial activity and lead to reactor instability [9, 35]. The
effects of metals on the anaerobic microbiota may synergize
with other physicochemical properties, like carbon and sul-
fur concentration [36]. Copper, lead and iron may inhibit
the cellulases of hydrolytic bacteria and also interfere with
the acidogenic and acetogenic steps, impairing lignocellu-
losic compound degradation and VFA formation, while cop-
per and zinc negatively affect the structure and function of
microbial enzymes and the activity of methanogenic archaea,
impacting the conversion of organic matter into biogas, thus
decreasing the system efficiency [18, 35, 37].

Although it is important to evaluate monitoring parame-
ters, it can be difficult to determine the relationship between
those parameters and the microbiota to achieve the optimum
operational condition, also affecting the reactor’s scaling-
up to industrial application. More studies are needed to
optimize the operating conditions of anaerobic process,
especially on scaled reactors [11]. Thus, we evaluate the
influence of the physicochemical and operational parame-
ters of a pilot-scale Hybrid Anaerobic Reactor (HAnR) over
the abundant bacteria and archaea, functional redundancy
and ecological parameters analyzed by the DNA and cDNA
ofthe /6 S rrna gene along the vinasse AD, identifying suit-
able conditions of the reactor that should favor key microor-
ganisms in the system.
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Materials and Methods

Reactor and Monitoring Parameters of the Vinasse
Digestion

The pilot-scale HAnR (Fig. 1) had a bottom compartment
(granular sludge blanket) and an upper compartment (fixed
bed and support material Biobob®), with 6.88 m? of total
volume, and it was used for the treatment of vinasse in a
biorefinery plant in Brazil over 238 days during sugarcane
harvest season [38]. Vinasse samples from the feed tank
(affluent vinasse) were collected for physicochemical char-
acterization, in parallel of the microbial analysis through
amplicon sequence variant (ASV) using DNA and cDNA,
and the evaluation of the HAnR’s performance, previously
investigated [38]. The microbial samples were collected
from the sampling points PO to P4 in the sludge blanket and
pooled in a composed sample for each evaluation [38].
Twenty one temporal samples of affluent vinasse were
analyzed for COD by colorimetric method [39], pH by
potentiometric method [39] and VFA by direct titration [40],
as well as for OLR and temperature. Seven samples of afflu-
ent vinasse were also analyzed for individual concentrations
of alcohols (methanol - Meth, and ethanol - Eth) and acids
(acetic - HAc, propionic - HPr, butyric - HBu, valeric —
HVa, and caproic - HCa) by gas chromatography (GC) with
flame ionization detector (FID), as previously described
[41]. Additionally, six samples of vinasse were analyzed
for SO,>~ by photometric analysis (kit Visocolor, following
the manufacturer instructions) and for metals (copper-Cu,
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Fig. 1 Pilot-scale hybrid anaerobic reactor scheme

lead-Pb, chromium-Cr, iron-Fe, magnesium-Mg, manga-
nese-Mn, zinc-Zn, calcium-Ca, sodium-Na and potassium-
K) by using an atomic absorption spectrophotometer. The
measured values for the operational and physicochemical
parameters are shown as Supplementary Information (Table
S1).

Identification of Parameters that Affect the
Microbiota in Vinasse Digestion

The effect of physicochemical and operational parameters
was investigated over the abundant microbiota of the bot-
tom compartment (sludge blanket) of the HAnR, which
had a greater COD removal and a more stable microbial
community than the upper compartment. Abundant micro-
organisms included ASVs of Bacteroidetes, Firmicutes,
Cloacimonetes, Chloroflexi, Synergistetes, Deltaproteobac-
teria, Methanosarcinales, Methanobacteriales, Methano-
microbiales and Methanomassiliicoccales, and some ASVs
were identified as key microorganisms to CH, production
[38].

Multivariate regression trees (MRT) were constructed
to verify the changes in the ASVs abundance in response
to the monitoring parameters, employing the composition
of abundant ASVs by DNA and ¢cDNA and the parameters
of temperature, pH, VFA, COD and OLR. The individual
concentrations of alcohols, acids, metals and SO42_ were
not applied in MRT, since these parameters were not mea-
sured in all samples. The MRT were elaborated using the
mvpart package v.1.6-2.6 [42] in R v.4.0.2 [43], with up
to 4 divisions and at least 3 samples in each group. Graphs
of the microbial abundance were associated to each leaf of
MRT, and the significance between groups was investigated
by the Kruskal-Wallis’ test and Dunn’s test followed by a
Benjamini-Hochberg correction (p < 0.025), employing the
dunn.test package v.1.3.5 [44] in R v.4.0.2 [43].

To complement the results, analysis of Spearman’s rank
correlation coefficients (SCC) were done using the cor-
rplot package v.0.92 [45] in R v.4.0.2 [43]. In this analysis,
the abundant ASVs, the individual metabolic redundancy
and the ecological indexes of richness (Chaol), evenness
(Pielou) and diversity (Neff-Shannon), previously reported
[38], were correlated with the physicochemical and opera-
tional parameters. The individual concentrations of alco-
hols, acids, metals and SO42_ of vinasse were included in
the SCC analysis, and the correlations were considered sig-
nificant when p <0.05.

Microbial Interactions in the Vinasse Digestion

The interactions among the abundant ASVs were analyzed
through the time series of samples, to identify the patterns
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of microbial co-occurrence by the DNA and cDNA along
the HAnR operation and how the ASVs influence each other
with time delay. The microbial interactions were evaluated
by the SCC using the extended Local Similarity Analysis
(eLSA) [46] with the Python script, and employing a time
delay of 0—1, corresponding between 0 and 21 days of the
HAnR operation. This analysis was conducted with the
ASYV relative abundance, and the co-occurrence interactions
were considered significant when p < 0.05. Finally, Cyto-
scape v.3.10.1 [47] was employed to construct the interac-
tion networks of ASVs evaluated by DNA and cDNA. The
correlations between the microorganisms were discussed as
a potential syntrophic association in the sludge blanket of
the HAnR.

Results and Discussion

Effects of Monitoring Parameters Over Microbial
Abundance, Metabolisms and Ecology

Microbial communities evaluated by both DNA and cDNA
of'the 16 S rrna gene are affected by the monitoring param-
eters in AD process [13, 48]. By the DNA profile in the
HAnR, the microbial abundance was mainly splitted by
VFA concentration (3,700 mg.L™ ') in the affluent vinasse,
followed by temperature (30.7 °C) and pH (5.6) (Fig. 2a).
Conditions of VFA > 3,700 mg L™ ! temperature < 30.7 °C
and pH > 5.6 increased the abundance of 5716-Paludibacte-
raceae-H1 and 109-Methanospirillum, positively correlated
to %CH, in biogas during HAnR’s operation [38]. Mean-
while, the abundance of microbiota evaluated by cDNA
was splitted by temperature (29.8 °C), COD (31.4 g.L™ 1)
and OLR (9.7 kg.COD.m™ *.d™!) in the HAnR (Fig. 2b).
The maintenance of temperature > 29.8 °C, COD <314 g
L 'and OLR <9.7 kg COD m™ 3 d” ! promoted the greatest
abundance of 2442-Bacteroidetes-vadinHA 17, 6826-Pro-
lixibacteraceae, 24,995-Desulfovibrio and 27,908-Syntro-
phobacter by cDNA, all positively correlated to %CH, [38].
Additionally, the effects of temperature, pH, VFA, COD
and OLR over microbiota were reinforced by the SCC anal-
ysis, also pointing out the impacts of sulfate and metals over
the microbial abundance (Fig. 3a), metabolisms (Fig. 3b)
and ecological indexes (Fig. 3c) by both DNA and cDNA.

Temperature

The temperature in the HAnR was between 24 and 32 °C
and affected some microorganisms. Higher abundance
of Bacteroidetes by increasing temperature from 25 °C
to 35 °C occurred in AD of potato peel [16], similar to
2442-vadinHA17 (Fig. 2b) and 6826-Prolixibacteraceae,
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favored by increased mesophilic temperatures (> 29.8
°C) in the HAnR (Figs. 2b and 3a). Meanwhile, tempera-
ture change from mesophilic to thermophilic conditions
in AD led to lower abundance of Bacteroidetes, including
vadinHA 17 and Prolixibacteraceae [13, 17, 49, 50], which
may impact the hydrolysis and acidogenesis steps in vinasse
AD. Mesophilic temperature seems to also be adequate for
the development of Deltaproteobacteria, since the increase
of temperature from 37 °C to 40 °C reduced its abundance
in AD of sludge [17]. In the HAnR, while 24,995-Desul-
fovibrio and 27,908-Syntrophobacter were favored by tem-
perature increase until 32 °C, 26,623-Smithella was less
tolerant to this condition (Fig. 2b), suggesting different
responses to temperature within the Deltaproteobacteria
class. For the Firmicutes phylum, members are abundant in
anaerobic reactors both under mesophilic and thermophilic
conditions [51], which explains the absence of significative
effects of temperature over 16,739-Dehalobacterium and
18,644-Ruminococcaceae in the HAnR (Figs. 2b and 3a).
During AD of sludge, the abundance of Ruminococcaceae
was also not affected by temperatures between 37 and 53
°C [50]. In contrast, members of Clostridia decreased their
abundance after temperature reduction from 35 °C to 20 °C
in co-digestion of cow manure and corn straw [15], suggest-
ing less tolerance to lower temperatures.

Concerning the members of the Cloacimonetes phylum,
lower abundance was reported at thermophilic AD systems
[17, 50]. In the HAnR, 11,341 and 11,361-Candidatus Clo-
acimonas were positively correlated with temperature up to
32 °C (Fig. 3a). Additionally, positive correlation between
Candidatus Cloacimonas and temperature up to 45 °C was
recently reported in AD [52], suggesting some members
of Cloacimonetes may resist to high temperatures. In the
Chloroflexi phylum, 9443-Anaerolineaceae was negatively
affected by temperature up to 32 °C in the HAnR (Fig. 3a).
In contrast, changes in temperature from 37 to 44 °C kept
stable the abundance of Anaerolineaceae, but at 52 °C their
abundance also decreased [17, 50], evidencing distinct tol-
erances of Anaerolineaceae to temperature changes. For the
Synergistetes phylum, members of Synergistaceae increased
their abundance at temperatures ranging between 37 and
43 °C [50], similarly to 30,759-Syner-01 with temperature
increase in the HAnR (Figs. 2b and 3a).

Regarding the methanogenic archaea, Methanosaeta was
more abundant at 37 °C, and decreased its abundance with
the temperature increase to 41-53 °C [50, 52]. In the HAnR,
the ideal conditions for the abundance of Methanosaeta were
<29.8 °C (Fig. 2b), being negatively affected by higher tem-
perature (Fig. 3a). Additionally, Methanomassiliicoccus were
more abundant at 15 °C than at 35 °C during the digestion
of potato peel [16], contrasting with the positive correlation
between 409-Methanomassiliicoccaceae and the temperature
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Fig. 3 Matrix of Spearman’s rank
correlation coefficient (SCC)
between parameters and (a)
abundant microorganisms, (b)
microbial functional redundancy,
and (c¢) microbial ecology, by
DNA and cDNA analysis of /16 S
rrna gene. Temp =temperature.
OLR =organic loading rate.

COD =chemical oxygen demand.
VFA=volatile fatty acids.
Eth=ethanol. Meth=methanol.
HAc=acetic acid. HPr=propi-
onic acid. HBu=butyric acid.
HVa=valeric acid. HCa=caproic
acid. T=taxonomic. M =meta-
bolic * p<0,05; ** p<0,01; ***
»=0,001
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in the HAnR (Fig. 3a). Therefore, different responses to tem-
perature may occur among methanogens at the genus level.

Temperature was positively correlated to fermentation
redundancy by cDNA analysis (Fig. 3b). In the co-diges-
tion of cow manure and corn straw, the fermentation was
lower at 20 °C than at 35 °C, possibly affecting the activ-
ity of microbial intracellular enzymes of acidogenesis [15].
Compared to high temperatures, there was a decrease in the
fermentation of propionic and butyric acid at 10 °C and 20
°C, respectively, suggesting a negative effect of low tem-
peratures over acetogenesis in the co-digestion of cattle
slurry and maize straw [53]. On the other hand, acetogenesis
was stable at 35 °C, but was negatively affected at 55 °C in
the digestion of food waste, as a result of microbial altera-
tions at thermophilic conditions [49]. Therefore, fermenta-
tion processes can be impacted depending on the microbial
tolerance to temperature, and mesophilic temperatures up
to 32 °C in the HAnR were suitable for this metabolism.
Redundancy of acetoclastic methanogenesis was nega-
tively affected by temperature, while methanogenesis using
methyl + H, was favored by temperature through cDNA
(Fig. 3b). Hydrogenotrophic/methylotrophic methanogen-
esis were also favored by increased temperatures, although
the acetoclastic pathway prevailed at 37 °C in AD of sludge
[50]. In another study, acetoclastic methanogenesis medi-
ated by Methanosarcina was abundant even at 45 °C, while
the hydrogenotrophic pathway mediated by Methanobacte-
riaceae prevailed mainly at lower temperatures [53], evi-
dencing distinct responses of methanogenic pathways to
temperature according to specific archaeal tolerances.

The temperature of vinasse AD in the HAnR was posi-
tively correlated with the taxonomic evenness and diversity
by cDNA (Fig. 3c). Other studies reported higher microbial
diversity at 37 °C than at thermophilic conditions [17, 52].
Additionally, both the evenness and diversity were greater
at 20-37 °C, decreasing at lower or higher temperatures
[53]. This indicates that the temperature of vinasse diges-
tion up to 32 °C in the HAnR was adequate to maintain the
taxonomic evenness and diversity of microbes evaluated by
cDNA, both positively correlated with %CH, in the biogas
[38]. At mesophilic temperatures, the microbial community
tends to be more diverse than at thermophilic conditions,
allowing greater resilience to surpass disturbances in the
operation and keeping the stability of vinasse digestion [11],
which was also observed in the HAnR.

pH and VFA

Some microorganisms in the HAnR were influenced by
pH ranging from 4.2 to 9.7. In the AD of activated sludge,
Bacteroidetes phylum dominated the microbial commu-
nity at pH 5.0 [21]. Only 6275-Paludibacteraceae was

favored at pH < 5.6 (Fig. 2a) and was negatively correlated
to pH values (Fig. 3a), while 6826-Prolixibacteraceae and
5716-Paludibacteraceae-H1 were less abundant under
those conditions (Fig. 2a) and 6826-Prolixibacteraceae and
2442-vadinHA 17 had positive correlation to pH in the HAnR
(Fig. 3a). Similarly, at pH 7.0-7.8.0.8 in the AD of manure,
positive and negative correlations were reported between
the pH and Bacteroidetes members evaluated by DNA or
cDNA [13]. A decrease in the abundance of Bacteroidetes
was observed by reducing the pH from 8.1 to 7.3 also in the
digestion of manure [54] and from 7.0 to 5.0 in the digestion
of sugar refinery wastewater [19]. Additionally, there was a
positive correlation between alkaline pH and Bacteroidetes
members in AD of potato peel [16]. Clearly, Bacteroidetes
microbes respond distinctly to pH variability, although the
reactor operation at alkaline conditions could be adequate
for the occurrence of this phylum [51].

Members of Synergistaceae were affected by pH in the
digestion of sugar refinery wastewater and were less abun-
dant at pH 7 than at acid conditions [19]. In contrast, the
positive correlation between pH and 30,759-Syner-01 in the
HAnR (Fig. 3a) indicates that the increased pH favored this
bacterium and evidence adaptability of the Synergistetes
phylum to pH ranges. The Chloroflexi phylum was also
affected by pH in anaerobic reactors and was more abundant
at acid pH than at neutral ones in the digestion of activated
sludge [21], which was also observed for members of Anaer-
olineaceae class in the digestion of sugar refinery waste-
water [19]. Similarly, 9443-Anaerolineaceae was abundant
at pH < 5.6 (Fig. 2a) and it was negatively correlated with
pH (Fig. 3a). However, in sludge fermentation, Anaerolin-
eaceae was abundant even at pH 10 [55], suggesting flexi-
bility to pH variations within this family. For the Firmicutes
phylum, a great tolerance to pH from acid to alkaline occurs
in anaerobic reactors [51], as also reported in the biorefinery
wastewater digestion [19] and in the HAnR, by the absence
of significative effects of pH on 16,739-Dehalobacterium
and 18,644-Ruminococcaceae (Figs. 2 and 3a). On the other
hand, Ruminococcaceae decreased its abundance with pH
ranging from 6.5 to 8.5 in digestion of manure [56] and was
negatively correlated with pH 7.0-8.0 in co-digestion of
vinasse and manure [57].

Methanosaeta can resist to acid conditions in AD [51],
explaining its high abundance under pH < 5.6 (Fig. 2a),
and its negative correlation to pH (Fig. 3a). In contrast,
Methanosaeta was positively correlated to pH ranging
from 6.1 to 8.4 in digestion of potato peel, being favored
at alkaline conditions [16], and it was more abundant at
pH 6.0—6.5.0.5 than at lower values [19, 21]. Those results
suggest different tolerances of Methanosaeta to pH in the
system. Concerning other methanogens, Methanospiril-
lum and a member of Methanomassiliicoccaceae were
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positively correlated with pH 6.1-8.4 in AD of food waste
[16]. However, these archaea did not significative correlate
with pH in the HAnR (Fig. 3a), although 109-Methanospi-
rillum showed more abundance at pH > 5.6 (Fig. 2a), rein-
forcing the preference of hydrogenotrophic methanogens
to alkaline conditions. The pH of vinasse also affected the
redundancy of methanogenesis, being positively correlated
with hydrogenotrophic pathways and negatively correlated
to the acetoclastic one (Fig. 3b). By reducing the pH from
7.0 to 5.0, hydrogenotrophic methanogenesis was totally
suppressed in AD of sugar refinery wastewater, while ace-
toclastic methanogenesis persisted [19], similar to the cor-
relation results in the HAnR.

Concerning the ecological indexes, the taxonomic even-
ness and diversity by cDNA, previously related to high CH,
in biogas [38], had positive correlation to pH, which also
occurred for the metabolic richness by cDNA (Fig. 3¢). In
the digestion of sugar refinery wastewater, microbial diver-
sity and richness were also affected by pH, and they were
higher at neutral pH than at acid conditions [19], similar to
what occurred in vinasse digestion.

The microbiota in the HAnR was also affected by VFA,
varying from 2,073 to 7,369 mg.L™ . The Bacteroidetes
phylum have hydrolytic and acidogenic bacteria that con-
tribute to the VFA production through degradation of com-
plex organic matter [13, 21, 50, 58]. Despite that, bacteria of
this phylum had distinct responses to the VFA in the HAnR
(Figs. 2 and 3a), including 6826-Prolixibacteraceae with
high abundance at VFA < 3,700 mg.L™ ' (Fig. 2a) and nega-
tively correlated to VFA in vinasse through the DNA and
cDNA analysis (Fig. 3a), pointing out a low tolerance to
acids. In contrast, the low abundance of 6275-Paludibacte-
raceae when VFA < 3,700 mg.L™ ! (Fig. 2a) and the positive
correlation to VFA in vinasse by DNA (Fig. 3a) suggest that
high acid concentration benefits this bacterium. Moreover,
the abundant ASVs of vadinHA 17 did not show significant
correlations to VFA in affluent vinasse, similar to reported
in the co-digestion of manure and vinasse for produced VFA
at concentrations up to 13,000 mg.L™ ! [57], reflecting both
tolerance and a high contribution to acids production. From
the Firmicutes, Ruminococcaceae had positive correlation
to the VFA concentrations higher than 12,500 mg.L™ ! in the
co-digestion of vinasse and manure [57], as also observed in
the HAnR for 18,644-Ruminococcaceae by cDNA (Fig. 3a).
In the digestion of cow manure, positive correlation also
occurred between this microorganism and the production of
HAc (73.9 mg.L™ "), HPr (106.7 mg.L™ ') and HBu (114.5
mg.L™ ") [56], although 18,644-Ruminococcaceae did not
correlate to the individual concentrations of these acids up
t0 36.7 mg.HBu.L™ ' and 201.5 mg.HAc.L™ ! in vinasse (Fig.
3a). Those results indicate high tolerance of Ruminococca-
ceae to acids in the residue or produced in the system.
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In the co-digestion of pig manure and vinegar, the acido-
genic bacteria Candidatus Cloacimonas did not correlate to
the total VFA concentrations up to 2,850 mg.L™ ! produced
in the system, or to the individual concentrations of HBu or
HPr, although there was a tendency to negative correlation
[59]. In fact, ASVs of this genus had higher abundance at
VFA < 3,700 mg.L™ ! in vinasse (Fig. 2a) and were nega-
tively correlated to both total VFA and HBu (Fig. 3a). On
the other hand, in the AD of sludge, Candidatus Cloacimo-
nas were positively correlated with VFA, but at concentra-
tions up to 500 mg.L~ ! [52]. These observations indicate
that Candidatus Cloacimonas is favored at low VFA con-
centrations, but it is harmed by the increase of acids in the
reactor. Chloroflexi phylum is associated to VFA production
by fermentation in AD [18, 55]. At VFA > 12,500 mg.L™ !,
negative correlation occurred between Anaerolineaceae and
the acids in the co-digestion of vinasse and manure [57].
However, positive correlations between ASVs of Anaerolin-
eaceae and VFA in the HAnR (Fig. 3a) suggest these bacteria
may resist the acid concentrations in vinasse reaching 7,300
mg.L™!. In the same study of co-digestion, Synergistaceae
was associated to VFA conversion into H,, and it had nega-
tive correlation with VFA up to 13,000 mg.L™ ! [57], similar
to observed to 30,759-Syner-01 by cDNA and contrasting
to 30,415-Synergistaceae by DNA (Fig. 3a). Those results
evidence distinct responses of abundant Synergistetes in the
system, related to acid production or consumption and to
different tolerances.

Concerning the archaeal community, a positive corre-
lation was reported between Methanosaeta and the con-
centrations of VFA up to 500 mg.L™ ! in the digestion of
sludge [52]. In the HAnR, the lower abundance of Metha-
nosaeta occurred with VFA < 3,700 mg.L™ ! (Fig. 3a), and
this archaeon also had positive correlation to HAc and
HBu (Fig. 4a). Additionally, the absence of correlations
between 35-Methanobacterium and 109-Methanospirillum
and several monitoring parameters suggests adaptability of
the hydrogenotrophic archaea to the conditions of vinasse
treatment in the HAnR, contributing to the resilience of the
system. Finally, the negative correlation of cellulolysis and
total VFA (Fig. 3b) could reflect the inhibition of cellulose
degradation at VFA over 2,000 mg.L™ !, as previously dis-
cussed [59].

COD and OLR

Other parameters influencing the abundant microbiota
included COD and OLR, related to organic matter. In the
HAnR, COD values were between 23.2 and 42.4 g. L™,
while OLR varied between 4.5 and 16.3 kg.COD.m™3.d" .
Low OLR during AD contributed to the establishment
of Bacteroidetes, with high abundance at 8 kg.COD.
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m~.d” ! [51], which explains the decreased abundance of
6826-Prolixibacteraceae and 2345 and 2442-vadinHA17
at OLR > 9.7 kg.COD.m" 3471 (Fig. 2b) and the nega-
tive correlation between 2345 and 2442-vadinHA17 and
5716-Paludibacteraceae-H1 and OLR (Fig. 3a). In co-
digestion of vinasse and glycerol, members of Bacte-
roidetes were also abundant at 10 kg.COD.m™3.d™ ! [60].
Moreover, during the digestion of sugar refinery wastewa-
ter, the higher abundance of Bacteroidetes was observed at
OLR 54 kg.COD.m™ *.d™ !, compared to lower OLR [27].
Therefore, although high organic matter can be harmful
to Bacteroidetes, some populations might be more toler-
ant, as observed to 6275-Paludibacteraceae positively
correlated to COD in the HAnR both by DNA and cDNA
(Fig. 3a). Regarding Deltaproteobacteria, Desulfovi-
brio was more abundant than Smithella at 10 kg.COD.
m~ °.d” ! in the vinasse co-digestion with glycerol [60].
In the HAnR, 26,623-Smithella was more abundant at
OLR > 9.7 kg.COD.m™3.d"!, while 24,995-Desulfovibrio
was less abundant in those conditions (Fig. 2b) and was
negatively correlated to OLR (Fig. 3a), revealing distinct
tolerance of SRB to OLR values that contributes to micro-
biota adaptability and functional redundancy in the reac-
tor under different environmental conditions.

In a study of vinasse digestion, one ASV of Clostridi-
ales dominated the Firmicutes community and was more
abundant at OLR 4.4 kg.COD.m™ 3.d” ° than at lower
values [7]. Similarly, Clostridia showed high tolerance
to OLR in AD of sugar refinery wastewater, being more
abundant at 54 kg.COD.m °.d™ ! than at lower OLR [27].
In the HAnR, 16,739-Dehalobacterium presented positive
correlation with OLR by the DNA analysis (Fig. 3a), cor-
roborating that conditions of high OLR might favor the
establishment of microorganisms related to Firmicutes
[51]. For the Synergistaceae family, a reduction of abun-
dance was reported at OLR 4.4 kg.COD.m™ %.d”°, com-
pared to lower OLR, which was associated to the vinasse
toxicity [7], similar to the decrease of 30,759-Syner-01
at OLR > 9.7 kg.COD.m™ *.d” ! in the HAnR (Fig. 2b).
Another study of biorefinery residue digestion also
reported the decrease of Symergistia abundance by the
increase of OLR from 12 to 54 kg.COD.m™ *.d” !, rein-
forcing its lesser tolerance to organic overload [27].
Regarding methanogenic archaea, Methanosaeta showed
tolerance to high OLR in the AD, being abundant even
at OLR values of 28 kg.COD.m™*.d™ ! [51]. Similarly, in
the digestion of biorefinery wastewater, Methanosaeta
increased its abundance at OLR up to 36 kg.COD.m™>.d™ !
[27]. These observations explain the higher abundance
of 215 and 216-Methanosaeta at OLR > 9.7 kg.COD.
m~3.d" ! seen here (Fig. 2b) and reflect a high adaptability
of this archaeon to increased OLR. Lastly, the COD and
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OLR values in HAnR did not have great effects over the
functional redundancy and the ecological indexes (Fig. 3b
and c), possibly contributing to the reactor’s stability and
reflecting a resilient microbiota.

Sulfate and Metals

Sulfate and metals also influenced the microorganisms in
the HAnR. High concentrations of sulfate and metals can
impair the microbial community of AD and affect the effi-
ciency of treatment and biogas production, although some
microorganisms are more resistant or tolerant than oth-
ers, which keeps the system’s stability [9]. In the HAnR,
216-Methanosaeta had considerable resistance to sulfate
and metals evidenced by positive correlations (Fig. 3a),
prevailing over the others even at adverse conditions and
keeping its high abundance. However, it did not reflect the
greater %CH, in biogas by Methanosaeta [38], which can
be possibly explained by the toxic effect caused by sulfate
and metals over the hydrolytic and fermentative bacteria in
AD [9, 61].

In fact, some bacteria evaluated by DNA or cDNA in the
HAnR were negatively correlated with sulfate and/or met-
als (Fig. 3a), reinforcing that these microorganisms were
harmed, possibly decreasing substrate production for meth-
anogenesis. Nonetheless, potentially tolerant bacteria, like
6275-Paludibacteraceae and 9443-Anaerolineaceae, corre-
lated positively to some metals and/or sulfate (Fig. 3a), still
allowed the performance of HAnR together with 216-Meth-
anosaeta. Methanogens related to Methanosaetaceae were
also resistant to sulfate over 1,600 mg.L™ ! in other studies
of vinasse digestion [33, 62], similar to what we observed
for the maximum values of 2,050 mg.SO,>".L™ ! during the
HAnR’s operation. Sulfate concentrations higher than 3,000
mg.L~ ! may inhibit methanogenic archaea in vinasse diges-
tion [4], which possible occurred in the HAnR for the less
tolerant methanogen 419-Methanomassiliicoccaceae, nega-
tively correlated to SO, (Fig. 3a). However, sulfate was
positively correlated with acetoclastic methanogenesis, and
did not affect the redundancy of other methanogenesis path-
ways in general (Fig. 3b), explaining the CH, production
in the HAnR even under high SO,*>~ concentration. More-
over, the taxonomic and metabolic evenness, important to
increase the %CH, in the biogas during the HAnR’s opera-
tion [38] were negatively correlated to sulfate, potentially
impacting the biogas quality. Other study shows that even-
ness was also impacted by increased SO,>” in the vinasse
AD, which was related to a toxic effect to microorganisms
in the system [33], as occurred in the HAnR.

Metals are important micronutrients that contribute
to bacterial and archaeal activity in anaerobic consor-
tia to degrade vinasse organic matter [63]. Metallic ions
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are present in enzymes and act as cofactors for metabolic
pathways in AD [10], which likely has favored the ASVs
of Methanosaeta and the acetoclastic methanogenesis in
the HAnR, shown by positive correlations to some met-
als, including K, Mg, Cu, Zn, Fe and Mn (Fig. 3a and b).
Although important to microbial growth and enzymatic
activity, metals concentration above the tolerance limit can
lead to toxicity for the microbiota, impairing the anaerobic
system [37]. It was reported that bacteria are more toler-
ant than archaea to the concentrations of metals as trace-
element [64], contrasting to observed in the HAnR for the
metals in sugarcane vinasse (Fig. 3a).

Regarding potassium concentration, values up to 3,270
mg.K.L™ ! in vinasse were within the moderate inhibitory
range for AD [31], which may explain the negative effect
of this metal over 6826-Prolixibacteraceae, 11,341 and
11,361-Candidatus Cloacimonas, 30,759-Syner-01 and
419-Methanomassiliicoccaceae (Fig. 3a). In the HAnR,
6826-Prolixibacteraceae and 419-Methanomassiliicoc-
caceae likely contributed to the %CH, in biogas [38],
indicating that K concentration may have harmed those
microorganisms and consequently impaired the CH, pro-
duction. The redundancy of cellulolysis was also negatively
affected by K (Fig. 3b), corroborating the adverse effect of
this metal in the HAnR. However, the potential tolerance
of some microbes to K concentrations possibly contributed
to the stability of COD removal in the HAnR. In fact, other
study of vinasse digestion showed that microbiota was resil-
ient to concentrations up to 6,000 mg.K.L™ !, sustaining
COD removal [65].

At certain concentrations, copper acts as an enzymatic
cofactor and is essential to microbial activity of protein and
carbohydrate hydrolysis in anaerobic reactors [37]. This
metal promotes the activity of bacterial cellulase enzyme
and the production of VFA, but high concentrations inhibit
enzymatic activity and methanogenic growth, with the ideal
range between 5 and 30 mg.Cu.L™ ! for biogas generation
[35]. Concentrations lower than 2.2 mg.Cu.L™ ! did not
cause inhibitory effects on the vinasse digestion [31]. More-
over, the addition of 0.5 mg.Cu.L™! in waste food digestion
improved the production of biogas, while higher concentra-
tions impaired this process [66]. In the HAnR, vinasse had
concentrations up to 0.4 mg.Cu.L™ !, and some microorgan-
isms, metabolisms and ecological indexes were negatively
correlated with this metal, including 6826-Prolixibacte-
raceae, 2263, 2345 and 2442-Bacteroidetes-vadinHA17,
27,908-Syntrophobacter, 24,995-Desulfovibrio, 419-Meth-
anomassiliicoccaceae, the fermentative metabolism and the
taxonomic and metabolic evenness and diversity (Fig. 3),
all previously positively correlated with the %CH, in the
biogas [38]. This reflects a negative impact of Cu on the
release of methanogenic substrates through fermentation,

by harming the acidogenic and acetogenic microorganisms
in AD [37]. Therefore, the effect of Cu even at low concen-
tration over microbiota, metabolisms and microbial ecology
potentially impaired the biogas production in the HAnR.
However, 9443-Anaerolineaceae and 216-Methanosaeta
were tolerant to Cu concentrations evidenced by the posi-
tive correlation (Fig. 3a), likely contributing to the HAnR’s
performance even at adverse conditions.

Inhibitory effects on the AD were not detected at con-
centrations of 2.2 mg.Zn.L™ ! in vinasse [31]. In the HAnR,
vinasse had lower concentrations, adding up to 1.1 mg.Zn.
L™ !, but some microbes positively correlated to %CH 4> such
as 6826-Prolixibacteraceae, 2263, 2345 and 2442-Bacte-
roidetes-vadinHA 17, 24,995-Desulfovibrio, 27,908-Syn-
trophobacter and 419-Methanomassiliicoccaceae, besides
the metabolic and taxonomic diversity and evenness [38],
were disfavored by zinc, showing negative correlation (Fig.
3a) and suggesting an adverse effect of this metal over the
biogas quality. The addition of 1 mg.Zn.L™ ! also had a high
inhibitory effect to biogas production and harmed the occur-
rence of Methanomassiliicoccaceae in AD of synthetic
wastewater [67]. Moreover, the redundancy of cellulolysis
and fermentation by cDNA, the last one positively corre-
lated with %CH, [38], were also negatively correlated to
Zn (Fig. 3b). On the other hand, concentrations between 0.2
and 7.0 mg.Zn.L™ ! did not limit microbial growth and CH,
production in the vinasse AD elsewhere [68], and values up
to 5 mg.Zn.L™ ! favored the fermentation in another study
[35], which reflect distinct microbial responses to Zn. In the
HAnR, tolerant microorganisms included 6275-Paludibac-
teraceae, 9443-Anaerolineaceae and 216-Methanosaeta,
positively correlated to Zn (Fig. 3b). The tolerance of Meth-
anosaeta to 1 mg.Zn.L™ ! was previously reported, although
promoting less biogas production under this condition [67],
similar to what was observed in this study.

Concentrations over 1,000 mg.Mg.L™ ! normally char-
acterize a moderate inhibition of AD, but it did not affect
vinasse digestion in a previous study [31]. In contrast, some
microorganisms positively correlated with %CH, in the
HAnR, like 6826-Prolixibacteraceae, 2345 and 2442-Bacte-
roidetes-vadinHA 17, 24,995-Desulfovibrio, 27,908-Syntro-
phobacter and 419-Methanomassiliicoccaceae [38], were
negatively correlated to this metal (Fig. 3a) which added
up to 367 mg.Mg.L™ !, pointing out a potentially harmful
effect of magnesium over CH, generation. Additionally,
the redundancy of fermentation and methanogenesis using
methyl and H,, as well as the taxonomic and metabolic even-
ness and diversity, also positively correlated to the %CH,
[38], were also disfavored by Mg through cDNA (Fig. 3b
and c), reinforcing that this metal impairs the biogas qual-
ity. As observed for other metals, 6275-Paludibacteraceae,
9443-Anaerolineaceae, and 215 and 216-Methanosaeta had
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tolerance to Mg evidenced by positive correlations (Fig.
3a), potentially contributing to the system’s maintenance.

In vinasse, concentrations of 7 mg.Fe.L™ ! increased abun-
dance or activity of key microorganisms of anaerobic pro-
cesses, allowing stable operational conditions and greater
efficiency in the treatment and CH, production [63]. On
another study, concentrations between 2.0 and 22.0 mg.Fe.
L™ ! in the vinasse digestion were also favorable to micro-
bial growth and CH, production [68]. Similarly, microbiota
was not harmed by concentrations up to 18.9 mg Fe.L™ ! in
the HAnR, suggesting adequate concentrations of iron for
vinasse digestion. For lead, concentrations below 0.2 mg.Pb.
L~ ! were shown to favor AD [37], which also occurred in
the HAnR for 6275-Paludibacteraceae, 9555-Anaerolin-
eaceae and 30,415-Synergistaceae by DNA, favored by
concentrations up to 0.3 mg.Pb.L™ " (Fig. 3a). For calcium,
concentrations in the HAnR added up to 2,800 mg.Ca.L™ !,
being within the range of moderate inhibition of AD [31].
However, the evaluated microorganisms, metabolisms and
ecological indexes in the HAnR were tolerant to this metal
(Fig. 3). Regarding sodium, values of 182.5 mg.Na.L™ !
in vinasse digestion did not cause inhibitory effects to the
microbiota [31], as observed for the concentrations up to
161 mg.Na.L™ ! in the HAnR, that only impaired 35-Metha-
nobacterium by cDNA (Fig. 3a). Moreover, concentrations
of 0.1 mg.Mn.L™ ! in the AD of rice straw favored AD, but
increasing up to 1,000 mg.Mn.L™ ' modified the microbiota
and negatively affected the hydrolysis and methanogen-
esis, causing an irreversible effect on the system [64]. The
maximum manganese concentration of 5.4 mg.Mn.L™ ! in
the HAnR favored 216-Methanosaeta and the redundancy
of acetoclastic methanogenesis by ¢cDNA, only harming
27,908-Syntrophobacter and the taxonomic and metabolic
evenness (Fig. 3).

In general, although the adverse conditions in the HAnR
have impaired some microorganisms that contribute to
organic matter degradation and biogas production, other
microbial groups that also act on those processes were
favored and kept the AD and the CH, generation ongoing,
even with lower efficiency. These results reinforce that the
stability of AD in scaled-up reactors also depends on the
occurrence of functional redundancy and a resilient micro-
bial community [7, 33].

Microbial Interactions in the Vinasse Digestion

The synergy between the bacterial and archaeal communi-
ties cooccurring in the AD are essential to the adequate
performance of reactors [62]. Although methanogens are
important as CH, productors in anaerobic systems, they
must interact in parallel with hydrolytic and fermenta-
tive bacterial groups that convert the complex organic
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matter into H,, CO,, formate and acetate, substrates for
the methanogenesis [8, 69]. Concerning the interactions
between microorganisms in the sludge blanket of the
HAnR explored by SCC analysis through time series, Can-
didatus Cloacimonas can participate in syntrophic con-
sortia with microorganisms that utilize H,, including the
hydrogenotrophic methanogenic archaea and acetogenic
or sulfate reducing bacteria [70], explaining its interaction
with Methanospirillum (Fig. 4a). Similarly, the enrichment
of Candidatus Cloacimonas was reported with hydroge-
notrophic methanogens in the mesophilic co-digestion of
cow and sheep manure [71]. Meanwhile, Candidatus Clo-
acimonas and Methanosaeta, responsible for the acetate
production and consumption, respectively, correlated to
each other in vinasse digestion [62]. Those microorgan-
isms did not interact in the HAnR possibly due to their
occurrence under different conditions of temperature, pH
and organic load, besides their distinct tolerances to sulfate
and metals concentrations.

Members of vadinHA17 could have contributed to the H,
production by protein and amino acids degradation in the
system, as pointed out previously [72], justifying the inter-
action between these bacteria and the hydrogenotrophic or
H,-dependent methylotrophic methanogens 35-Methano-
bacterium, 109-Methanospirillum or 419-Methanomas-
siliicoccaceae (Fig. 4a and b). Additionally, members of
Bacteroidetes may also form a syntrophic relationship with
SRB for organic matter degradation, as observed in the
vinasse co-digestion with dairy effluent [5]. Such interac-
tions occurred in the HAnR among 6275-Paludibacteraceae
and 26,623-Smithella and ASVs of vadinHA 17, 6826-Pro-
lixibacteraceae and 24,995-Desulfovibrio and 27,908-Syn-
trophobacter (Fig. 4b), suggesting that the H, produced by
Bacteroidetes phylum is also used by SRB microbes. The
benefit for 2442-vadinHA 17 mediated by 35-Methanobac-
terium and 109-Methanospirillum with time delay (Fig.
4a) reinforces that H, consumption by hydrogenotrophic
methanogenic archaea may improve the establishment of
syntrophic bacteria by reducing the H, partial pressure in
the system [73]. On the other hand, the benefit for 35-Meth-
anobacterium promoted by 6826-Prolixibacteraceae with
time delay (Fig. 4b) seems to reflect the distinct conditions
of microbial growth for bacteria and archaea [9, 73]. Addi-
tionally, interaction between Synergistaceae and Methano-
bacteriaceae were reported in the co-digestion of vinasse
and manure, mediated by H, production and consumption,
respectively, which was also observed between 35-Metha-
nobacterium and 30,759-Syner-01 with time delay in the
HAnR (Fig. 4b).

In the co-digestion of vinasse and glycerol, the acetate
production by Desulfovibrio and Smithella favored the
establishment of Methanosaeta [60], which seemed to
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occur only by 26,623-Smithella in the HAnR, consider-
ing its interaction with 215-Methanosaeta (Fig. 4b). It is
possible that 24,995-Desulfovibrio did not interact with
Methanosaeta due to conflicting environmental conditions
that favored each of these microorganisms. In contrast,
other ASV interacting with Methanosaeta mainly through
the cDNA analysis, including 6275-Paludibacteraceae and
9443-Anaerolineaceae (Fig. 4b), cooccurred at the same
environmental conditions in the HAnR. These bacteria
potentially produced acetate by organic matter degradation,
which was later converted into CH, by Methanosaeta. In
fact, it was suggested that members of Anaerolineaceae
can release simple carbon sources, such as acetate, through
complex organic matter fermentation, as pointed out in the
co-digestion of vinasse with hemicellulose or manure [57,
74].

Microorganisms can perform several types of metabo-
lisms, and microbial syntrophic relationships are mediated
by metabolic co-dependence in organic matter conversion
into biogas [13, 75]. Besides metabolic co-dependence,
our results suggest that bacteria and archaea also interact
respecting environmental conditions that favor their cooc-
currence, such as temperature, pH, organic load and con-
centrations of sulfate and metals. Thus, even exchanging
metabolites with each other, some microorganisms cannot
interact if they prevail under different conditions in the reac-
tor due to their specific tolerances. Temperature variation
and organic overload in AD were reported to promote dis-
tinct microbial interaction, also reflecting different tolerance
of microorganisms to disturbances in the system [13, 26].
Moreover, microbes may have distinct interactions under
different nutritional conditions, affecting bioprocesses
in the reactor [76], which potentially also occurred in the
HAnR. Finally, further studies must focus on improving the
knowledge about uncultured or unclassified microorgan-
isms, allowing the deep exploration of functional profiles
and microbial interactions [26].

Conclusions

The effects of physicochemical and operational parameters
over microbiota were temporally evaluated in a pilot-scale
HAnR during AD of sugarcane vinasse. Microbial abun-
dance, functional redundancy and ecology were affected
by temperature, pH, VFA, COD and OLR, besides sulfate
and metal concentrations. Tolerant bacteria and archaea
contributed to the functional redundancy and methane pro-
duction even under adverse conditions in the system, but
less efficiently. The findings revealed a complex scenario
for structuring the microbial communities as a response to
monitoring parameters during the bioconversion of organic

matter into biogas, an important knowledge for further
improvement of scaled-up AD reactors.
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