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Organización

1. Introducción a fundamentos de la microbiología

- Definición de microorganismos y tamaños

- Organización celular de procariotas y eucariotas

- Comparación de estructuras celulares básicas: bacterias y arqueas
- Breve introducción a la diversidad microbiana.

2. Principios microbiológicos involucrados en la digestión anaerobia
- Estuctura de gránulos anaerobios: bacterias anaeróbicas, arqueas metanogénicas

- Conceptos de Ecología Microbiana en el proceso de DA

-Herramientas de Biología Molecular y ejemplos
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Introducción a la microorganismos 
• Los microorganismos se definen 

como aquellos organismos que por 
su tamaño solo pueden observarse al 
microcopio

• Bacterias, arqueas, cianobacterias, 
microalgas, protozoarios, hongos y 
levaduras y virus

• Pueden vivir como células de una 
única especie o en comunidades en 
donde establecen intreacciones con 
otras especies

• Habitan en el planeta antes que las 
plantas  y los animales

• Representan la mayor fracción de 
biomasa del planeta
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Figure 2.11 Internal structure of cells. Note differences in scale and
internal structure between the prokaryotic and eukaryotic cells.

Ribosomes interact with cytoplasmic proteins and messenger and
transfer RNAs in the key process of protein synthesis (translation).

The cell wall lends structural strength to a cell. The cell wall is
relatively permeable and located outside the membrane (Figure
2.11a); it is a much stronger layer than the membrane itself. Plant
cells and most microorganisms have cell walls, whereas animal
cells, with rare exceptions, do not.

Prokaryotic and Eukaryotic Cells
Examination of the internal structure of cells reveals two distinct
patterns: prokaryote and eukaryote (Figure 2.12). Eukaryotes
house their DNA in a membrane-enclosed nucleus and are typi-
cally much larger and structurally more complex than prokaryotic
cells. In eukaryotic cells the key processes of DNA replication, tran-
scription, and translation are partitioned; replication and transcrip-
tion (RNA synthesis) occur in the nucleus while translation (protein
synthesis) occurs in the cytoplasm. Eukaryotic microorganisms
include algae and protozoa, collectively called protists, and the fungi
and slime molds. The cells of plants and animals are also eukaryotic
cells. We consider microbial eukaryotes in detail in Chapter 20.

A major property of eukaryotic cells is the presence of mem-
brane-enclosed structures in the cytoplasm called organelles.
These include, first and foremost, the nucleus, but also mitochon-
dria and chloroplasts (the latter in photosynthetic cells only)
(Figures 2.2a and 2.12c). As mentioned, the nucleus houses the cell’s
genome and is also the site of RNA synthesis in eukaryotic cells.
Mitochondria and chloroplasts are dedicated to energy conserva-
tion and carry out respiration and photosynthesis, respectively.

In contrast to eukaryotic cells, prokaryotic cells have a simpler
internal structure in which organelles are absent (Figures 2.11a
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Figure 2.12 Electron micrographs of sectioned cells from each of the domains of living organisms.
(a) Heliobacterium modesticaldum; the cell measures 1 * 3 !m. (b) Methanopyrus kandleri; the cell measures
0.5 * 4 !m. Reinhard Rachel and Karl O. Stetter, 1981. Archives of Microbiology 128:288–293. © Springer-
Verlag GmbH & Co. KG. (c) Saccharomyces cerevisiae; the cell measures 8 !m in diameter.
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Los ácidos nucleicos (ADN y ARN) contienen la información genética de 
la célula almacenada químicamente 

El dogma central de la Biología Molecular: 

ADN o DNA: Ácido desoxirribonucleico

ARN o RNA: Ácido ribonucleico

5

Información genética: algunos conceptos

• La unidad genética funcional de la información es el gen.  Es una 
secuencia o segmento de ADN necesario para la síntesis de ARN 
que luego se traducirá en una proteína.

• Todas las formas de vida que conocemos contienen genes 

• Físicamente los genes están localizados en cromosomas y dentro 
de estos en loci

• Químicamente la información genética es conservada en el ADN

• El ADN es el molde de la información (blueprint), mientras que el 
ARN es una biomolécula intermediaria para convertir el molde, a 
una secuencia de aminácidos específicos o proteína.

6
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Células procariotas

• Los organismos porcariotas comprenden bacterias y arqueas

• Las células pueden decribirse por fu forma (morfología) y tamaño

• La distribución de tamaños es muy variable

• En comparación más pequeñas que celulas eucariotas
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Diferencias entre arqueas y bacterias

Característica Arqueas Bacterias
Dominio Archaea Bacteria

Pared celular Sin peptidoglicano; pueden contener 
pseudopeptidoglicano o proteínas Contienen peptidoglicano (mureína)

Membrana celular Enlaces éter en lípidos de membrana Enlaces éster en lípidos de membrana
ARN polimerasa Múltiples tipos, similares a las de eucariotas Un tipo principal
Ribosomas 70S (pero muy similares a los de eucariotas) 70S

Ambientes Extremos (altas temperaturas, alta salinidad, alta 
acidez) y ambientes normales

Ambientes variados, incluyendo normales y 
extremos

Metabolismo Diversos, incluyen metanogénesis Diversos, no incluyen metanogénesis

Genoma Circular, con secuencias y características genéticas 
únicas

Circular, con secuencias y características 
genéticas diferentes

Reacción a antibióticos Generalmente resistentes a antibiticos que afectan a 
bacterias

Generalmente sensibles a antibióticos 
específicos

8
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¿Dónde encontramos microorganismos?

• Los microorganismos se encuentran en 
casi todos los ambientes del planeta y 
tienen un impacto en varias áreas que van 
desde ciclos biogeoquímicos, hasta 
aplicaciones en la industria, bioenergías o 
salud animal y humana.

9

Recursos y condiciones para el crecimiento celular

• CONDICIÓN  Cualquier factor abiótico que varía en el espacio y en el tiempo. No son 
consumidos por los organismos 

• RECURSO  Cantidad de algo que puede ser reducido por la actividades de un organismo 
vivo durante su crecimiento y desarrollo

• Diferencias en el tipo y la cantidad de los recursos y las condiciones fisicoquímicas de un 
hábitat definen el nicho para cada microorganismo

10
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Lodos de biomasa granular: anaerobios

simultaneous nitrification-denitrification and/or enhanced biological phos-
phorus removal (He et al., 2017; Winkler et al., 2012). Aerobic granules
were shown by Morgenroth et al. (1997) to form after 40 days of reactor
operation, and are most often cultivated in sequencing batch reactors
(Beun et al., 1999, 2002) at short retnetion times, operated with an aeration
phase as the primary mixing mechanism (Adav et al., 2008). Consequently,
the microbial community contains aerobic bacteria in the outermost layers,
but often with an anoxic core (Lv et al., 2014; Tay et al., 2002). For this
reason, there are some disagreements among experts whether aerobic gran-
ules are completely “aerobic,” or whether, and to what extent, the anaerobic
core may play a critical role in biochemical conversions.

2.4. Discovery of anammox granules

Whilst both anaerobic and aerobic granules support organic matter conver-
sions along the carbon cycle, the third type of innovative granules har-
nesses the nitrogen cycle. Fixed nitrogen, as ammonium and nitrate has
conventionally been converted via nitrification and denitrification, both of
which are energy-intensive processes requiring aeration and additional

Figure 1. Zones of activity, and biochemical conversions, characteristic of anaerobic, aerobic
and anammox granules.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 5

Granular biofilms: Function, application, and new
trends as model microbial communities

Anna Christine Tregoa, Simon Millsa, and Gavin Collins a,b,c

aMicrobial Communities Laboratory, School of Natural Sciences, National University of Ireland
Galway, Galway, Ireland; bRyan Institute, National University of Ireland Galway, Galway, Ireland;
cWater Engineering Group, School of Engineering, The University of Glasgow, Glasgow, UK

ABSTRACT
Anaerobic digestion (AD) for
waste, and wastewater, manage-
ment was identified in the
1970s as a forerunner in the
push for sustainability. The
development of AD applications
resulted in the discovery of
“anaerobic granules,” which are
multitrophic bio-aggregates
comprising methanogenic con-
sortia capable of digesting
waste organics to methane-rich
biogas suitable for use as a
renewable bioenergy. In the
intervening years the emer-
gence of the anaerobic ammo-
nium oxidizing (anammox) granule, aerobic granule, hydrogenic granule, oxygenic
photogranule, and many other functionally-specialized granules, has opened new
opportunities in wastewater treatment, and resource-recovery, biotechnology. As a sin-
gle entity, a granule represents an entire community of microorganisms. This review
compares three of the most influential types: the anaerobic (methanogenic), aerobic
and anammox granule. The main characteristics, biochemical processes, and typical
makeup of the microbial community in each type are discussed. Finally, the adoption
of granules as an intriguing “playground” for experiments in microbial ecology
is reviewed.

Abbreviations: AD: anaerobic digestion; AHL: N-acetyl-homoserine-lactone; Anammox:
anaerobic ammonium oxidation; AOB: ammonia oxidizing bacteria; COD: chemical oxy-
gen demand; EPS: extracellular polymeric substance; NOB: nitrite-oxidizing bacteria;
OLR: organic loading rate; WWTP: wastewater treatment plant

KEYWORDS Anaerobic digestion; anammox; sludge granules

CONTACT Gavin Collins gavin.collins@nuigalway.ie Microbial Communities Laboratory, School of Natural
Sciences, National University of Ireland Galway, University Road, Galway, H91 TK33, Ireland.
! 2020 Taylor & Francis Group, LLC

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/10643389.2020.1769433

Caracterísitcas: esférico, 0,5 a 3mm, alta densidad, 
sedimenta, produce biogas, mayor resistencia a 
inhibidores
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En el caso de los gránulos anaerobios

• Organismos quimiótrofos: quimiheterótrofos y 
quimioautótrofos

• Fuente de C: orgánica (monómeros de azúcares, 
proteínas ác. Grasos y AGVs) e inorgánica (CO2)

• Resipración anaerobia (aceptor de e- distinto al 02, 
ambiente reductor) y/o metabolismo fermentativo

• Estas caracterísitcas generan nichos para una gran 
cantidad de especies de bacterias y arqueas |con 
metabolismo anaerobio y/o fermentativo.

• Arqueas y bacterias anaerobias

12
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Los micorambientes del gránulo alojan 
distintos grupos metabólicos

• Formación, al inicio 
agregado de microcolonias 
y producción de EPS, 
crecimiento, maduración y 
estabilización

• Los m.o. están rodeados de 
microambientes (conc. 
nutriente, pH)

• Un gránulo posee distintos 
microambientes

• Comunidades con cierta 
complejidad y diversidad

13

Diversidad microbiana: comunidades

Riqueza de especies alta y 
abundancia moderada

Riqueza de especies baja y 
alta abundancia

• Riqueza: Número total de especies 
presentes

• Abundancia: Proporción de cada 
especie en la comunidad 

• Pueden cambiar rápidamente en el 
tiempo

• Uno de los objetivos de la Ecología 
Microbiana es entender los 
cambios en la riqueza y la 
abundancia junto con las 
actividades de las comunidades y 
los factores abióticos

14
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¿Cómo estudiamos las comunidades?

Aumentan en 
complejidad 
biológica y espacial

La Ecología Microbiana
se centra en conocer
cómo se ensamblan las 
poblaciones microbianas
para formar
comunidades y cómo
esas comunidades
interactúan entre ellas y 
el ambiente

Quiénes y qué hacen

15

Podemos describir las reacciones y su cinética
X. Pan, L. Zhao, C. Li et al. Water Research 190 (2021) 116774 

Table 1 
Main anaerobic bioreactions during the whole anaerobic digestion. 

Bioreactions 1 !G 0’ (kJ) 
Acidogenic reactions: 
(1) Acetate: C 6 H 12 O 6 + 2H 2 O → 2 CH 3 COOH + 4H 2 + 2CO 2 -206 
(2) Butyrate: C 6 H 12 O 6 → CH 3 CH 2 CH 2 COOH + 2CO 2 + 2H 2 -254 
(3) Propionate: C 6 H 12 O 6 + 2H 2 → 2CH 3 CH 2 COOH + 2H 2 O -279.4 
(4) Lactate: C 6 H 12 O 6 → 2CH 3 CHOHCOOH + H + -225.4 
(5) Ethanol: C 6 H 12 O 6 → 2CH 3 CH 2 OH + 2CO 2 -164.8 
(6) Butyrate: 2CH 3 CHOHCOOH + 2H 2 O → CH 3 CH 2 CH 2 COOH + 2HCO 3 − + 2H + + 2H 2 -56.3 
(7) Valerate: CH 3 CH 2 COO − + 2CO 2 + 6H 2 → CH 3 (CH 2 ) 3 COO − + 4H 2 O -143.3 
(8) Valerate: 3CH 3 COO − + 3H 2 + 2H + → CH 3 (CH 2 ) 3 COO − + 4H 2 O -96.7 
(9) Valerate: CH 3 (CH 2 ) 2 COO − + CH 3 COO − + 2H 2 + H + → CH 3 (CH 2 ) 3 COO − + 2H 2 O -48.0 
(10) Caproate: CH 3 (CH 2 ) 2 COO − + 2CO 2 + 6H 2 → CH 3 (CH 2 ) 4 COO − + 4H 2 O -143.3 
Acetogenic reactions: 
(11) Propionate: CH 3 CH 2 COOH + 2H 2 O → CH 3 COOH + 3H 2 + CO 2 + 76.2 
(12) Butyrate: CH 3 CH 2 CH 2 COOH + 2H 2 O → 2 CH 3 COOH + 2H 2 + 48.4 
(13) Lactate: CH 3 CHOHCOOH + 2H 2 O → CH 3 COOH + HCO 3 − + 2H 2 -4.2 
(14) Ethanol: CH 3 CH 2 OH + H 2 O → CH 3 COOH + 2H 2 + 9.6 
Methanogenic reactions: 
(15) Hydrogen: 4H 2 + CO 2 → CH 4 + 2H 2 O -135.0 
(16) Acetate: CH 3 COOH → CH 4 + CO 2 -31.0 
(17) Formate: 4HCOOH → CH 4 + 3CO 2 + 2H 2 O -304.2 
(18) Methanol: 4CH 3 OH → 3CH 4 + CO 2 + 2H 2 O -312.8 
(19) Ethanol: 2CH 3 CH 2 OH + CO 2 → CH 4 + 2 CH 3 COOH -31.6 
Syntrophic acetate oxidizing reaction: 
(20) CH 3 COOH + 2H 2 O → 2CO 2 + 4H 2 + 104.6 
Homoacetogenic reactions: 
(21) Autotrophic: 4H 2 + 2CO 2 → CH 3 COOH + 2H 2 O -104.6 
(22) Heterotrphic C 6 H 12 O 6 → 3 CH 3 COO −+ 3H + -310.9 
1 Cited from Saady 2013 , Lee et al. 1988. 

Schnürer et al. 1996 , ( Lee and Zinder, 1988 ) Barker 1936 ). It 
was reported that SAO-HM became the dominant pathway to 
overcome acetate accumulation frominitially acetoclastic methano- 
genesis dominant anaerobic systems under high ammonia stress 
( Wang et al. 2020 ; Ruiz-Sanchez et al. 2019 ; Zhuang et al. 2018 ; 
Westerholm et al. 2016 ; Sun et al. 2014 ). Additionally, SAO-HM 
pathway also played significant role in anaerobic digester sup- 
pressed by high concentrations of VFAs (acetate, butyrate and pro- 
pionate) ( Westerholm et al. 2018 ; Wang et al. 2018 ) and high tem- 
perature ( Pap et al. 2015 ) due to the inhibition of acetoclastic 
methanogens. Homoacetogenesis and SAO-HM usually regulate ac- 
etate kinetics, methane generation and carbon cycle in many AD 
systems under some specific anaerobic conditions not suitable for 
the growth for methanogens, such as low or high temperature, 
high ammonia concentration and high VFA concentrations ( Lepisto 
and Rintala, 1999 ; Ye et al. 2014 ; Pap et al. 2015 ; Pan et al. 2017 ; 
Zhuang et al. 2018 ). 

In order to comprehensively understand acetate metabolism in 
AD process, the present review focuses on the generation and con- 
sumption network of acetate under specific conditions and sum- 
marizes the recent research on SAO and homoacetogenesis. In ad- 
dition, the physiological and biochemical characteristics of SAOB 
and homoacetogens, metabolism pathways of SAO and homoaceto- 
genesis, and their roles in acetate consumption and production in 
anaerobic system are reviewed. These could give a comprehensive 
evaluation of acetate metabolism during AD process. 
2. Biochemical reaction and functional bacteria involved in 
SAO and homoacetogenesis 
2.1. Definition of SAO and homoacetogenesis 

SAO is a process that methyl groups of acetate are con- 
verted to CO 2 with the generation of H 2 ( Barker 1936 ). Since 
the reaction is energetically unfavorableat standard conditions, 
it can only proceed at low pH 2 with H 2 consumption by hy- 
drogenotrophic methanogens. The coupled reaction of SAO-HM is 

exergonic and has the same stoichiometry of acetoclastic methano- 
genesis ( Table 1 ). 

SAO is catalyzed by functional bacteria (SAOB). It shares 
the limited energy (-31.0 kJ mol −1 ) with hydrogenotrophic 
methanogen to support their growth. This energetically disadvan- 
tage may explain the slow growth of these syntrophsand depend- 
ing on adapt rigid mutualism, which also well explains the diffi- 
culty in isolation of syntrophic acetate-oxidizing cocultures. And it 
also lead to the weakness of SAOB in outcompeting with aceto- 
clasticmethanogen in normal anaerobic system. The strict cultiva- 
tion conditions and thermodynamically unfavorable acetate oxida- 
tion resulted in the poor understanding of the physiology of these 
groups. 

Homoacetogenesis refers to the process that CO 2 is reduced to 
acetate with H 2 by the acetyl-CoA pathway ( Drake et al. 2010 ). 
It mainly conductsfrom autotrophic and/or heterotrophic sub- 
strates, including sugars, alcohols, amino acids, organic acids, 
and methylated aromatics, CO and H 2 /CO 2 ( Table 1 ). This reac- 
tion isthermodynamically unfavorable in many anaerobic habi- 
tats with low pH 2 ( Montiel-Corona et al. 2020 ; Goodwin and 
Zeikus 1987 ). In mixed cultures, H 2 is easily utilized by sulfate 
and iron reducers ( Megonigal 2014 ; Ntagia et al. 2020 ). While 
in anaerobic methanogenic system, methanogens and homoace- 
togens are the primary H 2 consumers and methanogens are com- 
monly dominant. However, it was reported that homoacetogens 
could outcompete methanogens under low temperature condition 
( Liu andConrad 2011 ) probably because of their faster growth 
rates than methanogens at the same low temperature condi- 
tion ( Kotsyurbenko et al. 2001 ; Conrad and Wetter 1990 ). Ho- 
moacetogens can survive under both acidic and alkaline condi- 
tions( Drake et al. 2010 ). 
2.2. Physiological and biochemical characteristics of functional 
bacteria of SAO and homoacetogenesis 

Previous researches have paid much attention to aceto- 
clasticmethanogenesis but neglected the SAO and the role of 
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Si bien describe la cinética, no tiene en cuenta distintos grupos de m.o. sino las transformaciones químicas 

X. Pan, L. Zhao, C. Li et al. Water Research 190 (2021) 116774 

Fig. 1. The pivotal role of acetate in anaerobic digestion. AM refers to acetoclastic methanogensis, HM stands for hydrogenotrophic methanogensis. Chemical oxygen demand 
(COD) flow of in anaerobic digestion of cellulose were displaced. 
ing steps: hydrolysis, acidogenesis, acetogenesis and methanogene- 
sis ( McInerney and Bryant 1981 ). Acetate is a pivotal intermediate 
in anaerobic decomposition of organic matters, and it contributes 
to a major part of the produced methane ( Angelidaki and Batstone 
2010 ; Aoyagi et al. 2020 ). However, the generation and consump- 
tion of acetate is depending on a various parameters, and most 
steps of AD are involved, including acidogenesis, acetogenesis, ho- 
moacetogenesis, syntrophic acetate oxidation (SAO) and methano- 
genesis ( Fig. 1 , Table 1 ) ( Angelidaki and Batstone 2010 ). The ver- 
satile role of acetate as intermediate product and methanogenic 
precursor strengthened its importance in AD and necessity for de- 
tailed investigation. 

Previous research studies have investigated the role of acetate 
in acidogenesis, acetogenesis and methanogenesis ( Madigan 2012 ; 
Schink 1997 ). When the anaerobic reactor operates stably un- 
der low H 2 partial pressure (pH 2 ), acetate was the main product 
in polysaccharide/peptides, amino acids/glycerol or galactose (etc.) 
fermentation viaacetyl-coenzymeA (CoA) pathway, and most sub- 
strates are converted directly to acetate and hydrogen (H 2 ) instead 
of reduced products, such as propionate, butyrate and ethanol 
( McInerney and Bryant 1981 ). However, a large amount of less oxi- 
dized product is produced under extreme low pH when the anaer- 
obic reactor is overloaded ( Madigan 2012 ). These reduced products 
need to be oxidized by obligate H 2 producing acetogens. Several 
strategies have been used to improve acetate production in acido- 
genesis step of AD, including pH adjustment, organic loading rate 
(OLR) regulation and pH 2 control ( Nie et al. 2007 ; Ni et al. 2011 ; 
Yan et al. 2014 ). And also, acetate is an important endproduct in 
acetogenesis process mediated by syntrophic fatty acids-oxidizing 
bacteria. Electron derived from thisoxidation reaction is pooled to 
[H + ] to generate H 2 . The free energy of fatty acid oxidation re- 

action is positive at standard conditions, therefore, low H 2 con- 
centration is needed to achieve a negative free energy. Formate 
and H 2 are two main interspecies electron carriers in anaerobic 
methane environment, and their concentration or partial pressure 
determined the proceeding of acetogenesis ( Schink 1997 ; Dong and 
Stams 1995 ). H 2 -consuming methanogen converts H 2 /CO 2 to CH 4 
to keep low H 2 concentration. In addition to H 2 and formate, ac- 
etate removal has a profound influence on syntrophic metabolism 
of fatty acids or aromatic acid. Inhibition from acetate accumula- 
tion was also found in AD systems with syntrophic decomposition 
of fatty/aromatic acids ( Rajendran et al. 2020 ; Ahring and Wester- 
mann 1988 ; Warikoo et al. 1996 ; Simeonov and Queinnec 2006 ). 
As an important precursor for methanogenesis, acetate contributes 
to 60-70% methane generation. Previous research also reported the 
hydrolysis and acetate decomposition were the main rate-limiting 
steps with cellulose and easily metabolized material as the main 
substrates, respectively ( Angelidaki and Batstone 2010 ). 

However, other processes in AD are able to affect acetate 
metabolism under specific conditions. At low temperatures (10 °C- 
20 °C), homoacetogenic organisms convert H 2 and CO 2 to ac- 
etate outcompeting with hydrogenotrophic methanogens and 
these microbes could also grow under both acidic and alka- 
line conditions ( Grimalt-Aleman et al. 2017 ; Drake et al. 2010 ; 
Kotsyurbenko et al. 2001 ; Nozhevnikova et al. 2003 ). While, 
syntrophic acetate-oxidizingbacteria (SAOB) prefer to convert ac- 
etate to H 2 and CO 2 at higher temperature ( Lepisto and Rintala 
1999 ; Dyksma et al. 2020 ). Some specific homoacetogenic organ- 
isms could also metabolize acetate via syntrophic acetate oxi- 
dation coupled with hydrogenotrophic methanogenesis (SAO-HM) 
( Dyksma et al. 2020 ; Bi et al. 2020 ; Westerholm et al. 2010 ; 
2011 ; Schnürer et al. 2006 , ( Balk et al., 2002 ) Hattori et al. 20 0 0 ; 

2 
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Podemos conocer la estructura taxonómica

• Por métodos 
independientes de cultivo 
(moleculares)

• MiDAS 5 tiene la mayor base 
de datos del gen 16S de 
microbiotas de DA

• La diversidad microbiana en 
la DA es enorme, aunque 
siempre < 1000 generos o 
especies

Article https://doi.org/10.1038/s41467-024-49641-y

MiDAS 5: Global diversity of bacteria and
archaea in anaerobic digesters

Morten Kam Dahl Dueholm 1 , Kasper Skytte Andersen 1,
Anne-Kirstine C. Korntved1, Vibeke Rudkjøbing1, Madalena Alves2,
Yadira Bajón-Fernández 3, Damien Batstone4, Caitlyn Butler5,
Mercedes Cecilia Cruz6, Åsa Davidsson 7, Leonardo Erijman8,
Christof Holliger 9, Konrad Koch 10, Norbert Kreuzinger11, Changsoo Lee12,
Gerasimos Lyberatos 13, Srikanth Mutnuri14, Vincent O’Flaherty15,
Piotr Oleskowicz-Popiel16, Dana Pokorna17, Veronica Rajal6,
Michael Recktenwald18, Jorge Rodríguez 19, Pascal E. Saikaly 20, Nick Tooker5,
Julia Vierheilig 11, Jo De Vrieze 21, Christian Wurzbacher10 &
Per Halkjær Nielsen 1

Anaerobic digestion of organic waste into methane and carbon dioxide (bio-
gas) is carried out by complexmicrobial communities. Here, we use full-length
16S rRNA gene sequencing of 285 full-scale anaerobic digesters (ADs) to
expand our knowledge about diversity and function of the bacteria and
archaea in ADs worldwide. The sequences are processed into full-length 16S
rRNA amplicon sequence variants (FL-ASVs) and are used to expand theMiDAS
4 database for bacteria and archaea in wastewater treatment systems, creating
MiDAS 5. The expansion of the MiDAS database increases the coverage for
bacteria and archaea in ADs worldwide, leading to improved genus- and
species-level classification. Using MiDAS 5, we carry out an amplicon-based,
global-scale microbial community profiling of the sampled ADs using three
common sets of primers targeting different regions of the 16S rRNA gene in
bacteria and/or archaea. We reveal how environmental conditions and bio-
geography shape the AD microbiota. We also identify core and conditionally
rare or abundant taxa, encompassing 692 genera and 1013 species. These
represent 84–99% and 18–61% of the accumulated read abundance, respec-
tively, across samples depending on the amplicon primers used. Finally, we
examine the global diversity of functional groups with known importance for
the anaerobic digestion process.

Anaerobic digestion has gained attention as an important, sustain-
able biotechnology as it provides several benefits that align with the
goals of sustainability. It can help to produce renewable energy
(biogas) from organic waste such as manure, food waste, and sludge
from wastewater treatment plants (WWTPs)1,2. The anaerobic
digestion process also reduces pathogens and the amount of organic

waste that is sent to landfills, thereby reducing methane emissions
and supporting sustainable waste management practices1. Finally,
the fertilizer that is produced as a byproduct of anaerobic digestion
can be used to support sustainable agriculture, reducing the need
for synthetic fertilizers that can have negative environmental
impacts3,4.
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The anaerobic digestion process relies on the microbial degra-
dation and conversion of organic matter, which requires a complex
interplay between several functional guilds. These include hydrolyz-
ing, acidogenic, and acetogenic syntrophic bacteria as well as metha-
nogenic archaea5. The taxonomy is poorly characterized for many of
themicroorganisms in anaerobic digesters (ADs), and even among the
most abundant taxa many lack genus- or species-level classifications6.
To optimize performance, a comprehensive knowledge about micro-
bial immigration/competition, environmental/operational conditions,
and taxonomy is essential7–9. Recent microbial surveys have increased
our knowledge about the anaerobic digestion process7,10–16. However,
sharing knowledge across studies is still hindered by the absence of
standardized protocols and a common reference database with a
unifying taxonomy17,18. To facilitate collaboration and knowledge
sharing, it is essential to establish these standard protocols and
resources.

The Microbial Database for Activated Sludge and Anaerobic
Digesters (MiDAS) project was established as an open-source plat-
form for sharing updated knowledge about the physiology and
ecology of the important microorganisms present in engineered
ecosystems of activated sludge plants, ADs, and related WWTPs17–20.
MiDAS provides standardized protocols for microbial profiling of
microbes in wastewater treatment systems21, an ecosystem-specific
full-length 16S rRNA gene reference database18,20, and a field guide
where knowledge about the specific genera are stored and shared
(https://www.midasfieldguide.org).

The MiDAS 16S rRNA gene reference database was created based
on millions of high-quality, chimera-free, full-length 16S rRNA genes
resolved into amplicon sequence variants (ASVs) and classified using
automated taxonomy assignment (AutoTax)6,18,20.

AutoTax provides a comprehensive seven-rank taxonomy (king-
dom to species-level) for all reference sequences based on the most
recent version of the SILVA SSURef 99 NR taxonomy and includes a
robust placeholder taxonomy for lineages without an official
taxonomy6. The placeholder taxa are easily distinguishable by their
names, formatted as ‘midas_x_y’, where ‘x’ indicates the taxonomic
rank and ‘y’ is a numerical identifier. This naming convention facilitates
the study of unclassified alongside classified taxa across various
taxonomic ranks. The placeholder taxonomy should not be seen as
a replacement for proper taxonomic classifications but can

pinpoint important lineages that should be studied in depth using
phylogenomics22–26.

The MiDAS 16S rRNA gene reference database (MiDAS 4.8.1)
currently contains reference sequences from WWTPs worldwide and
ADs located at WWTPs in Denmark20. However, it may not provide
comprehensive coverage for all important microbes found in ADs
treating other types of waste or in other locations.

In this study, we introduceMiDAS 5, an updated version ofMiDAS
4 expanded with more than half a million high-quality, full-length
archaeal and bacterial 16S rRNA gene sequences from 285 ADs
worldwide treating different types of biowaste.We carried out a global
survey of ADs using three commonly used short-read amplicon primer
sets targeting bacteria (V1-V3), archaea (V3-V5), and both (V4). This
data was used in combination with MiDAS 5 to (i) link the global
diversity of bacteria and archaea to biogeography and environmental
factors, (ii) identify important core taxa, and (iii) uncover the global
diversity within selected functional guilds. The results provide a solid
foundation for future research on AD microbiology.

Results and Discussion
The MiDAS Global Consortium for Anaerobic Digesters was estab-
lished in 2018 to coordinate the sampling and collection of metadata
from ADs worldwide (Supplementary Data 1). Samples were obtained
in duplicates from 285 ADs in 196 cities in 19 countries on five con-
tinents (Fig. 1a). Most of the ADs treated surplus sludge from WWTPs
(69.8%) (Fig. 1b). However, ADs treating food waste (8.1%), industrial
waste (7.4%), andmanure (5.3%)were also included in the survey.Most
of the ADsweremesophilic (86.0%), fewwere thermophilic (6.0%), and
the rest did not provide temperature data (8.1%). The main digester
technology used was continuous stirred-tank reactors (67.7%) fol-
lowed by two-stage reactors (12.6%). A few upflow anaerobic sludge
blanket (UASB) and other types were also sampled to expand the
diversity of digester types.

Expanding the MiDAS database with reference sequences from
global ADs
To expand the MiDAS database with sequences from ADs across the
globe, we applied high-fidelity, full-length 16S rRNAgene sequencing
on all samples collected in this study. More than half a million full-
length 16S rRNA gene sequence reads, representing both bacteria
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Fig. 1 | Sampling of anaerobic digesters (ADs) across the world. a Geographical
distribution of ADs included. b Distribution of digester technologies. CSTR Con-
tinuous stirred-tank reactor; TSAD Two-stage anaerobic digestion, UASB Upflow

anaerobic sludge blanket. c Distribution of primary substrates. d Distribution of
digester temperatures. The values next to the bars are the number of ADs in
each group.
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The methanogenic community composition was clearly affected
by the primary substrate and temperature (Fig. 6a, Supplementary
Fig. 7a). The most common methanogens across substrates and tem-
peratures were Methanoculleus, Methanosarcina, Methanothermo-
bacter, andMethanothrix.Methanothermobacterwas as expectedmost
abundant in thermophilic ADs. However, to our surprise, it also
occurred in high relative abundance in several mesophilic reactors
treating mainly food waste. We were not able to explain their occur-
rences in these ADs based on the availablemetadata for the plants, but
future studies might shed light on the underlying mechanisms or
environmental factors that enable this unexpected distribution.

Because most of our samples originated from mesophilic reac-
tors treating wastewater sludge, we examined the diversity of
methanogens across countries in these ADs (Fig. 6b, Supplementary
Fig. 7b). This analysis revealed that the same genera were dominat-
ing across the world. The most common methanogens in these ADs
were Methanothrix, Methanolinea, Methanospirillum, Methano-
bacterium, and the recently discovered Ca. Methanofastidiosum48.
Next, we examined if the methanogens were also conserved at
higher phylogenetic resolution. As many archaeal ASVs could not be
classified at the species-level, we examined the global diversity at the
ASV-level (Supplementary Fig. 8). We found that the vast majority of
the abundant ASVs occurred globally. The significant similarity of
methanogens across various regions indicates substantial potential
for global knowledge transfer concerning their management and
utilization.

Among the highly abundant archaea, we also observed an
ammonia oxidizing archaeon (AOA) from the genus Ca.
Nitrosocosmicus49, which was especially abundant in thermophilic
ADs treating foodwaste. This is surprising andmay indicate that they
also have an anaerobic physiology which should be investigated
further. Another abundant archaeon was the Ca. Diapherotrites
ADurb.bin253 belonging to the order Woesearchaeales which are
characterized by ultra-small genomes and an anaerobic and para-
sitic/fermentation-based lifestyle50.

Global diversity of syntrophic bacteria
Syntrophic bacteria play a vital role in ADs by converting substrates,
such as short-chain fatty acids, into acetate, H2, and formate29,51,52.
These compounds serve as substrates or reducing equivalents for
methanogens, which in turnproducemethane andCO2. This obligately
mutualistic metabolism is crucial because the syntrophs can only
oxidize substrates and sustain growth under anaerobic conditions if
the methanogens rapidly consume their products to maintain them at

very low concentrations51,53. Due to the fastidious metabolism, syn-
trophs are usually present in low abundance, and can easily become
the bottleneck in the anaerobic digestion process7,8. Accordingly, we
investigated the global diversity of this functional guild in the ADs
sampled (Fig. 7, Supplementary Fig. 9).

A clear effect of the primary substrates and digester temperature
wasobservedon the composition and abundanceof syntrophicgenera
in the digesters (Fig. 7a, Supplementary Fig. 9a). The most abundant
genus across substrates and temperature was Syntrophaceticus,
despite being barely detected in ADs treating wastewater sludge. The
type strain of this genus, S. schinkii Sp3T, is an acetate-oxidizing syn-
troph that thrives, and has a competitive advantage, under high
ammonium concentrations (up to 8400 mgN/L)54,55. The lack of Syn-
trophaceticus in ADs treating wastewater sludge may therefore be
explained by lower ammonium concentrations in these ADs
(1617 ± 4312 mgN/L, n = 145) compared to those treating food waste
(2913 ± 1681 mgN/L, n = 33), and manure (3449 ± 933 mgN/L, n = 18).

Syntrophomonas, the secondmost abundant genus, was common
in all AD types investigated, indicating a broader ecological niche.
Isolated representatives from this genus can grow syntrophically via β-
oxidation of saturated fatty acids of various lengths (C4-C18,
depending on the strain)56–59, and they are therefore likely important
for the conversion of long-chain fatty acids in ADs. Among the abun-
dant syntrophs, Tepidimicrobium, a member of the order Clostridiales,
was also observed in all AD types except mesophilic ADs treating
wastewater sludge. The exact metabolism of Tepidimicrobium in ADs
remains to be determined, however all isolated representatives can
degrade proteinaceous compounds and some species can also use
carbohydrates60. Furthermore, Tepidimicrobium has been proposed to
grow syntrophically bydirect interspecies electron transfer (DIET)with
Methanothermobacter in a process similar to that observed for
Geobacter61. Accordingly, it is likely that the Tepidimicrobium acts as a
syntrophic primary degrader in the ADs targeting mainly proteins,
carbohydrates, and derivatives.

Finally, we observed a high abundance of the genus Smithella in
mesophilic ADs treating industrial waste, manure, and wastewater
sludge. The type strain S. propionica LYPT is a propionate oxidizing
syntroph, which uses a unique dismutation pathway in which propio-
nate isfirst converted to acetate andbutyrate, andbutyrate is hereafter
β-oxidized syntrophically to acetate and hydrogen62,63. Calculations of
Gibbs free energy for this special propionate metabolism indicates a
higher tolerance toward elevated hydrogen concentrations64, which
could explain why some Smithella prevail in certain ADs. However,
Smithella has also been implicated in the syntrophic degradation of
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Fig. 6 | Top 25 archaeal genera based on V4 amplicon data. The percent relative abundance represents the mean abundance relative to all archaea across (a) different
temperature range and primary substrates, and (b) different countries considering only mesophilic ADs treating mainly wastewater sludge.
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Podemos describir las interacciones en base a su
función ecológica en la comunidad

Core microbiome: resistant

Hydrolytic-fermentative
bacteria  = functionally  
redundant

Syntrophic  communities 
=resilient  
minority
community  members,  but 

extremely  function-specialized

Methanobacteriales= resistant,  
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Methanosarcina and  
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¿Cómo hacemos? Herramientas moleculares y microscopia
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How to use molecular biology tools for the study
of the anaerobic digestion process?
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Amandine Galès . Jérôme Hamelin . Antonella Marone . Diana Z. Sousa .

Eric Trably . Claudia Etchebehere

Published online: 5 October 2015
! Springer Science+Business Media Dordrecht 2015

Abstract Anaerobic digestion is used with success
for the treatment of solid waste, urban and industrial

effluents with a concomitant energy production. The

process is robust and stable, but the complexity of the
microbial community involved in the process is not yet

fully comprehensive. Nowadays, the study of this

complex ecosystem is facilitated by the availability of
different molecular tools, but it is very important to

choose the adequate tool to answer specific questions.

The aim of this review is to describe different
molecular techniques, indicate the questions that can

be addressed by each technique, enumerate their

limitations and give practical advices for their use.
Examples of how the molecular tools have been used

to address various questions in anaerobic digestion are

presented. The key point now is to apply all this
information to improve anaerobic digestion. The

integration of concepts of microbial-ecology, envi-

ronmental-engineering, modeling and bioinformatics
is currently necessary.
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these operation conditions can change reactor perfor-
mances it is necessary to monitor the microbial

community composition during operation. When the

objective of the research is to test different reactor
configurations, different sources of inocula, or differ-

ent substrates, comparing the microbiology of differ-

ent systems is needed. In all these cases, numerous
community structures could be obtained and the

application of a fingerprinting technique such as

DGGE, T-RFLP or SSCP is a suitable choice.

1.2.3 Microbial quantification: How many

microorganisms from different groups are
present?

In AD process it is important to quantify some key
groups, in particular the density and proportion of

methanogens because of their relevance for ensuring

an efficient methanogenic process. For this, techniques

that quantify different groups of microorganisms
present in a complex community such as Fluorescent

in situ Hybridization (FISH) or quantitative PCR (q-

PCR) are adequate.

1.2.4 Microbial function: What are the roles

of different microbial groups in anaerobic
microbial communities?

Discovering specific microbial roles in anaerobic
microbial communities is currently one of the most

challenging issues for microbiologists and molecular

ecologists. Metabolic pathways and interspecies rela-
tions involved in the anaerobic process are frequently

unknown, in particular when a difficult process is

going on, such as the degradation of recalcitrant
compounds. Knowing the identity of the microorgan-

isms involved in the process (Sect. 1.2.1) can give a

hint on the metabolic potential of abundant players,
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Estructura de la comunidad: Quiénes?

• Librerías de amplicones de  ARNr 
de 16S/V4
• Librerias metagenómicas por 

shotgun (MAGs y 16S)
• Identifican a nivel de género
• Se estiman diversidad (riqueza de 

especies y abundancias relativas)
• Se pueden analizar varias muestras 

(series temporales) para 
monitorear cambios en la 
estructura de la comunidad
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A technique related to T-RFLP that provides more detailed analysis 
of microbial communities is automated ribosomal intergenic spacer analy-
sis (ARISA), which exploits the typical proximity of 16S and 23S rRNA 
genes in the genomes of Bacteria and Archaea. The DNA separating 
these two genes, called the internal transcribed spacer (ITS) region, differs 
in length among species and often also differs in length among the 
multiple rRNA operons of a single species (Figure 19.18a). The PCR 
primers for ARISA are complementary to conserved sequences in the 
16S and 23S rRNA genes that flank the spacer region. Amplification 
(Figure 19.18b) and analysis (Figure 19.18c) are conducted as 
described for T-RFLP, resulting in a complex pattern of bands that can 
be used for community analysis. However, ARISA differs from T-RFLP 
in that ARISA does not require a restriction enzyme digestion following 
PCR amplification. The word “automated” in the ARISA acronym refers 
to the use of a DNA sequencing instrument that automatically identi-
fies and assigns sizes to each dye-labeled fragment (Figure 19.18c), as 
can also be done in T-RFLP analyses. ARISA has received greatest 
application in the study of microbial community dynamics by moni-
toring, for example, changes in the presence and relative abundance 
of a specific community member through time and space.

rRNA sequence variation and general abundance of different 
sequence types (fragment fluorescence intensity) in the microbial 
community sampled (Figure 19.16).

DGGE and T-RFLP both measure single-gene diversity, but in dif-
ferent ways. The pattern of bands on a DGGE gel reflects the number 
of same-length sequence variants of a single gene (Figure 19.17), 
whereas the pattern of bands on a T-RFLP gel reflects variants differ-
ing in DNA sequence of a single gene as measured by differences in 
restriction enzyme cut sites. The information obtained from a 
T-RFLP analysis, in addition to providing insight into the diversity 
and population abundances of a microbial community, can also be 
used to infer phylogeny. Diagnostic information for each fragment 
includes knowledge of sequences near both ends (primer sequence 
and restriction enzyme cut site), knowledge that a second restriction 
site does not exist within the fragment, and fragment length. Using 
specialized software, this information can be used to search for 
matching 16S rRNA sequences in public databases. Although this is 
of some predictive value, closely related sequences are often not 
differentiated by these criteria. Thus, T-RFLP generally underesti-
mates the diversity within a microbial community.

Figure 19.18 Automated ribosomal intergenic spacer analysis (ARISA). (a) Structure of rRNA operon spanning the 16S rRNA gene (posi-
tions 1–1540), an internal transcribed spacer (ITS) region of variable length, and the 23S rRNA gene (positions 1–2900). The PCR primers, 
one labeled with a fluorescent dye, are complementary to conserved sequences near the ITS region. (b) Amplified DNA fragments of differ-
ent lengths, each corresponding to a community member. (c) Fragment analysis determined by an automated DNA sequencer. The peaks, 
which correspond to different ITS regions, can be identified by cloning and sequencing the amplified products.
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A problem with genome assembly from a mixture of environmen-
tal DNA sequence reads, however, is that the genomes obtained are 
unlikely to be either complete or clonal, instead being composed of 
fragments of DNA from closely related strains of a species 
(Figure 19.23). This has proven to be a major problem in the assembly 
of soil microbial genomes, for example, from large pools of metage-
nomic data. A single gram of fertile soil contains about 1012 bacterial 
and archaeal genes and 109 genomes; complete coverage of these 
genes is not yet feasible with available technology, even with the 
sequencing of 300 billion nucleotides in one soil study! Single-cell 
genomics (◀ Section 10.11 and Figure 10.30) may ultimately over-
come this problem (see also Section 19.12), but by definition, this 
method only provides information from a single microbial cell.

Of critical importance in evaluating a genome reconstructed from 
metagenomic DNA is to assess whether it contains all of the genes 
required by a cell (for example, all necessary tRNA and rRNA genes 
and genes encoding essential proteins such as DNA and RNA poly-
merases) and is therefore a legitimate genome candidate. In addi-
tion, an assessment of the relative abundance of genes encoding 
specific functions is equally valuable, since abundance changes sug-
gest interactions among species or a common response to a particu-
lar environmental variable. For example, if a high number of genes 
were recovered in the pathway for nitrogen fixation, this would 

Metagenomics and Reconstructing 
Environmental Genomes
An encompassing approach to the genetic characterization of micro-
bial communities is environmental genomics, also called 
metagenomics. Before the metagenomics era, microbial commu-
nity analyses typically focused on the diversity of a single gene in an 
environmental sample. By contrast, in environmental genomics, all 
genes in a given microbial community can be sampled and, if the 
experiment is properly designed, the information obtained can sup-
port a much deeper understanding of the structure and function of 
the community than can single-gene analyses.

The goal of a metagenomics study today is to use next-generation 
DNA sequencing (◀ Section 10.2) to identify as many genes as pos-
sible from an environmental DNA sample and determine the phy-
logeny of the organism(s) to which the genes belong. Although 
complete and finished genomes are often not the goal of metage-
nomics, there is increasing interest in assembling individual 
genomes from large metagenomic datasets to at least the draft stage. 
Rather than simply generating a list of all genes present in an envi-
ronment, nearly complete genomes can better connect functional 
and phylogenetic aspects of a microbial habitat. An example of this 
is shown in the “connection graph” of Figure 19.22 that depicts an 
assembly of genomes from a coastal marine water sample. A total of 
58.5 billion nucleotides in the metagenome were used to stitch 
together these complete and near-complete genomes. Such massive 
metagenomic undertakings can be highly complex enterprises but 
often reveal links between physiologies and phylogenies not obtain-
able in the absence of reconstructed genomes.

Figure 19.22 Genome assembly from a coastal marine metagenome consisting of 
58.5 billion nucleotides of sequence. This “connection graph” is intended as a visual 
representation of the complexity and abundance of partial and complete genomes 
assembled from the water sample. The long strands, colored by differences in the 
percentage of guanine plus cytosine content, correspond to prokaryotic genomes 
and the small circular strands are most likely from viruses or plasmids.
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Figure 19.23 Single-gene versus environmental genomic approaches to microbial 
community analysis. In the environmental genomic approach, all community DNA is 
sequenced, but the assembled genomes may not all be complete. Total gene recov-
ery is variable and depends on several factors including the complexity of the habi-
tat and the amount of sequence determined. Recovery is typically better when 
diversity is low and sequence redundancy is high.
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Estructura de la comunidad: Cuántos?

• F.I.S.H. (Fluorescence in situ hybridization)

• Identificación de Microorganismos Específicos y/o de la estructura microbiana. 
Sondas para para determinados grupos de bacterias y arqueas, permite la 
visualización de diferentes grupos presentes y su distribución espacial.

• Monitoreo, de la dinámica de las poblaciones microbianas durante los procesos de 
digestión anaerobia, facilitando el control y optimización del proceso.

• 4. Detección demetanogénicas y/o ulfatoreductoras, que son cruciales en la 
digestión anaerobia.

• Estudios de Interacciones Microbianas, ayuda en el estudio de interacciones 
simbióticas y antagonistas entre diferentes poblaciones microbianas en los lodos 
anaerobios.

• Diagnóstico de Problemas en Sistemas de Digestión Anaerobia, mediante la 
identificación de cambios en la población microbiana

• Estudios de Biopelículas, permite la visualización y estudio de biopelículas en los 
sistemas de tratamiento de lodos, ayudando a entender su formación y desarrollo.

• Se necesita infraestructura y personal entrenado

21

Estructura de la comunidad: Cuántos?

• Q-PCR: es una PCR modificada que permite la detección del 
número de copias de un gen

• Cuantificación a nivel de dominio (Bacterias/Arqueas) u 
organimos inidcadores a nivel género, especie

• Cuantificación de genes funcionales, monitoreo de patógenos, 
virus

• Validación de métodos de tratamiento, cuantificacón de la 
reducción de patógenos

• Se necesita infraestructura y personal entrenado
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denaturation step employed in the PCR (Figure 12.2). A DNA poly-
merase from Pyrococcus furiosus, a hyperthermophilic species of 
Archaea with a growth temperature optimum of 100°C 
( ▶ Section 17.4), is called Pfu polymerase and is even more thermo-
stable than Taq polymerase. Moreover, unlike Taq polymerase, Pfu 
polymerase has proofreading activity (◀ Section 6.4), making it 
especially useful when high accuracy is crucial. To supply the 
demand for thermostable DNA polymerases in biotechnology, the 
genes encoding these enzymes have been cloned into Escherichia coli, 
allowing the enzymes to be produced commercially in large 
quantities.

PCR Applications and RT-PCR
PCR is extremely valuable for obtaining DNA for gene cloning or 
for sequencing purposes because the gene or genes of interest can 
easily be amplified if flanking sequences are known. PCR is also 
used routinely in comparative or phylogenetic studies to amplify 
genes from various sources. In these cases the primers are made 
commercially to base-pair with regions of the gene that are con-
served in sequence across a wide variety of organisms. Because 
small ribosomal subunit (SSU) rRNA—a molecule used for 
 phylogenetic analyses—has both highly conserved and highly 
variable regions ( ▶ Section 13.11 and Figure 13.24), primers spe-
cific for the SSU rRNA gene from different taxonomic groups can 
be used to survey habitats for their microbial communities  
( ▶ Section 19.6). Also, because it is so sensitive, PCR can be used 
to amplify even very small quantities of DNA. For example, PCR 
has been used to amplify DNA from sources as varied as mummi-
fied human remains, fossilized plants and animals, and even 
single microbial cells (◀ Section 10.11). PCR is also a common 
tool of medical diagnostics in clinical microbiology laboratories 
( ▶ Section 29.8) and is widely used in forensic science to link 
crime scene evidence such as blood, semen, or tissue samples to 
a specific suspect. In clinical laboratories, especially, time is of the 
essence, and the faster an infectious disease is diagnosed, the 
sooner an effective treatment can be chosen and administered.

An important extension of the standard PCR procedure is reverse 
transcription PCR (RT-PCR), used to make DNA from an mRNA 
template (Figure 12.3). This procedure can be used to detect if a 
gene is expressed or to produce an intron-free eukaryotic gene for 
expression in bacteria (Section 12.3). RT-PCR uses the retroviral 
enzyme reverse transcriptase to convert RNA into complementary 
DNA (cDNA) (◀ Sections 11.1 and 11.11). Figure 12.3 illustrates 
how reverse transcriptase makes a single strand of cDNA using 
RNA as a template. To make cDNA, a primer complementary to 
the 3′ end of the target RNA is used by the enzyme reverse tran-
scriptase to initiate DNA synthesis. If the template is eukaryotic 
mRNA, a primer complementary to the poly(A) tail (◀ Section 
6.6) of the mRNA can be used. The activity of reverse transcriptase 
results in a hybrid nucleic acid molecule containing both DNA 
and RNA. RNase H, a ribonuclease specific for the hybrid mole-
cule, hydrolyzes the RNA, leaving the single-stranded cDNA as 
template for standard PCR using an additional 5′ primer comple-
mentary to the 3′ end of the cDNA. Note that some commercial 
reverse transcriptase enzymes used for RT-PCR also possess an 
RNase H domain.

Figure 12.2 The polymerase chain reaction (PCR). The PCR amplifies specific DNA 
sequences. (a) Target DNA is heated to separate the strands, and a large excess of 
two oligonucleotide primers, one complementary to each strand, is added along 
with DNA polymerase. (b) Following primer annealing, primer extension yields a 
copy of the original double-stranded DNA. (c) Two additional PCR cycles yield four 
and eight copies, respectively, of the original DNA sequence. (d) Effect of running  
20 PCR cycles on a DNA preparation originally containing 1 copy of a target gene. 
Note that the plot is semilogarithmic.
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in twice the original amount. The mixture is then cooled to allow 
the primers to hybridize with complementary regions of newly 
synthesized and original DNA, and the process is repeated 
(Figure 12.2c). In practice, 20–30 cycles are typically run, yielding 
a 106-fold to 109-fold increase in the target sequence 
(Figure 12.2d).

Because high temperatures are used to denature the double-
stranded copies of DNA in vitro, use of a thermostable DNA poly-
merase is critical. Taq polymerase, a DNA polymerase isolated from 
the thermophilic hot spring bacterium Thermus aquaticus 
( ▶ Section 16.20), is stable to 95°C and thus is unaffected by the 
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Polimerasa o PCR

PCR cuantitativo o Q-PCR, PCR en tiempo real o RT-PCR
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Función de la comunidad: Qué hacen?

• Técnica de Sondas con Isótopos Estables permite identificar los microorganismos 
que están activamenete metabolizando compuestos específicos marcados con 
isótopos estables, como el carbono-13 (13C) o el nitrógeno-15 (15N).  

• Estudio de rutas metabólicas, contribución de los diferentes microorganismos en la 
degradación de sustrato específicos, análisis de biodegradación de contaminantes

Ejemplo: Ensayo con sondas con isotopos estables o SIP

CHAPTER 19 • Taking the Measure of Microbial Systems  679

5U
N

IT

organisms) that metabolized the benzoate (Figure 19.38). Thus, 
although all DNA from the sample would be isolated, the 13C-DNA 
is heavier, albeit only slightly heavier, than 12C-DNA, and this dif-
ference is sufficient to separate the DNAs by a special type of cen-
trifugation technique (Figure 19.38). Once the 13C-DNA is isolated, it 
can be analyzed for phylogenetic genes or metabolic genes to yield 
genomic information about the benzoate degrader(s) in the sample. 
If instead of an organic compound, the experimental study focused on 
nitrogen fixation (conversion of N2 to cell nitrogen, ◀ Section 3.12), 
15N2 could be supplied to a sample. When nitrogen fixers in the 
sample incorporate this, they will produce slightly heavier DNA 
than organisms that cannot fix nitrogen, and the heavier DNA can 
be isolated and analyzed for genes of interest.

SIP can also be used in combination with metagenomics to pin-
point organisms carrying out a specific metabolism (from SIP 
results) in the context of all the other species and metabolisms pres-
ent in the sample (as revealed by metagenomic results). Besides a 
phylogenetic “hit” from the SIP results, additional genomic analyses 
of the labeled DNA could reveal functional genes required for the 
specific metabolism. Moreover, the phylogenetic and functional 
results from the SIP experiment could be further confirmed from the 
metagenomic profile. Clearly many opportunities exist for blending 
SIP and metagenomics to study important ecological problems.

 Check Your Understanding
• What is the simplest explanation for why lunar sulfides are  

isotopically similar to those of the primordial Earth?
• What is the expected isotopic composition of carbon in  

methanotrophs (bacteria that consume CH4)?
• How might exchange of metabolites among members of a 

microbial community complicate interpretation of a stable  
isotope probe experiment?

19.11 Linking Functions to Specific Organisms
The isotopic methods described thus far used samples containing 
large numbers of cells to infer that specific metabolisms were occur-
ring within a community or in particular species within the 

sulfides in lunar rocks closely approximates that of the H2S stan-
dard, which represents primordial Earth, and differs from that of 
microbially produced H2S.

Stable Isotope Probing
Beyond stable isotope fractionation, an alternative stable isotope 
method called stable isotope probing (SIP) can be used to iden-
tify an organism or organisms carrying out the transformation of a 
nutrient labeled with a specific stable heavy isotope, such as 13C or 
15N or even 18O (the lighter, more common isotopes of these ele-
ments are 12C, 14N, and 16O, respectively). The idea behind SIP is 
that the label will be selectively incorporated only into the cellular 
material of organisms actively metabolizing the nutrient. Then, fol-
lowing the isolation and sequencing of isotopically labeled DNA, 
the organisms carrying out the transformation can be identified.

Stable isotope probing can be used to ask general to more specific 
questions. For example, if 13C-labeled benzoate were added to a 
sediment sample and the sample incubated for an appropriate 
period, the 13C label would end up in the DNA of the organism (or 

Figure 19.37 Isotopic geochemistry of 34S and 32S. Note that H2S and S0 of bio-
genic origin are enriched in 32S and depleted in 34S.
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Figure 19.38 Stable isotope probing. The microbial community in an environmental sample is fed a 13C substrate. Organisms that can 
metabolize the substrate produce 13C-DNA as they grow and divide; 13C-DNA can be separated from lighter 12C-DNA by density gradient 
centrifugation (photo). The isolated DNA is then subjected to specific gene analysis or entire genomic analysis.
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Función de la comunidad: Qué hacen?

• Para conocer las funciones que están se utilizan técnicas 
que recuperen aquellos metabólicamente activos

• Permite cuantificar a nivel de género, especie, dominio

• Permite cuantificar genes funcionales
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19.8  Environmental Multi-omics: Integration 
of Genomics, Transcriptomics, 
Proteomics, and Metabolomics

As was presented in Chapter 10, a more complete understanding of 
how a microorganism functions requires an integrated accounting 
of all central cellular processes. These include gene expression, func-
tional knowledge of all gene products and product activities, and all 
metabolites produced during growth. The analytical tools used to 
characterize those processes in pure cultures  (◀ Sections 10.11–
10.13) are now being applied to the study of complex microbial 
communities to yield an unprecedented view of microbial ecology.

Characterization of a natural system is a much more complex prob-
lem than the analysis of a single organism. Not only must processes of 
each organism be measured, but the many changing biotic and abiotic 
interactions that modify those processes must also be resolved. Here 
we consider the methods of genomic, transcriptomic, proteomic, and 
metabolomic analysis required to unveil patterns of microbial diversity 
that will ultimately lead to a more predictive understanding of micro-
bial community function and response to environmental change. Col-
lectively called omics or, when used in combination, multi-omics, these 
rapidly evolving methods are having a dramatic impact on our under-
standing of the structure and function of natural microbial communi-
ties. We begin with an overview of individual omics (Figure 19.21), and 
then present exemplar case studies of their application.

of nonspecific hybridization. That is, gene variants that are closely 
related in sequence may not be resolved in a microarray because of 
overlapping hybridization patterns. Moreover, totally unrelated 
genes may yield false positive results if they are sufficiently comple-
mentary in base sequence to hybridize to the probe. And finally, 
unlike nucleic acid sequencing, whose costs keep plummeting yearly, 
designing and manufacturing gene chips are not yet inexpensive 
endeavors. Combined with culture-independent phylogenetic diver-
sity studies (Section 19.6), functional gene arrays offer the microbial 
ecologist a detailed picture of both the diversity of organisms and 
the diversity of metabolisms in any given environment. However, 
what the GeoChip and related functional gene arrays do not reveal is 
actual metabolic activity; they show only the genetic potential for 
metabolic activity. We got a taste of how metabolic activity can be 
measured using BONCAT, a microscopic method of detecting meta-
bolic activity (Figure 19.15). In the next section, we explore other 
methods of assessing microbial activity that use omics, the most 
powerful tools in the microbial ecologist’s toolbox.

 Check Your Understanding
• What are some caveats of interpreting a hybridization signal on 

the GeoChip?
• What are the advantages and disadvantages of microarray tech-

nology compared to sequencing PCR products?

Figure 19.21 Multi-omics methods overview. The combined use of advanced genetic, molecular, microscopic, and isotopic methods is 
 revolutionizing the study of natural microbial communities. Assignment of protein and transcript sequences to specific community members is 
accomplished by mapping their sequences on unique genomes assembled from metagenomic sequences. Abbreviations: FISH, fluorescence in 
situ hybridization (Figures 19.11–19.14); BONCAT, bioorthogonal noncanonical amino acid tagging (Figure 19.15); FACS, fluorescence-activated 
cell sorting (see Figure 19.42); MAR, microautoradiography (see Figure 19.41); SIMS, secondary ion mass spectrometry (see Figure 19.39).
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Figure 19.26 Meta-omics of permafrost. 
(a) Metagenomic and metaproteomic analy-
sis of an environmental sample. Total DNA 
and protein are extracted from a sample and 
analyzed to identify microorganisms and 
their associated proteins. Following 
sequencing, the DNA is assembled into par-
tial and complete individual genomes. The 
16S rRNA gene can also be profiled to deter-
mine the phylogenetic affiliation of Bacteria 
and Archaea present in the sample. After 
identifying the digested proteins by mass 
spectrometry, their microbial source can be 
determined by searching for corresponding 
DNA sequences in the metagenomic data. 
(b) Visualization of a subset of the proteins 
identified from metagenomic and metapro-
teomic analysis of a bog sample. Ccp: cyto-
chrome c peroxidase, DsrA: sulfite reductase 
subunit A, GlnA/GlnB: nitrogen storage, Hup: 
heterosulfide reductase, Lem: peptidoglycan- 
associated lipoprotein, Mtd/MtrA/MtrB/
MtrH/McrA/McrB/McrG/Mer/Mo: methane 
metabolism, NapC: NapC/NirT cytochrome c, 
Opa: opacity protein, PSP: phosphate-selec-
tive porin, Ptol: periplasmic component of 
the Tol biopolymer transport system, Thr: 
thermosome, SusD: sulfate ABC transport 
system ATP-binding protein, TonB: periplas-
mic protein. Data adapted from Hultman, J., 
et al. 2015. Nature 521: 208.
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Ejemplo 1: Las vías metanogénicas cambian 
durante la granulación 

1-2 mm
Contents lists available at ScienceDirect

Bioresource Technology
journal homepage: www.elsevier.com/locate/biortech

The study of structure of anaerobic granules and methane producing
pathways of pilot-scale UASB reactors treating municipal wastewater under
sub-mesophilic conditions
Isaac Owusu-Agyemana, Özge Eyiceb, Zeynep Cetecioglua,⁎,1, Elzbieta Plazac,1
a Department of Chemical Engineering, KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden
b School of Biological and Chemical Sciences, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
c Department of Sustainable Development, Environmental Science and Engineering, KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Anaerobic granules
Methanogenesis
Municipal wastewater
Microbial community
UASB

A B S T R A C T

This study was carried out to investigate the relationship between the methane producing pathways and the
characteristics of anaerobic granules treating municipal wastewater. For this purpose, two pilot scale upflow
anaerobic sludge blanket reactors with different granule size distribution (1–2mm and 3–4mm) were in-
vestigated at operating temperatures of 20 °C and 28 °C for 239 days. There was an increased and stable biogas
production when temperature was elevated to 28 °C likely due to reduction in methane solubility. Larger
granules had multi-layered internal microstructures with higher acetoclastic methanogenic activities
(250–437mL CH4 g−1 VS d−1) than smaller granules (150–260mL CH4 g−1 VS d−1). The relative abundance of
acetoclastic methanogens of larger granules was higher, confirming acetoclastic methane producing pathway
was more prominent. However, there was no significant difference in the performance of the two reactors be-
cause they were operating below their capacities in terms of organic loading rate to volatile solids ratio.

1. Introduction

Anaerobic treatment of municipal wastewater is getting more at-
tention as it can change wastewater treatment plants (WWTPs) from

energy consuming to energy producing systems (Foresti et al., 2006;
Verbyla et al., 2013). Among anaerobic reactors for wastewater treat-
ment, granule-based technologies such as upflow anaerobic sludge
blanket (UASB) reactors are advantageous over other reactor types due

https://doi.org/10.1016/j.biortech.2019.121733
Received 25 April 2019; Received in revised form 26 June 2019; Accepted 30 June 2019

⁎ Corresponding author.
E-mail address: zeynepcg@kth.se (Z. Cetecioglu).

1 These authors supervised this work equally.
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3-4 mm

-Dist. Tamaños
-SEM
-SMA
-Secuenciacion amplicones

Reactores UASB 2,4 m3 de aguas 
municipales. Escala piloto

25

Las vía metanogénica hidrogenotrófica es la 
principal en gránulos más pequeños
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Ejemplo 2: Digestión de efluente lácteo 
y aumento de pH 

• Reactor UASB modificado 40m3 
(Passeggi  et al., 2012). Escala real

• Inoculación 1300kg SSV de lodo 
floculento proveniente de una laguna 
anaerobia de frigorífico

• Régimen de alimentación 
intermitente: 3 días alim./4 días 
recirculación

• Aumento gradual de carga orgánica 
por aumento de caudal (q)

27

Estrategia de estudio

q, pH, DQO, T, q 
CH4 ,  diario
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UASB
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Muestras
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Secueniación de 
rARN de 16S 
PGM Ion Torent

AME
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/CH4
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DQO, IVL
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3 M
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“el shock de NaOH”

Fuente: Fernández, 2016

29

¿Cómo impactó el aumento de pH en la 
comunidad de procariotas?

Secuenciación amplicones de ARNr de 16S V4

Vol.:(0123456789)1 3

Bioprocess and Biosystems Engineering 
https://doi.org/10.1007/s00449-019-02198-3

RESEARCH PAPER

Microbiota adaptation after an alkaline pH perturbation in a full-scale 
UASB anaerobic reactor treating dairy wastewater

Cecilia Callejas1  · Alfonsina Fernández1 · Mauricio Passeggi1 · Jorge Wenzel2 · Patricia Bovio2 · Liliana Borzacconi1 · 
Claudia Etchebehere2 

Received: 8 May 2019 / Revised: 31 July 2019 / Accepted: 31 August 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The aim of this study was to understand how the microbial community adapted to changes, including a pH perturbation, 
occurring during the start-up and operation processes in a full-scale methanogenic UASB reactor designed to treat dairy 
wastewater. The reactor performance, prokaryotic community, and lipid degradation capacity were monitored over a 9-month 
period. The methanogenic community was studied by mcrA/mrtA gene copy-number quantification and methanogenic activity 
tests. A diverse prokaryotic community characterized the seeding sludge as assessed by sequencing the V4 region of the 16S 
rRNA gene. As the feeding began, the bacterial community was dominated by Firmicutes, Synergistetes, and Proteobacteria 
phyla. After an accidental pH increase that affected the microbial community structure, a sharp increase in the relative abun-
dance of Clostridia and a decrease in the mcrA/mrtA gene copy number and methanogenic activity were observed. After a 
recovery period, the microbial population regained diversity and methanogenic activity. Alkaline shocks are likely to happen 
in dairy wastewater treatment because of the caustic soda usage. In this work, the plasticity of the prokaryotic community 
was key to surviving changes to the external environment and supporting biogas production in the reactor.

Keywords UASB · Full-scale · Dairy wastewater · 16S rRNA gene sequencing · qPCR mcrA gene

Abbreviations
AD  Anaerobic digestion
COD  Chemical oxygen demand
EGSB  Expanded granular sludge bed
FOG  Fat, oil and grease
HRT  Hydraulic retention time
LCFA  Long-chain fatty acid
OLR  Organic loading rate
OUT  Operational taxonomic unit
SFDA  Specific fatty-acid degradation activity
SLR  Specific loading rate

SMA  Specific methanogenic activity
SRT  Sludge retention time
UASB  Upflow anaerobic sludge blanket
VSS  Volatile suspended solids

Introduction

The dairy industry is one of the most relevant sectors in the 
food industry because of the global-scale consumption of its 
products. It is estimated that 2.5 L of wastewater is gener-
ated per liter of processed milk [1]. Proteins, lactose, and 
fat (up to 80 gL−1) are major components, but their propor-
tions depend on the process involved (milk, cheese, etc.) [2]. 
In Uruguay, the dairy industry produced roughly 2 million 
liters in 2018 and generated 4-million liters of wastewater 
[3]. The biorefinery using microalgae has recently emerged 
as a promising approach to treat and add value to the dairy 
wastewater [4, 5]. However, in Latin American countries, 
anaerobic ponds are still widely used [6]. The application of 
methanogenic reactors to treat dairy wastewater can be an 
alternative technology to anaerobic ponds for the recovery 
of clean energy in the region.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0044 9-019-02198 -3) contains 
supplementary material, which is available to authorized users.

 * Cecilia Callejas 
 ceciliac@fing.edu.uy
1 BIOPROA, Faculty of Engineering, Institute of Chemical 

Engineering, Universidad de La República, Herrera y 
Reissig 565, Montevideo, Uruguay

2 Microbial Ecology Laboratory, BioGem Department, 
Biological Research Institute Clemente Estable, Ministry 
of Education, Av. Italia, 3318 Montevideo, Uruguay
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¿Cómo impactó el aumento de 
pH en la comunidad de 

arqueas metanogéncias?
Q-PCR de mcrA y actividad metanogénica acetoclastica

31

Ejemplo 3: Codigestión de 
sólidos en celulosa y lípidos 

• 3 digestores 1,5L (CTRS). Escala lab
• 54° C (termofilicos)/HRT 15 dias
• 3 períodos: 

• I dias 0-37 alimentado con estércol ganado (CM)
• II días 38– 80 alimentado con CM y oleato de Na 12g/L
• III días 81 – 125 alinetado solo con CM

• Sólidos totales, volátiles
• Metano
• pH
• VFAs
• Metagenoma shotgun, MAGs

Microbial dynamics in biogas digesters treating lipid-rich substrates via
genome-centric metagenomics

Maria Gaspari a,b,1, Laura Treu c,1, Xinyu Zhu d, Matteo Palù c, Irini Angelidaki d,
Stefano Campanaro c,⁎, Panagiotis G. Kougias b

a Department of Hydraulics, Soil Science and Agricultural Engineering, Faculty of Agriculture, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece
b Soil and Water Resources Institute, Hellenic Agricultural Organisation Demeter, Thermi, Thessaloniki 57001, Greece
c Department of Biology, University of Padova, 35131 Padova, Italy
d Department of Environmental Engineering, Technical University of Denmark, Kgs. Lyngby DK-2800, Denmark

H I G H L I G H T S

• Reactors' performance was evaluated
during a stepwise increase of OLR levels.

• The effect of lipid degradation in
biogas microbiome was revealed by
metagenomics.

• Gradual lipid concentration modified
the microbial composition.

• Microbial behavior can be markedly
different even in species of the same
genus.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
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Available online 8 March 2021

Editor: Huu Hao Ngo

Keywords:
Anaerobic digestion
Methane production
Lipid adaptation
Metagenomics
Microbial community functions

Co-digestion with lipid-rich substrates is a likely strategy in biogas plants, due to their high energy content.
However, the process stability is vulnerable to inhibition due to the sudden increase of fatty-acid concentration.
Therefore, techniques that promote the adaptation of the microorganisms to the presence of lipids have been pro-
posed. In this frame, the initial hypothesis of the work was that a gradual change in feedstock composition would
enable us to elucidate the microbial organisation as a result of deterministic (i.e. chemical composition of influent)
and stochastic (e.g. interspecies interactions) factors. This study investigates the response of the biogas microbiome
to gradual increment of the Organic Loading Rate by supplementing the influent feedstock with Na-Oleate. The re-
sults showed that as a response to the feedstock shifts three clusters describing microbes behaviours were formed.
The dynamics and the functional role of the formed microbial clusters were unveiled, providing explanations for
their abundance and behavior. Process monitoring indicated that the reactors responded immediately to lipid sup-
plementation and they managed to stabilize their performance in a short period of time. The dominance of
CandidatusMethanoculleus thermohydrogenotrophicum in the biogas reactors fed exclusively with cattle manure in-
dicated that the predominant methanogenic pathway was hydrogenotrophic. Additionally, the abundance of this
methanogenwas further enhanced upon lipid supplementation and its growthwas supported by syntrophic bacte-
ria capable tometabolize fatty acids. However,with the shift back to the original feedstock (i.e. solely cattlemanure),
the microbial dynamicity significantly altered with a remarkable increment in the abundance of a propionate de-
grader affiliated to the order of Bacteroidales,which became the predominant microorganism of the consortium.

© 2021 Elsevier B.V. All rights reserved.

Science of the Total Environment 778 (2021) 146296

⁎ Corresponding author.
E-mail address: stefano.campanaro@unipd.it (S. Campanaro).
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El aumento en lípidos se 
corresponde con un aumento 

en AGVs y pH 

NanoDrop (Thermo Fisher Scientific, Waltham, MA) and Qubit fluo-
rometer (Life Technologies, Carlsbad, CA). Metagenomic sequencing
was performed using Illumina HiSeq 2500 platform (Illumina, San
Diego, CA) and Nextera XT Kit (Illumina, San Diego, CA) at the
Ramaciotti Center for Genomics (Sydney).

2.4. Genome-centric metagenomic analysis

The quality check and the removal of the adaptor from raw reads
were done with Trimmomatic software (Bolger et al., 2014) and
bbduk (release 11/2016) (https://sourceforge.net/projects/bbmap/
). The gene assembly and binning were performed according to the
pipeline previously described (Campanaro et al., 2020). In brief, the
reads assembly was performed with Megahit (v1.1.1) (Li et al.,
2015). The binning procedure was performed with MetaBAT 2
(v2.12.1) (Kang et al., 2015). Subsequently, metagenome-
assembled genomes (MAGs) quality was verified with CheckM
(v1.0.3) (Parks et al., 2015). The taxonomic assignment of the
MAGs was achieved with different methods (e.g. 16S rRNA, Average
Nucleotide Identity metric - ANI), whichweremanually compared as
described in Campanaro et al., 2020. The relative abundance of the
MAGs was calculated with CheckM using as input the bam alignment
files obtained using Bowtie2 (v2.3.4.3) (Langmead and Salzberg,
2012). Finally, the coverage of the MAGs is represented as a heatmap
using the ggplot2 package from R (v4.0.3), to show the behavior of
the MAGs in the different sampling points.

Genes encoded in MAGs were predicted using Prodigal software
v2.6.3 (Hyatt et al., 2012) and annotated considering databases KEGG
and DRAM (Shaffer et al., 2020). Completeness of KEGG pathways was
determined using “KEGG Mapping/Reconstructmodule.py” (https://
github.com/pseudonymcp/keggmapping). Selected KEGG Modules
(Supplementary data 1) were further scrutinized for completeness
using an HMM-driven approach. It consisted in constructing nucleotide
profiles from orthologous genes of taxonomically related organisms
using HMMER suite, version 3.3.1 (Wheeler and Eddy, 2013). The gen-
eration of the high-resolution microbial phylogenies was obtained
using PhyloPhlAn v3.0 (Segata et al., 2013), while the visualization of
the phylogenetic tree was performed with iTOL (Letunic and Bork,
2019) using the newick file as input. Sequence data are accessible in
the NCBI database under the bioproject PRJNA602310.

2.5. Statistical and modeling analysis

The performance of the reactors during the whole experiment,
and the differences of the microbial abundances among the different
periods were analysed using STAMP software (Parks et al., 2014). A
2-sided Welch's t-test with a significance level of 95% was used for
the analyses.

3. Results and discussion

3.1. Reactors' process performance

The impact of the gradual increment of LCFA concentration (by
increasing the concentration of Na-Oleate) was investigated in the
reactors' performance by monitoring essential biochemical parame-
ters, such as productivity of methane and intermediate metabolic
compounds.

The average methane yield of the three reactors versus time is
shown in Fig. 1b. In Period I, during which the reactors were fed solely
with CM corresponding to an OLR of 1.89 g VS/(Lreactor .d), the reactors'
performancewas very stablewith an averagemethane yield of 155 CH4/
g VS. In Period II, when Na-Oleate was supplemented in the influent
feedstock, the methane production showed an oscillatory behavior. In
the first ten days of Period II, the reactors responded positively to the
addition of Na-Oleate (Fig. 1b) and the methane yield increased due to
the OLR increment. These findings are in agreementwith previous stud-
ies reporting an immediate response of the reactors upon LCFA addition
(Kougias et al., 2016). From day 48, however, an unstable methane pro-
duction was observed, and in fact, there was a decrease of 23% (com-
pared to the average methane yield of Period II). This process
disturbance conformed with the accumulation of the propionate in the
reactors (Fig. 2). As will be described below, propionate is a volatile
fatty acid that, when accumulates in the reactors, causes process insta-
bility. Nonetheless, from day 58 the reactors showed an enhancement
in methane productivity reaching approximately 150% in the subse-
quent days of the decrease. Thereupon, the reactors' performance grad-
ually returned to a stable state, as it can be seen by the stabilization of
methane yield. These findings are in concordance with previous obser-
vations stating that the inhibition from LCFA is a reversible phenome-
non when the range of their concentration in the reactors vary among

Fig. 2. pH and concentration of total VFA, acetate and propionate of the three bioreactors (averages and standard deviations). The red lines indicate the change of periods and the asterisk
symbol (*) the days of DNA sampling.
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supplemented with 12 g/L-feed sodium oleate (≥82%, Sigma-Aldrich,
Seelze, Germany) until the oleate concentration in reactors reached
3.5 g VS/(Lreactor×d) and (c) Period III (days 81–125), the reactors' feed-
stock changed again to solely CM. Fig. 1a represents theOrganic Loading
Rate (OLR) and theoretical oleate concentration of the reactors, assum-
ing no degradation. The biogas production of each reactor was recorded
daily by automated displacement gas meters as previously described
(Angelidaki and Ahring, 1992).

2.2. Analytical methods

Total solids (TS) and Volatile solids (VS) were determined according
to APHA standard methods for the examination of water and wastewa-
ter (APHA, 2005). The chemical composition of CM is summarized in
Table 1. Samples from each reactor were collected for pH and Volatile
Fatty Acids (VFA) analyses twice perweek. pHmeasurementswere per-
formed by a digital pHmeter (Mettler-Toledo FEP20, Vietnam). The VFA
concentration was determined using a gas chromatograph (Shimadzu
GC-2010, Kyoto, Japan) fitted with a flame ionization detector (FID)
and a 2 m, 5 mm OD, 2.6 mm molecular sieve column packed with
Porapak Q 80/100 mesh (Supelco, Bellefonte, PA, USA). The detailed
protocol is described by Kougias et al., 2015; in brief, the temperature
program was set at 110 °C for the oven and 160 °C for the injection
port, additionally, the carrier gas was nitrogen. The biogas composition
was determined using a gas chromatograph (Mikrolab, Aarhus ALS,
Denmark) equipped with a thermal conductivity detector (TCD).
Injection port, detector and oven had a stable temperature of 50 °C,
and hydrogen was the carrier gas with a flow rate of 40 mL/min
(Kougias et al., 2015).

2.3. DNA sampling and shotgun sequencing

Samples for metagenomic analysis were collected the last day of
each operation period to ensure representative microbial structure
since the operation of the reactors was stable. The three DNA sam-
ples (biological replicates) were named as CSTR0X-n, where X stands
for the reactor 1, 2 or 3 and n denoted as a, b, or c, represent the
Period I, II and III, respectively. For all the samples, the genomic
DNA was extracted with DNeasy PowerSoil® (QIAGEN GmbH,
Hilden, Germany). An initial step of filtration using a 100 μm nylon
cell strainer filter was performed to remove barley residues present
in the manure. Furthermore, additional phenol cleaning steps were
performed in order to enhance the quality of the extracted genomic
DNA. The quality and quantity of samples were verified using

Fig. 1. a) Organic loading rate and theoretical oleate addition (assuming no degradation) during the experimental periods. Red vertical lines indicate the operation periods and the asterisk
symbol (*) the days of DNA sampling. b) Progress of the average methane yield of the three reactors during the experimental periods.

Table 1
Biochemical composition analysis of cattle manure.

Properties Unit Values

Total solids (TS) % 3.73
Volatile solids (VS) % 2.86
pH – 8.21
Acetate mg/L 1921.76
Propionate mg/L 466.78
Iso-butyrate mg/L 38.22
Butyrate mg/L 169.34
Iso-valerate mg/L 63.54
Valerate mg/L 18.74
Hexanoic acid mg/L 6.14

M. Gaspari, L. Treu, X. Zhu et al. Science of the Total Environment 778 (2021) 146296
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Producción de metano 

pH y VFAs
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Estructura de la 
comunidad por MAGs

1 to 5 g COD/gVSS (Pereira et al., 2004). Additionally, by calculating the
theoretical methane potential of Na-Oleate and taking into consider-
ation that the degradation of the CM was not affected by the LCFA, it
was found that over 70% of the supplemented LCFA was converted to
methane. Moreover, the dramatic boost of methane yield during Period
II is explained by the increase of the organicmatter inside the reactor, by
the supplementation with lipids. It is well known that lipid degradation
leads to highermethane yield compared to proteins or carbohydrates. In
Period III, the reactorsmanaged to stabilize the process in a short period
of time and themethane production was stabilized in an averagemeth-
ane yield of 155 CH4/g VS, in approximately the same levels as Period I.

The pH value was self-stabilized between 8.0 and 8.2 during the
whole experiment as it can be seen in Fig. 2, a range that is favorable
to methanogenesis. At the beginning of Period II, a slight decrease
from approximately 8.2 to 7.9 was measured, concurrently with the in-
crease of Total VFA (TVFA) concentration. However, this deterioration of
the systemwas transient, since both TVFA and pH value returned to the
initial levels. The average TVFA concentration of the three reactors is re-
ported in Fig. 2. As can be seen by the individual VFAprofiles of the three
reactors, acetate (Fig. 2) was the dominant Short Chain Fatty Acid
(SCFA). During Period I, the TVFA were rated at concentrations below
1 g/L, which is an indicator of process stability and proper functioning.

Fig. 3.Microbial community composition (178MAGs) during the three time points. From inside outwards layers represent respectively the contamination level (%), the completeness (%)
of theMAGs (coloredwith green and cyan), the average relative abundance of the three reactors (%) in each period (pink colors), and the outer layer represents the taxonomyof theMAGs
reported at phylum level.

M. Gaspari, L. Treu, X. Zhu et al. Science of the Total Environment 778 (2021) 146296
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represented a great fraction of the totalMAGs (an average of 23%) at the
beginning of the experiment, highlighting the important functional ac-
tivity of methanogenesis in the current system.

3.3. Microbial community behavior in response to the lipid addition

Since the beginning of Period II, the increase of OLR level imposed a
selective pressure on themicrobial community and shaped its composi-
tion. The initial hypothesis was that the fluctuations in MAGs abun-
dance was mainly driven by the ability of different species to use
specific substrates; thus, according to this hypothesis, the metabolic
pathways during Period II would disclose the microbial mechanisms
of adaptation to lipids. Similarly, microorganisms that are sensitive to
stress factors or are unable to performβ-oxidationwould in contrast de-
crease in relative abundance. For this reason, the metabolic maps of se-
lected species were reconstructed using KEGG Modules to unveil their
functional role. Indeed, based on the outcomes of the analyses, three
clusters, whichwere representative of microbial behavior, were formed

according to the abundance of the selected MAGs: “Type I” inhibition
during and after lipid adaptation, “Type II” increment only during the
period of adaptation, and “Type III” increment after the lipid adaptation.
The classification of the most relevant MAGs in the three clusters and
their changes in relative abundances are illustrated in Fig. 4.

The functions of the encoded proteins were assigned according to
the databases KEGG, RAST and dRAM, and the functional roles of the
MAGs were defined by the identification of the complete KEGG
metabolic pathways (Fig. 5). “Type I” was constituted by eight
MAGs, six of which belonging to sugar-fermenting Firmicutes
(AS24abBPME_73, AS4FglBPSI_4, AS09scLD_284, AS20ysBPTH_57,
AS15tlH2ME_193 and AS15tlH2ME_127) and two to syntrophic
Synergistetes (AS24abBPME_148 and AS07pgkLD_227). As it is clear
from Fig. 5, the above MAGs encoded the gluconeogenesis via
Embden-Meyerhof-Pathway (EMP) pathway, which is responsible for
sugar degradation. The existence of many sugar-fermenting bacteria in
our system is attributed to the fact that the influent feedstockwas cattle
manure, which is known to be mainly composed of carbohydrates (at

Fig. 5. Representation of selected KEGG pathways for the MAGs of the three clusters. “Type I” is highlighted with light purple, “Type II”with cyan and “Type III”with grey. Black, pink and
white dots represent respectively the complete pathways, the “1-block missing” and the incomplete pathways. The microorganisms that are highlighted denote the syntrophic bacteria
(blue font), the methanogens (red font) and the putative syntrophic bacteria (light brown font). The lines connecting different MAGs show the proposed syntrophic associations.
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At the beginning of Period II, with the addition of Na-Oleate in the feed-
stock, a sudden increase in TVFAwas observed. Indeed, a rapid increase
of acetate was detected (Fig. 2) which is explained by the fact that the
acetogenesis step occurs generally fast (Lim et al., 2020). The highest
concentration of the average TVFA was observed at day 42 with its
rate reaching 3.65 g/L, of which the highest proportion belonged to ac-
etate with a value of 3 g/L. This concentration exceeded the upper
threshold of 1.5 g/L TVFA, which is defined for thewell-performing pro-
cess of the reactors (Angelidaki et al., 2005). Propionate is also consid-
ered a status indicator of the anaerobic digestion process, since it has
been previously shown that process imbalances lead to their accumula-
tion in the reactor (Boe et al., 2010). In contrast with acetate that in-
creased and decreased in a relatively short period of time, the
increment in the concentration of propionate (Fig. 2) delayed and
persisted for a longer period, approximately all the adaptation phase
of the experiment (Period II). This is due to the fact that in presence of
high acetate concentrations, the propionate decomposition rate is sig-
nificantly reduced (Wang et al., 1999). From day 81 (Period III), the av-
erage TVFA concentration was stabilized at 0.45 g/L, approximately the
same levels as Period I. This indicates that the process returned to its ini-
tial condition, as before adaptation, and to restore a stable operation
process in the reactors.

3.2. Global microbial community description

The microbial community composition and the shifts in the popula-
tions were determined using genome-centric metagenomics (Fig. 3,
Supplementary data 2). A total of three sampling points was compared:

before, during and after Na-Oleate addition, in order to distinguish the
microorganisms according to the behavior and to find those undergoing
an adaptation process after lipid addition. The modification of the
microbiome during the diverse phases of the experiment, expressed
by the difference of relative abundance of the MAGs, is shown as a
heatmap in Fig. 4. The assembly and binning processwas able to recover
178 MAGs (Fig. 3) and, more specifically, 120 High Quality (HQ) MAGs
having completeness (Cp) higher than 90% and contamination (Ct)
lower than 5%. Among the 178 MAGs, 42 HQ MAGs (Fig. 4) represent
the most abundant members of the microbiome (using a 0.2% arbitrary
threshold) and 18 of them remarkably changed in abundance in re-
sponse to the LCFA supplementation. The 42 MAGs were taxonomically
assigned to seven phyla, including Firmicutes (32 MAGs) and
Euryarchaeota (3MAGs). The dominant role of Firmicutes in the bacterial
domains in accordance with previous studies, which also demonstrated
that this phylum includes the most highly abundant members of the
community (Treu et al., 2018).

The dominant MAGs include four nearly complete archaea, i.e.
Candidatus Methanoculleus thermohydrogenotrophicum AS20ysBPTH_
159, Methanoculleus thermophilus AS20ysBPTH_14, Methanosarcina
thermophila AS02xzSISU_89 and Euryarchaeota sp. AS08sgBPME_366.
Generally, it is a common phenomenon to find the archaea contributing
only to a low extent in the total microbial community composition, ac-
counting for approximately 10% of the total reads (Krause et al., 2008;
Wirth et al., 2012). The low relative abundance of archaea is due to
the dominant role of the hydrolytic microbes. The methanogens can
represent a high fraction of the microbiome only when the feedstock
is mainly composed by SCFA. However, in our study, archaea

Fig. 4.Behavior of the 42HQmost abundantMAGs in thenine samples. The graph bar shows the average relative abundance of eachMAGduring the three experimental periods. TheMAGs
are classified in three clusters according to the behavior before - during - after the Na-Oleate addition: “Type I” MAGs decline during the lipid adaptation and after the change of the
feedstock, “Type II” increment only during the period of adaptation, and “Type III” increment after the lipid adaptation. The remaining MAGs not having a clear trend were not
assigned to the groups.
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3 grupos
-Inhibidos en PII
-Estimulados en PII
-Estimulados en PIII

Identificación de vias metabólicas 
(KEGG) en los MAGs 
repreentativos de cada período
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Reconstrucción metabólica de la relación sintrófica ente 
arquea metanogénica y bacteria sintrofica

Fig. 6. Metabolic reconstruction of the syntrophic interaction proposed between Candidatus Methanoculleus thermohydrogenotrophicum AS20ysBPTH_159 and Syntrophomonadaceae sp. AS15tlH2ME_52. Pathways involved in LCFA degradation,
utilisation of intermediate compounds and methane generation were proposed based on metagenomic data. The enzymes represented as empty shapes are partially complete or not identified.
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Acompañando a la transición verde: más allá 
del biogas
• Estamos en la era de las tecnologías 

microbianas

• Fermentaciones controladas de cultivos mixtos

• Cambio de paradigma, biodiseño de 
consorcios microbianos (SynCONS) para 
obtener productos de interés

• Productos: AGVs, biocombustibles, 
bioplásticos, combsutibles de aviación

• Consorcios microbianos para captura de CO2, 
prod. Proteínas, valorización de residuos en 
productos con alto valor agregado y reciclado 
de nutrientes, entre otros

Parera Olm, I., Sousa, D.Z. (2021) 
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Concepto para llevar a casa:
 Las comunidades se pueden manipular

• Los lodos anaerobios se caracterizan 
por poseer comunidades de 
bacterias diversas y con 
redundancia funcional en las 
primeras etapas de la digestión 
anaerobia, es posible ‘manipular’ 
dichas comunidades, mediante la 
operación adecuada de los reactores 
(ambiente) que las contienen y/o el 
biodiseño de  consorcios 
microbianos

Microbiología + Ingeniería = Tecnología Microbiológica Kumar, R., Kumar, R., Brar, S. K., & Kaur, G. (2022)
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Metabolismo energético

• Se pueden clasificar según 
su fuente de energía en 
quimiótrofos o fotótrofos

• Los quimiótrofos conservan 
la energía ya sea por 
respiración o fermentación

Tipo Fuente de energía Fuente de carbono

Fototróficas: Luz --
Fotoautótrofos Luz CO2

Fotoheterótrofos Luz Compuestos orgánicos

Quimiotróficas: Oxidación compuestos --

Quimioliautotótrofos Oxidación de compuestos 
inorgánicos CO2

Quimiorganohetrótrofos Oxidación de compuestos 
orgánicos Compuestos orgánicos
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Metabolismo en procariotas

• Conservación de la energia 
• Para crecer las células necesitan 

convertir la energía disponible en 
sus alrededores en una forma útil 
para la célula (ATP)
• Flujo de e-
• Los requerimientos energéicos 

básicos: agua, fuente de C y 
nutrientes, energía libre y poder 
reductor (e-)
• El catabolismo es exergonico y el 

anabolismo enedergónico
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