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Abstract / Zusammenfassung
Succinate  dehydrogenases  (SDHs)  and  fumarate  reductases  (FRDs)  catalyze  the 
interconversion of succinate and fumarate. Complex II has been a focus of research for 
many  years  because  this  reaction  is  highly  conserved  in  all  domains  of  life,  the 
cytoplasmic subunits of this complex are homologous to a variety of other proteins, and 
the enzymes are part of (an)aerobic electron transport chains and the TCA cycle. The 
current  classification  of  SDH/FRDs  is  based  on  the  structure  of  membrane  anchor 
subunits and their cofactors. However, complex II has not been widely analyzed in the 
context of evolution or taxonomic distribution.  In this work, a large-scale comparative 
genomics analysis of complex II addresses the questions of taxonomic distribution and 
phylogeny. Our findings report that for types C, D, and F, the structural classification and 
phylogeny go hand in hand, while for types A, B and E the situation is more complex,  
highlighting the possibility for their classification into subgroups. Based on these findings, 
a  new  evolutionary  scenario  is  proposed,  in  which  a  primordial  soluble  module, 
corresponding to the cytoplasmic subunits, would give rise to the current diversity via 
several independent  membrane anchor attachment events. The results of this project 
also emphasize the necessity of further biochemical  characterization of taxonomically 
diverse SDH/FRDs of different types, which is currently lacking.

Succinatdehydrogenasen  (SDHs)  und  Fumaratreduktasen  (FRDs)  katalysieren  die 
gegenseitige  Umwandlung  von  Succinat  und  Fumarat.  Komplex  II  steht  seit  vielen 
Jahren im Mittelpunkt der Forschung, da diese Reaktion in allen Domänen des Lebens 
hochgradig konserviert ist, die katalytischen Untereinheiten dieses Komplexes homolog 
zu einer Vielzahl anderer Proteine sind, und diese Enzyme ein Teil von den (an)aeroben 
Elektronentransportketten  und  dem  Citratzyklus  sind.  Die  aktuelle  Klassifikation  von 
SDH/FRDs  basiert  auf  der  Struktur  von  Membrananker-Untereinheiten  und  ihren 
Cofaktoren.  Die Forschung von Komplex II  wurde jedoch im Zusammenhang mit  der 
Evolution  oder  der  taxonomischen  Verbreitung  nicht  umfassend  analysiert.  In  dieser 
Arbeit befasst sich eine groß angelegte vergleichende Genomanalyse von Komplex II mit 
den Fragen der taxonomischen Verteilung und Phylogenie. Unsere Ergebnisse zeigen, 
dass für die Typen C, D und F strukturelle Klassifizierung und Phylogenie Hand in Hand 
gehen,  während  die  Situation  für  die  Typen  A,  B  und  E  komplexer  ist,  was  die 
Möglichkeit  ihrer  Klassifizierung  in  Untergruppen  hervorhebt.  Basierend  auf  diesen 
Erkenntnissen wird ein neues Evolutionsszenario für diese Enzyme vorgeschlagen, in 
dem  ein  primordiales  lösliches  Modul,  das  den  zytoplasmatischen  Untereinheiten 
entspricht,  die  aktuelle  Diversität  über  mehrere  unabhängige  Membrananker-
Anheftungsereignisse hervorrufen würde. Die Ergebnisse dieses Projekts betonen auch 
die  Notwendigkeit  einer  weiteren  biochemischen  Charakterisierung  von  taxonomisch 
diversen SDH/FRDs verschiedener Typen, die derzeit fehlt.
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Abbreviations
SDH Succinate dehydrogenase

FRD Fumarate reductase

ETC Electron transport chain

TCA cycle Tricarboxylic acid cycle

TFR Thiol:fumarate reductase

MFR Methylmenaquinol:fumarate reductase

FAD Flavin adenine dinucleotide

‍NadB L-aspartate oxidase

‍GLP Sn-glycerol-3-phosphate dehydrogenase

‍APR Adenosine-5’-phosphosulfate reductase

‍GLC Glycolate oxidase

‍HDR Heterodisulfade reductase

‍LLD L-lactate dehydrogenase

‍kstD 3-oxosteroid 1-dehydrogenase

‍SOX Sarcosine oxidase

‍ThiO Glycine oxidase

‍QMO Quinone-modifying oxidoreductase

‍GcvT Glycine cleavage system T protein

‍DadA Glycine/D-amino acid oxidase (deaminating)

‍QCR Complex III (Cytochrome bc1 complex)

‍ThiG Thiazole synthase

‍CobZ/TcuA Tricarballylate dehydrogenase

‍FccA/FrdA Soluble fumarate reductase (Shewanella)
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1. Introduction
Succinate:quinone  oxidoreductases  (SDHs,  EC  1.3.5.1)  are  membrane  enzyme 
complexes that  catalyze the succinate to fumarate conversion and link chemiosmotic 
coupling to carbon metabolism via the TCA cycle (Hederstedt 2003). These complexes 
are closely related and homologous to quinol:fumarate reductases (FRDs, EC 1.3.5.4), 
which  catalyze  the  conversion  of  fumarate  to  succinate.  While  succinate 
dehydrogenases  oxidize  succinate  to  fumarate,  reducing  usually  high  potential 
ubiquinone  to  ubiquinol,  fumarate  reductases  reduce  fumarate  to  succinate,  usually 
oxidizing low potential menaquinol back to a menaquinone (Lemos et al. 2002; Lancaster 
2002a; Lancaster 2011b).

1.1. What  is  the  function  of  succinate:  quinone 
oxidoreductases?

These enzymes are a part of aerobic mitochondrial-like (Fig. 1) and anaerobic fumarate-
utilizing  (Fig.  2)  respiratory  electron  transport  chains  (ETCs)  as  well  as  the  only 
membrane component of the TCA cycle. They are anchored either in the cytoplasmic 
membrane of prokaryotes or in the inner mitochondrial membrane of eukaryotes, with the 
catalytic  domain  in  the  cytoplasm  or  mitochondrial  matrix,  respectively  (Lancaster 
2002a).

Functionally, SDH/FRDs form 3 classes based on the reaction they perform in vivo and 
the type of the quinone they use: class 1 is SDHs that oxidize succinate and reduce a 
high-potential  quinone (e.g. ubiquinone);  class 2 FRDs reduce fumarate using a low-
potential quinol (e.g. menaquinol); class 3 enzymes oxidize succinate with the help of a 
low-potential quinone. So far, it is impossible to tell which reaction a certain SDH/FRD 
enzyme  would  catalyze  without  in  vivo tests  (Hägerhäll  1997;  Lemos  et  al. 2002; 
Lancaster 2002a; Lancaster 2011b).

1.1.1. Aerobic mitochondrial-like electron transport chain
Aerobic  mitochondrial-like  electron transport  chains  use oxygen as  the final  electron 
acceptor.  Such  electron  transport  chains  have  five  complexes  involved  in  electron 
transfer:  NADH  dehydrogenase  (Complex  I),  succinate  dehydrogenase  (Complex  II), 
cytochrome  bc1 (Complex  III),  cytochrome  c oxidase  (Complex  IV),  and  an  ATP 
synthase (Complex V). The electron donors are NADH for complex I and succinate for 
complex II. Electrons flow across three complexes until they reach complex IV, where 
they are passed onto the O2 molecule to yield water. In aerobic mitochondrial-like ETC, 
SDH is the only complex that does not directly pump protons but some types of this 
enzyme  might  participate  in  enhancing  the  proton  gradient  by  supplying  reducing 
equivalents  from succinate  metabolism (charge separation;  Lancaster  2002b).  These 
reducing equivalents are transported through the ubiquinone pool to complexes III and 
IV, and these complexes, in turn, extrude protons (Moosavi et al. 2019). The generated 
proton gradient is used by the ATP synthase to produce ATP (Lancaster 2002a).

7



Fig.  1.  Mitochondrial-like  aerobic  electron  transport  chain. Succinate  dehydrogenase 
(complex II) is shown in blue. This scheme is based on Fig. 1 from Lancaster 2002a.

1.1.2. Anaerobic electron transport chain
Anaerobic  electron transport chains using fumarate as terminal  electron acceptor are 
found in diverse prokaryotes (Fig. 2). Using as example the one present in Wolinella (W.)  
succinogenes, it consists of three enzymatic complexes (as well as an ATP synthase), all 
containing two cytoplasmic subunits and a membrane anchor: formate dehydrogenase, 
fumarate  reductase,  and  hydrogenase.  Electrons  flow  from  both  hydrogenase  and 
formate  dehydrogenase  to  fumarate  reductase  via  soluble  quinones  (usually 
menaquinone), where fumarate is reduced to succinate. Proton gradient generated by 
these complexes is used by the ATP synthase to generate ATP. For a detailed review 
see Kröger et al. 2002.
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Fig.  2.  Anaerobic  electron transport  chain (fumarate respiration).  Fumarate  reductase is  
colored in blue. This scheme is based on Fig. 1 from Lancaster 2002a.

1.2. Structure of SDH/FRD complex
Structurally,  SDH/FRDs  are  composed  of  either  three  or  four  subunits  that  can  be 
divided  into  the  cytoplasmic  part  (catalytic  SdhA  and  electron-transporting  SdhB 
subunits) and the membrane anchor part composed of one or two subunits. Subunit A 
(Fig. 3)  is a flavoprotein subunit  that contains a dicarboxylate binding site where the 
succinate and fumarate interconversion takes place. This subunit is soluble and exposed 
to the cytoplasm, and contains one FAD cofactor (covalently bound in most organisms 
(Lancaster  2002a)).  The  FAD group serves as  a  first  electron  acceptor  and passes 
electrons onto the other subunits (Hägerhäll 1997; Lancaster 2011b).

Fig. 3. Structure of E. coli SDH subunit A (green) with bound FAD (yellow). RCSB PDB 
code: 1NEK. Depicted using UCSF Chimera software.
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Electrons flow from FAD into the next electron-accepting soluble subunit (SdhB; Fig. 4), 
which contains  three iron-sulfur  (FeS)  centers with  different  compositions:  S1 center 
([2Fe-2S]2+,1+), S2 center ([4Fe-4S]2+,1+), and S3 center ([3Fe-4S]1+,0) (Lancaster 2002a). 
In the succinate oxidation reaction, the S1 center is first to accept electrons from FAD 
and pass them onto the next centers (Hägerhäll 1997; Lancaster 2011b). The geometry 
of each FeS center is shown in Fig. 5, [2Fe-2S] is rhombus-shaped (top), [4Fe-4S] is 
cube-shaped (center), and [3Fe-4S] resembles an irregularly shaped cube due to the 
loss of one Fe atom compared to [4Fe-4S] (bottom right).

Fig. 4. Structure of E. coli SDH subunit B (purple) with three FeS clusters shown in dark  
blue. RCSB PDB code: 1NEK. Depicted using UCSF Chimera software.

The anchor part is composed of membrane subunits (C and D, or E and F, depending on 
a structural type) with various cofactor content (Fig. 5).
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Fig. 5. Membrane components of SDH/FRD complexes. a) E. coli SDH subunit C (pastel pink,  
left) and subunit D (pastel blue, left),  b) W. succinogenes SdhC of type B (pastel pink, right).  
Heme groups (black) are located between the two subunits or, in the case of a single subunit, in  
the space between the inner helices. In W. succinogenes, SdhC binds two hemes, and in E. coli,  
subunit  C and subunit  D harbor one heme between them. RCSB PDB codes:  1NEK; 2BS2.  
Depicted using UCSF Chimera software.

1.3. Current structural classification of SDH/FRDs
The structural  classification  of  SDHs is  based predominantly  on the structure  of  the 
membrane anchor  subunits  and their  cofactor  content  (Hägerhäll  1997;  Lemos  et al. 
2002; Jardim-Messeder  et al. 2017; Lancaster 2011b). Fig. 6 provides a summary of 
these  structural  types.  SDH/FRDs  belonging  to  the  structural  type  A  contain  two 
separate  membrane  subunits  (C  and  D),  both  with  three  transmembrane  helices 
(similarly to the structures shown in Fig. 5 and Fig. 6), where two heme groups - a high 
redox midpoint potential heme group (bH) and a low redox midpoint potential heme group 
(bL) are bound (Hägerhäll 1997; Lancaster 2013). So far, enzymes of this type have been 
known  to  only  have  succinate  dehydrogenase  activity  (Hägerhäll  1997;  Lancaster 
2002a). 

In type B enzymes, on the other hand, only one large membrane subunit (SdhC), with 
five transmembrane helices is found. Similarly to type A, type B also binds two hemes 
(bH and bL). Type B enzymes were shown to be able to catalyze the reaction in both 
directions, i.e. being either SDHs or FRDs depending on the in vivo function (Hägerhäll 
1997; Lancaster 2002a; Lancaster 2003).

Type C and D enzymes are very similar  to type A,  with the differences lying in  the 
number of heme groups: type C has only one heme group (bH), and in type D, no heme 
groups are present. The well-studied E. coli SDH belongs to the structural type C (Fig. 4-
6). Interestingly, while a cysteine acts as a third ligand of the [2Fe-2S] center present in 
the subunit  B of  types A,  B,  and D,  within  type C enzymes it  can be replaced with 
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aspartate or serine residue (Lemos et al. 2002). Also, and while type C complexes are 
known to be able to perform the succinate and fumarate conversion in both directions, 
known enzymes of type D were found to act only as fumarate reductases (Hägerhäll 
1997; Lancaster 2002a).

Fig. 6. Schematic representation of structural SDH types with their respective structure (no 
structure for types E and F is available). From top left to bottom right: Type A, B, C, D, E, and F.  
Subunit A is colored in green, subunit B in purple, subunit C in pastel pink, and subunit D in light  
blue. Subunits E and F are colored in gray. The subunit C of type F is represented in a darker  
blue to indicate  lack of  homology to  canonical  SdhCs. Cofactors and numbers of  membrane  
helices  are  indicated  as  described  in  the  figure.  “-”  and  “+”  indicate  the  cytoplasmic  and  
periplasmic sides of the membrane. X-Ray crystallography structures of complex II (from type A  
to type D, respectively): Structure of M. smegmatis succinate dehydrogenase 2 (6LUM, Gong et  
al. 2020); structure of W. succinogenes fumarate reductase (2BS2, Madej et al. 2006); structure  
of  E.  coli  succinate  dehydrogenase  (1NEK,  Yankovskaya  et  al.  2003);  structure  of  E.  coli  
fumarate reductase (3P4P, Tomasiak et al. 2011).

In 2001, a new type of SDH complexes (type E) was functionally characterized from the 
membranes of Acidianus ambivalens (Lemos et al. 2001; Lemos, et al. 2002). This type, 
known to be present in some Sulfolobales, is more dissimilar to the types described so 
far,  having  two amphipathic  membrane subunits,  E  and F,  which  do not  bind  heme 
groups, have no predicted transmembrane helices, and bind specific sulfur-containing 
caldariella  quinone.  The SdhE subunit  of  this  type is  also known to bind a [4Fe-4S] 
center,  and no cofactor  was identified in SdhF (Hamann  et al.  2009). In addition,  its 
subunit  B contains a second [4Fe-4S] center instead of a [3Fe-4S] center.  The third 
ligand of the [2Fe-2S] center is a cysteine,  similarly to types A, B, and D. This type 
catalyzes the oxidation of succinate to fumarate, with no known enzyme so far able to 
perform fumarate reduction (Lemos  et al. 2001; Lemos  et al. 2002; Lancaster 2002a). 
Aside  from  Sulfolobales,  other  organisms,  such  as  Cyanobacteria  and  Aquificae, 
reportedly have SDH complexes with a membrane anchor subunit E but lacking subunit 
SdhF (Lancaster 2011a; Lemos et al. 2002). In this thesis, such complexes are marked 
as  type  E*.  This  type  also  includes  the  homologous  methylmenaquinol:fumarate 
reductase complex (MFR; Juhnke et al. 2009; Guccione et al. 2010), which is located in 
periplasm  and  upregulated  under  high  oxidative  conditions.  MFR  does  not  perform 
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succinate  to  fumarate  conversion,  and  although  being  able  to  catalyze  fumarate  to 
succinate reduction, it is likely to have some other function in the organism (Weingarten 
et al. 2009).

Recently, a new structural type (type F) has been proposed (Hards et al. 2019). So far, 
only  one  representative  of  this  type  has  been  characterized,  the  SDH2  from 
Mycolicibacterium  smegmatis (Pecsi  et  al. 2014;  Hards  et  al.  2019).  This  type  is 
characterized  by  having  only  one  membrane  subunit  with  no  bound  hemes  and  no 
detected similarity to the membrane subunits present in types A to D. Similarly to the 
membrane  subunit  of  type  B,  which  is  assumed to  be  the  result  of  a  fusion  event 
between the subunits  C and D of  type A (Hägerhäll,  Hederstedt  1996),  Hards  et  al 
proposed  that  type  F  membrane  anchor  subunit   rearrangement  is  the  results  of  a 
potential fusion, this module being most similar to the type D anchor subunits (Hards et 
al.  2019).  For  convenience,  structural  type  information  is  given  as  subscript  in  the 
subunit abbreviation (e.g. SdhA of type C is indicated as SdhAC). 

1.4. SDH/FRD homologous proteins and evolution
In  most  prokaryotes,  SDH  subunit  genes  are  found  in  the  vicinity  of  each  other 
(Hägerhäll, 1997). Subunit A is usually found upstream of subunit B, and the membrane 
subunits tend to be usually clustered together upstream or downstream of the clustered 
A  and  B  subunits  (Lemos  et  al. 2002;  Jardim-Messeder  et  al. 2017).  The  soluble 
subunits are homologous to the other enzymes that share the same domains, such as L-
aspartate oxidase (NadB), which catalyzes the oxidative deamination of L-amino acids to 
alpha-keto  acids  and  contains  a  flavoprotein  subunit  homologous  to  subunit  A  of 
SDH/FRDs  (Mattevi  et  al. 1999),  or  the  anaerobic  sn-glycerol-3-phosphate 
dehydrogenase,  in  which  GlpB is  homologous  to SdhA,  and GlpC is  homologous to 
SdhB (Cole  et al. 1988). The anaerobic  sn-glycerol-3-phosphate dehydrogenase uses 
sn-glycerol-3-phosphate as an electron donor and fumarate as an electron acceptor, and 
together  with  a fumarate reductase forms a short  anaerobic  electron transport  chain 
(Cole  et  al. 1988).  Also  the  subunit  A  (AprA)  of  the  adenosine-5’-phosphosulfate 
reductase, an enzyme involved in dissimilatory sulfate reduction, shares homology with 
SdhA (Jardim-Messeder  et al.  2017).  In  thiol:fumarate reductase,  a soluble  fumarate 
reductase that uses coenzyme M and coenzyme B as electron donors, subunit A (TfrA) 
is homologous to SdhA, while subunit B (TfrB) is homologous to both SdhB and SdhE 
(Heim et al. 1998). The glycolate oxidase, which catalyzes the oxidation of glycolate to 
glyoxylate, contains two subunits (GlcD and GlcE) which are homologous to SdhA, and 
the subunit  F (GlcF) that shares homology to SdhB and SdhE (Pellicer  et al.  1996). 
Additionally, heterodisulfide reductase subunits B and D (HdrB, HdrD) are homologous 
to SdhB and SdhE (Lemos et al. 2002). There are no homologous proteins of membrane 
subunits SdhC and SdhD belonging to canonical types of SDHs as well as there are no 
homologous proteins described so far for SdhF. The homologous relationships of the 
flavoproteins led Jardim-Messeder  et al to propose the classification of the “fumarate 
reductase superfamily” (Jardim-Messeder et al. 2017).

The conversion of succinate to fumarate (and vice versa) is highly conserved among the 
three domains of life (Hederstedt, Rutberg 1981; Lemos et al. 2002; Jardim-Messeder et  
al. 2017) and, based on the organism and the environment it inhabits, these enzymes 
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participate in both respiration and fermentation (Hederstedt,  Rutberg 1981;  Hägerhäll 
1997;  Lancaster  2002a;  Lancaster  2011b).  Overall,  understanding  the  evolution  of 
succinate:quinone  oxidoreductases  will  provide  insights  into  the  evolution  of  energy 
metabolism in general and of this family of enzymes in particular.

1.5. Goals of the thesis
The increase in the number of genomes available combined with the important role of 
SDH/FRDs within the metabolism of the three domains of life calls for a re-evaluation of 
its  distribution  and evolution.  The goals  of  this  thesis  included  the reanalysis  of  the 
current structural  classification in the framework of evolution,  their current distribution 
across prokaryotic domains and the natural diversity of the complexes. 
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2. Methods
The  research  methodology  used  in  this  thesis  is  described  below.  Methodological 
scheme of methods pipeline is depicted in Supplementary Fig. 7.1.

2.1. Literature review
An extensive literature search was performed, where over 150 scientific articles were 
analyzed (including articles related to homologous proteins, methods articles, as well as 
any  other  potentially  relevant  papers).  This  analysis  allowed  to  collect  information 
regarding  microorganisms  containing  characterized  or  reported  succinate 
dehydrogenases/fumarate reductases.

2.2. Query dataset
Query  sequences  of  SDH/FRDs  and  homologous  enzymes  were  retrieved  from 
BRENDA database (release 2020.2, Chang et al. 2021), KEGG (release 95.0, Kanehisa, 
Goto 2000),  and UniProt  (The UniProt  Consortium 2021)  databases or  from internal 
databases,  as  in  the  case  of  heterodisulfide  reductases  and  adenosine-5'-
phosphosulfate  reductases  (Neukirchen,  Sousa,  2021).  For  anaerobic  sn-glycerol-3-
phosphate dehydrogenase, heterodisulfide reductase, and adenosine-5'-phosphosulfate 
reductase,  non-homologous subunits GlpA, GlpD, HdrA, HdrC, HdrE,  and AprB were 
gathered to have additional information for synteny analysis. In addition, all of the at the 
time available SDH structures were retrieved from the RCSB PDB (Berman et al. 2000) 
database,  with  the  exclusion  of  E.  coli mutants.  Query  sequences  were  mapped to 
complete  genomes  from the  dataset  using  NCBI  BLASTP+  (Camacho  et  al. 2009). 
Additionally, copies were retrieved by blasting the acquired query sequences back to the 
genomes they came from using DIAMOND Blastp (Buchfink  et al. 2021). Gene copies 
were defined using the cutoff of >=70% local identity, >=50% query coverage, and an E-
value  lower  than  10-10.  Retrieved  sequences,  including  homologous  enzymes,  were 
functionally annotated using Pfam (Mistry  et al. 2007), and the transmembrane helices 
predicted using TMHMM (version 2.0, Krogh et al. 2001).

X-ray  crystallographic  structures  of  SDH  complexes  and  respective  cofactors  were 
visualized using UCSF Chimera (version 1.14, Pettersen et al. 2004). The E. coli SDH 
structure (PDB code: 1NEK) was chosen as an “average” representative of all structural 
types. W. succinogenes SdhCB (PDB code: 2BS2, chain C) was kept as representative 
for fused membrane anchor subunits of enzymes belonging to type B.

Protein complexes were checked for  their  completeness.  In some cases,  information 
related to all of the subunits was not available at BRENDA (release 2020.2, Chang et al. 
2021) or KEGG (release 95.0,  Kanehisa,  Goto 2000), so a search for the potentially 
missing subunits was performed. First, under the assumption that SDH/FRD subunits 
tend to form syntenic blocks, feature tables from respective genomes were checked to 
determine if the missing subunits were marked as “pseudogenes”, and thus were absent 
from  the  proteomic  assembly.  This  affected  the  case  of  Sulfolobus  acidocaldarius 
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assembly,  where  SdhB  and  SdhE  were  marked  as  “pseudogenes”.  In  addition,  a 
DIAMOND Blastp (Buchfink  et al. 2021) search of all  queries to the genomes of the 
complex with missing subunit(s) was performed, and hits with 70% identity, 50% query 
coverage,  and an E-value lower  than 10-10 were marked as the potentially  “missing” 
subunits. They were further analyzed using Pfam (PfamScan.pl version 1.5, Mistry et al. 
2007) and TMHMM (version 2.0, Krogh et al. 2001). The results were compared to the 
same SDH/FRD subunits from other query organisms, and hit sequences were added to 
the query list  if  Pfam domains  and the number  of  predicted transmembrane helices 
matched the expected. In total, 69 SDH and FRD complexes belonging to 59 organisms 
were gathered, spanning 10 bacterial phyla and three archaeal phyla. Queries included 
both  both  succinate  dehydrogenase  and  fumarate  reductase  complexes  as  well  as 
epsilonproteobacterial methylmenaquinol:fumarate reductases from  Campilobacter (C.)  
jejuni and  W. succinogenes, and sequences from homologous enzymes. In total, 293 
query sequences were used for further analysis (Supplementary Table 6.1).

To assess the homology between query sequences at the subunit level, an all versus all 
pairwise  global  alignment  per  subunit  was  performed  using  Needleall,  which  is  an 
EMBOSS  (version  6.6.0.0)  implementation  of  the  Needleman-Wunsch  algorithm 
(Needleman, Wunsch 1970). The pairwise global identities for each subunit were plotted 
as a heatmap using R package pheatmap (version 1.0.12, Kolde 2019; R Core Team 
2020).

2.3. (Meta)genomic dataset
A subset of our in-house dataset of over 190000 metagenomic assemblies (downloaded 
from NCBI on November 2019 with two  Acidianus ambivalens  assemblies added at a 
later date (Neukirchen, Sousa 2021)) was created by filtering genomic records based on 
previously  mapped  NCBI  taxonomic  information  and  genomic  quality  in  terms  of 
contamination and completeness calculated by the Rinke method (Rinke  et al. 2013). 
The analysis in this thesis was conducted using a dataset that contained all genomes 
marked as “reference” or “representative”. In addition, to ensure the existence of at least 
one  representative  per  species,  additional  genomic  records  (one  per  species)  were 
added, given preference for complete genomes followed by higher quality assemblies. If 
a  species  had  several  “complete”  genomic  records  available  then  the  best  quality 
complete genome, based on redundancy and completeness, was kept. If no records of 
complete genomes were available for a given species,  the best quality metagenomic 
assembly, based on redundancy and completeness, was kept. If more than one genome 
had exactly the same values for redundancy and completeness, the first one in the list 
was kept. The finalized dataset contained 35017 metagenomic assemblies with 33683 
belonging to 179 bacterial phyla and 1334 to 22 archaeal phyla. The full dataset with the 
description of metagenomic assemblies is given in Supplementary Table 6.2.

2.4. Similarity analysis
Similarity searches were performed using the reciprocal best blast hit approach (rBBH) 
(Wolf, Koonin 2012). The search was conducted using DIAMOND Blastp (Buchfink et al. 
2021) in “ultra-sensitive” mode with the “-k 0” parameter to report all targets for which 
alignments were found. The ultra-sensitive mode was used to improve the sensitivity of 

16



the search in the <40% identity range. The version of DIAMOND used in this project was 
v2.0.4.142. The tabular output format 6 was used with the custom column order. The first 
direction of rBBH consisted of BLASTing each protein from the genomes of the dataset 
against a database composed of all query sequences as one DIAMOND database using 
as cutoffs 25% identity and an E-value lower than 10-10. Copies of hits were retrieved by 
aligning each genome against itself, and filtering the resulting hits for 70% identity, E-
value lower  than 10-10,  and at  least  70% query coverage excluding self-hits.  For  the 
second  direction,  retrieved  hits  (including  copies)  were  blasted  against  a  DIAMOND 
database of query genomes using as cutoffs of 25% identity and an E-value lower than 
10-8. The E-value cutoff for the second direction was increased to account for the larger 
size of the database since large DIAMOND databases could lead to increased E-values. 
Best hits for each accession in  both directions are retrieved,  and those hits that  are 
found in both directions were deemed reciprocal and kept for further analysis. A hit is 
reciprocal if it is the best hit for the accession in both directions, or if the copy of this hit is 
the best hit in one of the directions. Any copy sequences of kept reciprocal hits were 
added to the final list of hits. A total of 201016 unique reciprocal hits and their copies 
were retrieved from the genomes, and an all-vs-all BLAST was performed using NCBI 
BLASTP+ (Camacho et al. 2009), and filtered for 25% identity and an E-value lower than 
10-10.  Unique  pairs  fulfilling  the  threshold  were  globally  aligned  using  Needleall 
(Needleman,  Wunsch 1970).  The  global  alignment  was  filtered for  25% identity  and 
parsed as “accession1 accession2 identity” format for further use in MCL clustering.

2.5. Functional annotation and homology distinction
The unique rBBH hit sequences were functionally annotated using the NCBI Conserved 
Domain  Batch SEARCH (abbreviated as  CD SEARCH;  CDD database,  in  automatic 
search mode with  an   E-value  lower  than  0.01  as  threshold,  composition  corrected 
scoring ON, the maximum number of hits = 500, including retired sequences, Standard 
Results mode; Lu 2020). The sequences were labeled as fusions if two or more non-
overlapping CD SEARCH domains characteristic of different subunits or proteins were 
found. Prediction of transmembrane helices was performed with TMHMM (version 2.0, 
Krogh  et al.  2001) and TMPred (Hofmann, Stoffel 1993). For a clearer differentiation 
between AprA sequences and SdhA sequences, DiSCo was used (Neukirchen, Sousa 
2021).  In  addition,  KOfam  (kofam_scan  with  KEGG  mapper  format,  version  1.3.0, 
Kanehisa, Goto 2000; using HMMER version 3.2.1, hmmer.org) and Pfam (PfamScan.pl 
version 1.5, Mistry et al. 2007) annotations were performed for all genomic records and 
filtered for hits of interest. Sequences with multiple significant KOs assignments were 
checked based on  their  CD SEARCH and  Pfam annotations  (where  possible)  since 
kofam_scan output does not include start and end positions of KOs assignments. Based 
on  the  information  from  the  genomic  dataset  table,  the  corresponding  taxonomic 
affiliation  and  the  metagenomic  assembly  level  (“Complete”,  “Scaffold”,  “Contig”,  or 
“Chromosome”) were mapped to the retrieved hits.

2.6. Synteny analysis
Analysis of the syntenic arrangement of the retrieved sequences was performed using 
the feature table information of their respective genomes (only complete genomes were 
used  for  this  analysis).  The  neighborhood  of  a  hit  was  defined  by  two  sequences 
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upstream and two sequences  downstream of  the  hit  sequence,  as  long as all  were 
present on the same chromosome or contig. The start and end positions, as well as the 
direction on the chromosome were obtained from feature tables. Neighbor sequences 
not previously identified as rBBH hits were functionally annotated as described above. 
The syntenic patterns of SDH subunits were analyzed and representative organizations 
were plotted using R package genoPlotR (Guy  et al. 2010; R Core Team 2020). The 
resulting plots were used to produce a summary figure for syntenic organizations per 
SDH/FRD type. Gaps between subunit genes indicate that subunits are not in synteny. 
Strand direction was not taken into account.

2.7. Clustering of rBBH hits via Markov Chain Clustering 
(MCL)

The rBBH Needleall relationships were clustered using Markov Chain Clustering (MCL, 
version 14-137; van Dongen 2000; Enright et al. 2002) with an inflation parameter of 1.2. 
This value was chosen instead of the default 2.0 to account for possible overclustering 
artifacts,  which were encountered during test  runs (data not  shown).  The initial  MCL 
inflation parameter setting of -I 2.0 resulted in several intercluster relationships above the 
25% threshold, some of which had global identities above 90%. The inflation parameter 
affects cluster granularity: the higher the inflation, the more clusters will be obtained (and 
vice  versa).  The  optimal  value  for  this  parameter  varies  depending  on  the  data 
characteristics  (van  Dongen  2000;  Enright  et  al. 2002).  Therefore,  to  minimize 
underclustering, the clustering was performed with -I 1.2. The cause of these artifacts 
was not established with certainty. However, it is possible that the MCL algorithm is not 
currently adapted to work with large metagenomic data (over 270000 hits), since this 
data often contains partial or misassembled sequences that can introduce errors in the 
clustering procedure.

2.8. Cluster annotation and redundancy filtering
Resulting MCL clusters were annotated by determining the number of sequences per 
cluster, percentages of KOs, Pfam domains, CD SEARCH domains, number of predicted 
transmembrane helices, DiSCo hits, number of query sequences per cluster and their 
subunit and type, the estimated SDH type per sequence as a percentage per type in the 
cluster, and percentage of different genomic assembly levels per cluster, as well as a 
percentage of taxa (phylum and class) per genome and per sequence (Supplementary 
Table  6.3).  In  addition,  the  percentage  of  unique  syntenic  arrangements  of  SDH 
subunits, was calculated per sequence and per genome.

To  assess  the  quality  of  the  clustering  procedure,  intercluster  mean,  median  and 
maximum identities were calculated and analyzed via hierarchical  clustering,  and the 
heatmaps plotted using R (R pheatmap package, version 1.0.12, Kolde 2019, R Core 
Team 2020). Taxonomic distribution of cluster hits was calculated as a percentage of 
genomes from given taxa (class or order for Thaumarchaeota and Cyanobacteria) that 
have sequences in a given cluster. The resulting matrix was sorted by protein type for 
cluster columns (SDH/FRD subunit or other homologous protein according to the main 
KOfam and CD search annotations per cluster) and NCBI taxonomy for rows and used to 
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create a heatmap (R pheatmap package,  version 1.0.12;  Kolde 2019;  R Core Team 
2020) for further analysis.

To reduce redundancy, clusters with over 1000 SDH/FRD sequences were reclustered 
using MCL (version 14-137; van Dongen 2000; Enright  et al. 2002). For this purpose, 
sequences from clusters with intracluster relationships >=90% global identity (including 
self-hits) were extracted and reclustered in MCL. A representative per subcluster was 
kept for further analysis.

2.9. Multiple  sequence  alignment,  phylogenetic  and 
network analyses

Multiple sequence alignments of clusters containing SDH/FRD subunits were performed 
using ClustalOmega (version 1.2.4, Sievers  et al. 2011) with following parameters: “--
max-guidetree-iterations=100  --max-hmm-iterations=100  --output-order=tree-order”. 
Alignments were trimmed using TrimAl (version 1.2, Capella-Gutiérrez et al. 2009) with a 
-gapthreshold of 0.05 (1 - (fraction of sequences with a gap allowed)) and a minimum of 
60%  of  the  positions  in  the  original  alignment  conserved  (-cons  60  parameter).  In 
addition, clusters containing sequences of the same subunits were pooled together to 
produce joined multiple sequence alignments. Sequences, in which SDH/FRD subunit 
fusions  had  been  identified,  were  manually  split.  In  cases,  where  a  fusion  involved 
additional  domains  unrelated to  SDH/FRD complexes,  these were trimmed from the 
alignment,  whereby  a  split  residue  was  determined  using  CD  SEARCH  domain 
assignment. Clusters containing membrane anchor subunits of types E and F were kept 
separate due to no homology to membrane subunits to other SDH/FRD types. Type B 
membrane anchor sequences were split into “SdhC” and “SdhD” based on the number of 
helices predicted by TMHMM (Hägerhäll 1997). Since the SdhCB sequences would only 
contain two helices,  compared to three helices of SdhCs of other types,  other SdhC 
sequences were split  after the second helix.  For some sequences, TMHMM failed to 
predict  any helices,  therefore TMPred (Hofmann, Stoffel  1993)  was used.  If  TMPred 
predicted helices where TMHMM did not, the TMPred prediction was used to split or cut 
the sequences. This affected 8 sequences. Additionally, a structural alignment of SdhCF 

and SdhCB sequences was performed using Expresso mode of T-Coffee (Notredame, et 
al. 2000; Armougom, et al. 2006; W. succinogenes structure, RCSB PDB code: 2BS2).

The alignment quality was assessed using information about the conserved catalytic and 
cofactor  binding  residues  in  SDH/FRD subunits  retrieved  from literature,  and  further 
verified by analyzing the available SDH/FRD structures using UCSF Chimera (version 
1.14, Pettersen et al. 2004). E. coli SDH structure was used as an example (RCSB PDB: 
1NEK).  Additionally,  SdhCB from  W.  succinogenes were  visualized  to  show  the 
conserved Histidines that bind the second heme group that is absent in E. coli SDH. The 
resulting alignments were used to reconstruct maximum-likelihood phylogenies in Iqtree 
(Minh  et  al.  2020)  with  1000  ultrafast  bootstraps  (Hoang  et  al. 2018;  significance 
threshold >= 95) and best model selection “-m TEST” (Kalyaanamoorthy et al. 2017) to 
resemble jModelTest/ProtTest (Darriba et al. 2012).
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Phylogenetic reconstructions were rooted using the minimal ancestor deviation (MAD) 
method (version 2.22, Tria  et al. 2017) with a modified script to keep bootstrap values 
(kindly  provided  by  Giddy  Landan).  SDH/FRD  type,  functional,  and  taxonomic 
annotations were added to phylogenies, and the analysis was conducted using FigTree 
(version v.1.4.4, tree.bio.ed.ac.uk/software/figtree). Several phylogenetic reconstructions 
were performed for both SdhA and SdhB subunits with different  sequence datasets to 
access the robustness of the MAD rooting position. First, long branches were excluded 
to assess the effect  of  the presence of  a very short  metagenomic sequence on the 
topology of SdhA phylogeny, and the presence of two MvhD sequences on the topology 
of SdhB phylogeny. In a different reconstruction,  the entire clade of type B was removed 
to see if the dissimilarity of the cytoplasmic subunits of this type to the other types could 
skew the topology of the phylogenetic reconstructions. In a third reconstruction, the clade 
containing  type  F,  TFR,  and  other  homologous  proteins  was  removed.  Finally,  a 
reconstruction in with the combined removal of type B clade and homologous clade was 
computed. In addition, phylogenetic reconstructions were redone with cluster reduction 
based on >=90% identity and same genus affiliation.

Similarity  networks based on global  identities  of  SDH/FRD membrane subunits  were 
computed and visualized using Cytoscape (Shannon et al. 2003). To plot large networks, 
global identity relationships were reduced by 70%, keeping one representative sequence 
per genus. Additionally, all relationships below 30% were excluded from the networks. 
SdhE  and  SdhF  proteins  were  excluded  due  to  their  non-homologous  amphipathic 
nature,  and  were  separately  analyzed  within  their  cluster  (SdhE together  with  HdrB 
sequences). SdhCF sequences were kept.

2.10. SDH/FRD type classification 
The SDH/FRD type for each sequence was determined using a combinatory analysis of 
synteny, best hit relationships, global identity to queries with a defined type, number of 
conserved heme-binding  histidines  in  the  anchor  module,  phylogenetic  and similarity 
network analysis,  and MCL cluster  information.  Complete complexes in  sinteny were 
classified based on the number and type of membrane subunits, taking into account the 
number  of  histidines  present  within  the  membrane  anchor.  Cytoplasmic  subunits  in 
synteny with membrane subunits, their type was assigned according to the type of the 
membrane subunits. Otherwise, for cases where SDH/FRD cytoplasmic subunits were 
non-syntenic or cases where membrane anchors were not identified, the best reciprocal 
hit  relationships  of  the query  sequences to this  sequence were inspected,  and if  all 
respective query sequences belonged to the same SDH type, the query sequence type 
was assigned . However, if the respective query sequences belonged to more than one 
SDH type, the SDH type was assigned based on the hierarchical clustering of global 
identity relationships between the SDH sequences of the same subunit. In this analysis, 
a matrix of the global identity relationships between all sequences of the same subunit 
was created, hierarchically clustered, and saved in the Newick format (using R, R Core 
Team  2020)  to  be  analyzed  in  FigTree  (version  v.1.4.4, 
tree.bio.ed.ac.uk/software/figtree).  Each protein was annotated with their SDH type or 
with a “No type” if the type was unknown. Based on the resulting clusters, the SDH type 
of “No type” sequences was resolved where it was possible, i.e. if a “No type” sequence 
is clustered strictly with type A sequences, it was annotated as type A.
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However, SdhE sequences classification required additional steps. In such cases, KEGG 
assignment on its own is not a reliable parameter to classify a sequence as SdhE or 
HdrB. First,  many SdhE sequences have no KO assigned and only include a vague 
description, e.g. “hypothetical protein”, “disulfide reductase”, “succinate dehydrogenase”, 
consistent  with previous reports on cyanobacterial  SdhE subunits  (Lancaster 2011a). 
Second, although the HdrB sequences in here identified tend to be assigned as “HdrB2”, 
there is no specific KO for SdhE sequences, which results in the “HdrB2” KO assignment 
for some of these sequences as well. Moreover, they were found in the same cluster with 
true HdrB sequences, which further complicated the case. Therefore, these sequences 
were manually  annotated as SdhEs only  if  they fulfilled  certain  conditions.  First,  the 
syntenic  neighbors  of  the  sequences  were  analyzed,  and  cases,  in  which  soluble 
SDH/FRD subunits were present  and HdrA and HdrC sequences were absent,  were 
annotated as SdhE.  In some cases, however,  the genome contained more than one 
HdrB  sequence,  e.g. in  Cyanobacteria  genomes  containing  both  SDHE*  and  HDR 
complexes.  The  strategy  to  resolve  such  complex  cases  was  to  check  if  the  HdrB 
sequences  are  in  synteny  with  HdrAC  subunits.  In  addition,  these  sequences  were 
aligned  with  known HdrBs  (e.g. from methanogens)  and  identified  SdhEs  (e.g. from 
Acidianus ambivalens),  and a global  identity analysis  with hierarchical  clustering was 
performed to aid in the distinction between SdhE and HdrB. If still  no classification as 
SdhE was possible, the “HdrB” annotation was kept. The differentiation between SdhEE 

and  SdhEE* was  performed  based  on  the  absence  of  the  SdhF  subunit  within  the 
complex.

The  SDH/FRD  type  annotation  was  used  to  analyze  the  taxonomic  distribution  of 
SDH/FRD  complexes  of  different  types,  which  was  calculated  as  a  percentage  of 
genomes  from  a  given  taxon  (phylum  or  class  for  Euryarchaeota,  Crenarchaeota, 
Proteobacteria, and Firmicutes) that have an SDH/FRD complex of a given type. The 
resulting matrix  was sorted by SDH type and NCBI  taxonomy and used to create a 
heatmap (R pheatmap package, version 1.0.12; Kolde 2019; R Core Team 2020) for 
further analysis.
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3. Results
The thesis consisted of the homology comparison of different structural SDH/FRD types, 
assessment  of  the  taxonomic  distribution  of  those  types,  and  phylogenetic 
reconstructions  of  cytoplasmic  subunits  together  with  similarity  comparison  for 
membrane anchor subunits.

3.1. Similarity analysis
During the query gathering stage, sequences belonging to biochemically characterized 
enzymes were retrieved. To expand the query taxonomic diversity, additional sequences 
were collected from predicted genomic analysis. In total, 69 complexes (SDH and FRD) 
from  59  organisms  were  obtained,  spanning  10  bacterial  phyla  (Bacteroidetes, 
Actinobacteria,  Proteobacteria,  Firmicutes,  Deinococcus-Thermus,  Cyanobacteria, 
Aquificae,  Chlamydiae,  Spirochaetes,  Nitrospirae)  and  three  archaeal  phyla 
(Euryarchaeota,  Crenarchaeota,  Thaumarchaeota).  Queries  included  both  succinate 
dehydrogenase and fumarate reductase complexes,  as well  as epsilonproteobacterial 
methylmenaquinol:fumarate reductases from C. jejuni  and W. succinogenes. A detailed 
description including references is given in Supplementary Table 6.1.

Sequences  from  homologous  enzymes  were  also  gathered.  These  included 
representatives from 7 homologous enzymes, namely L-aspartate oxidase (Sakuraba et 
al. 2002; Kawarabayasi  et al. 1998; Sakuraba  et al. 2008; Kawarabayasi  et al. 2001; 
Mattevi  et  al.  1999),  thiol:fumarate  reductase  (Bult  et  al.  1996;  Heim  et  al.  1998), 
anaerobic  sn-glycerol-3-phosphate  dehydrogenase  (Cole  et  al.  1988;  Harrison  et  al. 
2005), glycolate oxidase (White  et al. 1999; Kaneko  et al. 1996; Pellicer et al. 1996), 
adenosine-5'-phosphosulfate reductase (Meyer, Kuevert 2007; Pereira et al. 2011), and 
heterodisulfide reductases HdrABC (Buckel, Thauer 2013; Pereira et al. 2011; Ramos et  
al. 2015) and HdrDE (Buan, Metcalf 2010). A detailed description including references is 
given in Supplementary Table 6.1. Mapping of queries to their corresponding genomes 
showed  that  only  in  Anaplasma  phagocytophilum and  Shewanella  frigidimarina, 
additional SDH/FRD complexes or duplicated subunits were found. The missing Aquifex 
aeolicus  SdhA and  Mycolicibacterium smegmatis  SdhC of SDH1 subunits were found 
based on syntenic information from feature tables.

The functional  annotation  of  queries  allowed  identification  of  the  characteristic  Pfam 
domains of  different subunits,  namely a FAD-binding domain (FAD_binding_2) and a 
fumarate reductase flavoprotein C-terminal domain (Succ_DH_flav_C) in subunit  A, a 
[2Fe-2S]  center  binding  domain  (Fer2_3)  and  a  [4Fe-4S]  dicenter  domain  (Fer4_8, 
Fer4_17, Fer4_7, Fer4_10, Fer4, Fer4_21) in subunit B. SdhCA-D subunits and some of 
the  SdhDA,C subunits  contain  a  succinate  dehydrogenase/fumarate  reductase 
transmembrane subunit domain (Sdh_cyt). In addition, some type D subunits C and D 
contain  a  fumarate  reductase  subunit  C  (Fumarate_red_C)  domain  or  a  fumarate 
reductase subunit D (Fumarate_red_D) domain, respectively (Fig. 7). It is also possible 
for either subunit to not contain any detectable Pfam domains (type F, some SdhDA,C 

sequences). Finally, SdhE sequences contain a Cysteine-rich domain (CCG).
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Fig. 7. Pfam domains of the canonical membrane subunits SdhC and SdhD (Type A to D). 

Pfam annotation of homologous proteins showed that the characteristic for SdhA FAD-
binding domain (FAD_binding_2, FAD_binding_4) is also present in SdhA homologous 
proteins. In addition, NadB, AprA, and TfrA sequences contain a flavoprotein C-terminal 
domain (Succ_DH_flav_C), indicating a possible higher level of homology to SdhA (Fig. 
8).

Fig. 8. Pfam domains of SdhA and its homologous proteins. Proteins colored in pink contain  
a FAD-binding domain only. Proteins colored in purple contain both a flavoprotein C-terminal  
domain and a FAD-binding domain.

Fig. 9. Pfam domains of SdhB and SdhE and their homologous proteins.  Proteins colored in  
red contain both the 2Fe-2S center domain and the 4Fe-4S dicenter domain. Proteins colored in  
orange contain a 4Fe-4S domain and a Cysteine-rich domain. Proteins colored in yellow contain a  
Cysteine-rich domain only.
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SdhB homologous  proteins  share  FeS domains  of  SdhB  (a  [2Fe-2S]  center  binding 
domain (Fer2_3) and a [4Fe-4S] dicenter domain (Fer4_8, Fer4_7, Fer4)) with TfrB and 
GlpC, having, in addition, a CCG domain similar to the one present in SdhE (Fig. 9).

Transmembrane  helices  prediction  has  shown  that  SdhCA,C,D (39  sequences) and 
SdhCA,C,D  (38 sequences) contain three predicted transmembrane helices, which is in 
agreement  with  previous  reports  (Hägerhäll  1997;  Lancaster  2011b).  SdhCB (15 
sequences) had five predicted transmembrane helices as expected due to the proposed 
fusion of SdhC and SdhD in this type (Hägerhäll,  Hederstedt 1996;  Hägerhäll  1997). 
However, in two SdhC sequences, there were also unconventional numbers of 2 and 4 
helices  predicted.  Those  are  the  cases  of  Vibrio  cholerae SdhCC,  in  which  four 
transmembrane helices were predicted, and  Nitrososphaera viennensis SdhCA,  where 
only  two  transmembrane  helices  were  predicted.   This  could  be  due  to  losses  or 
acquisition of helices within these subunits, prediction or misassembly errors. Due to the 
amphipathic  nature  of  SdhE  (13  sequences)  and  SdhF  (5  sequences),  no 
transmembrane helices were predicted for these proteins, as described in Lemos et al. 
2001. Most of the cytoplasmic subunit sequences (SdhA and SdhB) have zero predicted 
transmembrane helices, which correlates with literature reports on their soluble nature 
and their cytosolic location (Hägerhäll 1997). However, in three SdhA sequences, one 
transmembrane helix was potentially identified. This is likely due to uncertainty in the 
prediction algorithm, assembly artifacts, or fusion events.

To estimate the homology levels between the query subunits, an all versus all pairwise 
global  identities per subunit were calculated and hierarchically clustered (shown in Fig. 
10 and 11 and Supplementary Fig. 7.2 and 7.3 for subunits A, C, B, and D, respectively). 
In the case of subunits A and B, sequences of the same type form clearly defined clades: 
two high identity groups of type C, one of type D, two of type E/E*, and three high identity 
clades in type A. Type B is divided into three groups (one includes one sequence of type 
A and one sequence of type F). For soluble subunits, the homology varies from high 
(~60% global identity) to low (25% global identity), sometimes even for the sequences of 
the  same type,  which  indicates  possible  subgroups  for  types  A,  B,  and  C.  For  the 
membrane subunits  C and D,  in  contrast  to  the cytoplasmic  subunits,  sequences of 
canonical types A to D do not form high identity groups. However, there is a high identity 
group formed by SdhE sequences, which is due to their less hydrophobic nature (and 
therefore, higher amino acid sequence conservation) in comparison to other SdhCs.
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Fig. 10. All-vs-all global identity of subunit A query sequences. Bars indicate sequence type  
with type A colored in red, type B in yellow, type C in green, type D in cyan, type E in blue and  
type F is colored in magenta. Bottom scale indicates percentage of identity.

Fig. 11. All vs all global identity of subunit C query sequences. Color code as in Fig. 10.
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Having characterized the different query sequences in terms of their domain content and 
similarity, a large scale search of SDH/FRD within the genomic dataset was performed 
using the reciprocal best blast hit approach. The rBBH search for homologous proteins 
identified 270215 sequences (201016 of  those unique),  with 87278 sequences being 
annotated as SDH/FRD subunits. After filtering for 25% identity, the global alignment of 
these sequences produced over 1.5 billion relationship pairs. SDH/FRD sequences were 
identified in 77% (26894) of genomes in the dataset, being absent from 8122. During this 
search,  it  was observed that  in  4098 genomes (11.7% of  the dataset)  no hits  were 
identified. Most of these genomes are metagenomic assemblies, with different levels of 
completeness, so it is not possible to say with certainty whether these organisms have 
no SDH/FRD and its homologous proteins, or the assemblies are simply missing those 
sequences. These cases could be divided into three groups.  The first group includes 
well-studied  taxa,  such  as,  for  instance,  Firmicutes  (921/5536),  Fusobacteria  (42/70 
genomes), Proteobacteria (147/13364), Spirochaetes (23/216 genomes), Crenarchaeota 
(13/125),  and 76/98 Thermotogae genomes. However, SDH/FRD and its homologous 
complexes were identified within these taxa suggesting possible gene losses or genomic 
incompleteness.

The second group consists of genomes belonging to archaeal DPANN group (138/140) 
and bacterial Tenericutes (248/248). These taxa are known for having extremely reduced 
genomes (Huber et al. 2003; Feng et al. 2021; Dombrowski et al. 2019; Sirand-Pugnet et 
al. 2007), therefore it was expected that they might not have any SDH/FRD complexes. 
The third group includes genomes affiliated with Candidate Divisions or Candidatus taxa. 
In these cases, further investigation is needed to resolve metabolic capabilities of these 
organisms.

3.2. MCL clustering and functional annotation of clusters
The MCL clustering produced 105 clusters,  with the largest  cluster  containing 20582 
sequences, and with 10 clusters containing only two sequences. SDH/FRD subunit were 
present in 27 clusters, while the remaining contained other complexes used as queries. 
Retrieved  SDH/FRD  sequences  were  preliminarily  functionally  classified  to  a  type 
according  to  their  best  hit  type  and  queries  found  in  the  respective  cluster.  For 
sequences of cytoplasmic subunits with relationships to queries of different types, this 
classification  was  performed  by  synteny  analysis  and/or  global  identity  hierarchical 
clustering analysis (see Section 2.8). After functional annotation and inspection of the 
number  of  histidines  in  the  membrane  anchor  module,  the  composition  of  clusters 
became clear (Table 1).  While SdhA and SdhB sequences were grouped into three or 
four different clusters, respectively (regardless of the SDH type), the membrane anchor 
subunits were found into a higher number of clusters: 12 in the case of SdhC and 8 in 
the case of SdhD. Membrane type C sequences were found in four of these clusters, 
type B in five and type A membrane subunits spread among 8 clusters. The multitude of 
clusters for membrane anchor sequences of types A, B, and C hints at the potential 
existence of subtypes within these groups. Interestingly, fusion sequences of SdhC and 
SdhD subunits  belonging to Chloroflexi  were found in  one cluster.  Due to their  high 
similarity, the non-canonical membrane subunits SdhE protein (this definition includes 
any membrane subunit of amphipathic nature, e.g. characterized Acidianus ambivalens 
SdhE and  Campylobacter jejuni MfrE) were found in the cluster containing also HdrB 
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proteins.  SdhF proteins formed their  own single cluster.  Within the largest  cluster,  in 
addition to SdhA sequences, also TfrAs and other closely related sequences which could 
not  have  been  differentiated  from  SdhA  by  functional  annotations  were  present. 
However, these sequences possibly do not belong to Sdh/FRD complexes since they are 
found in genomes that either do not contain any other subunits, or they contain additional 
complete syntenic complexes. The soluble fumarate reductase from Shewanella (FccA; 
Leys et al. 1999; Pankhurst  et al. 2006) is found in cluster 13, however, little is known 
about   the  other  proteins  in  this  cluster.  Non-SDH/FRD clusters  were  annotated  by 
majority  rule  for  simplicity  (Table  1).  The  detailed  cluster  annotation  is  given  in 
Supplementary Table 6.3 and the  Taxonomic distribution of genomes (per class) per 
MCL cluster is shown in Supplementary Fig. 7.4.

Proteins in cluster Cluster numbers

SdhA + TfrA, other close SdhA homologous sequences 1,12,58

SdhB, TfrB + SdhB-QcrB fusions 3,8,30,49,64

SdhC 15,17,22,23,24,29,34,36,40,43,50,94

SdhD 16,18,26,37,44,45,53,76

SdhE + HdrB, partial HdrBs 20

SdhF 67

SdhC and SdhD fusions 79

NadB, KstD,  various FAD-binding proteins 2,27,48,55,56,70,71,72,92,96,102

GlcDEF 4,6,9,10,28,39,59,60,63,66,69,78,81,85,86,87,90,93

GlpABC/D 5,7,11,25,28,31,35,39,61,62,65,66,77,97,98,99,100,101

Flavocytochrome c +  FccA/FrdA, cytochrome c3 fusions 13,82

HdrABC, QmoC, AprAB, HdrED 19,20,21,32,33,38,42,47,51,54,57,73,75,80,83,84,91,104,105

Other (LldEF, SoxB, ThiO, DadA,GcvT,ThiG,CobZ/TcuA,Ferredoxin) 14,41,46,52,68,74,88,89,95,103

Table 1. Functional annotation of MCL clusters. Clusters containing SDH/FRD subunits are  
color-coded: SdhA in green, SdhB in pink, SdhC in orange, SdhD in blue, SdhE in yellow, SdhF in  
red, and  SdhC+SdhD fusions in purple. Abbreviations: L-lactate dehydrogenase subunits E and  
F  (LldE  and  LldF);  3-oxosteroid  1-dehydrogenase  (KstD);  Beta  subunit  of  sarcosine  oxidase  
(SoxB); Glycine oxidase (ThiO); Quinone-modifying oxidoreductase subunit C (QmoC); Glycine  
cleavage  system  T  protein  (GcvT);  Glycine/D-amino  acid  oxidase  (deaminating)  (DadA);  bc  
complex cytochrome b subunit  (complex III)  (QcrB);  Thiazole  synthase (ThiG);  Tricarballylate  
dehydrogenase (CobZ/TcuA); soluble fumarate reductase from Shewanella (FccA/FrdA).

Homologous proteins of subunits A and B annotated by KEGG and grouped by Pfam 
domains  are  shown  in  Fig.  12  and  Fig.  13,  respectively.  Besides  the  homologous 
sequences already present in the query set,  additional homologous to SdhA proteins 
were  identified,   such  as  urocanate  reductase  (UrdA;  Bogachev  et  al.  2012), 
tricarballylate  dehydrogenase  (CobZ/TcuA;  Lewis,  Escalante-Semerena  2006), 
alkyldihydroxyacetonephosphate  synthase  (AgpS;  Zomer  et  al.  1999),  3-oxo-5alpha-
steroid  4-dehydrogenase  (TesI;  Florin  et  al.  1996),  D-lactate  dehydrogenase  (Dld; 
Taguchi, Ohta 1991), and 3-oxosteroid 1-dehydrogenase (KstD; Plesiat et al. 1991) (Fig. 
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12). All of these homologs contain a FAD-binding domain and are dehydrogenases or 
oxidoreductases with the exception of AgpS, which is a synthase.

Fig.  12.  SdhA  homologous  proteins,  found  via  rBBH  approach. Annotated  by  KEGG, 
grouped by Pfam. Color code as in Fig. 8.

Additional homologous proteins of SdhB include ferredoxin and HdrC2 proteins, both of 
which contain FeS clusters. In the case of SdhE, also LldE, a Cysteine-rich domain-
containing protein involved in lactate utilization (Pinchuk et al. 2009) was identified as a 
homolog (Fig. 13).

Fig.  13.  SdhB and SdhE homologous proteins,  found via rBBH approach.  Annotated by 
KEGG, grouped by Pfam. Color code as in Fig. 9.

3.3. Mean intercluster global identity
To assess the performance of the clustering procedure, the mean, median and maximum 
global identities between clusters was calculated and hierarchically clustered.  As can be 
seen in Fig. 14, this allowed the identification of several groups of clusters that share 
homology  between  themselves  corresponding  to  either  the  same  subunit  or  close 
homologues as the case of SdhA, TfrA, NadB, and FccA clusters. Clusters on the bottom 
right correspond to proteins not part of SDH/FRD complexes. Overall, sequences from 
each  subunit  form  solid  clusters,  based  on  the  mean  intercluster  identity.  A  similar 
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pattern is also observed in the median intercluster identity heatmap (Supplementary Fig. 
7.5). As expected, the maximum intercluster identity values for clusters of subunits SdhA 
and SdhB are higher than the identities between the clusters of  membrane subunits 
SdhC and SdhD (Supplementary Fig. 7.6). This analysis allowed to assess the quality of 
the clustering procedure and was also useful for the choice of clusters to combine for 
phylogenetic analysis (see below).

Fig. 14. Mean intercluster global identity, hierarchically clustered. 

3.4. Taxonomic distribution of SDH/FRDs
The classification of sequences allowed to analyze the overall distribution of complexes 
per  type  (Fig.  15  and  Supplementary  Table  6.4).  In  this  dataset,  31944  complete 
SDH/FRDs complexes and 2239 incomplete (lacking at least one subunit) were identified 
(Supplementary Table 6.5). Inspection of the existence of pseudogenes within genomic 
assemblies revealed that in 725 cases, the identification of incomplete complexes might 
be due to assembly artifacts. However, the remaining 1514 cases open the possibility of 
the existence of novel modular architectures within this family and pinpoints enzymes to 
be biochemically  characterized.  For  1780 sequences,  no type classification  could  be 
attributed (see Methods). The taxonomic distribution of each type is described in detail 
below. 
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Fig.  15.  Taxonomic  distribution  of  SDH/FRD complexes  per  type.  Type  A  is  colored  in  
orange, type B in  yellowish-green, type C in dark green, type D in light blue, type E in dark blue,  
type F in purple, and Tfr in pink. Proteins for which the type classification was not possible are  
grouped in the “No type” column and colored in gray. White color indicates an absence of type in  
the lineage. Taxonomic affiliations are phylum or class. Taxa are sorted by NCBI taxonomy from  
the NCBI newtaxdump version of 2020. Taxonomic supergroups are labeled where applicable.  
Rows containing taxa without  a supergroup affiliation are numbered. Row group “1” contains  
Candidatus Hydrothermarchaeota. Row group “2” contains unclassified Archaea, Acidobacteria,  
Aquificae,  Caldiserica,  Candidatus  Cryosericota,  Calditrichaeota,  Chrysiogenetes,  
Coprothermobacterota, Deferribacteres, Dictyoglomi, and Elusimicrobia. Row group “3” contains  
Fusobacteria, Candidatus Tectomicrobia, Nitrospinae, and Nitrospirae. Row group “4” contains  
Spirochaetes  and  Synergistetes.  Row  group  “5”  contains  Thermodesulfobacteria  and  
Thermotogae. A row marked with an arrow represent collapsed rows of Candidate phyla with no  
SDHs detected. The last row of Archaea section contains genomes affiliated with unclassified  
Archaea annotation, and the last row of Bacteria contains genomes affiliated with unclassified  
Bacteria annotation.
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3.4.1. Type A
Type A enzymes are taxonomically  the most diverse type,  and include characterized 
complexes  from  Mycolicibacterium  smegmatis (Hards  et  al.  2019),  Halobacterium 
salinarum (Gradin  et  al.  1985),  Natronomonas  pharaonis (Scharf  et  al.  1997), 
Rhodobacter sphaeroides (Barassi et al. 1985), Micrococcus luteus (Crowe et al. 1983), 
Thermus  thermophilus (Kolaj-Robin  et  al.  2011),  and  Thermoplasma  acidophilum 
(Anemüller et al. 1995). These complexes are widespread in both Archaea and Bacteria, 
being present in 8 archaeal phyla and 40 bacterial phyla. In Archaea, type A SDH/FRD 
complexes were identified in the majority of Archaeoglobi (8/10 genomes), Halobacteria 
(over 90% of 388 genomes present in the dataset), Korarchaeota (all five genomes), and 
Thaumarchaeota (83% of 88 genomes). SDH complexes of this type are also detected in 
at least 40% of metagenomic assemblies affiliated with  Candidatus Heimdallarchaeota 
(four  out  of  five  genomes),  Candidatus Marsarchaeota  (11/14  genomes),  and 
Crenarchaeota  (over  40%  of  125  genomes).  Interestingly,  in  Acidianus  ambivalens 
genomes, besides the canonical type E complex experimentally characterized by Lemos 
et al 2001, an incomplete SdhBCD complex of type A was identified. Inspection of the 
surrounding genes did not allow identification of other proteins that could replace the 
flavin subunit. A full list of archaeal phyla containing SDH complexes of type A is given in 
Supplementary Tables 6.4 and 6.5. In Bacteria, this type is widespread in Actinobacteria 
(66%  of  5489  genomes),  Deinococcus-Thermus  (over  90%  of  95  genomes), 
Deferribacteres  (11/11  genomes),  Chlorobi  (35% of  34  genomes),  Rhodothermaeota 
(6/11 genomes), Candidatus Aminicenantes (8/13 genomes), Candidatus Tectomicrobia 
(6/6 genomes),  Candidate Division Zixibacteria (9/18 genomes),  Candidatus Kryptonia 
(in all four genomes), and Candidatus Marinimicrobia (6/12 genomes). In addition, type A 
complexes are scarcely  present  (less than 20% of  genomes) in  30 phyla  (full  list  in 
Supplementary Tables 6.4 and 6.5). The existence of different SDH/FRD types within 
closely  related  strains  was  also  observed.  While  in  this  analysis,  in  Rhodothermus 
marinus DSM 4252 genome an SDH of type A was identified, the characterized enzyme 
from Rhodothermus marinus PRQ32B albine strain belongs to type B (Fernandes et al. 
2001; Miguel Teixeira personal communication). It would be of interest to compare the 
position within the phylogenies of these two complexes, but the lack of genomic records 
for strain PRQ32B impairs this analysis.

3.4.2. Type B
Type B complexes include the characterized complexes from Bacillus cereus (Garcia et  
al. 2008), Bacteroides fragilis (Baughn, Malamy 2003), Bacteroides thetaiotaomicron (Lu, 
Imlay  2017),  Helicobacter  pylori and  Campylobacter  jejuni (Mileni  et  al.  2006), 
Desulfovibrio gigas (Guan  et al. 2018),  Geobacter sulfurreducens (Butler  et al. 2006), 
and  Wolinella  succinogenes (Lancaster  et al.  1999).  This  type is  widespread among 
bacterial lineages, being present in a total of 49 bacterial phyla. Type B SDH/FRDs were 
identified in the majority of Acidobacteria (70% of 130 genomes), Bacteroidetes (96% of 
2769  genomes),  Balneolaeota  (17/17  genomes),  Chlorobi  (62%  of  34  genomes), 
Ignavibacteriae (88% of 70 genomes), Fibrobacteres (93% of 44 genomes), Candidatus 
Tectomicrobia (6/6 genomes), Chlamydiae (72% of 65 genomes), Planctomycetes (64% 
of  245  genomes),  Verrucomicrobia  (89% of  217  genomes),  Actinobacteria  (~50% of 
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5489  genomes),  Armatimonadetes  (55% of  33  genomes),  and  Bacilli  (66% of  3143 
genomes).  Interestingly,  in  Proteobacteria,  succinate  dehydrogenases  of  type  B  are 
widely distributed in some classes (5/5 genomes of  Candidatus Lambdaproteobacteria, 
64%  of  672  genomes  of  Deltaproteobacteria,  84%  of  431  Epsilonproteobacteria 
genomes, and 88% of 68 Oligoflexia genomes), while being very scarcely present or 
entirely absent in others. In Cyanobacteria, complexes of this type are present in only 
15% of  556  metagenomic  assemblies.  A  full  list  of  bacterial  phyla  containing  SDH 
complexes of type B is given in Supplementary Tables 6.4 and 6.5. However, type B 
SDH/FRDs  are  almost  entirely  absent  from  Archaea,  with  the  exception  of  a  few 
metagenomes from Candidatus Thorarchaeota (one out of five), Methanobacteria (three 
out of 66 genomes), unclassified Euryarchaeota (one of 73 genomes), and unclassified 
Archaea (two of 49 genomes).

3.4.3. Type C
Type C enzymes include the well-studied  E. coli SDH (Yankovskaya  et al. 2003) and 
mitochondrial  enzymes  (Bezawork-Geleta  et  al.  2017).  Besides  eukaryotes,  these 
complexes are mainly  present  in  Proteobacteria,  with  exception of  one metagenome 
from Bacilli,  one Bacteroidetes, one Actinobacteria, and ~20% of unclassified Bacteria 
genomes.  The  Bacilli  metagenome  has  been  in  between  reclassified  as 
Gammaproteobacteria  (NCBI,  2020)  and  the  other  two  lineages  are  represented  by 
thousands of genomes, none of which contain a type C SDH, which makes it possible 
that these single type C occurrences are contamination in the metagenomic assembly.

3.4.4. Type D
Type D, which E. coli FRD belongs to (Cecchini et al. 2002), has a restricted taxonomic 
distribution  when  compared  to  type  A  or  B.  In  Bacteria,  with  exception  of 
Gammaproteobacteria,  where it  is  present  in 30% of 5777 metagenomic assemblies, 
type  D  is  scarcely  present  across  17  phyla,  such  as  Acidobacteria,  Calditrichaeota, 
Bacteroidetes, Candidatus Marinimicrobia, Gemmatimonadetes, and Nitrospirae. The full 
list of type D-containing taxa is given in Supplementary Tables 6.4 and 6.5. Although in 
this analysis, 11 complete complexes of type D were identified in Archaea, the actual 
presence of  this type in  Archaea is in  question,  as it  was only found in unclassified 
metagenomes  (four  out  of  73  unclassified  Euryarchaeota  genomes,  four  out  of  8 
unclassified  Crenarchaeota  genomes,  and  four  out  of  49  unclassified  Archaea 
genomes). Thus, it is not clear if type D is truly present in Archaea, potentially due to the 
lateral gene transfer events, or these results are a consequence of assembly artifacts.

3.4.5. Type E/E*
Canonical type E complexes (i.e. with two amphipathic membrane anchor subunits SdhE 
and SdhF) were identified only in Archaea, in the Thermoprotei class of Crenarchaeota 
(~32% of 117 genomes), in the Thermoplasmata class of Euryarchaeota (~14% of 58 
genomes), and in one unclassified Euryarchaeota genome. Interestingly, a variation of 
type E architecture, containing an SdhE subunit but lacking SdhF (in here denoted as 
type  E*),  were  found  in  Bacteria.  This  type  was  found  in  15  bacterial  phyla, 
predominantly in Aquificae (50% of 40 genomes, excluding NADH-dependent  soluble 
FRDs),  Chlorobi  (74%  of  34  genomes),  Nitrospinae  (74%  of  19  genomes), 
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Cyanobacteria  (62%  of  556  genomes),  Negativicutes  (42%  of  189  genomes),  and 
Epsilonproteobacteria  (48%  of  431  genomes).  The  MFR  complexes  of 
Epsilonproteobacteria were not distinguishable from other complexes of this type, and 
therefore are not differentiated. The full list of taxa containing type E* complexes is given 
in Supplementary Tables 6.4 and 6.5.

3.4.6. Type F
The newly discovered type F (Hards, et al. 2019) was identified in four archaeal lineages 
and 28 bacterial  lineages.  In Archaea,  it  is mostly present in  Candidatus Poseidoniia 
(80% of 15 metagenomic assemblies), and Euryarchaeota (14% of 58 Thermoplasmata 
and 17% of 73 unclassified genomes). In Bacteria, this type was predominantly detected 
in at least 30% of metagenomic assemblies affiliated with Actinobacteria, Acidobacteria, 
Gemmatimonadetes, Candidate Division NC10, and  Candidatus Rokubacteria. The full 
list  is  given in Supplementary Tables 6.4 and 6.5.  Of note,  in the multiple sequence 
alignment of SdhCF sequences, four strictly conserved histidines were identified. This 
type was reported not  to  contain heme cofactors and has been only  studied in  one 
organism so far (Hards et al. 2019). Thus, it was not clear whether these histidines could 
have been heme-binding,  as in  the case of  other  SDH/FRD types.  This  was further 
investigated by performing a structural alignment of SdhCF and SdhCB proteins using W. 
succinogenes structure as template (Magej  et al.  2006).  The resulting alignment  has 
shown that the type F conserved histidines do not align with the heme-binding histidines 
of SdhCB,  being located at a different structural position, and therefore unlikely to be 
related relics of histidine ligands of the hemes present in other types.

3.4.7. Thiol:fumarate reductase (TFR)
Thiol:fumarate  reductases  are  enzymes  that  perform  the  conversion  of  fumarate  to 
succinate using Coenzyme M - Coenzyme B as an electron donor (Heim et al. 1998). 
These soluble enzymes contain a flavin subunit (TfrA), and an iron-sulfur subunit with a 
CCG domain (TfrB). Due to the closer homologous relationship of the flavin, iron-sulfur 
and  CCG  subunits  of  SDH/FRD,  thiol:fumarate  reductases  are  also  included  in  this 
analysis. Soluble thiol:fumarate reductase was detected predominantly in Archaea (four 
phyla)  and  scarcely  identified  in  9  bacterial  phyla.  In  Archaea,  TFR  (and  TFR-like) 
complexes mainly  occur in Euryarchaeota (mostly in methanogens,  but  also in some 
Halobacteria and Archaeoglobi organisms), as well as  Candidatus Thorarchaeota and 
Candidatus Bathyarchaeota. In Bacteria, this complex is only found in 19 metagenomic 
assemblies,  most  of  them  belonging  to  Candidatus Roizmanbacteria  and 
Deltaproteobacteria.  The full  list  (including bacterial  TFR-containing phyla) is given in 
Supplementary Tables 6.4 and 6.5.

3.4.8. “No type” SDH/FRD hits  
In addition to complexes of types A to F and TFR, there were 1780 cases of SdhA and 
SdhB sequences, for which no type could be assigned. Such sequences were either in 
synteny (SdhAB) but had no membrane subunits or were singular sequences on their 
own (SdhA only). Many of such SdhAB complexes were close to type A, type B or type 
E/E* by global identity and were placed close to or within the clades of these types in 
phylogenetic reconstruction. In addition,  some were found in the clade containing TFRs 
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and  NadBs.  Often,  these  hits  were  found  in  genomes  that  also  contain  a  full  SDH 
complex of a defined type. Some of the genomes containing these “No type” sequences 
were  annotated  as  “Complete”,  therefore  the  SDH type  could  not  be  assigned  with 
certainty  in  such  cases.  Overall,   proteins,  for  which  “No  Type”  classification  was 
attributed, were found in 8 archaeal and 30 bacterial phyla. A full list of phyla containing 
“No type” sequences is given in Supplementary Table 6.4 and 6.5. Interestingly, NADH-
dependent fumarate reductase complexes previously characterized in Aquificae (Miura 
et al. 2008; EC 1.3.1.6) were found in 14% of Aquificae genomes, being identified by the 
presence  of  the  FrdCDE  subunits.  However,  by  global  identity  relationships  their 
corresponding FrdA and FrdB subunits are closely related to type E* SdhA and SdhB.

3.5. Genomic organization of SDH/FRD complexes
In terms of syntenic arrangement of SDH/FRD subunits, these complexes tend to be 
organized  into  mostly  syntenic  blocks  (Baughn,  Malamy  2003;  Butler  et  al. 2006; 
Guccione et al. 2010; Janssen et al. 1997; Park et al. 1995; Pecsi et al. 2014; Schäfer et  
al.  2002;  Westenberg,  Guerinot  1999;  Hägerhäll  1997;  Jardim-Messeder  et al.  2017; 
Lemos  et  al.  2002).  However,  variations  in  the  non-syntenic  arrangement  are  also 
possible (Hederstedt 2002; Massung et al. 2008; Jardim-Messeder  et al. 2017). In this 
analysis,  SDH/FRD  complexes  from  Aquificae,  Cyanobacteria,  as  well  as  the  TFR 
complexes found in methanogens were found to be predominantly non-syntenic, while 
within other archaeal and bacterial phyla they were organized into syntenic blocks, in 
agreement with previous reports (Jardim-Messeder et al. 2017; Schäfer et al. 2002). In 
these  blocks,  the  cytoplasmic  subunits  are  in  proximity  to  each  other,  followed  (or 
preceded) by the membrane subunits. It is rare to find the cytoplasmic subunits being 
interrupted by membrane subunits or being surrounded by a membrane subunit  from 
each side.  Moreover,  the neighborhood of  SDH/FRD complexes varies strongly  from 
class to class and phylum to phylum. Fig. 16 shows syntenic arrangements of SDH/FRD 
subunits  for  each  structural  type.  Enzymes  of  types  A,  B,  C,  and  E*  have  various 
syntenic  arrangements,  while  for  those  in  types  D,  E,  and  F  only  one  genomic 
arrangement was found. For comparison, genomic rearrangement of TFR complexes is 
shown, where it can be observed that subunits of this complex can be localized in the 
same genomic region or be non-syntenic.
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Fig.  16.  Syntenic  arrangement  of  SDH/FRD  and  TFR  subunits  with  representative  
organisms per structural type. Subunit A is colored in magenta, subunit B in yellow, subunit C  
in blue, subunit D in red, subunit E in purple, subunit F in gray, subunit TfrA in light pink, subunit  
TfrB in light blue. Type E* indicates complexes that contain SdhE subunit, but no SdhF subunit  
was identified.

3.6. Phylogenetic reconstructions
This  section  describes  the  maximum  likelihood  phylogenetic  reconstructions  for 
cytoplasmic  subunits  as  well  as  similarity  network  analysis  of  membrane  anchor 
subunits.

3.6.1. Multiple sequence alignment
In order to build phylogenetic reconstructions, clusters were collapsed on the basis of 
redundancy reduction, as described in Methods. Sequences with >=90% relationships 
from SDH/FRD clusters that contained more than 1000 sequences were reclustered, and 
one representative sequence per subcluster was used for the alignment (Supplementary 
Table 6.6). Reduced clusters were used to produce multiple sequence alignments, and 
their quality was manually assessed (see Methods), using data from X-ray structures to 
determine  important  residues  as  well  as  the  position  of  the  histidine  ligands  of  the 
hemes. Fig. 17 shows the available X-Ray crystallographic structures of complex II from 
the different types, some of which were used to check the quality of the alignments. It  
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can be seen that E. coli  succinate dehydrogenase of type C contains one heme group, 
bound between SdhC and SdhD, while E. coli fumarate reductase of type D contains no 
heme groups, as expected. Both W. succinogenes and D. gigas FRDs of type B contains 
one large membrane subunit with two hemes bound in the center of it. The SDH2 of M. 
smegmatis (type A) contains two hemes, bound between the SdhCA and SdhDA subunits, 
and an additional single alpha-helix subunit SdhF, as proposed by Gong et al. 2020.

Fig. 17. X-Ray crystallography structures of complex II (from a to e, respectively): Structure of  
E.  coli  succinate dehydrogenase (PDB: 1NEK, Yankovskaya et  al.  2003);  structure of  E.  coli  
fumarate reductase (PDB: 3P4P, Tomasiak et al.  2011); structure of M. smegmatis succinate  
dehydrogenase  2  (PDB:  6LUM,  Gong  et  al.  2020);  structure  of  W.  succinogenes  fumarate  
reductase (PDB: 2BS2, Madej et al. 2006); structure of D. gigas fumarate reductase (PDB: 5XMJ,  
Guan  et  al.  2018).  The  flavoprotein  subunit  SdhA is  highlighted  in  green,  with  bound  flavin  
adenine dinucleotide cofactor colored yellow; iron-sulfur subunit  B is purple with FeS clusters  
colored dark blue; SdhC is light pink and SdhD is light blue, with heme groups (when present)  
colored black. In case of the M. smegmatis structure, the newly proposed SdhF subunit is colored  
gray.  Some  structures  include  fumarate  and  quinones,  colored  cyan  and  bright  green,  
respectively.

The conserved residues for each subunit that were used to check the quality of multiple 
sequence  alignments  are  shown  in  Fig.  18  and  19.  SdhA  subunit  has  strong 
conservation in catalytic and FAD-binding region (Hägerhäll 1997; Cecchini  et al. 2002; 
Iverson 2013; Hederstedt 2002; Lancaster 2002a) with several conserved residues (E. 
coli SDH structure numbering): His 45, His 242, His 354, Arg 286, Arg 399, and Thr 254 
(Fig. 18a; Yankovskaya et al. 2003).
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Fig.  18.  Visualization  of  the  conserved  residues  used  to  check  multiple  sequence  
alignments of SdhA and SdhB subunits.  SdhA E. coli  SDH (PDB: 1NEK).  Made in UCSF  
Chimera. As assigned by the one-letter amino acid code, H is Histidine (light pink), R is Arginine  
(purple),  T is  Threonine (gray).  FAD is  a flavin  adenine dinucleotide cofactor  (yellow).  SdhB  
subunit, E. coli SDH (PDB: 1NEK). As assigned by the one-letter amino acid code, C is Cysteine  
(light blue), D is Aspartate (light green). FeS clusters are colored by the element, Fe atoms are  
orange, S is yellow.

Since iron-sulfur centers in the SdhB subunit are bound by conserved cysteine residues 
(see Introduction; Hägerhäll 1997), the alignment of SdhB sequences was checked for 
conservation of these cysteines (Fig. 18b). Similar cysteine conservation was expected 
in SdhE (Lemos et al. 2001).As for transmembrane subunits, it was decided to check for 
alignment of heme-binding histidines, which are located in helix II of SdhC and helix II of 
SdhD (helix V of SdhCB) for high-spin bH heme, and in helix I of SdhC and helix I of SdhD 
(helix IV of SdhCB) for low-spin bL heme (Hägerhäll, Hederstedt 1996; Lancaster  et al. 
1999; Yankovskaya  et al. 2003) (Fig. 19; PDB: 2BS2, Madej  et al. 2006; PDB: 6LUM, 
Gong et al. 2020). In type  C, containing a single heme,  one histidine residue in each 
SdhCC and SdhDC (Cecchini et al. 2002, bH) is expected. In type A and B, containing two 
heme groups,  two histidines for each SdhCA and SdhDA (Schäfer et al. 2002) subunit, 
and  four  histidines  for  the  fusion  SdhCB subunit  (Lancaster  2003)  are  expected 
respectively.  In types D and F, no conserved histidine residues were expected since 
these types contain no hemes (Cecchini et al. 2002; Hards et al. 2019).
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Fig.  19.  Visualization of  the  conserved residues used to  check the  multiple  sequence  
alignments of SdhC and SdhD subunits. a) heme groups from M. smegmatis type A SDH;  b)  
heme groups from W. succinogenes type B SDH. As assigned by the one letter amino acid code,  
H is histidine (pink for SdhC, blue for SdhD). Heme groups are colored by element.

Quality check has led to the conclusion that in the multiple sequence alignments of the 
individual  clusters,  conserved  residues  were  properly  aligned.  Therefore,  multiple 
sequence alignments per subunit were calculated by joining clusters containing the same 
subunits. The SdhCs and SdhDs sequences, found by synteny analysis that were not 
found in the rBBH approach were also included. Clusters containing SdhE/HdrB, SdhCF, 
and SdhF remained separated due to their low homology to other membrane subunits 
(See  Fig.  14).  Fusion  sequences  were  removed  if  the  fusion  did  not  belong  to  an 
SDH/FRD subunit, or split and added to the respective group if the sequence is a fusion 
between two SDH/FRD subunits. Each fusion sequence was trimmed manually, based 
on the start and end positions defined by NCBI CD search annotations.  An example is 
given in Fig. 20, of a fusion between SdhCA and SdhDA subunits that have well-defined 
CD search domains for each part .

Fig. 20. A representative NCBI CD Search result with “Standard” output of fusion SDH  
sequences. The accession of sequence used for this visualization is OGO49523.1.

However,  for  the large SdhCB subunits,  hypothesized to have resulted as fusions  of 
ancestral SdhC and SdhD with a subsequent  loss of the SdhC third helix (Hägerhäll 
1997), it was not possible to use CD Search results as a guide for splitting, since the CD 
Search annotation for these sequences is a singular SdhCB domain (Fig. 21). Therefore, 
sequences  were  split  before  the  third  helix  using  the  prediction  of  transmembrane 
helices (see Methods).
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Fig.  21.  A  representative  NCBI  CD  Search  result  with  “Standard”  output  of  SdhCB 

sequences. The accession of sequence used for this visualization is KHD87266.1.

At this stage, phylogenetic reconstructions of the resulting multiple sequence alignments 
per  cluster  and  per  subunit  were  produced  and  analyzed.  Clades  with  an  ultrafast 
bootstrap support equal or higher than 95 are statistically significant (Hoang et al. 2018), 
and only these were in here considered as highly supported.

3.6.2. Phylogenetic reconstruction of cytoplasmic subunits SdhA 
and SdhB

In the joined maximum likelihood phylogenetic reconstruction of SdhA sequences (Fig. 
22A), sequences of types C, D, and F form well-supported monophyletic clades while 
sequences of types A and E/E* are intercalated. Non-monophyletic clades of type A also 
suggest the presence of several subgroups for this type (see below). Some clade of 
types  A  and  E*  contain  sequences  that  were  annotated  as  SdhA  and  had  a 
corresponding  SdhB subunit  in  synteny,  but  no  respective  membrane  subunits  were 
found. By global identity relationships they belong to the type of the sequences in the 
same clade (either, type A or E). However, due to the lack of membrane subunits and 
the fact that some of these sequences are from complete genomes, it was not possible 
to assign an SDH type for these sequences (See “No type” subsection of Section 3.5). It 
is worth noting a subclade in the clade of type E* contains NADH-dependent fumarate 
reductases from Aquificae (Miura et al. 2008; see “Type E*” subsection of Section 3.5). 
TFR sequences are found in three non-monophyletic clades. While most of the identified 
TFR complexes  constitute  a  clade  marked  “TFR”,  TFR sequences  from  Candidatus 
Bathyarchaeota were found within a clade of type A (marked with an asterisk), and some 
TFRs from unclassified Euryarchaeota are found near the type D clade. Type F SdhA 
proteins are grouped in a highly supported monophyletic clade branching close to TfrA 
proteins. In addition, a clade containing type A protein belonging to Proteobacteria is 
stemming out of the largest TfrA clade. Two large red clades near the largest TFR clade 
contain either NadB sequences or sequences annotated as SdhA, for which no other 
SDH/FRD  subunits  were  found.  These  sequences  are  most  likely  closely  related  to 
SdhA. To our knowledge, none of these proteins, mainly present within Actinobacteria 
and  Alphaproteobacteria,  are  so  far  characterized.  In  the  SdhA  phylogeny,  type  B 
sequences are monophyletically  organized,  separated by the root,  and form at  least 
three distinct groups. This separation of type B into three groups is in agreement with 
what was previously observed (Butler et al. 2006; Kurokawa, Sakamoto 2005; Lemos et  
al. 2002). Starting from the root, two groups are likely to contain sequences from SDHs 
or bifunctional complexes (Subgroup II and III in Supplementary Table 6.7), while the 
third  group  contains  FRDs  or  bifunctional  complexes  (Subgroup  I  in  Supplementary 
Table 6.7). The distinction of functional clades is supported by CD Search annotation 
(sequences  from  the  clade  separated  by  the  root  are  annotated  as  “Fumarate 
reductases”  while  other  sequences  are  annotated  as  “Succinate 
dehydrogenases/fumarate  reductases”),  and  by  experimental  characterization  of 
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complexes from this clade (Mattson  et al. 2000; Baughn, Malamy 2003; Garcia  et al. 
2007; Kurokawa, Sakamoto 2005; Butler  et al. 2006; Lancaster  et al. 1999; Lancaster 
2001; Mileni et al. 2006; Weingarten et al. 2009). Additionally, one of the clades of type B 
contains some SdhA sequences from Clostridia,  Coriobacteriia,  and Methanobacteria 
that  have  a  corresponding  SdhB  subunit  but  no  membrane  subunits.  Some  of  the 
sequences were identified in complete genomes, therefore type B could not be assigned 
with certainty. Possibly, this clade contains complexes, the evolution of which involved 
the recruitment of a common domain to perform a different or similar function. Further 
taxonomic  information  regarding  these  three  subgroups  of  type  B  is  given  in 
Supplementary Table 6.7. Interestingly, type B is not only placed as a basal type by MAD 
rooting in the phylogeny of both SdhA and SdhB, but also it has the lowest mean/median 
global identity to other types (Supplementary Table 6.8). A clade of type B (Subgroup III) 
additionally has its cytoplasmic subunits in separate MCL clusters, in contrast to other 
SdhAs and SdhBs being in the same cluster. 

Although the phylogeny of only cytoplasmic subunits is discussed, it  is observed that 
types with less than two hemes attached to the membrane subunits (C and D) stem out 
of distinct type A clades, suggesting that each of these types originated independently 
through the process of heme loss, and that this signal is retained also at the level of 
cytoplasmic  subunits.  The  same  is  observed  in  the  joined  SdhB  phylogenetic 
reconstruction  (Fig.  22B).  This  is  also  supported  by  the  mean  and  median  global 
identities between SdhA subunits of the different types (Supplementary Table 6.8) where 
it can be seen that SdhAC is more similar to SdhAA than to SdhAD further supporting the 
relatedness of the complexes belonging to type A and type C. Although type D is equally 
similar by global identity to type C and A, it forms highly supported clades within SdhA 
and SdhB phylogenies. In addition, type C clade can be split into two subgroups, one 
containing  predominantly  sequences  from  Alphaproteobacteria  and 
Gammaproteobacteria,  while  the  other  mostly  includes  Betaproteobacterial  and 
Gammaproteobacterial  sequences.  SdhAA and  SdhAE are  also  similar  (42.9% mean 
global identity).

The overall  topology of  the joined maximum likelihood phylogenetic  reconstruction of 
SdhB (Fig.  22B)  is  similar  to  the  one found in  SdhA.  However,  in  this  phylogenetic 
reconstruction,  type  B  subclades  are  not  separated  by  the root  (but  still  form three 
subgroups). Moreover, in comparison to the SdhA phylogeny, the SdhBA,E sequences are 
organized in more distinct clades with a separation between types E and E*. A possible 
explanation relies on the fact that the SdhBA,E sequences (mean global identity is 26.9%, 
Supplementary Table 6.8) are more dissimilar than the corresponding SdhA sequences 
(mean global  identity  is  42.9%,  Supplementary  Table  6.8)  since according  to  X-Ray 
structures,  SdhB subunit  is  in contact  with the membrane anchor  subunits  (receiving 
electrons from the hemes, or directly from the quinone in the cases of types D, E, and F), 
which differ significantly between these types, due to the amphipathic nature of SdhE 
and SdhF anchors and the transmembrane nature of the remaining SDH types. For both 
SdhA and SdhB phylogenies, the root placement and the overall tree topology remained 
unchanged  in  all  cases  of  redoing  the  phylogenetic  reconstruction  with  different 
parameters (various clade removal and different cluster reduction criteria as described in 
Methods).
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Fig.  22.  Maximum  likelihood  phylogenetic  reconstruction  of  SdhA  (A)  and  SdhB  (B)  
subunit  sequences (LG amino acid  substitution matrix  with  four  discrete  gamma categories  
model; LG+G4). Radial view, colored by SDH type. Type A is colored in orange, type B in dark  
green, type C in dark cyan, type D in light blue, type E/E* in dark blue, type F in purple, TFR  
sequences  are  colored  in  pink  while  gray  clades  indicate  clades  of  undetermined  type  or  
homologous complexes (see Methods and Section 3.3 of Results). The long interrupted type B  
branch belongs to a very short partial sequence (51 amino acids) belonging to the metagenomic  
assembly  of  unclassified  Deltaproteobacteria.  The  long  interrupted  branch  contains  two  
sequences of MvhD from Candidatus Bathyarchaeota and Chloroflexi that were present in the  
largest SdhB cluster. Clades with Archaeal sequences are colored in red. Significant ultrafast  
bootstrap values (>= 95) are marked with a black dot. Subgroups of type B are number I, II, and  
III. Type E* clades are marked with an asterisk to differentiate from canonical type E enzymes. A  
clade of type A marked with an asterisk contains a TFR subclade of Candidatus Bathyarchaeota  
proteins.
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3.6.3. Transmembrane subunits SdhC and SdhD
Due to the low sequence conservation between the membrane subunits of the different 
types as well  as their  short  sequence length  (~100 amino acids after  trimming),  the 
phylogeny of  membrane subunits  was inconclusive  (Data not  shown).  Instead,  these 
proteins were analyzed in terms of similarity networks to evaluate how similar structural 
types are in relation to each other.  Networks have the advantage of allowing several 
levels of annotations for each sequence (node), such as SDH type (Fig. 24 and Fig. 25), 
MCL cluster (Supplementary Fig. 7.7), CD search annotation (Supplementary Fig. 7.8), 
number  of  heme-binding  histidines  (Supplementary  Fig.  7.9),  sequence  length 
(Supplementary  Fig.  7.10),  and  number  of  predicted  transmembrane  helices 
(Supplementary  Fig.  7.11),  but  have the disadvantage  of  losing  the time connection 
(Bapeste  et al. 2013). In the networks colored by structural type annotation, it can be 
seen that both membrane subunits from types A and B are each separated in at least  
three subclusters. Type B subgroups match those described for cytoplasmic subunits in 
Section 3.7.2. Interestingly, the Chloroflexi fusion membrane anchors, in here annotated 
as “Type B?” and colored in dark green, form their own cluster. This could be due to their  
fused nature,  longer  sequence  length,  and the number  of  predicted  helices  (7  vs  5 
helices in types B and F, and three helices in other types). By the global identity analysis 
of soluble subunits, these fusions are closest to the type A complex.

As in type B,  type A membrane anchors form three or four subgroups,  following the 
overall  clade  organization  found  in  phylogenetic  reconstructions  of  SdhA/FrdA  and 
SdhB/FrdB. However,  it  is  noticed that  Thermoplasmata, Thermoprotei,  Archaeoglobi, 
and Thaumarchaeota tend to group together for all subunits, which could indicate that 
these sequences constitute a distinct subgroup, similar to what was observed in Lemos 
et al. 2002 phylogeny. The remaining archaeal proteins, belonging to Heimdallarchaeota 
and  Halobacteria,  are  grouped  within  bacterial  enzymes  both  in  the  phylogenetic 
reconstructions as well as in the network analyses. This could be an evidence for recent 
lateral gene transfer events within these lineages as reported for Halobacteria (Nelson-
Sathi  et  al.  2012;  Nelson-Sathi  et  al.  2015).  Further  analysis,  including experimental 
characterization  of  these  enzymes,  is  necessary  to  resolve  the  potential  type  A 
subgroups.

Moreover,  while  membrane  anchors  of  types  D  and  F  form  single  clusters  in  both 
networks,  type  C  sequences  separate  into  two  tightly  connected  subclusters,  one 
composed  mostly  of  Alphaproteobacteria  and  Gammaproteobacteria,  and  the  other 
mostly of Betaproteobacteria and Gammaproteobacteria. This is in agreement with the 
two clades observed in the phylogenetic reconstructions of the cytoplasmic subunits (Fig. 
22). 

Overall, this separation of the membrane sequences into subgroups correlates with the 
clades shown in the joined phylogenetic  reconstructions of both cytoplasmic subunits 
(see Section 3.7.2.), and can be further observed in the similarity networks annotated by 
the MCL cluster.
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Analysis of the number of hemes per type is shown in Supplementary Fig. 7.9, where 
nodes are colored according to the number of heme-binding histidines. Both types A and 
B had four heme-binding histidines (in both SdhCA and SdhDA), types C and D had two 
(one in SdhC and one in SdhD but not in all organisms due to the presence of partial 
metagenomic sequences), which is consistent with previous literature reports (Hägerhäll, 
Hederstedt  1996;  Hägerhäll  1997;  Cecchini  et  al.  2002).  The  similarity  network 
annotation for SdhCF histidine content is set at zero because type F was excluded from 
multiple  sequence  alignment  that  was  used  to  check  histidine  conservation  since 
sequences of this type do not show homology to other canonical types.

The CD search annotation is fairly accurate at type prediction for SdhC sequences, and 
less accurate for SdhD sequences. Specifically, CD search annotated type D and type B 
subgroup I  as fumarate reductases,  and other clusters a succinate dehydrogenases. 
Altogether, type B CD search annotations split this structural type into 3 subgroups: a 
fumarate  reductase  (cluster  40),  and  two  subgroups  of  succinate  dehydrogenases 
(clusters  22+23  and  a  cluster  34).  This  supports  the  previously  discussed  clade 
separation of soluble subunit sequences of this type in the phylogenetic reconstructions 
(Section 3.7.2.).

Fig.  24.  Similarity  network  of  SdhC sequences colored by structural  type :  type A is  in  
orange, type B is in green, type C is in blue, type D is in cyan, type F is in purple. Additionally,  
Chloroflexi fusion subunits were colored as type “B?” (dark green). Type B subgroups are marked  
with I, II, and III.
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Fig. 25. Similarity network of SdhD sequences colored by structural type, as in Fig. 24.

3.6.4. Membrane subunits (SdhE and SdhF)
The  joined  maximum  likelihood  phylogenetic  reconstruction  of  SdhE  and  HdrB 
sequences together  with  the CCG domain  parts  of  the  homologous TfrB sequences 
(Schäfer  et al.  2002) is shown in Fig. 26.  It  is  worth noting that  many clades of  the 
phylogenetic reconstruction remained poorly resolved (with low bootstrap support), which 
makes the analysis of certain clades inconclusive, namely the HdrB clades (which are 
not a direct focus of this thesis), and the TfrB clade. The overall poor statistical support 
for the phylogenetic reconstruction of SdhE, HdrB, and TfrB (CCG domain) sequences 
was observed in the unreduced phylogenetic reconstruction of the SdhE/HdrB cluster as 
well. Although, while it appears that TfrB sequences are closer to the HdrB than SdhE, 
due to insufficient statistical support of this clade, further analysis is necessary to confirm 
whether  or  not  this  was  the  case.  This  potential  proximity  between  TfrB  and  HdrB 
proteins would contradict the current view of TfrB evolution as a result of the fusion of 
SdhBE and SdhE (Schäfer et al. 2002). The same low support is also observed for the 
type E/E* clade, with an ultrafast  bootstrap support of only 78. However, the separation 
between canonical  type E clade and the type E* clades is statistically significant.The 
yellow HdrB clade within the type E/E* clades includes unclassified Euryarchaeota and 
Candidatus  Poseidoniia  sequences,  whose  genomes  contain  an  additional  complete 
SDH complex of type F and no additional cytoplasmic subunits or HdrA/C sequences 
identified. Therefore, it was not possible to conclude if these sequences are SdhEs or 
HdrBs, but rather they represent close homologs that in vivo fulfill some other function. 
Canonical type E and type E* (which includes the MFR complexes) form one clade and 
therefore there is no need to reclassify them into different types. It is however useful to 
use the “Type E vs. Type E*” distinction to indicate the lack of SdhF subunit in Type E* 
complexes.  This  phylogenetic  reconstruction  was  helpful  to  differentiate  between 
cyanobacterial  HdrBs  and  SdhEs,  as  they  are  found  in  separate  clades  in  the 
phylogenetic reconstruction, the HdrB clade and the SdhE clade, respectively.
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Fig.  26.  Joined  maximum  likelihood  phylogenetic  reconstruction  of  SdhE  and  HdrB  
sequences as well as CCG domain part of TfrB sequences (LG amino acid substitution matrix  
with  four  discrete  gamma  categories  model;  LG+G4).  Rectangular  view.  HdrB  clades  are  
highlighted in yellow, type E/E* clades are in pink, and the CCG domain of TfrB clades are in dark  
blue. Significant ultrafast bootstrap values (>= 95) are marked with a black dot.

Fig. 27 shows the maximum likelihood phylogenetic reconstruction of the SdhF subunit. 
This  subunit  is  only  present  in  the  canonical  type  E  complexes  and  with  limited 
taxonomic distribution, being found only in some organisms of Thermoprotei (Sulfolobus, 
Sulfurisphaera, Sulfodiicoccus, Acidianus, Metallosphaera,  Candidatus Aramenus) and 
Thermoplasmata (Picrophilus, Acidiplasma, Ferroplasma). 

Both archaeal classes form separate clades on the phylogenetic reconstruction. Due to 
the scarcity of information about this subunit, it could only be identified through identity 
relationships to the known SdhF subunit sequences, clustering, and synteny analysis.
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Fig. 27. Maximum likelihood phylogenetic reconstruction of SdhF subunit (LG amino acid  
substitution matrix with invariable sites and four discrete gamma categories model; LG+I+G4).  
Radial view. Colored by taxonomy: Thermoprotei is in cyan, Thermoplasmata is in red. Significant  
ultrafast bootstrap values (>= 95) are marked with a black dot.

Supplementary  File  6.9  contains  phylogenetic  reconstructions  in  Newick  format,  per 
cluster as well as joined phylogenies for subunits SdhA, SdhB, and SdhE/HdrB/TfrBCCG.

4. Discussion
Succinate:quinone oxidoreductases (including succinate dehydrogenases and fumarate 
reductases) are widespread among the three domains of life, and their function is highly 
conserved (Hederstedt, Rutberg 1981; Lemos et al. 2002; Jardim-Messeder et al. 2017). 
Moreover,  these  complexes  have  many  homologous  proteins  with  diverse  functions 
(Mattevi  et al. 1999; Cole  et al. 1988; Jardim-Messeder  et al. 2017; Heim  et al. 1998; 
Pellicer  et al. 1996). Such properties made complex II an attractive target for studying 
energy metabolism. 

In this analysis, a large-scale comparative genomics analysis (~35000 genomes) of this 
enzyme  was  performed,  which  included  the  taxonomic  distribution  of  the  structural 
SDH/FRD  types,  as  well  as  homology  analysis  and  phylogenetic  reconstruction  of 
cytoplasmic  subunits  and  similarity  network  analysis  of  membrane  anchor  subunits. 
Homology search helped identify new homologous proteins of the flavoprotein subunit, 
therefore the “Fumarate reductase superfamily”  (proposed by Jardim-Messeder  et al. 
2017) could potentially be expanded. 
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Overall, the taxonomic distribution for each type shows that type A is the most diverse 
across both prokaryotic domains, while type B is the most diverse among Bacteria. Type 
C is restricted to Proteobacteria (according to the data analyzed in this thesis). Type F is 
not exclusive to Mycobacteria and not even to Actinobacteria, and more complexes of 
this type need to be characterized. We have found that thiol:fumarate reductases are 
also  not  exclusive  to  methanogens,  and  this  complex  also  is  in  need  for  further 
biochemical characterization. It is also worth noting that since it was observed that the 
structural type could vary on a strain level, as it is in the case of Rhodothermus marinus, 
the possibility of the presence of additional types that were not reported in this analysis 
in  the  same  lineage  (due  to  absence  of  genomes)  cannot  be  excluded.  “No  type” 
sequences may be either close homologous proteins of SDH or some type of soluble 
SDH that has not yet been characterized.

The syntenic arrangements of these complexes showed the absence of conservation in 
the neighbor sequences, except for very closely related species with similar metabolism 
(e.g. Enterobacteriaceae  genomes  have  the  same  neighbors  around  SDH/FRD 
complexes).

There is a distinction in phylogenetic reconstruction between the SdhAB clades and the 
SdhBB clades,  namely  that  while  clades of  this  type are basal  in  both cases,  in  the 
reconstruction of  SdhA these clades are separated by the root.  One of  the possible 
reasons  for  the  root  separation  could  have  been  a  presence  of  very  short  partial 
metagenomic  sequences  from Deltaproteobacteria  in  the  SdhA reconstruction,  which 
might have skewed the rooting performed by MAD algorithm, since MAD calculates the 
rooting position by “(a) considering each branch separately as possible root position; (b) 
deriving  the  induced  ancestor-descendant  relationships  of  all  the  nodes  in  the 
phylogenetic  reconstruction;  (c)  calculating  the  mean  relative  deviation  from  the 
molecular clock expectation that is associated with the root position on the branch. The 
branch that minimizes the relative deviations is the best candidate to contain the root 
node.”  (Direct  quote  from Tria  et  al.  2017).  However,  this  possibility  was  tested  by 
removing  this  short  sequence  and  redoing  the  phylogenetic  reconstruction,  which 
resulted in the same root position as before. Another possibility of such difference in the 
root  positions  between the soluble  subunits  of  type B is  the  function these subunits 
perform  in  the  complex.  The  function  of  the  SdhB  subunit  is  to  transfer  electrons, 
regardless  of  the  direction  of  the  reaction  being  catalyzed  by  the  SdhA  subunit. 
Therefore, it is possible that SdhBB sequences are more similar to each other than SdhA 
sequences  of  the  same  type,  since  some  of  them  have  evolved  to  become  strict 
fumarate  reductases,  strict  succinate  dehydrogenases,  or  bifunctional  enzymes.  The 
SdhAB clade that is separated by the root from the others is likely to contain fumarate 
reductases,  based  on  the  characterized  enzymes  from  this  clade  (e.g. Wolinella  
succinogenes FRD as described by Lancaster et al. 1999; Butler et al. 2006; Kurokawa, 
Sakamoto 2005). However, more enzymes need to be characterized biochemically to 
test this hypothesis.

Overall, some of the clades in the SdhB phylogeny received a lower statistical support 
than the clades of SdhA. This could be attributed to the changes in SdhB subunit that 
occurred  to  accommodate  the  modified  (type  D)  or  completely  different  membrane 
anchor (types E, E*, and F).
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Type E/E* is most similar to type A, despite the significantly different membrane anchors. 
SdhAE* are intercalated while  SdhBE* forms a single  clade which could  be hinting  at 
differences in function for subclades of type E* (e.g. MFR vs SDH-functioning enzyme). It 
was not  possible  to differentiate between SDH/FRD complexes of  type E* and MFR 
complexes in this analysis, as they have the exact same profile. Due to little information 
about  MFR  available,  MFR  was  kept  under  the  same  type  annotation  as  type  E* 
complexes, despite being likely a homolog of SDH and not a true SDH (Juhnke  et al. 
2009; Weingarten et al. 2009). Interestingly, in the SdhA phylogeny, one type E* clade 
contains two subclades (one containing Aquificae sequences and the other containing 
Epsilonproteobacteria  sequences,  respectively)  where,  although  by  global  identity 
analysis  these  sequences  were  classified  as  type  E*,  the  SdhE  subunit  was  not 
identified. For most SdhA sequences of the Epsilonproteobacteria clade, the respective 
SdhB subunit  was not  identified  as well,  which  suggests that  this  subclade contains 
sequences  of  an  enzyme  homologous  to  a  type  E*  SDH  but  not  a  true  SDH.  For 
Aquificae sequences, most of them had no KO annotation, or two KOs annotated with 
significance: one KO for the respective SDH subunit, and the other for NADH-dependent 
fumarate reductase. The latter was characterized in Aquificae (Muira et al. 2008), where 
the authors showed that subunits A and B of this enzyme are homologous to SdhA and 
SdhB, respectively. It is likely that this subclade contains the NADH-dependent fumarate 
reductase due to the presence of additional subunits from this enzyme in the respective 
genomes. Interestingly,  this enzyme was detected only in a few genera of Aquificae, 
while in other Aquificae-affiliated genomes a complex of type E* was detected. Cases of 
Aquificae  and  Epsilonproteobacteria  clades  further  support  the  hypothesis  about  the 
presence of several SDH subtypes or their close homologs in type E*.

The current evolutionary assumption about type B complexes is that it resulted through 
the  fusion  of  type  A  membrane  anchors  with  a  loss  of  one  transmembrane  helix 
(Hederstedt, Hägerhäll 2996; Hägerhäll 1997; Lancaster 2013). However, the research 
presented in this thesis does not allow fully to corroborate this hypothesis. Not only type 
B sequences are placed at the root in both phylogenetic reconstructions for SdhA and 
SdhB, but they also share very low identity with type A for even soluble subunits. On the 
contrary, according to the phylogenetic reconstruction presented in this analysis, type A 
and type B soluble subunits resulted from an ancient duplication with a later attachment 
to  the  membrane  (see  below).  Additional  tests  of  redoing  the  phylogenetic 
reconstructions with different parameters, which have resulted in no changes in overall 
topology  and  root  position  for  both  SdhA  and  SdhB  phylogenies,  provide  additional 
support for this topology.

Also, type B seems to potentially contain different subtypes which may vary functionally. 
This question will not be resolved by comparative genomics, it is urgently necessary to 
characterize more enzymes of this type, as well as other types. Taxonomically diverse 
biochemical and structural data for complex II is currently lacking.

Overall,  the  structural  classification  and  phylogeny  of  SDH  sequences  are  not  an 
absolute match. Structural types A and B may contain subgroups/subtypes while type 
E/E*  is  understudied  and  is  currently  split  into  canonical  type  E,  MFR,  type  E  in 
Cyanobacteria,  and  so  on.  In  this  thesis,  the  canonical  type  E  was  kept  as  it  was 
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originally classified (Lemos et al. 2001) and all other non-canonical cases were grouped 
under  the name of  “type E*”.  Both  types  form a single  monophyletic  clade,  but  the 
canonical type has an additional membrane subunit SdhF, therefore the distinction was 
drawn. Other types (C, D, F) form monophyletic clades, and therefore there is no need 
for their re-classification.

4.1. Evolutionary scenario
Evolution  of  succinate  dehydrogenases  and  their  closest  homologs  (fumarate 
reductases) has implications for the evolution of prokaryotic diversity in terms of both 
energy and carbon metabolisms. Moreover, it cannot be dissociated from the evolution of 
the modular blocks that form each of its subunits and their respective cofactor content 
(Baymann  et al.  2002).  Based on the modular nature of  the different  types alone,  a 
parsimony explanation for the evolution of these complexes would be an early separation 
of  types A,  B,  C and D from TFR and type E/E*,  with type F being  a more recent 
innovation. However, we have observed trends in the evolution and diversity of the single 
subunits which suggest  a more intricate evolution,  with multiple events of membrane 
anchor replacements. According to the phylogenetic reconstructions of subunits A and B, 
there is a clear separation between type B enzymes and all of the remaining enzymatic 
complexes in here addressed.

One possible interpretation would be the ancestry of type B over the remaining types 
(Supplementary table 6.8).  In this category are included bifunctional enzymes able to 
catalyze both reactions, as well ones specialized in one of the two reactions. However, 
the scarce taxonomy distribution of B type enzymes within Archaea argues against this 
scenario.  A more parsimonious solution would  be that  the primordial  complex was a 
soluble  version  of  the  enzyme,  composed  only  of  the  flavin  and  iron-sulfur  center 
subunits, with a later attachment to the membrane. This modular block organization is 
observed in many other homologous complexes, and would not require the pre-existence 
of hemes within biological  complexes.  In the last  years, laboratory experiments have 
achieved the synthesis of several intermediates of the TCA cycle, where fumarate and 
succinate  were  present  (Varma  et  al.  2018),  which  would  be  consistent  with  the 
existence of this substrate early in evolution. In addition, although the SDH/FRD reaction 
is not part of the 402 reactions of the biosynthetic core that trace to the last universal 
common ancestor (Wimmer  et al. 2021), both fumarate and succinate are part of the 
metabolic  network,  so  is  the  reaction  nowadays  catalysed  by  the soluble  version  of 
NADH-fumarate reductase. In fact, the calculated DG of the reaction under alkaline vent 
conditions (-65.4 kJ.mol-1) (Wimmer  et al. 2021), favors the conversion of fumarate to 
succinate in the reductive direction.
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Fig. 28. Schematic representation of potential evolutionary scenario of different SDH/FRD  
types. For cofactor and subunit schematics of each type, please refer to Fig. 6.

In this scenario, and considering the phylogenetic reconstructions topologies were also 
observed in other reconstructions (clades of types A and B in Lemos et al. 2002), type B 
SDH and FRD clade separation in (Kurokawa, Sakamoto 2005), also three subclades in 
(Butler  et al. 2006), the first event would have been an ancient duplication of the FAD 
and iron-sulfur subunit, not yet associated with membrane anchors, that had undergone 
parallel  evolution  to  give  rise  to  type  B  on  one  hand,  and  TFR and  the  remaining 
SDH/FRD structural types on the other hand. The most likely function of the primordial 
enzymes would have been the reduction of fumarate for biosynthesis purposes. Early in 
the evolution of this complex, the TFR branch recruited a CCG domain, homologous to 
the one present in heterodisulfide reductase subunit B, that in TFR was later fused with 
the iron-sulfur subunit and in type A enzymes replaced by the transmembrane anchor. 
The membrane anchor recruited by type A enzymes would have been acquired within 
bacteria by type B enzymes as well. Due to the small size and functional characteristic of 
the transmembrane anchor module, it is not clear at this point, if the primordial module, 
would  consist  of  one  or  two subunits.  Since  fusions  tend to  be  more frequent  than 
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fissions (Kummerfeld, Teichmann 2005), and type B taxonomic distribution is narrowed 
than that of type A, Occam’s razor favors the former over the latter hypothesis.

In Archaea, type E would have recruited the subunit F. In this scenario, and as supported 
by phylogenetic analysis, type F would have been the result of a newer association with 
its specific membrane anchor, probably adapted to actinobacterial quinones (Hards et al. 
2019). Type C and type D would have independently evolved from type A enzymes by 
losing one or two hemes respectively. The intercalated nature of type A, type E and type 
E*,  as  well  as  the  presence  of  a  type  A  clade  close  to  TFRs  suggests  several 
independent  associations  with  membrane  anchors,  followed  by  functional 
specializations,  as  in  the  case  of  MFR and  the  soluble  Aquificae  NADH-dependent 
fumarate reductase (Miura et al. 2008). With the attachment to the membrane, which 
occurred independently  and many times,  the complex  became part  of  the  anaerobic 
electron  transport  chains,  and  microorganisms  were  able  to  optimize  their  ATP 
production.  Since  the  oxidation  of  succinate  to  fumarate  depends  on  high  potential 
electron acceptors (Thauer et al. 1977), specialized SDHs only evolved at a later time, 
with the increase in oxygenation levels of the atmosphere (Holland 2006). These findings 
show a disconnection between the existing structural classification and the evolution of 
the modular structure of the complexes, partially contradicting the view established by 
Hägerhäll and Hederstedt 1996 paper, which hypothesized that type D resulted through 
the heme loss from type C, and type B resulted from fusion of anchor subunits present in 
type A. 

5. Conclusions
Phylogenetic analysis of cytoplasmic subunits of different types has shown that some 
structural types may be split into subtypes taxonomically (type E/E*, type A, type B) while 
others are monophyletic and possibly should not be separated into subtypes (types C, D, 
and F). This separation for type B has been observed in previous studies and may be 
due to the SDH/FRD function of the enzyme. In order to confirm that, more enzymes of 
this type have to be biochemically characterized. 

Some types are taxonomically diverse while others are confined to a single domain (type 
B  occurs  only  in  Bacteria  with  very  few  metagenomic  exceptions)  or  even  a  single 
phylum (type C is exclusive to Proteobacteria). Canonical SdhF-containing type E was 
found only in Thermoprotei and Thermoplasmata.

Unfortunately, it was not possible to perform a phylogenetic analysis of the membrane 
subunits of canonical SDH types (A, B, C, and D) due to the low global identity of the 
sequences of different types, therefore this question remains open for the future.

The  functional  annotations  of  SdhE  sequences  hint  at  a  lack  of  models  for  these 
sequences since they were annotated as HdrBs or had no annotation by all functional 
annotation tools used in this project. In addition, the mapping of the different variations of 
the TCA cycle with the different types of SDH/FRDs could potentially aid in the functional 
and evolutionary distinction of between the different types.  This is not planned to be 
covered by this project but remains an open question that needs to be addressed. 
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Overall,  comparative  analysis  of  this  superfamily  across  35000  genomic  assemblies 
expanded  the  current  taxonomic  distribution  of  several  types  of  the  complex  II  in 
prokaryotes  and  allowed  the  potential  identification  of  novel  subtypes  to  be  further 
experimentally characterized. Combined analysis of the phylogenetic reconstruction and 
similarity networks allowed the elaboration of a scenario, in which a primordial module, 
composed  of  the  common  cytoplasmatic  subunits,  undergone  several  independent 
events of membrane attachments, replacements, fusions and environmental adaptations 
to give raise to the current taxonomic distribution.
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6. Supplementary Information Tables

Supplementary Table 6.1. Complex II and homologous queries

Characterized  query  complexes  are  not  colored  while  complexes  predicted  from 
genomes  are  colored  red.  In  SDH  Type  column,  the  color  yellow  indicates  those 
complexes whose type was identified during this project. Blue color of some accessions 
shows that these accessions were retrieved from feature table based on their syntenic 
proximity to other query subunits of the same complex. For  Sulfolobus acidocaldarius, 
SdhB and  SdhE  sequences  were  not  found  in  the  genome that  the  project  dataset 
contains,  SdhB  is  labeled  as  a  pseudogene,  and  SdhE  is  possibly  one  of  the 
pseudogenes labeled as “hypothetical protein”. The table is found as a supplementary 
file (https://ucloud.univie.ac.at/index.php/s/B7JWn7OsTifxQqz)

Supplementary Table 6.2. Genome dataset

Detailed  table  of  metagenomic  assemblies  dataset  is  given  as  a  supplementary  file 
(https://ucloud.univie.ac.at/index.php/s/UYf6wesyOujfWLc)

Supplementary Table 6.3. Detailed MCL cluster functional annotation

Detailed  cluster  annotation  table  is  given  as  a  supplementary  file 
(https://ucloud.univie.ac.at/index.php/s/TEi9L37o8EvGMrL)

Supplementary Table 6.4. Taxonomic distribution of SDH types matrix

The  matrix  with  the  values  presented  in  the  heatmap  (Section  3.5)  is  given  as  a 
supplementary file (https://ucloud.univie.ac.at/index.php/s/EMH8VjrygSlcloy)

Supplementary Table 6.5. SDH types per each genome with their 
respective taxonomy

The table of genomes with their affiliated taxonomy and the types of SDH complexes 
found  within  each  of  them  is  given  as  a  supplementary  file 
(https://ucloud.univie.ac.at/index.php/s/GvX7TOVfWvxRvUM)
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Supplementary Table 6.6. Cluster redundancy reduction

cluster # sequences before reduction # sequences after reduction

1 20582 4793

3 14339 3605

8 7421 2233

12 5968 1520

15 3964 1449

16 3688 1275

17 3649 2018

18 3396 1821

20 3013 1818

22 2910 1501

23 2829 1467

24 2733 846

26 2514 747

29 2047 656

30 2028 449

34 1700 859

36 1208 454

37 1067 383

Only clusters with more than 1000 sequences were used.
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Supplementary Table 6.7. Type B subgroup taxonomy

Subgroup Taxonomy (most abundant taxa are underlined) Notes

Subgroup  1 
(SdhC 
cluster 40)

Acidithiobacillia,  Alphaproteobacteria,  Betaproteobacteria 
(Azonexaceae,  Chromobacteriaceae,  Comamonadaceae, 
Suterellaceae,  Zoogloeaceae,  unclassified  Burkholderiales), 
Gammaproteobacteria (Alteromonadaceae,  Cellvibrionaceae, 
Ectothiorhodospiraceae, Ferrimonadaceae, Halieaceae, Moritellaceae, 
Pectobacteriaceae,  Saccharospirillaceae,  Shewanellaceae, 
Sinobacteriaceae,  Thiotrichaceae),  Epsilonproteobacteria 
(Campylobacteraceae,  Helicobacteraceae),  Deltaproteobacteria 
(Desulfarculaceae,  Desulfobacteraceae,  Desulfohalobiaceae, 
Desulfovibrionaceae,  Syntrophaceae,  Syntrophobacteraceae), 
Hydrogenophilalia,  Candidatus Lambdaproteobacteria,  Bacilli 
(Alicyclobacillaceae,  Paenibacillaceae),  Clostridia  (Peptococcaceae), 
Dehalococcoidia,  Candidatus Thorarchaeota,  Candidatus 
Schekmanbacteria,  unclassified  Spirochaetes,  unclassified 
Nitrospinae, unclassified Parcubacteria group

Possible  fumarate 
reductases  or 
bifunctional enzymes

Subgroup  2 
(SdhC 
cluster 34)

Bacilli (Bacillaceae,  Alicyclobacillaceae,  Paenibacillaceae, 
Sporolactobacillaceae,  Planococcaceae,  Staphylococcaceae, 
Thermoactinomycetaceae),  Clostridia (Lachnospiraceae, 
Ruminococcaceae,  Clostridiaceae,  Peptococcaceae, 
Heliobacteriaceae,  Thermoanaerobacteraceae,  Symbiobacteriaceae), 
Negativicutes,  Methanobacteria,  Coriobacteriia,  Deltaproteobacteria 
(Syntrophaceae,  unclassified  Deltaproteobacteria),  Candidatus 
Eisenbacteria,  Planctomycetes, Candidate  Division  NC10, 
Acidobacteria,  Elusimicrobia,  Candidatus Omnitrophica,  Oligoflexia, 
Blastocatellia,  Armatimonadetes,  Fimbriimonadia,  Candidatus 
Sumerlaeota,  Chloroflexi,  Chlamydiae,  Nitrospinae,  Actinobacteria, 
Gammaproteobacteria  (Chromatiaceae,  unclassified 
Gammaproteobacteria), Synergistia.

Possible  succinate 
dehydrogenases  or 
bifunctional enzymes

Subgroup  3 
(SdhC 
cluster 
22/23)

Actinobacteria,  Oligoflexia,  Planctomycetes,  Alphaproteobacteria, 
Cyanobacteria,  Gammaproteobacteria  (Thiotrichaceae, 
Piscirickettsiaceae,  Ectothiorhodospiraceae,  unclassified 
Gammaproteobacteria),  Deltaproteobacteria  (Bradymonadaceae, 
Polyangiaceae,  Desulfobacteraceae,  Desulfobulbaceae, 
Syntrophaceae,  Sandaracinaceae,  Myxococcaceae,  Kofleriaceae, 
Nannocystaceae,  Geobacteraceae,  Desulforomonadaceae, 
unclassified  Deltaproteobacteria),  Clostridia 
(Thermoanaerobacteraceae),  Acidobacteria,  Candidatus 
Omnitrophica,  Elusimicrobia,  Ignavibacteriae,  Candidate  Division 
Zixibacteria, Candidate Division GN15, Verrucomicrobia, Nitrospirae, 
Chrysiogenetes,  Candidatus Tectomicrobia,  Spirochaetes, 
Gemmatimonadetes,  Lentisphaerae,  Chloroflexi,  Candidatus 
Rokubacteria,  Chlorobi,  Candidatus Kapabacteria,  Candidatus 
Hydrogenedentes,  Candidatus Handelsmanbacteria,  Candidatus 
Marinamargulisbacteria,  Armatimonadetes,  Kiritimatiellae, 
Fibrobacteres,  Abditibacteriota,  Vicinamibacteria,  Calditrichaeota, 
Candidatus Cloacimonetes,  Candidatus Marinimicrobia,  Candidatus 
Blackallbacteria,  Candidatus Melainabacteria,  Bacteroidetes, 
Rhodothermaeota,  Balneolaeota,  unclassified  Epsilonproteobacteria, 
unclassified Euryarchaeota.

Possible  succinate 
dehydrogenases
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Supplementary Table 6.8. SdhA and SdhB intertype global identity

For intertype mean and median identity values for SdhA and SdhB subunits, see attached 
file (https://ucloud.univie.ac.at/index.php/s/iiBhn6B1AxADBja)

Supplementary File 6.9. Phylogenetic reconstructions in Newick format

Supplementary  file  (https://ucloud.univie.ac.at/index.php/s/b68F4pdjbqHVLTL)  contains 
phylogenetic reconstructions per cluster, as well as joined phylogenies for subunits A, B, and 
E.  All  phylogenies are given in  Newick format,  with their  respective annotation tables in 
tabular format.
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7. Supplementary Information Figures

Supplementary Fig. 7.1. Methodological Pipeline used in this analysis
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Supplementary  Fig.  7.2.  All  vs  all  global  identity  of  subunit  B  query 
sequences

Similarly to SdhA, there are two high identity clades within type C, one within type D, one 
within type E enzymes, and one high identity clade in type A. For type B, the identity seems 
to be lower, although not as low as for some SdhAs of type B.

Supplementary  Fig.  7.3.  All  vs  all  global  identity  subunit  D  query 
sequences

The  sequences  of  this  subunit  have  low  homology  to  each  other.  The  identity  of 
SdhDs/SdhFs of type E is lower than that of SdhCs/SdhEs.
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Supplementary Fig. 7.4. Taxonomic distribution of sequences per cluster

This is a preview of the full heatmap portraying the number of genomes that contain proteins 
from  each  cluster  per  class/order  of 
organisms  with  their  phylum  in 
parentheses,  sorted  by  the  NCBI 
taxonomy  The  numbers  in  square 
brackets  denote  the  number  of 
genomes.

The order of the columns is per type of 
the most predominant protein in cluster: 
SdhA  +  TfrA,  SdhA,  FccA  +  other 
flavocytochromes c, SdhB, TfrB, SdhC 
sorted  by  type  alphabetically  (clusters 
of type A, type B, type C, type D, and 
type F), the cluster containing fusions of 
SdhC and SdhD (all are type A SDHs), 
SdhD  sorted  by  type  alphabetically 
(clusters  of  type  A,  type  C,  type  D). 
Then  it  is  SdhD/SdhF  of  type  E,  and 
SdhE/SdhC  of  type  E  together  with 
HdrB in the same cluster. Following are 
all the clusters with non-SDH proteins: 
other  HdrB clusters,  HdrA,  HdrC,  and 
its  fusions,  HdrD,  GlpC  and  their 
homologous  FeS  sequences  and 
cluster  with  HdrE,  AprA  and  AprB, 
QmoC,  NadB,  unidentified  SdhA 
homologous proteins,  GlcE,  GlcF,  and 
GlcD as  well  as  fusions  of  GlcD and 
GlpC and GlpC separately, following is 
GlpC and QcrB fusions, and then GlpA 
and  GlpD.  The  columns  after  Glp 
consist of LldE and LldF clusters, SoxB 
and  ThiO  clusters,  DadA  fused  with 
GcvT  as  well  as  DadA  separately, 
various  FAD-linked  oxidases,  FAD-
binding  oxidoreductases,  and  FAD-
binding  proteins.  The  last  columns 
include  a  variety  of  cytochrome  c3 
fusions,  KstD,  ThiG,  CobZ/TcuA,  and 

ferredoxins. The analysis of the taxonomic distribution of the homologous complexes, such 
as Hdr, Glc, and Glp lies beyond the scope of this thesis. Full resolution of the heatmap is 
given as a supplementary file (https://ucloud.univie.ac.at/index.php/s/A7tCsq6bXoajZsT)
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Supplementary Fig. 7.5. Median intercluster global identity

The matrix is hierarchically clustered.

Supplementary Fig. 7.6. Maximum intercluster global identity

The matrix is hierarchically clustered.

60



Supplementary Fig. 7.7. Similarity networks for SdhC and SdhD

 Colored by the MCL cluster number.
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Supplementary Fig. 7.8. Similarity networks for SdhC and SdhD

Colored by CD search annotations. Gray colors indicates lack of CD SEARCH annotations.
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Supplementary Fig. 7.9. Similarity networks for SdhC and SdhD

Colored by the number of  heme-binding histidines.  Type B is colored by the number of 
histidines per split half of the sequence that was added to the multiple sequence alignment 
of SdhC, or multiple sequence alignment of SdhD. Purple indicates two histidines, pink is 
one histidine, and yellow indicates no heme-binding histidines.
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Supplementary Fig. 7.10. Similarity networks for SdhC and SdhD

Colored by sequence length. The minimum sequence length for SdhC is 51, for SdhD is 40. 
These are partial sequences. The maximum sequence length is 510 for both, which is a 
fusion of type B.
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Supplementary Fig. 7.11. Similarity networks for SdhC and SdhD

Colored by the number of transmembrane helices as predicted by TMHMM. The minimum 
number of helices predicted is zero (yellow), the maximum is 7 (Chloroflexi fusions). Zero 
helices cases are likely to be a failure of software used (TMHMM, Krogh,  et al. 2001) to 
predict  helices,  in  those  cases  the  helix  prediction  was  double-checked  using  TMPred 
(Hofmann, Stoffel 1993), which resulted in the prediction of two or three helices for cases of 
types A, C, and D, and four to six helices for cases of types B and F.
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