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Summary 

Cellulase project 

 

Cellulose is the most abundant polysaccharide in plant cell walls and the hardest 

one to be degraded due to its structural complexity. It is composed of β-D-glucose 

units linked by (1 -> 4) glycosidic bonds in nature. Cellulases are the key enzymes 

for the hydrolysis of crystalline cellulosic fibers, and they can synergistically 

break β-glycosidic linkages in cellulose polymer to release glucose.  

 

Cellulolytic enzymes are secreted by cellulolytic microorganisms and are widely 

spread in various fiber-based ecosystems. Generally, cellulose decomposition is 

a community process probably involving a key group of multiple enzymes, as 

very few degraders can produce the full suite of enzymes. Therefore, the 

unprecedented increased sequenced metagenome data is a valuable resource to 

help us investigate the critical biomass-degrading microbial community. Thus, 

more can be explored about the critical microbial consortium responsible for 

cellulose degradation across cellulose-rich environments using unprecedented 

extensive sequencing data. 

 

This study investigated the ecological and taxonomic distribution of three main 

cellulase types among many metagenome sequences. All the investigated 

cellulases spread across the cellulose-rich environments with no significant 

difference. Beta-glucosidases and endoglucanases are more abundant than 

exoglucanases. Bacterioidetes and Clostridia may harbor ancestral diversity of the 

cellulase genes, while other groups have gained it recently. Distant bacterial 

lineages secrete the same cellulases in the same environment, demonstrating the 

high frequency of LGT of the cellulases and the microbial cooperation among 

different prokaryotes.
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Hypoxia-inducible factor (HIF) project  

 

Oxygen is one of the essential needs for metazoan physiology activities due to 

today's oxygen content occupying 21% of the atmospheric air. Among numerous 

survivors under the long earth's oxygen evolution history, metazoans 

(multicellular animals) have specific interaction mechanisms with earth's oxygen. 

The hypoxia-inducible factor (HIF) related oxygen metabolic pathway is 

metazoans' most crucial oxygen-sensing pathway. The discoverers of the 

mechanism were awarded The Nobel Prize in Physiology or Medicine in 2019. 

 

 Thus, the exact origin and distribution of the HIF-related oxygen pathway among 

all metazoans have recently been among the most popular research interests. 

While most studies only focused on the phylogenetic evolution of one or some 

core gene components within specific species or phylum, we investigated the co-

evolution of the whole HIF pathway across modern animals along with a broader 

geological evolutionary perspective.  

 

 The findings demonstrate the following. First, the origin of the HIF gene 

components can trace back to the LMCA almost 800 Ma; second, the ancient 

widespread HIF oxygen sensing pathway helped metazoans tolerate changing 

oxygen environments. In addition, the wide oxygen affinity span of the HIF 

related enzymes reacting with several substrates (HIF, non-HIF, and collagen 

substrates) supports that these enzymes are mixed-function oxidases instead of 

only oxygen sensors, and the range of oxygen availability limits their catalytic 

rate.  
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Introduction 

1. Cellulases 

1.1.  Categories and hydrolysis of cellulases 

Cellulose is the commonest polysaccharide but the only crystalline skeletal form 

in almost all higher plant cell walls. Native cellulose is a linear polymer of β-D-

glucose residues linked by 1 -> 4 links (Haworth 1929; O’sullivan 1997). On 

average, cellulose crystallites account for about 40% of each plant cell wall weight 

(Preston 1975). However, it is challenging to destruct straight, inflexible 

cellulosic chains with a strong capacity for hydrogen bonding. Moreover, the 

crystalline bundles were embedded in an amorphous hemicellulose-lignin matrix 

(Fig.1) (Hon 1994; O’sullivan 1997). Therefore, cellulolytic enzymes have been 

the subject of renewed interest because they catalyze cellulose microfibrils 

hydrolysis (Jayasekara and Ratnayake 2019). 

 

 
Fig.1 The cross-sectional model of the ultrastructural organization of the 

wood cell wall (O’sullivan 1997). 

 

Cellulases are composed of multiple groups of enzymes that can hydrolyze the 

crystalline cellulose into glucose through a cascade of synergistic interactions of 



Introduction 

 

 

4 

these enzymes (Fig.2). Cellulolytic enzymes are mainly classified into three 

functional categories, exoglucanases or cellobiohydrolases (CBH) (EC 3.2.1.91 

(CBH I) and EC 3.2.1.176 (CBH II)), β-glucosidases (βG) (EC 3.2.1.21) and 

endoglucanases (EG) (EC 3.2.1.4) (Knowles et al. 1987). One notable 

characteristic of cellulolytic enzymes is the synergistic effect. The power of 

cooperative action is greater than the sum of the action of the individual enzyme 

components (Wood 1969). CBH typically hydrolyzes native insoluble cellulose 

to release the main hydrolysis product, cellobiose (Halliwell and Griffin 1973; 

Berghem et al. 1976; Henrissat et al. 1985). CBH II synergistically assists with 

CBH I, as CBH I hydrolyzes from the nonreducing end of the cellulose chain 

while CBH II acts on the reducing end (Enari and Niku-Paavola 1987). Then EG 

decomposes large soluble cellodextrins by breaking the interior bonds within a 

cellulose chain to generate cellobiose after CBH eliminates end-product inhibition 

exerted by cellobiose (Niku-Paavola et al. 1985). βG is responsible for 

hydrolyzing extensive shorter degradation product cellobiose into glucose. 

 

 
Fig.2 The cellulose degradation process. 
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1.2. Ecological and taxonomic distribution of cellulases 

Cellulases and their producer are involved in cellulose degradation in various 

ecosystems. Sequences for cellulose utilization are abundant in human samples, 

intermediate in the phyllosphere and soil, and low in the other ecosystem types 

like sponge and coral (Berlemont and Martiny 2016). The medium soil 

macroaggregates show greater cellulose-degrading enzyme abundance (Choi et al. 

2018). The relative gene abundances of EG and βG in herbivore gut microbiota 

are significantly higher than those of carnivore and carnivore-like (Guo et al. 

2018). In the best studied cellulolytic environment rumen, the percentage of the 

major cellulose degrading bacteria is around 10% among 1010 bacteria/ml rumen 

content (Russell et al. 2009; Wilson 2011). In another well studied cellulose 

degrading environment compost, thermophilic cellulolytic bacteria dominate the 

community when cellulose degradation occurs in the thermophilic phase (Schloss 

et al. 2005; Székely et al. 2009). In a bamboo fiber soaking pit of an old paper-

making plant, a microbial consortium with six dominant genera including 

Cloacibacterium, Paludibacter, Exiguobacterium, Acetivibrio, Tolumonas, and 

Clostridium cooperate through exchanging metabolites (Mai et al. 2019).  
 

In the environment, cellulosic materials are mostly broken down by various 

microorganisms, including fungi, bacteria, and actinomycetes growing on 

cellulose. Cellulases are the most frequently identified traits with around 0.15% 

of genes and the most conserved traits in analyzed fungal genomes (Berlemont 

2017). The distribution of functional types of cellulolytic enzymes in bacterial 

lineages is not random but mostly follows a Brownian motion evolution model 

(Berlemont and Martiny 2015). 38-80% of potential analyzed bacterial genomes, 

which include few potential cellulose degraders and more opportunist strains, 

encode one cellulase or more (Medie et al. 2012; Berlemont and Martiny 2015). 
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The opportunistic microorganisms do not carry the ability to decompose plant cell 

wall polymers but benefit from the enzyme activity performed by the cellulose 

degraders (Allison 2005; Romaní et al. 2006; Goldfarb et al. 2011). 20-62% of 

sequenced bacteria, which have specific bacterial lifestyles like autotrophy and 

parasitism, do not contain cellulase genes (Medie et al. 2012; Berlemont and 

Martiny 2015).  

 

Cellulose degradation is a community process that involves a suite of enzymes, 

as cellulose degraders usually are not capable of producing the full suite of 

enzymes. So, a key microbial consortium may exist and play a keystone function 

in the natural cellulolytic process across different ecosystems. The increasing 

number of sequenced metagenome data provides a valuable resource for 

discovering the critical biomass-degrading microbial community (Stewart et al. 

2018). Thus, there is still much we can explore about the distribution of the 

essential suite of cellulose degradation microbiome across major cellulose rich 

environments using massive metagenome data.  

2. Hypoxia-inducible factor (HIF) 

2.1. Finding and subunits of the transcription factor HIF 

In 1992, Semenza and Wang detected a nuclear factor extracted from human 

hepatoblastoma cell line Hsep3B that can be induced by hypoxia and bind to the 

human erythropoietin (EPO) gene enhancer at binding site 1 (Semenza and Wang 

1992). This nuclear factor was named hypoxia-inducible factor (HIF) and plays a 

crucial role in the hypoxic activation of EPO gene expression. However, HIF is 

later demonstrated to be involved in the transcriptional response to hypoxia in 

general mammalian cells instead of only binding at a site of human EPO gene 
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enhancer (Wang and Semenza 1993a). It is further identified as a basic-helix-

loop-helix-PAS heterodimeric protein complex regulated by cellular O2 tension 

(Wang and Semenza 1993a; Wang et al. 1995). It is built of two subunits - 120-

kDa HIFA and 91-94-kDa HIFB, both of which are basic-helix-loop-helix-PAS 

proteins (bHLH) (Wang and Semenza 1995). The RNA and protein levels of 

HIFA and HIFB can be induced when cells are exposed to 1% O2 but decay 

rapidly when exposed to 20% O2 (Wang et al. 1995).  

 

The HIFA subunit has three closely related isoforms encoded by three distinct 

gene loci, HIF1A, HIF2A, and HIF3A. HIF1A and HIF2A have similar domain 

structure and regulation manner, but the functional divergence between the two is 

also found (Schofield and Ratcliffe 2004; Graham and Presnell 2017). Besides 

having a similar conserved functional domain to the first two isoforms, HIF3A is 

also regulated by multiple splicing variants (Maynard et al. 2003). The HIFB 

subunit has two closely related forms, HIF1B and HIF2B. The HIFA subunit 

content is highly inducible by deficient oxygen, while the endogenous HIFB 

subunit is sufficient and present in hypoxic and non-hypoxic cells (Semenza et al. 

1996).  

2.2. Functional enzymes in the HIF pathway 

In the oxygen sensing HIF mechanism, three enzyme groups - HIF prolyl 

hydroxylases (PHDs), factor inhibiting HIF (FIH), and von-Hippel Lindau tumor 

suppressor protein (VHL) target the HIFA substrates to function as regulators. 

When oxygen is sufficient, PHDs and FIH hydroxylate the proline (Pro) and 

asparagine (Asn) residues on HIFA subunits. The hydroxylated hydroxyl group 

of HIFA is led to the ubiquitylation (Ub) and immediate degradation targeted by 
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VHL. PHDs, FIH, and VHL are inhibited when there is no available oxygen to 

permit their activities.  

 

PHDs are a subfamily of 2-oxoglutarate and dioxygen-dependent enzymes 

responsible for the hydroxylation of one or two critical prolines in the oxygen-

dependent degradation region of HIFA subunits (Schofield and Ratcliffe 2004). 

There are four PHD isoenzymes, PHD1, PHD2, PHD3, and PHD4 (Bruick and 

McKnight 2001; Epstein et al. 2001; Ivan et al. 2002; Laitala et al. 2012). PHD1-

3 have a high rate of catalysis on the C-terminal degradation domain (CDD) of 

HIFA subunits, with an order of PHD2 = PHD3 > PHD1 (Tuckerman et al. 2004). 

PHD1 is mainly present in the nucleus (Metzen et al. 2003). The membrane-

anchored PHD2 is degraded by a ubiquitin-independent proteasomal pathway, 

and stable cytosolic PHD2 functions as an active prolyl hydroxylase (Barth et al. 

2009). So, PHD2 is largely located in the cytoplasm. PHD3 is rapidly degraded 

under normoxia and can regulate a distinct transcriptional response to hypoxia 

(Jaakkola and Rantanen 2013; Zhang et al. 2014). PHD3 is equally located in the 

cytoplasm and nucleus (Metzen et al. 2003). Besides the HIF pathway, PHD3 

participates in diverse metabolic activities as an ancient signaling protein 

(Jaakkola and Rantanen 2013; Place and Domann 2013). The endoplasmic 

reticulum transmembrane prolyl 4-hydroxylase (P4H-TM) is the fourth prolyl 4-

hydroxylase (PHD4), which can regulate EPO production and erythropoiesis 

(Laitala et al. 2012).  

 

FIH is an asparaginyl hydroxylase enzyme that can hydroxylate the asparagine 

residue (Asn) on the HIFA subunit to block its interaction with the transcriptional 

co-factors - p300 and the cyclic AMP response element-binding (CREB) protein 

(CBP) (Lando et al. 2002). It is exclusively present in the cytoplasm (Metzen et 
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al. 2003). FIH prefers to hydroxylate long peptide substrates, and its 

hydroxylation of HIF1A is more efficient than that of HIF2A (Koivunen et al. 

2004; Bracken et al. 2006).  Although both are oxygen sensors, FIH is more 

tolerable to oxygen deprivation than PHDs in cellular activity (Tarhonskaya et al. 

2015).  

 

VHL refers to the protein encoded by the von-Hippel Lindau tumor suppressor 

gene (pVHL). Normally, its function is to bind and transport the hydroxylated 

proline residue (OH) on the oxygen dependent domain (ODD) of the HIFA 

subunit for proteasome degradation (Maxwell et al. 1999). The conserved 

methionine of HIF1A results in it binding more tightly and having a higher affinity 

on VHL than HIF2A (Tarade et al. 2019). 

2.3. The evolutionary origins and distribution of the HIF components 

When the HIF-PHD-FIH-VHL system exactly occurred among the metazoans 

remains unclear. It is possible that this oxygen sensing mechanism occurred in the 

last metazoan common ancestor (LMCA), as a functional HIF pathway is 

demonstrated to exist and targets on glycolytic and metabolic enzymes in the 

simplest animal - the placozoan Trichoplax adhaerens (T. adhaerens) (Loenarz et 

al. 2011; Rytkönen and Storz 2011). Remarkable conserved structural features 

exist in both T. adhaerens and human PHDs (Lippl et al. 2018). In addition, the 

metazoan HIF-mediated oxygen homeostasis characteristics are shared by non-

metazoan fungi and amoeba. For example, the fission yeast Schizosaccharomyces 

pombe has the prolyl hydroxylase Ofd1, which can regulate the binding of Nro1 

to its dioxygenase domain in an oxygen-dependent manner to control the stability 

of Sre1N (Lee et al. 2009). During the development of the unicellular soil amoeba 

Dictyostelium, PHD1 functions as an oxygen sensor required for O-glycosylation 
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of Skp1, one subunit of E3SCF-Ub-ligases (West et al. 2007). However, the 

earliest animal demosponge Halichondria panicea can survive under 0.5-4% 

present atmospheric level (PAL), so it seems likely that LMCA can adapt well 

under low-oxygen conditions without the HIF pathway (Mills et al. 2014, 2018).  

 

The HIF pathway is thought to be an extreme common trait of all metazoan taxa 

(Loenarz et al. 2011; Rytkönen and Storz 2011). However, recent studies revealed 

that this main oxygen sensing pathway might not be that common across 

metazoans. For instance, despite the loss of major regulatory components of the 

HIF pathway - HIFA and PHD in marine intertidal crustacean Tigriopus 

californicus, it still can tolerate 24 hours of extreme low oxygen level (Graham 

and Barreto 2019). During the anoxia process, the pathway related to chitin 

metabolism and cuticle reorganization has been changed consistently and could 

play as an alternative solution in animals without complete respiratory structures 

(Graham and Barreto 2019). Independent losses of the critical regulators of the 

HIF system have also been found in other Crustacean groups, and alternative 

mechanisms for metazoan hypoxia response may exist (Graham and Barreto 

2020). 

2.4. The role of the HIF pathway in metazoan evolution 

The last common ancestor of metazoans (multicellular animals) is estimated to 

arise nearly 800 million years (Ma) ago when the atmospheric oxygen content is 

1% of the PAL (Erwin et al. 2011; Lyons et al. 2014). Almost all metazoans use 

oxygen for their aerobic energy metabolism fuel and physiological enzymatic 

cofactor. However, the oxygen content in the environment has kept changing 

during the process of early animal evolution. Too much oxygen supply causes 

toxic byproducts, and a deficient oxygen supply can impact the rate of aerobic 
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energy production and physiological activities in animals. To sense a broad 

oxygen spectrum, metazoans use dioxygenases in the HIF mechanism to keep the 

cellular homeostasis (Kaelin and Ratcliffe 2008). 

 

Under low oxygen conditions, the HIFA subunit is directly transported into the 

cell nucleus to combine with the HIFB subunit as a heterodimer complex. Then, 

this heterodimer functions as the transcription factor binding on downstream 

genes' corresponding hypoxia response elements (HRE) to stimulate or repress 

their transcriptional activities. While under normal oxygen conditions, HIFA is 

kept in a state of repression by the activity of PHD. Proline and asparaginyl 

residues in HIFA subunits are first degraded by PHD and FIH, respectively. Then, 

the hydroxylated proline residue on the HIFA molecule is ubiquitinated by the 

VHL and degraded by proteasomes within the cytoplasm (Fig.3).  

 

 
Fig.3 The HIF-PHD-FIH-VHL pathway. 
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To adapt to similar hypoxic environmental stress, convergent evolution of the HIF 

related genes PHD2 and HIF2A was found in two high-altitude duck species 

(Graham and McCracken 2019). In addition, hypoxia-inducible transcription 

factors provided animals with rudimentary control of stemness and 

pseudohypoxia driven by HIF1A and HIF2A to allow them to cope with 

fluctuating oxygen concentrations (Hammarlund et al. 2018). Thus, the animal 

diversification during the Cambrian explosion (555 - 500 Ma) is not only 

associated with the increasing oxygenic extent but also contributed by the cellular 

hypoxia-response machinery (Hammarlund et al. 2018; Hammarlund 2020). The 

author suggested that oxygen sensing should be more focused as a mechanism 

that allows multicellularity to cope with and utilize oxygen fluctuations, instead 

of being considered as a primary hypoxia response for aerobic respiration 

(Hammarlund et al. 2020).  
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Outline of the dissertation 

In this thesis, there are two projects. The first project focuses on exploring the 

distribution and the abundance of these main cellulase types among cellulose rich 

environments (human gut, soil, saline water, and rumen). To see the ecological 

and phylogenetic distribution of the main cellulose degraders in each environment, 

all potential cellulose degradation enzyme sequences were searched and identified 

using the downloaded standard cellulases sequences as queries among large 

metagenome datasets sourced from mentioned four environments.  

 

The second project is to explore the origin and distribution of the main oxygen 

sensing mechanism across metazoans. To trace the origin of the HIF-PHD-FIH-

VHL system among metazoans, we investigated the phylogenetic distribution and 

phylogeny of 11 of its critical components across 566 eukaryotic genomes. 

Furthermore, we compared the earth's oxygen evolution history and the presence-

absence pattern (PAP) of HIF components to determine how the HIF pathway 

evolved along with the environmental oxygen levels.    
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Abstract  

 

Cellulose is a carbon source widespread in nature. However, it is a difficult task 

for any organism to get carbon atoms from the cellulose as it has a highly complex 

structure. Only a few taxonomic groups (bacteria and fungi) are known to 

decompose cellulose. They do it by producing cellulases, the various enzymes 

which break beta-glycosidic bonds in the cellulose, getting the simple units from 

this complex source. The main cellulase types found in nature are endoglucanases, 

exoglucanases, and beta-glucosidases. In this study, the distribution and the 

abundance of these main cellulase types are assessed in 27 kinds of the natural 

environment, for which metagenome data are available. Metagenome sequences 

were searched for the presence of cellulases by environmental and taxonomic 

annotations (prokaryotic phyla). All the investigated cellulases seem widespread 

across environments, and we find no significance among the four most cellulose-

rich environments (rumen, saline water, human gut, and soil). Beta-glucosidases 

and endoglucanases seem to be more common in nature than exoglucanases. 

Bacterioidetes and Clostridia may harbor ancestral diversity of the cellulase genes, 

while other groups seem to have gained it recently. The fact that distant bacterial 

lineages (e.g., Gammaproteobacteria and Actinobacteria) secrete the same 

cellulases in the same environment indicates not only the high frequency of the 

lateral gene transfer (LGT) of the cellulases in the cellulose rich environments, 

but also the extent of the cooperation between different prokaryotes in cellulose 

degradation. 
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Introduction 

 

As the most abundant form of photosynthetically fixed carbon in nature, cellulose 

is produced mainly by plants (Archaeplastida) as the primary structural molecule 

of their cell walls. In its pure form, cellulose would be crystalline and insoluble 

(Atalla 1990), but in nature, it is most often found inside a hemicellulose and 

lignin matrix (Hon 1994). Because of both, its structure and function, cellulose is 

a challenging molecule for organisms to degrade. The degradation is 

accomplished through a cascade of reactions, each catalyzed by a different 

enzyme that typically breaks beta-glycosidic bonds. Those enzymes are referred 

to as cellulases and are classified into three main functional categories: beta-

glucosidases, endoglucanases, and exoglucanases (Knowles et al. 1987). 

Exoglucanases typically hydrolyze native insoluble cellulose by attacking from 

chain ends to release cellobiose or cellodextrins (Halliwell and Griffin 1973; 

Berghem et al. 1976; Henrissat et al. 1985). Endoglucanases penetrate inner 

linkages within a cellulose chain to catalyze soluble cellodextrins into cellobiose 

by an endo-type mechanism (Niku-Paavola et al. 1985). Finally, beta -

glucosidases hydrolyze cellobiose to glucose, which cells then utilize (Enari and 

Niku-Paavola 1987). Cellulose reduction into cellobiose is an energy-costly 

process and primarily involves the action of endoglucanases that make large size 

cellodextrins available to assimilated fragments. A functionally diverse set of 

cellulases are secreted by a range of microorganisms in nature, predominantly 

fungi, and bacteria (Sharma et al. 2016). The abundance of the prokaryotic cells 

exceeds the quantity of the fungal (eukaryotic) cells in nature (Kikani 2018). 

Hence, this study focuses on prokaryotic cellulases. 
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Here we contribute to the knowledge of the distribution and abundance of the 

cellulases in cellulose-rich environments using metagenomes as a proxy for the 

underlying microbial community. This approach permitted us to uncover the 

relative importance of functionally different cellulases and the main prokaryotic 

lineages responsible for cellulose degradation in nature. 

 

Materials and methods 

 

Compilation of protein sequences for known bacterial cellulases. The protein 

sequences of 122 bacterial cellulases encompassing three KEGG catalytic 

functions: 10 exoglucanase sequences (8 for EC 3.2.1.91 and 2 for EC 3.2.1.176), 

22 endoglucanase sequences (EC 3.2.1.21) and 90 beta-glucosidase sequences 

(EC 3.2.1.4) were downloaded from the Uniprot database (Bateman 2019), as of 

May 2018 (Supplement 1, Supplement 2). EC represents the Enzyme Commission 

number (https://enzyme.expasy.org). 

 

Identification of cellulases in metagenome nucleic samples. We have obtained 

166,896,572 sequences from 2,305 metagenomes belonging to 329 bioprojects 

(Supplement 3) from NCBI (May 2018). The protein-coding genes from Uniprot 

were used as queries against the metagenome nucleic sequences. We have used 

the blastx command of the DIAMOND sequence aligner version v.0.9.24.125 to 

perform sequence alignments (Buchfink et al. 2014). Hits with e-value > 10-5 and 

query coverage < 50% were discarded. Only the best hit for each query-

metagenome sequence was retained, as judged by bitscore, and non-overlapping 

hits were then selected from each metagenome to avoid oversampling the same 

gene (Fig.1). The resulting set of metagenome nucleotide hits were translated into 

protein sequences in all six reading frames with transeq, version 6.6.0.0 (Rice et  
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al. 2000), and the reading frames aligned to the corresponding metagenome 

nucleotide hits using tblastn, version 2.5.0+ (McGinnis and Madden 2004). The 

reading frame generating the best alignment, as judged by bitscore was selected 

and subjected to HMMER version 3.0 HMMscan (Wheeler and Eddy 2013) for 

the glycoside hydrolase (GH) domains with an e-value cutoff < 10-5. Cellulose 

degradation requires the synergistic action of cellulases from multiple GH 

families (Gilbert 2010).  

 

 
Fig.1 The step of selecting the best hit from overlapping hits within each 

metagenome. The yellow part means the overlapping region between two hits. 

The two dotted boxes represent two respective alignment regions within the 

metagenome1. Finally, hit1 was selected because it has a higher bitscore than hit2.   

 

Construction of metagenome-derived cellulase clusters. The cellulase hits for 

the different KEGG categories were processed separately to cluster the protein 

sequences into families. Pairs of the protein sequences were globally aligned 

using the Needleman–Wunsch algorithm (Needleman and Wunsch 1970) 

implemented in the EMBOSS package. Protein pairs with global identity values  

above 25% were retained. The retained identity values of the pairwise alignments 

Gene1
Alignment region 1(hit1, bitscore:86)

Alignment region 2(hit2, bitscore:70)

Metagenome1

Gene2

Gene1

The best hit was elected by
bitscore.

Alignment region 1(hit1, bitscore:86)
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were used for clustering using the default setting of the Markov Clustering 

Algorithm (MCL) (Dongen 2000). 

 

Taxonomical assignment of cellulase genes. The taxonomical rank was assigned 

to each metagenome-derived cellulase using a database of 5,655 prokaryotic 

genomes obtained from the NCBI RefSeq database version in June 2012 (Pruitt 

et al. 2011). We have characterized the cellulases at the phylum level by assigning 

the taxonomical affiliations based on the best blast hit on the prokaryotic genomes, 

with an e-value cutoff < 10-5. 

 

Correlation among cellulase genes. The Spearman correlation analysis was 

based on the abundance of exoglucanases, endoglucanases, and beta-glucosidases 

in each metagenome (Supplement 4). This analysis was done in the Rstudio-

Server v1.3.1073 (RStudio Team 2021) and R v4.0.0 (Team 2021) with packages 

- ggplot2, ggpubr, reshape2, and gridExtra.  

 

Principal component analysis (PCA). The PCA was performed in the Rstudio-

Server v1.3.1073 (RStudio Team 2021) and R v4.0.0 (Team 2021) with packages 

- FactoMineR and factoextra. PCA analysis of the cellulases across the 1,515 

metagenomes from the rumen, saline, human gut, and soil is shown in the 

Supplement 5. The environment is annotated with color. Prediction ellipses are 

such that with the probability of 0.95. 

 

Results 

 

Beta-glucosidases are the commonest cellulases in nature.  

 



Manuscript I 

 

21 

 

Cellulases were found in 1,735 metagenomes altogether from 225 bioprojects, 

which includes 35 prokaryotic phyla from 27 distinct environments (Fig. 2). 

Within the metagenomes as mentioned above, we have quantified overall 12,837 

metagenome-derived cellulases. The set of metagenome-derived cellulases 

encompasses three catalytic functions: exoglucanases (1,042), endoglucanases 

(5,685), and beta-glucosidases (6,110) (Table. 1). The total number of the 

recorded beta-glucosidases is a bit (= 1.07 times) higher than endoglucanases and 

much higher exoglucanases (= 5.86 times), respectively. The ratios are, of course, 

variable across the prokaryotic phyla. According to the Enzyme Commission 

number category, we have assigned the metagenome-derived cellulases to the 

protein clusters and have identified that our 12,837 cellulases belong to 136 

groups altogether (Table 1). Endoglucanases exhibit the highest diversity of the 

clusters, while beta-glucosidases and exoglucanases are much lesser (Table 1). 
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Fig. 2. Ecological and functional overview of the cellulases found within 1,735 

metagenomes. The three main types of cellulases (beta-glucosidases, 

endoglucanases, and exoglucanases) were assigned to the genomes of the 35 

prokaryotic groups across 27 environments. 
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Table 1 Functional overview of the cellulases found within 1,735 metagenomes. 

Catalytic function Number of cellulases Number of the protein clusters 

Beta-glucosidases 6,110 19 

Endoglucanases 5,685 97 

Exoglucanases 1,042 20 

In total 12,837 136 

 

Found protein cluster sizes to which the cellulases belong have a wide range, from 

only two sequences to up to 2,399 sequences (Supplement 6). All three cellulase 

types may be found in the same metagenomes, and we have observed roughly 

one-third of metagenomes (in 672 of them) include three types of cellulases here. 

In 491 metagenomes, we have observed two cellulase types, usually the 

combination of endoglucanases and beta-glucosidases. In comparison, in 572 

metagenomes, only a single kind of cellulase was found, most commonly beta-

glucosidase type (Supplement 7). Beta-glucosidases are found more often 

together with the endoglucanases than with the exoglucanases (Supplement 7). 

Exoglucanases are in our results, the least abundant and the least diverse 

functional type of cellulase (Table 1). 

 

Some prokaryotes break cellulose better than others. Sequence comparison 

against the proteome of 5,655 prokaryotic genomes was performed to evaluate 

the taxonomical distribution of the metagenome-derived cellulases and determine 

the relative contribution of the distinct prokaryotic lineages to cellulose 

degradation. The highest diversity in the cellulases was found among 

Bacterioidetes (4,480), Clostridia (3,129), Gammaproteobacteria (1138), 

Actinobacteria (812), and Bacilli (715) (Supplement 8). Among the tribes 

mentioned above, we have identified the highest number of sequences and 
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the highest number of clusters of all the types of cellulases in all the environments. 

The other prokaryotic phyla exhibit much smaller diversity. For example, in 

Thermococcales, only a few endoglucanases are reported from the saline water. 

In Chlorobi and Deinococcus-Thermus group, only some taxa exhibit beta-

glucosidases, and only in saline water (Fig. 3). In Archaea, only a few phyla show 

some of the cellulases, which is most probably a result of the recent LGT (Fig. 3). 

 

There is no significant difference between the abundance and composition of the 

cellulases among the four cellulose-rich environments (soil, human gut, saline 

water, rumen) (Supplement 5). The four studied cellulose-rich environments are 

abundant in the representatives of the five phyla mentioned above that exhibit 

various cellulases.  
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Fig. 3. Environmental and taxonomic distribution of the cellulases. Presence of 

the three main types of cellulases (EXO – exoglucanases, BG – beta-glucosidases, 

ENDO – endoglucanases) in the genomes of the main prokaryotic groups, 

assigned to four environments (soil, human gut, saline water, rumen). The 

reference tree of the prokaryotes follows the Interactive Tree of Life (Letunic and 

Bork 2019). 
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Discussion 

 

Diverse microbial communities have been studied by metagenome sequencing, 

such as human gut or rumen (Karlsson et al. 2013, Hess et al. 2011), making it 

possible to evaluate their cellulases’ diversity. Metagenomic techniques have 

certain advantages over the traditional genome sequences (Madhavan et al. 2017), 

as genome sequencing requires prior cultivation of the axenic (= single species) 

culture. Existing metagenome data may provide preliminary insights into the 

unknown diversity of certain enzymes from the uncultivated genomes (Stewart et 

al. 2018; Nayfach et al. 2019), as we show here for the cellulases. We have 

recorded endoglucanases, exoglucanases, and β-d-glucosidases mainly in the 

anaerobic thermophilic cellulolytic environment, such as rumen, saline water, and 

the human gut. These environments are similar to the previously reported 

cellulose-rich bioreactors (Sukharnikov et al. 2012). Furthermore, similar 

cellulases (especially beta-glucosidases) seem present across different 

environments (Berlemont and Martiny 2016).  

 

No matter which cellulose-rich-environment a metagenome is sampled from, it 

seems that it will always include Bacterioidetes and Clostridia as the most 

abundant phyla. These two phyla exhibit the highest genetic diversity from the 

standpoint of view of the sequences coding for the three main types of cellulases. 

The two phyla were already reported as one of the most essential cellulose 

degrading groups (Mai et al. 2019); however, they are not the only groups in 

which the genes (sequences) were found. Genes for the cellulases, primarily for 

beta-glucosidases, are widespread between bacterial and archaeal phyla.  
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From the distribution of the sequences (Fig. 3), it is clear that cellulases may be 

ancestral to many taxa within Bacterioidetes, Clostridia, and maybe to some 

groups of Actinobacteria, Gammaproteobacteria, and Bacillia, while all the other 

groups gained the trait independently (see the scattered distribution of the 

cellulases in, e.g., Spirochetes and Thermotogae in Fig. 3). Numerous taxa may 

gain cellulases by living in the cellulose-rich environment together with the 

prokaryotes which have the cellulase genes. Previous studies on the potential 

cellulose degraders have yielded similar results on the taxonomic distribution – 

dominant being Actinobacteria, Bacterioidetes, Firmicutes (including Clostridia 

and Bacilli), and Proteobacteria (including Deltaproteobacteriaa) (Berlemont and 

Martiny 2013, Mai et al. 2019). Cooperation in the prokaryotic cellulose-rich 

communities has already been recognized previously (Choi et al. 2018). Some 

prokaryotic phyla seem more prone to achieving those genes, for example, Bacilli 

and Gammaproteobacteria, than others – for instance, Archaea, in which only a 

few sequences for the cellulose genes were identified.  

 

The abundance of cellulose types and the complexity of the plant cell walls leads 

to the heterogeneity of cellulases (Wilson et al. 1999), so multiple genes encoding 

similar function, contributing to high enzymatic concentrations needed for 

cellulose degradation, may be observed in all the samples of the cellulolytic 

environments, albeit with variable abundances. 

 

Beta-glucosidases are already, based on whole-genome sequencing, shown to be 

the most abundant cellulase type in potential opportunistic strains (Berlemont and 

Martiny 2013). Taking into account that they represent the commonest cellulases 

(we also report 6,110 out of 12,837 sequences), but at the same time, taking into 

account how low their diversity is (only 19 out of 136 clusters), we can  
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conclude that beta-glucosidases represent the most transferrable cellulases in 

nature and that their few types are more often laterally transferred than is the case 

with endoglucanases, and especially exoglucanases, of which only a few types 

exist, and those few types are taxonomically concentrated among Bacterioidetes 

and Clostridia. This is one more reason to suspect that these two bacterial phyla 

have evolved cellulases independently, while their presence in the other groups 

represents laterally transferred genes. The cooperation and the lateral gene 

transfer, necessary for cellulose degradation, may be explained by the black queen 

hypothesis. Many lineages seem to have gained beta-glucosidases and 

endoglucanases and are secreting those enzymes in the environment. However, 

the exoglucanases, the third component, either have a high tendency to be lost 

(Bai et al. 2017) or are rarely laterally transferred.  
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Supplementary_File_1 The study workflow.  

The main pipeline is to search and identify the high potential cellulase sequences 

by e-value, protein coverage, bitscore, alignment region, catalytic domain, and 

clustering.  The partial pipeline within the dotted box is supplementary pipeline 

without selecting the best hits for each reference Uniprot cellulase gene. 

 
 

 

 

 

 

 

166,896,572 sequences were
downloaded from 2,305 metagenomes
belong to 329 NCBI bioprojects

122 cellulase protein sequences were
downloaded from Uniprot

2
8
22
90
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Note:
EC 3.2.1.176
EC 3.2.1.91
EC 3.2.1.21
EC 3.2.1.4
In total

evalue<10-5

coverage>50%

2,643,556 
9,904,054
19,149,865
26,618,210
58,315,685

potential hits

2,776 
88,791
1,403,108
535,072
4,059,494

222 
88,60
388,220
167,216
564,518

best hits were selected for
each uniprot cellulase

unoverlapping hits

hits with GH domain

pairwise alignment

mcl clustering (cluster
number (clusters with >=4
sequences; all clusters)

100
1,766
25,689
33,118
60,673

50
1,248
7,992
8,010
17,300

49
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7,459
7,282
15,978

1; 1
15; 19
15; 19
71; 97
102; 136

47
995
6,110
5,685
12,837

unoverlapping hits

hits with GH domain

pairwise alignment 

mcl clustering

95
6,143
59,766
29,446
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5,879
40,448
20,315
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1; 1
32; 37
32; 45
137; 168
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Supplementary_File_2 The 122 reference uniprot cellulase protein sequences 

In the supplementary table 2, each row contains the uniprot id, protein name, and 

the lineage name of each downloaded uniprot reference cellulase sequence. 
>uniprot-id|protein names|lineage(Phylum) 
>P0C2S5|Cellulose 1,4-beta-cellobiosidase (reducing end) CelS (EC 3.2.1.176)|Firmicutes 
>A3DH67|Cellulose 1,4-beta-cellobiosidase (reducing end) CelS (EC 3.2.1.176)|Firmicutes 
>P0C2S1|Cellulose 1,4-beta-cellobiosidase (EC 3.2.1.91)|Firmicutes 
>P50899|Exoglucanase B (EC 3.2.1.91)|Actinobacteria 
>P50900|Exoglucanase-2 (EC 3.2.1.91)|Firmicutes 
>P07986|Exoglucanase/xylanase Includes: Exoglucanase (EC 3.2.1.91);(EC 3.2.1.8)|Actinobacteria 
>P10474|Endoglucanase/exoglucanase B Includes: (EC 3.2.1.4);(EC 3.2.1.91)|Firmicutes 
>P50401|Exoglucanase A (EC 3.2.1.91)|Actinobacteria 
>A3DCH1|Cellulose 1,4-beta-cellobiosidase (EC 3.2.1.91)|Firmicutes 
>P38535|Exoglucanase XynX (EC 3.2.1.91)|Firmicutes 
>P14002|Thermostable beta-glucosidase B (EC 3.2.1.21)|Firmicutes 
>A7LXS8|Beta-glucosidase BoGH3A (EC 3.2.1.21)|Bacteroidetes 
>P26208|Beta-glucosidase A (EC 3.2.1.21)|Firmicutes 
>Q59437|Beta-glucosidase A (EC 3.2.1.21)|Proteobacteria 
>P94248|Bifunctional beta-D-glucosidase/beta-D-fucosidase Includes: (EC 3.2.1.21);(EC 3.2.1.38)|Actinobacteria 
>P22073|Beta-glucosidase A (BGA) (EC 3.2.1.21)|Firmicutes 
>P10482|Beta-glucosidase A (EC 3.2.1.21) |Firmicutes 
>P15885|Beta-glucosidase (EC 3.2.1.21)|Firmicutes 
>P22505|Beta-glucosidase B (EC 3.2.1.21)|Firmicutes 
>P27034|Beta-glucosidase (EC 3.2.1.21)|Proteobacteria 
>B9K7M5|1,4-beta-D-glucan glucohydrolase Includes: (EC 3.2.1.74);(EC 3.2.1.21)|Thermotogae 
>P16084|Beta-glucosidase A (EC 3.2.1.21)|Firmicutes 
>Q46684|Periplasmic beta-glucosidase/beta-xylosidase Includes: (EC 3.2.1.21);(EC 3.2.1.37)|Proteobacteria 
>Q7WUL3|Beta-N-acetylglucosaminidase/beta-glucosidase (EC 3.2.1.21);(EC 3.2.1.52)|Actinobacteria 
>P0C946|1,4-beta-D-glucan glucohydrolase Includes: (EC 3.2.1.74);(EC 3.2.1.21)|Thermotogae 
>Q03506|Beta-glucosidase (EC 3.2.1.21)|Firmicutes 
>A7LXU3|Beta-glucosidase BoGH3B (EC 3.2.1.21)|Bacteroidetes 
>P12614|Beta-glucosidase (EC 3.2.1.21)|Proteobacteria 
>P33363|Periplasmic beta-glucosidase (EC 3.2.1.21)|Proteobacteria 
>P38645|Thermostable beta-glucosidase B (EC 3.2.1.21)|Actinobacteria 
>Q08638|Beta-glucosidase A (EC 3.2.1.21)|Thermotogae 
>Q56078|Periplasmic beta-glucosidase (EC 3.2.1.21)|Proteobacteria 
>A0A0U4EBH5|Cellulase CelDZ1 (EC 3.2.1.4)|Firmicutes 
>P16216|Endoglucanase 1 (EC 3.2.1.4)|Firmicutes 
>P17877|Endoglucanase 1 (EC 3.2.1.4)|Firmicutes 
>P16218|Endoglucanase H (EC 3.2.1.4)|Firmicutes 
>P26222|Endoglucanase E-2 (EC 3.2.1.4)|Actinobacteria 
>A3DC29|Endoglucanase A (EGA) (EC 3.2.1.4)|Firmicutes 
>O08342|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P37651|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>Q5YLG1|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P19570|Endoglucanase C (EC 3.2.1.4)|Firmicutes 
>P28621|Endoglucanase B Includes: (EC 3.2.1.4);(EC 3.2.1.8)|Firmicutes 
>P29019|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>Q8RSY9|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P07103|Endoglucanase Z (EC 3.2.1.4)|Proteobacteria 
>P54937|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P04956|Endoglucanase B (EC 3.2.1.4)|Firmicutes 
>P0C2S2|Endoglucanase A (EGA) (EC 3.2.1.4)|Firmicutes 
>P17974|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
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>P54583|Endoglucanase E1 (EC 3.2.1.4)|Actinobacteria 
>P18336|Endoglucanase (EC 3.2.1.4)|Actinobacteria 
>P23661|Endoglucanase B (EC 3.2.1.4)|Firmicutes 
>Q05156|Cellulase 1 (EC 3.2.1.4)|Actinobacteria 
>P37700|Endoglucanase G (EC 3.2.1.4)|Firmicutes 
>P28623|Endoglucanase D (EC 3.2.1.4)|Firmicutes 
>P06564|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>P0C2S3|Endoglucanase C (EC 3.2.1.4)|Firmicutes 
>P26224|Endoglucanase F (EGF) (EC 3.2.1.4)|Firmicutes 
>P27032|Minor endoglucanase Y (EC 3.2.1.4)|Proteobacteria 
>P0C2S4|Endoglucanase D (EGD) (EC 3.2.1.4)|Firmicutes 
>Q05622|Endoglucanase E (EGE) (EC 3.2.1.4)|Firmicutes 
>A3DJ77|Endoglucanase C (EC 3.2.1.4)|Firmicutes 
>P58935|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P20847|Endoglucanase 1 (EC 3.2.1.4)|Firmicutes 
>P22533|Beta-mannanase/endoglucanase A Includes: (EC 3.2.1.78);(EC 3.2.1.4)|Firmicutes 
>P22541|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P15329|Putative endoglucanase X (EGX) (EC 3.2.1.4)|Firmicutes 
>P13933|Endoglucanase 1 (EC 3.2.1.4)|Actinobacteria 
>P06565|Endoglucanase B (EC 3.2.1.4)|Firmicutes 
>P27035|Endoglucanase CelA (EC 3.2.1.4)|Actinobacteria 
>Q02934|Endoglucanase 1 (EC 3.2.1.4)|Firmicutes 
>Q59394|Endoglucanase N (EC 3.2.1.4)|Proteobacteria 
>Q59395|Endoglucanase 6 (EC 3.2.1.4)|Proteobacteria 
>P15704|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>P50400|Endoglucanase D (EC 3.2.1.4)|Actinobacteria 
>P25472|Endoglucanase D (EC 3.2.1.4)|Firmicutes 
>P23658|Cellodextrinase (EC 3.2.1.4)|Firmicutes 
>P37701|Endoglucanase 2 (EC 3.2.1.4)|Firmicutes 
>P28622|Endoglucanase 4 (EC 3.2.1.4)|Firmicutes 
>P26414|Endoglucanase A (EC 3.2.1.4)|Actinobacteria 
>P10474|Endoglucanase/exoglucanase B Includes: (EC 3.2.1.4);(EC 3.2.1.91)|Firmicutes 
>P37699|Endoglucanase C (EC 3.2.1.4)|Firmicutes 
>A3DDN1|Endoglucanase D (EGD) (EC 3.2.1.4)|Firmicutes 
>P23549|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>P23659|Endoglucanase Z (EC 3.2.1.4)|Firmicutes 
>P58599|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P17901|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P26225|Endoglucanase B (EC 3.2.1.4)|Actinobacteria 
>P14090|Endoglucanase C (EC 3.2.1.4)|Actinobacteria 
>P33682|Endoglucanase 1 (EC 3.2.1.4)|Actinobacteria 
>Q01786|Endoglucanase E-5 (EC 3.2.1.4)|Actinobacteria 
>P07984|Endoglucanase A (EC 3.2.1.4)|Actinobacteria 
>P19424|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>P40942|Thermostable celloxylanase Includes: (EC 3.2.1.4);(EC 3.2.1.8)|Firmicutes 
>P22534|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P16630|Endoglucanase S (EC 3.2.1.4)|Proteobacteria 
>P19487|Major extracellular endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P37696|Probable endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P18126|Endoglucanase B (EGB) (EC 3.2.1.4)|Proteobacteria 
>Q8ZLB7|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>O85465|Endoglucanase 5A (EC 3.2.1.4)|Firmicutes 
>P27033|Endoglucanase C (EC 3.2.1.4)|Proteobacteria 
>P14250|Endoglucanase 3 (EC 3.2.1.4)|Fibrobacteres 
>P23665|Endoglucanase A (EC 3.2.1.4)|Fibrobacteres 
>Q07940|Endoglucanase 4 (EC 3.2.1.4)|Firmicutes 
>Q47096|Endoglucanase 5 (EC 3.2.1.4)|Proteobacteria 
>Q05332|Endoglucanase G (EC 3.2.1.4)|Firmicutes 
>P23340|Endoglucanase C307 (EC 3.2.1.4)|Firmicutes 
>P10475|Endoglucanase (EC 3.2.1.4)|Firmicutes 
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>P37698|Endoglucanase F (EC 3.2.1.4)|Firmicutes 
>P06566|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P07983|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>Q8X5L9|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P10476|Endoglucanase A (EGA) (EC 3.2.1.4)|Proteobacteria 
>P23550|Endoglucanase B (EC 3.2.1.4)|Firmicutes 
>P29719|Endoglucanase A (EC 3.2.1.4)|Firmicutes 
>P23660|Endoglucanase A Includes: (EC 3.2.1.4);(EC 3.2.1.8)|Firmicutes 
>P26221|Endoglucanase E-4 (EC 3.2.1.4)|Actinobacteria 
>Q8Z289|Endoglucanase (EC 3.2.1.4)|Proteobacteria 
>P23548|Endoglucanase (EC 3.2.1.4)|Firmicutes 
>P10477|Cellulase/esterase CelE (CtCel5C-CE2) Includes: (EC 3.2.1.4);(EC 3.1.1.72)|Firmicutes 
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Supplementary_File_3 Downloaded 2305 metagenome ids (GCA_id) and their 

corresponding project ids (Project_id). 
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Supplementary_File_4 Spearman analysis among three cellulase categories.  

The spearman analysis is to examine the monotone relations between each pair of 

cellulase categories. In a monotonic relationship, two variables increase or 

decrease toward the same direction but may not exactly happen at a constant rate.  

The range of R represents the relationship between two variables. 0.8-1.0, 

extremely correlated; 0.6-0.8, strongly correlated; 0.4-0.6, middle correlated; 0.2-

0.4, weakly correlated; 0.0-0.2, extremely weakly or no correlated. 
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Supplementary_File_5 The principal component analysis (PCA) analysis of 

cellulases among rumen, saline water, human gut, and soil. 

The PCA of the cellulases across the 1,515 metagenomes among rumen, saline 

water, human gut, and soil. X and Y-axis show principal component 1 and 

principal component 2, which explain 95.8% and 2.4% of the total variance, 

respectively. Prediction ellipses are such that with the probability of 0.95, a new 

observation from the same group will fall inside the ellipse. 
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Supplementary_File_6 The size of each cellulase protein cluster 

Each cluster is the smallest unit classified by its sequence similarity. The cluster 

size is the sequence amount clustered together with the global identity > 30%. 

Clusters with more than or equal to 4 sequences are shown here. 
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Supplementary_File_7 Distribution of the cellulase types across 1,735 

metagenomes. 

Note: 3 cellulase types – metagenomes having three cellulase types, two cellulase 

types – metagenomes having two cellulase types, one cellulase type – 

metagenomes having only one cellulase type. EXO – exoglucanases, BG – beta-

glucosidases, ENDO – endoglucanases. 
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Supplementary_File_8 35 Prokaryotic phyla identified with cellulase gene 
Phyla Beta-glucosidases Endoglucanases Exoglucanases Row_sum 
Bacteroidetes 2121 1946 413 4480 
Clostridia 1331 1420 378 3129 
Gammaproteobacteria 420 661 57 1138 
Actinobacteria 383 396 33 812 
Bacilli 500 194 21 715 
other_Bacteria 156 464 30 650 
Alphaproteobacteria 291 126 20 437 
Chloroflexi 313 45 0 358 
Deltaproteobacteria 158 67 13 238 
Spirochaetes 77 81 26 184 
Thermotogae 63 41 12 116 
Betaproteobacteria 25 70 0 95 
Acidobacteria 56 26 8 90 
Cyanobacteria 22 57 11 90 
Negativicutes 48 17 15 80 
Verrucomicrobia 12 41 1 54 
Erysipelotrichia 54 0 0 54 
Planctomycetes 2 17 1 20 
Deinococcus-Thermus 15 4 1 20 
Chlorobi 20 0 0 20 
other_Archaea 11 0 0 11 
Nitrospirae 8 3 0 11 
Haloferacales 6 0 0 6 
Natrialbales 2 2 2 6 
Epsilonproteobacteria 4 0 0 4 
Thermococcales 1 3 0 4 
Halobacteriales 3 0 0 3 
Chlamydiae 2 0 0 2 
Fusobacteria 2 0 0 2 
Thermoplasmatales 2 0 0 2 
Tenericutes 1 1 0 2 
Thermoproteales 1 0 0 1 
Aquificae 0 1 0 1 
Desulfurococcales 0 1 0 1 
Acidithiobacillia 0 1 0 1 
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Abstract 

 

Oxygen sensing mechanisms are essential for metazoans, their origin and 

evolution in the context of oxygen in earth history are of interest. To trace the 

evolution of a main oxygen sensing mechanism among metazoans, the hypoxia-

inducible factor, HIF, we investigated the phylogenetic distribution and 

phylogeny of 11 of its components across 566 eukaryote genomes. The HIF based 

oxygen sensing machinery in eukaryotes can be traced as far back as 800 million 

years (Ma) ago, likely to the last metazoan common ancestor (LMCA), and arose 

at a time when the atmospheric oxygen content corresponded roughly to the 

Pasteur point, or roughly 1% of present atmospheric level (PAL). By the time of 

the Cambrian explosion (541 to 485 Ma) as oxygen levels approached those of 

the modern atmosphere, the HIF system with its key components HIF1A, HIF1B, 

PHD1, PHD4, FIH and VHL was well established across metazoan lineages. 

HIF1A is more widely distributed and therefore may have evolved earlier than 

HIF2A and HIF3A, and HIF1B and is more widely distributed than HIF2B in 

invertebrates. PHD1, PHD4, FIH, and VHL appear in all 13 metazoan phyla. The 

O2 consuming enzymes of the pathway, PHDs and FIH, have a lower substrate 

affinity, Km, for O2 than terminal oxidases in the mitochondrial respiratory chain, 

in line with their function as an environmental signal to switch to anaerobic energy 

metabolic pathways. The ancient HIF system has been conserved and widespread 

during the period when metazoans evolved and diversified together with O2 

during earth history. 
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Introduction 

 

Oxygen on earth stems from cyanobacterial photosynthesis. During earth history, 

there were two main phases of atmospheric oxygen content change. The first was 

the great oxidation event, GOE, around 2.4 billion years (Ga) ago (Bekker et al. 

2004), followed by almost 2 Ga of low oxygen levels and a second, late rise of 

oxygen corresponding to the origin of land plants and animals about 500 million 

years (Ma) ago (Lyons et al. 2014). The metazoan lineage arose roughly 700-1000 

Ma ago, long before the origin of land plants, during a phase of earth history when 

oxygen levels were much lower than today's. The first metazoans were thus well 

adapted to low oxygen environments from the outset of their evolution, but 

adapted to rising oxygen levels during evolution, particularly with the transition 

to life on land in a highly oxygenic atmosphere starting about 450 Ma ago (Martin 

et al. 2021). Oxygen sensing pathways in animals are integral to their evolution 

during changing oxygen concentrations (Hammarlund et al. 2020) in earth history. 

The main oxygen sensing pathway in animals is mediated by hypoxia-inducible 

factors, HIFs (Semenza 2001; Kaelin and Ratcliffe 2008; Zhang et al. 2014; Ivan 

and Kaelin 2017). The alpha subunit of HIF1, HIF1A is posttranslational modified 

by prolyl hydroxylases (PHD1–4), which catalyze the O2 dependent 

hydroxylation of prolyl residues, inducing ubiquitinylation of HIF by the von 

Hippel Lindau tumor suppressor (VHL) (Brihimi-Horn and Pouysségur 2009), 

leading to HIF1A degradation by proteasomes (Fig. 1). The factor inhibiting HIF, 

FIH, hydroxylates asparaginyl residues in the alpha subunit of HIFs (HIF1 – 3A), 

in an O2 dependent reaction, which inhibits proline hydroxylation (Fig. 1). HIF1A 

and PHDs are constitutively expressed. When O2 is lacking, the alpha subunit of 

HIFs is not hydroxylated by PHDs and therefore not degraded, but accumulates 

and is transported into the cell nucleus to create a heterodimer with the beta 
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subunit of HIFs (HIF1B and 2B). The HIFA HIFB heterodimer acts as the 

transcription factor, which binds to corresponding hypoxia response elements 

(HRE) of the promoters of the HIF-target genes to stimulate or repress the 

downstream gene transcription activities which can elicit a series of biological 

responses (Brihimi-Horn and Pouysségur 2009) (Fig. 1). As it relates to energy 

metabolism, the main biological response governed by the HIF pathway is a shift 

from aerobic energy metabolism to anaerobic energy metabolism, which in land 

mammals, diverts pyruvate flux away from mitochondria and O2 dependent 

terminal oxidases towards cytosolic fermentations (Samanta and Semenza 2018).

    

The mechanism of the main oxygen sensing pathway is well known and its origin 

and distribution have also been widely studied from the phylogenetic perspective 

(Rytkönen and Storz 2011; Rytkönen et al. 2011, 2013; Mills et al. 2018; 

Rytkönen 2018; Graham and Barreto 2019; Graham and Barreto 2020) but less so 

from the geological perspective (Taylor and McElwain 2010; Hammarlund 2020). 

One hypothesis is that the main oxygen sensing pathway may have already 

occurred in the common ancestor of metazoans (Hammarlund et al. 2018; 

Hammarlund 2020). PHD like prolyl hydroxylases have been reported in 

unicellular eukaryotes such as Dictyostelium (Van der Wel et al. 2005) and 

Schizosaccharomyces pombe (Lee et al. 2009) and pathogenic proteobacteria like 

Vibrio cholerae (Aravind and Koonin 2001; McDonough et al. 2006) and 

Pseudomonas aeruginosa (Aravind and Koonin 2001; Scotti et al. 2014). The 

HIFA/PHD/VHL pathway is conserved in all animals but is not found in 

choanoflagellates (Monosiga brevicollis) or other protists (Loenarz et al. 2011), it 

is present in all eumetazoans, except Ctenophera (Mills et al. 2018). A recent 

study showed that choanoflagellates have PHD but not HIF and VHL (Rytkönen 

2018). HIF1A is conserved among most metazoans while HIF2A appeared later 
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(Graham and Presnell 2017). Some studies have suggested that the HIF pathway 

was lacking in the last common ancestor of animals and is not ubiquitous across 

metazoans (Mills et al. 2018; Graham and Barreto 2020). From the geological 

perspective, the HIF system requires the presence of O2, with HIF1A, HIF1B, 

PHD2, and VHL being the oldest components, HIF2A and PHD3 were suggested 

to have appeared around 460 to 421 Ma ago when the atmospheric oxygen level 

was lower than the present, whereby PHD1 and HIF3A are thought to have arisen 

most recently (about 312 Ma ago) with contemporary atmospheric oxygen levels 

(Taylor and McElwain 2010). FIH1 is missing in fruit flies and nematodes but not 

in intermediate beetles (Taylor and McElwain 2010). 

 

           Here, we focus on the origin and distribution of the HIF/PHD/FIH/VHL oxygen 

sensing pathway within metazoans from the perspective of oxygen in earth history, 

addressing the two phases of the appearance of its essential components: First, the 

presence of HIF/PHD/FIH/VHL pathway related genes — HIFAs, HIFBs, PHDs, 

FIH, and VHL — across metazoan and non-metazoan phyla, and the oxygen 

affinity of oxygen sensing enzymes (PHDs and FIH) were compared to terminal 

oxidases in mitochondria by the measure of substrate affinity for O2, Kmapp(O2). 
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Fig. 1 The HIF oxygen sensing pathway. 

Under normoxic conditions, proline (P) and asparaginyl (N) residues in HIFAs 

are first recognized and degraded by activated prolyl hydroxylases (PHDs) and 

asparaginyl hydroxylase (FIH). The hydroxylated proline residues (P-OH) bind 

on HIFAs and are ubiquitinated by the VHL and degraded by proteasomes within 

the cytoplasm. Under hypoxia, PHDs and FIH are inactivated and HIFAs are 

transported into the nucleus and form heterodimers with HIFBs. This heterodimer 

binds on the hypoxia responsive element (HRE) in the DNA structure and 

functions as a transcription factor activating or repressing the transcription 

activities of the downstream genes. 
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Identification and presence of HIF related genes. From NCBI (Agarwala et al. 

2018), KEGG (Kanehisa et al. 2016), EMBL (Nightingale et al. 2017), and 

UniprotKB (Bateman 2019) (September 2020), 422 eukaryotic HIF related 

sequences from 11 gene categories were downloaded (Supplementary Table 1). 

Protein sequences from 566 complete eukaryotic genomes were downloaded from 

the NCBI RefSeq (O’Leary et al. 2016) database (July and October 2020) 

(Supplementary Table 2). The 566 genomes were classified into 15 phyla 

according to NCBI taxonomy. The proteins of the 566 eukaryotic genomes were 

blasted against the eukaryotic HIF related sequence database using diamond 

v2.0.1.139 (Buchfink et al. 2015), to identify potential HIF related genes. To 

determine the best corresponding HIF related gene in each genome, the best hit 

from each gene category for each genome was selected with an identity threshold 

of 25% and an e-value cut-off of 10-7. Duplicated sequences for the same 

identified HIF related gene were removed by only taking one of the best hits. 

 

 Presence and absence patterns of the selected hits were used to demonstrate the 

evolution of HIF related genes within metazoans over the last 3.0 Ga of earth’s 

history (Fig. 2). The reference phylogenetic tree in Fig. 2 was taken from Telford 

et al. 2015 and the divergence time of the last common ancestor of each 

representative phylum on the phylogenetic tree was estimated from the free public 

database (Kumar et al. 2017) used for the estimation of time-scaled phylogenies 

(Dos Reis et al. 2015; Gold et al. 2015; Delsuc et al. 2018; Tedersoo et al. 2018). 

The presence of the genes in each phylum is based on the respective gene being 

present in at least one species within the indicated phylum and represented by 

filled colored circles, if the gene was not present in the respective phylum, the 

space was left blank. The time of the earliest eukaryote fossil record (Eme et al. 

2014) is displayed in the time scale at the bottom in light brown and the earliest 
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animal fossil record (Hoyal Cuthill and Han 2018) is indicated by a dark brown 

bar in the time scale. 

 

Oxygen affinity of oxygen sensing enzymes and terminal oxidases. Kmapp(O2) 

values of oxygen sensing enzymes (PHD and FIH) and terminal oxidases were 

collected from literature (Supplementary Tables 3 and 4). Km is the Michaelis 

constant, which represents the concentration of substrate needed to achieve half 

of the maximum reaction speed (Vmax) of the enzyme (Northrop 1998). Kmapp(O2) 

represents the concentration of oxygen required to achieve half of the Vmax of 

the examined enzyme; the lower the Km the higher the affinity of the enzyme for 

the substrate. 

 

Result 

 

The HIF oxygen sensing pathway traces to the last metazoan common 

ancestor. The two non-metazoan phyla in our dataset (Choanoflagellata and 

Ascomycota) possess the oxygen sensors PHD, FIH, and VHL. This result is 

based on the genome of Salpingoeca rosetta, a choanoflagellate (Supplementary 

Table 2). The choanoflagellates are a group of simple unicellular eukaryotes 

considered to be the closest relatives of metazoans (Carr et al. 2008). It has been 

previously reported that choanoflagellates have PHD, but not HIF and VHL 

(Rytkönen 2018). Ascomyceta fungi also possess HIF homologues, the result of 

Ascomycota is based on nine fungi genomes (Supplementary Table 2). 

Ascomycota are the largest phylum of fungi predating metazoans, within which 

Ofd1 — the prolyl 4-hydroxylase-like 2-OG-Fe(II) dioxygenase — mediates the 

degradation and accumulation of the N-terminal transcription factor (Sre1N) 

(Hughes and Espenshade 2008). Porifera is the sister group of all other animals 
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(Simion et al. 2017) and has been shown to contain HIF1A, HIF1B, PHD1, PHD2, 

PHD4, FIH, and VHL based on the sponge species Amphimedon queenslandica 

(Supplementary Table 2). Trichoplax adhaerens which belongs to the phylum 

Placozoa is discussed as the last common ancestor of all animals (Schierwater and 

DeSalle 2018) and was previously shown to possess the key components of the 

oxygen sensing mechanism — HIFA, PHD and VHL (Loenarz et al. 2011). Our 

finding shows a more complete result as T. adhaerens not only contains HIFA and 

PHD homologs but also HIFB, FIH, and VHL homologues. The main oxygen 

sensing pathway can thus be traced back to at least the last common ancestor of 

metazoans, which lived roughly 800 Ma ago, when the atmospheric oxygen 

content was around 1% PAL (Erwin et al. 2011) (Fig. 2). 

 

The HIF pathway is conserved and widely distributed across metazoans. The 13 

metazoan phyla examined all possess HIF1A, HIF1B, PHD1, PHD4, FIH, and 

VHL. This shows that the core components of the main oxygen sensing pathway 

are relatively conserved and widespread across metazoans. Moreover, HIF1A is 

more widely distributed across all phyla and therefore probably evolved earlier 

than HIF2A and HIF3A (Fig. 2). HIF1B is more widely distributed than HIF2B, 

whereas PHD1 and PHD4 may have arisen earlier than PHD2 and PHD3 as they 

are found in all phyla examined as shown in Fig. 2. It was previously shown that 

HIF1A is more conserved among metazoans and probably arose before HIF2A 

(Graham and Presnell 2017), consistent with our findings. However, previous 

studies have shown that HIF homologs are ubiquitous across metazoans, with the 

exception of Porifera and Ctenophora, and HIF2A only appears in vertebrates 

(Loenarz et al. 2011; Rytkönen et al. 2011; Graham and Presnell 2017; 

Hammarlund et al. 2018; Rytkönen 2018). Accordingly, it has been suggested that 

the HIF/PHD/FIH/VHL oxygen sensing pathway might represent a recent lineage 
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specific invention among recent animals (Hashimoto et al. 2016; Graham and 

Barreto 2019; Graham and Barreto 2020). The copepod Tigriopus californicus 

seems to have lost the HIF pathway but still tolerates nearly anoxic conditions for 

at least 24 hours, the genes involved in cuticle reorganization and ion transport 

may act as the potential solution to low oxygen availability as a replacement to 

the HIF pathway (Graham and Barreto 2019). Ramazzottius varieornatus, one 

member of the most stress-tolerant tardigrade species, has lost HIF1A, PHD, and 

VHL selectively (Hashimoto et al. 2016). Three of the four orders of Copepoda 

were shown to have lost the use of the HIF pathway, but both barnacles and 

copepods have not fully lost VHL which suggests HIF-independent functions of 

VHL (Graham and Barreto 2020). 

 

 
 

Fig. 2 The evolution of the main oxygen sensing pathway across metazoans over 

the earth's oxygen history.  
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The oxygen curve describes the earth's oxygen content during each geological 

time scale (Walker et al. 2018), the detailed information has been obtained from 

recent publications (Bekker et al. 2004; Lyons et al. 2014). More than 2500 

million years (Ma) ago, the earth oxygen content was almost at an anaerobic state 

(Catling and Zahnle 2020); during the Proterozoic period (2500 to 542 Ma), 

despite the great oxidation event (GOE) that happened at the beginning of this 

period, the oxygen content was still very low with around 1% present atmospheric 

levels (PAL) (Allen et al. 2019); during the Phanerozoic period (541 to 0 Ma), the 

atmospheric oxygen content increased constantly to the modern level (Lenton et 

al. 2016; Krause et al. 2018). The phylogenetic tree shown in the figure is scaled 

to the timeframe at the bottom of the figure. It is connected to the presence-

absence pattern (PAP) of oxygen sensing genes. The PAP shows the distribution 

of the 11 gene categories across 13 metazoan phyla (Chordata, Hemichordata, 

Echinodermata, Annelida, Mollusca, Brachiopoda, Platyhelminthes, Nematoda, 

Arthropoda, Priapulida, Cnidaria, Placozoa, Porifera) and two non-metazoan 

phyla (Choanoflagellata and Ascomycota) that include 566 species 

(Supplementary Table 2). The oxygen sensing regulators (HIF1A, HIF2A, HIF3A, 

HIF1B, and HIF2B) at the left of the PAP are the substrates of the oxygen sensors 

(PHD1, PHD2, PHD3, PHD4 and FIH) in oxygen-dependent reactions before the 

ubiquitination (Ub) of the tumor suppressor gene (VHL). (HIF – hypoxia-

inducible factor; PHD – HIF prolyl hydroxylases; FIH – factor inhibiting HIF; 

VHL – von Hippel Lindau tumor suppressor).  

 

The oxygen affinity of terminal oxidases is far higher than that of oxygen 

sensing enzymes. The Kmapp(O2) of terminal oxidases were obtained from both 

prokaryotes and eukaryotes, the Kmapp(O2) values of oxygen sensing enzymes 

(PHDs and FIH) were obtained from the literature for eukaryotes (Supplementary 
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Tables 3 and 4). Fig. 3 shows the distribution of the Kmapp(O2) values of terminal 

oxidases, PHDs and FIH, which are 0.0034 to 33 μM, 11.54 to 530 μM and 12 to 

270 μM, respectively. Low Kmapp(O2) values indicate higher oxygen affinity, this 

shows that the oxygen affinity of terminal oxidases is far higher than that of PHD 

and FIH. 

 

 
 

Fig. 3 The Kmapp(O2) values of terminal oxidases and oxygen sensing enzymes. 

On the left (yellow) Kmapp(O2) values of the three main families of terminal 

oxidases are shown and indicated on the right (dark cyan) are Kmapp(O2) values of 

oxygen sensing enzymes (PHDs and FIH). For cytochrome bd oxidases, two 

subtypes (bd and CIO) are shown; for HCOs, four subtypes (C, A1-bo3, A2, and 

A1) are shown. On the top the substrates of the enzymes are indicated; oxygen as 

substrate for terminal oxidases, as their main function is to reduce oxygen within 

organism organelles. The Kmapp(O2) values of oxygen sensors (PHDs and FIH) are 

combined based on their substrates, which are sorted into three groups — HIF 
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protein peptides, non-HIF protein peptides, and collagen. All underlying Kmapp(O2) 

values are detailed in Supplementary Tables 3 and 4. (AOX: Alternative Oxidase, 

CIO: Cyanide Insensitive Oxidase, HCO: Heme Copper Oxidase.) 

 

Discussion 

 

In previous studies, the characteristic domains of HIF, PHD, FIH, and VHL were 

used to identify HIF related homologs as the characteristic domains are usually 

the most conserved and representative part of one protein family. Here, complete 

HIF related protein sequences were used to find possible HIF pathway 

homologues from sequenced genomes. This identified HIF pathway homologues 

that were not detected in previous studies. We used Diamond (Buchfink et al. 

2014) for searching, which is generally faster and often more accurate than the 

traditional Basic Local Alignment Search Tool (BLAST; Altschul et al. 1990), 

which helped to identify previously missing HIF pathway genes.  

 

The HIF/PHD/FIH/VHL pathway was present during the Cambrian 

explosion. Genes for enzymes of the HIF oxygen sensing pathway — PHD1, 

PHD4, FIH, VHL — are distributed across all examined phyla (Fig. 2), tracing 

their first appearance to lineages during the course of metazoan and non-metazoan 

phylum diversification. HIF1A was the progenitor from which HIF2A and HIF3A 

arose, and HIF1B may have emerged before HIF2B as it is more widely 

distributed, giving rise to the hypoxia-inducible transcription factor (HIF1), which 

is composed of HIF1A and HIF1B, and is the major regulator of oxygen 

homeostasis (Wang et al. 1995; Semenza 2007). PHD3 only appears in five of the 

13 phyla analyzed but was present in Choanoflagellata. Previous work reported 

that PHD3 may function as an ancient signaling protein due to its involvement in 
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several cell signaling mechanisms (Place and Domann 2013), which enables large 

animals to sense and deliver oxygen for development and metabolism. Therefore, 

the retention of PHD3 in Choanoflagellata might not be due to the oxygen sensing 

pathway but might relate to other functions. 

 

 It has been suggested that rudimentary HIF1A-dominant stemness control can 

function in such a way as to generate oxygen gradients within a tissue in the 

presence of 1% oxygen and thus maintain the inner tissue's hypoxic cell stemness, 

with HIF2A-driven pseudohypoxia maintaining stemness of cells in nearby well-

vascularized and oxygenated tissue with more than 1 to 3% oxygen (Hammarlund 

et al. 2018). During early animal evolution, refined HIF stemness control might 

have played an essential role in promoting the larger size of animals and in energy 

metabolism. Before the Cambrian, low oxygen levels were sufficient to meet the 

physiological requirements of the simple invertebrates, but after the Cambrian, 

higher oxygen would have interfered with animal the stemness, which would 

implicate a role of HIF in the evolution of animal size at the Cambrian explosion. 

At the same time, collagen hydroxylation at proline residues would have led to 

more rigid invertebrate body structures and better fossilization properties (Towe 

1970).  

 

 The functional ranges of both HIF1A and HIF2A (5 to 24% PAL or 1 to 5% O2) 

hydroxylation (Holmquist-Mengelbier et al. 2006) suggest that they are a relic 

from the time of O2 sensing during low O2 concentrations in the Cambrian (15 to 

20% PAL or 3 to 4% O2), marking a role for the HIF pathway during the 

adaptation of larger animals to the rising atmospheric oxygen concentrations. 

Under low oxygen concentrations of around 1%, both HIF1A and HIF2A are 

stabilized with HIF1A driving the hypoxia induced reactions which can create 
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oxygen gradients in tissue and thus result in hypoxia and cell stemness within 

invertebrate tissue. HIF2A may have gained a role for creating the pseudohypoxic 

phenotype in order to facilitate the activation of genes related with promoting 

stemness within vertebrate tissue, while HIF2A maintained HIF2A-driven 

pseudohypoxia, promoting stemness even at oxygen levels of roughly 5% 

(Hammarlund et al. 2018). Clearly HIF dependent oxygen sensing was integral to 

the Cambrian explosion (541 to 485 Ma) and likely facilitated an increase in 

animal diversity (Knoll and Carroll 1999). 

 

Low O2 affinity of HIF and high O2 affinity of terminal oxidases. The 

Kmapp(O2) values in Fig. 3 show that the oxygen affinity of O2 sensing enzymes is 

lower than that of terminal oxidases by one to two orders of magnitude. The O2 

affinity of A1 type terminal oxidases in mitochondria is on the order of 10 µM, 

corresponding to 1% [v/v] O2 in air reflecting the environmental concentration of 

O2 at the time of mitochondrial origin (Zimorski et al. 2019) which is, in turn, 

very close to the O2 concentration in functioning mitochondria of human tissues 

because of the oxygen cascade from air to blood to capillaries (Martin et al. 2021). 

This affinity seems to have changed little during evolution. The situation is 

different with HIF however, as different animals respond to hypoxia at different 

levels. For example, Caenorhabditis elegans prefers O2 levels around 7%, and 

responds to hypoxia only at about 1% O2 (Branicky and Schafer 2008), reflecting 

diversification of oxygen sensing physiology during metazoan evolution (Kaelin 

and Ratcliffe 2008; Hampton-Smith and Peet 2009). 

 

 PHDs and FIH can target alternative substrates other than HIF, due to their 

involvement in both HIF and non-HIF related pathways. Their protein 

hydroxylation is neither unique nor ubiquitous. The substrates of PHDs and FIH 
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can be sorted into three groups (Strowitzki et al. 2019) (Fig. 3). Within the oxygen 

metabolizing enzymes, FIH has a relatively high oxygen affinity compared to the 

PHDs suggesting that FIH is more hypoxia-tolerant than the PHDs (Tarhonskaya 

et al. 2015). The Kmapp(O2) values of FIH are normally between 90 up to 270 μM 

(Koivunen et al. 2004; Hangasky et al. 2014; Wilson et al. 2020) while that of 

PHDs are 30 to 250 μM (Hirsilä et al. 2003). One study also reported an outlier 

Kmapp(O2) value of PHD around 1700 μM, which is not considered here (Dao et 

al. 2009). PHD2 was identified as the main regulator of the normal development 

of growth plate chondrocytes in the avascular environment, as it can inactivate 

HIF1A to avoid prolonged HIF1A-induced skeletal dysplasia (Stegen et al. 2019). 

Overexpressed HIF1A can reprogram cellular metabolism from respiration to 

fermentation (Stegen et al. 2019). Appropriate control of PHD2 on HIF1A 

activation is also important for collagen synthesis. For the comparison of the same 

oxygen sensing enzyme type from the same substrate group, it can be seen that 

larger sized vertebrates have higher oxygen affinity than smaller sized vertebrates 

and invertebrates on HIF-based substrates and collagen but not non-HIF 

substrates. This might reflect selection for a greater O2 demand for structural 

rigidity among larger vertebrates that are adapted to life above the soil line.  

 

 Within the terminal oxidases, the Kmapp(O2) values of other bacteria except for 

Alphaproteobacteria, archaea, and eukaryotes have also been added here. The 

mean Kmapp(O2) values of these seven of terminal oxidase subtypes, from high to 

low, are AOX (14.91 μM) > CIO (8.40 μM) > A1-bo3 (4.38 μM) > A1 (4.32 μM) > 

bd (4.18 μM) > A2 (2.83 μM) > C (1.62 μM) respectively (Degli Esposti et al. 

2019). Cytochrome c oxidase was reported to exhibit a much smaller Kmapp(O2) 

than the mean physiological oxygen concentration compared to other oxygen 

utilizing enzymes in mammals, while the reaction rates of other oxygen-
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consuming enzymes could be limited by the physiological oxygen tensions 

commonly present in organs (Vanderkooi et al. 1991). The lower affinity for O2 

of HIF dependent O2 sensing oxygenases relative to terminal oxidases suggests 

that the former have undergone evolutionary adaptations in response to changing 

O2 environments that reflect the physiological needs of the whole animal as 

opposed to its mitochondria, which are supplied via circulatory and respiratory 

systems with roughly the same concentration of O2 as the mitochondria of the first 

unicellular eukaryotes more than 1.5 billion years ago.   
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Supplementary_Table_2 566 eukaryotic RefSeq genomes 
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