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Abstract 13 

In wastewater treatment plants (WWTPs) complex microbial communities process diverse chemical 14 

compounds from sewage. Secreted proteins are critical because many are the first to interact with or 15 

degrade external (macro)molecules. To better understand microbial functions in WWTPs, we predicted 16 

secreted proteomes of WWTP microbiota from more than 1000 high-quality metagenome-assembled 17 

genomes (MAGs) from 23 Danish WWTPs with biological nutrient removal. Focus was placed on 18 

examining secreted catabolic exoenzymes that target major classes of macromolecules. We demonstrate 19 

that Bacteroidota have high potential to digest complex polysaccharides, but also proteins and nucleic 20 

acids. Poorly understood activated sludge members of Acidobacteriota and Gemmatimonadota also have 21 

high capacities for extracellular polysaccharide digestion. Secreted nucleases are encoded by 61% of 22 

MAGs indicating an importance for extracellular DNA and/or RNA digestion in WWTPs. Secreted lipases 23 

were the least-common macromolecule-targeting enzymes predicted, encoded mainly by 24 

Gammaproteobacteria and Myxococcota. In contrast, diverse taxa encode extracellular peptidases, 25 

indicating that proteins are widely used nutrients. Diverse secreted multi-heme cytochromes suggest 26 

capabilities for extracellular electron-transfer by various taxa, including some Bacteroidota that encode 27 

undescribed cytochromes with >100 heme-binding motifs. Myxococcota have exceptionally large 28 

secreted protein complements, probably related to predatory lifestyles and/or complex cell cycles. Many 29 

Gammaproteobacteria MAGs (mostly former Betaproteobacteria) encode few or no secreted hydrolases, 30 

but many periplasmic substrate-binding proteins and ABC- and TRAP-transporters, suggesting they are 31 

mostly sustained by small molecules. Together, this study provides a comprehensive overview of how 32 

WWTPs microorganisms interact with the environment, providing new insights into their functioning and 33 

niche partitioning.  34 

 35 
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Importance: Wastewater treatment plants are critical biotechnological systems that clean wastewater, 36 

allowing the water to reenter the environment and limit eutrophication and pollution. They are also 37 

increasingly important for recovery of resources. They function primarily by the activity of 38 

microorganisms, which act as a ‘living sponge’, taking-up and transforming nutrients, organic material 39 

and pollutants. Despite much research, many microorganisms in WWTPs are uncultivated and poorly 40 

characterized, limiting our understanding of their functioning. Here, we analyzed a large collection of high-41 

quality metagenome-assembled genomes from WWTPs for encoded secreted enzymes and proteins, 42 

with special emphasis on those used to degrade organic material. This analysis showed highly distinct 43 

secreted proteome profiles among different major phylogenetic groups of microorganisms, thereby 44 

providing new insights into how different groups function and co-exist in activated sludge. This knowledge 45 

will contribute to a better understanding of how to efficiently manage and exploit WWTP microbiomes.  46 

 47 

Key words: wastewater, activated sludge, metagenome, secreted proteome, extracellular enzymes, 48 

exoenzymes, macromolecules, cytochromes.   49 

 50 

Introduction 51 

Wastewater treatment plants (WWTPs) play a critical role in removing pollutants and organic 52 

matter, and recovering nutrients from wastewater. This is primarily mediated by complex microbiota that 53 

degrade, assimilate or transform various organic and inorganic molecules (1–3). Important for this is the 54 

organization of microorganisms in WWTPs as multicellular suspended aggregates, known as activated 55 

sludge flocs, that facilitate sorption of nutrients to the matrices (4). Organic material can then be 56 

biodegraded in the flocs, or eliminated when the flocs are subsequently physically removed (5). Influent 57 

waters contain diverse organic material, which provides an array of nutrient sources. The incoming 58 

nutrients, as well as molecules produced and recycled in situ, play key roles in controlling microbial 59 

community compositions by providing nutrient niches for specific guilds that can use specific molecules 60 

for growth (6). The degradation of organic matter in activated sludge is often coupled to respiration with 61 

electron acceptors such as oxygen or nitrate. This respiration dictates oxygen and nitrate demands of 62 

WWTPs, with the latter driving the key process of nitrogen removal through denitrification (7). Further, 63 

primary-degraders of organic macromolecules are important for supplying molecules to other key 64 

functional guilds such as polyphosphate-accumulating organisms (PAOs) or denitrifiers (8). For example, 65 

the fermentative production of acetate provides key PAOs, like Ca. Accumulibacter, with their main 66 

energy and carbon source (9, 10). Understanding which microorganisms in WWTPs degrade and/or take-67 
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up which organic molecules by which mechanisms is therefore critical for understanding how WWTPs 68 

function. 69 

Organic matter in WWTPs is largely composed of macromolecules such as proteins (25-35%), 70 

carbohydrates (15-25%) and lipids (25-40%) (based on chemical oxygen demand, COD) (6, 11–13). 71 

Furthermore, nucleic acids can be abundant, e.g., up to 300 mg of extracellular DNA (eDNA) per g of 72 

organic matter in flocs (14). Together, these are generally the most biodegradable macromolecular 73 

organics available for microorganisms (15). Additionally, an array of other organic classes occurs in 74 

sewage, such as humics/fulvics, steroids, lignins, as well as a large uncharacterised fraction (3). 75 

Nevertheless, their turn-over is generally much slower and therefore less influential for WWTP functioning 76 

(16–18). Most macromolecules (>600-800 Da MW) need to be digested to smaller components outside 77 

of cells, because they are too large to translocate through cell membranes or transporter systems (19). 78 

Specific hydrolases and lyases that are secreted or attached to the cell surface are critical for the 79 

breakdown of macromolecules. Partially digested molecules are then transported into the periplasm and 80 

cytoplasm, where they are further digested to oligomers and monomers, and/or subsequently catabolised 81 

or assimilated into new biomolecules (20). Secreted macromolecule-degrading enzymes also promote 82 

important ecological interactions, e.g., “cheater” populations may benefit from the degradation products 83 

released by primary-degraders without secreting their own hydrolytic enzymes (21). We therefore posited 84 

that specifically studying the proteins and enzymes that can be secreted from microorganisms in WWTPs, 85 

especially catabolic enzymes, should provide powerful insights into the functioning of microorganisms in 86 

WWTPs.  87 

Previous studies have demonstrated the activity of different extracellular hydrolytic enzymes in 88 

WWTPs, which are proposed to perform the rate limiting step of organic matter hydrolysis (22). These 89 

include peptidases/proteases, phosphatases, esterases/lipases, and carbohydrate-active hydrolases 90 

(23–28). Some studies have shown especially high activity of phosphatases, glucosidases and 91 

peptidases/proteases (29). Hydrolytic enzyme activities were shown to be persistent over different 92 

seasons and conditions (30), including both aerobic and anaerobic phases (31). Extracellular hydrolase 93 

activity is mostly associated with flocs and/or extracellular polymeric substances (EPS), suggesting most 94 

secreted hydrolases are bound to cells and/or embedded or closely associated with floc matrices (23, 95 

25, 31).  96 

Different hydrolytic activities have also been linked to specific taxa in situ (6), mostly using 97 

fluorescently-labeled substrates in combination with taxon-specific fluorescent in situ hybridisation 98 

assays. For example, peptidase activities were linked to cells of phylum TM7 (now Patescibacteria), 99 

Chloroflexota and Betaproteobacteria (Pseudomonadota), as well as epiflora of the Saprospiraceaea 100 

(Bacteroidota) (32, 33); starch hydrolysis occurred in cells of the Actinobacteriota (Actinomycetota) (34); 101 

filamentous Chloroflexi could digest different polysaccharides (35); and lipase activity was linked to 102 
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members of Mycobacteriaceae (Actinomycetota) (36). While powerful, these studies relied on FISH 103 

probes, which limits the observer to the sets of probes applied. Overall, our knowledge on the repertoire 104 

of secreted enzymes of functionally important microbes in activated sludge is still very rudimentary and 105 

insufficient for understanding nutrient niches in these engineered ecosystems. Genomic-based 106 

approaches for predicting secreted hydrolytic activities that are independent of these experimental 107 

limitations may prove highly complementary to previous work, potentially offering unique insights into the 108 

distributions of enzymes and functional properties of uncultured taxa. 109 

In this study, we aimed to predict and analyze the secreted proteomes encoded among a large 110 

collection of high-quality metagenome-assembled genomes (MAGs) from activated sludge from Danish 111 

WWTPs that use enhanced nutrient removal technologies (biological N-removal, or N- and P-removal) 112 

(37). We investigated two fundamental questions: i) which WWTP microbiota members encode different 113 

types of secreted proteins, and ii) which microorganisms have the capacities to drive the primary 114 

degradation of organic matter? For the latter, we examined encoded enzymes that may perform catabolic 115 

functions for organic macromolecule degradation. Further, we specifically analysed predicted secreted 116 

proteins from MAGs representative of abundant populations of WWTPs in Denmark and worldwide (38), 117 

as well as members of several functionally relevant populations, such as PAOs, glycogen-accumulating 118 

organisms (GAOs), filamentous bacteria, denitrifiers, and nitrifiers. This genome-based information on 119 

the secreted proteins can also be directly linked to the Microbial Database for Activated Sludge (MiDAS) 120 

(38), because all MAGs analysed contain full-length 16S rRNA genes. Our results provide unique insights 121 

into the biology of WWTP microbiota, including a much improved understanding of the capabilities of 122 

different taxa to transform organic matter in WWTPs.  123 

Results and Discussion 124 

Protein subcellular location profiles predict distinct biology among WWTP 125 

microorganisms 126 

To predict secreted proteins and their subcellular locations, we performed subcellular location 127 

profiling using PSORTb analysis of all encoded proteins (>4.427 million) from 1083 high-quality MAGs 128 

(>90% complete, <5% contamination, and including ribosomal RNA genes) previously recovered from 23 129 

Danish WWTPs (37) (Fig. 1). To focus on proteins from MAGs that represent species-level populations, 130 

all results reported below are based on proteins (>2.36 million) from 581 MAGs dereplicated at the 131 

species-level (>95% ANI) (37), unless stated otherwise. The MAGs mostly belong to Bacteroidota 132 

(35.3%), Gammaproteobacteria (20.1%), Acidobacteriota (5.9%), Actinobacteriota (5.2%), Chloroflexota 133 

(5.0%), Myxococcota (5.0%), Alphaproteobacteria (4.8%), and Patescibacteria (4.8%) (Supp. Table 1). 134 

The MAGs represent ~30% of the microbial community members based on relative abundances 135 

determined by metagenomic read recruitment (37). Further, most MAGs represent taxa defined as 136 
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‘growing’ in the systems (Supp. Table 1), and are thus assumed to be potentially process-critical and not 137 

dying-off like many of the incoming influent species (39).   138 

 139 

 140 

Figure 1. Schematic overview of dataset and analysis pipeline. 141 

 142 

The subcellular location profiling predicted 44,374 (1.9%) extracellular, 36,706 (1.6%) outer-143 

membrane, 1,277 cell wall (0.05%), and 38,428 (1.6%) periplasmic proteins (Table 1). Herein, we 144 

collectively defined these as “extra-cytoplasmic”. Another 850,283 (36.1%) proteins were assigned 145 

“unknown” locations, and 274,432 of these (32.3% of unknown location proteins; 11.6% of all proteins) 146 

have signal peptides (here termed “UNK+SP”, i.e., a predicted unknown location and have a signal 147 

peptide) indicative of secretion to an extra-cytoplasmic location (Table 1). We analysed UNK+SP proteins 148 

separately and in complement to the extra-cytoplasmic proteins. Predicted cytoplasmic-membrane-149 

bound (CM) proteins (471,235; 19.9%) were also analyzed and are briefly described in the 150 

Supplementary information.  151 

 152 

Table 1. Overview of dataset. 153 

Protein category Number Number with signal peptides 

Total proteins from 581 MAGs 2,358,707 N.D. 

Extracellular 44,374 35,922 (81%)* 

Outer-membrane 36,706 26,797 (73%) 

Cell wall 1,277 803 (63%) 

Periplasmic 38,428 25,559 (67%) 

Cytoplasmic membrane 471,235 N.D. 

Cytoplasm 916,404 N.D. 

Unknowns 850,283 274,432 (32%) 

*from three signal peptide detection methods. 154 
N.D. Not determined. 155 
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 156 

To additionally gauge the potential of the predicted secreted proteins to be exported from 157 

cytoplasms, we independently screened the predicted extracellular proteins for signal peptide sequences 158 

for Sec- or TAT-secretion systems (40). Most predicted extracellular proteins (35,921; 81% of 159 

extracellular proteins from the 581 non-redundant MAGs) were found to have signal peptides and/or 160 

transmembrane features indicative of extra-cytoplasmic locations (Table 1). The prediction of secreted 161 

proteins without signal peptides can be explained by the consideration of multiple computational 162 

evaluations that PSORTb performs in addition to signal peptide detection, e.g., detection of other motifs 163 

and structural signatures, sequence homology to proteins of different subcellular locations, and support 164 

vector machine (SVM) analyses of amino acid compositions (41–43). Biological reasons for why 165 

extracellular proteins may lack signal peptides include: i) some proteins may be exported via ‘piggy-back’ 166 

mechanisms with other proteins/subunits; ii) some secretion systems export proteins with non-canonical 167 

signal peptides (e.g., type-9 secretion systems, toxins); and/or, iii) unknown and non-canonical secretion 168 

systems and/or signal peptides exist (41, 44).  169 

To investigate the potential of different taxa to secrete different proteins, we determined the 170 

numbers of predicted secreted proteins for each of the subcellular locations for each MAG. This aimed 171 

to give insights into the propensity of different taxa to secrete proteins to different subcellular locations, 172 

which can provide insights about their ecology and functions, e.g., the ability to degrade higher molecular 173 

weight organics and/or import degradation products (45). We also explored these numbers of predicted 174 

secreted proteins per MAG in relation to the MAG assembly sizes, with the aim to provide an additional 175 

perspective on the relative importance of numbers of genes encoding secreted proteins relative to 176 

genome sizes among the different taxa. 177 

 Among different phyla, MAGs from Myxococcota and Bacteroidota have the most predicted 178 

extracellular proteins per MAG, i.e., Myxococcota averaged 202 (SD = 109) per MAG, and Bacteroidota 179 

averaged 108 (SD = 48) per MAG (Fig. 2 and Supp. Table 1). Bacteroidota MAGs have high numbers of 180 

extracellular proteins for their average MAG sizes (4.5 Mbp, SD = 0.93 Mbp), while many Myxococcota 181 

have large MAG sizes averaging 8.2 Mbp (SD = 2.1 Mbp) (Fig. 2, Supp. Fig. 1A  and Supp. Table 1). In 182 

contrast, MAGs from the Patescibacteria, Elusimicrobiota and Dependentiae generally have the fewest 183 

predicted extracellular proteins per MAG, averaging 15 (SD = 9) per MAG, which coincides with relatively 184 

small MAG sizes averaging 1.36 Mbp (SD = 0.67 Mbp) (Fig. 2, Supp. Fig. 1A and Supp. Table 1). This 185 

fits with the lifestyles of these groups, which are predicted to have relatively simple metabolisms and 186 

largely depend on molecules salvaged from other organisms (46–48).  187 

MAGs of the Bacteroidota (including class Ignavibacteria) and several Acidobacteriota MAGs, 188 

have “especially high numbers” (defined throughout as those with >2SD above the mean of counts per 189 

MAG, among all non-redundant MAGs) of predicted outer-membrane proteins per MAG (ranging 139-190 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.27.582363doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.27.582363
http://creativecommons.org/licenses/by-nc/4.0/


Tree scale: 1

Average 
abundances

0.001

0.067

0.133

0.2

0.266

0.332

0.398

0.465

0.531

0.597

0.663

Gam
map

rot
.

(fo
rm

er 
Beta

pro
t.)

G
am

m
ap

ro
t.

Elusimicro.

Actinomyc.
Patesci.Chloroflex.

Verruco.

Plancto.

G
em

m
a.

Ba
ct

er
oi

do
ta

Alphaprot.

M
yxoco.

Acido.Nitrospi.

EC, OM, CWPP, 

UNK+SP 500 proteins

250 proteins

No. of proteins encoded per MAG

0447_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0417_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0703_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0314_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0543_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0653_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0956_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0363_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0546_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0444_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0941_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0747_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0689_p__Bacteroidota_f__Saprospiraceae_gs__UBA3362

0373_p__Bacteroidota_f__Saprospiraceae_gs__JADJLQ01

0980_p__Bacteroidota_f__Saprospiraceae_gs__JADKGY01

0647_p__Bacteroidota_f__Saprospiraceae_gs__JADKGY01

0970_p__Bacteroidota_f__Saprospiraceae_gs__JADKGY01

0949_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0841_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0415_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0844_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0499_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0892_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0953_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0947_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0681_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0697_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0834_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0804_p__Bacteroidota_f__Saprospiraceae_gs__OLB9

0784_p__Bacteroidota_f__Saprospiraceae_gs__JADKBO01

0920_p__Bacteroidota_f__Saprospiraceae_gs__JADKBO01

0827_p__Bacteroidota_f__Saprospiraceae_gs__JADKBO01
0221_p__Bacteroidota_f__Saprospiraceae_gs__JADJGA01
0604_p__Bacteroidota_f__Saprospiraceae_gs__JADJTT01
0096_p__Bacteroidota_f__Saprospiraceae_gs__JADJTT01
0831_p__Bacteroidota_f__Saprospiraceae_gs__UBA61680737_p__Bacteroidota_f__Saprospiraceae_gs__UBA61680485_p__Bacteroidota_f__Saprospiraceae_gs__JADJPL010275_p__Bacteroidota_f__Saprospiraceae_gs__JADJPL010862_p__Bacteroidota_f__Saprospiraceae_gs__Haliscomenobacter0788_p__Bacteroidota_f__Saprospiraceae_gs__JABWBR01
0438_p__Bacteroidota_f__Saprospiraceae_gs__JADJNW01
0736_p__Bacteroidota_f__Saprospiraceae_gs__M3007
0753_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0691_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0620_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0195_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0582_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0531_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0446_p__Bacteroidota_f__Saprospiraceae_gs__M3007

0650_p__Bacteroidota_f__Saprospiraceae_gs__JADJVK01

1059_p__Bacteroidota_f__Saprospiraceae_gs__JADKKF01

0869_p__Bacteroidota_f__Saprospiraceae_gs__JADKKF01

0324_p__Bacteroidota_f__Saprospiraceae_gs__SLDF01

0306_p__Bacteroidota_f__Saprospiraceae_gs__OLB8

0568_p__Bacteroidota_f__Saprospiraceae_gs__OLB8

0601_p__Bacteroidota_f__Saprospiraceae_gs__JABDMH01

0370_p__Bacteroidota_f__Saprospiraceae_gs__JAGNXB01

0588_p__Bacteroidota_f__UBA2359_gs__JADJTE01

0849_p__Bacteroidota_f__UBA2359_gs__JAEUUX01

0702_p__Bacteroidota_f__UBA2359_gs__UBA2359

0323_p__Bacteroidota_f__UBA2359_gs__BJ6

0590_p__Bacteroidota_f__UBA2359_gs__JADJTG01

0798_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0609_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0897_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0639_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0366_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

1051_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0986_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0445_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

1003_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0652_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0901_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

1027_p__Bacteroidota_f__Chitinophagaceae_gs__Ferruginibacter

0495_p__Bacteroidota_f__Chitinophagaceae_gs__Lacibacter

0198_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0342_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0811_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

1061_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0794_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0740_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

1054_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0150_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

1063_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

1048_p__Bacteroidota_f__Chitinophagaceae_gs__JJ008

0222_p__Bacteroidota_f__Chitinophagaceae_gs__Niabella

1034_p__Bacteroidota_f__Chitinophagaceae_gs__UBA3961

0564_p__Bacteroidota_f__Chitinophagaceae_gs__OLB11

0517_p__Bacteroidota_f__Chitinophagaceae_gs__OLB11

0781_p__Bacteroidota_f__Chitinophagaceae_gs__OLB11

0310_p__Bacteroidota_f__Chitinophagaceae_gs__OLB11

0065_p__Bacteroidota_f__UBA10324_gs__JACCZZ01

0938_p__Bacteroidota_f__UBA10324_gs__JACCZZ01

1015_p__Bacteroidota_f__JADIYW01_gs__JADJSS01

0750_p__Bacteroidota_f__JADIYW01_gs__JADJSS01

0576_p__Bacte
roidota_f__JADIYW01_gs__JADJSS01

0482_p__Bacte
roidota_f__JADIYW01_gs__JADJSS01

0027_p__Bacte
roidota_f__JADIYW01_gs__JADIYW01

0902_p__Bacte
roidota_f__BACL12_gs__UBA7236

0329_p__Bacte
roidota_f__BACL12_gs__UBA7236

0295_p__Bacte
roidota_f__BACL12_gs__UBA7236

0786_p__Bacte
roidota_f__BACL12_gs__JA

DKAC01

1032_p__Bacte
roidota_f__LD1_gs__Bog-950

0777_p__Bacte
roidota_f__LD1_gs__Bog-950

0467_p__Bacte
roidota_f__JA

DJO
U01_gs__JA

DJO
U01

0918_p__Bacte
roidota_f__OLB10_gs__CAINEC01

0390_p__Bacte
roidota_f__OLB10_gs_

_CAINEC01

0474_p__Bacte
roidota_f__OLB10_gs_

_CAINEC01

10
01

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_C
AINEC01

04
50

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_C
AINEC01

04
72

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_J
ADKJB

01

10
26

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_J
ADKJB

01

04
43

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_J
ADJO

A01

04
57

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_O
LB

10

08
82

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_J
ADKFV01

09
39

_p
__

Bac
ter

oid
ota

_f_
_O

LB
10

_g
s_

_J
ADKFV01

05
79

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_J

ADKIH
01

01
97

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_J

ADKIH
01

10
06

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_J

ADKIH
01

10
58

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_J

ADKJP
01

10
41

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_J

ADKJP
01

04
60

_p
__

Bac
ter

oid
ota

_f_
_2

01
3-4

0C
M-41

-45
_g

s_
_C

AIN
VI01

07
06

_p
__

Bac
ter

oid
ota

_f_
_B

-1
7B

O_g
s_

_U
BA24

75

03
57

_p
__

Bac
ter

oid
ota

_f_
_B

-1
7B

O_g
s_

_U
BA24

75

03
96

_p
__

Ba
cte

ro
ido

ta_
f__

B-
17

BO
_g

s_
_J

AF
LB

H01

05
65

_p
__

Ba
cte

ro
ido

ta_
f__

B-
17

BO
_g

s_
_U

BA
44

16

01
96

_p
__

Ba
cte

ro
ido

ta_
f__

B-
17

BO
_g

s_
_U

BA
44

16

01
53

_p
__

Ba
cte

ro
ido

ta_
f__

B-
17

BO
_g

s_
_J

AD
JD

M01

02
53

_p
__

Ba
cte

ro
ido

ta_
f__

2-
12

-F
ULL

-3
5-

15
_g

s_
_J

AE
UTT

01

10
19

_p
__

Ba
cte

ro
ido

ta_
f__

2-
12

-F
ULL

-3
5-

15
_g

s_
_2

-1
2-

FU
LL

-3
5-

15

09
87

_p
__

Ba
cte

ro
ido

ta
_f

__
UB

A4
40

8_
gs

__
UB

A4
40

8

08
54

_p
__

Ba
cte

ro
ido

ta
_f

__
UB

A4
40

8_
gs

__
UB

A4
40

8

08
22

_p
__

Ba
cte

ro
ido

ta
_f

__
Va

din
HA

17
_g

s_
_L

D2
1

03
80

_p
__

Ba
cte

ro
ido

ta
_f

__
Va

din
HA

17
_g

s_
_L

D2
1

08
23

_p
__

Ba
cte

ro
ido

ta
_f

__
Va

din
HA

17
_g

s_
_L

D2
1

03
33

_p
__

Ba
cte

ro
ido

ta
_f

__
Va

din
HA

17
_g

s_
_L

D2
1

03
01

_p
__

Ba
cte

ro
ido

ta
_f

__
Va

din
HA

17
_g

s_
_S

R-
FB

R-
E9

9

07
26

_p
__

Ba
cte

ro
ido

ta
_f

__
UB

A1
04

28
_g

s_
_U

BA
10

42
8

00
18

_p
__

Ba
cte

ro
ido

ta
_f

__
Pr

oli
xib

ac
te

ra
ce

ae
_g

s_
_D

ra
co

nib
ac

te
riu

m

08
76

_p
__

Ba
cte

ro
ido

ta
_f

__
UB

A1
71

5_
gs

__
JA

DK
DL

01

02
52

_p
__

Ba
cte

ro
ido

ta
_f

__
UB

A4
41

7_
gs

__
UB

A4
41

7

02
48

_p
__

Ba
ct

er
oi

do
ta

_f
__

UB
A4

41
7_

gs
__

UB
A4

41
7

00
32

_p
__

Ba
ct

er
oi

do
ta

_f
__

Le
nt

im
icr

ob
ia

ce
ae

_g
s_

_L
en

tim
icr

ob
iu

m

01
84

_p
__

Ba
ct

er
oi

do
ta

_f
__

Le
nt

im
icr

ob
ia

ce
ae

_g
s_

_L
en

tim
icr

ob
iu

m

07
07

_p
__

Ba
ct

er
oi

do
ta

_f
__

F0
82

_g
s_

_U
BA

61
92

01
81

_p
__

Ba
ct

er
oi

do
ta

_f
__

DT
U0

49
_g

s_
_D

TU
04

9

05
25

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

00
05

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

06
67

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

04
49

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

07
01

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

06
07

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

01
56

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

10
38

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

03
45

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

09
42

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
HE

28
_g

s_
_P

HO
S-

HE
28

03
74

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

00
59

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

08
60

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

07
04

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

04
51

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

01
33

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

05
54

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

07
99

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

06
41

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

10
50

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

09
45

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

09
81

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

04
40

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

01
38

_p
__

Ba
ct

er
oi

do
ta

_f
__

PH
O

S-
H

E2
8_

gs
__

PH
O

S-
H

E2
8

10
24

_p
__

Ba
ct

er
oi

do
ta

_f
__

U
A1

6_
gs

__
U

BA
46

60

01
88

_p
__

Ba
ct

er
oi

do
ta

_f
__

C
ro

ci
ni

to
m

ic
ac

ea
e_

gs
__

JA
D

JG
J0

1

07
32

_p
__

Ba
ct

er
oi

do
ta

_f
__

C
ro

ci
ni

to
m

ic
ac

ea
e_

gs
__

JA
D

JG
J0

1

02
30

_p
__

Ba
ct

er
oi

do
ta

_f
__

C
ro

ci
ni

to
m

ic
ac

ea
e_

gs
__

JA
D

JG
J0

1

08
35

_p
__

Ba
ct

er
oi

do
ta

_f
__

Fl
av

ob
ac

te
ria

ce
ae

_g
s_

_F
la

vo
ba

ct
er

iu
m

09
85

_p
__

Ba
ct

er
oi

do
ta

_f
__

Fl
av

ob
ac

te
ria

ce
ae

_g
s_

_F
la

vo
ba

ct
er

iu
m

08
78

_p
__

Ba
ct

er
oi

do
ta

_f
__

Fl
av

ob
ac

te
ria

ce
ae

_g
s_

_F
la

vo
ba

ct
er

iu
m

05
51

_p
__

Ba
ct

er
oi

do
ta

_f
__

C
yc

lo
ba

ct
er

ia
ce

ae
_g

s_
_E

LB
16

-1
89

03
84

_p
__

Ba
ct

er
oi

do
ta

_f
__

C
yc

lo
ba

ct
er

ia
ce

ae
_g

s_
_E

LB
16

-1
89

10
16

_p
__

Ba
ct

er
oi

do
ta

_f
__

Sp
iro

so
m

ac
ea

e_
gs

__
Le

ad
be

tte
re

lla
08

50
_p

__
Ba

ct
er

oi
do

ta
_f

__
JA

D
KC

L0
1_

gs
__

JA
D

KC
L0

1
02

83
_p

__
Ba

ct
er

oi
do

ta
_f

__
Ig

na
vi

ba
ct

er
ia

ce
ae

_g
s_

_I
G

N
3

03
87

_p
__

Ba
ct

er
oi

do
ta

_f
__

Ig
na

vi
ba

ct
er

ia
ce

ae
_g

s_
_I

G
N

3
02

61
_p

__
Ba

ct
er

oi
do

ta
_f

__
Ig

na
vi

ba
ct

er
ia

ce
ae

_g
s_

_I
G

N
3

01
75

_p
__

Ba
ct

er
oi

do
ta

_f
__

Ig
na

vi
ba

ct
er

ia
ce

ae
_g

s_
_J

AD
JE

I0
1

07
11

_p
__

Ba
ct

er
oi

do
ta

_f
__

Ig
na

vi
ba

ct
er

ia
ce

ae
_g

s_
_G

C
A-

01
67

00
15

5
06

69
_p

__
Ba

ct
er

oi
do

ta
_f

__
Ig

na
vi

ba
ct

er
ia

ce
ae

_g
s_

_I
G

N
2

0687_p__Bacteroidota_f__M
elioribacteraceae_gs__G

C
A-2746605

0226_p__Bacteroidota_f__M
elioribacteraceae_gs__G

C
A-2746605

0470_p__Bacteroidota_f__M
elioribacteraceae_gs__G

C
A-2746605

0439_p__Bacteroidota_f__Ignavibacteriaceae_gs__U
TC

H
B3

0276_p__Bacteroidota_f__Ignavibacteriaceae_gs__U
TC

H
B3

0409_p__Bacteroidota_f__B-1AR
_gs__JAEU

SI01
0608_p__Bacteroidota_f__B-1AR

_gs__JAG
PC

H
01

0751_p__Bacteroidota_f__B-1AR
_gs__U

BA2330
0693_p__Bacteroidota_f__B-1AR

_gs__U
BA2330

0066_p__Bacteroidota_f__B-1AR
_gs__JAD

JAH
01

0724_p__Bacteroidota_f__U
BA961_gs__JAD

JXV01
0475_p__Bacteroidota_f__U

BA961_gs__U
BA2353

0293_p__Bacteroidota_f__Kapabacteriaceae_gs__U
BA10438

0716_p__Bacteroidota_f__O
LB7_gs__O

LB7

0963_p__Bacteroidota_f__O
LB7_gs__G

C
A-016700335

1049_p__Bacteroidota_f__SZU
A-365_gs__JAD

KJW
01

0265_p__Bacteroidota_f__U
BA6906_gs__JAG

D
M

K01

0995_p__AABM
5-125-24_f__R

PQ
S01_gs__JABW

C
Q

01

0174_p__AABM
5-125-24_f__R

PQ
S01_gs__JABW

C
Q

01

0135_p__AABM
5-125-24_f__R

PQ
S01_gs__JABW

C
Q

01

0506_p__Fibrobacterota_f__U
BA5070_gs__U

BA5070

0826_p__Fibrobacterota_f__U
BA5070_gs__U

BA5070

0802_p__G
em

m
atim

onadota_f__G
em

m
atim

onadaceae_gs__SC
N

-70-22

0062_p__G
em

m
atim

onadota_f__G
em

m
atim

onadaceae_gs__SC
N

-70-22

0540_p__G
em

m
atim

onadota_f__G
em

m
atim

onadaceae_gs__SC
N

-70-22

0442_p__G
em

m
atim

onadota_f__G
em

m
atim

onadaceae_gs__PN
KF01

1045_p__G
em

m
atim

onadota_f__G
em

m
atim

onadaceae_gs__G
em

m
atim

onas

0139_p__G
em

m
atim

onadota_f__G
W

C
2-71-9_gs__JAD

JO
M

01

0476_p__G
em

m
atim

onadota_f__G
W

C
2-71-9_gs__JAD

JO
M

01

1053_p__G
em

m
atim

onadota_f__G
W

C
2-71-9_gs__Palsa-1233

0069_p__G
em

m
atim

onadota_f__G
W

C
2-71-9_gs__Palsa-1233

0239_p__Zixibacteria_f__FEB-12_gs__FEB-12

0223_p__Zixibacteria_f__CAIYYT01_gs__JADJG
C01

0125_p__Krum
holzibacteriota_f__LZO

RAL124-64-63_gs__CAINDZ01

0519_p__Krum
holzibacteriota_f__LZO

RAL124-64-63_gs__CAINDZ01

0749_p__Krum
holzibacteriota_f__LZO

RAL124-64-63_gs__PNO
J01

0298_p__Krum
holzibacteriota_f__LZO

RAL124-64-63_gs__PNO
J01

0527_p__Eisenbacteria_f__CAIM
UX01_gs__JADJQ

Y01

0368_p__Eisenbacteria_f__RBG
-16-71-46_gs__CAIXRL01

0441_p__Planctom
ycetota_f__G

CA-002686595_gs__JADJNY01

0383_p__Planctom
ycetota_f__G

CA-002686595_gs__JADJLZ01

0522_p__Planctom
ycetota_f__G

CA-002686595_gs__JADJQ
U01

0789_p__Planctom
ycetota_f__JADKAF01_gs__JADKAF01

0490_p__Planctom
ycetota_f__UBA2386_gs__JADJPQ

01

0684_p__Planctom
ycetota_f__UBA2386_gs__JADJW

Q
01

0177_p__Planctom
ycetota_f__JADJEK01_gs__JADJEK01

0542_p__Planctom
ycetota_f__UBA2392_gs__JADJRK01

0969_p__Planctom
ycetota_f__UBA2392_gs__H3-PLA7

0289_p__Planctom
ycetota_f__Brocadiaceae_gs__Brocadia_sapporoensis

0668_p__Planctom
ycetota_f__Fen-1342_gs__CAADGM

01

0673_p__Planctom
ycetota_f__Fen-1342_gs__JADJW

G01

0719_p__Planctom
ycetota_f__Fen-1342_gs__H1-PLA3

0538_p__Planctom
ycetota_f__UTPLA1_gs__JADJRI01

0524_p__Planctom
ycetota_f__UBA1924_gs__GCA-016699835

0688_p__Planctom
ycetota_f__UBA1924_gs__JABW

BB01

0405_p__Planctom
ycetota_f__UBA1924_gs__PNC22

0479_p__Verrucom
icrobiota_f__JADJPG01_gs__JADJPG01

0672_p__Verrucom
icrobiota_f__J093_gs__JADJW

F01

0496_p__Verrucomicrobiota_f__Verrucomicrobiaceae_gs__Prosthecobacter

0486_p__Verrucomicrobiota_f__Verrucomicrobiaceae_gs__Prosthecobacter

0974_p__Verrucomicrobiota_f__Opitutaceae_gs__Nibricoccus

0766_p__Verrucomicrobiota_f__Opitutaceae_gs__UBA2377

0594_p__Verrucomicrobiota_f__Opitutaceae_gs__CAJCBL01

0410_p__Chloroflexota_f__EnvOPS12_gs__OLB14

0813_p__Chloroflexota_f__EnvOPS12_gs__OLB14

0891_p__Chloroflexota_f__EnvOPS12_gs__OLB14

0877_p__Chloroflexota_f__EnvOPS12_gs__OLB14

1010_p__Chloroflexota_f__EnvOPS12_gs__OLB14

0108_p__Chloroflexota_f__EnvOPS12_gs__OLB14

0686_p__Chloroflexota_f__EnvOPS12_gs__UBA12294

1021_p__Chloroflexota_f__EnvOPS12_gs__UBA12294

0946_p__Chloroflexota_f__A4b_gs__OLB15

0483_p__Chloroflexota_f__A4b_gs__OLB15

0671_p__Chloroflexota_f__A4b_gs__OLB13

0507_p__Chloroflexota_f__A4b_gs__OLB13

0020_p__Chloroflexota_f__Promineofilaceae_gs__JADJXA01

0694_p__Chloroflexota_f__Promineofilaceae_gs__JADJXA01

0708_p__Chloroflexota_f__Promineofilaceae_gs__GCA-2699125

0454_p__Chloroflexota_f__Promineofilaceae_gs__GCA-2699125

0259_p__Chloroflexota_f__Promineofilaceae_gs__Promineofilum

0633_p__Chloroflexota_f__Promineofilaceae_gs__JADJUV01

0583_p__Chloroflexota_f__Promineofilaceae_gs__JADJSZ01

0884_p__Chloroflexota_f__J036_gs__JADKDT01

0480_p__Chloroflexota_f__Caldilineaceae_gs__JADJPH01

0662_p__Chloroflexota_f__Caldilineaceae_gs__Caldilinea

0739_p__Chloroflexota_f__SSC4_gs__JADJYJ01

0136_p__Chloroflexota_f__UCB3_gs__JADJCV01

0615_p__Chloroflexota_f__UCB3_gs__JADJUE01

0968_p__Chloroflexota_f__Roseiflexaceae_gs__Kouleothrix

0936_p__Chloroflexota_f__Roseiflexaceae_gs__JADKFS01

0111_p__Chloroflexota_f__Tepidiformaceae_gs__JACPOQ01

0762_p__Chloroflexota_f__Tepidiformaceae_gs__FeB-14

0431_p__Patescibacteria_f__UBA1568_gs__GCA-016699975

0539_p__Patescibacteria_f__UBA1568_gs__GCA-016699975

0642_p__Patescibacteria_f__UBA1568_gs__GCA-016699975

0432_p__Patescibacteria_f__UBA1568_gs__SSEF01

0825_p__Patescibacteria_f__GCA-2747515_gs__M50B92

0434_p__Patescibacteria_f__EsbW-18_gs__EsbW-18

0256_p__Patescibacteria_f__UBA918_gs__Damh-18

0427_p__Patescibacteria_f__UBA9973_gs__GCA-016699365

0050_p__Patescibacteria_f__UBA9973_gs__GCA-016699085

0183_p__Patescibacteria_f__2-12-FULL-60-25_gs__CAIXDN01

0796_p__Patescibacteria_f__UBA917_gs__UBA919

0674_p__Patescibacteria_f__UBA920_gs__UBA920

0436_p__Patescibacteria_f__UM-FILTER-43-11_gs__GCA-016699515

0790_p__Patescibacteria_f__GCA-016699755_gs__GCA-016699755

0105_p__Patescibacteria_f__2-02-FULL-48-14_gs__GCA-016699145

0640_p__Patescibacteria_f__UBA4665_gs__GCA-2746885

0623_p__Patescibacteria_f__UBA4665_gs__GCA-2746885

1030_p__Patescibacteria_f__UBA4665_gs__GCA-2746885

0951_p__Patescibacteria_f__SZUA-47_gs__GCA-016700315

0979_p__Patescibacteria_f__Saccharimonadaceae_gs__Saccharimonas_aalborgensis

0664_p__Patescibacteria_f__Saccharimonadaceae_gs__Saccharimonas

0599_p__Patescibacteria_f__Nanoperiomorbaceae_gs__GCA-016699895

0100_p__Patescibacteria_f__UBA4664_gs__GCA-016699105

0699_p__Patescibacteria_f__GCA-016700035_gs__GCA-016700035

0234_p__Patescibacteria_f__GWC2-37-13_gs__JACOTV01

0720_p__Patescibacteria_f__GWC2-37-13_gs__UBA1450

0717_p__Patescibacteria_f__UBA8517_gs__GCA-016700095

0455_p__Patescibacteria_f__GCA-016699595_gs__GCA-016699595

0648_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_sp.

0663_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_sp.

0800_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_sp.

0054_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_baldrii

0277_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_hoodrii

0600_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Phosphoribacter_sp.

0944_p__Actinobacteriota_f__Dermatophilaceae_gs__Ca._Lutibacillus_vidarii

0655_p__Actinobacteriota_f__Dermatophilaceae_gs__Phycicoccus_A_elongatus

0649_p__Actinobacteriota_f__Dermatophilaceae_gs__JADJVJ01

0167_p__Actinobacteriota_f__Dermatophilaceae_gs__Tetrasphaera_A

0500_p__Actinobacteriota_f__Dermatophilaceae_gs__Austwickia

0592_p__Actinobacteriota_f__Dermatophilaceae_gs__JADJTI01

0488_p__Actinobacteriota_f__Kineosporiaceae_gs__JADJPO01

0132_p__Actinobacteriota_f__UBA10799_gs__JADKAV01

0807_p__Actinobacteriota_f__UBA10799_gs__JADKAV01

0948_p__Actinobacteriota_f__S36-B12_gs__UBA10649

0596_p__Actinobacteriota_f__Propionibacteriaceae_gs__Micropruina

0666_p__Actinobacteriota_f__Propionibacteriaceae_gs__JADJVZ01

0598_p__Actinobacteriota_f__Propionibacteriaceae_gs__Micropruina

0935_p__Actinobacteriota_f__Propionibacteriaceae_gs__Propionicimonas

0591_p__Actinobacteriota_f__Propionibacteriaceae_gs__Brevilactibacter

0425_p__Actinobacteriota_f__Propionibacteriaceae_gs__Arachnia

1069_p__Actinobacteriota_f__Microtrichaceae_gs__Microthrix_parvicella

0757_p__Actinobacteriota_f__Microtrichaceae_gs__Microthrix

0110_p__Actinobacteriota_f__Microtrichaceae_gs__JADJBW01

0161_p__Actinobacteriota_f__JAAYBP01_gs__JAAZBK01
0700_p__Actinobacteriota_f__JADJXE01_gs__JADJXE01

0971_p__Actinobacteriota_f__Ilumatobacteraceae_gs__UBA668
0698_p__Actinobacteriota_f__Ilumatobacteraceae_gs__Kalu-18

0548_p__Actinobacteriota_f__70-9_gs__67-140510_p__Firmicutes_f__Streptococcaceae_gs__Streptococcus_infantarius0456_p__Firmicutes_C_f__Veillonellaceae_gs__Veillonella0678_p__Cyanobacteria_f__Obscuribacteraceae_gs__JADJWK010123_p__Cyanobacteria_f__Obscuribacteraceae_gs__Aved-18
0886_p__Cyanobacteria_f__Obscuribacteraceae_gs__Obscuribacter
0528_p__Cyanobacteria_f__Obscuribacteraceae_gs__Obscuribacter

0534_p__Cyanobacteria_f__Vampirovibrionaceae_gs__JADJRF01

0090_p__Coprothermobacterota_f__Coprothermobacteraceae_gs__Coprothermobacter_proteolyticus

0581_p__Spirochaetota_f__Leptospiraceae_gs__UBA2033

0216_p__Spirochaetota_f__Leptospiraceae_gs__UBA2033

0845_p__Elusimicrobiota_f__FEN-1173_gs__JADKHR01

0774_p__Elusimicrobiota_f__FEN-1173_gs__JADKHR01

0990_p__Elusimicrobiota_f__FEN-1173_gs__JADKHR01

0320_p__Elusimicrobiota_f__FEN-1173_gs__JADJJR01

1023_p__Elusimicrobiota_f__FEN-1173_gs__JADKIY01

0292_p__OLB16_f__OLB16_gs__OLB16

0218_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0808_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0284_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JAABRC01

0874_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0898_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0087_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0002_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0761_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0199_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rhodoferax

0029_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JAAFJR01

0498_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Ramlibacter

0106_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JADJBS01

0400_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Giesbergeria

0976_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JAABQG01

0162_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Ottowia

0129_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Ottowia

0406_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rubrivivax

0058_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rubrivivax

0670_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rubrivivax

0267_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rubrivivax

0754_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Rubrivivax

0155_c__Gammaproteobacteria_f__Burkholderiaceae_gs__CAIKUF01

0311_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Piscinibacter

0157_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JADJDQ01

0121_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JADJCH01

0372_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Ideonella

0999_c__Gammaproteobacteria_f__Burkholderiaceae_gs__Aquabacterium_A

0685_c__Gammaproteobacteria_f__Burkholderiaceae_gs__JADJWR01

0656_c__Gammaproteobacteria_f__Burkholderiaceae_gs__CAIZPE01

0376_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

0008_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

0402_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

1014_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

0830_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

0958_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__Azonexus

0728_c__Gammaproteobacteria_f__Rhodocyclaceae_gs__SSSZ01
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Figure 2. Phylogenomic tree of 581 MAGs from Danish WWTPs with counts of predicted secreted proteins. Outer ring bars 
(out-to-in) correspond to counts of proteins classified as “extracellular” (red bars, “EC”), “outer-membrane” (blue bars, “OM”), 
“periplasmic” (orange bars, “PP”), or “cell wall” (teal-blue bars, “CW”). Scale for counts of proteins are indicated in bottom left 
legend. Second most inner ring (purple bars, “UNK+SPs”) corresponds to counts of proteins classified as “Unknown with signal 
peptides”, per MAG. Most inner rign (“Abund.”) with heatmap corresponds to average relative abundances of MAG-populations 
based on read mapping to MAGs from all metagenomes analysed (values also in Supp. Table 1, colour-scale presented in 
legend to bottom-right). Leaf labels include the MAG number, followed by taxonomic strings of: phyla (class for Pseudomonado-
ta), family, genus-species, denoted by p__, c__, f__, gs__, respectively. Clades of most major phyla are indicated inside the tree 
with: Nitrospirota; Acidobact. (Acidobacteriota); Myxococc. (Myxococcota); Alphaprot. (Alphaproteobacteria); Gammaprot. 
(Gammaproteobacteria); Betaprot. (Betaproteobacteria); Elusimicro. (Elusimicrobiota); Actinomyc. (Actinomycetota); Patesci. 
(Patescibacteria); Chloroflex. (Chloroflexota), Verruco. (Verrucomicrobiota); Plancto. (Planctomycetota); Gemma. (Gemmati-
monadota); Bacteroidota. GTDB species names are only presented if named, i.e., GTDB number codes were removed. The tree 
is based on a concatenated alignment of protein sequences derived from single copy marker genes obtained from CheckM 
analysis of MAGs. Scale bar represents 100% sequence divergence. 
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174 per MAG) (Fig. 2, Supp. Fig. 1C and Supp. Table 1). Chloroflexota had the highest numbers of 191 

predicted cell wall-bound proteins among organisms with Gram-positive cell walls (up to 65) (Fig. 2, Supp. 192 

Fig. 1C and Supp. Table 1). Groups encoding high numbers of predicted periplasmic proteins per MAG 193 

included Gammaproteobacteria (mostly from Burkholderiales, i.e., former Betaproteobacteria), 194 

Myxococcota, and an Acidobacteriota MAG (ranging 170-283 per MAG) (Fig. 2, Supp. Fig. 1D and Supp. 195 

Table 1). For predicted CM proteins, Chloroflexota MAGs stood-out for having especially high numbers, 196 

averaging 1725 per MAG (SD = 524) (Supp. Table 1, Supp. Fig. 1E and Supp. Fig. 2). 197 

Numbers of UNK+SP proteins per MAG correlated strongly with total numbers of extra-198 

cytoplasmic proteins per MAG (Pearson correlation, R = 0.841, p < 0.001) (Supp. Fig. 3). This supports 199 

the strong trends in the propensity of different taxa with capabilities to secrete varying types of proteins. 200 

MAGs of Myxococcota and Bacteroidota had the most, averaging 1186 (SD = 431) and 584 (SD = 133) 201 

UNK+SP proteins per MAG, respectively (Fig. 2, Supp. Fig. 1E and Supp. Table 1). MAGs from the 202 

Patescibacteria generally have the fewest predicted UNK+SP proteins per MAG, averaging only 44 (SD 203 

= 15). Notably, MAGs from several phyla had many UNK+SP proteins that had few PSORTb-predicted 204 

extra-cytoplasmic proteins, i.e., the Planctomycetota, Gemmatimonadota, Acidobacteriota and 205 

Verrucomicrobiota, among others (Fig. 2 and Supp. Table 1). This suggests they have many proteins 206 

that are not similar to proteins that have been proven to be secreted, and were therefore given “unknown” 207 

locations by PSORTb, although they are likely secreted. This implies that these taxa are enriched in novel 208 

secreted proteins, which likely impart undescribed functions.  209 

Secreted carbohydrate active enzymes are most prevalent among Bacteroidota  210 

Carbohydrates are abundant in WWTPs, accounting for 18% of the COD in influent wastewater 211 

(49), and of which up to 85% is high molecular weight (50). They are derived from the supply of fresh 212 

sewage material (49), or from in situ produced extracellular polymeric substances (EPS), and/or cellular 213 

components of biomass (51). They are therefore major nutrient sources for WWTP microbiomes, with 214 

high removal rates of up to 85% of carbohydrates from wastewater indicating they are readily 215 

biodegraded (52). We therefore identified carbohydrate active enzymes (CAZy) that are predicted to be 216 

secreted and could help microorganisms to degrade and use polysaccharides, i.e., glycoside hydrolases, 217 

proteins with carbohydrate-binding modules, carbohydrate esterases, and polysaccharide lyases (Supp. 218 

Table 5).  219 

Overall, Bacteroidota encode the most extracellular CAZy proteins per MAG, e.g., they represent 220 

20 of the top 26 MAGs when ranked by numbers of extracellular CAZy enzymes (i.e., those with >2SD 221 

above the mean; ≥8 extracellular CAZy per MAG) (Supp. Table 5). Additionally, two Verrucomicrobiota 222 

MAGs, two Fibrobacterota MAGs, and a single Cellvibrio MAG were also among MAGs encoding high 223 

numbers of extracellular CAZy enzymes (>2SD above the mean). These taxa likely have specialized 224 

capabilities to degrade high-molecular weight polysaccharides.  225 
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MAGs with multiple (≥2) predicted outer-membrane-bound CAZy mostly belonged to Bacteroidota 226 

(N = 58), as well as Gemmatimonadota (N = 7), Verrucomicrobiota (N = 2), Acidobacteriota (N = 2), and 227 

single MAGs of Fibrobacterota, Gammaproteobacteria, Alphaproteobacteria and Planctomycetota (Supp. 228 

Table 5). MAGs of the Ignavibacteria (Bacteroidota) encode the most, with up to 9 outer-membrane CAZy 229 

per MAG. Among the Gram-positive lineages, cell wall-associated CAZy were encoded by various 230 

Chloroflexota (Anaerolineae) (N = 18), and several Actinomycetota (N = 6) and Patescibacteria (N = 4) 231 

(Supp. Table 5). Similarly, MAGs of Bacteroidota (N = 3), Verrucomicrobiota (N = 2), a Gemmatimonadota 232 

MAG and a Acidobacteriota MAG were among MAGs encoding especially high periplasmic CAZy (those 233 

with >2SD above mean) (Supp. Table 5).  234 

Among the different classes of extra-cytoplasmic CAZy, glycoside hydrolases were most 235 

widespread among MAGs (N = 387), followed by carbohydrate-binding modules (N = 155), carbohydrate 236 

esterases (N = 154) and polysaccharide lyases (N = 47) (Supp. Table 5). Similarly, among UNK+SP 237 

proteins, glycoside hydrolases were the most widespread among MAGs (N = 427), while polysaccharide 238 

lyases were the least common (N = 115) (Supp. Table 5). This suggests fewer taxa have the capacity to 239 

use polysaccharides with complex structures and/or modifications that require enzymes like carbohydrate 240 

esterases and polysaccharide lyases.  241 

In total, 17 MAGs encode all aforementioned extra-cytoplasmic CAZy types, and belonged to the 242 

Bacteroidota (mostly genus Haliscomenobacter), a Fibrobacterota MAG, a Verrucomicrobiota MAG and 243 

a Gammaproteobacteria MAG (Supp. Table 5). An additional 32 MAGs encode all four major CAZy types 244 

among UNK+SP proteins, and mostly belong to diverse Bacteroidota (N = 19), as well as Myxococota 245 

MAGs (N = 5), several Gammaproteobacteria, Fibrobacterota and Acidobacteriota MAGs, and single 246 

MAGs of Krumholzibacteriota and Planctomycetota (Supp. Table 5). These taxa likely have capacities to 247 

degrade structurally complex polysaccharides that require multiple types of CAZy.  248 

Together, the results show that diverse and abundant Bacteroidota have high capacity to 249 

contribute to digesting diverse extracellular polysaccharides, which indicates they probably make 250 

important contributions to the process in situ. This is in line with the known ability of many Bacteroidota 251 

as polysaccharide-degrading specialists in marine and mammalian gut systems (53). Several members 252 

of the Chloroflexota are also abundant, probable extracellular polysaccharide-degraders, which supports 253 

previous work in WWTPs (35). Other taxa with probable extracellular polysaccharide-degrading 254 

capabilities from the Verrucomicrobiota, Planctomycetota, Fibrobacterota, Acidobacteriota and Cellvibrio 255 

are also known for their polysaccharide-degrading capabilities in other environments (54–57), while taxa 256 

of Gemmatimonadota that have high numbers of secreted CAZymes are poorly understood with regards 257 

to carbohydrate use. 258 

 259 
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Peptidases are the most prevalent secreted hydrolytic enzymes encoded 260 

Proteins are among the most abundant and labile nutrients available for microorganisms in 261 

WWTPs (49). To identify secreted peptidases and/or proteases (herein ‘peptidases’) with probable 262 

“nutrient-acquiring” functions, we identified predicted secreted peptidases and took conservative steps to 263 

exclude peptidases likely associated with biosynthetic or house-keeping functions, i.e., we mapped 264 

peptidases to different functional categories of clusters of orthologous groups (COG) and excluded those 265 

mapping to biosynthetic or house-keeping categories (see Materials and Methods). From this, we 266 

identified 572 predicted extracellular peptidases among 291 MAGs from diverse taxonomic groups, i.e., 267 

21 of 33 phyla and classes of Pseudomonadota (Proteobacteria) (Supp. Table 1). Many (55%) belonged 268 

to MEROPS peptidase family M4, which includes homologs to bacillolysin/thermolysin-type peptidases 269 

that are known as secreted “nutritional” peptidases (58). MAGs from the Bacteroidota (N = 25), 270 

Acidobacteriota (N = 4), Gammaproteobacteria (N = 3), Myxococcota (N = 3) and a Planctomycetota 271 

MAG encoded high numbers of extracellular peptidases per MAG (>2SD above the mean; ≥4 per MAG). 272 

Some of these taxa (Bacteroidota, Acidobacteroidota and Planctomycetota) were previously identified as 273 

enriched with genes for secreted peptidases among various environments (59). Among MAGs that 274 

encode numerous extracellular peptidases, members of the Thermomonas (Gammaproteobacteria) are 275 

known protein-degraders (60). This supports the notion that the predicted secreted peptidases they 276 

encode, and related types from other taxa, could be used for extracellular protein digestion.  277 

We also used the same classification strategy for peptidases with predicted outer-membrane and 278 

cell wall locations. Fewer peptidases with predicted outer-membrane/cell wall locations were found (N = 279 

134), mostly in the same taxa (N = 107) that encode extracellular peptidases (Supp. Table 1). Among 280 

predicted periplasmic and UNK+SP peptidases, most were related to peptidases with probable house-281 

keeping functions and were therefore not analysed further. 282 

Overall, these results indicate widespread potential to secrete peptidases by diverse taxa in 283 

WWTPs. Extracellular peptidases were the most common type of predicted extracellular catabolic 284 

enzymes targeting any of the major macromolecule classes in this study. This is in line with previous 285 

enzymatic assays in WWTPs that showed protease activity was the highest among macromolecule-286 

degrading activities tested (23, 27). We nevertheless wish to point-out that differentiating secreted 287 

peptidases with nutrient-acquiring functions versus biosynthetic or house-keeping functions, should be 288 

treated with caution. 289 

Secreted lipases indicate capacity to use lipids among a select subset of taxa 290 

Lipids and fats are abundant in influent water of WWTPs making up to 40% of COD (49), and 291 

secreted lipases are needed to initiate their breakdown. Predicted extracellular lipases were identified in 292 

153 MAGs (Supp. Table 1). MAGs from the Myxococcota (N = 10), Gammaproteobacteria (N = 9), 293 
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Bacteroidota (N = 3), two Alphaproteobacteria (N = 2) and a Bdellovibrionota MAG encoded multiple (≥2 294 

per MAG) copies of extracellular lipases with signal peptides and/or transmembrane features, with up to 295 

5 encoded by Rhodoferax MAG 0761. Predicted outer-membrane lipases were restricted to 63 MAGs, 296 

and were most common among Gammaproteobacteria MAGs (N = 40), although MAGs from a few other 297 

groups including family PHOS-HE28 of Bacteroidota encoded outer-membrane lipases, too. Important to 298 

note, is that the functional roles of outer-membrane-bound lipases are not completely understood, with 299 

some studies suggesting they could be involved in cell-membrane repair (61). Only eight MAGs had 300 

predicted cell wall-bound lipases, with six MAGs from Actinomycetota families and two MAGs of 301 

Caldilineaceae (Chloroflexota). An additional 158 MAGs spanning diverse taxa had predicted lipases 302 

among UNK+SP proteins, with 109 of these MAGs not having any predicted extracellular lipases (Supp. 303 

Table 1). The Bdellovibrionota MAG 0471 encoded the most, with 8 lipases among UNK+SP proteins. 304 

There were 44 MAGs with multiple (≥2 per MAG) lipases among UNK+SP proteins, most being 305 

Gammaproteobacteria (N = 14), Myxococcota (N = 11), and Actinomycetota (N = 5).  306 

Many of the MAGs encoding predicted secreted lipases are related to taxa known to have lipase 307 

activity, thereby supporting the functional predictions made here. For example, MAGs from the known 308 

lipolytic gammaproteobacterial genera Agitococcus (MAG 1031) (62) and Rhodoferax (MAG 0761) (63) 309 

encoded 3 and 5 extracellular lipases with SPs, respectively. Ca. Microthrix (Actinomycetota) have been 310 

shown to be specialized long-chain fatty acid-degraders (i.e., oleic acid) in situ and in vitro in activated 311 

sludge (64, 65), and all MAGs of this genus encoded predicted extracellular and/or UNK+SP lipases. We 312 

hypothesize secreted lipases among members of the Myxococcota and Bdellovibrionota may be involved 313 

in digesting the cell wall lipids of their prey (66, 67), because these taxa often exhibit predatory lifestyles 314 

(67–69). The lower number of MAGs with secreted lipases compared to hydrolases for the other major 315 

classes of macromolecules suggests a more specialized range of taxa have capacity for degradation of 316 

lipids, than for the other classes of macromolecules.  317 

Secreted nuclease genes are common suggesting important functional roles 318 

Extracellular nucleic acids may act as sources of nutrient or nucleic acid building blocks, and/or 319 

may play structural roles within biofilm-like flocs in WWTPs. Nevertheless, nothing is known about nucleic 320 

acid-degrading taxa in WWTPs. Overall, we identified diverse MAGs from various phyla (N = 351 MAGs; 321 

61% of MAGs) that encode predicted secreted nucleases, i.e., DNases and/or RNases (Supp. Table 1). 322 

Different types of extracellular nucleases (excluding specific RNases; see below) were generally encoded 323 

by different phyla, e.g., endonuclease-type by Bacteroidota; NUC-type nucleases by Bacteroidota and 324 

Acidobacteiota; SNc-type nucleases by Gram-positive Actinomycetota, Chloroflexota and 325 

Patescibacteria; and HNHc-type nucleases by diverse taxa (Supp. Table  6). MAGs of the Bacteroidota, 326 

Acidobacteriota and Chloroflexota were notable because they comprised 44 of the 51 MAGs that 327 

encoded multiple (≥2) predicted extracellular nucleases. Previous work in marine sediments showed that 328 
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bacteria with multiple copies of genes for extracellular nucleases were active DNA-degraders within 329 

experimental microcosms (70). Interestingly, 15 of the 28 Patescibacteria MAGs encoded extracellular 330 

nucleases. This is noteworthy because all Patescibacteria MAGs had few other predicted secreted 331 

proteins. Because Patescibacteria typically lack biosynthetic capabilities (71, 72), we hypothesize they 332 

use them to help salvage nucleobases for incorporation into new nucleic acids.  333 

In total 123 MAGs encoded probable secreted nucleases among UNK+SPs proteins (Supp. Table 334 

1). Seventeen of these had multiple (≥2) nucleases among UNK+SP proteins, including several 335 

Bacteroidota and Myxococcota MAGs, and single MAGs of Krumholzibacteriota, Eisenbacteria, 336 

Planctomycetota and Gammaproteobacteria (Supp. Table 1). Few nucleases were predicted to be outer-337 

membrane-bound (N = 10), and were mainly present among Bacteroidota. Predicted cell wall-bound 338 

nucleases were common among MAGs of Gram-positives, with 50% and 59% of Actinomycetota and 339 

Chloroflexota MAGs encoding them, respectively. Predicted periplasmic nucleotidases were widespread 340 

among MAGs (N = 240), being common among MAGs of Bacteroidota (N = 105). Many 341 

Gammaproteobacteria MAGs (N = 36) also encoded predicted periplasmic nucleotidases, but lacked 342 

other extracellular or outer-membrane nucleases. This suggests they are equipped to use free 343 

nucleotides but not to degrade polymeric nucleic acids.  344 

Predicted secreted RNases were more restricted, i.e., we identified 21 MAGs with extracellular 345 

RNases, and 69 MAGs with RNases among UNK+SP proteins (Supp. Table 1). Extracellular RNases 346 

were encoded in various Actinomycetota (N = 11), several Chloroflexota (N = 4) and Patescibacteria 347 

MAGs (N = 3), and single Bacteroidota and Firmicutes MAGs. Many of the MAGs with RNases among 348 

UNK+SP proteins were members of the Burkholderiales (N = 58) (Supp. Table 1). No RNases were 349 

identified for proteins among any of the other predicted extra-cytoplasmic compartments. 350 

Together, these results suggest extracellular nuclease activity might be an important yet 351 

underappreciated aspect of WWTP microorganisms. Nucleic acids could be supplied by the mass 352 

immigration of microorganisms into activated sludge that then die-off (39), or from in situ production for 353 

floc structures, or from in situ derived necromass. The ability to degrade nucleic acids could be important 354 

for processes such as: i) acquiring molecules such as bases or ribose for catabolism, ii) enabling salvage 355 

of nucleobases, iii) acquisition of phosphorus, and/or iv) regulating the structures of activated sludge flocs 356 

that contain extracellular DNA, if similar to these functions in other biofilms (73). 357 

Heme-binding proteins predict major differences in redox properties of WWTP 358 

microorganisms 359 

Secreted heme-binding proteins including cytochromes can mediate diverse electron transfer 360 

reactions and indicate capabilities to perform redox reactions and/or tolerate changing redox conditions. 361 

We therefore searched for the common canonical heme-binding motif (CxxCH) (74) among predicted 362 
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Figure 3. Phylogenomic tree of MAGs from Danish WWTPs with counts of heme-binding proteins for MAGs the major groups. Numbers in 
parenthesis of taxa names indicate the number of MAGs in each group. Counts are presented for proteins predicted to be present in the cytoplas-
mic-membrane (CM), periplasmic (PP), extracellular+outer-membrane+cell wall (EC+OM+CW),  or unknown location with signal peptide 
(UNK+SP). For EC+OM+CW and UNK+SP heme-binding proteins, counts of predicted multi-heme proteins (≥4 heme-binding sites) are presented. 
For PP and CM heme-binding proteins, counts of proteins with ≥1 heme-binding sites are presented. Boxplots show the summary statistics with 
boxes indicating interquartile ranges (IQR), whiskers indicate range of values within 1.5 × IQR, and horizontal lines show medians. The branches 
linking Archaea and Dependentiae to the tree are not shown, where the Dependentiae branch with the rest of the Bacteria.
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secreted proteins, and identified those with similarities to cytochromes. Further, we specifically identified 363 

proteins with multi-heme-binding sites (≥4) with predicted extracellular/outer-membrane/cell wall 364 

locations, because they often mediate extracellular electron transfer (75). We identified 259 multi-heme 365 

proteins among 149 MAGs, with MAGs encoding numerous multi-heme proteins (>2SD above the mean; 366 

≥3 per MAG) belonging to the Bacteroidota (N = 11), Myxococcota (N = 4), Gammaproteobacteria (N = 367 

3), Planctomycetota (N = 2), phylum AABM5-125-24 (N = 2), as well as single MAGs of the 368 

Verrucomicrobiota, Acidobacteriota, Desulfobacterota and “JADJOY01” (Fig. 3, Supp. Table 7). Many of 369 

these MAGs are from groups known to encode extracellular cytochromes for mediating extracellular 370 

electron transfer, such as Anaeromyxobacter (Myxococcota), Geobacterales (Desulfuromonadota) (76) 371 

and Geothrix (Acidobacteriota) (77). Multi-heme cytochromes were also previously reported in the same 372 

Geothrix-related MAGs (78), although sub-cellular locations were not predicted. Recent experimental 373 

work showed increases of Geothrix and Ignavibacteria spp. (Bacteroidota) in WWTPs when dosed with 374 

Fe(III) under anaerobic conditions (79), suggesting they used Fe(III) as an electron acceptor for growth. 375 

We therefore suggest the extra-cytoplasmic cytochromes we identified could facilitate such reactions.  376 

Analysis of UNK+SP proteins identified 708 multi-heme-binding proteins among 295 MAGs (Fig. 377 

3, Supp. Table 7). Groups with many (>2SD above the mean) multi-heme-binding proteins per MAG 378 

belonged to Myxococcota, Acidobacteriota, Planctomycetota, Chloroflexota and Krumholzibacteriota, 379 

among a few others. The arrays of multi-heme binding proteins highlight taxa in WWTPs that could 380 

potentially mediate electron exchange between insoluble molecules such as insoluble metals, humic-like 381 

organics, or directly between other cells. These findings also indicate previously unrecognized capacity 382 

for extracellular electron exchange among various taxa in WWTPs, especially among Bacteroidota.  383 

Among predicted secreted multi-heme-binding proteins, we identified many proteins with high 384 

numbers of heme-binding sites per protein among MAGs (Supp. Table 8).  They are especially prevalent 385 

among uncharacterised genera of the Saprospiraceae (Bacteroidota), e.g., they comprised 90% of the 386 

MAGs among the 50 proteins with the most heme-binding sites. A Paludibaculum MAG (Acidobacteriota) 387 

contained the most for a single protein, with 112 heme-binding motifs. We speculate they may play roles 388 

in extracellular electron transfer or electron storage “capacitor-like” functions (80).  389 

Among predicted periplasmic proteins with heme-binding sites, we identified diverse c-type 390 

cytochromes encoded in especially high numbers (>2SD above the mean; ≥18 per MAG) among MAGs 391 

of the Burkholdariales (N = 34) (Gammaproteobacteria), and single MAGs of Chromatiales 392 

(Gammaproteobacteria), Myxococcota and Verrucomicrobiota (Supp. Table 7). High numbers and 393 

diversity of cytochromes likely impart physiological flexibility through redox flexibility (81, 82). Overall, 394 

these results suggest major differences among different phylogenetic clades in their ability for 395 

cytochrome-mediated respiratory flexibility and/or abilities to tolerate changes in redox conditions in 396 

WWTPs. These properties likely manifest in differences in metabolic activity and/or ecological success 397 
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under the fluctuating redox conditions of activated sludge, which undergo drastic switches between 398 

anoxic and oxic conditions. 399 

Myxococcota MAGs encode especially large complements of secreted proteins 400 

Myxococcota MAGs encode the highest numbers of predicted extracellular proteins and 401 

UNK+SPs among all MAGs (Fig. 2 and Supp. Table 1), and therefore we aimed to explore the 402 

complements of their predicted extracellular proteins (apart from hydrolytic enzymes). Although it was 403 

beyond the scope of this study to analyze all predicted extracellular proteins from Myxococcota in detail, 404 

our analyses revealed: i) an expansive array of protein sequence diversity with little similarly to proteins 405 

with known functions; ii) various unusual proteins that are seemingly enriched among Myxococcota and 406 

few other bacterial phyla, but also present in eukaryotes, i.e., proteins with Stigma1 domains often found 407 

in proteins from fungi and plants; iii) many secreted proteins with adhesion properties that might be 408 

important for their functioning. Further details are described in the Supplementary information.    409 

Key features of predicted secreted proteomes of the most abundant taxa and key 410 

functional groups 411 

Finally, we specifically analyzed predicted extra-cytoplasmic and UNK+SP proteins from MAGs 412 

(N = 63) that represent abundant, as well as functionally relevant taxa (defined above) (Fig. 4), i.e., taxa 413 

likely relevant to nutrient removal processes such as PAOs, GAOs and nitrogen cycling bacteria like 414 

nitrifiers and denitrifiers (see Methods). First, we performed ortholog-group (OG) analysis of extra-415 

cytoplasmic proteins and UNK+SP proteins, separately, to identify highly-represented types of secreted 416 

proteins encoded among these taxa (Supp. Table 1). From these, we explored the functions of proteins 417 

from the top 100 OGs of these MAGs, i.e., OGs were ranked by sums of counts of proteins from MAGs, 418 

among each OG (Supp. Table 2 and Supp. Table 3). Hierarchical clustering of OGs and MAGs revealed 419 

clear phylogenetic clustering of MAGs based on OG contents of extra-cytoplasmic proteins (Fig. 5). This 420 

highlights that phylogenetically related microbes that are abundant and/or share similar process functions 421 

in activated sludge encode similar types of secreted proteins. 422 

The highest represented OGs related to proteins involved in nutrient catabolism and import 423 

(excluding probable biosynthetic or housekeeping functions) included proteins of TonB transporter outer-424 

membrane barrels and receptors that were abundant among Bacteroidota and Acidobacteriota MAGs, 425 

while components of ABC/TRAP proteins were common among Gammaproteobacteria MAGs (Fig. 5 and 426 

Supp. Table 2). This included most denitrifiers, which are mostly from the Gammaproteobacteria. Among 427 

OGs of UNK+SPs proteins, components of ABC-transporter proteins were also identified among Gram-428 

positive Actinomycetota and Chloroflexota MAGs (Supp. Fig. 4 and Supp. Table 3). TonB receptors are 429 

often associated with polysaccharide import systems and/or transport of larger organic molecules 430 

including vitamins and siderophores (83), while ABC- and TRAP-transporters are generally thought to be 431 
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MAG no._Genus_species
0.425 45 139 0 9 0 872 2 1 1 0 2 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0944_Lutibacillus_vidarii
0.950 44 102 0 8 0 948 2 1 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 1 0 0054_Phosphoribacter_baldrii
0.861 41 119 0 16 0 1017 3 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0277_Phosphoribacter_hodrii
0.158 34 97 0 6 0 871 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0800_Phosphoribacter
0.227 41 192 0 6 0 1098 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 3 0 0971_UBA668
0.609 29 142 0 9 0 1022 0 2 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 3 0 0757_Microthrix_subdominans
0.825 23 165 0 25 0 957 0 1 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 1 4 0 1069_Microthrix_parvicella
0.049 54 133 0 11 0 1111 3 1 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0666_JADJVZ01
0.038 50 125 0 11 0 1017 6 5 1 0 1 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0596_Micropruina
0.009 33 114 0 10 0 942 2 2 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0598_Micropruina
0.178 53 205 0 20 0 1612 4 4 1 0 3 1 0 0 0 0 0 0 0 0 1 0 2 7 91 56 0 0410_OLB14
0.116 28 238 0 64 0 1712 2 4 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 4 8 31 0 0891_OLB14
0.117 41 189 0 22 0 1749 2 7 2 0 0 0 0 0 0 2 1 0 0 0 0 0 1 6 5 68 0 0020_JADJXA01
0.435 95 270 0 47 0 1818 3 7 3 0 0 0 0 0 0 0 0 0 0 0 3 0 0 4 0 33 0 0739_JADJYJ01
0.160 104 789 101 0 38 692 2 6 2 2 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 9 4 0295_UBA7236
0.143 64 406 67 0 39 498 1 19 1 5 1 0 0 0 0 1 1 1 0 0 0 1 0 0 2 3 4 0901_Ferruginibacter
0.149 71 616 101 0 52 591 4 17 2 2 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 9 6 0811_JJ008
0.176 73 440 163 0 52 705 1 23 1 7 0 0 0 0 0 2 0 2 0 0 0 2 3 2 33 16 4 0261_IGN3
0.144 53 380 67 0 24 519 0 3 0 0 1 0 1 1 0 0 1 1 0 0 0 0 0 0 0 3 4 0027_JADIYW01
0.012 98 1000 162 0 99 1194 8 70 2 16 2 1 2 1 0 1 0 0 0 0 0 0 0 0 1 8 15 0862_Haliscomenobacter
0.028 65 577 127 0 83 775 14 49 6 13 3 1 0 0 0 1 2 0 0 0 0 2 0 1 0 13 5 0275_JADJPL01
0.031 68 667 140 0 87 851 15 50 4 20 4 1 0 0 0 1 2 0 0 0 0 2 0 1 0 15 6 0485_JADJPL01
0.139 99 749 93 0 69 796 5 18 1 3 1 0 0 0 0 1 0 0 0 0 0 1 2 1 177 23 10 0980_JADKGY01
0.160 63 462 122 0 32 492 1 3 4 0 2 0 0 0 0 0 1 2 0 0 0 0 0 0 3 4 13 0956_UBA3362
0.050 22 339 30 0 132 1029 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 8 10 0060_JAAKGP01
0.008 35 224 34 0 75 731 3 0 0 0 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0 2 8 0715_JADJXQ01
0.018 58 292 45 0 60 729 1 1 0 2 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0 4 4 0521_SSA4
0.003 53 312 33 0 77 808 2 2 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 2 7 0533_SSA4
0.102 17 180 27 0 63 709 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 9 0744_Competibacter
0.099 31 207 45 0 85 770 1 2 0 3 3 0 2 1 0 2 0 0 0 0 0 0 0 0 0 2 16 0473_Competibacter_A
0.120 36 212 45 0 95 821 1 1 0 2 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 3 16 0606_Competibacter_A
0.228 28 327 42 0 156 915 1 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 1 0 21 22 0976_JAABQG01
0.056 44 269 37 0 168 959 0 0 0 0 0 0 1 1 1 0 0 0 0 1 0 1 0 0 0 10 18 0284_JAABRC01
0.145 18 226 33 0 84 593 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 11 10 0029_JAAFJR01
0.073 30 297 52 0 118 923 1 0 0 0 1 0 1 1 0 1 0 0 0 1 0 2 1 0 10 10 11 0002_Rhodoferax_C
0.068 81 332 66 0 128 861 0 0 0 0 1 0 3 3 1 2 0 0 0 0 0 1 0 1 1 15 16 0218_Rhodoferax
0.420 39 400 59 0 161 1009 1 3 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 0 10 15 22 0406_Rubrivivax
0.104 46 274 46 0 77 659 2 0 0 0 2 0 1 1 0 0 0 1 0 0 0 0 0 0 0 7 17 0186_Nitrosomonas
0.044 51 203 46 0 58 561 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 19 0369_Nitrosomonas
0.063 66 240 53 0 69 629 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 25 15 0926_Nitrosomonas
0.062 57 277 43 0 75 624 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 17 17 0281_Nitrosomonas_oligotropha_A
0.057 60 332 56 0 115 992 1 3 0 0 0 0 1 1 1 0 0 0 0 1 0 0 0 0 0 9 24 0391_Accumulibacter_proximus
0.048 46 264 46 0 94 907 3 2 0 0 0 0 2 1 0 0 0 0 0 1 0 0 0 0 0 3 12 0466_Accumulibacter_affinis
0.083 42 292 61 0 85 898 1 1 0 0 0 0 2 2 0 0 1 0 0 1 0 0 0 0 0 1 15 0833_Accumulibacter_propinquus
0.140 28 237 58 0 109 727 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 5 28 0008_Azonexus
0.278 43 327 69 0 105 843 2 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 2 1 36 27 0376_Azonexus
0.325 23 339 41 0 120 857 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 16 27 0830_Azonexus
0.357 20 281 46 0 91 820 2 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 4 17 0958_Azonexus_phosphoritropha
0.192 34 293 66 0 124 898 1 0 0 0 0 0 2 2 0 0 0 0 0 1 0 0 0 0 0 8 21 1014_Azonexus_phosphorivorans
0.175 58 363 71 0 101 847 0 3 0 0 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 14 22 0266_Methylophosphatis_roskildensis
0.155 27 212 39 0 66 687 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 7 9 0358_Propionivibrio
0.963 23 206 38 0 67 701 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 6 0353_Propionivibrio_aalborgensis
0.210 44 287 45 0 128 895 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 21 28 0658_Sulfuritalea
0.015 42 337 85 0 117 930 0 1 0 0 0 0 0 0 1 3 0 0 0 1 0 0 0 1 0 18 22 0104_Zoogloea
0.056 41 255 68 0 109 716 1 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 2 1 20 18 1056_Zoogloea
0.393 30 484 55 0 75 810 0 3 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 22 13 0954_Nitrospira_A
0.014 45 427 32 0 55 722 0 0 0 0 0 0 3 0 0 1 0 0 0 0 0 0 0 2 0 33 12 0713_Nitrospira_F
0.079 55 514 39 0 73 850 0 1 0 0 1 0 2 0 0 0 0 1 0 0 0 0 0 2 4 28 14 0967_Nitrospira_F
0.159 10 218 57 0 40 497 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2 0 16 7 0320_JADJJR01
0.103 9 35 0 3 0 226 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0434_EsbW-18
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used for import of smaller low-molecular weight organics (84–86). Thus, this suggests distinct organic 432 

substrate preferences among these major phylogenetic groups in activated sludge. Additional findings 433 

regarding potential catabolic enzymes and proteins potentially involved in interspecies competition are 434 

described in the Supplementary information. OG analysis of predicted cytoplasmic membrane proteins 435 

were briefly explored and are described in the Supplementary information (Supp. Fig. 5 and Supp. Table 436 

4).  437 

Next, we specifically examined secreted macromolecule-degrading enzymes predicted from the 438 

abundant and functionally relevant taxa (Fig. 4). We revealed that different PAOs encode secreted 439 

enzymes that may facilitate contrasting ecological strategies. For instance, Ca. Phosphoribacter (MAGs 440 

0054 and 0277) and Ca. Lutibacillus (MAG 0944) (all formerly “Tetrasphaera”) (87), encode suits of 441 

secreted catabolic enzymes for different macromolecules, i.e., peptidases, RNases and CAZymes. They 442 

are differentiated from other PAOs like Ca. Accumulibacter and some Azonexus (Ca. Dechloromonas) 443 

that instead have predicted secreted lipases and very few CAZymes. This may be important for niche 444 

differentiation among PAOs. Key nitrogen cycling organisms such as ‘nitrifiers’ (ammonia- and/or nitrite-445 

oxidizers, including complete ammonia-oxidizers, i.e., ‘comammox’), encode very few secreted proteins 446 

and/or catabolic enzymes, which is in line with their specialized chemolithotrophic lifestyles that would 447 

not require investment in secreted hydrolases.  448 

Many abundant Gammaproteobacteria MAGs (18 of 28) encoded predicted RNases with signal 449 

peptides (UNK+SPs), and some had lipases. In contrast, many of the abundant filamentous bacteria in 450 

activated sludge (i.e., Chloroflexota, Actinomycetota and Bacteroidota) have the capacity to be primary-451 

degraders of organic macromolecules, whereby most encode numerous secreted catabolic enzymes for 452 

macromolecules.  453 

Among the abundant MAGs, two abundant Myxococcota MAGs had contrasting features. 454 

Anaeromyxobacteraceae MAG 0864 had the second most predicted extracellular cytochromes of any 455 

MAG (N = 8), and also many predicted periplasmic cytochromes (N = 32) (Fig. 5). This indicates high 456 

redox flexibility, as discussed previously for a cultured relative Anaeromyxobacter dehalogenans (91). 457 

The other MAG 0922 of an uncultured class GTDB UBA796 has the largest array of predicted 458 

extracellular proteins (N = 161) among the most abundant/core organisms analyzed here (Supp. Table 459 

1). It has extensive extracellular hydrolytic potential for digesting macromolecules, encoding three 460 

predicted extracellular peptidases, extracellular and UNK+SP CAZymes, as well as potential lipases and 461 

nucleases among UNK+SP proteins. 462 

 463 

Additional findings from manual inspections of secreted protein annotations of abundant taxa and 464 

key functional groups are detailed in the Supplementary information.  465 
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Conclusions 466 

 This study shows that predicted secreted proteins encoded by genomes of activated sludge 467 

microorganisms are highly distinct across different taxonomic groups, which indicates unique and 468 

contrasting ecological strategies, as well as potentially unique niche spaces (Fig. 6). We find strong 469 

evidence for the potential to digest extracellular macromolecules by key filamentous bacteria of 470 

Actinomycetota and Chloroflexota, many Bacteroidota, as well as key PAOs of Ca. Phosphoribacter and 471 

Ca. Lutibacillus (former Tetrasphaera). These taxa are therefore likely functioning as primary-hydrolysers 472 

in the microbial food webs of WWTPs. In contrast, most Gammaproteobacteria (mostly Burkholderiales, 473 

former Betaproteobacteria), many of which are abundant and/or functionally relevant populations, have 474 

limited capacity for extracellular hydrolysis of macromolecules, but seem adapted to utilize smaller and 475 

simple organics. Our analyses highlight Bacteroidota as key polysaccharide-degraders, but also groups 476 

that are poorly understood in activated sludge including Gemmatimonadota, Myxococcota and 477 

Acidobacteriota. We find that peptidases are the most taxonomically widespread secreted hydrolytic 478 

enzymes, while secreted lipases are the most restricted. We also show that secreted nucleases are 479 

encoded by diverse bacteria, suggesting important functions. Finally, our results provide a catalog of the 480 

secretion potential of all the MAGs investigated that can be linked to the MiDAS database (Supp. Table 481 

1) representing the majority of all abundant genera in WWTPs worldwide (38). Overall, this study reveals 482 

new perspectives into the functional potential of microorganisms in WWTPs and their potential to interact 483 

with the external environment. Future studies are needed to experimentally confirm the predictions made. 484 

 485 

  486 
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Materials and Methods 487 

Subcellular location profiling of proteins 488 

The 1083 MAGs analyzed in this study were previously generated from WWTPs across Denmark 489 

(37). The MAGs were given code numbers from 0001 to 1083 (Supp. Table 1). The taxonomies of the 490 

MAGs used in this study were obtained using GTDB-tk (v2.3.0) (88) with database release 214 (89). A 491 

phylogenomic tree of MAGs was generated using the maximum-likelihood algorithm using IQ-TREE web-492 

server with automatic substitution model and ultra-fast bootstrapping (1000×) (90). The tree was based 493 

on the alignment of concatenated protein sequences derived from single copy marker genes retrieved 494 

from CheckM (91). The tree was curated with iTol (92). In this study, when describing taxa at phylum 495 

level, the classes of Pseudomonadota (syn. Proteobacteria) were described in place of the phylum, in 496 

order to better explore the specific properties of the classes of this diverse group, and to provide readers 497 

information regarding traditionally used taxonomies. The MAGs were subject to initial automatic protein 498 

calling and annotation using Prokka (v1.14.5) (93) with default settings. The subcellular locations of all 499 

encoded proteins were then predicted using PSORTb 3.0 (v3.0.6) (41) with the option for cell 500 

wall/membrane types set for each MAG (Supp. Table 9). Cell wall types were used according to PSORTb 501 

pre-computed profiles for known phyla, while literature searches were done to set the cell wall type option 502 

for newly described and uncultured taxa when such information was available. We chose sub-cellular 503 

location prediction as the strategy to predict secreted locations rather than only predicting secreted 504 

proteins with secretory signal peptides (SEC or TAT), because sub-cellular location prediction gives 505 

information regarding the probable final locations of the proteins, and many secreted proteins lack signal 506 

peptides (41). PSORTb was chosen because it enables high-throughput analysis, is accurate, and takes 507 

into account different cell wall types (41). Protein sequences given “Unknown” locations by PSORTb 508 

were also collected and subjected to SignalP (v 5.0b) (40) analysis using the options for the same cell 509 

wall types as per for MAGs subject to PSORTb (described above). This was done to predict additional, 510 

probable secreted proteins containing signal peptides (SEC or TAT). SignalP was chosen because it can 511 

facilitate high-throughput analysis. For additional and specific analysis of signal peptides among 512 

predicted “extracellular” proteins, we performed SignalP analysis as described above, as well as with the 513 

PRED-TAT server (94) using “original model”, and using Phobius (v1.01) (95) using default settings.  514 

General annotations of proteins 515 

For subsets of proteins specified, additional and complementary functional annotations of proteins 516 

were obtained using eggNOG-mapper (v2.0.0) (Cantalapiedra et al. 2021) using default settings 517 

(minimum hit e-value 0.001, minimum hit bit-score 60, minimum % of identity 40, minimum % of query 518 

coverage 20) with the “-m diamond” option. Where specified, protein sequences were screened for 519 

conserved domains using the Conserved Domain search tool (96) against the Conserved Domain 520 

Database (CDD) (97) with default settings and the default e-value of 0.01. For MAGs representing 521 
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abundant populations and bacteria of functional relevance that we inspected in-depth and manually for 522 

sub-cellular profiles of proteins, we automatically annotated the MAGs using the RAST server (98) with 523 

default settings with “classic mode”. We choose the following guilds of microorganisms as “functionally 524 

relevant” due to their contributions to nutrient removal processes, based on the following rationale and 525 

information from the MiDAS Field Guide (38): polyphosphate-accumulating organisms (PAOs) are critical 526 

for phosphorus removal (99); nitrifiers and denitrifiers are critical for nitrogen removal (100); and 527 

glycogen-accumulating organisms (GAOs) are important because they directly can compete with PAOs 528 

for substrates (101). Filamentous bacteria were also included as functionally relevant because they are 529 

critical for floc formation and structure (102), and/or problematic “bulking” in activated sludge (103). We 530 

defined MAGs that represent “abundant” populations as those with >0.1 average abundance across 23 531 

Danish WTTPs based on Illumina sequence coverage among the 581 non-redundant MAGs, which was 532 

performed previously (37) (Supp. Table 1).  533 

Ortholog group analyses 534 

For orthogroup analyses, protein subsets were subject to OrthoFinder (v 2.3.12) (104) using 535 

default settings and “DIAMOND” for the sequence similarity search steps.  536 

Prediction and annotation of carbohydrate active enzymes 537 

Carbohydrate-active enzymes (CAZymes) were identified using dbCAN 2.0 webserver with 538 

HMM, HotPep and DIAMOND detection methods. CAZymes were accepted if hits were obtained by 2 539 

or more of the detection methods. We excluded CAZyme results with probable biosynthetic functions: 540 

“Glycoside transferases”, “Soluble_lytic_murein_transglycosylase”, “Peptidoglycan-N-541 

acetylmuramic_acid_deacetylase_PdaC”, “Peptidoglycan_hydrolase_FlgJ”, “Membrane-542 

bound_lytic_murein_transglycosylase_A” and “Membrane-bound_lytic_murein_transglycosylase_D”.  543 

Prediction and annotation of peptidases  544 

 Peptidase/proteases were identified by DIAMOND-BLAST analysis of proteins against the 545 

MEROPS database “pepunit_3.lib” (105) with an e-value of 10-20. To discern peptidases potentially used 546 

for ‘nutrient’ acquisition from other functional roles, e.g., biosynthetic or house-keeping functions, we 547 

subjected all predicted peptidases to eggNOG-mapper (as described above) to map them to clusters of 548 

orthologous groups (COG). This identified peptidases most similar to catabolic peptidases known for 549 

nutrient acquisition, i.e., ‘COG E’ (‘Amino acid transport and metabolism’). We then excluded peptidases 550 

that mapped to other categories. We also further removed proteins annotated as “Glutathione hydrolase” 551 

that likely have housekeeping functions.  552 

 553 

 554 
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Prediction and annotation of nucleases and nucleotidases 555 

 Nucleases were identified by an iterative approach. First, DIAMOND-BLAST analysis of proteins 556 

was performed against a custom seed database (“Nuclease_seed_database.fasta”) 557 

(doi.org/10.6084/m9.figshare.25238380) with protein sequences from a previously published study 558 

regarding nucleases (70), with an e-value of 10-10. Protein sequences of hits were then retrieved and 559 

subject to Conserved Domain search tool of CDD to identify and retrieve proteins with similarity to 560 

nuclease functional domains, i.e., “endonuclease”, “SNase”, “NUC1”, “SNC” , “HNHC”, 561 

“5_nucleotid_C/MPP_superfamily”, “nadN superfamily”, and “PRK09419 superfamily”. Proteins without 562 

nuclease domains were discarded. The collected proteins were then added to the DIAMOND-BLAST 563 

database, and the proteins were again subjected to DIAMOND-BLAST and Conserved Domain searches 564 

to identify additional nuclease proteins. To search for RNase sequences, i.e., iterations of DIAMOND-565 

BLAST analysis of proteins against a custom database (“RNase_seed_database.fasta”) 566 

(doi.org/10.6084/m9.figshare.25238380), with an e-value of 10-10, collection of hits, and screening for 567 

Conserved Domains using the search tool of CDD. Proteins were collected with hits to domains 568 

“microbial_RNases superfamily”, “RNase_H_like superfamily”,  “RNase_HI_prokaryote_like”, “rnhA”, 569 

“RNase_Sa” and “Ribonuclease”. To search for periplasmic nucleotidase-related sequences, i.e., 570 

iterations of DIAMOND-BLAST analysis of proteins against a custom database 571 

(“PP_nucleotidases_seed_database.fasta”) (doi.org/10.6084/m9.figshare.25238380), with an e-value of 572 

10-10, collection of hits, and screening for Conserved Domains using the search tool of CDD. Proteins 573 

were collected with hits to domains “MPP_superfamily superfamily”, “5_nucleotid_C”,  “ushA”, 574 

“MPP_UshA_N_like”, “nadN superfamily” and “PRK09419 superfamily”. 575 

Prediction and annotation of lipases 576 

Lipases were detected using DIAMOND-BLAST searches of proteins against a custom database 577 

(“Lipase_seed_database.fasta”) (doi.org/10.6084/m9.figshare.25238380) based on the ESTHER 578 

database (106) and previous work (107), with an e-value of 10-5. We also included proteins annotated by 579 

Prokka as “Multifunctional_esterase”, “lipase”, and “Glycerophosphodiester_phosphodiesterase”. All 580 

proteins with significant hits to potential lipase proteins were subject to Conserved Domain search tool of 581 

CDD to identify and retrieve proteins with lipase functional domains, i.e., “EstA”, “Lipase_3”, 582 

“SGNH_hydrolase superfamily”, “Abhydrolase”, “GDPD_ScGlpQ1_like”, “ALP_like”, “nSMase”, 583 

“PC_PLC”, “PLA1”, “Triacylglycerol_lipase_like”, and “OMPLA superfamily”. Those with “PhoD” domains 584 

were not included as lipases.  585 

Prediction and annotation of heme-binding proteins 586 

To identify predicted secreted cytochromes and other potential heme-binding proteins, we 587 

retrieved all proteins predicted to be extra-cytoplasmic locations, as well as those with unknown locations 588 

with signal peptides (UNK+SP proteins), and that had “CxxCH” amino acid sequences of typical heme-589 
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binding sites (where “x” can be any amino acid). These were retrieved and subject to eggNOG-mapper 590 

and the Conserved Domain search tool of CDD, using default setting for both (as described above). 591 

Proteins were classified as cytochromes if i) they were annotated as “cytochrome” by Prokka (see above), 592 

ii) the eggNOG-mapper functional descriptor contained “cytochrome”, “respiration” and/or other 593 

descriptors related to respiration (e.g., denitrification), and/or iii) if they contained cytochrome-type 594 

domains as determined by CDD searches with domains including “Cytochrom”, “nanowire_3heme”, 595 

“decahem”, “PSCyt1 superfamily”, ”octaheme_Shew superfamily”, or ”MXAN_0977_Heme2 596 

superfamily”. Additionally, we identified many protein sequences with many heme-binding sequences 597 

had the “heat shock protein” as an eggNOG-mapper functional descriptor, and therefore they were also 598 

collected considering most, but not all, had Conserved Domain hits to cytochrome-like domains.    599 
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Figure captions 925 

Figure 1. Schematic overview of dataset and analysis pipeline. 926 
 927 
Figure 2. Phylogenomic tree of 581 MAGs from Danish WWTPs with counts of predicted secreted 928 
proteins. Outer ring bars (out-to-in) correspond to counts of proteins classified as “extracellular” (red bars, 929 
“EC”), “outer-membrane” (blue bars, “OM”), “periplasmic” (orange bars, “PP”), or “cell wall” (teal-blue, 930 
“CW”). Scale for counts of proteins are indicated in bottom left legend. Second most inner ring (purple 931 
bars, “UNK+SPs”) corresponds to counts of proteins classified as “Unknown with signal peptides”, per 932 
MAG. Most inner rign (“Abund.”) with heatmap corresponds to average relative abundances of MAG-933 
populations based on read mapping to MAGs from all metagenomes analysed (values also in Supp. 934 
Table 1, colour-scale presented in legend to bottom-right). Leaf labels include the MAG number, followed 935 
by taxonomic strings of: phyla (class for Pseudomonadota), family, genus-species, denoted by p__, c__, 936 
f__, gs__, respectively. Clades of most major phyla are indicated inside the tree with: Nitrospirota; 937 
Acidobact. (Acidobacteriota); Myxococc. (Myxococcota); Alphaprot. (Alphaproteobacteria); Gammaprot. 938 
(Gammaproteobacteria); Betaprot. (Betaproteobacteria); Elusimicro. (Elusimicrobiota); Actinomyc. 939 
(Actinomycetota); Patesci. (Patescibacteria); Chloroflex. (Chloroflexota), Verruco. (Verrucomicrobiota); 940 
Plancto. (Planctomycetota); Gemma. (Gemmatimonadota); Bacteroidota. GTDB species names are only 941 
presented if named, i.e., GTDB number codes were removed. The tree is based on a concatenated 942 
alignment of protein sequences derived from single copy marker genes obtained from CheckM analysis 943 
of MAGs. Scale bar represents 100% sequence divergence.  944 
 945 
Figure 3. Phylogenomic tree of MAGs from Danish WWTPs with counts of heme-binding proteins for 946 
MAGs the major groups. Numbers in parenthesis of taxa names indicate the number of MAGs in each 947 
group. Counts are presented for proteins predicted to be present in the cytoplasmic-membrane (CM), 948 
periplasmic (PP), extracellular+outer-membrane+cell wall (EC+OM+CW), or unknown location with 949 
signal peptide (UNK+SP). For EC+OM+CW and UNK+SP heme-binding proteins, counts of predicted 950 
multi-heme proteins (≥4 heme-binding sites) are presented. For PP and CM heme-binding proteins, 951 
counts of proteins with ≥1 heme-binding sites are presented. Boxplots show the summary statistics with 952 
boxes indicating interquartile ranges (IQR), whiskers indicate range of values within 1.5 × IQR, and 953 
horizontal lines show medians. The branches linking Archaea and Dependentiae to the tree are not 954 
shown, where the Dependentiae branch with the rest of the Bacteria. 955 
 956 
Figure 4. Heatmap of the counts of proteins of different secreted compartments, and for CAZymes, 957 
peptidases, lipases, nucleases and heme-binding proteins from abundant and functionally relevant taxa. 958 
Numbers of proteins per MAG are indicated in each cell. Colour scales were set for each of 959 
extracytoplasmic (EXCY) columns separately, while the colour scale for all other catabolic proteins and 960 
heme-binding are set separately. Clades of most major phyla are indicated with abbreviations being: 961 
Chloroflex. (Chloroflexota); Alphaprot. (Alphaproteobacteria); Gammaprot. (Gammaproteobacteria); 962 
Patesci. (Patescibacteria); Elusi. (Elusimicrobiota); Myxoco. (Myxococcota). 963 
 964 
Figure 5. Heatmap and cluster analysis of numbers of encoded proteins from orthogroup analysis of 965 
secreted proteins from abundant and functionally relevant taxa, i.e., how many proteins of each OG were 966 
encoded per MAG. Rows are centered; unit variance scaling is applied to rows. Both rows of OGs and 967 
columns of MAGs are clustered using correlation distance and average linkage using ClustVis (108). The 968 
scale for the heatmap colours are indicated in the legend, where the scale maximum of 8 was used to 969 
enhance visualisation and differentiation of lower values <8. Note that some values were therefore >8, 970 
and raw values of OG counts are available in Supp. Table 2. MAG labels include the MAG number, 971 
followed by taxonomic strings of: phyla (class for Pseudomonadota), family, genus-species, denoted by 972 
p__, c__, f__, gs__, respectively.  973 
 974 
Figure 6. Schematic depiction of key and general findings for abundant and key functional taxa.  975 
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