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Abstract

Microbial exoenzymes—extracellular enzymes secreted to degrade complex organic polymers—
are essential for recycling carbon and nutrients, thus sustaining primary productivity in today’s
oceans'. Yet, their evolutionary history and role in shaping Earth’s early biosphere remain entirely
unexplored. Here, we trace the origins of microbial exoenzymes and reveal their previously
unrecognized role in driving planetary oxygenation. Our results show that exoenzymes are more
common in microorganisms utilizing high-energy metabolisms, likely reflecting the energetic
costs of enzyme biosynthesis and secretion. They are especially advantageous in environments
rich in particulate organic matter (POM). A refined carbon cycle model indicates that early
Archean oceans offered few such habitats, as low productivity and intense UV radiation rapidly
photodegraded POM. However, with a Paleoproterozoic rise of atmospheric oxygen?, increased
oxidative weathering boosted marine primary productivity and POM accumulation®, creating
conditions favoring exoenzyme evolution. Molecular clock analyses further indicate that alkaline
phosphatase, a key phosphorus-releasing exoenzyme, had likely emerged with the permanent rise
of oxygen, enabling more efficient phosphorus recycling. We propose that exoenzymes initiated a
positive feedback loop: by accelerating nutrient regeneration, they fueled cyanobacterial
productivity and oxygen release, which in turn favored greater exoenzyme capacity, reinforcing

long-term oxygenation of the planet.
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Main

Microorganisms are central to the cycling of carbon, nitrogen, and phosphorus on Earth through
their roles in both primary production of biomass and the remineralization of organic matter in the
oceans and sediments. While low-molecular-weight organic matter, typically < 1000 Da (i.e.,
dissolved organic matter, DOM) can be directly assimilated by cells, a substantial fraction of
organic matter exists as structurally complex, high-molecular weight polymers, known as
particulate organic matter (POM) that are too large to be taken up by cells. The degradation of this
recalcitrant material is primarily mediated by heterotrophic microorganisms that secrete
exoenzymes to hydrolyze POM into low-molecular-weight DOM that can be transported across
cell membranes*. By enabling access to otherwise inaccessible organic polymers, exoenzymes
regulate the efficiency of microbial recycling and exert a key influence on the fate of bioessential
elements in the marine environment!.

Exoenzymes represent a critical but underexplored driver of Earth's geochemical and
biological evolution®. The metabolic ability to degrade POM was essential for regenerating and
redistributing critical nutrients and metals in early oceans®’. In addition, the efficiency of
heterotrophic recycling directly influences the burial rates of POM in marine sediments, a key sink
for reduced carbon. Both processes —nutrient regeneration®® and POM burial'® —have been
recognized as fundamental controls on planetary oxygenation. The permanent accumulation of
oxygen in Earth’s atmosphere, termed the Great Oxidation Event (GOE), occurred broadly
between ca. 2.5 and 2.2 billion years ago?, irreversibly altering Earth’s surface environments and
biosphere. Despite extension studies of exoenzymes in modern oceans!!™'2, their evolutionary

history and potential contribution to Earth’s oxygenation remain unresolved.
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In this work, we investigate the evolutionary trajectory of exoenzymes and their role in
POM cycling and nutrient dynamics through Earth’s history. First, we quantify the genomic
distribution of exoenzymes across microbial metabolisms to assess how changing environmental
redox conditions shaped their prevalence in ancient oceans. Second, we analyze the sequence
diversity of predicted exoenzymes to evaluate whether homologous enzymes are shared across
metabolic groups, implying common function and ancestry. Third, to explore the ecological
context that favoured exoenzyme evolution, we apply a biogeochemical model of the marine
carbon cycle, focusing on how ocean chemistry and primary productivity influenced POM-
associated habitats. Finally, we integrate gene tree—species tree reconciliations with molecular
clock analyses to constrain the timing of key exoenzyme innovations, specifically those involved

in the hydrolysis of marine organic phosphorus compounds.

Exoenzymes are concentrated in microbial metabolisms with higher energetic potentials

Heterotrophic microorganisms oxidize organic matter by energetically coupling its degradation to
the reduction of terminal electron acceptors, such as oxygen, nitrate, ferric iron, and sulfate.
However, it remains unclear how the genes responsible for encoding secreted exoenzymes—
critical for degrading POM—are conserved across metabolic groups. Resolving this question is
critical for understanding the evolutionary trajectory of exoenzymes and their role in shaping
carbon and nutrient cycling in early marine environments. To address this, we quantified the
distribution of exoenzymes in extant microbial genomes representing distinct metabolic groups.
Here, metabolic groups are defined as microorganisms that share a common strategy for obtaining
energy and nutrients, such as reliance on specific electron acceptors or light, regardless of their

taxonomic classification. We compiled a dataset of 3,076 high-quality bacterial and archaeal


https://doi.org/10.1101/2025.09.11.675588
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.11.675588; this version posted September 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

91  genomes representing both cultured and uncultured microorganisms, using key marker genes as a
92  proxy for metabolic groups (Table S1, S2). We screened these genomes for 26 known classes of
93  exoenzymes targeting proteins and carbohydrates (Table S3), which together comprise the bulk
94  of bioavailable marine organic matter. Hydrolytic enzymes may be localized in the cytoplasm,
95  periplasm or associated with the cell wall, or may be secreted freely into the extracellular medium.
96  They can also be involved in essential intracellular functions such as degrading misfolded or
97  damaged proteins (e.g. peptidases). While hydrolytic enzymes themselves are ubiquitous, the
98  export of hydrolytic enzymes to the external environment (i.e. exoenzymes) represents a distinct
99  foraging strategy for acquiring carbon and nutrients from extracellular POM. We identified
100  putative exoenzymes based on multiple criteria, including the presence of signal peptide sequences
101  and distinctive signatures in secondary structure and amino acid composition (see Supplemental
102 Materials). This approach allowed us to quantify the fraction of genomes within each metabolic
103 group that likely possess the capacity to produce exoenzymes.
104 Our analysis reveals that microbial exoenzymes are disproportionately concentrated within
105 a small subset of metabolisms. Strikingly, 93% of all putative exoenzymes are encoded by
106  genomes associated with just four metabolic groups: dissimilatory ferric iron reduction (31%),
107  aerobic heterotrophy (23%), dissimilatory nitrate reduction (22%), and fermentation (17%) (Fig.
108 1). By contrast, genomes associated with dissimilatory sulfate reduction and methanogenesis
109  encoded few, if any, detectable exoenzymes. While the role of fermenters in the initial degradation
110 of POM in anoxic environments is well established, our results extend the genetic capacity for
111  exoenzyme production to other anaerobic metabolic groups, namely ferric iron and nitrate
112 reducers. This finding is consistent with observations from modern sediments, where degradation

113 of POM is enhanced under nitrate-rich!® or ferric iron-rich conditions'4. Conversely, the paucity
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114  of exoenzyme genes in sulfate-reducing and methanogenic microorganisms supports radiotracer
115  experiments in Baltic Sea sediments, which show steady POM degradation rates across sulfate-
116  and methane-rich zones, indicating that neither of these pathways controls the initial, rate-limiting
117  hydrolytic step!®. Collectively, our findings identify the key microbial players involved in POM
118  cycling across redox gradients and establish a mechanistic framework for interpreting organic
119  matter turnover in both modern and ancient environments.

120 The uneven distribution of exoenzymes across metabolic groups likely reflects the
121  fundamental constraints imposed by cellular energetics and the high costs of enzyme production.
122 The synthesis and secretion of exoenzymes requires considerable investments of carbon, nitrogen,
123 and energy'. Moreover, since microorganisms lack mechanisms to re-import proteins once
124 secreted, exoenzymes are effectively lost to the environment!”, placing strong selective pressure
125  on cells to tightly regulate their production'®. Evolution appears to have favoured strategies that
126  mitigate these costs: extracellular proteins often contain disproportionately few energetically
127  costly amino acids!®, and aquatic exopeptidases preferentially liberate energetically valuable
128  amino acids®. These patterns point to a broader evolutionary logic, whereby exoenzyme
129  deployment is fine-tuned to the metabolic capabilities of the host and the energetic returns
130  associated with substrate degradation. In this framework, microbial lineages appear to optimize
131  their hydrolytic investment in response to both substrate availability and the thermodynamic
132 efficiency of their energy metabolism.

133 Here we find that exoenzyme production is largely restricted to metabolisms that generate
134 higher free energy and ATP molecules through respiration using energetically favorable terminal
135  electron acceptors (Fig. 1). A notable exception is fermentation, which operates independently of

136  exogenous electron acceptors and instead generates energy via substrate-level phosphorylation?!.
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137  Although fermentation yields less free energy and ATP per reaction, it is characterized by lower
138  minimum catabolic power requirements and higher anabolic biomass yields per mole of substrate

139  compared to other anaerobic pathways????

. This enhanced metabolic efficiency may allow
140  fermenters to allocate a larger portion of their energy budget toward exoenzyme production,
141  conferring this hydrolytic capability to an otherwise energetically “weak” metabolism. Together,
142 these findings support the idea that exoenzyme production is governed by an energetic threshold,
143 whereby only those metabolisms capable of meeting the bioenergetic costs can effectively access
144  POM via extracellular hydrolysis.

145 To further explore hydrolytic capabilities across metabolic groups, we analyzed 1,307
146  predicted exoenzyme sequences using sequence similarity networks (SSNs) (Fig. 2). These SSNs
147  revealed that sequences cluster primarily by enzyme functional class, forming distinct groups. In
148  contrast, there is little evidence of clustering by metabolic groups because closely related
149  exoenzymes are distributed across phylogenetically and metabolically diverse microorganisms.
150  This pattern suggests that microorganisms with different core metabolisms can have similar
151  hydrolytic capabilities. It further supports the notion that some microorganisms function as
152 “generalist” exoenzyme producers, capable of secreting a broad repertoire of exoenzymes?*.
153  Previous work examining the genetic potential of three specific exoenzymes showed their presence
154  across all major prokaryotic phyla, although this capacity was often restricted to smaller, closely
155  related clades or ecotypes!'2. This uneven distribution of exoenzyme potential among heterotrophic
156  microorganisms likely reflects an evolutionary response to ecological pressures, such as substrate
157  or habitat availability, with natural selection favouring this trait in specific clades that benefit from

158  extracellular hydrolysis.

159
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160  Ecological selection for exoenzymes in particle-rich oceans

161  In the modern ocean, exoenzymes facilitate the stepwise breakdown of POM into high- and then
162  low-molecular-weight DOM, ultimately enabling assimilation into microbial biomass. Planktonic
163  microorganisms drift freely in the ocean and consume DOM, while others grow by attaching to
164  and degrading POM. Within organic aggregates, both exoenzymes and their hydrolysis products
165  are more efficiently retained in the surrounding matrix'’-?>. This retention makes exoenzymes
166  particularly advantageous in diffusion-limited settings, such as marine particles, where they
167  provide benefits for particle-attached microorganisms. Consequently, the availability of POM
168 likely acted as an important ecological and evolutionary driver, expanding the range of habitats in
169  which exoenzyme production conferred a selective advantage.

170 To investigate how particulate habitat availability may have changed through Earth’s
171  history, we developed a biogeochemical model that simulates the major sources and sinks of
172 dissolved organic carbon (DOC) and infers implications for particulate organic carbon (POC) in
173 the ocean. DOC and POC are reliable indicators for tracking large-scale dynamics of DOM and
174  POM since they comprise the largest fractions of these reservoirs and are quantified using
175  standardized methods across global datasets?. Our approach builds on a previously established
176  framework that reconstructs the evolution of marine carbon reservoirs over geological
177  timescales?’, with refined parameterization to account for the effects of high ultraviolet (UV)
178  radiation fluxes that reached Earth’s surface prior to the formation of a protective ozone layer?®%°.
179  Under these high-UV conditions, enhanced photochemical reactions would have accelerated the
180  degradation of POM into DOM, thereby reducing the abundance of particle-associated habitats,

181  such as water column particles or bottom sediment, to heterotrophic microorganisms®*32. A full


https://doi.org/10.1101/2025.09.11.675588
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.11.675588; this version posted September 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

182  description of the model, including parameterization of early Earth UV fluxes and photochemical
183  processes, is provided in the Supplementary Materials.

184 Our model implies that long-term, secular changes in ocean chemistry reshaped the
185  ecological pressures influencing exoenzyme production over geological time (Fig. 3, top panel).
186  Simulated DOC concentrations remain relatively stable, reflecting a persistent reservoir of labile
187  carbon in the water column, consistent with empirical records®*. By contrast, primary
188  productivity—and with it, POC availability—Ilikely increased markedly through time, though not
189  explicitly simulated, consistent with independent estimates of rising productivity**. In the Archean
190  ocean, primary productivity may have been just 0.1%-1% of modern levels, limiting the formation
191  of particle-rich habitats. In parallel, high UV fluxes would have accelerated the photochemical
192 conversion of POM into DOM, further reducing the prevalence of habitats that favor exoenzyme
193 production. Moreover, the relative abundance of DOM per microbial cell would have been much
194  greater than in modern oceans, implying that early heterotrophs inhabited a DOM-rich ecosystem
195  with weak selective pressures for exoenzyme production. This chemical and ecological landscape
196  would have supported a small, low-energy biosphere dominated by free-living heterotrophs with
197  limited access to POM.

198 The GOE marked a pivotal shift in the balance between dissolved and particulate pools of
199  organic matter in the oceans (Fig. 3, bottom panel). The rise of an ozone layer in the early
200  Paleoproterozoic, perhaps as early as ~2.4 billion years ago?>, though possibly moderated by iodine
201  emissions®®, reduced UV-driven photodegradation of POM. Coupled with increasing primary
202  productivity and microbial cell densities®*, this atmospheric shift likely expanded the marine POM
203  reservoir and created more particle-rich habitats where exoenzyme production presented a

204  selective advantage. In this ecological context, higher POC-to-DOC ratios and greater cell
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205  densities would have intensified selective pressures to degrade more complex particulate
206  substrates. At the same time, rising cell densities would have favored cooperative behaviors such
207  as POM degradation, which becomes more efficient under crowded conditions®’. Experimental
208  and modeling studies support this interpretation, showing that efficient POM turnover by particle-
209  attached microbes only occurs once a critical cell density is reached®®. Together, these ecological
210  and chemical transformations following the GOE promoted the proliferation of exoenzymes,
211  facilitating broader microbial access to POM, and shaping overall organic matter cycling
212 throughout the Proterozoic.

213 To examine when specific exoenzymes likely emerged and spread on the early Earth, we
214  conducted gene tree-species tree reconciliations in conjunction with molecular clock analyses to
215  estimate the timing of the rise and spread of extracellular alkaline phosphatases across the tree of
216 life. These enzymes catalyze the hydrolysis of organic phosphorus compounds, allowing

39-41 - We focused on extracellular

217  microorganisms to more efficiently scavenge phosphorus
218  alkaline phosphatases for two key reasons. First, they are substantially more conserved in both
219  gene sequence and substrate specificity than other exoenzymes, such as extracellular peptidases,
220  making them more suitable for molecular clock estimates. Second, phosphorus has long been
221  considered a limiting nutrient for primary productivity throughout Earth’s history*?, making
222  alkaline phosphatases important mediators of phosphorus recycling in ancient oceans.

223 We identified putative alkaline phosphatase sequences from a curated tree of life
224 comprising 865 genomes* (see Supplemental Materials). Gene sequences were aligned to
225  construct gene trees, which were then reconciled with the corresponding species tree to infer the

226  timing of alkaline phosphatase speciation, duplication, or transfer events. Because alkaline

227  phosphatases can function both within and outside of the cell, we focused our analysis on

10
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228  monophyletic gene clades for which we were confident that the ancestral enzymes were
229  extracellular (Fig. S1). Our analyses show that extracellular alkaline phosphatases within these
230  clades likely emerged sometime between the Neoarchean to Paleoproterozoic (Tables S6-S9).
231  Although molecular clock estimates carry inherent uncertainties, this timing is broadly consistent
232 with robust signals of oxygen appearing and rising on Earth, supporting the hypothesis that the
233 evolutionary expansion of exoenzymes—and with them, enhanced microbial phosphorus
234 regeneration—was a key feature of the early Proterozoic oceans.

235

236  Co-evolution of exoenzymes and Earth’s surface redox state

237  Our findings reveal a dynamic interplay between microbial metabolism and ocean redox
238  conditions, suggesting that redox state has not only shaped the distribution of microbial
239  metabolisms but also exerted a fundamental influence on carbon burial efficiency and nutrient
240  regeneration over geological time. The rate of carbon burial depends on both the net primary
241  productivity (NPP) and the efficiency with which that POM is remineralized. We demonstrate that
242  the genetic capacity to produce exoenzymes is disproportionately concentrated amongst aerobic
243  heterotrophs, dissimilatory ferric iron and nitrate reducers, and fermenters. This distribution
244  implies that the evolution and ecological prominence of these metabolisms directly impacted
245  organic matter degradation and nutrient recycling, and thereby Earth’s long-term carbon cycle
246  (Fig.4). As such, microbial control over biogeochemical fluxes has been intimately coupled to the

247  planet’s evolving redox landscape.

44,45 46,47

248 Both phylogenetic analyses and geochemical evidence suggest that aerobic
249  heterotrophs and dissimilatory nitrate reducers emerged just prior to the GOE, in the later

250  Neoarchean, thus constraining the ecological expansion of these groups until after the GOE.

11
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251  Dissimilatory ferric iron reduction also emerged prior to the GOE*® and may have been widespread
252 on the outer continental shelf, as indicated by the prevalence of reduced diagenetic minerals in
253 banded iron formations*’. However, this metabolism was probably restricted to upwelling zones
254 where ferric iron was available>®. Dissimilatory ferric iron reduction is thought to have greatly
255  expanded in the early Paleoproterozoic, as rising oxygen levels oxidized Fe?* to Fe', increasing
256  the supply of ferric iron for microbial reduction®'. Taken together, these patterns suggest that prior
257  to the GOE, the recycling of POM in the Archean oceans could have hinged on the metabolic
258  activity of fermenters (Fig. 5). This reliance on a low-energy metabolism would have resulted in
259  lower organic matter remineralization rates, thereby limiting the release of nutrients back into the
260  water column and increasing the proportion of biomass from primary productivity that escaped
261  degradation™.

262 This interpretation is consistent with both the sedimentary rock record and geochemical
263  estimates of primary productivity during the Archean®*. Although primary productivity was
264  substantially lower than today, total organic carbon (TOC) concentrations in Archean sedimentary
265  rocks are comparable to those in younger Proterozoic and Phanerozoic strata (Fig. S2). We propose
266  that this apparent contradiction can be reconciled by the inefficient microbial recycling of POM
267  due to limited exoenzyme production, which allowed a greater fraction of POM to escape
268  degradation and become buried in the sediment pile. This would have enhanced carbon burial and
269  increased the proportion of primary producer biomass preserved in sediments. Indeed, previous
270  estimates suggest Archean burial efficiencies ranged from a few percent up to tens of percent, far
271  exceeding the modern ocean average of 0.2%-*. Moreover, recent findings have independently
272  proposed that suppressed organic matter remineralization is required to account for high organic

273 matter content in some Neoarchean shales®®. While suppressed remineralization of organic matter

12
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274  in Archean oceans has traditionally been attributed to the lack of terminal electron acceptors for
275  heterotrophic respiration such as oxygen and sulfate>?, our results reveal that a more fundamental
276  constraint lay in the scarcity of efficient exoenzymatic degradation pathways (Fig. 5). Inefficient
277  microbial recycling of organic matter would not only have enhanced carbon burial but also
278  restricted the release of bioessential nutrients (e.g. phosphorus and trace metals) back into the
279  water column, thereby constraining primary productivity and possibly delaying the ecological
280  expansion of oxygenic photoautotrophs®?:4236-38,

281 Our results identify exoenzymes as a pivotal innovation that drove marine organic matter
282  turnover and nutrient cycling, emerging in concert with energetic and ecological transformations
283  in the wake of the GOE. During the Archean, low primary productivity, intense UV-driven
284  photodegradation, and a paucity of particle-associated habitats suppressed selective pressure for
285  exoenzyme production. Early heterotrophic communities lived in a DOM-rich, low-energy
286  biosphere with limited POM, while inefficient recycling of key nutrients constrained the growth
287  of primary producers. The global rise of oxygen during the Paleoproterozoic marked a turning
288  point: greater primary productivity, reduced UV fluxes, and increasing microbial cell densities
289  shifted seawater toward higher POM-to-DOM ratios, expanding the ecological niches where
290 exoenzyme production conferred a competitive advantage. Rising cell densities also fostered
291  cooperative behaviors such as extracellular hydrolysis that enhanced POM degradation, while the
292  emergence of more energetically favorable terminal electron acceptors enabled the evolution of
293  metabolic strategies capable of meeting the substantial energetic costs of exoenzyme production.
294  Collectively, this led to more efficient degradation of POM. Our molecular clock analysis suggests

295  that extracellular alkaline phosphatase, a key enzyme for phosphorus recycling, arose during this

13
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296 transition, reinforcing the coupling between POM degradation, nutrient recycling, and rising
297  productivity in Paleoproterozoic oceans.

298 In conclusion, these intertwined changes established a positive feedback loop between
299  primary producers and heterotrophic consumers. The rise of cyanobacteria increased oxygen levels
300 and POM availability through increased microbial biomass, promoting the emergence of
301  exoenzyme-producing heterotrophs. In turn, enhanced nutrient recycling sustained higher primary
302  productivity and further oxygen release. This self-reinforcing feedback reshaped global carbon and
303  nutrient cycles, driving the progressive oxygenation of Earth’s surface environments. Recognizing
304  this coupling between microbial innovation and ecological interactions offers a new perspective
305  on the co-evolution of life and planetary habitability.

306
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Figure 1. Exoenzymes are concentrated in metabolic groups with higher energetic potential.
The percentage of genomes that contain at least one predicted protein-degrading (blue) or
carbohydrate-degrading (orange) exoenzyme across major metabolic groups. Heterotrophic
metabolisms are arranged by the standard reduction potentials (Eo) in volts (V) of their respective
redox reactions, reflecting the energy yield available from coupling the oxidation of organic
compounds to the reduction of a terminal electron acceptor. A larger Eo" difference between donor
and acceptor corresponds to a greater release of free energy available to the cell. Electron acceptors
with the highest oxidizing potential, and thus greatest energy yield, appear at the top of the redox
hierarchy. The relative Eo¢ are based on standard conditions (25°C, pH7, Iatm). Broad
phototrophic groups are shown separately, as they do not rely solely on thermodynamic differences
between redox pairs; instead, they use light energy to drive electron excitation and transfer.
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340
341 Figure 2. Diverse metabolisms share functionally and genetically similar exoenzymes.

342 Sequence similarity network of predicted exoenzymes associated with (A) enzyme type based on
343  sequence annotation; and (B) metabolic guild. The 1307 exoenzyme protein sequences are
344  depicted by individual nodes (colored circles). Edges (grey lines) between the nodes indicate a
345  pairwise BLAST e-value of 1x10-°. Each exoenzyme sequence is represented by a node (colored
346  circle); 1,267 nodes are grouped into 48 clusters (e-value of 1x1073°) based on high sequence
347  similarity, though 40 sequences were dissimilar from all other sequences and are thus not
348  connected to any other nodes. Featured clusters (right panels) depict how diverse metabolic guilds
349  share functionally and genetically similar exoenzymes.
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351  Figure 3. Relative reservoir sizes of particulate organic carbon (POC) and dissolved organic
352  carbon (DOC) over Earth history, normalized to modern values. The top panel shows the
353  evolution of the POC reservoir size relative to the modern, while the bottom panel shows the
354  evolution of the POC/DOC ratio (blue, left axis) and the DOC reservoir size relative to modern
355  (orange, right axis). Geological eras (Archean, Proterozoic, Phanerozoic) are indicated at the top.
356  Note the logarithmic scale on the y-axes.

357
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Figure 4. Relative emergence and ecological impact of heterotrophic metabolisms through
time. The emergence of each metabolism is inferred from a combination of geochemical, isotopic
and phylogenetic evidence summarized in Lyons et al. (2024)°!. Line thickness represents the
relative ecological impact of each metabolic group, ranging from a baseline (thinnest) to peak
influence (thickest). Shifts in ecological impact, whether expansion or contraction, are broadly
associated with changes in the oxidation state of the biosphere. Metabolic groups with abundant
exoenzymes are shaded purple; those with few exoenzymes are shaded brown. The blue curve
(bottom, adapted from Lyons et al. 2021)°° depicts the evolution of atmospheric oxygen throughout
Earth history relative to the present atmospheric level (PAL). The solid blue curve denotes states
with considerable geochemical evidence whereas the dashed and graded sections of the blue curve
indicate less certain states and transitions.
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372

373  Figure 5. Conceptual model for the evolution of exoenzymes and the recycling of organic
374  matter across the Great Oxidation Event (GOE). (A) In the Archean Ocean, prior to the GOE,
375  the recycling of organic matter depended entirely on the activity of fermenters. This resulted in
376  low recycling efficiency, elevated carbon burial, and limited regeneration of essential nutrients
377  back into seawater. This scarcity of particulate organic matter (POM) also reduced the availability
378  of niches for microbial colonization, thus limiting the selective pressure for the evolution of
379  exoenzyme systems. (b) Following the GOE, rising oxygen levels increased the availability of
380  high-energy electron acceptors (e.g. O, nitrate and ferric iron), supporting the expansion of
381  metabolic groups with high exoenzyme capacity, such as aerobic heterotrophs, dissimilatory
382  nitrate reducers and dissimilatory ferric iron reducers. Concurrently, increases in POM abundance
383  and microbial cell densities would have amplified the selective pressure to produce exoenzymes.
384  Collectively, these changes in the Paleoproterozoic promoted more efficient recycling of organic
385  matter and regeneration of nutrients back into the water column, ultimately fueling greater primary
386  productivity and oxygen release. This feedback between exoenzyme evolution, nutrient cycling,
387  and oxygen production would have amplified Earth’s progressive oxygenation.
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