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Abstract

Phosphorus (P) recycling in seawater is critical for maintaining nutrient availability and marine
primary productivity. This process is catalyzed by alkaline phosphatases enzymes, which
hydrolyze dissolved organic phosphorus (DOP) compounds, releasing inorganic P for cellular
assimilation. Here, we reconstructed the evolutionary history of three major alkaline
phosphatase families through deep time using phylogenetic reconciliation across the tree of life.
We further quantified their distribution and cellular localization across major metabolic groups
using extant genomes to assess how the ocean’s capacity for P regeneration has changed
through time. Our results demonstrate that alkaline phosphatases emerged early in the
Archaean, indicating that DOP has sustained marine ecosystems for most of Earth’s history. A
pronounced expansion and diversification of alkaline phosphatases occurred during the
Neoproterozoic, coinciding with the rise and ecological diversification of algae. Across metabolic
groups, extracellular alkaline phosphatases are particularly concentrated in ferric iron reducers,
fermenters, and aerobic heterotrophs, but are comparatively rare in other metabolisms. This
distribution suggests that the efficiency of marine P recycling has been strongly influenced by
prevailing metabolic strategies and environmental redox conditions. Overall, our results provide
new insights into the enzymatic drivers of marine P cycling and the mechanisms that maintained
marine productivity as Earth’s surface became progressively oxygenated and biologically

complex.
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Introduction

Phosphorus (P) is an essential nutrient for all life, playing fundamental roles in the storage of
genetic material (DNA and RNA), energy transfer (ATP), and cellular membranes
(phospholipids). Unlike nitrogen or carbon, which can be replenished through biological fixation
from atmospheric sources, the modern marine P supply is primarily delivered through riverine
inputs and thus dependent on the intensity of continental weathering. Consequently, P is widely
regarded as the ultimate limiting nutrient for marine primary productivity along continental
margins on geological timescales (Tyrrell, 1999), and its availability is intrinsically linked to
atmospheric oxygen production.

In seawater, P exists as both organic and inorganic forms that are tightly interconnected
and cycle rapidly between dissolved, particulate, and biological reservoirs. The most biologically
accessible form is dissolved inorganic phosphate (specifically orthophosphate, PO,*; hereafter
Pi), which is rapidly consumed by primary producers in the photic zone and is therefore often
depleted in surface waters (Michelou et al.,, 2011; Wu et al., 2000). However, a significant
fraction of P resides in dissolved organic phosphorus (DOP) compounds, derived from
phytoplankton biomass (Karl & Bjorkman, 2024). Marine microorganisms access much of this
pool using alkaline phosphatase enzymes. These enzymes hydrolyze phosphate esters, which
are estimated to comprise ~80% of the modern seawater DOP pool (Young & Ingall, 2010),
releasing P; that can be readily assimilated by cells to meet cellular P demands. While alkaline
phosphatases do not alter the total oceanic P inventory, they directly mediate the conversion of
organic P to inorganic forms. In doing so, these enzymes regulate P regeneration, thereby
exerting a strong influence on the dynamics of the marine P cycle (Karl & Bjorkman, 2015).

Despite their ubiquity in the modern ocean (Su et al., 2023), the evolutionary history of
alkaline phosphatases remains poorly understood. Their diversification would have been
particularly critical when global marine P concentrations were lower than today (Bjerrum &
Canfield, 2002; Jones et al., 2015; Kipp & Stueken, 2017; Reinhard et al., 2017; Hao et al.,
2020; Planavsky et al.,, 2023; Rego et al., 2023). In prokaryotes, three major alkaline
phosphatase enzyme families—PhoA, PhoD, and PhoX— differ in their co-factor requirements
and substrate specificity (Luo et al., 2009), and may function intracellularly or extracellularly,
depending on substrate size (Benz & Bauer, 1988) (Fig. S1). Here, we reconstruct the
emergence and spread of alkaline phosphatases and their key regulatory genes and
demonstrate that the oceans’ capacity for P recycling has shifted through time. To do this, we
reconciled a time-calibrated tree of life with phylogenetic trees for alkaline phosphatase genes

(phoA, phoD, phoX) to estimate when these genes were gained through speciation, duplication,
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75 and horizontal gene transfer. We extended this approach to a regulatory gene (phoR) that
76  modulates alkaline phosphatase expression in some microorganisms (Tommassen et al., 1982).
77  Finally, we quantified the distribution and cellular localization of alkaline phosphatases across
78  major microbial metabolisms using extant genomes to infer how changing redox conditions may
79  have shaped their prevalence in the ancient oceans.
80
81 Results & Discussion
82  An early role for DOP in sustaining Earth’s biosphere
83 We conducted a comprehensive survey of 865 genomes, carefully chosen to span the full
84  phylogenetic diversity of the tree of life (Boden et al., 2024), in order to identify the presence of
85 phoA, phoD, and phoX genes. Genes encoding alkaline phosphatases were found in 38% of the
86 genomes we examined. The majority were found in bacterial genomes (62 of 126 bacterial
87 phyla), but they were also present in 3 of 17 archaeal phyla and 8 of 9 eukaryotic phyla (Figs. 1,
88  S2). This distribution is consistent with prior metagenomic surveys of seawater samples, which
89 demonstrated that alkaline phosphatases are widespread among marine bacteria (Luo et al.,
90 2009). Interestingly, each of the three genes were similarly distributed across genomes: phoA
91 was found in 18% of the total genomes, while phoD and phoX were each present in 14% of
92 genomes. By contrast, the regulator of the pho operon (phoR), which mediates the expression
93 of alkaline phosphatase genes in response to low P concentrations in the environment, showed
94  a narrow phylogenetic distribution. phoR was confined to the bacterial phylum Pseudomonadota
95 (formerly Proteobacteria) and was present in only 4% of genomes, indicating that most
96 microorganisms either express alkaline phosphatases constitutively or rely on alternate
97  regulatory mechanisms to respond to P limitation.
98 To reconstruct the evolutionary history of alkaline phosphatase genes, we compared
99 protein phylogenies of the enzymes encoded by phoA, phoD, phoX, and phoR with our time-
100 calibrated tree of life to infer putative events of speciation, duplication, loss, and horizontal gene
101 transfer. We applied the autocorrelated log-normal (LN), Cox-Ingersoll-Ross (CIR), and
102  uncorrelated gamma (UGAM) Bayesian clock models to estimate the timing for these gene
103 events (Fig. 2) and provide lower bound estimates for when each gene first appeared in the
104  phylogenetic record. We note that extinct microbial lineages leave no genomic signatures, so
105 the actual origins of these genes could predate the earliest reported gene event. To further
106 account for the potential variability in the relative frequency of genetic events and genome size
107 effects, we tested a range of horizontal gene transfer event costs (6, 4, 3, 2) relative to

108 duplication, loss, and speciation (2:1:0), with a default cost of 3 minimizing genome size
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109 variation between parent and daughter lineages over time (David & Alm, 2011) (Figs. S3-S5). In
110 cases of conflicting timing estimates, we preferred results from the CIR clock model, which has
111  been found to produce better model fit and consistency between lineages participating in the
112 same horizontal gene transfer events (Lepage et al., 2007; Fournier et al., 2021).

113 Our results reveal that alkaline phosphatase genes emerged very early in Earth history.
114  phoA appears to be the oldest of these genes, with the earliest reconstructed event estimated to
115 occur in the Paleoarchean, approximately 3.4 billion years ago (Ga). Both phoD and phoX follow
116 shortly thereafter in the Mesoarchean era, spanning 3.2 Ga to 2.8 Ga (Table S2, Fig. 2). The
117  early emergence of phoA is consistent with recent studies showing widespread distribution of
118 phoA across bacterial lineages during the early stages of their evolution (Sakuma et al., 2025).
119 By contrast, estimates for the emergence of the phoR vary between different clock models, with
120 CIR generating earlier (Mesoarchean) estimates than UGAM and LN (Paleoproterozoic).
121 Regardless, all analyses converge on the finding that alkaline phosphatase enzymes predate
122 the emergence of the regulator phoR (Fig. 2). Indeed, the genomic repertoire for DOP
123 degradation appeared to diversify early, such that multiple families of alkaline phosphatase
124  genes were likely present across a diverse range of taxa in the Archaean (4.0-2.5 Ga) oceans.
125 The early emergence and diversification of alkaline phosphatases imply strong selective
126  pressures for strategies that enabled microorganisms to access DOP, thereby allowing early life
127 to meet their P demands in marine environments where P; was limited. Overall, this early
128 proliferation of alkaline phosphatase enzymes highlights the critical, yet underappreciated, role
129 of DOP in sustaining early microbial ecosystems and ultimately primary productivity.

130

131 Alkaline phosphatases spread with the rise of algae

132  The timing and context under which alkaline phosphatases spread and diversified across the
133 tree of life reveals ecological pressures that shaped the growth and development of Earth’s
134  biosphere. To explore this, we quantified the occurrence of enzyme speciation events (where
135 alkaline phosphatases are inherited vertically from the parental lineage as the parent splits into
136 daughter lineages) as a proportion of total lineage speciation events (the number of times a
137  parental lineage splits into daughter lineages overall at that time period, regardless of whether
138 alkaline phosphatases are passed on in the process) through time (Figs. 3, S6). By normalizing
139 against total speciation, we can distinguish neutral patterns—where enzyme dynamics track
140 overall diversification—from selective patterns, in which a higher proportion of lineages
141  acquiring alkaline phosphatases would indicate evolutionary pressure favoring their use. This

142  normalization further helps mitigate possible biases introduced by the structure of the
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143 phylogenetic tree itself, which is influenced in part by what lineages were included in
144  constructing the tree. We focused specifically on speciation events because they can be
145 assigned to discrete points in time, resulting in smaller uncertainties compared to gene
146  duplications, losses, or horizontal gene transfer events, which can occur anywhere along
147  branches that often span hundreds of millions of years. As such, we can more robustly assess
148 the spread and diversification of alkaline phosphatases through time. This approach, in turn,
149 provides insight into when microbial lineages inherited and retained alkaline phosphatase
150 genes, thereby acquiring the metabolic capacity to recycle DOP.

151 We observed a disproportionate rise in the number of speciation events involving
152  alkaline phosphatases relative to total speciation events in the late Proterozoic, beginning in the
153  Mesoproterozoic and peaking in the Neoproterozoic (1600 Ma and 450 Ma) (Figs. 3, S6). These
154  results suggest a strong ecological pressure favouring the diversification of lineages encoding
155 alkaline phosphatases at this time. We speculate that this expansion may have occurred in
156 response to the broader ecological transition from Cyanobacteria-dominated to algae-dominated
157 marine ecosystems. Photosynthetic eukaryotes are thought to have evolved through primary
158 endosymbiosis prior to 1.6 Ga, with unambiguous fossil evidence appearing by 1.2 Ga
159 (Sanchez-Baracaldo et al., 2017; Bhattacharya & Price, 2020 and references therein; Pietluch et
160 al., 2025). However, it was not until the late Neoproterozoic (800-600 Ma) that algae underwent
161 extensive diversification and rose to ecological prominence, ultimately surpassing
162  Cyanobacteria as the dominant marine phytoplankton (Brocks et al., 2023).

163 This fundamental restructuring of marine primary producer communities likely imposed
164 new selective pressures on P regeneration, thereby shaping the evolutionary trajectory and
165 ecological importance of alkaline phosphatases. Compared to Cyanobacteria, algal cells are
166 typically larger and contain larger intracellular P reservoirs bound within biomolecules such as
167 nucleic acids and membrane lipids. Previous experimental work has shown that Cyanobacteria
168 have relatively low lipid contents (~11.7% on average), whereas algae are more lipid-rich (18.6—
169 21.3%) (Finkel et al.,, 2016). This distinction between Cyanobacterial and algal cells is
170  particularly important because a substantial fraction of the marine DOP pool is thought to be
171 derived from membrane lipids such as phospholipid fatty acids (Clark et al., 1998).
172  Consequently, the rise of algae likely expanded the size of the DOP reservoir due to a greater
173  contribution of P-rich biomolecules. In turn, this would have increased the selective advantage
174  of microorganisms capable of accessing DOP, thereby intensifying pressure for the proliferation

175 and diversification of alkaline phosphatase genes at this time.
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176 Notably, the geologic record also records a major reorganization of the marine P cycle
177 around 800-750 Ma (Planavsky et al., 2023), recorded by the widespread re-appearance of
178  phosphorites and elevated P enrichments in marine sediments (Planavsky, 2014; Reinhard et
179 al., 2017). Here, our genomic record of P cycling reflects and refines these enigmatic
180 sedimentary observations. Importantly, the expansion of alkaline phosphatase into new species
181 does not reflect an actual increase in the total P inventory, but rather a greater capacity to
182 recycle P from expanding and more dynamic organic pools. Because alkaline phosphatases
183 mediate the conversion of DOP to P;, their expansion provides a biological mechanism for the
184  enhanced P regeneration inferred from the geochemical record. Taken together, our findings
185 suggest that the proliferation of alkaline phosphatases played an important role in the broader
186 reorganization of the marine P cycle in the Neoproterozoic.

187

188 Microbial controls on the enzymatic P regeneration

189 Throughout Earth’s history, the oceans have undergone profound chemical transformations in
190 response to changing global redox conditions (Lyons et al., 2024). These shifts fundamentally
191  altered nutrient availability and the distribution of electron donors and acceptors, thereby
192 influencing which microbial metabolisms could thrive and the pathways through which key
193 nutrients were recycled and regenerated. However, it remains unclear how the capacity to
194  access and recycle DOP varied across different redox landscapes. To investigate this, we
195 quantified the distribution of phoA, phoD, and phoX genes across 5,381 extant genomes
196 categorized by metabolic groups. Unlike the tree of life used to infer the timing of gene
197 emergence and spread, this dataset is organized by functional metabolism rather than
198 phylogenetic representation. This framework enables a more direct assessment of how the
199 capacity to access and recycle DOP is distributed across heterotrophic metabolisms and how
200 that capacity may have varied under different redox regimes.

201 We further predicted the cellular localization of each alkaline phosphatase enzyme to
202 estimate the fractions that are secreted into the external environment (i.e., extracellular) versus
203 those that are retained within the cell, such as in the cytoplasm, periplasm or outer membrane
204  (i.e., intracellular). Extracellular alkaline phosphatases are capable of hydrolyzing high-
205  molecular-weight (MW) DOP compounds (>1000 Da) that cannot be directly taken up by cells,
206 thereby substantially improving the ability of microorganisms to scavenge P from their external
207 milieu by accessing a broader pool of otherwise unavailable DOP compounds (Fig. S1).
208 Importantly, the ability to secrete alkaline phosphatase substantially enhances the efficiency of

209 overall P regeneration since a large fraction of the marine DOP pool consists of large
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210 compounds exceeding 1000 Da (Karl & Bjorkman, 2015, 2024). This functional advantage is
211  especially true for sedimentary environments, where much of the organic matter delivered to the
212  seafloor occurs in the form of particles (i.e., particulate organic matter). Under these conditions
213 in deeper waters and sediments, extracellular alkaline phosphatases play a central role in P
214  regeneration as the primary enzymatic route by which P is liberated from organic matter.

215 Our results show that genes encoding intracellular alkaline phosphatases are
216  widespread across all metabolic groups (Fig. 4), including both aerobes and anaerobes. This
217  broad distribution aligns with previous work demonstrating that alkaline phosphatase enzymes
218 are ubiquitous across diverse microbial lineages (Zimmerman et al., 2013). Consistent with our
219 phylogenetic reconstructions, these findings reinforce the notion that the ability to exploit DOP to
220 meet cellular P requirements is a deeply rooted metabolic capability that has remained essential
221  for sustaining microbial communities for most of Earth’s history. While intracellular alkaline
222 phosphatases were widely distributed across metabolic groups, extracellular alkaline
223 phosphatases were more restricted, concentrated within specific metabolic groups, including
224  dissimilatory ferric iron reducers, aerobic heterotrophs, fermenters, and dissimilatory nitrate
225 reducers (Fig. 4). In contrast, sxtracellular alkaline phosphatases are nearly absent from
226  genomes associated with dissimilatory sulfate reducers and methanogenes. This pattern closely
227  mirrors previous observations of extracellular enzymes involved in the degradation of proteins
228 and carbohydrates, which are also lacking from methanogens and dissimilatory sulfate reducers
229 (Sanger et al., 2026). Taken together, these patterns indicate that the efficiency of DOP
230 recycling in a given environment depends strongly on which metabolic groups are present, and
231 by extension, the prevailing redox conditions that structure those communities.

232 While oxygen dominates the chemistry of the modern ocean, the older Archean and
233 early Proterozoic oceans were largely ferruginous (Konhauser et al., 2005; Planavsky et al.,
234  2011). Following the rise of atmospheric oxygen during the Great Oxidation Event (starting
235 around 2.45 Ga), enhanced oxidative weathering increased the delivery of P; and sulfate to the
236 oceans (Konhauser et al., 2011; Blattler et al., 2018), fueling increased primary production and
237  widespread microbial sulfate reduction along continental margins supplied by riverine input. This
238 led to localized euxinic conditions at continental margins, while much of the continental shelf
239 and open ocean likely remained ferruginous, a redox structure that is thought to have persisted
240  throughout much of the Proterozoic. Crucially, iron oxyhydroxides (e.g., ferrihydrite) efficiently
241 adsorb organic compounds during formation, scavenging cells, their lysates, and various
242  organic phosphorous compounds from the water column and transporting them to the seafloor
243 (Lalonde et al.,, 2012; Li et al., 2021; Basinski et al., 2024). Aggregates of these iron
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244  oxyhydroxide-organic phosphorous compounds would have been deposited in the ferruginous
245  deep ocean, providing an advantage for dissimilatory ferric iron reducers encoding alkaline
246  phosphatases. Consistent with this geochemical framework, dissimilatory ferric iron reducers
247  appear to be highly adept at degrading both low- and high-MW DOP compounds: 98% of the
248 genomes investigated encode an alkaline phosphatase (Fig. 5), with 50% predicted to secrete
249 alkaline phosphatase extracellularly. This substantial enzymatic capacity underscores the
250 importance of DOP as a nutrient source for microorganisms inhabiting ferruginous
251  environments, and it strongly supports the earlier notion that dissimilatory ferric iron reduction
252 was a significant biological process in the Archean and Proterozoic iron and carbon cycles
253 (Konhauser et al., 2005).

254 Previous geochemical models have proposed that euxinia promoted the liberation of P
255  through the remineralization of organic matter, thereby fueling primary productivity and
256  amplifying oxygenation of the oceans (Alcott et al.,, 2022). Our genomic data challenge this
257  interpretation. We find that only a small fraction of dissimilatory sulfate reducers encode
258 extracellular alkaline phosphatases that liberate P; from organic matter (6% of genomes). This
259 observation is consistent with studies showing that sulfate reducers do not directly remineralize
260 complex organic matter but instead rely on low-molecular-weight substrates such as amino
261 acids and acetate (Jgrgensen et al., 2019). While euxinia would have intensified microbial
262  sulfate reduction, our results suggest that it did not enhance enzymatic recycling of high
263 molecular weight DOP by these microorganisms. Instead, the recycling of high molecular weight
264 P under euxinic conditions was likely mediated by fermentative microorganisms, which exhibit a
265 substantially higher genomic potential for extracellular alkaline phosphatase activity (25% of
266 genomes). Yet, there is no clear mechanistic basis to expect that sulfate or sulfide
267  concentrations would selectively stimulate DOP hydrolysis, and in turn the release of P, by
268 fermenters. Rather, under modern euxinic conditions, abiotic mineral reactions mediate P
269 release, generating a P; source for sulfate reducers. Iron minerals that strongly adsorb P; (e.g.,
270 ferric oxides) react with hydrogen sulfide to form iron sulfides (Roden & Edmonds, 1997),
271  thereby releasing previously adsorbed P; into surrounding waters. This process increases local
272  P; availability independently of biological recycling. Our findings suggest that the liberation of P
273 observed under euxinic conditions (Guilbaud, 2025) was dominated by abiotic mineral
274  transformation, rather than by microbial recycling of DOP. This distinction reframes
275 interpretations of Proterozoic nutrient feedbacks: although microbial sulfate reduction played a
276  central role in shaping ocean chemistry and redox structure, the microorganisms driving P

277  cycling were likely other heterotrophic lineages operating within these sulfidic environments.
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278 In summary, our findings indicate that the capacity to recycle DOP, and thus regenerate
279 P;, depends strongly on the dominant metabolisms present under different redox conditions.
280 Ferruginous environments appear to favor microorganisms that have a high capacity for DOP
281 hydrolysis, such as dissimilatory ferric iron reducers, whereas sulfate-rich euxinic settings
282  exhibit comparatively limited biological capacity to recycle DOP. These patterns imply that major
283 transitions in Earth’'s redox landscape not only fundamentally restructured dominant
284  metabolisms but also shifted control over P recycling within microbial communities.

285

286 Conclusion

287  Alkaline phosphatases have been a fundamental component of the marine P cycle for most of
288  Earth’s history. The early Archean origin of these enzymes suggests that DOP was an important
289 nutrient source for some of the earliest microbial ecosystems. Their subsequent spread during
290 the Neoproterozoic coincides with the rise of algae and evidence for intensified P recycling.
291 Taken together, this suggests that the expansion of alkaline phosphatases at this time
292  contributed to a fundamental reorganization of the marine P cycle. Furthermore, the uneven
293 distribution of extracellular alkaline phosphatases across different metabolic groups
294  demonstrates that the efficiency of P recycling depends strongly on the microorganisms
295 favoured under different redox conditions. Collectively, the evolution and spread of alkaline
296 phosphatases played a central role in mediating the efficiency of P regeneration, and in turn, P

297  availability in the oceans through time.
298
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311 Figure 1. Widespread distribution of alkaline phosphatase genes in the tree of life. The
312 branches are colored according to their phylum. The presence of the genes phoA (black), phoD
313 (blue), phoX (red), and phoR (yellow) are represented at the tips of branches (e-value threshold
314 0.001). The evolutionary tree was reconstructed from 16 ribosomal proteins using a maximum
315 likelihood approach. The associated support values are shown in Figure S2.
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Figure 2. Early emergence of alkaline phosphatase genes in the Archean; phoA (black),
phoD (blue) and phoX (red). Horizontal gene transfers (circles) and duplications (squares) of
each gene are marked with colored shapes as the midpoints of lineages in which they are
estimated to have occurred, depending on the results of three different clock models (CIR,
UGAM and LN). Speciation events, marking a point in time where the gene was inherited from
its parents, are marked with asterisks. Gene birth precedes the first inferred event (indicated by
bolded symboils) for each gene. GOE refers to the Great Oxidation Event.
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Figure 3. Proportional spread of alkaline phosphatase genes through time. Black bars
represent the proportion of all speciation events which involved alkaline phosphatase genes
calculated based on estimations made with the default HGT cost (of 3) and the Cox-Ingersoll-
Ross (CIR) clock. Error bars represent the range of values estimated using HGT costs of 2, 4
and 6. Blue shading highlights the Mesoproterozoic (Mp.) and pink shading highlights the
Neoproterozoic (Np.). Values on the x axis indicate the midpoint of time bins spanning 100
million years. Graphs commence at 3550 million years ago, the mid-point of the oldest time bin
containing at least 3 total speciations in all clock models.
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Figure 4. Distribution of alkaline phosphatase genes across metabolic groups. The total
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340 Materials & Methods

341  Species tree reconstruction and implementation of Bayesian molecular clocks

342  Our evolutionary tree of life was constructed previously (Boden et al., 2024) from an alignment
343  of sixteen single-copy ribosomal proteins of 865 genomes chosen to represent the breadth of
344  Earth’s prokaryotic microbial diversity. It is a two-domain species tree. One genome from each
345  bacterial and archaeal phylum recognized in Parks et al., 2018, 2020 is included, while only 9
346  genomes of the 115 eukaryotic phyla described by Tedersoo, 2017 are included. This lack of
347 Eukaryotic phyla was a conscious decision to maximise diversity of prokaryotes, which
348 diversified around the GOE. Representative genomes were chosen based on taxonomic
349 information from the Genome Taxonomy Database (GTDB) release 95. In this study, we
350 implemented relaxed Bayesian molecular clocks in Phylobayes v.4.1 (Lartillot et al., 2009) to
351 anchor this tree to a geological timeline. To reflect differing views on divergence time estimation,
352 three replicates were implemented with either the lognormal (LN), cox-ingersoll-ross (CIR), or
353 uncorrelated gamma multipliers (UGAM) clock model. A full description of the parameters is
354  presented in Boden et al. 2024, the only difference being that here we applied an earlier
355 calibration for the origin of methanogenesis of more than 3.46 Ga (instead of more than 2.7 Ga)
356 based on new geochemical and biological data (Ueno et al., 2006; Wolfe & Fournier, 2018;
357 Cavalazzi et al., 2021). Two independent chains were implemented for 129,168 to 273,674
358 cycles for each molecular clock model until a pair of chains reached convergence, defined as
359 relative differences of all parameters < 0.3 and effective sizes > 50 after the first 25% of cycles
360 had been discarded as burn-in. These relative differences and effective sizes were calculated
361  with tracecomp implemented in Phylobayes v.4.1 (Latrtillot et al., 2009).

362

363 Identification of alkaline phosphatase genes

364  We searched in the molecular clock genomes for homologs of alkaline phosphatase genes
365  phoX, phoA, and phoD, as well as the pho operon regulator gene phoR, using HMMERS3 (Eddy,
366  2011). HMM profiles obtained from the Pfam database (phoD, PF09423.14; phoX, PF05787.17;
367 phoR, PF11808.12) and NCBI's protein family model page (phoA, NF007810.0) and an e-value
368 threshold of 0.001 were applied. To ensure that the enzymes we modelled the origin of were
369 functioning alkaline phosphatases and regulators, we took a cautious approach to identifying
370 homologs of phoR, phoD, and phoX. This involved an extra filtration step which removed the
371 most distantly related homologs if they did not evolve from the most recent common ancestor
372 (MCRA) of known alkaline phosphatases or P response regulators. To do this, amino acid

373 sequences of HMMERS3 hits for each enzyme were aligned with the relevant query sequences
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374  using MAFFT v.7.4 (Katoh & Standley, 2013) with the high accuracy progressive alignment
375 strategy (E-large-INS-1, Nakamura et al., 2018) designed for alignments containing multiple
376  regions of alignable residues separated by unalignable residues and gaps (command --mpi --
377 large --genafpair). Phylogenetically uninformative positions defined as containing more than or
378 equal to 85 % gaps were removed using trimal v.1.4.rev22 (Capella-Gutiérrez et al., 2009). The
379 resulting trimmed alignments were then used to reconstruct rooted maximum likelihood trees
380 detailing the relationships between known enzymes and their homologs using IQTREE v.2.2.5
381 (Minh et al., 2020) with the best of four non-reversible complex substitution models (namely
382 NQ.pfam+C20+G4, NW.pfam+C20+G4+F, NQ.bac+C20+G4,NQ.bac+C20+G4+F) chosen by
383  ModelFinder (Kalyaanamoorthy et al., 2017). Branch supports were estimated by calculating
384  ultrafast bootstraps with 1000 replicates (Hoang et al., 2018) and up to 5000 iterations (-bb
385 1000 -nm 5000). Tree topology tests, including the approximately-unbiased (AU) test
386  (Shimodaira, 2002) were applied to measure confidence in the root placements (--root-test -zb
387 1000 -au). Trees were rooted on branches with the highest bootstrap support values (59.1 for
388 PhoR, 9.26 for PhoA, 38.2 for PhoX and 77.8 for PhoD) and which passed the AU test (defined
389 as AU p-values more than or equal to 0.1). Any homolog which did not descend from the most
390 recent common ancestor of known enzymes was removed, resulting in a total of 35 PhoR (no
391 homologs were removed), 183 PhoX (4 homologs were removed) and 227 PhoD (1 homolog
392  was removed) for further analyses. Only one homolog of PhoA passed this criterion, so we kept
393 all 200 homologs, including those which did not descend from the MCRA of the seed
394  sequences, for further analyses. While PhoR is the most well-described alkaline phosphatase
395 regulon, it is important to note that it is only present in a single bacterial phylum
396 (Pseudomonadota, previously Proteobacteria) in our tree of life, which limits our interpretation of
397 how microorganisms regulate alkaline phosphatase production in response to P; concentration.
398 There may be unidentified genes for Pho regulation present in the genomes used to construct
399 this molecular clock.

400

401 Evolutionary reconstruction

402 To estimate when phoA, phoD, phoX, and phoR evolved and spread through microbial
403 communities, the filtered homologs were used to reconstruct phylogenetic trees for
404  reconciliation analyses with Bayesian molecular clocks. These phylogenetic trees were
405 reconstructed from amino acid alignments using the same strategy as above, except with a
406 more accurate iterative alignment strategy (E-INS-i, --genafpair —maxiterate 1000), an

407  additional step to remove poorly sequenced residues using TAPER v.1.0.2 (Zhang et al., 2021),
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408 and less stringent trimming (removing alignment columns with >= 95 % gaps). These changes
409 were made to retain as much phylogenetic signal as possible without propagating errors,
410 following advice from Luo, 2022.

411 Bayesian phylogenetic trees were constructed for phoX and phoR gene trees with
412  MrBayes v. 3.2.7a (Ronquist et al., 2012), employing a mixed amino acid model prior, invariant
413  sites, and gamma-distributed site rates. Chains were considered converged when the average
414  standard deviation of split frequencies was < 0.01, the partial scale reduction factor lay between
415 1.00 and 1.02, and the effective sample size scores of all parameters were > 200 after
416  discarding the first 25% of iterations as burn in. Bayesian phylogenetic trees for phoA and phoD
417  gene trees failed to converge within two months, so maximume-likelihood trees were constructed
418  using IQTREE v.2.0.3 (Minh et al., 2020) with 1000 ultrafast bootstraps (Hoang et al., 2018) and
419 one of 12 complex mixture substitution models (including LG+G4+C20+F , LG+G4+C60+F,
420 LG+R4+C20+F, LG+R4+C60+F, Q.pfam+G4+C20+F, Q.pfam+G4+C60+F, Q.pfam+R4+C20+F,
421  Q.pfam+R4+C60+F, Q.bac+G4+C20+F, Q.bac+G4+C60+F, Q.bac+R4+C20+F or
422  Q.bac+R4+C60+F) with the best BIC score calculated in ModelFinder (Kalyaanamoorthy et al.,
423  2017). Ultrafast bootstraps required between 200 and 1000 iterations to converge, and
424 bootstrap trees were written to file using the -wbtl flag.

425

426  Reconciliation with molecular clocks

427  Each gene tree was reconciled with the CIR clock model time-calibrated species tree using
428 ecceTERAVv. 1.2.5 (Jacox et al., 2016) to identify gene transfer, duplication, loss, and speciation
429 events. To prepare the Bayesian phylogenetic trees for reconciliation we first discarded the first
430 25 % of the gene trees obtained from the .t files of the Mr Bayes run as burn-in. The results
431 presented use the default event costs (horizontal gene transfer = 3, duplication = 2, loss = 1,
432  speciation = 0, transfers to the dead allowed) and amalgamated the gene trees (amalgamate =
433 true). The cost associated with a horizontal gene transfer event is based on the resulting impact
434  of transfer, relative to that of duplication, loss, and speciation, on the change in genome size
435 from the parent to the daughter lineages (David & Alm, 2011). The default ratio of 3:2:1:0
436 minimizes genome size variation between parents and daughter lineages over time, which is
437  consistent with findings indicating that genome size is inherited (Martinez-Gutierrez & Aylward,
438  2022). However, the event cost ratio would have theoretically differed with variation in genome
439  size, which is unconstrained for early Earth microorganisms, and there are reasons to believe
440 that larger variation may have occurred (see discussion in Boden et al., 2024). Therefore, to

441  further test how ecceTERASs, reconciliation parameters impact the estimated histories of genes
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442  related to alkaline phosphatase and determine the upper and lower bounds of our estimates, we
443  performed reconciliations with horizontal gene transfer costs of 2,4, and 6 for all three clock
444  models: CIR, UGAM, and LN (Figs. S3-S5). The symmetric median reconciliation from each
445 gene tree was used to determine dates of gene events, confidence intervals, and divergence
446  times using custom Python scripts, which were developed and implemented to time the
447  evolution of sulfur and reduced P species cycling (Mateos et al., 2023; Boden et al., 2024).
448  These scripts were applied using Python v. 2.7.5. and ensured that only reception events were
449  counted for each occurrence of horizontal gene transfers. All trees were visualized in
450  TreeViewer (Bianchini & Sanchez-Baracaldo, 2024).

451 The number of gene speciation events generally tracks the number of lineage speciation
452  events over time (Figs. S7-S9). To reduce the impact of the species tree structure on the count
453 of speciation events for alkaline phosphatases, we calculated the proportion of lineage
454  speciation events that involve alkaline phosphatase genes relative to total speciation events.
455  Events were grouped into 100-million-year bins, and the proportions were calculated under all
456 three clock models (CIR, UGAM, and LN) using a horizontal gene transfer cost of 3 (Figs. 3,
457  S7-S9). Horizontal gene transfer costs of 2, 4, and 6 were plotted as error bars.

458

459  Quantification of alkaline phosphatases across metabolic groups

460 We used a dataset of high-quality microbial genomes across distinct metabolic groups: aerobic
461 heterotrophy, fermentation, dissimilatory ferric iron reduction, dissimilatory sulfate reduction,
462 dissimilatory nitrate reduction, methanogenesis. The method of dataset construction is
463 described in Sanger et al., in review. Genomes were retrieved based on the presence of one or
464  more molecular markers that corresponding to the microbial metabolisms. Molecular markers in
465 genomes were identified using HMMER 3.3.2 (Eddy, 2011) and HMM profiles obtained from
466  NCBI's protein family model pages or published data from Appler et al., 2024 and Garber et al.,
467 2020, applying the relevant bit score threshold for each HMM. For aerobic heterotrophy, we
468 leveraged existing datasets of marine microorganisms and used a published collection (Gralka
469 et al, 2023) of bacterial species isolated from coastal seawater using growth media with
470 variable carbon substrates, and metagenome-assembled genomes (MAGs) from the GEMs
471 catalog, Tara Oceans dataset (Tully et al., 2018), and Malaspina dataset (Acinas et al., 2021).
472  To identify MAGs associated with aerobic heterotrophy we evaluated the presence of the
473  complex IV (cytochrome c oxidase; coxABC), and indicator for aerobic respiration (Appler et al.,
474  2024), and the absence of autotrophic and anaerobic heterotrophic molecular markers. For the

475  coxABC HMM, where a sequence score cutoff was unavailable, an e-value threshold of 1x10™°
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476 was used. Due to the diverse mechanisms of metabolic fermentation, which encompass a
477  variety of start and end products, there is no molecular marker for prokaryotic fermentation. We
478 retrieved genomes from a dataset of prokaryotic fermenters compiled by Hackmann & Zhang
479  (2023). All genomes retained were checked for quality and completeness using CheckM v1.1.6
480 (Parks et al., 2015). Only genomes over 90% complete and with less than 5% contamination
481  were included, meeting the high-quality level of the minimum information about a metagenome-
482  assembled genome (MIMAG) standard (Bowers et al., 2017).

483 The resulting dataset of microbial metabolisms was queried for homologs of alkaline
484  phosphatase genes phoX, phoA, and phoD, using HMMER3. We used HMM profiles from the
485  Pfam database and NCBI's protein family model page, and an e-value threshold of 1x10®. The
486  sequence hits were retrieved and were determined to code for a secreted protein based on the
487  presence of signal peptides using SignalP 6.0 (Teufel et al., 2022) as described above. Before
488  predicting subcellular localization with PSORTb, sequences were separated by predicted cell

489  type (Gram stain) based on predicted taxonomy (Yu et al., 2010).
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