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Abstract 11 

Cross-species gene presence/absence (PA) matrices are widely used to infer metabolic-pathway 12 

evolution, but orthology database clusters may contain deeply diverged homologs, lineage-specific 13 

duplicates, or pseudogenes, leading to erroneous assignments. Using OrthoDB v12 as the initial 14 

data source, we constructed a PA matrix comprising 34 human genes involved in nitrogen waste 15 

excretion and ammonia metabolism across 60 species, totaling 2,040 gene-by-species cells. Cells 16 

with uncertain assignments or distributions inconsistent with biological expectations were 17 

iteratively audited using NCBI/RefSeq searches, whole-genome tblastn, competitive paralog 18 

discrimination, locus-level clustering, phylogenetic priors, and published evidence. 19 

The final matrix contained 412 cells without support for the focal ortholog, 1,578 OrthoDB-only 20 

presence calls, 38 presence calls additionally supported by RefSeq or tblastn, 6 ancestral or 21 

unresolved homolog calls, 5 known pseudogenes, and 1 cluster bleed-through call. Sequence-level 22 



 

 

assessment of 20 randomly sampled OrthoDB-only presence cells yielded confirmation rates of 23 

75% under a strict single-HSP criterion and 85% under a locus-aggregate criterion. Direct sequence 24 

evidence supported all four highest-risk absence assignments. 25 

All six candidate GLUD loci examined in non-ape vertebrates favored GLUD1 over GLUD2, with 26 

five exceeding the 2σ discrimination threshold, supporting the ape-specific retrocopy origin of 27 

GLUD2. Two loci on different chromosomes in Anolis carolinensis showed GLUD1-favored 28 

signals, suggesting a candidate GLUD1 duplication in this lineage. UOX sequences from four great 29 

apes shared a codon 33 stop mutation, supporting UOX pseudogenization in the Hominidae 30 

ancestor. These findings demonstrate that database cluster membership cannot be equated directly 31 

with focal-ortholog or functional-gene presence. Cell-level auditing provides a transparent and 32 

traceable framework for interpreting orthology-database-derived PA matrices and lineage-specific 33 

gene gain, duplication, and pseudogenization. 34 

Keywords: OrthoDB; presence/absence matrix; cell-level auditing; competitive paralog 35 

discrimination; GLUD2 retrocopy; candidate GLUD1 duplication; UOX pseudogenization 36 

1. Introduction 37 

Gene retention, duplication, and loss provide an important genetic basis for the evolution of 38 

metabolic capacities. Cross-species gene presence/absence matrices are widely used to infer the 39 

origins, assembly, and lineage-specific changes of metabolic pathways (Dessimoz, et al. 2012; 40 

Sonnhammer, et al. 2014). These matrices are commonly constructed from orthologous groups in 41 

databases such as OrthoDB, OMA, and eggNOG (Altenhoff, et al. 2024; Hernandez-Plaza, et al. 42 

2023; Kuznetsov, et al. 2023). In downstream analyses, database cluster membership is often 43 

interpreted as gene presence, whereas the absence of a corresponding cluster member is interpreted 44 

as gene absence. Genome assembly quality, gene annotation, sequence divergence, duplication, and 45 



 

 

database cluster boundaries may all affect these assignments. Database output therefore cannot be 46 

equated directly with focal-ortholog presence or absence. 47 

Database-derived PA matrices may contain both false-positive and false-negative calls. A false 48 

positive may arise when another paralog in the target species produces a strong sequence-similarity 49 

signal and is misidentified as the focal ortholog. Alternatively, a deeply diverged homolog or 50 

ancient paralog may be grouped in the same database cluster as a recently derived lineage-specific 51 

gene. We refer to the latter case as cluster bleed-through. False-negative calls may result from 52 

assembly gaps, missing annotations, fragmented gene models, extensive sequence divergence, or 53 

inappropriate paralog grouping. Because sequence similarity alone generally cannot distinguish a 54 

focal ortholog from a paralog or nonfunctional remnant, PA calls require cell-level auditing using 55 

genomic searches, competitive paralog discrimination, phylogenetic information, and published 56 

evidence. 57 

Genes involved in nitrogen assimilation, transport, detoxification, and excretion provide a suitable 58 

system for evaluating PA-matrix reliability because they include deeply conserved enzymes, 59 

lineage-specific paralogs, and pseudogenized loci. GLUD1 and GLUD2 offer a particularly 60 

informative test. GLUD2 originated through retrotransposition of a GLUD1 transcript in the ape 61 

ancestor approximately 18 to 25 Ma (Burki and Kaessmann 2004; Dimovasili, et al. 2021; Litso, et 62 

al. 2023; Plaitakis, et al. 2017; Rosso, et al. 2008). GLUD2-associated cluster members in non-ape 63 

species must therefore be distinguished from GLUD1, independently derived GLUD1-like 64 

duplicates, and other GDH-family homologs. 65 

UOX provides a complementary test involving pseudogenization. A shared nonsense mutation at 66 

codon 33 supports UOX pseudogenization in the common ancestor of Hominidae, whereas Old 67 

World monkeys retain functional UOX(Oda, et al. 2002; Wu, et al. 1989; Wu, et al. 1992; Yeldandi, 68 



 

 

et al. 1991). This case tests whether a PA matrix can distinguish a pseudogene retaining exon-level 69 

homology from a functional gene. 70 

Here, we constructed an OrthoDB v12-derived PA matrix comprising 34 human genes involved in 71 

nitrogen waste excretion and ammonia metabolism across 60 species, totaling 2,040 gene-by-72 

species cells. We applied an iterative audit framework integrating NCBI/RefSeq evidence, whole-73 

genome tblastn, competitive paralog discrimination, locus-level clustering, phylogenetic priors, and 74 

published evidence. We evaluated whether cluster membership supports focal-ortholog presence, 75 

whether paralog misassignment can be distinguished from cluster bleed-through, and whether cell-76 

level auditing can reveal lineage-specific gene gain, duplication, and pseudogenization. 77 

2. Materials and Methods 78 

2.1 Species Sampling and Gene Set Definition 79 

We selected 60 species representing the major prokaryotic and eukaryotic lineages included in 80 

OrthoDB v12, with emphasis on taxa relevant to nitrogen-metabolism gene evolution and 81 

potentially anomalous orthology assignments. The panel comprised 6 prokaryotes, 7 unicellular 82 

eukaryotes or holozoans, 4 non-bilaterian metazoans, 8 invertebrate bilaterians, 17 non-mammalian 83 

vertebrates, and 18 mammals. 84 

The prokaryotes included Bacillus subtilis, Escherichia coli, Mycobacterium tuberculosis, 85 

Methanocaldococcus jannaschii, Sulfolobus solfataricus, and Thermococcus kodakarensis. The 86 

archaeal species were included because of their membership in the GLUD2-associated OrthoDB 87 

cluster, allowing us to test whether deeply diverged glutamate dehydrogenase homologs could be 88 

misinterpreted as focal orthologs of the ape GLUD2 retrocopy. The panel therefore combined broad 89 

phylogenetic coverage with targeted sampling and was not randomly drawn from all species 90 

represented in OrthoDB. 91 



 

 

The eukaryotic outgroups comprised Saccharomyces cerevisiae, Schizosaccharomyces pombe, 92 

Dictyostelium discoideum, Trypanosoma brucei, Monosiga brevicollis, Salpingoeca rosetta, and 93 

Capsaspora owczarzaki. Other taxa included one sponge, one ctenophore, two cnidarians, one 94 

echinoderm, one hemichordate, four protostomes, one cephalochordate, one tunicate, one 95 

cyclostome, one cartilaginous fish, four ray-finned fishes, three amphibians, four non-avian reptiles, 96 

and four birds. 97 

The 18 mammals comprised one monotreme, two marsupials, and 15 placental mammals, including 98 

three rodents, five laurasiatherians, and seven primates. The primates included one prosimian, one 99 

New World monkey, one Old World monkey, and four great apes, including Homo sapiens. The 100 

complete species list and NCBI Taxonomy identifiers are provided in species_metadata.tsv. 101 

The phylogenetic distribution of the sampled species is shown in Figure 1. Species-tree construction 102 

and divergence-time annotation are described in Section 2.12. 103 



 

 

 104 

Figure 1. Time-scaled phylogenetic tree of the 60 sampled species. The topology was obtained 105 

from the Open Tree of Life, and divergence times were annotated using TimeTree v5. A symmetric 106 

logarithmic time axis was used. Geological boundaries and the Great Oxidation Event are visual 107 

temporal references only. 108 

We selected 34 human genes involved in nitrogen-waste production, ammonia detoxification, 109 

glutamate metabolism, transamination, the urea cycle, urate metabolism, and transport of nitrogen-110 

containing compounds: ABCG2, AQP1, AQP2, ARG1, ARG2, ASL, ASS1, CPS1, GLS, GLS2, 111 

GLUD1, GLUD2, GLUL, GOT1, GOT2, GPT, GPT2, NAGS, ODC1, OTC, PYCR1, RHAG, 112 



 

 

RHBG, RHCG, SLC14A1, SLC14A2, SLC1A2, SLC1A3, SLC22A12, SLC25A13, SLC25A15, 113 

SLC2A9, UOX, and XDH. 114 

The gene set included deeply conserved metabolic enzymes, transporters, lineage-specific paralogs, 115 

and pseudogenized genes. GLUD2 was included to evaluate orthology assignment for a recently 116 

derived retrocopy, whereas UOX was included to distinguish detectable sequence homology from 117 

functional-gene presence. Core machine-readable metadata for the 34 focal genes are provided in 118 

gene_metadata.tsv. Expanded functional and reference metadata are provided in 119 

network_proteins.tsv , and the UniProt/KEGG identifier verification results are provided in 120 

gene_metadata_verification_log.tsv. 121 

2.2 Retrieval of OrthoDB Orthologous Groups and Initial PA Coding 122 

We queried OrthoDB v12 for orthologous groups corresponding to the 34 human genes. A gene-by-123 

species cell was initially coded as an OrthoDB-supported presence if the selected group contained at 124 

least one member from the corresponding species and as an OrthoDB-supported absence if no 125 

member was identified. This procedure produced an initial 34-gene × 60-species matrix containing 126 

2,040 cells. 127 

The initial calls were subsequently subjected to iterative cell-level auditing. Cells requiring review 128 

were identified from database inconsistencies, anomalous nomenclature, phylogenetically 129 

unexpected distributions, NCBI/RefSeq records, whole-genome tblastn results, competitive paralog 130 

discrimination, phylogenetic priors, and published evidence. Audited cells, supporting evidence, 131 

and final assignments are provided in pa_verification_log.tsv. 132 

2.3 PA States, Evidence Types, and Display Codes 133 

PA = 0.0: no support for the focal ortholog. 134 

PA = 0.4: an ancestral homolog or paralog with unresolved orthology. 135 



 

 

PA = 0.5: a known pseudogene. 136 

PA = 1.0: presence supported solely by OrthoDB cluster membership. 137 

PA = 1.1: presence additionally supported by NCBI/RefSeq records and sequence homology. 138 

PA = 1.2: presence additionally supported by whole-genome tblastn. 139 

PA = 1.3: OrthoDB cluster bleed-through. 140 

The PA values are categorical labels rather than continuous probabilities or increasing levels of 141 

evidential strength. PA = 1.3 denotes an OrthoDB cluster member or gene-family-level homology 142 

signal that does not support focal-ortholog presence. 143 

2.4 Phase 1: Cross-Checking NCBI/RefSeq Annotations 144 

For cells showing discordance between OrthoDB and NCBI evidence, NCBI Entrez was queried 145 

using the target species and focal gene names, and retrieved records were processed using 146 

Biopython 1.84 (Cock, et al. 2009). Relevant RefSeq mRNA and protein records were compared 147 

with the human query and known close paralogs. Phase 1 was used to cross-check annotations 148 

rather than independently establish strict orthology. 149 

Cells supported by both RefSeq records and sequence homology were assigned PA = 1.1 and 150 

recorded as refseq_gene_present. Cells annotated as pseudogenes or supported as inactive by 151 

published studies were assigned PA = 0.5. Unverifiable accessions were excluded as evidence for 152 

focal-gene presence and documented in the audit log. 153 

The Callithrix jacchus GLUD2 mRNA accession XM_002753196, recorded in an earlier workflow, 154 

could not be verified and was excluded as evidence for GLUD2 presence. 155 

The UOX status of the four great apes was assessed using NCBI sequences and published evidence. 156 

Cells retaining exon-level homology, carrying the shared codon 33 nonsense mutation, and 157 



 

 

supported as inactive were assigned PA = 0.5 rather than being coded as functional-gene presences 158 

(Oda, et al. 2002; Wu, et al. 1989; Wu, et al. 1992; Yeldandi, et al. 1991). 159 

2.5 Phase 2: Whole-Genome tblastn Searches 160 

Human query proteins were searched against target-species genome assemblies for cells unresolved 161 

after Phase 1 and for all TIER 3 absence calls. Genome assemblies were obtained through NCBI 162 

Datasets (Sayers, et al. 2024), with assembly metadata provided in species_metadata.tsv. Local 163 

nucleotide databases were constructed using BLAST+ 2.16.0: tblastn -query 164 

query_protein.fasta -db target_genome -evalue 1e-5 -outfmt 6 -165 

max_target_seqs 50. 166 

Searches used BLOSUM62 and the default BLAST+ gap-opening and gap-extension penalties of 11 167 

and 1, respectively (Altschul, et al. 1997; Camacho, et al. 2009; Henikoff and Henikoff 1992). 168 

Individual HSPs were required to meet E-value ≤ 1 × 10⁻⁵, bit score ≥ 80, percent identity ≥ 30%, 169 

and aligned length ≥ 80 aa. At least one qualifying HSP was considered evidence of a homologous 170 

sequence signal, but not independent evidence of focal-ortholog identity. 171 

Cells supported by the whole-genome search and not explained by a closer paralog were assigned 172 

PA = 1.2 and recorded as tblastn_present. Cells without qualifying HSPs were recorded as 173 

tblastn_absent. Sequences more consistent with ancestral homologs or other paralogs were assigned 174 

PA = 0.4 or PA = 0.0, as appropriate. 175 

2.6 Locus-Level Clustering and Aggregate Scoring of tblastn HSPs 176 

To avoid combining HSPs from distinct loci during chromosome-level aggregation, we applied 177 

single-linkage locus clustering (Sokal and Michener 1958). HSPs on the same subject sequence 178 

were sorted by subject start coordinate. Consecutive HSPs separated by no more than 100 kb were 179 

assigned to the same cluster; a new cluster was initiated when the distance exceeded 100 kb. 180 



 

 

For each cluster, we calculated the summed HSP bit score, summed aligned length, and highest 181 

percent identity. The cluster with the highest sum_bitscore on each subject sequence was retained 182 

for subsequent scoring and paralog discrimination. 183 

This procedure replaced an earlier chromosome-level method that could combine spatially separated 184 

loci. An SLC25A13 query against Schizosaccharomyces pombe produced 25 HSPs across an 185 

approximately 0.5 to 4.0 Mb interval. Chromosome-level aggregation yielded a cumulative aligned 186 

length of 3,276 aa for a 675-aa query, indicating the combination of distinct candidate loci. 187 

For the 20-cell spot-check, locus clusters were evaluated using sum_bitscore ≥ 80, best_pident ≥ 188 

30%, and sum_length ≥ 50 aa. Passing this criterion indicated a qualifying homologous sequence 189 

signal but did not independently establish focal-ortholog identity. 190 

2.7 Competitive Paralog Discrimination 191 

For gene families prone to cross-hits among close paralogs, the human focal protein and relevant 192 

close paralogs were independently used as tblastn queries at the same candidate locus. The families 193 

examined were GLUD1/GLUD2, SLC22A6/SLC22A12/SLC22A20, ARG1/ARG2, 194 

PYCR1/PYCR2/PYCR3, and SLC25A12/SLC25A13. SLC22A6, SLC22A20, PYCR2, PYCR3, 195 

and SLC25A12 were discrimination queries rather than focal genes. 196 

If an alternative paralog produced a higher top-HSP bit score than the focal-gene query, the signal 197 

was attributed to the alternative paralog and not considered evidence for focal-ortholog presence. 198 

Because the procedure did not include a reverse search against the complete human proteome, it is 199 

termed competitive paralog discrimination rather than reciprocal best-hit analysis. 200 

2.8 Phylogenetic Risk Stratification of Absence Calls 201 

Calls assigned paralog_lineage_absence_orthodb were stratified according to the phylogenetic 202 

distance between the target species and the inferred origin of the focal gene or paralog. TIER 1 203 



 

 

comprised 211 pre-bilaterian cells, TIER 2 comprised 81 invertebrate-bilaterian cells, and TIER 3 204 

comprised four high-risk vertebrate cells. TIER 1 and TIER 2 represented relative levels of prior-205 

based risk and were not treated as equivalent to direct sequence evidence. 206 

The TIER 3 cells were GLUD2/Rhinatrema bivittatum, GLUD2/Sarcophilus harrisii, SLC22A12/R. 207 

bivittatum, and SLC22A12/Xenopus tropicalis. All four were evaluated through whole-genome 208 

tblastn and competitive paralog discrimination. 209 

2.9 Analysis of GLUD1/GLUD2-Discriminating Sites 210 

Human GLUD1 (UniProt P00367) and GLUD2 (UniProt P49448) were compared by Needleman-211 

Wunsch global alignment using BLOSUM62 (Needleman and Wunsch 1970). Twenty-four 212 

positions containing different GLUD1 and GLUD2 residues were identified. For each position, the 213 

target residue was scored against the corresponding GLUD1 and GLUD2 residues, and the 214 

difference was calculated as Δi = B(ai, rGLUD1,i) − B(ai, rGLUD2,i). 215 

Under equal background frequencies for the 20 standard amino acids, the mean per-site standard 216 

deviation was 2.0533 raw BLOSUM62 units. Ten thousand empirical permutations using the same 217 

background and random seed 20260613 produced a per-site standard deviation of 2.0552, differing 218 

by 0.09%. The empirical and analytical standard deviations across all 24 sites were 4.134 and 4.152 219 

bits, respectively. 220 

Raw scores were converted to bits using Sbits = λSraw/ln2, where λ = 0.267 for gapped alignment 221 

with BLOSUM62 and the default BLAST+ gap penalties used here (Sheetlin, et al. 2005). Because 222 

the analytical and empirical calculations used the same uniform background, their agreement 223 

validates the implementation rather than the background assumption. 224 

For a candidate locus covering k discriminating positions, the expected noise scale was σk = 225 

σsite√k, and the standardized score was Z = (Δobserved − μk)/σk. Positive values favored GLUD1 226 



 

 

and negative values favored GLUD2. Values exceeding 2σ were treated as strong discrimination 227 

signals; lower values in a consistent direction were treated as directional support. 228 

2.10 Random Spot-Check of OrthoDB-Only Presence Calls 229 

Twenty cells were selected by simple random sampling without replacement from the 1,580 PA = 230 

1.0 cells present at the time of sampling, using random seed 20260609. Sampling preceded the 231 

reclassification of GLUD2/Sulfolobus solfataricus to PA = 1.3 and Gorilla gorilla UOX to PA = 0.5. 232 

These revisions reduced the final PA = 1.0 total to 1,578 but did not affect the sampled cells. 233 

Each cell underwent whole-genome tblastn and locus-level HSP clustering. The strict single-HSP 234 

criterion required bit score ≥ 80, percent identity ≥ 30%, and aligned length ≥ 80 aa. The locus-235 

aggregate criterion required sum_bitscore ≥ 80, best_pident ≥ 30%, and sum_length ≥ 50 aa. The 236 

criteria differed for GOT2/Oryzias latipes and ABCG2/Xenopus laevis, in which high-identity 237 

signals were distributed across multiple HSPs. The spot-check assessed sequence-level 238 

recoverability rather than strict 1:1 orthology. 239 

2.11 Statistical Analysis 240 

Binomial proportions were reported with 95% Wilson confidence intervals without continuity 241 

correction (Wilson 1927). Wilson intervals were used because several analyses involved small 242 

samples. Calculations were performed using SciPy 1.13 (Virtanen, et al. 2020) and statsmodels 243 

0.14. 244 

2.12 Species-Tree Construction and Divergence-Time Annotation 245 

The topology of the 60-species tree was obtained from the Open Tree of Life. Divergence times 246 

were retrieved from TimeTree v5 through the TimeTree REST API(Kumar, et al. 2017). A 247 

symmetric logarithmic time axis was used to display both recent and deep events. Geological 248 



 

 

boundaries and the Great Oxidation Event were visual references and were not used to infer 249 

topology or node ages. 250 

2.13 Reconstruction of the GLUD1/GLUD2 Gene Tree 251 

The GLUD1/GLUD2 gene tree comprised 51 protein sequences, including 45 GLUD1 or GLUD1-252 

like sequences and 6 GLUD2 or GLUD2-related sequences. The sequence set represented major 253 

vertebrate lineages and included glutamate dehydrogenase sequences from Drosophila and Ciona as 254 

deep gene-family references. The maximum-likelihood tree was constructed using IQ-TREE 2. 255 

2.14 Extraction and Alignment of the UOX Codon 33 Region 256 

Sequences surrounding codon 33 in UOX exon 2 were retrieved from M69165 (Pan troglodytes), 257 

M69167 (Pongo sp.), M69168 (Macaca mulatta), AH005326 (Gorilla gorilla), and NR_003927.2 258 

(Homo sapiens). For each taxon, a 27-bp region comprising 12 bp upstream, the focal codon, and 12 259 

bp downstream was extracted. Macaca mulatta, which retains functional UOX, was used as the 260 

outgroup reference. M69167 was retained as Pongo sp., following its original GenBank annotation. 261 

2.15 Data and Code Availability 262 

The principal data files include species_metadata.tsv, gene_metadata.tsv, 263 

presence_absence_matrix_verified.tsv, pa_verification_log.tsv, pa1_spotcheck_aggregate_v2.tsv, 264 

glud1_glud2_discriminating_sites.tsv, glud_disc_site_permutation_null.tsv, 265 

glud_permutation_null_distribution_10k.tsv, glud_locus_bitscore_delta_noise_analysis_v3.tsv, and 266 

uox_codon33_alignment.fasta. 267 



 

 

3. Results 268 

3.1 The Audited 34-Gene × 60-Species PA Matrix 269 

The final matrix contained 412 cells without support for the focal ortholog, 6 ancestral or 270 

unresolved homologs, 5 known pseudogenes, 1,578 OrthoDB-only presence calls, 30 271 

NCBI/RefSeq-supported presence calls, 8 tblastn-supported presence calls, and 1 cluster bleed-272 

through call, totaling 2,040 cells. PA = 1.0 to PA = 1.2 represent distinct evidence sources rather 273 

than increasing probabilities or evidential strength. PA = 1.3 represents cluster bleed-through. 274 

Seventeen of the 34 genes contained at least one nonbinary PA state. The complete PA matrix is 275 

shown in Figure 2. 276 

 277 

Figure 2. Audited 34-gene × 60-species presence/absence matrix. Rows represent focal genes 278 

and columns represent species. PA = 0.0 indicates no support for the focal ortholog; PA = 0.4, 279 



 

 

ancestral or unresolved homology; PA = 0.5, a known pseudogene; PA = 1.0, OrthoDB-only 280 

presence; PA = 1.1, NCBI/RefSeq-supported presence; PA = 1.2, tblastn-supported presence; and 281 

PA = 1.3, cluster bleed-through. 282 

The matrix retained broad phylogenetic patterns. CPS1, ASS1, and ASL were present in all 35 283 

vertebrates examined. OTC was present in 34/35 vertebrates, whereas ARG1 was present in 33/35. 284 

GLUD2 was supported only in the four great apes and not in the 14 non-ape mammals or 17 non-285 

mammalian vertebrates. Signals from prokaryotic and deeply diverged eukaryotic GLUD2-cluster 286 

members were more consistent with ancient GDH-family homologs or GLUD1-like paralogs. 287 

SLC22A12 was present in all 18 mammals but lacked focal-ortholog support in the 17 non-288 

mammalian vertebrates. GPT2 and GPT were coded as present in 57/60 and 52/60 species, 289 

respectively. 290 

UOX was coded as PA = 0.5 in Pongo abelii, Gorilla gorilla, Pan troglodytes, and Homo sapiens. 291 

Macaca mulatta, Callithrix jacchus, and Otolemur garnettii retained UOX calls consistent with 292 

functional genes, in agreement with pseudogenization in the Hominidae ancestor. 293 

Gene-family age analysis assigned 24 genes to families with deep prokaryotic homologs, 9 to 294 

families recovered primarily in eukaryotes, and SLC22A12 to a Holozoa-associated family. GLUD2 295 

was treated separately because the GDH family is ancient, whereas the GLUD2 retrocopy 296 

originated approximately 18 to 25 Ma (Figure 3). 297 



 

 

 298 

Figure 3. Phylostratigraphic distribution of 34 nitrogen-metabolism-related genes. Bars show 299 

estimated gene-family origin times. The GLUD2 bar represents the origin of the ape retrocopy 300 

rather than the deeper origin of the GDH family. 301 

3.2 Iterative Cell-Level Auditing and Evidence Composition 302 

The audit expanded as annotation conflicts, phylogenetically unexpected calls, and additional 303 

sequence evidence were identified. In total, 462 unique cells underwent at least one cell-level 304 

review, whereas 1,578 retained OrthoDB-only presence calls. 305 

The largest evidence category comprised 296 paralog_lineage_absence_orthodb cells in which 306 

cluster membership was inconsistent with the inferred origin of the focal gene and the phylogenetic 307 

position of the target species. Other audited cells were classified according to RefSeq support, 308 



 

 

whole-genome tblastn results, paralog discrimination, pseudogene evidence, or cluster bleed-309 

through (Figure 4). 310 

 311 

Figure 4. Cell-level audit coverage and final evidence composition. Of the 2,040 cells, 462 312 

underwent cell-level review and 1,578 retained OrthoDB-only presence calls. Green indicates 313 

evidence supporting focal-ortholog presence, red absence, amber ancestral or unresolved homology, 314 

yellow cluster bleed-through, and gray unaudited OrthoDB-only presence. 315 

The audit removed or revised accessions and gene names that could not be supported by the records 316 

examined, reassigned paralog-derived calls in nontarget lineages, replaced chromosome-level 317 

aggregation with locus-level clustering, and directly evaluated high-risk absence calls and randomly 318 

sampled OrthoDB-only presence calls. 319 



 

 

3.3 Direct Validation of High-Risk Absence Calls 320 

The 296 prior-supported absence cells were divided into 211 TIER 1, 81 TIER 2, and 4 TIER 3 321 

cells. The TIER 3 cells were GLUD2/Rhinatrema bivittatum, GLUD2/Sarcophilus harrisii, 322 

SLC22A12/R. bivittatum, and SLC22A12/Xenopus tropicalis. 323 

The SLC22A12-associated signals in both amphibians were better explained by SLC22A6/A20-like 324 

paralogs than by SLC22A12. Candidate GLUD loci in R. bivittatum and S. harrisii favored GLUD1 325 

over GLUD2 by 3.92σ and 5.58σ, respectively (Figure 5, Figure S1). Direct sequence evidence 326 

therefore supported all four highest-risk absence assignments, corresponding to 4/4 with a Wilson 327 

95% confidence interval of 51.0% to 100.0%. 328 

 329 



 

 

Figure 5. GLUD1/GLUD2 discrimination at six candidate GLUD loci from non-ape 330 

vertebrates. Positive standardized scores favor GLUD1 and negative scores favor GLUD2. The 2σ 331 

threshold indicates a strong signal. Analytical and empirical scales are shown, together with the 332 

corresponding null distributions. 333 

 334 

Figure S1. Four non-ape vertebrate GLUD candidate loci included in the initial analysis. The 335 

loci were sampled from Gallus gallus, Xenopus tropicalis, and Anolis carolinensis. Three exceeded 336 

the 2σ discrimination threshold, whereas A. carolinensis NC_085842.1 favored GLUD1 337 

directionally but remained below the threshold. 338 

3.4 Lineage-Specific Evolutionary Events Revealed by the Audit 339 

3.4.1 Non-Ape Candidate GLUD Loci Favor GLUD1 340 

Six candidate loci from five non-ape vertebrate species were examined. All six favored GLUD1 341 

over GLUD2, corresponding to 6/6 with a Wilson 95% confidence interval of 61.0% to 100.0%. 342 



 

 

Five exceeded the 2σ threshold, whereas none favored GLUD2. The GLUD1/GLUD2 maximum-343 

likelihood gene tree placed the GLUD2 sequences from four great apes within the vertebrate 344 

GLUD1 lineage(Figure 6). Together, these results support the interpretation that non-ape GLUD2-345 

associated cluster members represent GLUD1, GLUD1-like sequences, or deeper GDH-family 346 

homologs rather than orthologs of the ape GLUD2 retrocopy. 347 

 348 



 

 

Figure 6. Maximum-likelihood gene-family tree of GLUD1 and GLUD2. The tree includes 45 349 

GLUD1 or GLUD1-like sequences and 6 GLUD2 or GLUD2-related sequences. Great-ape GLUD2 350 

sequences form a clade within the vertebrate GLUD1 lineage. 351 

3.4.2 Candidate GLUD1 Duplication in Anolis carolinensis 352 

Two GLUD1-like loci were recovered on NC_085842.1 and NC_085843.1 in Anolis carolinensis. 353 

NC_085843.1 covered 7/24 discriminating positions and favored GLUD1 by 3.33σ. NC_085842.1 354 

covered 4/24 positions and favored GLUD1 directionally but did not exceed 2σ. These loci suggest 355 

a candidate GLUD1 duplication in the Anolis lineage. Because only one lepidosaur species was 356 

directly examined and one locus had limited coverage, the event was not assigned to Lepidosauria 357 

as a whole. 358 

3.4.3 Shared UOX Codon 33 Stop Mutation in Great Apes 359 

The four great apes retained exon-level UOX homology and shared a TGA stop codon at codon 33, 360 

whereas Macaca mulatta retained the ancestral CGA arginine codon (Figure 7). This pattern 361 

supports UOX pseudogenization in the common ancestor of Hominidae. The four great-ape cells 362 

were coded as PA = 0.5 to distinguish retained pseudogene sequences from functional genes and 363 

complete genomic absence. 364 



 

 

 365 

Figure 7. Great-ape UOX pseudogenization and the codon 33 nonsense mutation. Four great 366 

apes retain exon-level UOX homology and share the codon 33 CGA-to-TGA substitution, whereas 367 

Macaca mulatta retains the ancestral CGA codon. 368 

3.5 Random Spot-Check of OrthoDB-Only Presence Calls 369 

All 20 sampled cells contained at least one HSP with an E-value ≤ 1 × 10⁻⁵. Fifteen passed the strict 370 

single-HSP criterion, corresponding to 75% with a Wilson 95% confidence interval of 53.1% to 371 

88.8%. Seventeen passed the locus-aggregate criterion, corresponding to 85% with a Wilson 95% 372 

confidence interval of 64.0% to 94.8%. 373 

The criteria differed for GOT2/Oryzias latipes and ABCG2/Xenopus laevis, both of which 374 

contained high-identity signals distributed across multiple HSPs. Three cells did not pass the locus-375 



 

 

aggregate criterion: SLC1A3/Mycobacterium tuberculosis, OTC/Trypanosoma brucei, and 376 

SLC25A13/Salpingoeca rosetta. 377 

GLUD2/Sulfolobus solfataricus passed the locus-aggregate criterion, but its sequence signal 378 

represented an archaeal GDH-family homolog rather than the ape GLUD2 retrocopy. It was 379 

therefore classified as cluster bleed-through(Figure 8). The spot-check assessed sequence-level 380 

recoverability rather than strict 1:1 orthology. 381 

 382 

Figure 8. Whole-genome sequence assessment of 20 randomly sampled OrthoDB-only 383 

presence cells. The figure shows results under the strict single-HSP and locus-aggregate criteria. 384 

GLUD2/Sulfolobus solfataricus is separately classified as PA = 1.3 cluster bleed-through. 385 

3.6 Cluster Bleed-Through and Paralog Misassignment 386 

GLUD2/Sulfolobus solfataricus produced a best locus-cluster bit score of 518.0, a best_pident of 387 

39.6%, and a highest single-HSP bit score of 266. Because S. solfataricus is an archaeon and 388 



 

 

GLUD2 arose in the ape ancestor, the signal cannot represent an ortholog of the ape GLUD2 389 

retrocopy. 390 

Cluster bleed-through occurs when a deeply diverged homolog or ancient paralog is placed in the 391 

same database cluster as a recently derived focal gene. Paralog misassignment instead occurs when 392 

a different close paralog in the target species is interpreted as the focal ortholog. GLUD2/S. 393 

solfataricus represents cluster bleed-through, whereas SLC22A6/A20-like signals recovered with an 394 

SLC22A12 query represent paralog misassignment. The GLUD2/S. solfataricus cell was assigned 395 

PA = 1.3 and recorded as orthodb_cluster_bleed_through. 396 

4. Discussion 397 

4.1 Evidence Heterogeneity in Database-Derived PA Matrices 398 

The audit demonstrates that database cluster membership, detectable sequence homology, focal-399 

ortholog identity, and functional-gene presence represent related but nonequivalent levels of 400 

inference. Collapsing these levels into binary PA states may distort estimates of gene origin, 401 

phylogenetic distribution, and functional capacity. The categorical PA scheme retains distinctions 402 

among the main biological interpretations and evidence types used in the audit. 403 

Of the 2,040 cells, 462 underwent cell-level review, whereas 1,578 retained OrthoDB-only presence 404 

calls. The matrix should therefore be interpreted as evidence-stratified rather than uniformly 405 

validated. Likewise, the 75% and 85% confirmation rates depend on the single-HSP and locus-406 

aggregate criteria. They reflect sequence-level recoverability under the specified criteria, not strict 407 

1:1 orthology or overall OrthoDB accuracy. 408 



 

 

4.2 Cluster Bleed-Through and Paralog Misassignment 409 

Paralog misassignment and cluster bleed-through represent distinct sources of apparent PA false 410 

positives. Paralog misassignment occurs when another close paralog in the target genome produces 411 

a stronger signal than the focal gene(Dessimoz, et al. 2012; Sonnhammer, et al. 2014). The 412 

SLC22A12-associated signals attributed to SLC22A6, SLC22A20, or related transporters exemplify 413 

this mechanism. 414 

Cluster bleed-through arises when deeply diverged homologs or ancient paralogs are included in the 415 

same database cluster as a recently derived focal gene. GLUD2/S. solfataricus exemplifies this case 416 

because its signal reflects an archaeal GDH-family homolog rather than the ape GLUD2 retrocopy, 417 

which originated from GLUD1 in the ape ancestor (Burki and Kaessmann 2004; Rosso, et al. 2008). 418 

PA = 1.3 preserves the original evidence while indicating that the signal does not support focal-419 

ortholog identity. 420 

4.3 Evolutionary Implications 421 

All six non-ape GLUD candidate loci favored GLUD1 over GLUD2, and five exceeded the 2σ 422 

threshold. Together with the placement of great-ape GLUD2 sequences within the vertebrate 423 

GLUD1 lineage, these findings support the ape-specific retrocopy origin of GLUD2. The limited 424 

number of species and the shared uniform amino-acid background assumption nevertheless warrant 425 

cautious interpretation. 426 

Two GLUD1-like loci in Anolis carolinensis suggest a candidate GLUD1 duplication in the Anolis 427 

lineage. Broader lepidosaur sampling, open-reading-frame assessment, synteny analysis, and gene-428 

tree placement are required before the duplication can be assigned to a specific ancestral branch. 429 

Great-ape UOX illustrates a different limitation of binary PA coding. The four Hominidae species 430 

retained exon-level homology and shared the codon 33 nonsense mutation, supporting 431 



 

 

pseudogenization rather than functional-gene presence or complete genomic absence. Together, 432 

GLUD2, the candidate Anolis GLUD1 duplication, and UOX show how gene gain, duplication, and 433 

pseudogenization can generate deep-homolog co-clustering, within-cluster paralog ambiguity, and 434 

sequence retention despite functional loss. 435 

4.4 Limitations 436 

This study began with pre-existing OrthoDB groups and did not reconstruct all gene families de 437 

novo. Orthologs omitted from the selected clusters may therefore have remained undetected. The 438 

results of tblastn and competitive paralog discrimination may also be affected by assembly quality, 439 

sequence divergence, gene-model completeness, and threshold selection. 440 

The 20-cell spot-check was small and unstratified and cannot provide a precise estimate of the error 441 

rate across the complete matrix. The PA matrix also reflects genomic potential rather than direct 442 

evidence of gene expression, protein function, or metabolic phenotype. 443 

4.5 Generalizability and Future Directions 444 

Future studies could combine larger stratified samples with candidate-protein reconstruction, 445 

reverse proteome searches, gene-tree analysis, and synteny assessment to distinguish focal 446 

orthologs, paralogs, and pseudogenes more rigorously. The resulting matrix could support 447 

downstream analyses of selection pressure, gene gain and loss, and correlated trait evolution. 448 

The framework is applicable to other database-derived PA matrices containing lineage-specific gene 449 

gains, duplications, pseudogenization events, or losses. Compared with treating database output as 450 

binary ground truth, cell-level auditing provides a more transparent and traceable basis for 451 

comparative genomic analysis. 452 



 

 

5. Conclusion 453 

We constructed and audited a 34-gene × 60-species PA matrix comprising 2,040 gene-by-species 454 

cells. The final matrix contained 412 cells without support for the focal ortholog, 6 ancestral or 455 

unresolved homologs, 5 known pseudogenes, 1,578 OrthoDB-only presence calls, 38 presence calls 456 

additionally supported by sequence or annotation evidence, and 1 cluster bleed-through call. The 457 

20-cell spot-check yielded confirmation rates of 75% and 85% under the strict single-HSP and 458 

locus-aggregate criteria, respectively, and direct sequence evidence supported all four highest-risk 459 

absence assignments. 460 

The analysis supported the ape-specific retrocopy origin of GLUD2, identified a candidate GLUD1 461 

duplication in Anolis carolinensis, and confirmed the shared UOX codon 33 pseudogenization 462 

marker in four great apes. Database cluster membership, gene-family homology, focal-ortholog 463 

identity, and functional-gene presence are therefore not equivalent. Cell-level auditing provides a 464 

more transparent and traceable basis for interpreting orthology-database-derived PA matrices. 465 

Funding 466 

This work was supported by the First-Class Academic Subjects Special Research Project of the 467 

Education Department of Inner Mongolia Autonomous Region (YLXKZX-NND-031); the Capacity 468 

Building Project of the Grassland Rodent Ecology and Rodent Pest Control Key Laboratory of 469 

Higher Education Institutions of the Inner Mongolia Autonomous Region (RZ2500000852); the 470 

Double First-Class Construction Funds, Discipline-Specific Research Project in Grass Science 471 

(DC2500000964); the National Key Research and Development Program of China 472 

(2024YFD1400503); the Key Research and Development Program of Inner Mongolia Autonomous 473 

Region (2025YFHH0177); the Key Program of the Natural Science Foundation of Inner Mongolia 474 

Autonomous Region (2025SHZR0901); the Major Program of the National Natural Science 475 



 

 

Foundation of China (32090024); the Fundamental Research Funds for Universities Directly 476 

Affiliated with the Inner Mongolia Autonomous Region (BR221307, BR220106, and BR221037); 477 

and the Special Project for First-Class Discipline Research (YLXKZX-NND-005). 478 

Author Contributions 479 

Y.L. and H.F. conceived the study. Y.L. performed the computational analyses and prepared the 480 

original manuscript. Both authors reviewed and revised the manuscript. 481 

Ethics declarations 482 

Not applicable. 483 

Consent for publication 484 

Not applicable. 485 

Competing interests 486 

The authors declare no competing interests. 487 

Data Availability 488 

The audited PA matrix, cell-level audit log, spot-check results, GLUD1/GLUD2 discrimination 489 

files, UOX codon 33 alignment, and analysis scripts will be deposited in a permanent public 490 

repository. Public genome assemblies and sequence records analyzed in this study are identified in 491 

the accompanying metadata files. 492 



 

 

Figure Legends 493 

Figure 1. Time-scaled phylogenetic tree of the 60 sampled species. The topology was obtained 494 

from the Open Tree of Life, and divergence times were annotated using TimeTree v5. A symmetric 495 

logarithmic time axis was used. Geological boundaries and the Great Oxidation Event are visual 496 

temporal references only. 497 

Figure 2. Audited 34-gene × 60-species presence/absence matrix. Rows represent focal genes 498 

and columns represent species. PA = 0.0 indicates no support for the focal ortholog; PA = 0.4, 499 

ancestral or unresolved homology; PA = 0.5, a known pseudogene; PA = 1.0, OrthoDB-only 500 

presence; PA = 1.1, NCBI/RefSeq-supported presence; PA = 1.2, tblastn-supported presence; and 501 

PA = 1.3, cluster bleed-through. 502 

Figure 3. Phylostratigraphic distribution of 34 nitrogen-metabolism-related genes. Bars show 503 

estimated gene-family origin times. The GLUD2 bar represents the origin of the ape retrocopy 504 

rather than the deeper origin of the GDH family. 505 

Figure 4. Cell-level audit coverage and final evidence composition. Of the 2,040 cells, 462 506 

underwent cell-level review and 1,578 retained OrthoDB-only presence calls. Green indicates 507 

evidence supporting focal-ortholog presence, red absence, amber ancestral or unresolved homology, 508 

yellow cluster bleed-through, and gray unaudited OrthoDB-only presence. 509 

Figure 5. GLUD1/GLUD2 discrimination at six candidate GLUD loci from non-ape 510 

vertebrates. Positive standardized scores favor GLUD1 and negative scores favor GLUD2. The 2σ 511 

threshold indicates a strong signal. Analytical and empirical scales are shown, together with the 512 

corresponding null distributions. 513 

Figure 6. Maximum-likelihood gene-family tree of GLUD1 and GLUD2. The tree includes 45 514 

GLUD1 or GLUD1-like sequences and 6 GLUD2 or GLUD2-related sequences. Great-ape GLUD2 515 

sequences form a clade within the vertebrate GLUD1 lineage. 516 



 

 

Figure 7. Great-ape UOX pseudogenization and the codon 33 nonsense mutation. Four great 517 

apes retain exon-level UOX homology and share the codon 33 CGA-to-TGA substitution, whereas 518 

Macaca mulatta retains the ancestral CGA codon. 519 

Figure 8. Whole-genome sequence assessment of 20 randomly sampled OrthoDB-only 520 

presence cells. The figure shows results under the strict single-HSP and locus-aggregate criteria. 521 

GLUD2/Sulfolobus solfataricus is separately classified as PA = 1.3 cluster bleed-through. 522 

Figure S1. Four non-ape vertebrate GLUD candidate loci included in the initial analysis. The 523 

loci were sampled from Gallus gallus, Xenopus tropicalis, and Anolis carolinensis. Three exceeded 524 

the 2σ discrimination threshold, whereas A. carolinensis NC_085842.1 favored GLUD1 525 

directionally but remained below the threshold. 526 
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