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a b s t r a c t 

Following Liebeskind et al [1], we have attempted to find consensus ages for the protein-coding and the 

noncoding genes of the human genome, using publicly-available ortholog databases. For each database 

separately, we determined its age estimate for the genes it listed, determining this by identifying the 

earliest ortholog for the gene in question. We assigned these ages to 1 of the 19 major phylostrata defined 

by Domazet-Loso and Tautz [2], 2 of which were further subdivided. From these various estimates, we 

found the modal value if 1 was present, defining this as the consensus age for the gene. For the genes 

where no consensus value could be found, we recorded the median value of the age estimates across the 

databases interrogated. We present a resource that lists the age, as so defined, of every one of the 19,660 

protein-coding genes and of 5,981 of the 16,528 non–protein-coding genes of the human genome, the age 

being the time when the gene was accreted to the evolving human genome. We calculate the number of 

genes that accreted to the genome, epoch by epoch, and consider the rate at which they accreted. 

© 2018 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Orthologous genes or orthologs are genes related by vertical

escent from a common ancestor and that encode genes that per-

orm the same function in different species. The use of orthologs to

tudy the evolution of the human genome was much furthered by

omazet-Loso and Tautz [2-4] . In one of their investigations they

pplied their method to estimate the ages of the cancer-associated

enes. Their approach was based on the cladistic description of

volution—with groups of organisms known as taxa arranged into

lades and in turn these arranged into larger clades. Fig. 1 below

s a generally-accepted representation of the successive clades that

merged during evolution from the first living organisms to mod-

rn humans, Homo sapiens . Starting from the clade that contains

ll the living organisms, each successive clade encompasses the or-

anisms listed in its box together with all the organisms in the

ater clades. For example, the mammalian clade contains all those

rganisms in which the mother feeds its offspring by a milky se-

retion and includes those animals (a first subdivision of this clade)
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here the young are born within shelled eggs, and includes as well

hose in later clades—such as those in which they are nurtured

ithin the mother through a placenta and are born without any

hell covering. 

Domazet-Loso and Tautz [2] defined a phylostratum as the set

f organisms which are not yet present in a previous clade, but appear

n the new clade, and then are left behind, when the next clade be-

ins. They gave to each phylostratum the numerical values in Fig. 1 .

he orthologs found for any gene can be assigned to 1 of these 19

umbered phylostrata. Orthologs are genes in different species that

volved from a common ancestral gene by speciation or duplica-

ion [5] . Numbering orthologs allows them to be sorted easily so

s to provide the Earliest Ortholog Level (EOL) for the human gene

n question in each database and hence to provide that database’s

stimate of the age of the gene, that is, the time period in evolu-

ionary history when the earliest version of this human gene was

rst accreted 

1 to (that is, first appeared in and was fixed into) the

volving genome. This first-appearing ortholog is the founder gene

hat, in the course of time, evolved to produce the human gene [6] .

The validity of the phylostratigraphic approach for the earli-

st genes has been questioned by Moyers and Zhang [7,8] , but
1 accrete: “Grow by accumulation or coalescence” Oxford English Dictionary. 
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Fig. 1. The clades leading to Homo sapiens . The numbering of the phylostrata fol- 

lows that of Domazet-Loso and Tautz [2] . In practice we subdivide both phy- 

lostrata 15 and 19 into 2 subdivisions [15.1 and 15.2; 19.1 and 19.2], as described in 

Table 1 . 
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Table 1a 

List of animals searched by the HCOP and GeneCards (GC) search engines and asso- 

ciated phylostratum level. 

Search engine and indicator Common name Phylostratum 

organisms level 

GC,HCOP: Pan troglodytes Chimpanzee 19.2 

HCOP: Macaca mulatta Rhesus macaque monkey 19.1 

OMA: Callithrix jacchus Marmoset 19.1 

GC,HCOP: Mus musculus Mouse 18 

GC,HCOP: Rattus norvegicus Rat 18 

OMA: Ochotona princeps Pika 18 

OMA: Oryctolagus cuniculus Rabbit 18 

GC,HCOP: Bos Taurus Cow 17 

GC,HCOP: Canis familiaris Dog 17 

HCOP: Equus caballus Horse 17 

GC, HCOP: Sus scrofa Pig 17 

ENS: Loxodonta Africana African elephant 16 

ENS: Xenarthra Dasypus 

novemcinctus 

Armadillo 16 

OMA: Macropus eugenii Wallaby 15.2 

GC,HCOP: Monodelphis domestica Opossum 15.2 

GC,HCOP: Ornithorhynchus anatinus Platypus 15.1 

GC, HCOP: Anolis carolinensis Lizard (Carolina anole) 14 

GC,HCOP: Gallus gallus Chicken 14 

GC: Silurana tropicalis Western clawed frog 13 

GC,HCOP: Xenopus laevis African clawed frog 13 

GC,HCOP: Danio rerio Zebrafish 12 

GC: Oncorhynchus mykiss Rainbow trout 12 

OMA: Latimeria chalumnae Coelacanth fish 12 

OMA: Petromyzon_marinus Lamprey 11 

GC: Ciona intestinalis Sea squirt (vase tunicate) 10 

GC: Ciona savignyi Solitary sea squirt 10 

OMA: Branchiostoma floridae Lancelet 9 

OMA: Strongylocentrotus purpuratus Sea urchin 8 

GC: Anopheles gambiae Mosquito 7 

GC,HCOP: Drosophila melanogaster Fruitfly 7 

GC,HCOP: Caenorhabditis elegans Nematode, roundworm 7 

OMA: Brugia malayi Nematode worm 7 

OMA: Lottia gigantean Owl limpet 7 

OMA: Capitella teleta Polychaete worm 7 

OMA: Loa loa Roundworm 7 

OMA: Octopus bimaculoides Octopus 7 

OMA: Nematostella vectensis Starlet sea anemone 6 

OMA: Amphimedon queenslandica Sponge 5 

OMA: Mnemiopsis leidyi Comb jellyfish 5 

OMA: Trichoplax adhaerens Trichoplax (placozoa) 5 

OMA: Monosiga brevicollis Choanoflagellate 4 

GC: Ashbya gossypii Mould, filamentous fungus 3 

GC: Kluyveromyces lactis Yeast 3 

GC: Neurospora crassa Bread mold 3 

GC,HCOP: Saccharomyces cerevisiae Yeast 3 

GC: Schizosaccharomyces pombe Fission yeast 3 

GC: Arabidopsis thaliana Thale, plant 2 

GC: Glycine max Soybean 2 

GC: Hordeum vulgare Barley 2 

GC: Oryza sativa Rice 2 

GC: Triticum aestivum Wheat 2 

GC: Vitis vinifera Grape-vine 2 

GC: Zea mays Maize 2 

OMA: Archeae and bacteria See Table 1b 1 

Abbreviations: GC, GeneCards; HCOP, H GNC C omparison of O rthology P redictions; 

HGCN, Hugo Gene Nomenclature Committee; OMA, Orthologous MAtrix. 
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heir concerns were trenchantly answered by Domazet-Lošo et al 

9] . While a particular gene has only 1 earliest-version gene, this

arliest-version gene can have many descendants in the current 

enome, so such an analysis can aid in the study of the evolu-

ion of our genes. We have developed and extended the pioneer-

ng studies of Domazet-Loso and Tautz, but instead of devising, as

hey did, our independent algorithm for finding orthologs, we have 

sed publicly available ortholog search engines, so as to up-date 

nd extend their coverage of the human genome. Unfortunately, 

he various ortholog databases interrogated by the ortholog search 

ngines do not have uniform criteria for identifying orthologs and, 

ence, for identifying the earliest ortholog and thus the age, of the

ene in question. Indeed, the age estimate for a particular gene

an vary very widely between different databases. Liebeskind et al 

10] have addressed this problem by calculating the consensus ages 

cross the different ortholog databases, reporting the modal value 

the value that appears most often), an approach also known as

the majority vote” approach. We have continued their approach 

y completing their coverage to now include all of the currently-

isted protein-coding genes and many of the non–protein-coding 

enes of the human genome. We have used the median age esti-

ates across the ortholog databases where no modal value could 

e found. We have also refined these age estimates by assigning

hem to 1 or other of the 19 phylostrata of Fig. 1 , rather than

ust to the 10 broader groupings that Liebeskind et al [1] had used

where, for instance, all the mammals were grouped together). We 

urther subdivide both the earliest mammals (Phylostratum 15 of 

ig. 1 ) and the primates of phylostratum 19 into 2 subdivisions

15.1 and 15.2; 19.1 and 19.2]. We report here, as a resource for the

cientific community, the estimations of the ages of all the protein-

oding, and many of the non–protein-coding genes of the human 

enome, thus establishing the phylostratum in which it was ac- 

reted to the evolving genome. From these data and estimates of

he duration of the intervals between the first appearances of the

uccessive clades, we comment on the rates of accretion of genes

o the human genome, time period by time period. 

ethods 

efinition of the ortholog-based levels (ortholog levels) 

We list in Tables 1a and 1b the 19 Ortholog Levels, defined in

ig. 1 (following Domazet-Loso and Tautz) [2-4,9] , that we used in

ur analysis, and list the organisms chosen as reference species by
he search engines we utilized for our work. This choice of organ-

sms enabled us also to subdivide levels 15 and 19 as indicated in

able 1a . 

dentification of the EOL for the protein-coding and nonprotein 

oding genes 

The Liebeskind group retrieved the list of genes from 

he UniProt database ( http://www.uniprot.org/downloads ) and 

earched for orthologs in the 13 ortholog databases listed in 

able 2 . For each database separately, they found orthologs for

he nodes depicted in the tree depicted in Fig. 2 . Their results

http://www.uniprot.org/downloads
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Table 1b 

List of archaea and eubacteria used in searching for orthologs. Searched with OMA. 

All are classified as Phylostratum 1. 

Acetobacter pasteurianus Korarchaeum cryptofilum 

Acidianus hospitalis Lactobacillus acidophilus 

Acidilobus saccharovorans Leptospira interrogans 

Acidobacterium capsulatum Listeria innocua 

Aciduliprofundum boonei Metallosphaera cuprina 

Actinobacillus pleuropneumoniae Methanobacterium paludis 

Aeropyrum pernix Methanobrevibacter smithii 

Archaeoglobus profundus Methanococcus maripaludis 

Bacillus anthracis Methanopyrus kandleri 

Bacillus subtilis Methanosarcina mazei 

Bacteroides thetaiotaomicron Mycobacterium leprae 

Bordetella bronchiseptica Mycoplasma agalactiae 

Bradyrhizobium diazoefficiens Nanoarchaeum equitans 

Candidatus Nitrosoarchaeum limnia Natrialba magadii 

Caulobacter crescentus Nitrosopumilus maritimus 

Cenarchaeum symbiosum Pseudomonas aeruginosa 

Chlamydia trachomatis Pseudothermotoga lettingae 

Clostridium acetobutylicum Pyrobaculum arsenaticum 

Corynebacterium aurimucosum Pyrodictium occultum 

Corynebacterium diphtheria Rhodopirellula baltica 

Crenarchaeota archaeon Rubrobacter xylanophilus 

Cyanobacterium stanieri Sorangium cellulosum 

Desulfurococcus kamchatkensis Spirochaeta smaragdinae 

Enterococcus faecalis Staphylococcus aureus 

Escherichia coli Staphylothermus hellenicus 

Ferroglobus placidus Streptococcus oralis 

Fusobacterium nucleatum Streptococcus pneumonia 

Gardnerella vaginalis Streptomyces avermitilis 

Gloeobacter violaceus Sulfolobus islandicus 

Halobacterium salinarum Sulfolobus solfataricus 

Haloquadratum walsbyi Thermococcus barophilus 

Haloterrigena turkmenica Thermofilum pendens 

Helicobacter acinonychis Thermoplasma volcanium 

Ignisphaera aggregans Thermoproteus tenax 

Klebsiella oxytoca Vulcanisaeta moutnovskia 

Table 2 

List of ortholog databases searched by the Liebeskind et al group [1] 

EggNOG 

EnsemblCompara_v2 

euGenes 

Hieranoid_2 

HomoloGene 

HORDE 

InParanoid 

InParanoidCore 

Metaphors 

MGI 

OMA_Groups 

OMA_Pairs 

Orthoinspector 

PanEnsembl 

PANTHER8_all 

PANTHER8_LDO 

PhylomeDBGC sources used: 

RSD 

SGD 
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an be found at https://raw.githubusercontent.com/marcottelab/ 

ene-Ages/master/Data/nodeAges _ HUMAN.csv . 

Using these results and the tree of Fig. 2 , we were able to trans-

orm their data into the 19 ( + 2) phylostrata of our Fig. 1 . For each

ene in the Liebeskind et al [1] list, we found the modal value of

he earliest ortholog and defined this value as the age of that gene.

or the 5 cases where no mode (ie, modal value) could be found,

e determined the median value of the earliest ortholog across the

earched databases and used this as the age of the gene. 

We downloaded the list of genes annotated as human protein-

oding from Ensembl Release 92 (June 2018) http://www.ensembl.

rg/info/website/news.html . This totaled 19,327 gene names to
hich we added genes from the UniProt list searched by the Liebe-

kind group but not found in the Biomart list to form our list of

9,660 protein-coding genes. We failed to find 933 of these among

he Liebeskind et al [16] dataset. These “missing” genes were

ntered into the GeneALaCart analysis tool of GeneCards, searching

or orthologs ( https://genealacart.GeneCards.org/Query ) which suc- 

essfully resolved all the 933 gene names and returned a matrix

f gene names versus orthologs. We similarly used the HCOP or-

holog search engine (HCOP, H GNC C omparison of O rthology

 redictions; HGCN, Hugo Gene Nomenclature Committee) 

ttp://dev.genenames.org/cgi-bin/hcop?species _ a=9606&species _ b= 

ll&ortholog=all&column=symbol&Search=Search&query=HMGB1 

ogether, these 2 search engines interrogated 17 ortholog

atabases. The animal species names in those files were translated

nto Ortholog Level numbers using Tables 1a and 1b . The resulting

les were processed for defining the EOL for the 933 “missing”

rotein-coding genes, for each ortholog database separately. We

ound the modal value for these EOLs for each gene, defining

his as the gene’s age. In 90 cases no mode could be found,

nd we determined instead the median value of the EOLs across

he databases and listed that as the gene’s age. For the 19,660

rotein-coding genes we list the derived ages in Supplemental

able 1 , based on the modal or median values of the Earliest

rthologs derived using the various ortholog databases. In the

ases where modes could be found, we list for each gene the

umber of databases that reported an earliest ortholog equal

o the modal value, this being of course an indication of the

onsistency of the gene age estimates. For each such gene, we

etermined the number of steps by which the age estimate of

ny database differed from the mode and report the root mean

quare of these differences as another (here inverse) measure of

onsistency. We note also the number of databases for which we

ould find an Earliest Ortholog for that gene and the number for

hich we could not report this. The table includes also the UniProt

eference number for those genes listed by Liebeskind et al [1] ,

he GeneCards ID and name, and also genomic coordinates for

ach gene. 

Next, we downloaded the list of human non–protein-coding

enes from Ensembl Release 92. This consisted of 18,121 genes.

s with the protein-coding genes, we searched for the earliest or-

holog found for each gene in each of the 19 databases interro-

ated by the GC and HCOP search engines. The yield of genes

ith identified orthologs was smaller for the noncoding than for

he protein-coding genes. Indeed, we found only 5,981 noncoding

enes for which any ortholog at all had been reported. For only

,516 noncoding genes did GeneCards report any information at all.

ccordingly, the yield of modal values was very low, with only 348

enes showing a mode—that is with at least 2 databases reporting

he same earliest ortholog. We list these in Supplemental Table 2

ogether with the median values that we determined for all those

hat had any ortholog. For the 2,434 cases where only one database

ad reported a gene, this value was of course the median. 

esults 

Fig. 3 depicts the distribution of the protein-coding genes of the

uman genome as a function of their age, defined as the phylostra-

um in which they first appeared (as listed in Tables 1a and 1b ).

n important point needs to be noted. First, Ortholog Levels 5, 8,

1, and 16 are not populated. Few of the organisms that appear

t those Ortholog levels are as yet interrogated by many of the

atabases used to derive Supplemental Table 1 , so the chance of

nding these ortholog levels as consensus values is low. We made

 specific search of the OMA and the Ensembl databases to find

rthologs for the human genes in organisms at those levels. For

evel 5, we took the sponge Amphimedon queenslandica, the comb

https://raw.githubusercontent.com/marcottelab/Gene-Ages/master/Data/nodeAges_HUMAN.csv
http://www.ensembl.org/info/website/news.html
https://genealacart.GeneCards.org/Query
http://dev.genenames.org/cgi-bin/hcop?species_a=9606&species_b=all&ortholog=all&column=symbol&Search=Search&query=HMGB1
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Fig. 2. Reference Set Species Tree used by Liebeskind et al [16] . The numbers 1 through 131 refer to the nodes on the tree. The abbreviations of animal names on the right 

side of the figure are the mnemonic organism identification codes listed in the Proteome database at https://www.uniprot.org/help/taxonomy#organism-name . 
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r  
elly Mnemiopsis leidyi, and the trichoplax Trichoplax adhaerens; for 

evel 8, the sea urchin Strongylocentrotus purpuratus , while for level

1, we took the lamprey Petromyzon_marinus , and for level 16, the

frican elephant Loxodonta Africana and the armadillo Xenarthra 

asypus novemcinctus . If we found orthologs for a given human

ene that were then an ortholog level earlier than the consen-

us values, we used these instead to derive the supplementary

igure S1 . This figure gives an indication of what the “gene count

ersus age” profile might look like were all the ortholog databases 

o search with the organisms at these “missing” ortholog levels. 

ccretion of the protein coding genes, phylostratum by phylostratum 

In Fig. 4 , the addition of the new protein coding genes, phylo-

tratum by phylostratum, is plotted as the accumulating number of 

enes. This gives an additional perspective, and shows that, by the

ime of the appearance of the bilateria, well over half of the human

rotein coding genes had already made their appearance. Notewor- 

hy is the relatively small number of genes that were added with

he emergence of the primates. 

By comparison, Fig. 5 depicts the counts of the noncoding genes

ith the age as a phylostratum shown on the x-axis. The data

ere are from Supplemental Table 2 . Comparing this result with
hat for the protein-coding genes shown in Figs. 3 and 4 , one can

ppreciate the fact that the appearance of the noncoding genes is

uch delayed compared with the appearance of the protein coding 

enes, and that a very great contribution to the noncoding genes

rose with the appearance of the primates. In Fig. 5 we depict the

ubdivision of phylostrata 15 and 19, the latter subdivision show- 

ng that in the higher primates, above the catarrhini, there was still

ubstantial accumulation of noncoding genes. In Fig. 6 as in Fig. 4 ,

he addition of the new noncoding genes, phylostratum by phylo- 

tratum, is plotted as the accumulating number of genes, and this

gain demonstrates that the noncoding genes appear much later 

han the protein coding genes, 

he rate of accumulation of the genes 

Knowing the number of genes accumulated by the evolving 

enome, phylostratum-by-phylostratum, we could compute the 

ate of gene accumulation if we had good values for the duration

f each phylostratum. Unfortunately, however, the times of origin 

f most of the clades are not known with a sufficiently high degree

f certainty to allow us to obtain an acceptable value for the phy-

ostratum durations. To get some insight into this question of the

ates of new appearance of the genes, we have plotted in Fig. 7

https://www.uniprot.org/help/taxonomy#organism-name
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Fig. 3. Gene counts of the protein-coding genes with the age as phylostratum 

shown on the x-axis. The values are taken from Supplemental Table 1 . The sub- 

divisions of phylostrata 15 (Mammalia) and 19 (Primata) are shown as pink- and 

green-shaded bars. (Color version of figure is available online.) 
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Fig. 4. The gene counts for the protein coding genes for each phylostratum are here 

plotted as an accumulated value, phylostratum after phylostratum. 
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plotted as an accumulated value, phylostratum after phylostratum. 
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m  
he accumulation of the protein coding genes, phylostratum-by-

hylostratum, this time as the fraction of the total for the human

enome (compared to Fig. 4 that depicts the accumulated num-

er ), superimposing on this histogram, as the solid circles, the time

lapsed since the earth cooled, again as the fraction of the whole

f life’s history. Fig. 8 shows the corresponding figure for the non-

oding genes. As was pointed out earlier, the addition of noncoding

enes begins, to any substantial extent, only after phylostratum 10,

ith the emergence of the olfactores. The rate of addition of new

enes would seem to be highest during the formation of the am-

iota and the boroeutheria. (Compare on this graph the extent of
ccretion of new noncoding genes with the period of time taken

or these genes to be added to the evolving life-forms.) 

iscussion 

By searching the publicly-available ortholog databases, we have

etermined an estimate for the age of each of the protein-coding

enes of the human genome and for a substantial fraction of the

oncoding genes. We have assigned each gene’s age to 1 of the

9 phylostrata into which Domazet-Loso and Tautz [2-4] had di-

ided the animal kingdom in their pioneering research using nu-

erical methods and orthologs to study the evolution of proteins.



8 T. Litman and W.D. Stein / Seminars in Oncology 46 (2019) 3–9 

Elapsed Time or Percent Cumulative Gene Counts
0 10 80 9020 30 40 706050 100

All living organisms
Eukaryota

Opisthokonta
Holozoa
Metazoa

Eumetazoa
Bilateria

Deuterostomia
Chordata

Olfactores
Craniata

Euteleostomi
Tetrapoda

Amniota
Mammalia

Eutheria
Boroeutheria

Euarchonotoglires
Primata

mutartsolyh P

1
2
3
4

6
7

9
8

10
11
12
13
14

18

15
16
17

19

5

Fig. 7. The protein-coding genes accreted to the evolving human genome as a frac- 

tion of the current number (19,651 genes), phylostratum by phylostratum (bars), 

compared with the elapsed time since the earth cooled sufficiently for life to form, 

also as a fraction of the time to the present time (solid circles). The times are taken 

from the Tree of Life’s Timetree website ( www.timetree.org ). 
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omazet-Loso and Tautz had developed their own algorithm to 

etrieve orthologs from many organisms. When we attempted to 

se their list of gene ages for our studies on the evolution of

ells we encountered difficulties, since not all of the genes of

he human genome could be identified in the list that Domazet-

oso and Tautz had published. In large part, this is due to the
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ith the elapsed time since the earth cooled sufficiently for life to form, also as a fractio

f Life’s Timetree website ( www.timetree.org ). 
act that the names they used in their published list of genes

re not those of the standard HGNC nomenclature. Indeed only 

0% of the protein-coding genes in the Biomart protein-coding 

ist appear in the Domazet-Loso and Tautz list while, of the non–

rotein-coding genes in the Biomart list, only 0.4% could be iden-

ified. For these reasons, we therefore attempted to develop our 

wn list of gene ages. We searched for the earliest ortholog for

ach of the genes of the human genome by making use of the

any publicly-available ortholog databases. There is a substantial 

ifficulty, however, in attempting to do so, in that the various

atabases do not provide consistent values for these earliest or- 

hologs. In many cases the numbers are widely inconsistent. In 1

xample, 4 databases reported an earliest ortholog in phylostra- 

um 3 (the opisthokonta) while another database reported phylo- 

tratum 19.2 (the great apes) as the earliest ortholog. In another

 cases the estimates were phylostratum 7 (the bilateria) in one

atabase and 19.2 in another. Liebeskind et al [1] pointed out a

ossible way out of this difficulty by suggesting the use, for any

ene, of the modal value of the earliest ortholog across the vari-

us databases for this gene as the best estimate for the gene’s age.

e have followed their example in the present paper, but diffi-

ulties still remain. First, we could not always find a modal value.

n particular, this was a problem in the case of the noncoding

enes where, of the 18,121 noncoding genes that we had identi-

ed, we found only 5,981 with any ortholog at all, with just 348

f these yielding a modal value (for the protein-coding genes, only

0 failed to provide a modal value). In these cases, we used the

edian across the databases as our estimate of the gene age, but,

f course, both the mode and the median are simply the best esti-

ates that one can suggest. A mode will be recorded if as few as

 databases come up with the same value for the earliest ortholog

nd this may well be little more than a coincidence. Our table of

ene ages does record the number of databases which reported a

alue equal to the mode. If this number is high, one can have more

onfidence that the age presented is a valid one. Indeed, for 90%
t of Total to Date
80 9040 706050 100

ulative Gene Counts

e current number (19,170 genes), phylostratum by phylostratum (bars), compared 

n of the time to the present time (solid circles). The times are taken from the Tree 
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f the protein-coding genes, the mode was shared by 4 or more

atabases while for 97%, 3 or more databases provided the same

alue for the EOL. For these cases, the modal value is unlikely to be

 mere coincidence. It is unfortunate that the accord between the

atabases is not better. Clearly, the ortholog search algorithms that

hey use are themselves nonuniform. It would be beneficial if the

dministrators of the databases could be induced to adopt among

hemselves an acceptable algorithm that could lead to an agreed

ist of orthologs and, hence, to an agreed list of earliest orthologs

nd thus, gene ages. Finally, we must point out that the age that

e have estimated for any gene is, at best, only the currently avail-

ble one. The EOLs represent what one can extract by interrogating

he current ortholog databases. As more genomes are sequenced, it

s entirely possible that earlier orthologs will be found for some of

he genes of the human genome. 

Having classified these genes from the human genome into

heir ages, we proceeded to estimate the rate at which the genes

ccreted to the evolving genome, using what can be gleaned as

o the duration of the phylostrata. The data for the earliest phy-

ostratum, where the fraction of genes now present is far higher

han the fraction of time elapsed, suggest that for this phylostra-

um, that of the first living cells, the rate of gene accumulation

as considerably higher than the average (if the rate was at the

verage, the 2 data points would coincide—as they do, and must

o—in the most recent phylostratum). The surprisingly short time

t took for the first living organisms to evolve has been previously

ommented upon [10] . In contrast, for the eukaryote phylostratum,

he reverse is true: here the rate of gene accumulation is very con-

iderably below the average rate. One can associate this with the

ery long time it took for the photosynthetic bacteria of phylo-

tratum 1 to produce the oxygen that the eukaryotes would uti-

ize [11] . For phylostratum 7 again, although this is not as pro-

ounced as for phylostratum 1, the number of genes added is large

ompared with the short time interval between the clades defining

hylostrata 6 and 7. For phylostratum 13, the tetrapoda, the num-

er of genes accreted is small compared with the length of time

etween the clades defining phylostrata 12 and 13. Over the whole

f life’s history, where 19,660 protein-coding genes accreted up to

he appearance of Homo sapiens during some 4.4 billion years—

he time that has elapsed since liquid water was already likely to

e present on earth [12] —the average rate of gene accretion was

.5 genes per million years but this rate has varied considerably

rom time period to time period, with maxima being seen with

he appearance of the primates. We can make some rough rate

stimates for various periods. Evidence for the appearance of the

ast Common Ancestor of all living organisms puts this to have

ccurred about some 4.2 billion years ago [13] , a mere 200 mil-

ion years after liquid water might have been present. We estimate

hat some 5,004 genes of the human genome can be found in phy-

ostratum 1 organisms, giving the rates of accretion of genes in this

rst period of life’s history as some 25 genes per million years

5,0 04/20 0), far more rapid than the overall average. If the eu-

aryotes appeared 2.2 billion (2,200 million) years later and have

dded (from our data) 1,616 genes, the average rate of accretion

f the eukaryote genes is then only some 0.73 genes per million

ears (1,616/2,200) far less than the overall average, as Fig. 7 sug-

ests. It must be stressed that what we report in this respect is the

ate, phylostratum by phylostratum, at which genes have accreted

o the evolving genome and not the rate of evolution of the genes

hemselves. This latter has been discussed in a number of studies,

s reviewed in Zhang and Yang [14] . We must emphasize here that

ur work does not impinge on the question of the mechanisms by

hich the newly-appearing genes themselves may originate, also a

ell-studied field [15-18] , but see Moyers and Zhang [19] , to which
autz and his colleagues have themselves made important contri-

utions [20,21] . 

In conclusion, the present paper presents tables, based on a rig-

rous comparison of the findings of numerous ortholog databases,

hat list the ages of all the protein-coding, and most of the non-

oding, genes of the human genome. These tables now provide a

ool that can lead to insights into the origin and evolution of phys-

ological functions such as breathing and excretion, of the signaling

athways, and of the cellular species themselves. In addition, use

f the tables can throw light on the origin and basis of a disease

uch as cancer or of immunologic malfunction. 
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