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Abstract

Kyte and Doolittle’s landmark study established the concept that a protein’s hydropathy governs its
conformation and membrane-spanning regions, and they also demonstrated that this hydropathy can
be estimated by applying coefficients to the amino acid residue composition of the protein
sequence. In contrast, the possibility of estimating protein hydropathy from the nucleotide
composition of its gene sequence has rarely been explored. In my previous study, I showed that the
balance of thymine and adenine in protein genes, termed “TA skew,” correlates positively with the
proportion of hydrophobic transmembrane domains (TMD) and negatively with that of hydrophilic
intrinsically disordered regions (IDR). Therefore, I hypothesized that a gene’s TA skew correlates
with the hydropathy of its encoded protein sequence.

To test this hypothesis, I revisited the six example proteins examined in Kyte and Doolittle’s
original study to determine whether the TA skew of their gene sequences corresponds to their
hydropathic indices and the documented structural features of their corresponding residue
sequences. Furthermore, using sufficiently large protein datasets, I analyzed whether each gene’s TA
skew correlates with the GRAVY score (the average hydropathy of each entire protein) and with the
proportions of two distinct protein domains (TMDs and IDRs).

Analysis of the proteins from that landmark study revealed strong correlations between TA skew,
hydropathic indices, and their structural features. Moreover, in larger protein datasets, evident
correlations between TA skew, the GRAVY score, and these representative protein domains were
also observed. These findings reveal a previously unrecognized dimension of the correspondence
between nucleotide composition and protein structures, suggesting the existence of an intricate

function within the genetic code’s codon—amino acid correspondence.
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1. Background

Anfinsen proposed the hypothesis that a protein’s structure is determined solely by its amino
acid sequence, which was later referred to as a “dogma” [1]. Building on this earlier
concept, Kyte and Doolittle introduced the concept of hydropathy to explain a protein’s
conformational structure in terms of the hydrophilicity and hydrophobicity of its sequence
[2]. Using several protein examples, they demonstrated that the hydropathy of an amino acid
sequence can be estimated by applying coefficients to its amino acid composition, and that it
indeed corresponds to the observed structural features of the protein [2]. Since then, this
concept of hydropathy has significantly influenced the prediction of protein tertiary

structures and remains a longstanding topic in modern contexts, including education.

However, predictions of hydropathy and other functional or structural aspects have so far
relied exclusively on amino acid sequences and their residue compositions. Little
consideration has been given to whether features of the corresponding gene sequences—

such as nucleotide composition—could also determine protein characteristics.

In my previous report, I showed that the balance of thymine and adenine in gene sequences,
termed “TA skew,” correlates positively with the proportion of transmembrane domains
(TMD) and negatively with that of intrinsically disordered regions (IDR) [3]. TMDs are
essential domains in membrane proteins, predominantly composed of hydrophobic amino
acid residues that enable these proteins to traverse lipid bilayers. In contrast, IDRs are
predominantly composed of highly hydrophilic amino acids and do not form a defined three-
dimensional structure [4]. Considering that TA skew exhibits opposite correlations with
TMDs and IDRs, and that these domains themselves also represent opposite ends of

hydropathy, I hypothesized that a gene’s TA skew correlates with the hydropathy of its

encoded protein sequence.

To test this hypothesis, I first revisited the proteins analyzed in Kyte and Doolittle’s original
work to determine whether the TA skew of their gene sequences corresponds to their
hydropathic indices and documented structural features. I then expanded the scope by using
sufficiently large protein datasets, referencing the EMBL-EBI “Reference Proteomes” [5]. In
these datasets, I examined whether each gene’s TA skew correlates with the GRAVY score
(the average hydropathy of entire proteins) and with the proportions of TMDs and IDRs. By
integrating these findings, I aimed to clarify whether the balance of thymine and adenine in

gene sequences can indeed reflect protein hydropathy and structural features.
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2. Materials and Methods

2.1.1 Proteins from Kyte and Doolittle’s work

In this study, I first analyzed the proteins examined in Kyte and Doolittle’s landmark paper.
That paper provided analytical results and structural information for six proteins: bovine
chymotrypsinogen (CHYM) [6], dogfish lactate dehydrogenase (LDH) [7], erythrocyte
glycophorin (GLYC) [8], rabbit cytochrome b5 (CB5SR) [9], vesicular stomatitis virus
glycoprotein (VSVGQG) [10], and bacteriorhodopsin (RHOD) [11]. Because no gene sequence
information was included in that publication or its cited references, I obtained the
corresponding amino acid and gene sequences from current public databases. To confirm
consistency between the original information and the database-derived data, I performed

side-by-side comparisons of their amino acid residue sequences for each pair.
2.1.2 Correlation Analysis on Example Proteins

In the first part of this study, I analyzed correlations among the hydropathic indices,
structural features, and TA skew for the proteins illustrated in Kyte and Doolittle’s landmark
paper. Here, TA skew refers to the balance between thymine and adenine nucleotides in a

gene sequence, defined as

T-A
TA skew = ———,
T+A
where, 7', and A denote the respective counts of thymine and adenine in the nucleotide

sequence [3].

Before each correlation analysis, I overlaid the hydropathic index graphs published in the
original paper with those generated from the modern database sequences used in this study
to visually confirm their consistency. Next, for each moving window (referred to as a “Span”
in the original paper) used to calculate the hydropathic index from the amino acid sequence,
I extracted the corresponding gene sequence and computed its TA skew, generating TA skew
plots. I then compared these TA skew plots with the original hydropathy plots and their
associated structural features. Finally, to quantitatively assess the degree of correlation
between the calculated hydropathic index values and the corresponding TA skew, I

computed correlation coefficients.
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2.2.1 Proteins from ‘“Reference Proteomes” dataset

In the subsequent analysis, I used a dataset published as “Reference Proteomes” on the
EMBL-EBI website [5]. The dataset I employed (release 2023_03) included a total of
1,023,125 amino acid sequences from 79 species spanning the three domains of life, along
with the corresponding nucleotide sequences for these genes. However, within this dataset,
there were numerous entries that clearly did not correspond to the amino acid sequence data
when treated as coding sequences (CDS). It is likely that some mRNA or other non-CDS
data were mixed into the dataset. Given the challenges of extracting CDS regions from each
mRNA sequence under my current data-processing conditions, I decided to exclude any
gene information that did not align directly with its corresponding amino acid sequence.
Therefore, 1 cross-referenced the gene and protein sequences, removing any entries whose
gene lengths did not match or that fell outside the known range of genetic code deviations
[12]. This procedure ultimately yielded 857,750 proteins from 79 species across the three

domains for analysis (Table 1).
2.2.2 TA Skew, GRAVY score, and TMD-IDR in the “Reference Proteomes”

In this analysis of the Reference Proteomes dataset, [ used three values—TA skew, GRAVY

score, and TMD-IDR. Here, I describe the calculation methods for each.

GRAVY Score:

The GRAVY score is calculated similarly to the hydropathic index, but the key difference is
that the hydropathic index is derived from partial windows (or segments) of an amino acid
sequence, whereas the GRAVY score is computed over the entire protein sequence based on
its overall amino acid residue composition. In their original publication, Kyte and Doolittle

indicated that this score reflects the distinctive features of a protein [2].

TMD-IDR:

Although the Reference Proteomes dataset does not directly provide structural information
in the same manner as Kyte and Doolittle’s original paper, it is linked to UniProtKB protein
entries. In this study, I calculated the proportions of transmembrane domain (TMD) residues
and intrinsically disordered region (IDR) residues —relative to the total amino acid count of
each protein—using the corresponding UniProtKB entries. Because TMD and IDR

proportions are treated as independent variables, and these two regions are not assigned to

4 /22



the same amino acid segment—and because they represent opposite extremes of hydropathy
—I combined these two variables into a single measure, referred to as “TMD-IDR,” defined
as the proportion of TMD minus the proportion of IDR. In this scheme, a larger proportion
of TMD drives the TMD-IDR value closer to +1, whereas a larger proportion of IDR shifts
it toward —1. If neither TMD nor IDR is present, or their proportions are equal, the value is
0. Consequently, if a variable shows correlation with TMD-IDR, it can be considered

correlated with a protein’s structural characteristics.

TA Skew:

To calculate each gene’s TA skew, I counted the number of thymine and adenine nucleotides
within each protein’s gene sequence and then computed TA skew using the same formula
described in Section 2.1.2. However, because stop codons do not encode amino acids, I

excluded them from this calculation in this analysis.
2.2.3 Correlation Analysis on the Larger Protein Dataset

After obtaining each protein’s TA skew, GRAVY score, and TMD-IDR value according to
the methods described above, I performed a combinatorial correlation analysis across the
entire dataset to examine their interrelationships. Additionally, because eukaryotic proteins
comprised the majority of the current dataset—and to assess whether results might vary with
dataset composition—I also conducted the same analysis for each of the three domains of

life, examining those outcomes separately.

2.3 Data Processing

All downloaded data were provided in FASTA format. All initial FASTA data handling—
including verifying nucleotide and amino acid residue sequence matches for each protein, as
well as calculating compositional values—was performed using Microsoft Excel (version
16.94, Microsoft 365) on macOS 15.3.1 (24D70). The fractions derived from UniProtKB
annotations (TMDs and IDRs) were also calculated in Excel. Correlation coefficient
calculations and plot generation were carried out in JMP Pro 18.1.2 (SAS Institute Inc.,
Cary, NC, USA). Finally, figures were prepared for publication using Microsoft PowerPoint
(version 16.94, Microsoft 365) on macOS 15.3.1 (24D70).
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3. Results on Six Example Proteins

In this section, I present side-by-side comparisons of each protein’s hydropathic index plots
(based on modern database sequence and gene information), the corresponding TA skew

plots, and documented structural features, with reference to Kyte and Doolittle’s original

paper.

3.1 Bovine Chymotrypsinogen (CHYM)

40 Original M9

20 — - - — - - -—— — —

\ . ol
WA JRTAR o S ATTE L ° ]
T N g e BT
i i

Hydropathic Index

Hydropathic Index

TA skew

TA skew

Figure 1. Correlation in Bovine Chymotrypsinogen

Figure 1 illustrates the results for bovine chymotrypsinogen [6,13]. In the upper-left portion,
the black plot line represents the hydropathic indices calculated with a 9-amino-acid window
from Kyte and Doolittle’s seminal work, while the overlaid blue line shows the hydropathic
index plot derived from current database sequences. Below these plots, the TA skew of the
corresponding gene sequence is shown in red for each of those windows. In addition, both

the hydropathic index and TA skew plots feature alternating horizontal lines drawn above or

below the plot: lines above indicate portions of the protein structure that fold inward,

whereas lines below indicate regions facing outward.

The middle figure is a correlation plot comparing the hydropathic index and TA skew

(correlation coefficient r=0.640).

Finally, on the far right, the amino acid sequence documented in the original reference paper
is shown alongside the corresponding data retrieved from the current database to verify the
data’s validity. Amino acids that match between these two sources are shown in green, while

any discrepancies appear in red.
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3.2 Dogfish Lactate Dehydrogenase (LDH)
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Figure 2. Correlation in Dogfish Lactate Dehydrogenase

Figure 2 shows the results for dogfish lactate dehydrogenase[7,14]. As in the previous
figure, the black plot line in the upper-left portion represents the hydropathic indices
calculated with a 9-amino-acid window from the original paper, and the overlaid blue line
shows the hydropathic index plot generated from the current database sequences. Below
these plots, the corresponding TA skew values are shown in red. As in Figure 1, lines above

the plot indicate regions of the protein structure that fold inward, whereas lines below

indicate outward-facing regions.

Next to these plots is a correlation diagram (correlation coefficient r=0.698) comparing the
hydropathic index and TA skew. Farther to the right, the amino acid sequence from the
original reference paper appears alongside the corresponding data retrieved from the current
database. Amino acids that match between these two sources appear in green, while any
discrepancies are shown in red. Because the current database data included three additional
amino acid residues in the middle of the sequence, I highlighted that alignment in gray to

indicate the shift, which is also shown on the left plot.

7/ 22



3.3 Erythrocyte Glycophorin (GLYC)
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Figure 3. Correlation in Erythrocyte Glycophorin
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Figure 3 shows the results for human erythrocyte glycophorin [8,15]. The format is the same

as in Figures 1 and 2; however, in this figure, the window used to analyze the amino acid

sequence is 7 amino acids instead of 9. In addition, the upper lines added to the left plot

indicate membrane-spanning regions (transmembrane domains), while the lower lines

indicate the remaining regions. Because the modern database includes an N-terminal

sequence not present in the original paper’s data, the original plot has been shifted and

overlaid accordingly. The hydropathic index and TA skew exhibit a positive correlation, with

a correlation coefficient of 0.753.
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TA skew

3.4 Rabbit Cytochrome bS (CBSR)
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Figure 4. Correlation in Rabbit Cytochrome b5

Figure 4 shows the results for rabbit cytochrome b5 [9,16]. The format is the same as in

Figure 3, so the upper lines on the left plot indicate membrane-spanning domains, while the

lower lines denote other regions. The correlation coefficient here is 0.817. Because no

sequence data were available in the reference, I could not perform an amino acid sequence
alignment; however, the overlaid plots in the upper-left portion appear to match sufficiently

well.
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3.5 Vesicular Stomatitis Virus Glycoprotein (VSVG)

40| Original VSVG 7

Hydropathic Index
8 3 o
2%
5
>
—_ -

g
Hydropathic Index

TA skew

TA skew
°
8

Figure 5. Correlation in Vesicular Stomatitis Virus Glycoprotein

Figure 5 shows the results for vesicular stomatitis virus glycoprotein [10,17]. The format is

the same as in Figure 3, so the upper lines on the left plot indicate membrane-spanning

domains, while the lower lines denote other regions. The correlation coefficient here is

0.657. Because the original reference only plotted the latter half of the protein, the right side

shows a comparison focusing on that portion of the reference plot.
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3.6 Bacteriorhodopsin (RHOD)
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Figure 6. Correlation in Bacteriorhodopsin

Figure 6 shows the results for bacteriorhodopsin [11,18]. The format is the same as in Figure

3, so the upper lines in the left plot indicate membrane-spanning domains, while the lower

lines denote other regions. The correlation coefficient here is 0.626. As shown on the right,

the modern database data include additional sequences at both the N- and C-terminal
regions. Consequently, for this analysis, I focused on the same sequence range as the

original data and overlaid the plots for direct comparison.
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4. Results on Larger Protein Datasets

In this section, I present the mutual correlations among the GRAVY score, TA skew, and
TMD-IDR in larger protein datasets. First, I describe the composition of the dataset used in
this analysis. Next, I show the overall correlations across the entire dataset— which includes
more than 850,000 proteins—and finally, as an additional analysis, I provide the results of
correlation analyses conducted separately for each domain of life (Archaea, Bacteria, and

Eukaryota).
4.1 The Larger Dataset Used for This Analysis

Table 1 shows the species included in this study and the number of proteins analyzed for
each species. The dataset, referred to as “Reference Proteomes,” contained amino acid
sequence data for 1,023,125 proteins from 79 species in its 2023 release. However, as
explained in the Materials and Methods section, some entries had gene information that did
not match the corresponding amino acid sequence. By cross-referencing, I excluded any
entries whose gene sequences did not align with their amino acid sequences, ultimately

selecting 857,750 proteins for this analysis (see Table 1 at the end of this publication).
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4.2 Mutual Correlations Among Indices in the Current Entire Dataset
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Figure 7. Mutual Correlations Among Indices in the Current Entire Dataset

Figure 7 shows the results of a mutual correlation analysis among the GRAVY score, TA
skew, and TMD-IDR value in the current full Reference Proteomes dataset of 857,750
proteins. The correlation coefficient between GRAVY score and TA skew was 0.7988,
between GRAVY score and TMD-IDR was 0.7212, and between TA skew and TMD-IDR
was 0.5517.
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4.2 Mutual Correlations Among Indices Analyzed by Domain
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Figure 8. Mutual Correlations Among Indices Within Each Domain

Figure 8(a—c) shows the results of analyzing the mutual correlations among these indices for
each domain. The correlations observed in Figure 7 remained evident even when focusing
on the smaller datasets from Archaea and Bacteria. Notably, a stronger correlation was
found between TA skew and TMD-IDR in these domains, with correlation coefficients of

0.6614 in Archaea and 0.5888 in Bacteria.

5. Discussion

5.1 Anfinsen’s Dogma and the Significance of Hydropathy-Based Predictions

From Anfinsen’s “dogma,” which asserts that a protein’s three-dimensional structure is
uniquely determined by its amino acid sequence, arose a line of research aimed at inferring
conformational structures based on hydropathy. This approach has become a landmark in
modern protein structure prediction, now culminating in machine learning—based large

language models such as AlphaFold.
5.2 Overlooked Link Between Gene Sequence and Protein Structure

In contrast, very few studies have directly matched protein structure to the nucleotide
sequence—or even the nucleotide composition—of its coding gene. I found only a single
report from 2020 suggesting that gene sequences rich in thymine tend to encode membrane
proteins (including those containing transmembrane domains) [19], and no other

publications appeared to address this issue. Consequently, analyses examining whether
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nucleotide composition might correlate with structural features of encoded proteins have

largely been overlooked.
5.3 Motivation for Investigating TA Skew

Why might this possibility have been overlooked? Regarding amino acids, because each of
the 20 amino acids that constitute proteins has distinct chemical properties, it is relatively
straightforward to accept the concept that amino acid sequences shape conformational
structure. However, while the genetic code uniquely maps nucleotide sequences to amino
acids, synonymous codons introduce uncertainty in this relationship, making the
correspondence less transparent. This likely explains why the idea that a gene’s nucleotide

composition could determine protein characteristics has not gained widespread acceptance.

So why and how did I choose to explore this issue? In my previous work, I calculated the
amino acid compositions of an entire human exome (all proteins) alongside the nucleotide
compositions of their corresponding genes, then performed principal component analyses
(PCA) on both. The first through third principal components of the amino acid compositions
were found to correlate with the first through third principal components of the nucleotide
compositions, respectively —indicating that, statistically, a protein’s amino acid composition
originates from the nucleotide composition of its coding gene [3]. I also observed that the
second principal component of the amino acid composition distinguished proteins rich in
transmembrane domains (TMDs) from those rich in intrinsically disordered regions (IDRs)
[3]. This same second principal component corresponded to the second principal component
in the nucleotide composition analysis, representing the balance between thymine and
adenine—namely, the TA skew. From these findings, I deduced that a gene’s thymine—
adenine balance correlates with the generation of TMDs and IDRs in proteins, leading to the

hypothesis examined in this study.
5.4 Results of the Current Examination

In the former part of this study, I tested the above hypothesis by analyzing the six proteins
documented in Kyte and Doolittle’s paper. In the latter part, I expanded the scope to a larger

dataset using the Reference Proteomes data.

Results from the former part showed that the newly obtained modern gene information
generally matched well with that described in the original publication. In these data, the

hydropathic index and TA skew of the six examined proteins were correlated (r = 0.640,
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0.698, 0.753, 0.817, 0.657, and 0.626) (Figures 1-6, respectively), and these correlations
coincided with structural features such as inward/outward folding and membrane-spanning
domains. Notably, in Figure 1—focusing on bovine chymotrypsinogen—near the N-terminal
(leftmost) region, characterized by inward folding (indicated by the upper black line), the
hydropathic index is low while the TA skew is high. This suggests that TA skew may relate
to conformational structures in a way not solely mediated by the hydropathic index, a

particularly interesting observation.

Results from the latter part showed that the GRAVY score, which corresponds to the
hydropathic index, correlates with TA skew in each gene and also with TMD-IDR—a
measure reflecting the proportions of two protein domains (Figures 7, 8). In particular, the
strong correlation between the GRAVY score and TA skew supports the conclusion that the
correlations observed in the former part are not coincidental but persist across the entire

dataset.

From these findings, I concluded that the TA skew of a protein gene correlates with both the
protein’s hydropathic index (and GRAVY score) and its conformational structures. The
question, however, is whether these correlations with nucleotide compositions represent
essential linkages or are merely reflections of other factors. This issue will be addressed in

the following sections.

5.5 Can the Correlation Between TA Skew and Protein Domains Be Explained

by the Genetic Code?

The correlation noted here —between TA skew, an index of nucleotide composition, and the
proportions of two representative protein domains (TMD and IDR)—raises the question of
whether it can be explained by the structure of the genetic code, i.e., the codon—amino acid
correspondence. The genetic code has been studied extensively, and its non-randomness is
well recognized. For instance, codons with U (T in the gene) in the second position
consistently encode highly hydrophobic amino acids, a pattern frequently attributed to
robustness against mutations [20]. However, in my comparisons of amino acid sequences
across diverse exomes, I found that transmembrane domains are enriched in amino acids
requiring thymine to be coded, whereas intrinsically disordered regions are enriched in
amino acids that do not require thymine [21]. This suggests that the genetic code itself may
be structured so that thymine-rich gene regions align with TMDs, while thymine-poor

regions align with IDRs.
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Nevertheless, synonymous codons add another layer of complexity. In my earlier work, I
showed that synonymous codon usage is governed predominantly not by species per se, but
by each gene’s GC content [22]. Genes with higher GC content use synonymous codons
richer in GC, whereas genes with lower GC content use synonymous codons lower in GC,
ensuring a functionally stable amino acid composition despite variations in GC content
among genes. Considering this mechanism, if thymine content is high but adenine is also
high, the GC content decreases, and synonymous codon usage shifts accordingly —
effectively “absorbing” the excess of thymine plus adenine. Consequently, rather than the
absolute thymine level, it is ultimately the balance of thymine and adenine (i.e., TA skew)

that correlates with TMD and IDR proportions.
5.6 Why TA Skew Determines Hydropathy and Structure

So far, we have shown that TA skew, an index of nucleotide composition, correlates with
both the hydropathic index (calculated from amino acid composition) and structural features
of proteins such as TMDs and IDRs. However, it remains entirely possible that this
correlation is merely coincidental, devoid of deeper significance. If TA skew is simply the
balance of thymine and adenine, why would it matter for the distribution of protein domains

and hydropathy?

At this point, one previously puzzling phenomenon comes to mind: Chargaff’s second
parity rule [23]. In general, the pairing of thymine and adenine during DNA replication—
often referred to as Chargaff’s parity rule—stems from the empirical observation that each
genome contains equal counts of thymine and adenine, as well as guanine and cytosine. Less
widely known, however, is that Chargaff also reported a second empirical rule: within a
single strand of the genome, if one considers a sufficiently long sequence, the amounts of
thymine and adenine, and of guanine and cytosine, are “almost” the same. This observation
later came to be called Chargaff’s second parity rule. Subsequent analyses revealed that
nearly all organisms’ genomes follow this rule, whereas the genomes of their mitochondria
and viruses, for reasons yet unclear, deviate from it. However, no satisfactory explanation

has yet been provided for this phenomenon, leaving it shrouded in mystery [24].

Returning to the findings of this report: our investigation indicates that the balance of
thymine and adenine within a gene correlates with the protein’s hydropathy and its domain
balance (TMD and IDR), mediated by the genetic code. Accordingly, each gene’s TA skew
in a genome sequence determines the protein’s characteristics. At the same time, a gene’s TA

skew must depend on the balance of thymine and adenine in the genome that harbors it. If
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the genome itself is constructed to maintain a balance of thymine and adenine, then each
gene’s TA skew would in turn maintain a stable balance in its encoded proteins. Viewed in
this light, the previously unexplained Chargaff’s second parity rule could be construed as a
genomic mechanism that maintains a particular distribution of thymine and adenine—
thereby regulating the hydropathic properties and the formation of related domains in
encoded proteins. In other words, this insight offers a potential explanation for the

longstanding mystery behind Chargaff’s second parity rule.

Based on the observations and inferences presented here, it appears that the correlation of
TA skew with the hydropathic index and structural features is not a mere coincidence, but
rather a likely outcome of the inductive properties inherent in the genetic code—and it may

even shed light on the enigma of Chargaff’s second parity rule.

6. Conclusion

In this paper, by examining the amino acid compositions of various protein residue
sequences and their corresponding genes, I demonstrated that TA skew—a nucleotide
composition index reflecting the balance of thymine and adenine—significantly correlates
with the hydropathic indices proposed by Kyte and Doolittle. Additionally, the analysis
showed that TA skew correlates with structural features of proteins. While it remains
debatable whether this correlation between TA skew and protein structures is inevitable or
merely coincidental, based on the current discussion, I concluded that this phenomenon is
not a chance occurrence but rather a manifestation of an intrinsic function arising from the

structure of the genetic code.
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8. Table

No. Domain taxonomy_id Organism

1 Archaea 64091 Halobacterium salinarum (strain ATCC 700922 / JOM 11081 / NRC-1) (Halobacterium halobiurm)
2 Archaea 69014 Thermococeus kodakarensis (strain ATCC BAA-918 / JCM 12380 / KODY) (Pyrococcus kodakaraensis (strain KOD1)
3 Archaea 188937 Methanosarcina acetivorans (strain ATCC 35395 / DSM 2834 / JCM 12185 / C2A)
4 Archaea 243232 Methanocaldococeus jannaschil (strain ATCC 43067 / DSM 2661 / JAL-1/JCM 10045 / NBRC 100440) (Methanococcus jannaschii)
5 Archaea 273057 Saccharolobus solfataricus (strain ATCC 35092 / DSM 1617 / JCM 11322 / P2) (Sulfolobus solfataricus)
6 Archaea 374847 Korarchaeum cryptofilum (strain OPF8)
7 Archaea 436308 Nitrosopumilus maritimus (strain SCM1)
8 Bacteria 83332 Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv)
9 Bacteria 83333 Escherichia coli (strain K12)
10 Bacteria 85962 Helicobacter pylori (strain ATCC 700392 / 26695) (Campylobacter pylori)
11 Bacteria 100226 Streptomyces coelicolor (strain ATCC BAA-471 / A3(2) / M145)
12 Bacteria 122586 Neisseria meningitidis serogroup B (strain MC58)
13 Bacteria 189518 Leptospira serogroup serovar Lai (strain 56601)
14 Bacteria 190304 Fusobacterium nucleatum subsp. nucleatum (strain ATCC 25586 / DSM 15643 / BCRC 10681/ CIP 101130 / JOM 8532 / KGTC 2640 / LMG 13131/ VPI 4355)
15 Bacteria 208964 Pseudomonas aeruginosa (strain ATCC 15692 / DSM 22644 / CIP 104116 / JCM 14847 / LMG 12228 /1C / PRS 101/ PAO1)
16 Bacteria 224308 Bacillus subtilis (strain 168)
17 Bacteria 224324 Aquifex aeolicus (strain VF5)
18 Bacteria 224911 Bradyrhizobium diazoefficiens (strain JCM 10833 / BCRC 13528 / IAM 13628 / NBRC 14792 / USDA 110)
19 Bacteria 226186 Bacteroides thetaiotaomicron (strain ATCC 29148 / DSM 2079 / JOM 5827 / CCUG 10774 / NCTC 10582 / VPI-5482 / E50)
20 Bacteria 243090 Rhodopirellula baltica (strain DSM 10527 / NCIMB 13988 / SH1)
21 Bacteria 243230 Deinococeus radiodurans (strain ATCC 13939 / DSM 20539 / JOM 16871 / CCUG 27074 / LMG 4051 / NBRC 15346 / NCIMB 9279 / VKM B-1422 / R1)
22 Bacteria 243231 Geobacter sulfurreducens (strain ATCC 51573 / DSM 12127 / PCA)
23 Bacteria 243273 Mycoplasma genitalium (strain ATCC 33530 / DSM 19775 / NCTC 10195 / G37) (Mycoplasmoides genitaliurm)
24 Bacteria 243274 Thermotoga maritima (strain ATCC 43589 / DSM 3109 / JCM 10099 / NBRC 100826 / MSBE)
25 Bacteria 251221 Gloeobacter violaceus (strain ATCC 29082 / PCC 7421)
26 Bacteria 272561 Chlamydia trachomatis (strain D/UW-3/Cx)
27 Bacteria 289376 Thermodesulfovibrio yellowstonii (strain ATCC 51303 / DSM 11347 / YP87)
28 Bacteria 324602 Chloroflexus aurantiacus (strain ATCC 29366 / DSM 635 / J-10-fl)
29 Bacteria 515635 Dictyoglomus turgidum (strain DSM 6724 / Z-1310)
30 Bacteria 1111708 Synechocystis sp. (strain PCC 6803 / Kazusa)
31 Eukaryota 3055 G reinhardtii (C smithii)
32 Eukaryota 3218 patens leaved earth moss) patens)
33 Eukaryota 3702 Arabidopsis thaliana (Mouse-ear cress)
34 Eukaryota 4577 Zeamays (Maize)
35 Eukaryota 5664 Leishmania major
36 Eukaryota 5888 Paramecium tetraurelia
37 Eukaryota 6239 Caenorhabdiis elegans
38 Eukaryota 6412 Helobdella robusta (Californian leech)
39 Eukaryota 6945 Ixodes scapularis (Black-legged tick) (Deer tick)
40 Eukaryota 7070 Tribolium castaneum (Red flour beetle)
41 Eukaryota 7165 Anopheles gambiae (African malaria mosquito)
42 Eukaryota 7227 Drosophila melanogaster (Fruit fly)
43 Eukaryota 7719 Ciona intestinalis (Transparent sea squirt) (Ascidia intestinalis)
44 Eukaryota 7739 Branchiostoma floridae (Florida lancelet) (Amphioxus)
45 Eukaryota 7918 Lepisosteus oculatus (Spotted gar)
46 Eukaryota 7955 Danio rerio (Zebrafish) (Brachydanio rerio)
47 Eukaryota 8090 Oryzias latipes (Japanese rice fish) (Japanese killfish)
48 Eukaryota 8355 Xenopus laevis (African clawed frog)
49 Eukaryota 8364 Xenopus tropicalis (Western clawed frog) (Silurana tropicalis)
50 Eukaryota 9031 Gallus gallus (Chicken)
51 Eukaryota 9595 Gorilla gorilla gorilla (Wester lowland gorilla)
52 Eukaryota 9598 Pan troglodytes (Chimpanzee)
53 Eukaryota 9606 Homo sapiens (Human)
54 Eukaryota 9615 Canis lupus familiaris (Dog) (Canis familiaris)
55 Eukaryota 9913 Bos taurus (Bovine)
56 Eukaryota 10090 Mus musculus (Mouse)
57 Eukaryota 10116 Rattus norvegicus (Rat)
58 Eukaryota 13616 Monodelphis domestica (Gray short-tailed opossurm)
59 Eukaryota 35128 Thalassiosira pseudonana (Marine diatom) (Cyclotella nana)
60 Eukaryota 36329 Plasmodium falciparum (isolate 3D7)
61 Eukaryota 39947 Oryza sativa subsp. japonica (Rice)
62 Eukaryota 44689 Dictyostelium discoideum (Social amoeba)
63 Eukaryota 45351 Nematostella vectensis (Starlet sea anemone)
64 Eukaryota 81824 Monosiga brevicollis (Choanoflagellate)
65 Eukaryota 164328 Phytophthoraramorum (Sudden oak death agent)
66 Eukaryota 184922 Giardia intestinals (strain ATCC 50803 / WB clone C6) (Giardia lamblia)
67 Eukaryota 214684 Ci var. rotype D (strain JEC21 / ATCC MYA-565) (Filobasidiella neoformans)
68 Eukaryota 237561 Candida albicans (strain SC5314 / ATCC MYA-2876) (Yeast)
69 Eukaryota 237631 Ustilago maydis (strain 521/ FGSC 9021) (Corn smut fungus)
70 Eukaryota 284591 Yarrowia lipolytica (strain CLIB 122 / E 150) (Yeast) (Candida lipolytica)
71 Eukaryota 284812 Schizosaccharomyces pombe (strain 972 / ATCC 24843) (Fission yeast)
72 Eukaryota 321614 Phaeosphaerianodorum (strain SN15 / ATCC MYA-4574 / FGSC 10173) (Glume blotch fungus) (Parastagonospora nodorurm)
73 Eukaryota 330879 Aspergillus fumigatus (strain ATCC MYA-4609 / CBS 101355 / FGSC A1100 / Af293) (Neosartorya fumigata)
74 Eukaryota 367110 Neurospora crassa (strain ATCC 24698 / 74-OR23-1A / CBS 708.71/ DSM 1257 / FGSC 987)
75 Eukaryota 412133 Trichomonas vaginalis (strain ATCC PRA-98 / G3)
76 Eukaryota 418459 Puccinia graminis f. sp. tritici (strain CRL 75-36-700-3 / race SCCL) (Black stem rust fungus)
77 Eukaryota 559292 Saccharomyces cerevisiae (strain ATCC 204508 / $288¢) (Baker's yeast)
78 Eukaryota 665079 Sclerotinia sclerotiorum (strain ATCC 18683 / 1980 / Ss-1) (White mold) (Whetzelinia sclerotiorum)
79 Eukaryota 684364 Batrachochytrium dendrobatidis (strain JAMB1 / FGSC 10211) (Frog chytrid fungus)

Table 1. The 79 Species Analyzed in This Study

This table lists the 79 species included in the analysis, spanning the three domains of life
(Archaea, Bacteria, Eukaryota). Columns indicate the taxonomic domain, taxonomy ID,
organism name, and the number of proteins “Listed” versus “Matched.” Here, “Listed”
refers to the total proteins initially available in the reference proteome dataset, while
“Matched” indicates the final count of proteins remaining after cross-referencing gene and

protein sequences and excluding those that did not meet the selection criteria (see Section

2.2.1). The bottom row shows the summed totals across all 79 species.
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