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Abstract: The advancement of modern genomics has led to the large-scale industrial
production of molecular data and scientific outcomes. Simultaneously, conventional DNA
character alignments (sequence alignments) are utilized for DNA-based phylogenetic
analyses without further recoding procedures or any a priori determination of character
polarity, contrary to the requirements of foundations of phylogenetic systematics. These
factors are the primary reasons why the binary perspective has not been implemented in
modern molecular phylogenetics. In this study, we demonstrate how to recode conventional
DNA data into various types of binary matrices, either unpolarized or with established
polarity. Despite its historical foundation, our analytical approach to DNA sequence
data has not been adequately explored since the inception of the molecular age. Binary
representations of conventional DNA alignments allow for the analysis of molecular data
from a purely comparative or static perspective. Furthermore, we show that the binarization
of DNA data possesses broad mathematical and cultural connotations, making them
intriguing regardless of their applications to different phylogenetic procedures.

Keywords: DNA; binary characters; character polarity; phylogenetic systematics; cladistics;
Leibniz; High Chinese Classics

1. Introduction

Advancements in modern genomics have facilitated the large-scale production of
molecular data and scientific papers. Typically, this ‘industrial’ production results in
publications by large teams of co-authors who adhere to a limited number of methods
and concepts [1]. For many, this situation represents unprecedented progress in scientific
knowledge. However, it is unsurprising that the same case prompts some to look back to
understand what might have been overlooked as the scientific community transitioned into
its current state of an ‘industrial enterprise” over the last couple of decades. It appears that
such individuals constitute a minority within the scientific community, and the first author
of this text is among them. In other words, this article is not everyone’s cup of coffee. It
consists of two essays that may seem unrelated. The first is devoted to the binary represen-
tation of DNA data in the context of phylogenetic analyses. The second addresses selected
philosophical and related issues concerning the binary recoding of DNA data, primarily
referencing Gottfried Wilhelm Leibniz (1646-1716), an outstanding German philosopher
and mathematician of the 17th and 18th centuries. We leave it to the reader to make the
connection between these two parts of the paper. The latter, therefore, aims to briefly outline
some perspectives that have been missed or ignored by both modern phylogenetics and
current structural studies of the DNA molecule. Both essays are semantically independent,
and the second cannot be considered a philosophical conclusion of the first. However, both
essays argue in favor of extending the philosophical and methodological understanding of
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what the DNA molecule is. The match of such argumentation seems to be the warranty
against the impression that there is no connection between the two essays of this study.

Since the time of Leibniz, representing information in binary form has been a valuable
practice. However, it remains unclear why DNA sequence data cannot be translated into
a binary format within a phylogenetic context. This translation, if analytically adjusted,
is the primary focus of the first essay. We discuss the potential application of the binary
representation of DNA sequence data to phylogenetic analysis and the connotations of this
application. In the second essay, we argue that the binary representation of DNA data has
broad mathematical and cultural undertones and is engaging regardless of its applications
to phylogenetic analyses.

Although binary representations of conventional DNA data can be successfully an-
alyzed within the framework of parametric phylogenetics, we have chosen to omit the
relevant discussion and examples here, considering that the logical issues surrounding
the maximum likelihood methodology remain unresolved [2]. We believe that molecular
phylogenetics is more than modern parametric approaches that operate with conventional
molecular alignments, and DNA is more than a combination of the four basic symbols,
even within the formal phylogenetic framework. To some, the latter proposition may sound
trivial, but below, we try to demonstrate that this is not necessarily the case.

2. Binary Representation of DNA Sequence Data and Molecular
Phylogenetics

The title of Willi Hennig’s monograph is Phylogenetic Systematics [3]. For simplicity,
we refer to any method related to Hennig’s methodology (Hennig, 1966) as “phylogenetic
analysis”. In other words, in this study, we use the term “phylogenetic” narrowly, meaning
it pertains to the basic principles of Hennig’s study [3]. Consequently, phylogenetic analyses
include pattern-cladistics [4], conventional cladistics [5], and parametric approaches [6,7].
These analytical methods can all be technically termed “phylogenetic analyses”, although
the strict relation of the latter two to the phylogenetic systematics of Willi Hennig is
debatable [2,4].

The term 'binary representation’ is a homonym: any alignment of multistate characters
can be represented in binary form either as it is or through comparison with the assumed
outgroup taxon. However, the straightforward issue of comparative binary representations
of DNA data, and consequently the issue of polarity, has not been adequately addressed or
properly discussed in molecular systematics.

The explanation of some basic terms within practical dimensions is necessary. The
digital polarized binary matrix is a Nexus of Phylip (see below) file that consists of a table
comprising two numerical symbols: zero and one, as well as a question mark. The meaning
of these symbols follows Hennigian principles and is defined a priori to analysis [3,4]—the
symbol “one” denotes an “apomorphic” (“derived”) character, the symbol “zero” signifies
a “plesiomorphic” (“primitive”) character, and the question mark indicates ambiguity. In
an unpolarized binary matrix, the states zero and one do not represent a hypothesis of
character polarity. In the simplest digital “presence-absence” binary matrix, the character
state “zero” represents the absence of a particular nucleotide, while the character state
“one” indicates its presence. When the character state “zero” (“absence”) is assumed to be
plesiomorphic, the interpretation of the presence-absence matrix aligns with that of the
polarized binary matrix.

In this study, the binary matrix is a digital representation of the standard alignment of
DNA characters or the matrix consisting of the five symbols: A, T, C, G, and a question mark
(assuming ambiguities such as R = A + G are disregarded). The meanings of these symbols
are straightforward; for instance, the symbol “A” represents “adenine”. In this context, the
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standard DNA-based alignment does not involve the concept of character—state polarity.
For example, before the analysis, whether the character state A (adenine) is apomorphic
or plesiomorphic is unknown. Figures 1-4 graphically explain the digitization of DNA
characters and, therefore, the polarization of the latter.

Because in cladistics groups must be defined based only on the synapomorphies [3,4,8-11],
it is critical to assume states’ polarity before analysis and group only on the states “1” of
the polarized binary matrix [4,9-11]. Consequently, a fundamental issue in contemporary
molecular systematics is the lack of polarization in molecular matrices [9-11], rendering them
analytically uninformative from a cladistic perspective [4,12]. Therefore, it is critical to convert
the standard DNA alignment to the polarized digital table (matrix) (Figures 14). Such a task
was in part addressed in the past: three-taxon representations of unordered multistate data,
such as conventional alignments of DNA characters, are the straightforward cladistic examples
of polarized binary data (see below).

Historically, polarized binary matrices were proposed as an ideal data format for
phylogenetic (cladistic) analysis following the argumentation schemes of Willi Hennig,
who determined each character’s polarity before the construction of a cladogram [4,10-18].
Hennigian logic may be clear even from a purely methodological standpoint: without
a character hypothesis in place a priori to analysis, we are unable to test hypotheses a
posteriori [15].

Thus, in an effort to implement Hennigian principles in molecular systematics, the
polarized binary matrix can be practically utilized in molecular phylogenetics as an alterna-
tive to conventional non-polarized DNA alignments. The illustration of this possibility is
the primary goal of the first essay of this paper.

Given what is written above, we have developed 1001, a computer program that
converts unpolarized molecular data matrices into different types of binary matrices, either
unpolarized or with established polarity.

1001 is implemented as a Python-based script that translates conventional matrices of
unordered multisite characters into polarized and non-polarized binary matrices written
in Phylip or Comma Separated Values (CSV) file formats. 1001 can be used with any
operating system that has a Python interpreter (e.g., Linux, Mac OS X, and Windows)
(http:/ /www.python.org/ accessed on 21 January 2025). Upon request, all basic formal
algorithms for the binary representations of multistate characters originally designed by the
first author were implemented in the Python-based script by Dr. Matthew A. Gitzendanner
(University of Florida, Gainesville, FL. 32611 USA).

1001 accepts conventional DNA alignments in “relaxed” Phylip format [19,20]. All
gaps and ambiguities of the conventional multistate matrices must be recoded as “?”
(“missing entities”) before running 1001. The DNA sequence data are of our primary
interest, and the default state of 1001 is designed for this kind of data. However, the
script may handle different types of unordered multistate characters (amino acid sequence
alignments and non-molecular data).

The implementation of 1001 ways of re-coding the DNA sequence data led to “non-
direct methods of polarity estimation” [14,21-24]. Both methods implemented by 1001
(see below) a priori polarize conventional data by comparing them with an assumed all-
plesiomorphic outgroup. Such cladistic methodology has been defined as an “out-group
comparison” [4,12,14,25-27]. The detailed legends of Figures 1-4, as well as the four figures
themselves, provide the summary and explanation of the results and methods of this study.
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A. DNA characters
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Figure 1. (A) Results of maximum parsimony (MP hereinafter) analyses of the conventional plastid genomic DNA matrix of the bamboos (Arundinarieae, Poaceae,
flowering plants) from [28]. Final trees were rooted relative to Dendrocalamus latiflorus Munro [28]. The cladogram represents the median consensus tree based on
Robinson-Foulds (RF) distance (with the best score found = 8837) of 184 shortest output trees of length = 5019 (CI = 0.89, RI = 0.91). The number of taxa = 157. All
constant characters from the original alignment are excluded from the analysis. The number of variable characters = 4304, number of parsimony-informative
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characters = 2003. * nodes received MP Jackknife (JK) support > 50% after 20,000 fast JK replicates; ! nodes recovered MP Bootstrap support in the analysis from [28]
(200 full heuristic replicates). (B) Results of MP analysis of the binary representation of the conventional DNA matrix from A., re-coded following the proposed
1001 Method 1. Initial binary data were polarized before analysis relative to D. latiflorus, assumed as an outgroup [28]. The cladogram represents the majority-rule
consensus of 191 shortest output trees of length = 10,014 (CI = 0.88, RI = 0.89). The number of taxa = 157. The number of binary characters = 8783, number of
parsimony-informative characters = 4088. * nodes received MP Jackknife (JK) support > 50% after 20,000 fast JK replicates. (C) Results of MP analysis of the binary
representation of the conventional DNA matrix from A., re-coded following the proposed 1001 Method 2. Data polarized before analysis relative to D. latiflorus,
assumed as an out-group based on the previous results of [28]. The cladogram represents the majority-rule consensus of 139 shortest output trees of length = 4993
(CI'=0.89, RI =0.91). The number of taxa = 157. The number of binary characters = 4993, number of parsimony-informative characters = 2027. * nodes received
MP Jackknife (JK) support > 50% after 20,000 fast JK replicates. All MP analyses were conducted using program PAUPrat [29-31] as implemented in CIPRES [32]
following 200 ratchet replicates with no more than 10 trees of length greater than or equal to 1 saved in each replicate, and the TBR branch swapping/MulTrees
option in effect; -pct = 20%, all characters weighted uniformly, and gaps were treated as “missing”. MP jackknifing [33] was conducted using PAUP* version
4.a168 [31] (PAUP* hereinafter) as implemented in CIPRES [32]. Robinson-Foulds consensus [14,34] calculated using RFS version 2.0 [34]. Majority-rule consensus
calculated in PAUP* [31]. Branches with a minimum length of zero collapsed. All gaps and ambiguities of the conventional DNA matrix (A) were recoded as missing
data (“?”) before binary permutations. Roman numerals correspond to the “major lineages” of Arundinarieae [28].
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Figure 2. The results of two three-taxon statement analyses (3TA hereinafter) of Clades 1 and 2
(Figure 1). The DNA alignments have been polarized following 1001 Method 2 and subsequently es-
tablished as binary three-taxon matrices using TAXODIUM version 1.2 [18] (TAXODIUM hereinafter).
Following the results of the previous analyses (Figure 1), Indocalamus wilsonii (Rendle) C.S.Chao and

C.D.Chu (Clade 1) and Bergbambos tessellata (Nees) Stapleton (Clade 2) were assumed to be outgroup
taxa before Method 2 was applied to the DNA characters. (A) The results of the first 3TA (Clade 1).
Majority-rule consensus of 193 shortest output trees of length = 527,046 (CI = 0.92, RI = 0.91). The
number of taxa in the 487168 character-3TA matrix is 72. All 487,168 3TSs are parsimony-informative
and weighted uniformly. (B) The results of the second 3TA (Clade 2). Majority-rule consensus of
201 shortest output trees of length = 187,857 (CI = 0.86, RI = 0.83). The number of taxa in the 161,027
character-3TA matrix is 80. All 1,610,278 3TSs are parsimony-informative and weighted uniformly.

For the meaning of Roman numerals and the details of the MP analyses, see the legend of Figure 1.
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Figure 3. (A) The simplified phylogeny of flowering plants and outgroups resulted from the MP
analysis of the 38,553 bp cpDNA alignment from [35]. The general strategy of the analysis is
described in [18]. The heuristic search for the most parsimonious tree was performed with the
implied weights [36] included in the search procedure, and the value of the k-function was assigned
as three. The phylogeny is established as a single phylogram. Goloboff fit = —10,023.39940, with the
actual length of the tree equal to 48186, CI = 0.55, RI = 0.61. The number of informative characters is
equal to 13,328. (B) The most parsimonious hierarchy of patterns was obtained from the MP analysis
of the same strategy as in (A). The latter was based on the polarized binary matrix recoded from
the conventional cpDNA alignment (A) following 1001 Method 1, with Cryptomeria (Cupressaceae
Bartlett, gymnosperms) assumed as the best outgroup. The hierarchy of patterns is established as
a single cladogram. Goloboff fit = —24165.80162 with the actual length of the tree equal to 102,724,
CI =0.49, RI = 0.60. The number of informative characters equals 32,141. (C). The most parsimonious
hierarchy of patterns resulted from the MP analysis, which followed the same strategy as in A (see
above) but without implied weights [36] included in the search procedure. The analysis was based
on the polarized binary matrix recoded from the conventional cpDNA alignment (A) following 1001
Method 2, assuming Cryptomeria as the best outgroup. The hierarchy of patterns is established as
a single cladogram of the length 48,552, CI = 0.56, RI = 0.62. The number of informative characters
equals 15,653. (D) The single most parsimonious hierarchy of patterns resulted from the MP analysis,
which followed the same strategy as in (A) (see above) but without implied weights [36] included in
the search procedure. The analysis was based on the three-taxon statement matrix with 1,652,888
fractionally weighted [4,12,14,18] three-taxon statements calculated by TAXODIUM [18]. This matrix
is derived from the polarized binary representation (1001 Method 2) of the 28,196 bp largest clique,
estimated by PHYLIP version 3.695 [19] based on a 38,553 bp cpDNA alignment (A). Cryptomeria is
assumed to be the best outgroup. The hierarchy of patterns is established as a cladogram of the length
of 230,181.7318, CI = 0.99, RI = 0.99. The number of informative characters (three-taxon statements)
equals 1 652 888.
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Figure 4. (A) An unrooted simplified molecular phylogeny of Ceratophyllum (Ceratophyllaceae A. Gray, flowering plants) [37], showing the ambiguous placement of

C. echinatum [37]. (B) A summary of the cladistic analyses [38], demonstrating that C. echinatum is a sister group to the narrowly defined genus Ceratophyllum. All

analyses (B) were based on the binary "presence-absence’ representation of the molecular data from [37], adding an artificial all-zero outgroup. As a result of the
cladistic analyses of the binary recoded DNA sequence data [37,38], C. echinatum was defined as a sister group of the narrowly circumscribed genus Ceratophyllum [38]
and transferred to the newly established genus Fassettia based on the obtained phylogenetic placement [38]. See [38] for details of the cladistic analyses and

taxonomic treatment. Clade “Ceratophyllum” is marked with an asterisk (*). This figure also shows the ‘presence—absence’ binary coding (B) of the DNA sequence
data (A), as implemented in 1001.
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A few ways of binary coding of DNA data are possible [39,40]. The most straight-
forward one is frequently cited as the ‘Vos representation” of DNA sequences (re-
viewed or implemented in [39-43], among others) or as “CODE-4 encoding” of DNA
data [44]. The name of this technique in older cladistic literature is the “presence—absence”
(or “absence—presence”) coding [14,45], and in this study we follow this latter naming.

The “presence—absence” binary encoding is intuitive and can be clarified using the
following example of a binary recoded simple DNA character:

A =0010
A =0010
T = 0001
C =1000
G =0100

The latter example elucidates the implementation of ‘presence-absence’ coding in the
context of previous versions of 1001. However, encoding ‘A’ as 0001 and “T” as 0010, among
other possibilities, is entirely acceptable. These encoding choices should be examined
independently. Due to the lack of such examination, in the current version of 1001, the
presence—absence coding procedure is applied not to the whole matrix but to each character
individually. Consequently, within the entire output binary table, the “presence-absence”
re-writing of the DNA alignment allows any nucleotide to be replaced by all four possible
combinations of ones and zeros: 0001, 0010, 0100, and 1000 (Figure 4).

The “presence—absence” method assigns four symbols for each nucleotide, and all
of these symbols are one and zero. Consequently, this method is more informative and
accurate than other available techniques [39,40], which eventually attempt to encode
each nucleotide using two symbols: 00, 01, 10, and 11. These methods are asymmetrical
compared to the “presence-absence” framework: within the binary logic of two-digit DNA
encoding, one nucleotide must be recoded exclusively as zeros, while the other must be
recoded exclusively as ones.

For someone, the easiest way to polarize the binary matrix is to add the artificial
all-zero outgroup to the “presence—absence” representation of the standard DNA-based
alignment [14]. This general procedure may help resolve issues with unknown outgroups
in specific cases [38]. However, it is critical to implement a more specific method that helps
polarize the “presence—absence” binary matrix using binary recoded DNA sequence data
from individuals of a real taxon (assumed outgroup). Both methods proposed in this paper
address the latter issue Figures 1B and 3B).

Eight output files result from each run of 1001 if the first method is selected:

(@) Non-polarized or ‘presence—absence’ binary matrix with no artificial all-zero out-
group added, with and without invariant characters (both Phylip (phy) and comma-
separated values (CSV) files); The invariant (and non-informative) characters are,
strictly speaking, not considered characters from the cladistic standpoint [2]. How-
ever, saving them in the resulting outputs may be necessary for future statistical
analyses of the recoded DNA alignments. The same proposition is also valid for
the second method of 1001 (see below). Using available software [13,20,31], we rec-
ommend removing all non-informative characters from the 1001 output files before
conducting phylogenetic analyses.

(b) Binary matrices that result from the polarization of the ‘presence-absence’ binary ma-
trix relative to a real taxon (assumed outgroup), with and without invariant characters
(both phy and CSV files).

It is also worth stressing that a single DNA sequence cannot be the subject of phylo-
genetic polarization and may be easily recoded to the ‘presence—absence’ binary format
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using many available text editors, therefore, in principle, requiring no special software
(see below).

The second method (Figure 1C and C), or as we prefer to call it, the “Cladistic”
Method, directly represents the conventional DNA alignment of the parsimony-informative
characters as a set of maximal relationships [2,8,27,46] following the values of the pre-
selected outgroup taxon [2,8,27,46] (Figure 1C). The method is designed for the parsimony-
informative inputs only.

Both proposed methods increase the number of parsimony-informative characters. The
binary 1001 outputs can be used with popular phylogenetic software, with many different
statistical packages, as well as an input for three-taxon permutations [47] using TAXODIUM
(polarized binary data only) [18] for the future 3TA (Figures 2 and 3D). Such binary matrices
can also be used as a source for rooted trees, generated by the FORESTER version 1.0 [27]
and m2n version 1.0 [2] software, for future matrix-free cladistic explorations.

1001 is available for free from the web (https:/ /github.com/magitz/1001) (accessed on
22 November 2024).

To show that even the straightforward binary ‘presence-absence’ recoding of DNA
sequence data can be beneficial and enhance our understanding of the classification of
specific groups of organisms, we provide a simple practical example (Figure 4). Due to the
lack of a precisely known suitable outgroup for the flowering plant genus Ceratophyllum L.
(Ceratophyllaceae A. Gray), Szalontai et al. (2018) [37] published an unrooted molecular
phylogeny of the genus, which was reviewed in Mavrodiev et al. (2021) [38]. In a study
by Szalontai et al. (2018) [37], the morphologically unique North American endemic
species C. echinatum A. Gray was ambiguously placed (Figure 4A). The presence—-absence
binary recoding of the initial DNA sequence data [37], along with the future addition of
a polarizing all-zero outgroup to the resulting binary table [38], demonstrated the sister
relationship between C. echinatum and the other members of Ceratophyllum in a series of
cladistic analyses [38]. Thus, using the presence—absence binary recoding of the DNA
alignment, Mavrodiev et al. (2021) [38] predicted and confirmed that C. echinatum is a sister
group to the narrowly defined Ceratophyllum (Figure 4B). As a result, C. echinatum was
transferred to the newly established genus Fassettia Mavrodiev [38].

Many popular phylogenetic applications can polarize characters before analysis (e.g.,
the command “AncState” of PAUP* [13,31] and “ancstates” of TNT [48]; see also the
option “ancestors” included in some programs of the PHYLIP package [19]. However,
our analytical approach to DNA sequence data has never been properly investigated
since the beginning of the molecular age [10,11]. If the characters of a conventional DNA
alignment are polarized, then the data are represented in the form of relations, either
“maximal” [2,4,8,27,46] or “minimal” [4,12,14,47]. One of the goals of 1001 is the explication
of sets of maximal relationships as separate entities (as polarized binary matrices) for
future analyses. Some semantic and analytical possibilities remain unexplored from this
simple cladistic perspective of using polarized binary representations of conventional DNA
alignments. Therefore, both proposed methods may enhance research within the field of
molecular systematics. The listed popular software (see above) is unable to perform such
explications, even if, in principle, these programs can polarize matrices before analyses.

By using unpolarized data, modern phylogeneticists are following Farris [4,22,49-55].
Meacham (1984) [54,55] also explicitly did not recommend polarizing characters before
analysis. As was comprehensively summarized, it is better to infer the tree and the character
polarities simultaneously, rather than going through the two-stage process of assigning
polarities first and then estimating the tree [13,14,54-56]. However, due to this strategy,
which requires an a posteriori rooting procedure, plesiomorphic characters are extensively
optimized on the nodes of the inferred phylogenetic tree [4].


https://github.com/magitz/1001

DNA 2025, 5,10

12 of 21

It was also noted that a priori polarization of the characters is reasonable only when
the polarity determination is unambiguous (i.e., there is no heterogeneity in the outgroup
for characters that are variable within the ingroup) [13,14,54-56]. When the outgroup
is heterogeneous, the most parsimonious assignment of an ancestral condition for the
ingroup depends upon how the outgroup taxa are related to each other [13,14,22,54-57].
In other words, if the number of taxa within the outgroup is in some way reduced to
one [48,58], or in the case of a homogeneous outgroup, for a character with two or more
states, the state occurring in the outgroup can indeed be assumed to be the plesiomorphic
state [14,22-24,26,59,60].

After the binary representation of the DNA alignment, each column of the latter corre-
sponds to one or a few columns of the new binary matrix (Figures 1-4). As we mentioned
above, the semantics of these new columns of the binary table are different from those of
the original DNA alignment. This is especially clear when the binary matrix is polarized,
as already stated; in this case, the new binary characters represent the relationships of
the taxa, whose individuals’ DNA was sequenced. Again, such relations are no longer
equal to the conventional DNA character but are the hypothesis, propositions, statements
(either three or n-taxon statements), etc. [2,4,61,62]. Therefore, the polarized binary matrix
is semantically different from either raw DNA-based alignment or the non-polarized binary
representation of this alignment. One, for example, may note that the polarized binary
matrix represents a kind of structure rather than a collection of raw characters.

The new denotation of the analyzed matrix suggests a revised framework for con-
ducting phylogenetic analysis based on this matrix. For example, differences between
the nucleotides in the conventional DNA alignment, if used as an input for phylogenetic
software, imply some processes change nucleotides among each other (e.g., mutation from
A to C). However, in the case of the polarized binary matrix derived from the conventional
DNA-based alignment, a change from character state zero to character state one (0 => 1)
does not necessarily associate with a nucleotide point base substitution. The meaning of
this change is different.

As stated, a while ago,

“Application of absence/presence coding has yet to be considered in molecular systematics,
and no body of opinion considers base substitution as anything other than a special form
of character state transformation.” ([14], p. 36).

Today’s mainstream phylogenetic view on nucleotide-based substitutions remains
the same as articulated 27 years ago by Kitching et al. (1998) [14]. But as we see it now,
phylogenetic analysis of polarized binary representations of the DNA alignments allows
us to avoid base substitution (and the related idea of character state transformation) from
an analytical perspective. The simple comparison of DNA sequences from individuals
of different taxa is analytically sufficient if such sequences are established as inputs for
phylogenetic analyses as polarized binary matrices. Therefore, the evolutionary interpreta-
tion of the tree results from the form of the input data representation. Thus, the objective
of phylogenetic analysis of a polarized binary matrix derived from conventional DNA
alignment is not to reconstruct historical events and evolutionary relationships among the
analyzed taxa but to achieve their hierarchical classification [12].

Another may tell us that the notion that systematic data constitute a regular char-
acter x taxon matrix (e.g., the conventional DNA-based alignment) is not intrinsically
cladistic [4,15,46,63]. Therefore, the different type of data may be required for cladistic analysis,
especially if the latter is viewed as an extension of the comparative approach [4,8,12,64,65]. The
three-taxon statement matrix is a relevant example of the cladistic data type [4,12,14,47,63]. The
meaning of the latter matrix is a summary of all possible minimal (three-taxon) relations between
analyzed taxa, based on the characters of the taxa’s individuals [4,12,14,18,47]. The sets of the
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other polarized binary representations of conventional DNA-based alighments (Figure 1B,C
and Figure 3B,C) may also be considered good candidates for the proper inputs for cladistic
analysis, at least within a matrix-based perspective.

One might argue that the methods of binary representation of DNA discussed in this
paper are neither novel nor offer substantial benefits to the reader. For example, in R and
MATLARB, there are built-in functions that can be slightly modified to easily implement
the binary mapping of molecular data. This assertion is incorrect, not only because neither
R nor MATLAB, as well as widely cited packages such as iLearn [66], iFeature [42], and
SRAMP [41], have yet to implement the polarized binary recoding procedure (see above),
regardless of the ability of the listed software to perform the ‘presence-absence’ recoding
of the DNA structure. Therefore, both discussed methods implemented in 1001 are novel
and beneficial for users. One such benefit is breaking with the long-standing tradition of
using unpolarized conventional DNA-based alignments in molecular systematics.

Finally, it may be noted that following the implementation of a tree-based representa-
tion of conventional DNA alignment and the demonstration of the efficiency of matrix-free
phylogenetic analyses [2,27,67], any future matrix-based binary representations of DNA
data are deemed unnecessary. Indeed, after the DNA-based alignment is established as
a forest of rooted trees, the latter may be easily converted to a binary matrix following
the logic of the ‘Matrix Representation with Parsimony’ (MRP) approach [68,69] or other
related methods. Different software is available to complete this task (e.g., [20]). Thus, the
rooted tree-based representation of conventional DNA alignment [2,27,67] always implies
a polarized binary matrix that can or cannot be saved as a separate entity.

We would respond that the MRP representation of standard DNA alignment differs
from the most straightforward “presence—absence” recording of conventional DNA align-
ment. Such recording can benefit both cladistic analytics (Figure 4) and other perspectives
related to the binary translation of the DNA alphabet. This is also true regarding the other
binary methods discussed in this paper, but below, we will focus on the most unadorned
‘presence-absence’ DNA recording representation and demonstrate its advantages and
relevance..

3. Binary Representation of the DNA Sequence Data, Leibniz, and
Religion

In this essay, we aim to demonstrate that binary representations of the DNA molecules,
in their simplest form of “presence—absence’ coding, can also broaden the understanding of
DNA sequences themselves—even for the phylogenetic analyst, for whom DNA is merely
a set of combinations of the four well-known basic symbols. The binary representations
of DNA data have broad mathematical and cultural connotations and are intriguing,
regardless of their applications to different phylogenetic procedures.

The key observation is that the “presence-absence” recoding, if applied to four aligned
nucleotides, immediately links the standard four DNA symbols with Leibniz’s binary
depiction (see below and Figure 5) of the four Arabic numbers, namely one, two, four, and
eight, as follows:

A=0001=1
T=0010=2
C=0100=4
G =1000=38

Strictly speaking, the order of the nucleotides is unnecessary, and any of them can be
recorded with any four-digit combination of the zeros and ones (see above). Noting that
all four Arabic numerals belong to the geometric sequence 2", we can rewrite the latter
representation in a more general form as follows:
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N1 = 0001 =2°
N, = 0010 = 21
N3 = 0100 = 22
N4 = 1000 = 23

where any N can be either A, T, C, or G.

The possibility of four-digit binary rewriting of the numbers one, two, three, and four is
evident from Leibniz’s texts, first, from his “Explanation of Binary Arithmetic” (1703) [70-72],
as well as from his other numerous essays and letters, where such rewriting was established

literally (Figure 5).

descendens in sinistro latere continet character- 0 0 |--

esa(0ad 31, sed alter semicirculus rursus a sum- 1 1 | —

mo descendens in sinistro latere continet char- 00 0 |[==

acteres a 32 ad 63, ita enim sibi opponuntur e 01 1 | ==

regione in eadem altitudine i1 characteres qui 10 2 | =

non differunt nisi quod sinistrarum prima nota 11 3 | =

est O seu !, dextrarum vero 1 seu |. Ex. gratia 000 0 |==

Oet 32, 1et33,2et 34 001 1 | ==

010 2 | ==

0 | 000000 100000 32 011 3 | =

1 | 100000 100001 33 100 4 | ==

2 | 000010 100010 34 101 5 ==

etc. etc. 110 6 ==

111 7 =

Ita mirum accidit, ut res ante ter et amplius 0000 0 |8
annos nota in extremo nostri continentis oriente, 0001 1| =
nunc in extremo ejus occidente. sed melioribus 0010 2 |E8

ut spero auspiciis resuscitaretur. Nam non app- 0011 3 =
aret, antea usum hujus characteresmi ad augen- 0100 4 221

dam numerorum scientiam innotuisse. Sinens- 0101 5=

es vero ipsi ne Arithmeticam quidem rationem 0110 6 | ==
intelligentes nescio quos mysticos significatusin 0111 T = :
chracteribus mere numeralibus sibi fingebant.* 1000 8 |E°

1001 9 ==

1010 10 | £

1011 11| =

1100 12 | E5

* Leibniz hat bemerkt: Caetera alias prosequar, osten- 1101 13 | =

damque generaliter summas seriei periodicae dare se- 1110 14 | ==

riem periodicam, et columnis alttrius columnae sum- 111 15 |l =

matrices habere periodum, hoc modo, ut ad minimum
periodus primae columnae summatricis sit longitudine
dupla periodi summandae, secundae longitudine quadrupla, tertiae longitudine
octupla etc. Tunc enim semper 0 incidit in columnnae summatricis et summatrici-
um praecedentium simul cum fine periodi, ita omnia ab integro prodeunt ut ante.
Hinc apparet statim periodus naturalium. Ostendam et addendo in unum duas co-
lumnas periodicas fieri periodicam. Ergo addendo in unum quotcunque periodicas
orietur periodica. Hinc demonstro numeros naturales et progressionis arithmeticae,
et polygonos quosque, tum etiam quadraticos, cubicos etc. periodicas series dare.

Figure 5. Leibniz’s original four-digit binary representation of Arabic numbers one, two, four, and
eight (indicated by exclamation marks, added by us). In the third column of this table, Leibniz himself
linked this representation with the combination of solid and dotted lines, each corresponding to one
of the four T’ai Hsiian Ching tetragrams (indicated by exclamation marks, added by us), namely the
tetragrams Penetration, Legion, Fullness, and Law (Model) [73]. Reproduced from Leibniz’s manuscript
De Dyadics, as interpreted and translated by Yakovlev [72], see pp. 195, 201, and 202.



DNA 2025, 5,10

15 of 21

From that perspective, any DNA chain can be represented by the combinations of
natural numbers one, two, four, and eight, or by the first four members of the geometric
progression 2", where n changes from zero to three, or by the above sequences of quadruples
(tetrads) of ones and zeros. Thus, if connected with the Leibniz binary number system, the
“presence—absence” coding of the DNA nucleotides implies that any DNA molecule in it
sequence is not solely a word (an arrangement of letters) but an exact number that may be
written in at least three different ways. Therefore, the most fundamental property of the
DNA structure (the sequence of nucleotides) can be directly linked with either theoretical
or applied aspects of arithmetic, algebra, or number theory.

Within the DNA alignment, some characters may consist of only three or two nu-
cleotides. In these limited scenarios, the latter can be represented by binary triplets or pairs:
001, 010, and 100, or 01 and 10. The corresponding Arabic numerals for these representa-
tions are one, two, and four or one and two, respectively (Figure 5). This circumstance does
not negate the general method of describing the DNA molecule using quadruples of zeros
and ones, along with the corresponding Arabic numerals. Reducing the number of zeros
and ones from four to three allows the technical avoidance of additional all-zero columns
in the output binary table.

One may note that binary representations of DNA are a well-established practice
today [74,75], particularly in visualizing macromolecules [75]. Consequently, the examples
provided in this article are trivial. We would argue that the proper connection of this study
lies not in the modern applied aspects of computer science and related disciplines (though
they are essential), but in Leibniz’s original vision of the binary concept (see below). This
symbolic vision clearly illustrates the highly productive synthetic scientific perspective that
has nearly vanished from the modern high-tech scientific landscape.

The publication history on the topic of ‘Leibniz and binary’ is extensive [70-72,76],

As summarized by Strickland (2024) ([70], p. 1):

[Leibniz] “. .. enduring mathematical contributions was his invention of the binary
number system the basis for today’s world of digital computing and communications. In
this system, which uses only two digits—0 and 1—every position starting from the right
represents a successive power of 2...".

The same author stressed,

“Leibniz’s faith in the illuminatory power of binary is nowhere more evident than in his
use of it in philosophical theology. In 1694/5, when sketching notes on one of Weigel’s
books, Leibniz devised an analogy between the representation of all numbers by 1 and 0
and the theologically orthodox idea of creation ex nihilo, that is, the creation of all things
out of nothing by God. Treating God as the analogue of 1 and nothingness as the analogue
of 0, Leibniz took the origination of all numbers from 1 and 0 in binary as a reflection of
the doctrine that all created things originate from God and nothingness. This analogy
would play a pivotal role in Leibniz’s willingness to inform correspondents about binary
from 1696 onwards (and . .. played a pivotal role in his decision to publish an essay on
binary in 1705)”. ([70], p. 1).

In short, for Leibniz himself, the binary number system had deep philosophical and
religious connotations, but it is also worth stressing that the mathematical *. .. basis for
today’s world of digital computing and communications’ was inspired in Leibniz’s mind by "the
theologically orthodox idea of creation ex nihilo, that is, the creation of all things out of nothing by
God’ [70]. Thus, Leibniz’s writings on binary numbers can be viewed as an example of the
scientific heuristic value of the religious context of his research.

Wolfgang Pauli [77] described a similar case in his essay on Johannes Kepler
(1571-1630), who was almost Leibniz’s older coeval, an outstanding mathematician and
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one of the most prominent astronomers in the history of science. Among other things, in
this text, the co-founder of modern quantum physics linked Kepler’s strong heliocentric
views with Kepler’s symbolism of the Holy Trinity [77].

Returning to the main topic of this paper, we may suggest that Leibniz’s views on
binary represent a connection between the binary-encoded DNA structure and the world
of religious symbols and doctrines. The latter connection is multivalent and is not limited
solely to Leibniz’s reference to the biblical notion of creation ex nihilo, the prototype of his
binary universe. Following the comprehensive opinion of Joachim Bouvet (1656-1730),
Jesuit missionary in Beijing, China, Leibniz himself completely equated his binary number
system with the basic linear symbols found in a cornerstone text for Confucian and Daoist
philosophical movements, The Book of Changes (Yijing or I Ching) (Yijing hereinafter), as
conceptualized by the Chinese philosopher Shao Yong in the 11th century [70-72,76,78]. The
connection between linear symbols of Yijing and Leibniz’s binary notation, as established
by Leibniz himself, is reproduced in Figure 5. As it perhaps clears from this figure, the
solid line means one, and the dotted line means zero. The combinations of solid and dotted
lines are equal to the combinations of one and zero or yin and yang, using the traditional
language of Daoist philosophy [78].

In the minds of both Bouvet and Leibniz, the biblical notion of creation ex nihilo
elucidates the ‘binary’ tradition of the Yijing and the other texts of the High Chinese
Classics [70-72,78]. However, Leibniz’s perspective on the semantic symmetry between his
binary numbering system and the symbolic language of the Yijing was rational, primarily
because he embraced the biblical concept of the intrinsic value of numbers in the created
world. Leibniz explicitly pointed out that ancient Chinese authors did indeed discover the
binary system of numbers and mistakenly associated it with their unnecessary religious
mysticism [70-72,78].

Unfortunately, the Leibnizian rational dimension sometimes becomes blurred in some
scientific, semi-scientific, and popular studies of differing quality that attempt to establish
exact connections between the 64 triplets of the genetic code and the 64 hexagrams of
the Yijing. This body of research still awaits evaluation. The “presence—absence’ binary
expressions of the four nucleotides suggest that such attempts may be misguided.

To illustrate this potential misguidance, it is critical to repeat that the representations
of the numbers one, two, four, and eight are four-digit sequences (Figure 5). Consequently,
the tetragrams—comprising the tetrads of solid and dotted lines from the symbolic language
of Yijing—should correspond to the four DNA nucleotides. However, the Yijing is based on
eight trigrams (the triads of solid and dotted lines) and 64 hexagrams (the hexads of solid
and dotted lines) [70-72,78]. To align with the hexagram-based framework of Yijing, DNA
nucleotides should be encoded using two symbols (11, 10, 01, and 00) rather than four, as
in the presence—absence method. Only when using two symbols to encode each nucleotide,
the triplet of nucleotides is equivalent to six binary digits or to a combination of six lines,
either solid or dotted, as in Yijing. But as previously mentioned, this coding approach
has disadvantages compared to the four-symbol-based “presence—absence” method: it is
asymmetrical and less informative. Thus, it is better to represent the nucleotides using
quadruples of ones and zeros.

The latter observation suggests that the four-digit “presence-absence” binary rep-
resentations of the nucleotides should be linked not with the Yijing, but with another
text from the same philosophical tradition, the text of T’ai hsuan ching [73], which uses
tetragrams rather than hexagrams, as in the Yijing [73], as its symbolic language. From
this, the entire idea of connecting the 64 hexagrams of the Yijing with the 64 nucleotide
triplets seems problematic. Such a connection may be technically possible through the
correspondence between the tetragrams of the T"ai hsuan ching and the hexagrams of the
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Yijing, as established in the texts of the T"ai hsuan ching [73]. However, this explanation has
yet to be rationally approached.

Although Leibniz did not explicitly mention the T’ai Hsiian ching in his writings on
binary systems (likely due to the non-binary nature of the general symbolism of this literary
monument [73]), we found that his texts do literally include, among others, four specific
binary tetragrams from the T’ai Hsiian ching—namely, Penetration, Legion, Fullness, and
Law (Model) (see [73] for the composition and review of these symbols of Daoist tradition)
(Figure 5). These tetragrams could, in principle, be associated with the four nucleotides
recoded as 0001, 0010, 0100, and 1000 (Figure 5) following the “presence—absence” coding
procedure. However, as mentioned above, it is impossible to determine which sequence
of four zeros and ones (and thus which T’ai hsuan ching tetragram) corresponds to each
nucleotide precisely. Any assumed exact correspondence is speculative. Therefore, this dis-
cussion focuses solely on the principal coincidence between four T'ai hsuan ching tetragrams,
binary quadruples, and the four-letter alphabet of DNA, rather than on exact solutions,
which are likely unavailable. Consequently, establishing any precise symmetry between
the triplets of T’ai hsuan ching tetragrams and the triplets of nucleotides in the genetic code
is also impossible.

4. Discussion

Discussing forgotten and lost perspectives is always a turn towards the future. As
illustrated earlier, the binary representation of DNA sequence alignments may extend the
horizon of conventional molecular phylogenetics, even changing its semantics. Within the
binary world, character—state transformation, as given within the analytical algorithms,
such as determining the most parsimonious sequence of character changes on a tree, is
not necessarily related to natural processes, such as nucleotide substitutions. Therefore,
binary representations of conventional DNA alignments enable investigators to analyze
molecular characters from a purely comparative, even static, perspective. To reiterate, such
representations simultaneously sharpen the research focus of the phylogenetic study on
the classification dimension of the resulting cladogram, which is not necessarily related to
the unknown evolutionary history of the studied taxa.

One might argue that citing numerous old references, as we did above, is pointless and
anachronistic. Discussing and citing old literature, we remind the reader that many topics
related to the foundations of phylogenetic analysis are yet to be resolved [4,12]. The almost
complete dissolving of the binary perspective from modern molecular phylogenetics is a
part of the same phenomenon. Despite the prevailing scientific consensus on the dominance
of large-scale genomic data and parametric methods, such as the maximum likelihood
approach [6,79] in modern industrial molecular phylogenetics, this consensus represents
only one of the potential historical pathways explored in this scientific branch over the past
decades. The observations discussed above pertain not only to the history and sociology of
modern biological science but also to the future of phylogenetic analyses. Accurate binary
DNA encoding of conventional DNA alignment will eventually enhance the accuracy of
these analyses and prompt a rethinking of their underlying philosophy. Specifically, such
encoding clarifies that the true focus of phylogenetic analyses is not the data themself but
the various representations of them. The latter also serves as a reminder of the comparative
or static context in which DNA sequence data phylogenetic analyses can be conducted.

To retreat, in this study the “presence—absence’” coding procedure is applied not to
the whole molecular matrix but to each character of the DNA alignment individually.
Consequently, within the entire output binary table, the ‘presence-absence’ recoding of the
DNA alignment allows any nucleotide to be replaced by all four possible combinations of
ones and zeros: 0001, 0010, 0100, and 1000. For example, nucleotide A is recorded by all
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four listed four-digit combinations, as shown in Figure 4B. From that, there are no ‘absolute
links between, for example, the symbol ‘A’ (adenine) and the digital sequence 0001, and
therefore between the same symbol ‘A’ and the Arabic numeral one. This observation
suggests that Arabic numerals represent a complimentary form of binary notation (Figure 5).
Consequently, these circumstances alone suffice to assert that the correspondence between
Arabic numerals and DNA nucleotides is unlikely to be interpreted as biological. A
similar conclusion applies to the connection between the T’ai Hsuan ching tetragrams
and the standard symbols of DNA nucleotides, which becomes evident following the
binary recoding of DNA sequence data (Figure 5). It is important to note that the biological
functions of DNA, as well as other linear molecules such as RNA or proteins, are determined
by their chemical and three-dimensional structures, rather than by any combination of
numbers or symbols. Therefore, the observed coincidences among sequences of zeros
and ones, Arabic numerals, nucleotides, and cultural symbols and concepts (Figure 5) are
primarily of formal, esthetic, computational, and other significance, rather than strictly
biological.

The straightforward interpretation of the description of DNA sequences using four
natural numbers may take some time to be understood even from a computational stand-
point. However, such a ‘delay’ is not a reason to ignore this possibility. For example,
in 1982, Felsenstein and co-authors described a formal method for computing the frac-
tion of matches between two nucleic acid sequences at all possible alignments [43]. This
method employs the Fourier transform (reviewed in [43,80]). It also requires recording
RNA molecules in digital form following the modified “presence—absence” coding proce-
dure [43] (p. 134), thereby implying the Leibnizian binary context. Despite the title of their
paper, “An Efficient Method for Matching Nucleic Acid Sequences”, the paper contains no
straightforward biological examples [43], and the relevance of their approach may be easily
questioned. Only 20 years after the publication of this text [43], the multiple sequence
alignment program MAFFT, based on the Fourier transform, was established [80]. The
development of MAFFT [80], now one of the most efficient multiple alignment software
packages, also took over a decade of work [81].

In final paragraph, we would like to emphasize again, that the cultural and philosophi-
cal implications of the convergence between scientific and symbolic languages in describing
the sequence of the DNA molecule should not be underestimated. The correlation of DNA
sequence research with a Jungian archetypal perspective [77,82], as derived from the obser-
vations above, represents merely one of many contexts in which the intersection between
the language of DNA and religious symbolism occurs.
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