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Summary. Discovering the origin of the Indo-European (IE) language family is one
of the most intensively studied problems in historical linguistics. Gray and Atkinson
[6] inferred a phylogenetic tree (i.e., additive tree or X-tree [2]) of the IE family, using
bayesian inference and rate-smoothing algorithms, based on the 87 Indo-European
language data set collected by Dyen et al. [5]. When conducting their classification
study, Gray and Atkinson assumed that the evolution of languages was strictly
divergent and the frequency of borrowing (i.e., horizontal transmission of individual
words) was very low. As consequence, their results suggested a predominantly treelike pattern of the IE language evolution. In our opinion, only a network model
can adequately represent the evolution of the IE languages. We propose to apply a
method of horizontal gene transfer (HGT) detection [8] to reconstruct phylogenetic
network depicting the evolution of the IE language family.
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1 Introduction
A number of curious parallels between the processes of historical linguistics
and species evolution have been observed [1, 6, 11]. The evolutionary biologists and historical linguists often look for answering similar questions and
face similar problems [1]. Recently, the theory and methodology of the two
fields have evolved in remarkably similar ways. A number of important studies
have considered the applications of phylogenetic methods to process language
data (e.g., [1, 6, 11]). For instance, one of the most intensively studied topics
is the evolution of the Indo-European (IE) language family ([4]). Gray and
Atkinson [6] inferred a consensus phylogenetic tree of the IE language family
using maximal likelihood models of lexical evolution, bayesian inference and
rate-smoothing algorithms; the 87 Indo-European language data set collected
by Dyen et al. [5] was analyzed in [6]. On the other hand, Rexová et al. [11]
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also reconstructed a phylogeny of the IE languages when applying a cladistic methodology to study the same lexicostatistical data set [5]. The results
obtained in [11] were very similar to those found in [6]. However, to reconstruct their phylogenies Gray and Atkinson, as well as Rexová et al., were
constrained to assume that the evolution of languages was strictly divergent,
each language was transmitted as a whole, and the frequency of borrowing
(i.e., horizontal transmission of individual words) between languages was low.
As consequence, the obtained results suggested a predominantly tree-like pattern of the IE language evolution with little borrowing of individual words.
In our opinion, only a phylogenetic network can adequately represent the
evolution of this language family. A network model can incorporate the borrowing and homoplasy (i.e., evolutionary convergence) processes that influenced the evolution of the Indo-European languages. For example, although
English is a Germanic language, it has borrowed around 50% of its total lexicon from French and Latin [10].
We propose to apply the methods of horizontal gene transfer (HGT) detection, which are becoming very popular among molecular biologists, in order to
reconstruct the evolutionary network of the IE language family. The most frequent horizontal word transfers, representing borrowing events, will be added
to the phylogenetic tree inferred by Gray and Atkinson (Fig. 1 in [6]) to represent the most important word exchanges which occurred during the evolution
of the IE languages. In particular, a HGT detection algorithm ([8]) will be
applied to build the evolutionary network of the IE languages.
In this article, we first outline the data in hand and then describe the new
features of the HGT detection algorithm used to identify the word borrowing
events. In the Results and discussion section, we present the obtained results
for the 12 most important groups of the IE languages and report the words
borrowing statistics. The most important word exchanges characterizing the
evolution of this language family will be brought to light and discussed.

2 Description of the Dyen database
The database developed by Dyen et al. [5] includes the 200 words of the
Swadesh list [14]. The Swadesh list is one of several lists of vocabulary with
basic meanings, developed by Morris Swadesh in the 1940-50s [14], which is
widely used in lexicostatistics (quantitative language relatedness assessment)
and glottochronology (language divergence dating). Dyen et al. [5] built a
database that provides cognation data among 95 Indo-European speech varieties. For each word meaning in the list of 200 basic meanings (chosen by
Swadesh in 1952), the database contains the forms (e.g., word) used in the 95
speech varieties and the cognation decisions among the speech varieties made
by Isidore Dyen in the 1960s. For each meaning, the forms were examined
and cognation judgments were made [5]. The cognation judgments were made
only between forms having the same meaning. The cognation judgments were
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recorded in classes of forms such that the forms in each class were ”cognate”
or ”doubtfully cognate” with each other. Two forms, in two different speech
varieties, were identified as ”cognate” if within both of the varieties they had
an unbroken history of descent from a common ancestral form. For example,
since the English word FRUIT and French word FRUIT are known to be related by borrowing, they have been assigned different Cognate Classification
Numbers (CCN) in the Dyen database [5]. Forms believed to be related by
borrowing or by accidental similarity were thus not treated as cognate. In a
small number of cases it was difficult to distinguish cognates from borrowing
or accidental similarities; in this case they were treated as ”doubtfully cognate” [5]. The cognate content information was used by Gray and Atkinson
[6] to reconstruct the evolutionary tree of IE languages. In our study we also
subdivided the 200 words of the Swadesh list into two broad categories : lexical
(nouns and verbs; 138 words in total) and functional (adjectives + pronouns,
conjunctions and determiners; 62 words in total) in order to see whether the
rate of borrowing differs for these two broad categories.

3 Materials and methods
In this section, we describe the new features of the HGT detection algorithm
[8], applied here in a biolinguistics context, to infer a phylogenetic network of
the IE languages family. When applied in a biological context, this algorithm
identifies horizontal gene transfers (HGT) of a given gene for a given set of
species thus reconciliating the species and gene phylogenetic trees. At each
step of the reconciliation process, a HGT event is inferred. In this study, we
draw a parallel between the HGT detection and the word borrowing detection
processes. In our model, the IE languages tree (Fig. 1 and Fig. 4 in [6]) plays
the role of the species tree and the word tree, representing the evolution of a
given word (a given translation in all 87 considered languages), plays the role
of the gene tree. The algorithmic procedure includes the three main steps,
which are as follows:
Step 1. Let L be the rooted tree of 87 IE languages inferred by [6]. Fig. 1
shows a representation of this tree by groups (the group content is reported on
the right). We also considered the 200 words of the Swadesh list [14] and their
translations into 87 IE languages [5]. For each word of this list, we computed
a distance matrix, Di (87 x 87), i=1,...,200, between its translations using a
normalized Levenshtein distance (Equation 1, [7]).
d(i, j) =

Levenshtein distance(i, j)
.
length(i) + length(j)

(1)

For each such matrix, we inferred the word phylogenetic tree Wi , using the
Neighbor Joining method [13]. Fig. 2 shows the Robinson and Foulds (RF)
topological distance [12] (normalized by its maximal value of 2n − 6 for two
binary trees with n leaves) between each of the 200 word trees Wi and the
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Fig. 1. Gray and Atkinson (Fig. 1 in [6]) IE language evolutionary tree for 14 main
language groups. The group content is indicated on the right. The numbers on the
tree branches are the tree bootstrap scores; the number of languages for each group
is indicated between parentheses.

language tree L. The average value of the normalized RF distance was 82
%. Such a high value suggests an important overall discrepancy between the
language tree L and the word trees Wi (i=1,...,200).
Step 2. We applied the HGT detection algorithm ([8]) to infer word borrowings, considering, in turn, the language tree L and each of the 200 word trees
Wi . Therefore, 200 different scenarios of tree reconciliation were computed.
As the Dyen database [5] did not comprise any translation for the Hittite
and Tocharian A and B languages, belonging to the Anatolian and Tocharian
groups respectively, these languages were not considered in our analysis.
Step 3. We combined all results from the obtained transfer scenarios to compute the borrowing statistics. Intra-group transfers were ruled out in our computations because of the high risk of accidental similarity among the words
from the same language group. First, we assessed the total numbers of transfers (i.e., number of word borrowings) between each pair of groups, and then
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Fig. 2. Normalized Robinson and Foulds topological distance [12] between each of
the word trees and the IE language tree in Fig. 1.

the percentages of words affected by these transfers in each group. The 10
most important transfers were mapped into the IE language tree (see Figs.
3, 4 and 5). These computations were carried out, first, for all 200 words and
then, separately, for the words from the lexical and functional categories.

4 Results and discussion
Fig. 3 shows the total numbers of borrowed words found for each pair of
groups. The 10 most active transfers are highlighted in dark grey. These transfers have been mapped into the IE language tree (Fig. 5a). If the geographical
proximity can explain most of the frequent exchanges (e.g., between the West
and North Germanic groups), some of them occur between the groups located
far away from each other in the tree (e.g., between the Celtic and Indic, or
Iranian and Celtic groups).
We can also observe a number of very active exchanges between the cluster combining the Indic and Iranian groups, and that combining the Celtic,
Italic, French/Iberian, West/North Germanic and Slavic groups. These results
suggest that despite the fact that the Iranian and Celtic groups are located
far away from each other in the phylogenetic tree (Fig. 1), there is a strong
relationship between them.
Fig. 4 reports the percentages of words of a given group affected by transfers originating from other groups. Similarly to the results reported in Fig. 3,
the highest values were found for the neighbor groups. One can also notice that
the cluster combining the Indic and Iranian groups has a sustained influence
on the other groups. In the same way, we mapped the 10 most intensive transfers into the IE evolutionary tree (Fig. 5b). Some other high percentages (in
light grey) can be explained either by well-known historical migration events
(e.g., between the Armenian and Iranian groups) or should be investigated in
more detail (e.g., between the Slavic and the Albanian groups). For instance,
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Fig. 3. Total numbers of word borrowing events between each pair of language
groups. For instance, 53 words of the Italic group were borrowed from the languages
of the Celtic group; 10 highest values are highlighted in dark grey and 12 following
highest values in light grey.

Fig. 4. Percentages of words affected by borrowing from other groups. For instance,
3.98% of the words of the Italic group have the Celtic origin. The same color notations as in Fig. 3, were adopted here.

Armenian borrowed so many words from the Iranian languages that it was at
first considered a part of the Indo-Iranian languages, and was not recognized
as an independent group of the Indo-European languages for many decades
[15] (see the value of 11.7% for the transfers form Iranian to Armenian in
Fig. 4). On the other hand, Baltic languages are extremely well preserved,
retaining archaic features similar to ancient Latin and Greek. Similarities of
the Baltic languages to ancient Greek (see the value of 5.14% for Greek to
Baltic in Fig. 4) and Sanskrit (see value of 4.31% for Indic to Baltic in Fig.
4) were noted long ago by Franz Bopp, the founder of comparative linguistic
[3]. Overally, 37% of the considered words were affected by borrowing from
other language groups. The analogous results were obtained for the words of
the lexical category (36.9%) and functional category (37.1%).
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(b)

Fig. 5. Ten most frequent word exchanges between the IE language groups in terms
of (a) total numbers of transferred words, and (b) percentages of affected words by
group.

5 Conclusion
In this paper, we reconstructed a phylogenetic network of the Indo-European
language family. The obtained network allowed us to represent the word borrowing events that have an important influence on the evolution of the IE
languages. We found that 37% of the IE words are affected by borrowing
from other IE groups. Very similar results were obtained for the lexical and
functional categories. This means that the word borrowing process does not
depend on the broad lexical/functional category. However, the obtained result should be interpreted with caution because some of the word similarities,
even for words belonging to different language groups, can be due to accidental resemblance. In the future, we plan to conduct a refined study where
the cognate content information [5] will be taken into account. This should
eliminate the impact of the accidental word similarities. We also found that
the clusters combining the Indic and Iranian groups, and the Celtic, Italic,
French/Iberian, West/North Germanic groups have much closer relationships
than it is represented in the traditional IE tree [6]. This may be the evidence of
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a much closer common ancestry between these two clusters or of an intensive
migration of the ancestors of the involved nations. In the future, it would be
important to carry out a more comprehensive words borrowing analysis based
on the 850 words of the Basic English [9]. Basic English is an English-based
controlled language created by Charles Kay Ogden [9] (in essence, a simplified
subset of English) as an international auxiliary language. Such a new analysis
could help find more recent activities of borrowing. It would be also interesting
to establish a parallel between each of the determined high word borrowing
activities (see Figs. 3 and 4) and the historical events, external to the internal
language systems, such as wars, migrations, or important commercial trades
between related nations.
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