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A B S T R A C T

Neighbor-joining (NJ) is a distance-based method used to analyse and visualize data that generates a
phylogenetic tree. It is found in a wide range of scientific research and is upstream of all fields of bioinformatics
and computational biology. NJ’s drawback is the generation of different binary phylogenetic trees if more
than two clusters of elements have the same distance in any stage of the phylogenetic tree generation process.
Therefore, articles that show only one phylogenetic tree, although NJ could generate several of them, are
somewhat biased and hard to reproduce. The objective of this practical study is to quantify the extent of
this problem in the literature in a particular context: the clustering of microsatellite markers with NJ. For this
purpose, we calculate the proportion of publications in the Scopus database where the possibility of more than
one binary phylogenetic tree exists. We have observed that 13% of articles can produce more than one binary
phylogenetic tree; thus, results shown in these articles would have to be analysed or their conclusions revised.
Moreover, this percentage is large enough to be considered a general problem in our scientific community. To
exemplify the issue practically, we have selected an example where more than one binary phylogenetic tree
solution is possible.
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1. Introduction

Microsatellites are molecular markers that can identify and char-
acterize genetic variation between closely related genotypes [1]. They
are also known as Short Tandem Repeats (STR) or Simple Sequence
Repeats (SSR). Microsatellites are short DNA fragments of 2 to 6 base
pairs that repeat in tandem and randomly in the genome [2]. They are
commonly used because they are highly reproducible, codominant and

ultiallelic [3–5].
More specifically, microsatellite markers are used to measure the

dissimilarity or distance between genotypes as a function of the pro-
ortion of shared alleles (e.g., 27 microsatellite markers are used in
he case study analysed below to assess the genetic diversity). They are
uccessful genetic tools due to the large number of alleles at a specific
ocus. Therefore, it often happens that different pairs of genotypes are
eparated by the same distance.

Phylogenetic trees are a graphical representation of the evolutionary
elationships of the species under study. They are constructed using the

matrix of pairwise distances extracted from the dataset using molecular
markers. In Mathematics and Computer Science, it is well known the
difficulty of reconstructing the correct phylogenetic tree corresponding
to a given distance matrix; this reconstruction can only be computed
efficiently when the distance matrix satisfies the four-point condition
that characterizes a tree metric. The four-point condition requires that
for any taxa i, j, k, and l the additive distances must satisfy the
inequality 𝑑(𝑖, 𝑗) + 𝑑(𝑘, 𝑙) ≤ max{𝑑(𝑖, 𝑘) + 𝑑(𝑗 , 𝑙), 𝑑(𝑖, 𝑙) + 𝑑(𝑗 , 𝑘)} [6–9].

Neighbor-joining (NJ) is a distance-based method for reconstruct-
ing binary phylogenetic trees [10,11]. NJ is a greedy algorithm that
ombines the two closest clusters or elements into a parent cluster.

When a given distance matrix satisfies the four-point condition, the NJ
algorithm finds the correct tree for that distance matrix [11,12]. Even

hen a given distance matrix does not satisfy the four-point condition,
J is considered to return a good approximate tree [13]. Therefore, the

NJ algorithm is used by the scientific community to build phylogenetic
trees, mainly due to its low computational cost of 𝑂(𝑁3) and its good
accuracy for small to medium sets [14].

In the phylogenetic tree construction process, two or more clusters
of elements might be separated by the same distance. In these cases, NJ
could generate more than one binary phylogenetic tree, although it only
returns one. Therefore, any inference drawn from a single binary phy-
logenetic tree may be incomplete and, consequently, questionable [15].
Note that the reproducibility of the results is hampered and biased
owards one of several possible solutions [16,17]. This algorithmic

property is known as the ties in proximity problem [18]. Ties can occur
at any step of the clustering process, and they are boosted by the limited
resolution (number of decimal places) used in the proximity matrix.

Several variants of the NJ algorithm can be used to avoid the
ties in proximity problem. Live neighbor-joining [19] and extended
eighbor-joining [20] both allow clusters with up to three elements.
he multifurcating neighbor-joining (MFNJ) algorithm [21] consis-
ently produces the same phylogenetic tree regardless of the genotype
resentation order in the dataset, and it has the capability to group
ore than three elements simultaneously.

In this paper, we calculate the percentage of scientific publica-
ions employing the NJ algorithm in phylogenetic studies involving
icrosatellite markers that report only one possible solution, although

several could be returned. We believe that the results and conclusions
f these papers would have to be carefully analysed since selecting

only one possible phylogenetic tree could induce to biased or incorrect
conclusions. To properly explain the problem, we have selected a paper
s an example where only one phylogenetic tree is reported although

other ones could be shown. This example makes it simple to understand
hat different conclusions could be extracted from the problem at hand.
2 
2. Methods

We conducted the examination of the articles in a three-step process.
In the first section, we describe the search strategy implemented to
acquire the population dataset of articles utilizing the NJ algorithm
for microsatellite marker classification. Afterwards, we explain the
procedure for generating the sample dataset. In the last section, we
expound upon the analysis of ties within the phylogenetic trees and
detail the methodology employed for quantifying the occurrences of
non-unique binary phylogenetic trees across articles.

2.1. Search strategy

We analysed the scientific literature on microsatellite markers that
sed the NJ algorithm. We conducted a search for articles in the Scopus

database up to the year 2022. The query used was similar to the one
specified in [17]. The search query employed to obtain the articles was:
(‘‘microsatellite’’ OR ‘‘microsatellites’’ OR ‘‘simple sequence repeat’’
OR ‘‘simple sequence repeats’’ OR ‘‘SSR’’ OR ‘‘short tandem repeat’’
OR ‘‘short tandem repeats’’ OR ‘‘STR’’) AND (‘‘neighbor joining’’ OR
‘‘neighbour joining’’ OR ‘‘neighbor-joining’’ OR ‘‘neighbour-joining’’),
where AND and OR are the standard boolean operators. We expanded
he search scope by including plural forms and multiple word varia-
ions. We limited the search to include only the terms from the query
ound in the title, abstract, or keywords. We gathered bibliometric
ata, including the document title, journal name, year of publication
nd subject area. In total, we retrieved 1245 articles ranging from the
ear 1994 to year 2022 (29 years). After eliminating three duplicated
ecords, the dataset analysed in this study consisted of 1242 articles.

The search strategy utilized in this study might have unintentionally
xcluded some relevant articles. We acknowledge that this represents

a conservative estimate of the overall count of publications featuring
 NJ tree of microsatellite markers. This limitation arises from not
ncorporating articles published in journals beyond the Scopus Indexed
ournal List. Moreover, there is a possibility that other articles within
he Scopus database utilize an NJ tree with microsatellite markers,
ut they do not incorporate the specific terms we employed as search
riteria within their titles, abstracts, or keywords.

2.2. Sample dataset

Fig. 1 describes the screening process of the articles included in
the analysis. We downloaded the selected articles and randomized
he dataset to prevent bias towards any of the collected bibliometric
ata, including specific years, subject areas, or alphabetical order. We
orked with an initial subset of 353 articles, comprising roughly 30%
f the dataset publications (𝑛 = 1242). We removed nine unavailable
rticles, leaving a subset of 344 publications. Within this subset, we
pecifically selected articles that contained either a phylogenetic tree
nd a matrix of proximity data (either similarities or distances), or
 phylogenetic tree and a table detailing the genetic profiles of all
enotypes, provided there were more than three genotypes. In those
ases where only the genetic profile table was available, we calculated
 matrix indicating the proportion of shared alleles using the Adegenet
ackage [22] in R version 4.1.0 [23]. We excluded articles if the
roximity data matrix, whether given or calculated, did not match

the genotype information in the phylogenetic tree, if the phylogenetic
tree was not generated using the NJ algorithm, or if the provided
information was incomplete.

Out of 344 articles analysed, only the 29% of them (100 articles)
contained the necessary data to be reproducible (see Supplementary
Data for the complete list and additional information). Therefore, we
had a final sample data set of 100 articles published in over 50 distinct
journals. These journals adhere to varying data archiving guidelines,
ranging from none to mandatory submission with accompanying doc-

umentation. This lack of standardized and mandatory data archiving
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Fig. 1. Flowchart detailing the screening process of the articles included in the dataset.

Fig. 2. Comparison of the number of scientific publications in the Scopus database
that used the NJ and the UPGMA methods on microsatellite markers from 1994 to
2022. The UPGMA data was updated to match the year range used for NJ, with data
originally extracted from [17].

Fig. 3. Articles classified by subject areas. The category named ‘‘Other’’ groups together
4 subject areas that constitute less than 1% each.

policies across journals hinders data accessibility, reproducibility and
estricts collaboration opportunities as well as scientific progress [15,

24,25]. The issue of inadequate of data availability is also addressed
y [17], who report that only the 26% of the analysed articles featured
orrect data availability.

2.3. Non-unique binary phylogenetic trees

We used the MFNJ algorithm to analyse and count the presence of
ies. As mentioned previously, MFNJ can group any number of elements
t a time and thus it always returns a unique phylogenetic tree. We used
he R packages mphylo to reconstruct the phylogenetic trees [26], and
gtree to plot trees [27].
 s

3 
3. Results and discussion

This section is divided as follows. First, we quantify the amount
f publications having at least one tie in their clustering process to

reconstruct the corresponding phylogenetic tree. Then, we examine the
yearly number of articles published containing a NJ tree of microsatel-
lite markers, and we compare it with another agglomerative clustering
algorithm such as UPGMA. We continue showing the topics that the
articles are classified into. Finally, we show an example of a case study
that yields two different binary phylogenetic trees.

3.1. Proportion of articles with ties

In order to count the publications with ties in their phylogenetic
trees, we utilized the proximity data matrix extracted from every article
in our sample dataset. Subsequently, we calculated their correspond-
ing phylogenetic tree employing the NJ method and used the MFNJ
algorithm to assess and quantify the occurrence of ties. We found that
there was more than one possible binary phylogenetic tree in 13 out
of the 100 articles analysed. That is the 13% of the articles, with a
95% confidence interval (CI) ranging from 6% to 20%. Extending this
percentage to the entire population, it yields an estimate of 161 articles
(95% CI 74 – 248 articles) that may have alternative solutions in the
form of different binary phylogenetic trees. The presence of multiple
potential trees in a significant proportion of analysed articles raises
important considerations for downstream analyses. In such instances,
relying on a single binary phylogenetic tree might be misleading.

3.2. Publications per year

Articles in our population dataset ranged from the year 1994 to
the year 2022 (Fig. 2). We compare, under the same search strategy,
he number of scientific publications utilizing both the NJ method

and the UPGMA method, analysed in [17], because they are both
agglomerative clustering methods. Although we observed a greater use
of the UPGMA method over the years compared to the NJ method,
oth clustering methods have shown a steady increase since 2000

and reached a plateau in the number of publications in the last ten
years. Approximately 70 articles have been published yearly for the NJ
method and 100 articles for the UPGMA method. In the case of the NJ
method, 2018 was the year with the highest number of publications
(𝑛 = 84). The increase in publications may be due to two factors:
the rise of next-generation sequencing, which brought high-throughput
data and lowered sequencing costs, and the improved availability of
software for distance-based methods.

3.3. Publications per subject areas

The 1242 articles belong to 21 distinct subject areas. The predom-
nant fields are Agricultural and Biological Sciences, comprising 42%,

and Biochemistry, Genetics, and Molecular Biology, constituting 30%
(Fig. 3). Together, these two subjects account for 72% of the total
rticle count. It was anticipated that a majority of the articles would
ertain to life sciences or analogous subject areas, given the prevalent
se of STR and SSR as tools within these fields. Subject areas with
inimal representation, each contributing less than 1% to the total

rticle count, have been grouped into a category labelled ‘‘Other’’ in
Fig. 3. We can find examples in areas that differ significantly from the
revious ones, such as Chemical Engineering [28], Neuroscience [29]

and Computer Science [30].

3.4. Case study

We have selected a single case from the 100 articles analysed in our
ample dataset to demonstrate how it is possible to generate distinct
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Fig. 4. Phylogenetic trees of the genetic distances between 20 cultivars of upland cotton [31] using the NJ method. Distinct colours are employed to represent tied elements across
the phylogenetic trees. Red for cultivar 53, purple for subcluster 1, and green for subcluster 2. Subcluster 1 consists of cultivars 49, 52, 55, 56, 57, 58, 59, 60, 61, 62, 63 and 64
while subcluster 2 includes cultivars 45, 46 and 47. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
binary phylogenetic trees from the same data using the NJ algorithm.
This example illustrates a scenario that produces two distinct binary
phylogenetic trees.

The authors of this study [31] analysed the genetic diversity and
population structure of the cultivated upland cotton (Gossypium hir-
sutum L.) (Fig. 4) . The study includes 20 taxa in total, assessing 27
microsatellite markers. The values in the distance matrix range from 0
to 0.73, with a precision of two decimal places. There is a tie between
cultivar 53 (depicted in red in Fig. 4) and two clusters. The first cluster,
referred to as subcluster 1, is portrayed in purple in Fig. 4, while
the second cluster, referred to as subcluster 2, is depicted in green.
The cultivar names corresponding to the numbered identifiers are as
follows: 45-BRS PEROBA, 46-BRS 7H, 47-ITA90, 48-BRS 8H, 49-BRS
ARAÇÁ, 50-BRS PRECOCE, 51-BRS SUCUPIRA, 52-BRS 336, 53-BRS
IPÊ, 54-BRS 286, 55-BRS CAMAÇARI, 56-ITA96, 57-BRS 335, 58-BRS
ANTARES, 59-BRS 201, 60-BRS FACUAL, 61-BRS PRECOCE, 62-BRS
CEDRO, 63-GIBANGA and 64-IMA CD05-8221.

Fig. 4a represents one of the possible binary phylogenetic trees for
the same data, where subclusters 1 and 2 are grouped together first.
Fig. 4b showcases another binary phylogenetic tree for the same data,
wherein subcluster 2 is first grouped with cultivar 53.

A notable difference between the two phylogenetic trees is the
addition of cultivar 53. In Fig. 4a, is clustered at the last step, while in
Fig. 4b, it is grouped with subcluster 2 in the middle of the phylogenetic
tree.

4. Conclusions

NJ is an algorithm for reconstructing binary phylogenetic trees,
which clusters two elements in each step, independently of whether
there are more than two elements with the same distance. Thus, it
is unable to return multiple binary phylogenetic trees despite the
possibility of their existence, as it solely produces a single phylogenetic
tree. Results and conclusions in published scientific papers that display
a single phylogenetic tree generated by the NJ method could be biased
or limited. For this reason, we have quantified how frequently these
articles presented only one phylogenetic tree, although more than one
was possible.
4 
Our analysis shows that the 13% of the articles (95% CI 6%–
20%) possess at least one alternative binary phylogenetic tree to the
published one. This corresponds to approximately 161 articles with
at least one tie (95% CI 74 – 248 articles) in our dataset of 1242
articles. The potential implications of this result need to be seriously
considered, as up to a fifth of the articles considered could be affected
by the issue of ties in proximity. The presence of articles featuring NJ
binary phylogenetic trees that lack uniqueness may impact not only the
direct conclusions drawn from these publications but also have indirect
ramifications on subsequent research built upon these original findings.

Usually, researchers frequently rely on the initial or default out-
come produced by a clustering method to continue their research.
This predisposition derives from the fact that not all researchers are
experts in clustering algorithms and, as a result, they may not know
of the possibility of multiple phylogenetic trees and do not explore
alternative solutions. For this reason, the adaptation of the phyloge-
netic tree generation process towards a single phylogenetic tree that
deals with ties in proximity is crucial in such cases. Consequently, we
recommend the utilization of variants of the NJ method, such as the
MFNJ method, capable of generating n-ary phylogenetic trees. Comple-
menting the analysis with a bootstrap can further aid in identifying ties,
offering a more comprehensive approach to address the challenges as-
sociated with clustering methods and the potential existence of multiple
phylogenetic trees.
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