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ABSTRACT 

Cilia and flagella are organelles of motility that ena- 
ble cells to swim or move liquid over its surface. An 
exhaustive literature survey for the presence of the 
organelle in organisms across phyla showed that most 
animal cells harbor cilia in contrast to very few fun-
gal cells. While this was not unexpected, it was the 
position and arrangement of this organelle in each 
cell that intrigued our attention. Natural selection 
might have favored motility over chemotaxis; and it 
would have done so to evolve a stable structure that 
could have undergone an optimization process requi- 
ring a precise geometry in the shape of cells and the 
structure that would help cells to move. The position- 
ing of such a structure would play a pre-dominant 
role in optimal motility. It is now known that the fla- 
gellar position of a cell is a genetically distinct trait, 
occasionally used in phylogeny of bacteria, distribu- 
ted in distinguishing patterns over cellular surface, 
but basically are of two types, either polar (one fla- 
gellum arising from one pole per cell) or peritrichous 
(lateral flagella distributed over the entire cell sur- 
face). Irrespective of the cellular habitat, flagella ori- 
gin, ultrastructure and proteome, the present inves- 
tigation surveyed 26 sub-types of flagellar arrange- 
ments from as many species as possible. A peculiar 
pattern ensued-Prokaryotes harbored predominantly 
polar and peritrichous types; eukaryotes showed a 
mere change of the peritrichous one. These numbers 
when used to create a Similarity tree depicted a simi- 
larity distance of 14 between the Eubacteria and Ar- 
chaebacteria forming the first neighborhood; Proto- 
zoans, Algae, Fungi, Plantae and Animalia formed a 
second neighborhood. We offer a working hypothesis 
for this pattern and the gradual shift in the flagellar 
arrangement from polar, peritrichous, sub-apical, and 

apical to lateral throughout evolution.  
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1. INTRODUCTION 

Most organisms modulate their motility in response to 
environmental variables such as nutrients, abiotic and 
biotic stress [1,2]. A recent study shows that, organisms 
probably randomized their motility in such an environ- 
ment [3]. These movements range from sliding to gliding 
over a substrate, rotation, swimming or streaming in a 
suitable medium with the help of organelles such as 
flagella or cilia that support such motions. The once ves- 
tigial organelle, the flagellum, and its evolution is of 
enormous interest to biologists because the three known 
varieties (eukaryotic, bacterial, and archaeal flagella) 
represent an advanced protein-based structure that 
requires the interaction of its components within itself 
and with many systems; their molecular mechanism of 
motility and sensory transduction remaining elusive. An 
approach to the evolutionary origin of any cellular com- 
ponent(s) is to devise in silico homology searches among 
the protein or nucleotide sequences of the two com- 
ponents that one is trying to find evolutionary relatedness. 
This very approach has suggested that a subset of the 
bacterial flagellar components is similar to the Type III 
secretory and transport system; the latter defensive sys- 
tems provide the function of injecting a toxin into eukar- 
yotic cells. On the other hand, the recently elucidated 
archaeal flagellum has been analogous, not homologous, 
to the bacterial one. While there is no sequence similarity 
among the genes of the two systems and that the archaeal 
flagellum appears to grow from the base and not the tip; 
sequence comparison shows that the archaeal flagellum 
is homologous to Type IV pili [4]. 
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offers two competing models; the Margulis’ model dis- 
putes that the eukaryotic flagellum evolved from a sym- 
biotic spirochete that attached to a primitive unicellular 
eukaryote or archaebacteria. Endogenous, autogenous 
and direct filiation model states that the cilium developed 
from pre-existing components of the eukaryotic cyto- 
skeleton (which has tubulin and dynein) as an extension 
of the mitotic spindle apparatus. The first line of evi- 
dence is seen in the various early branching single- 
celled eukaryotes that have a microtubule basal body, 
where microtubules on one end form a spindle-like cone 
around the nucleus, and those on the other end point 
away from the cell to form the cilium. A second connec- 
tion is that the centrioles, homologous to the cilium, and 
have often been the basal body from which the cilium 
grows. Regarding the origin of the individual protein 
components, and in particular on the evolution of 
dyneins, the complex protein family of ciliary dynein has 
an apparent ancestor in a simpler cytoplasmic dynein 
(which itself has evolved from the AAA protein family 
that occurs widely in all archea, bacteria and eukaryotes). 
Long-standing suspicions that tubulin was homologous 
to FtsZ (based on very weak sequence similarity and 
some behavioral similarities) were confirmed by the 
independent resolution of the 3-D structures of the two 
proteins [5]. While the flagella lineage is traced back to 
the secretory systems of bacteria, the pili themselves is a 
piece of evolutionary enigma. 

Notwithstanding, the flagella and not the pili are 
therefore, the organelles used as one of the parameters in 
taxonomy. Among motile rod-shaped bacteria, the num- 
ber of flagella per cell, the shape of flagella and their 
points of origin of the cell (polar versus peritrichous), are 
a primary taxonomic criterion [6] with immense clinical 
significance [7]. Flagellar arrangement may be a feature 
with enough stability and uniqueness to classify flagella- 
ted bacteria into several groups [8]. Conventionally, four 
arrangements are popular, the monotrichous, amphitri- 
chous, lophotrichous and polytrichous. However, varia- 
tions on the classical flagellum does exist, possession of 
both lateral and polar flagella on the same cell, and the 
periplasmic flagella of spirochetes [9,10]. The number 
and position of flagellum filaments on the surface of 
bacterial cells are highly conserved traits, with the polar 
and peritrichous arrangements being frequent. Though 
the type of cell flagellation used as an extra taxonomic 
key to distinguish motile bacteria, little is known about 
the mechanisms regulating its the number and position 
[11]. The same criterion need not be used for eukaryotic 
species’ classification. This kind of robustness, therefore, 
calls for the uniqueness of the flagella system across 
evolution. If the origin of flagella is considered, the need 
is to analyze the common as well as differing features in 
these structures throughout evolution. 

An unbiased peek into the cellular position of flagella 
at the morphological level was attempted in the present 
study; with the flagella characteristics of the phyla across 
all the kingdoms being scored. The overall results show 
that the flagellar arrangement on both uni- and multi- 
cellular organisms may have evolved with a function; the 
position on the cell where the flagella are arranged would 
not have been a random selection. Whatever the purpose, 
our observations show a gradual shift in the arrangement 
of flagella from polar, peritrichous, sub-apical, apical to 
lateral throughout evolution; such an arrangement shif- 
ting functionally from the polar, chemo-tactically motile 
to the lateral, non-motile cilia types. We propose a model 
for multicellularity based on the arrangement of flagella; 
a phenomenon that is robust and reproducible from one 
generation to the other among all species. And, if natural 
selection favored motility, at least for the sake of cost- 
benefits, arrangement of the flagella seemed critical. 

2. MATERIAL AND METHODS 

The present study is divided into two modules namely 
Module A and Module B.  

2.1. Module A Involves the Following Seven 
Knowledge Discovery Steps 

1) Taxonomic Classification. 
2) Collection of Data. 
3) Mapping of Flagella Information into the Taxono- 

mical Classification. 
4) Preprocessing of the Data. 
5) Export of the Data to MS-SQL Server 2000. 
6) Data Retrieval. 
7) Data Pattern Analysis. 
1) Taxonomic Classification: Based on Carl Woese 

Modified Classification of Robert Whittaker into six 
kingdoms, namely, Eubacteria, Archaebacteria, Protista, 
Fungi, Plantae and Animalia. The kingdoms were further 
classified into “Phylum”, “Class”, “Order”, “Family”, 
“Genus” and “Species” into a MS-Excel worksheet called 
Taxonomy. 

2) Collection of Data: The data involved information 
on flagella like “Presence or Absence of Flagella”, “Fla- 
gella type”, “Flagella number”, “Cell Size” and “Flagella 
Length”. The data obtained was stored in a MS-Excel 
worksheet called FlagellaInfo. 

3) Mapping of Flagella Information into the Taxono- 
mical Classification: The data in the Taxonomy of step 1 
were mapped to FlagellaInfo of step 2. This resulted in a 
MS-Excel worksheet named “Flagella” with 386 records. 
Thus, we had the flagella information for each of the 
kingdoms.  

4) Preprocessing of the Data: The worksheet “Fla- 
gella” was cleaned by deleting null and insignificant 
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entries and segregating the data based on cell motility 
within the flagella type into motile and non-motile. Thus, 
we obtained three updated worksheets—“Integrated 
Flagella” with “presence or absence of Flagella” and 
“Flagella type”, “MotileFlagella” and “NonMotileFla- 
gella” based on cell motility. 

5) Export of the Data to MS-SQL Server 2000: The 
worksheets “IntegratedFlagella”, “MotileFlagella” and 
“NonMotileFlagella” were exported to MS SQL server 
2000 resulting in three databases called “MS-Integra- 
tedFlagella”, “MS-MotileFlagella” and “MS-NonMotile- 
Flagella” respectively for further processing.  

6) Data Retrieval: SQL queries were fired on these 
databases so as to analyze the distribution of various 
types of flagella present in the kingdom, Phyla with and 
without flagella present in each of them, etc. 

Select count (*) from New Database where Phylum = 
“Actinobacteria” and Kingdom = “Bacteria”. 

Select count (*) from NewDatabase where Phylum = 
“Crenarchaeota” and Kingdom = “Archeabacter”. 

Select count (*) from NewDatabase where Phylum = 
“Heterokontophyta” and Kingdom = “Protista”. 

7) Data Pattern Analysis: The query results obtained in 
step 6 were represented as bar diagrams for analyzing the 
pattern emerged from the data. 

2.2. Module B Involves the Construction of 
Dendogram 

The current study offers a novel methodology for the 
construction of a DendoGram which reflect the pheno- 
typic similarities between different operational taxono- 
mic units (OUT). The methodology is inspired by 
UPGMA Method (Unweighted Pair Group Method with 
Arithmetic Mean) [12] used for constructing a Similarity 
tree. However, the procedure takes the liberty of not 
using DNA or Protein sequences which is conventional 
for the construction of similarity trees. The procedure 
uses morphology of 26 Flagella types/arrangements 
present across 6 kingdoms. This is realized by represen-  

ting “Presence” of “Flagella type” by “P” and “Absence” 
of “Flagella type” by “A”. The result is a sequence of 6 
strings each having length 26 wherein each individual 
string is treated as an OTU. 

Since the flagella types are different in Prokaryotes 
and Eukaryotes, the OTUs were classified into two 
mutually exclusive sets as given below: 

X = {Eubacteria, Archaebacteria}. 
Y = {Protista, Fungi, Plantae, Animalia} as given in 

Tables 1 and 2. 
The method involved the construction of distance ma- 

trix, the entries of which, are calculated by comparing an 
OTU with other OTUs and the number of identities was 
taken as the score of that OTU. This resulted in a dis- 
tance matrix for strings given in Table 2 as shown 
below: 
 

 C D E F G 

C 0     

D 1 0    

E 2 1 0   

F 2 1 0 0  

G 8 7 6 6 0 

 
The two OTUs having the minimum value in the dis- 

tance matrix was treated as a new single “composite” 
OTU which became the initial nodes of the tree. A new 
distance matrix is constructed with the composite and 
remaining single OTUs. This process continued until 
only two OTUs were left. This resulted in the formation 
of a dendogram which showed the local homology bet- 
ween different kingdoms. The findings on the evolution 
of flagella based on their arrangements were drawn by 
analyzing the bar diagrams and the dendogram con- 
structed. 

3. RESULTS AND DISCUSSION 

The first primitive cell, assumed as a non-motile coccus  
 
Table 1. OTU of prokaryotes. 

Eubacteria (B) P P P P P P P P P P P A A A A A A A A A A A A A A A

Archaebacter (R) P P A P A A P A P A A P P P P P P P P A A A A A A A

 
Table 2. OTU of eukaryotes. 

Protista (C) A A A A A A A P A A A A A A A A A A A P P P P A A A

Fungi (D) A A A A A A A P A A A A A A A A A A A P P A A A A A

Plantae (E) A A A A A A A P A A A A A A A A A A A P P A A A A A

Animalia (F) A A A A A A A A A A A A A A A A A A A A A A A P P P
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was probably carried by currents present in the pri- 
mordial milieu. From here on, two forms of movements 
were notably seen; cells with gas vesicles and those that 
harbored flagella. Gas vesicles are found rampantly 
among the unicellular organisms; but, flagella are found 
equally among both the unicellular and multicellular 
organisms. The latter might have originated from groups 
of single cells that need to show high interaction and 
co-operation between one another and be nearly free of 
variance [13]. The evolution of flagella has always been 
a curiosity to biologists, particularly in the context of 
non-similarities in the ultrastructure, development and 
motion dynamics of the three known varieties (viz. 
Eukaryotic, bacterial, and the archaeal types) [14-17]. 
Some overlaps in the gene/protein sequence similarities 
have led many to believe that the eubacterial flagella 
originated from the T3SS, while the archebacterial 
flagella originated from the T4SS [14-17]. With two 
competing views on the evolutionary origin of the 
eukaryotic flagellum, the one that seems largely favored 
in terms of gene/protein sequence similarity is the endo- 
genous or direct filiation model. The pre-existing com- 
ponents of the eukaryotic cytoskeleton such as tubulin 
and dynein are extensions of the mitotic spindle appara- 
tus. Dynein evolution shows that the complex protein 
family of ciliary dynein has evolved from a simpler 
cytoplasmic dynein that evolved from the AAA protein 
family that occurs widely in all archaea, bacteria and 
eukaryotes [15]. These support, mainly vertical inheri- 
tance for the components of this unique motility system, 
and probably an ancient horizontal gene transfer event of 
a whole flagellum-coding gene cluster among Euryar- 
chaeota and Crenarchaeota [18]. In the context of all 
these sequence similarities and an associated functional 
significance of cilia in motility, sensory transduction and 
development, we set out to know whether there an order 
or randomness in the rather simple attribute, namely, 
flagellar arrangement of cells across all the six king- 
doms? And, could this arrangement serve as a paradigm 
to draw a similarity tree, akin to a phylogenetic tree so as 
to reveal the relatedness between species, if any? 

The study, initiated by surveying the flagella literature 
(290 primary references, and references therein amoun- 
ting to ~6000) for flagella presence with respect to the 
arrangement; irrespective of their internal ultrastructure 
(flagellin-based or tubulin-based), number, length and 
functionality (motile, non-motile or sensory) of the 
organelle on the cell. The comparison and purpose 
behind the work are entirely based on the common fea- 
tures in their physical properties and functions across 
species; this being, property of locomotion, sensory per- 
ception, made up of protein polymers, have ATPase or 
proton-motive forces, anchored to a basal body, sizes are 
about 2 mm - 40 mm, complex and made up of several  

proteins. In order to avoid the data being skewed, flagella 
information from 357 species (Eubacteria—115, Archae- 
bacteria—129, Protista—37, Fungi—19, Plantae—19 and 
Animalia—38) are provided in this study. Such a survey 
led to a database for the presence or absence of the 
organelle, and its arrangement vis-à-vis the species 
classified using the classical method of taxonomical 
classification. As detailed in the methods, the database 
was queried and the percentage of species that have 
flagella within each phylum calculated. The percentages 
were calculated by the number of phyla having flagella 
verses total phyla in that particular kingdom. As depicted 
in Figure 1, the percentages of organisms (multicellular 
and/or unicellular) harboring or not harboring flagella 
varied with the phyla among all the kingdoms. For 
example, 80% of the phyla among Eubacteria have flage- 
lla, while only 20% of phyla in Archaebacteria showed 
flagella. In Protista, 77% phyla have flagella while in 
Fungi 10% phyla have flagella. In Plantae, 70% phyla 
have flagella. All the phyla (100%) in the Animalia king- 
dom have flagella or cilia. A noteworthy comment is that 
the flagella in the Fungi and Plantae kingdoms belong to 
the cells of the reproductive system (zoöspores). 

Having depicted the gross variability in the presence 
and/or absence of flagella among different kingdoms, the 
flagellar arrangement of the cells was then categorized. 
Detailed observation of images of cells bearing flagella 
helped in making twenty-four categories of flagellar 
arrangements (Figure 2(a)). While, twenty-four arrange- 
ments of flagella were totally observed; any other arran- 
gement considered “cryptic”; the latter type being the 
most prevalent (~23%; Figure 2(b)). Among the known 
categories, the predominating flagellar arrangements 
were of the polar type (~15%) followed by peritrichous 
(~11%) and lateral (~10%; Figure 2(b)). However, the 
other types of arrangements (multilateral, monopolar 
polytrichous, multitrichous, monotrichous, polar multiple  
 

 

Figure 1. Presence or absence of flagella in various kingdoms. 
Phyla with and without flagella were scored and a bar diagram 
showing the percentage of phyla with or without flagella across 
the six kingdoms were obtained. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. (a) Flagella types and their variations as depicted in 
the literature. A pictorial (cartoon, 2D) summary of the flagella 
is depicted into three types. Note that the Polar (panels i to x) 
and Peritrichous (panels xi to xx) are considered as the major 
types and the variations therein are depicted as (i) Polar, (ii) 
Bipolar, (iii) Monopolar, (iv) Polar Tufts, (v) Polar Bundle, (vi) 
Subpolar, (vii) Tufts, (viii) Anterior, (ix) Apical, (x) Sub Apical, 
(xi) Peritrichous, (xii) Polytrichous, (xiii) Multitrichous, (xiv) 
Multilateral, (xv) Monotrichous, (xvi) Lateral, (xvii) Periplas-
mic, (xviii) Cilia, (xix) Motile Cilia, and (xx) Longitudinal 
Transverse. Those flagellar types that could not be described as 
either polar or peritrichous were categorized as cryptic (panels 
xxi to xxiv) (xxi, Polar Peritrichous; xxii, Polar Multiple; xxiii, 
Monopolar Polytrichous and xxiv, Polar Polytrichous); (b) 
Arrangements of Flagella present across all kingdoms. The 
histograms show the percentages of various flagella types; ir-
respective of their structure, proteome and function, present 
across six kingdoms obtained by taking the different flagella 
types depicted in (a) and its occurrence in percentage along 
Y-axis; (c) Diverse motile flagella types and their occurrence. 
Among the arrangements scored in (b) the quantitative occur-
rence of percentage motile flagella types was plotted along 
X-axis and corresponding percentage along Y-axis; (d) Diverse 
Non-Motile Flagella type and its occurrence. Bar diagram 
showing occurrence of different non-motile flagella types in 
percentage obtained by plotting different non-motile flagella 
types versus corresponding percentage along Y-axis. 
 
flagella, non motile monopolar, non motile monotrichous, 
polar monotrichous, polar polytrichous, longitudinal and 
transverse, subpolar, polar bundle, anterior, polytrichous, 
tufts, polar tufts, non motile flagella lateral, bipolar, 
apical, monopolar, polar and peritrichous, periplasmic, 
non motile, non motile cilia lateral, sub apical and non 
motile cilia, motile cilia, lateral) varied from 0.4% - 10% 
and were mere variations of the polar and peritrichous 
types (Figure 2(b)). Since flagella and/or cilia have an 
associated function of motility and therefore, a corre- 
lation between flagellar arrangements vis-à-vis motility 
sought (Figure 2(c)). Among all the motile flagella/cilia, 
the lateral (30%) arrangement was the most prevailing 
followed by polar (16%), peritrichous (14%) and 
secondary cilia (13%; Figure 2(c)). Flagellar arrange-  
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ment diversity among motile organisms was vast; 
although the total number of organisms harboring such a 
variety ranged between 0.5% - 5% only. On the other 
hand, among the non-motile flagella/cilia, the primary 
cilia (seen in the Animalia kingdom) are the most wide- 
spread, followed by the peritrichous, mono- and poly- 
trichous categories (Figure 2(d)). Therefore, the first 
observation remains that the flagella which offer motility 
are predominately polar and peritrichous in nature and 
are prevalent among the Eubacteria (Figure 2(c)); the 
lateral flagella being found in fungi, plants and animals. 
Meanwhile, the flagella on non-motile cells are mainly 
found in Archaebacteria and Animalia kingdoms, predo- 
minate being mono- or poly- trichous group (Archae- 
bacteria) (Figure 2(d)). 

To gain an evolutionary perspective, the organisms 
harboring flagella from various kingdoms were separa- 
tely scored for their flagellar arrangements (Figures 
3(a)-(f)). These results show that flagellar arrangement 
diversity between the prokaryotes is higher (~13 in num- 
bers) than that of eukaryotes (between 3 - 5). None- 
theless, the main flagellar arrangement remains of the 
polar and peritrichous types in prokaryotes and lateral 
among all the eukaryotes. In the Eubacteria kingdom, the 
polar flagella (34%) group predominates, followed by 
the peritrichous (28%) arrangement (Figure 3(a)). As 
observed, the peritrichous flagella are mainly seen in the 
pathogenic species of Eubacteria kingdom [19]. This 
further supports the idea put forth by Jensen in 1909 that 
the most primitive form of life would have been cells 
with polar flagella and in accordance, ancestors of 
prokaryotes [20,21]. Also, flagella conversion from one 
form to another is reported only among prokaryotes 
[8-10,22]. Incidentally, certain bacteria when grown at a 
higher temperature shed their flagella [23]. We observed 
that most of the organisms in Archaebacteria are without 
flagella (Figure 1). And among these 20% which harbor 
flagella, fifteen arrangements with the polar and peritri- 
chous as widespread (Figure 3(b)). Those which have 
flagella are further classified based on cell motility. The 
flagella of non-motile cells have predominately peritri- 
chous flagella. This flagella type is thinner than the 
peritrichous flagella seen in motile cells [24,25]. The 
flagella of motile cells are mainly polar type. As obser- 
ved in Archaebacteria, similarly, most species in Protista 
kingdom are without flagella (Figure 1). In contrast, 
those that have flagella are of lateral, apical, sub-apical, 
anterior or longitudinal transverse types; the sub-apical 
(39%) is of the major type, followed by lateral (33%; 
Figure 3(c)). It is also observed that liverworts have 
unequal length flagella. In these unequal flagella, the 
shorter one is tensile and the longer one has the whiplash 
kind of movement [26]. From among the fungal species, 
the flagella are mainly found on the zoöspores and these  

are the lateral, apical and sub-apical types (Figure 3(d)). 
Except for some unicellular algal cells, the dominant 
type of flagella is lateral in the Plantae kingdom, (Figure 
3(e)), and these are present on zoöspores. It is note- 
worthy that the apical and sub-apical type of flagellar 
arrangement is particularly found among lower marine 
plants such as seaweed and sea lettuce [27]. Along with 
the flagella, cilia are also observed throughout the Ani- 
malia kingdom; these are both motile and non-motile. 
The flagella are mainly on sperms, and the position is 
predominantly lateral (Figure 3(f)). In summary, if one 
considers only two major types of arrangements of flage- 
lla across kingdoms, and then looks closely at these types 
and their variations, one observes that variations of polar 
and peritrichous types are mostly among the bacterial 
species and not among the eukaryotes (Table 3). A clear 
transition from the polar, peritrichous to the only peritri- 
chous types across evolution is markedly clear. 

With the flagellar arrangement into consideration, a 
Dendogram (Figure 4) was constructed based on “flage- 
lla types” whose values were represented as “P” and “A” 
indicating presence or absence of flagella type respec- 
tively. During this process, differences between the Pro- 
karyotic and Eukaryotic flagella types were observed to 
be stark and hence were segregated as two different 
classes. To get an in-depth insight of eukaroytic flagellar 
evolution, the protista and algal kingdoms were separa- 
ted. The resultant Dendogram (Figure 4) gave an insight 
of organismal evolution based on the flagella types. Con- 
trary to expectations, the tree depicts similarity between 
the Eubacteria and Archaebacteria with a similarity dis- 
tance of 14 forming the first neighborhood. Protista, 
Algae, Fungi, Plantae, Animalia form a second neighbor- 
hood. Protista and Algae are more similar to one another 
and are joined at a similarity distance of 1. The com- 
posite taxon (1) Protista and algae is similar to Fungi at a 
similarity distance of 1.5 and hence forms the next com- 
posite taxon (2). The taxon (2) is similar to Plantae at a 
similarity distance of 1 forming taxon (3), while taxon (3) 
is similar to Animalia at a similarity distance of 6.75. 
The distinct arrival of two neighborhoods may be inter- 
preted as the two distinct types of flagellar ultrastructures 
and proteomes in the prokaryotes and eukaryotes, respec- 
tively. 

In conclusion, our hypothesis restricts to the under- 
standing of flagellar position on prokaryotes in contrast 
to eukaryotes; this, because work on the molecular 
understanding about the flagella position on prokaryotes 
is well understood contrary to that in eukaryotes. Our 
working model (Figure 5) states that the primitive cell 
may have been non-motile coccus, with the propensity to 
form the Mycoplasmas or a rod-shaped bacterium. Suita- 
ble conditions, unknown until now, may have converted 
this bacterium into the motile, polar cell. Flagellum  
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Figure 3. Flagella types among various Phyla. Bar diagram showing occurrence of different flagella 
types in the Kingdom Eubacteria (a); Archaebacteria (b); Protista (c); Fungi (d); Plants (e) and Animals 
(f) obtained by plotting different flagella types and corresponding percentage occurrence along Y-axis. 

 

 

Figure 4. Similarity tree. Shows a Similarity tree is “on its side” and that the individual King-
doms are joined using the average matching coefficients. The tree indicates that the nearest 
neighbour of bacteria is Archebacter, and vice versa, and that the nearest neighbour of protista is 
Algae, and vice versa (1 average coefficient value in both cases). Each Kingdom is located in its 
own leaf node in the tree.  
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Figure 5. Working hypothesis providing in-depth analysis of the variations in the arrangements of flagella in bacterial species. 
Wherever possible, evidence in the form of references has been provided. As no experimental inputs or retrospective evidence was 
found throughout the literature for eukaryotic flagellar arrangement, the same has been largely held in reserve from this model. 

 
Table 3. Flagellar and cellular parameters across evolution. Summary of various flagellar parameters used to compare across evolu-
tion. Note the increase in flagellation, motility, laterality and multicellularity with evolution. 

Kingdom Archaebacteria Eubacteria Protista Fungi Plants Animals 

% Flagella 20 80 78 11 70 100 

% Motile 83 100 100 100 100 75 

1st Predominant  
arrangement 

Polar Polar Sub-apical 
Lateral, Apical, 

Sub-apical 
Lateral Lateral 

2nd Predominant  
arrangement 

Peritrichous Peritrichous Lateral 
Lateral, Apical, 

Sub-apical 
Apical, 

Sub-apical 
Primary, Non 
motile cilia

Origin TIVSS TIIISS Cytoplasmic proteins such as AAA family and FtsZ 

Flagella type Flagellin Flagellin Tubulin Tubulin Tubulin Tubulin 

Biofilm formation Almost all Almost all Some Some Almost none Almost none

Cellularity Unicellular Unicellular Unicellular/Multicellular Unicellular/Multicellular Unicellular/Multicellular Multicellular
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position on such a bacterium would be decided by energy 
costs, the geometry of the cell versus placement of the 
flagellum and simultaneous origin of the genes respon- 
sible for deciding flagellum position on the cell; a wrong 
geometry would be a misfit and eventually be discarded. 
The gene responsible for the position and number of 
flagella per cell is guanosine 5c-triphosphate (GTP) 
-binding protein (FlhF); it correctly localizes the flagella 
in several bacterial species [11,28-31]. Furthermore, an 
interaction between the FlhF and another protein FlhG 
regulates the number of polar flagella in V. alginolyticus 
cells. FlhF, localized at the pole probably promotes the 
flagella assembly at the initiation point, namely, the MS 
ring. FlhG, a cytoplasmic protein that harbors a ras-like 
GTPase interacts with FlhF and inhibits its localization at 
the pole, thus repressing excessive flagellation [29-31]. 
On the other hand, a cell over-expressing FlhG protein, 
has no FlhF molecules to localize at the pole, thus failing 
to produce a polar flagellum. With no FlhG, most of the 
FlhF localizes at the pole, such cells producing multiple 
flagella or tufts at the pole. We conclude therefore, that a 
critical ratio of FlhF and FlhG protein expression even- 
tually leads to variations in the flagella; and mutations 
within these genes leading to higher or lower ratios are 
essentially speciation events throughout evolution. Al- 
though homologs of FlhF and FlhG are found in eukar- 
yotes, their role in flagella position and the number is 
something to our knowledge not been investigated. Hen- 
ce, although energy costs of locomotion are small for 
bacteria, fluid mechanical forces in its environment 
(namely, the primordial soup) may have played a signi- 
ficant role during the evolution of the flagellum [32]. On 
the lines of changing the arrangements on the cell, it 
seems that stress plays a vital role. In contemporary 
bacteria, motility being associated with chemotaxis; the 
response to signals from the environment modulates the 
motion within the cell harboring the flagella. Such 
changes within the environment, associated with stress 
have shown that bacteria can change its flagellar arran- 
gement from one form to the other [9,10,22], causing 
biofilms to form that again requires flagella help. How- 
ever, a recent finding indicates that motility may have 
evolved before chemotaxis or favored without chemo- 
taxis [3]; flagellar arrangement for the sole function of 
motility is over scored among bacteria in which they are 
predominantly polar to peritrichous. A curiously strange 
phenomenon seen in the organism, Candidatus Magne- 
toglobus multicellularis, a multicellular, magnetotactic 
prokaryote from a hypersaline environment is that, it 
forms structures with peritrichous flagella-a signature 
that reflects multicellularity in terms of our working 
hypothesis [33]. We, therefore, attribute a changing 
environment (stressful niches) that may regulate the 
levels of FlhF and/or FlhG genes, an added function of 

signal transduction and multicellularity as the chief fac- 
tors responsible for the evolving arrangements in the 
flagella of cells from polar, peritrichous, sub-apical, api- 
cal to lateral throughout evolution. Analogously, eukar- 
yotes with the classical “9 + 2” flagella/cilia arrangement 
also show changes from anterior flagella (Chlamy- 
domonas reinhardtii) to the peritrichous form (Volvox 
carteri); this being a testable hypothesis [34].  
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