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genome based on cytogenetic and genomics/bioinformatics 
approach. The results showed that some elements are not 
randomly distributed and that some are genomic depend-
ent on each other. Moreover, we found extensive overlap 
between genomics and cytogenetics data and that tandem 
duplication may be the major mechanism responsible for 
the genomic dynamics of TEs here analyzed. This paper 
provides insights in the genomic organization of TEs under 
an integrated view based on cytogenetics and genomics.

Keywords Repeated DNA · Genomic organization · 
Bioinformatics · DNA mapping

Introduction

The genomic studies of transposable elements (TEs) as 
well as other highly repeated DNAs have been hindered 
because of difficulties in determining the correct identifica-
tion of their organization and copy number in the genome. 
While advances have been acquired concerning the appli-
cation of new bioinformatics tools in the analysis of whole 
sequenced genomes, analysis of whole sequenced genomes 
lacks most TE copies due to difficulties in assembling those 
sequences. In this way, the completed sequenced genomes 
reported at this time have given a limited view of the true 
scenario of the repeated DNA fraction. On the other hand, 
the mapping of TEs by molecular cytogenetic tools pro-
vides important information on their genomic distribu-
tion and clustering, which are difficult to be obtained from 
sequenced genomes. However, cytogenetic mapping of TEs 
is usually able to recognize clusters sequences larger than 
10 kb, thus small clusters or dispersed copies out of major 
clusters are not evidenced by cytological analysis. Finally, 
in both genome sequencing and cytogenetic approaches, 
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the genomic organization of TEs is underestimated and 
thus it is important to integrate both analyses to have a 
more realistic view on the genomic organization of TEs.

Primary studies on whole sequenced genomes revealed 
that most genomes contains a high frequency of TEs, as 
much as 50 % or more of the human genome for instance 
(International Human Genome Sequencing Consortium 
2001; Venter et al. 2001), previously stated as junk DNA 
without function. Nowadays, these relegated DNA ele-
ments have moved into a position of major players in 
the genome architecture and function (for review, Shap-
iro 2010). TEs in cichlids have been classically studied 
by molecular cytogenetics methods (Bryden et al. 1998; 
Oliveira et al. 1999, 2003; Harvey et al. 2003; Mazzuchelli 
and Martins 2009; Teixeira et al. 2009; Gross et al. 2009, 
2010; Ferreira et al. 2010; Fantinatti et al. 2011; Valente 
et al. 2011; Schneider et al. 2013) and now by genome 
sequencing (Brawand et al. 2014). Genomics data showed 
that East African cichlids (including the tilapiine Oreo-
chromis niloticus) have about 16–19 % of TEs (Brawand 
et al. 2014). In reference to O. niloticus, the cytogenetic 
mapping of TEs reveled the organization of the CiLINE2, 
Ron1, Ron2, On2318, On239, Rex1, Rex3 and Rex6 ele-
ments (Oliveira et al. 1999, 2003; Harvey et al. 2003; Fer-
reira et al. 2010; Valente et al. 2011).

The O. niloticus species was chosen as model in this 
study because it has several TEs physically mapped on its 
chromosomes and a complete sequenced genome (Brawand 
et al. 2014). However, an integrated view is not available 
at this time, which was the motivation of this study. In 
this way, this paper reports the analysis of a specific set of 
TEs present in the O. niloticus genome based in an inte-
grated view of genomics and cytogenetic data. The results 
obtained indicate that some TEs are not randomly distrib-
uted throughout the genome and that some TE-couples are 
genomic dependent from each other. Moreover, it is also 
reported that tandem duplications may be the major evolu-
tionary process acting over these elements.

Materials and methods

Searching TEs in O. niloticus genome

The nucleotide sequences of the TEs CiLINE2 (AF016499;  
1630 bp), On2318 (CC156516; 211 bp), On239 
(CC156510; 237 bp), Rex1 (AJ288471, AJ288472, 
AJ288473, AJ288474, AJ288475, AJ288476 and 
AJ288477; 529 bp consensus length), Rex3 (AJ400459, 
AJ400368, AJ400369, AJ400370, AJ400371 and 
AJ400372; 420 bp consensus length), Rex6 (AJ293545, 
AJ293546 and AJ293547; 422 bp consensus length), Ron1 
(AF097734, AF097735 and AF097736; 703 bp consensus 

length) and Ron2 (AF057520 and AF057521; 395 bp con-
sensus length), were retrieved from the NCBI. Sequence 
alignments using ClustalW (Thompson et al. 1994) and 
consensus sequences construction were obtained using 
Geneious v. 4.8.5 software (Drummond et al. 2009) for TEs 
with more than one sequence available.

All final sequences were used as queries against the O. 
niloticus genome v.1 in a standard blast search in the Bouil-
labase database (bouillabase.org). Since there is not a gold-
standard protocol to parse blast results (mainly concerning 
TEs), we selected hits with E values <0.78 (the first lowest 
values before 1.0) and lengths ≤10 % relative to the query 
length were excluded. Hits related to the same TE and that 
overlapped at the same direction in the genome were fused 
to give just one hit, since they probably correspond to the 
same copy of an element (Supplementary File 1). The same 
queries were searched against Repbase database (Jurka 
et al. 2005) at the Genetic Information Research Institute 
(Giri) (http://www.girinst.org/repbase/) using the CENSOR 
software (Kohany et al. 2006) to verify their mapping with 
known TEs.

TEs distribution in O. niloticus genome, gene mapping 
and statistical tests

The first analysis was conducted to address whether TE 
sequences are clustered or not in the genome. The common 
approach should be to calculate the average of DNA length 
between two or more TE copies. However, it is expected 
that larger scaffolds harbor more copies than smaller ones 
and consequently, longer spacer sequences among the cop-
ies could introduce bias in the results. Since we had a posi-
tive correlation between the number of copies and scaffold 
lengths (further discussed), the O. niloticus genome was 
split into 10 Kb length bins and subsequent TE copy count-
ing was chosen as the procedure to analyze the distribution 
of TEs. The regression analysis was applied counting the 
amount of hits per scaffold and their scaffold lengths, to 
support the genome splitting decision aforementioned. The 
amount of repeats was counted per bin and hits present in 
two bins were counted twice (74 copies = 148 counting).

We defined: (1) TE-couples as two adjacent repeats into 
the same bin; (2) tandem copies as adjacent TEs (TE-cou-
ples) of the same element and orientation; (3) non-tandem 
repeats adjacent TEs of the same element but in different 
orientations; (4) adjacent TEs of different elements are not 
included in tandem and non-tandem definitions. Both tan-
dem and non-tandem copies were counted for all bins and 
T test was applied over this counting.

The statistical Chi-square test for goodness-of-fit was 
applied over the observation of the distribution of TEs in 
the genome under the hypothesis that those elements are 
randomly distributed. The same test was applied to the 

http://www.girinst.org/repbase/
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hypothesis that the repeats with at least one neighbor copy 
in the same bin (TE-couples) is also randomly distributed. 
Both tests used degree of freedom = 5.

In attempt to check if TEs of some TE-couple have simi-
lar specific target site preferences, the genes were mapped 
for all bins with at least one TE-couple using O. niloticus 
RefSeq data and the regression analysis was performed 
using this counting and the Fisher’s exact test of independ-
ence results (further detailed).

The Fisher’s exact test of independence was applied over 
all TE-couples to test if those TEs copies are dependent on 
each other (P value ≤0.05). For this test, neither TEs orien-
tation nor the positions of the pairs were considered (TE1 
besides TE2 = TE2 besides TE1).

The comparisons of genomics and cytogenetics analyses 
were performed using data of TEs previously physically 
mapped in O. niloticus (Oliveira et al. 1999, 2003; Harvey 
et al. 2003; Valente et al. 2011). If TE1 and TE2 are statisti-
cally dependent upon each other (based on Fisher’s exact 
test of independence results) and have similar cytogenetic 
mapping distribution (ideogram built by another researcher 
as a blind test considering the pictures and hybridization 
description along the papers), both results are considered 
correlated and vice versa.

The minimum value of Shannon entropy (Shannon 
1948) was obtained for each TE used as query under an 
algorithm developed in Fortran. This algorithm uses the 

information theory to calculate the entropy for a single 
sequence or a single genome, without the necessity of com-
parisons among lots of sequences. It gives the minimum 
values of entropy and a map of organized regions for the 
target sequences (Simões and Valente, in preparation).

Results

After identification and filtering process, a total of 9,358 
copies (Supplementary File 1) of the investigated TEs was 
retrieved with CiLINE2 and Rex6 elements the most abun-
dant (Fig. 1a). All elements here studied are non-LTR ele-
ments, except the On2318 and Ron1 (Table 1; Supplemen-
tary Fig. 1) and the average of minimum values of Shannon 
entropy reported high values for all sequences (Table 1). 
These TEs are distributed through 873 scaffolds with dif-
ferent lengths and it is possible to see a positive correlation 
of the number of copies and scaffold length (Fig. 1b), thus 
the O. niloticus genome was fragmented into 10 Kb bins 
for further analysis, giving a total of 96,935 bins.

Concerning TE copies distributions, 74 are present 
in more than one bin and they were counted twice for 
Chi-square test. The TEs counting in each bin (9506 
counts = 9358 + 148) showed that they are distributed 
from 1 to 6 copies per bin (Table 2) and the Chi-square test 
for goodness-of-fit applied over this data revealed that they 

Fig. 1  Genome characteristics of analyzed TEs. a Name/number of 
copies/percentage (100 % is the sum of all copies here analyzed) of 
elements here investigated; b regression analysis between the length 
of O. niloticus scaffolds with hits (X axis) and the number of hits 
(Y axis); c physical mapping of each element (based in previous 
published data—see the topic “Materials and methods”) in repre-
sentative chromosomes with higher amount of hybridization signals. 

Orange color, presence of TEs onto the chromosomes; full orange, 
completely spread over chromosomal region; small orange dots light-
spotted signals; large orange dots strong-spotted signals; d Fisher’s 
exact test of independence for all TE-couples. Y axis, P value; dashed 
line, P value threshold; stars, results not correlated with cytogenetic 
mapping. Graphics were made on Excel and all figures were edited in 
Photoshop
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were not randomly distributed throughout the genome (P 
value 0.0) (Supplementary Table 1).

A total of 1705 TE-couples (3087 TE copies) were 
obtained and the Chi-square test for goodness-of-fit was 
conducted to determine if copies with at least one neighbor 
have a random distribution and the results showed that the 
elements On239 and Ron2, with at least one neighbor, have 
a random distribution (Table 1; Supplementary Table 2). 
Interestingly, cytogenetic mapping of TEs also showed this 
pattern of distribution in the genome, being only both ele-
ments appeared randomly distributed (they do not share 
similar pattern with all other elements) (Fig. 1c, based in 
Oliveira et al. 1999, 2003; Harvey et al. 2003; Valente et al. 
2011). Moreover, bins with at least one TE-couple and one 
or more genes in the same region (669 bins) were not cor-
related with the test of independence (R2 0.07).

The test of independence applied in all TE-couples 
aforementioned (1705) showed that some elements are 
independently distributed from each other through-
out the genome (P value >0.05) (Table 3; Supplemen-
tary Table 3). Comparing these results for all combi-
nations of TE-couples and the cytogenetic data (see 
ideogram in Fig. 1c), we showed that a lot of TE-couples 

are distributed in the genome according to the cytoge-
netic data (Table 3; Fig. 1d; Supplementary Fig. 2). 
The TE-couples that have tandem repeats (1148 cases) 
and non-tandem repeats (127 cases) (see definitions in 
“Materials and methods”) were completely dependently 
distributed from each other, the only exception being the 
Ron2 element, which is randomly distributed throughout 
the genome (Table 1; Fig. 1d). The latter conclusion can-
not be applied to the On239 element, because it does not 
have itself as a neighbor (Supplementary Table 3). All ele-
ments (except the On239) have a high amount of tandem 
repeats (Table 1), accounting for >67 % of the TE-couples 
here analyzed. Moreover, the number of tandem repeats 
compared to non-tandem repeats is statistically significant 
(P value 0.0052).

Discussion

The test of independence (comparing genomics and cytoge-
netics data) resulted in a good fit between both datasets; 
thus, when TE-couple has elements not independently dis-
tributed (P value ≤0.05) from each other throughout the 
genome, their cytogenetic mapping shows similar pattern 
and vice versa. However, there was disagreement of the 
genomic and cytogenetic information, mainly for the ele-
ment Ron1. This finding is interesting because we found 
a general good relationship between both data sets, which 
is not commonly reported in the literature (Froenicke et al. 
2006). Furthermore, TE copies with one or more neigh-
bors (TE-couples) are able to form clusters in the genome 
after the transposition event, with the exception of On239 
and Ron2, which are randomly distributed. Our results are 
also in agreement with previous data that reported mobile 
elements are not randomly distributed, such as observed 
in some plants (Capel et al. 1993; Baucom et al. 2009), 

Table 1  Genomic data based 
on repbase searches and 
statistical testes employed in the 
TEs analyzed

The statistics include P value of Chi-square test for goodness-of-fit of hits with more than one neighbor, 
tandem copies counting and Shannon entropy values

SEV Shannon entropy values
a Searches against repbase database
b Retroelements

TEs P value Classa Similarity (%)a Tandem copies (%) SEV

CiLINE2 2.37E-23 DNA transposon; non-LTR >0.77 >64 1.80

On239 1.000 Non-LTRb >0.84 – 1.78

On2318 4.16E-05 DNA transposon >0.88 >77 1.74

Rex1 3.70E-92 Non-LTRb >0.83 >98 1.77

Rex3 1.24E-79 Non-LTR/LINEb >0.84 >94 1.76

Rex6 7.45E-108 Non-LTR/site-specific LINEb >0.77 >88 1.68

Ron1 0 – – 100 1.77

Ron2 0.3939 Non-LTR/SINEb >0.83 >66 1.79

Table 2  Number of hits per bins

Maximum hits per bin Number of bins Total number of hits

0 89,134 0

1 6419 6419

2 1126 2252

3 202 606

4 43 172

5 9 45

6 2 12

Total 96,935 9506
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mammals (Wichman et al. 1992) and flies (O’Brochta et al. 
1994).

Whichmand et al. (1992) reported that sequence-specific 
insertion, S-phase insertion, ectopic excision and recom-
binational editing may be the main mechanisms for non-
random distribution of sequences. The sequence-specific 
insertion was the first hypothesis to explain our results con-
cerning a general non-random distribution here observed; 
however, we did not find a correlation between TE distri-
butions and genes localization in this genome, suggesting 
there is no specific target site for two elements. Thus, we 
discarded the sequence-specific insertion as a mechanism 
for the general non-random distribution here observed. 
After we considered that the sequences were intrinsically 
organized, however, the Shannon entropy calculation 
showed that the sequences here analyzed are not organ-
ized in terms of information. The application of this algo-
rithm over genomes reports that lowest values (organized 
information) generally are over active sequences like genes 
(Simões and Valente, in preparation). Thus, we suppose that 
the genomic organization of these elements is not a con-
sequence of their intrinsic structure (since the TEs experi-
enced “loss” of organized information probably due to an 
ancient loss of activity) but it is a consequence of external 

factor or mechanisms (not related to their sequence infor-
mation) such as the absence of selective pressure over TEs.

Despite reports of diverse fish species apparently hav-
ing relatively recent active elements (Bouneau et al. 2003) 
(which include Rex1, Rex3, Rex6) (Volff et al. 1999, 2000, 
2001), cichlid genomes have not had significant TE activi-
ties for a long period of time, at least after the split of 
South American and African cichlids. In the case of East 
African cichlids (which includes the O. niloticus species), 
this has been suggested to have occurred in the common 
ancestor of haplo-tilapiine cichlids. However, analyz-
ing the TEs position in UTR regions of orthologous gene 
pairs, they found that elements near to the 5′ UTRs are 
responsible to increasing of gene expression in those spe-
cies (Brawand et al. 2014). Moreover, there are no data at 
present suggesting the recent mobilization of the elements 
here investigated in O. niloticus genome. At the end, we did 
not consider recent transposition events as the main force 
to the TEs organization here observed and we suggest that 
probably unequal crossovers could duplicate adjacent cop-
ies of TE-couples and the dependence results are a cause 
of this genomic dynamics. Moreover, based on our conclu-
sion that TE-couples with tandem and non-tandem repeats 
usually are completely dependently distributed, we suppose 

Table 3  Summary of Fisher’s 
exact test of independence on 
genomic and cytogenetic data

* P value of TE-couples with dependent elements

TEs P value Pattern of chromosome distribution Relationship between both data

CiLINE2 and On239 0.073 Different Correlated

CiLINE2 and On2318 0.101 Different Correlated

CiLINE2 and Rex1 0.016* Similar Correlated

CiLINE2 and Rex3 0* Similar Correlated

CiLINE2 and Rex6 0* Similar Correlated

CiLINE2 and Ron1 0* Different Not correlated

CiLINE2 and Ron2 0.002* Different Not correlated

On239 and Rex6 0.255 Different Correlated

On239 and Ron2 0.234 Different Correlated

On2318 and Rex1 0.12 Different Correlated

On2318 and Rex3 0.016* Different Not correlated

On2318 and Rex6 0* Different Not correlated

On2318 and Ron1 0.125 Similar Not correlated

On2318 and Ron2 0.198 Different Correlated

Rex1 and Rex3 0* Similar Correlated

Rex1 and Rex6 0* Similar Correlated

Rex1 and Ron1 0* Different Not correlated

Rex1 and Ron2 0.089 Different Correlated

Rex3 and Rex6 0* Similar Correlated

Rex3 and Ron1 0* Different Not correlated

Rex3 and Ron2 0.079 Different Correlated

Rex6 and Ron1 0* Different Not correlated

Rex6 and Ron2 0* Different Not correlated

Ron1 and Ron2 0* Different Not correlated
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that the tandem duplication events seem to be the main evo-
lutionary force acting in the repeated DNA evolution.

In conclusion, a non-random distribution, the depend-
ence of two TE elements in their genomic organization 
and an overlapping between genomics and cytogenetics 
were the major findings of this paper. Moreover, we sug-
gest that external factors of those sequences, such as une-
qual crossover, could be the main evolutionary mechanism 
to their genomic dynamics. Despite of genomic analyses 
based on genome sequencing to be increasing in the last 
years and cytogenetics approach to be broadly applied to 
study mobile DNAs, both kind of approaches are prone to 
bias that could not generate a clear view of TEs genomic 
organization. For instance, cytogenetics mapping are not 
very efficient to detect small TEs blocks or dispersed cop-
ies and genome sequencing and assembling algorithms 
are not good enough to allocate all repeats on their correct 
location, which we suppose to be the causes of a non-com-
plete overlapping between both data here analyzed for the 
O. niloticus TEs. On the other hand, our data are clearly 
showing that some overlapping of both results can be con-
structed in an integrative view and we suggest the use of 
both methods and statistical analyses to give a more realis-
tic view concerning the genomic organization and dynam-
ics of mobile elements.
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