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Abstract

Even though repeat masking using custom designed libraries 
significantly improves the genome annotation and gene pre-
diction, such libraries for palm trees are yet to be designed and 
made accessible to the researchers. In this study, a repeat libra-
ry was designed and validated for use in coconut and related 
palm genomes. Coconut genome with chromosome-level 
assembly was used to design independent libraries for tall and 
dwarf ecotypes, which were subsequently merged. Efficiency 
of the combined de novo library in genome annotation and 
gene prediction was assessed in comparison with the conven-
tional libraries (Dfam+RepBase), using RepeatMasker. De novo 
library had 76.3 % efficiency in coconut genomes compared to 
3.51 % in custom libraries and number of genes predicted was 
reduced from an average of 193,099 to 31,022. In date palm, oil 
pam and sago palm also, combined library gave higher repeat 
masking and reduced the number of genes predicted. The de 
novo library can be accessed at http://www.kau.in/repeat-lib-
raries.
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Introduction

Coconut is a very important oil nut in the tropical regions of 
the world, with 63.6 million tons produced from a global area 
of 11.3 million ha (Sairam and Jayasekhar, 2018). Similarly, the 
palm crops dates and oil palm yield 10.0 and 416.3 million tons 
yield from 1.3 and 28.9 million ha, respectively (FAO, 2023). 
Though these tree crops support the livelihoods of millions of 
people around the globe, sufficient genomic research is yet to 
be done. The genomes of these trees are reported recently and 
much effort have to be diverted to elucidate their genome 
organization.

An efficient repeat masking library for the ge-
nomic data of coconut and related trees
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Identification of repetitive sequences is an imperative step 
in the de novo assembly and annotation of the newly 
sequenced genomes. Even after being an essential step in EST 
sequence assembly, gene finding and probe design, repeat lib-
raries are available only for few prominent crops. Conventional 
alternative is masking against the recognized repeats from 
model organisms, available in transposable/repeat element 
libraries such as Dfam and RepBase Update. The common tool 
for identification, classification and masking of repeated 
regions, including low-complexity sequences as well as inter-
spersed repetitions, is RepeatMasker (http://repeatmasker.
org), which matches the input genome sequence with libraries 
such as Dfam and RepBase Update (http://www.girinst.org/).

Masking with generic repeat libraries will be less success-
ful compared to that with species-specific libraries (Malde and 
Jonassen, 2008). Use of TE libraries of model organisms may 
lead to the missing of important species-specific repeat fami-
lies, generating erroneous output during homology searches 
and misrepresenting the evolutionary paths (Kazazian, 2004). 
Many a times such libraries appear shorter in terms of the 
update frequency compared to the exponential sequencing 
programmes. The need for such libraries for newly sequenced 
genomes is not addressed by RepeatMasker. RepeatModeler 
(http://www.repeatmasker.org/RepeatModeler/) creates refe-
rence repeat libraries for the eukaryotic genomes. This study 
details the development and validation of a repeat library for 
the genomes of coconut and related palms.

Material and Methods

Genome sequences
The database survey has identified three assemblies of coco-
nut, belonging to ‘Hainan Tall’ (GCA 008124465.1), ‘Catigan 
Green Dwarf’ (GCA 006176705.1) and ‘Chowghat Green Dwarf’ 
(GCA 003604295.1).
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Gene finding and repeat masking
The processes were carried out using DELL PowerEdge R740xd 
Rack Server with 2x Intel Xenon silver 4116 processor (@ 
2.10GHz × 48), having a hard disk capacity of 4.7 TB, 128 GB 
RAM, running on CentOS 7. Initially, gene finding was done 
using Augustus which is a eukaryotic gene prediction tool 
based on the Hidden Markov Model incorporating a series of 
established methodologies and sub-models (Stanke and 
Waack, 2003). Since the predicted number of genes was consi-
derably more than the reported, efficiency of repeat masking 
was checked using RepeatMasker employing the conventional 
repeat libraries, Dfam and RepBase Update. Since the repeat 
masking realized was negligible (~3.51 %), the development of 
a crop specific library was attempted.

De novo repeat library development 
RepeatModeler was used to prepare an exhaustive repeat lib-
rary for coconut, through an integrative method. The de novo 
repeat identification by RepeatModeler is facilitated by two dif-
ferent discovery methods, RepeatScout (Price et al., 2005) and 
RECON (Bao and Eddy 2002), which is followed by consensus 
generation and classification. Modelling was performed on the 
three coconut genomes to get repeat libraries (consensi.fa.) 
and repeat classification was carried out in these libraries using 
RepeatClassifier, a part of the RepeatModeler. The commands 
followed were:
#Create a Database for RepeatModeler, choose your search 
engine and input file.
./BuildDatabase -name -engine -dir
#Run RepeatModeler,select the database, choose your search 
engine, the number of threads
./RepeatModeler -database -engine -pa -LTRStruct
#if classification step is not carried out automatically, run 
RepeatClassifier 
./RepeatClassifier -consensi -stockholm -engine -repeatmas-
ker_dir 
#to merge the libraries
cat <file_1> <file_2> >outfile_name
#to run RepeatMasker
./RepeatMasker -species name of specie -s -lib -dir out_file path 
path_to genomefile.fna 

Initially, using the classified consensus sequences from tall 
and dwarf ecotype genomes, repeat masking was attempted 
in the corresponding genomes. Subsequently, the resultant 
repeat library (consensi.fa.classified) files of the genomes were 
merged. The non-redundant library thus generated was used 
to mask repeats in the genomes using RepeatMasker with the 
–s (sensitive) option, which allowed the masking of low com-
plexity DNA sequences, simple repeats and transposable ele-
ments. Likewise, the repetitive elements in a genome can be 
masked by soft-masking or hard-masking, whereas the latter 
was followed in this study. In soft-masking, the repetitive ele-
ments are masked in lowercase, while rest of the genome is 
retained in uppercase. While in hard-masking, the repetitive 
elements are masked with the letter ‘N’ or ‘X’. The masked geno-
me thus prepared was used for gene prediction using Augus-
tus using the combined de novo repeat library.

Validation of the repeat library
To check the suitability in other palms, genome assemblies of 
date palm (PDK50-GCA_000181215.3), oil palm (EO8- 
GCA_000441515.1) and sago palm (GCA_017589505.1) were 
retrieved and subjected to repeat masking in RepeatMasker 
using the de novo developed tall, dwarf as well as the com-
bined consensus sequence libraries, with same parameters 
mentioned above.

Results

Initial attempts for gene finding using Augustus from the ‘Hai-
nan Tall’, ‘Chowghat Green Dwarf’ and ‘Catigan Green Dwarf’ 
genomes had predicted 214,050, 142,443 and 222,803 genes, 
respectively. These numbers were higher than 28039, 51953 
and 34958 genes reported in these cultivars. Analysis with 
RepeatMasker employing the conventional Dfam+RepBase 
library has identified and masked only 4.60, 1.04 and 4.91% of 
the repeats in these genomes (Table S1). Using RepeatModeler, 
separate repeat libraries were developed for the tall and dwarf 
coconut ecotypes and by integrating these, a combined, 
exhaustive repeat library for coconut was developed. The de 
novo libraries are made freely available to the researchers at 
http://www.kau.in/repeat-libraries.

Using this combined library, 80.52, 66.18 and 82.19 % 
repetitive elements were identified in ‘Hainan Tall’, ‘Chowghat 
Green Dwarf’ and ‘Catigan Green Dwarf’ coconut genome 
assemblies, respectively (Fig. S1). Prediction from the masked 
genomes yielded 31997, 29952, and 31119 genes, which were 
comparable with the number of genes reported previously 
(Fig. 1).

Of the 80.52 % repeats identified in ‘Hainan Tall’, 62.89 % 
belonged to LTR elements (Table S2). In ‘Catigan Green Dwarf’ 
and ‘Chowghat Green Dwarf’, 82.19 and 66.19 % of genomes 
were repetitive elements, with LTR elements representing its 
64.93 and 46.89 %, respectively. (Tables S2, S3). With the com-
bined de novo library, masking was enhanced by 1.52, 1.13 and 
1.02 % compared to the individual libraries in ‘Hainan Tall’, 
‘Chowghat Green Dwarf’ and ‘Catigan Green Dwarf’, respec-
tively (Table S3).

In date palm, oil palm and sago palm, the new combined 
library has masked 34.21, 42.48 and 16.59 % of the repetitive 
elements (Fig. S2), which was 2.83, 3.46 and 1.73 % higher com-
pared to the mean masking by the individual tall and dwarf 
libraries, respectively. Gene prediction using the combined 
library has given 78890, 47076 and 87755 genes, respectively 
(Tables S4-S6).
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Discussion

Using RepBase library, Mondal et al. (2018) were able to mask 
only 19.89 % of the repeats in Oryza coarctata genome compa-
red to 36.15 % obtained with the de novo library developed 
using RepeatModeler (Bansal et al., 2020). Similarly, in Oryza 
granulate, custom library has masked 61.98 % repeats (Shi et 
al., 2020). In this study, masking obtained with the conventio-
nal libraries was negligible, necessitating the development of a 
comprehensive library for coconut genomes. In coconut, Xiao 
et al. (2017) had identified and masked 74.48 % of repetitive 
elements in the genome assembly of ‘Hainan Tall’. Similarly, 
Lantican et al. (2019) had identified 78.33 % repetitive ele-
ments in the genome assembly of coconut cv. ‘Catigan Green 
Dwarf’, in which 60.26 % accounted for LTR elements. Compa-
red to their results, our analysis showed 82.19 % overall mas-
king, with 64.93 % LTR elements, which shows the better effici-
ency of the repeat library designed. The genome assembly of 
‘Chowghat Green Dwarf’ (Muliyar et al., 2020) had reported 
77.29 % repeat masking, of which 58.85 % were LTRs. These 
results are comparable to the present results of 66.18 % overall 
masking, comprising 46.89 % LTRs. However, none of these lib-
raries have been released in public domain.

Since the extent of masking in other palm genomes is not 
reported, direct comparison of masking efficiency was not pos-
sible and hence gene prediction results were used. In oil palm, 

Singh et al. (2013) identified 158,946 genes compared to 
47,076 in this study. Number of genes in date palm reported by 
Al-Dous et al. (2011) was slightly lower than what we got, 
recommending crop-wise customisation of library. The draft 
genome of sago palm is yet to be published.

Conclusions

The de novo combined library was effective in masking the 
repeats in genome assemblies of coconut, oil palm, date palm 
and sago palm. In coconut assembly, upto 82.19 % repeats 
were masked compared to an average of 3.51 % by conventio-
nal libraries and correspondingly reduced the number of genes 
predicted. In oil palm, it gave 42.48 % masking and number of 
genes predicted reduced from 106,886 to 47,076. In date palm, 
it showed 34.21 % repeat masking, proving efficiency across 
palm genomes.
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