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Abstract

Background
The genome sequencing data are accumulating at a rapid pace, with the current genome sequence data
of more than 5780 species being publicly available at the National Center for Biotechnology Information
(NCBI) database alone. However, for the researcher communities to use these data, an error-free
functional annotation report is a must.

Results
Analyses of the whole proteome sequence data of 689 fungal species (7.15 million protein sequences) to
�nd the presence of functional annotation error in several species. Hence, calcium dependent protein
kinases (CDPKs) and selenoproteins were targeted for the analysis as it is absent all across the fungi
kingdom. The analyses revealed the presence of protein with the functional annotation name CDPK.
InterproScan analysis revealed that, none of the protein sequences tagged with name “calcium dependent
protein kinase” was found to encode calcium binding EF-hands at the regulatory domain. Similarly, none
of a protein sequences with annotation name associated with “selenocysteine” was found to encode Sec
(U) amino acid.

Conclusion
The presence of naming of such functional annotation errors in the fungal kingdom is raised a great
concern and need to address it at the earliest possible time.

Background
The term “gene annotation” is associated with detailed information of a particular gene and its translated
protein products [1]. Gene annotation of an unknown gene/protein is usually performed using homology-
based sequence similarity, or reference-based annotation method [2–4]. This method is the most
acceptable form of gene annotation, and prediction. Sometimes a minor modi�cation in the homology-
based annotation can mislead, more particularly so in the case of fungi. The computationally predicted
annotated gene name can be subjected to error with false positive results.

The most important goals of the current genome sequencing projects are to foster the advancement in
the universal availability of the genome, gene, and protein sequences of hundreds and thousands of
organisms. This goal will allow us investigate and correlate the genomic and molecular basis of the
functions and their evolutions. These are the pre-requisite to answer any biological question. There are
several genome databases present in the public domain to facilitate research in various aspects of
genome, gene or proteins. A few of them are deposited at the National Center for Biotechnology
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Information (NCBI), UniProt/SwissProt [5], Ensembl [6] and others. These databases often annotate the
sequences by computationally predicted protein functions. However, information regarding the functional
aspects of a gene/protein are available in su�cient numbers. However, there is no guarantee regarding
the accuracy of the predicted annotation. In fact, the rapid accumulation of sequence data at the scale
and breadth hardly contain any experimental validation. The computationally annotated sequences can
be misannotated profoundly which may in turn mislead the researchers. Therefore, the propagation of
errors on the day-to-day basis must be addressed at the earliest. The �nding of genes and genome
annotation in bacterial kingdom is comparatively easy when compared to that in eukaryotes, considering
that > 90% of the bacterial genome encodes protein coding sequences. The gene �nding tool reads the
sequence in 6 possible reading frames (3 forwards and 3 reverse), resulting in highly accurate genes and
amino acids in the correct sequence. However, in the eukaryotic system (including plants, animals, and
fungi) gene �nding and annotation process is di�cult owing to the presence of non-coding intron
sequences and the fact that genes are placed far apart from each other. In addition, the presence of large
genome in the eukaryotic system makes it challenging to assemble and annotate the genome. Therefore,
a less accurate automated gene annotation method is preferred for the assembly and annotation of the
genes. Presently, the genome sequence data are constantly being added, resulting in rapid accumulation
of data at an astounding pace. Although these data are very promising for the experimental validation
and discovery of novel potential bene�cial product, their use may if the sequences/genes are supplied
with false positive/error prone annotation.

It is well known that fungi do not encode the “calcium dependent protein kinase” (CDPK) gene family in
its genome. In addition, fungi also do not encode the selenocysteine/selenoprotein [7] in its proteome.
Therefore, target was made to �nd the CDPK proteins and selenocysteine/selenoprotein in the proteome
of the fungi.

Results
To understand the possibilities of the presence CDPK genes/proteins in the fungi, the annotated
proteome �les of 689 fungal species were downloaded from the NCBI. The data �le constituted
approximately 7.15 million protein sequences of the species across the Fungal Kingdom, from
Ascomycota, Basidiomycota, Blastocladiomycota, Chytridiomycota, Glomeromycota, Microsporidia,
Mucoromycota, Neocallimastigomycota, Opisthokonta, and Zoopagomycota. The species were found to
encode 17 to 32854 proteins per species. From the 689 studied fungal species, most belonged to the
Ascomycota (67.63%) phylum followed by the Basidiomycota (21.62%) and Microsporidia (3.77%). We
searched for the presence of CDPK proteins in the proteome �les of these 689 species. The search
resulted in the �nding of 521 protein sequences associated with the annotation term
“calcium/calmodulin-dependent protein kinase” in 197 species (Supplementary File 1). Later, all of the
521 protein sequences with annotation term “calcium/calmodulin-dependent protein kinase” were
scanned with the Scanprosite [8] and MEME suite [9] to identify the presence of kinase and regulatory
domain (EF-hand domain). Analyses revealed the presence of N-terminal domain and kinase domain in
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all the protein sequences, whereas none of the single protein sequence was found to contain the auto-
inhibitory domain and the regulatory domain with 4 calcium binding EF-hands in it.

A similar contradictory result was noted regarding the presence of selenocysteine amino acid encoding
machinery in the fungi. When search was made, at least 134 protein sequences were found with the
functional annotation name associated with “selenocysteine” in 112 species from the 689 studied
species (Supplementary File 2). When the search was made to �nd the presence of Sec (U) amino acid in
the protein sequences, none of the sequence was found to contain U amino acid (Fig. 1).

Discussion
The CDPKs were characterized by the presence of N-terminal domain, kinase domain, an auto-inhibitory
domain, and a regulatory domain [10, 11]. The regulatory domain is characterized by the presence of 4
calcium-binding EF-hands [12, 13]. The EF-hands present in the regulatory domain of the CDPKs are
conserved and contain D-x-D conserved amino acid at the 14th and 16th position, which are responsible
for binding of Ca2+ ions [14]. In addition, the CDPKs contain the N-terminal palmytoylation and
myristoylation sites [14]. Hence, it was important to �nd the presence of all 4 domains in the CDPKs and
N-terminal signal sequences of palmitoylation and myristoylation sites. However, N-terminal signal
sequences and regulatory domain were not found in these sequences, which raised the question of, how
the genes/proteins were annotated as calcium/calmodulin-dependent protein kinase in the complete
absence of calcium-binding EF-hand domain in the proteins. Even, the homology-based annotation does
not result in such a misleading report, when there is a complete lack of EF-hand containing regulatory
domain. It is well known that fungi do not encode for the CDPK in its genome, whereas it is present in the
plant and animal kingdom [10, 14, 15]. The calcium dependent protein kinases play diverse roles in plants
and animals [10, 14, 15]. In plants, CDPK regulates growth, development, and biotic and abiotic stress
tolerance [16–19]. In fungi, the calcium-signaling events are regulated by calmodulins, calcineurin B-like
proteins, calmodulin-like proteins, calcineurin-responsive zinc �nger transcription factor, Ca2+ ATPase,
Ca2+/H+ exchangers, high-a�nity calcium system, low-a�nity calcium system, transient receptor
potential (TRP)-like calcium channels, and mitochondrial calcium channel [20, 21]. However, fungi do not
encode for the CDPK gene family for the calcium signaling event. The basal cytoplasmic calcium level in
fungi ranges from 50 to 200 nM and fungi store the maximum of their Ca2+ ion in the vacuole
(approximately ~ 95%) and calmodulin, calcineurin B-like proteins and other bring the Ca2+ homeostasis
irrespective of the presence of CDPKs [20]. The cellular Ca2+-channels, cation/proton exchange regulate
the �lamentous growth in the fungi associated with cell division, hyphal tip growth, and hyphal branching
[22]. The vacuolar Ca2+-ATPase in the fungi is closely related to the plasma membrane Ca2+-ATPase
(PMCA) -type pump. The PMCA contain a cytosolic auto-inhibitory domain at the C-terminal end, which is
relieved by the binding of calmodulin into it [20, 23]. The presence of auto-inhibitory domain in PMCA in
fungi is functionally similar to the auto-inhibitory domain of the CDPK in the plant and animals. This may
be a possible similar structural and functional unit of the fungi with regard to the CDPK in order to
conduct calcium-signaling events; hence, the fungi do not encode the CDPKs.
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Selenoproteins contain Sec amino acid, which is encoded by UGA codon. The proteins associated with
the reactive oxygen species signaling machinery (glutathione peroxidase) contain Sec amino acid [24].
The presence of Sec amino acid has been reported in plants [25], animals, [26] and bacteria [27]. However,
the presence of Sec amino acid has not been reported in the fungi [7]. Previously Mariotti et al., (2015)
also reported that fungi do not contain Sec amino acid [7]. Therefore, the presence of ambiguous
gene/protein annotation name with “selenocysteine” in the fungal genome/proteome is quite a concern
for the researcher community. Therefore, it is important to provide an insight to the annotation strategy of
the fungal genome, making it important for the researchers across the globe to consider it as a serious
problem, requiring an immediate address. Previous report also reported the genome annotation error in
bacteria [28, 29]. Several reasons may be accounted for the misannotation of the gene/protein
sequences. However, the parameters for the placement of lower limit for the coding sequences can be one
of the reasons. Another most possible reason may be the lack of “gold standard” of reference sequences.
However, when the misannotation occur at the super-family level, that is CDPK, it is quite a concerning
matter. A recent comparative study of the protein-coding and lncRNA transcript in the RefSeq and
Gencode human gene database led to the �nding that only 27.5% of the Genecode transcript had the
exact match with the introns at the same position corresponding to the RefSeq genes [30]. Even after
19 years of continuous effort, the exon-intron boundary of the human genome is not yet settled. The
problem in yeast and Arabidopsis is even worse than in human [30]. The advancement of RNA-
sequencing could slightly rectify the problem, as the full-length transcript can directly align with the
genome to reveal the exon-intron structure. The Mammalian Gene Collection that includes the gene of
humans and a few other species could reduce the error rate through the RNA-seq approach. The modern
annotation pipeline MAKER uses RNA-seq data and aligns with the database of other proteins and
provides the correct annotation names. Although the RNA-seq has its own limitation, it remains a viable
alternative to remove the error-prone annotation. The error in assembly can also lead to the errors in the
annotation. Although the automated genome annotation process is good enough to cope with the pace
for the sequencing of big and large number of genomes, any minor error in the existing annotation can
directly propagate the error to the other species with immediate effect.

Conclusion
To overcome the annotation error in fungi, it is advisable to conduct the annotation on the basis of
homology/orthology-based sequence similarity with a “gold standard”. In addition, co-localization of
functionally-linked genes, experimental proteomics approach and similarity of motifs and sequence
pro�les search can add extra bene�ts towards error-free functional annotation of genes. The mitigation
of false-positive annotation error that is propagating on the regular basis can create detrimental effect,
more speci�cally in the case of pathway analysis. Therefore, we should be extra cautious toward the
report of genome sequencing, assembly, and annotation.

Methods
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All the annotated proteome �les of the fungal proteomes from 689 species were downloaded from the
publicly available NCBI (National Center for Biotechnology Information) database, which provided
approximately 7.15 million protein sequences. All the annotated proteome �les of fungi were downloaded
available till 10th of March 2020. A simple search was made to �nd the protein sequences associated
with the annotation name “selenocysteine/selenoprotein”. The resulted sequences were analyzed for the
amino acid composition to �nd the selenocysteine amino acids and the results were noted. A full
proteome �le of Chlamydomonas reinhardtii was used as a reference to compare the presence and
absence of Sec (U) amino acid. A similar study was conducted for the presence of CDPK gene family in
the fungi. The protein sequences resulted with the annotation name “calcium dependent protein kinase”
were subsequently analyzed in the Scanprosite [8] and MEME suite [9] in order to �nd the presence of
calcium binding EF-hand domains using the default parameters. All the analysis was conducted on the
Linux-based platform.

Abbreviations
CDPK: calcium dependent protein kinase, Sec: Selenocysteine, NCBI: National Center For Biotechnology
Information, MEME: multiple Em of motif elicitation, N-terminal: amino-terminal, EF-hand: elongation
factor hand, TRP: transient receptor potential, PMCA: plasma membrane Ca2+-ATPase
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Figures

Figure 1

(A) Amino acid composition of the fungal protein sequences with annotation name associated with
selenoprotein/selenocysteine. No selenocysteine amino acid was detected in the protein’s sequences
annotated with selenocysteine/selenoprotein name. (B) Amino acid composition of the Chlamydomonas
reinhardtii proteome showing the presence of Sec (U) amino acid. The whole proteome of C. reinhardtii
was taken as a reference to show the presence of U amino acid in it.
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