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Pseudogenes share sequence similarities with functional genes, but in general they have lost their protein-coding ability. The iden-
tification of pseudogenes is a very important step in genome annotation. Phaeodactylum tricornutum is a marine diatom that is
rich in polyunsaturated fatty acids (PUFAs). The genome of P. tricornutum has been completely sequenced. To identify
pseudogenes in P. tricornutum, we developed a pipeline to discover and characterize pseudogenes. We identified a total of 1654
‘true’ processed pseudogenes, 714 duplicated pseudogenes and 4729 pseudogene fragments. The results of the bioinformatics
analysis indicated that the genome sequence of P. tricornutum contained many pseudogenes and pseudogene fragments.
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Pseudogenes are sequences that share close similarities to
one or more paralogous functional genes, but in general are
not expressed in the cell [1,2]. Based on their origin,
pseudogenes have been divided into two categories: dupli-
cated pseudogenes and processed pseudogenes. The former
are produced by genomic DNA duplication or by the une-
qual exchange of chromosomes and retain the basic struc-
ture of functional genes, for example, promoters and introns
[3-5]. The latter originate from the reverse transcription of
mRNA that was inserted back into the genomes and pro-
cessed pseudogenes rarely contain promoters or introns
[1,6]; some of them, however, do retain a part of the poly A
tail which may not have been fully degraded. The identifi-
cation of pseudogenes in genomes is important for the ac-
curate identification and annotation of the functional genes,
for the evolutionary analysis of genomes and functional
genes [7], and for the determination of the function of the
pseudogenes [8—10]. Pseudogenes are commonly found in
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the genomes of a great variety of species, having been
found in E. coli [11], yeast [12], Arabidopsis [13,14], rice
[15], nematodes [16], Drosophila [17], mice [18], and hu-
mans [19,20]. It has been predicted that the human genome
encodes from 22000 to 75000 genes, about 22% of which
are pseudogenes [21,22].

Plankton consists mainly of diatoms and planktonic dia-
toms are widely distributed in oceans, lakes, rivers and oth-
er water areas where they play a very important role in the
carbon fixation and inorganic circulation cycles, particularly
the silicon cycle. Nearly 20% of primary productivity is
contributed by diatoms [23-26]. Diatoms have a special
evolutionary position in that they originated from secondary
endosymbiosis. These algae, therefore, make good material
for evolutionary studies [27-31]. Phaeodactylum tricornu-
tum is a pennate diatom that is used in the aquaculture in-
dustry as bait for shellfish and shrimp because of the abun-
dant unsaturated fatty acids that it produces. The 33 P. tri-
cornutum chromosomes and the chloroplast genome have
been fully sequenced [32]. Because the genome was found
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to contain many functional genes derived from animals,
plants and bacteria, the P. tricornutum genome has been
reported to be more like an animal genome than a plant ge-
nome [32]. The P. tricornutum genome size is 27 Mb en-
coding 10402 genes [32]; approximately 400 functional
genes/Mb. In contrast, there are only 7-25 functional
genes/Mb in the human genome [19,20], much lower than
in the P. tricornutum genome. The high functional gene
density in the P. tricornutum genome could mean that there
are only a few or no pseudogenes in the P. tricornutum ge-
nome.

In this study, we used bioinformatics methods based on
C# in the visual studio.net platform and the SQL Server
platform to create a procedure to comprehensively search
for pseudogenes from the P. tricornutum genome [19]. We
investigated the correlations between the chromosome
length, the GC content, the completeness, and the identity of
pseudogenes and the corresponding functional genes. The
results showed that there were many processed pseudogenes
and pseudogene fragments in the P. tricornutum genome.
These data will make a significant contribution to in-depth
analyses of the P. tricornutum genome and its functional
genes.

1 Materials and methods
1.1 Source data sets

The publicly available data that were used in this study were
the genomic sequence, a functional protein data set and the
cDNA data set that corresponds to the functional protein
dataset. The genomic data were downloaded from the NCBI
(http://www.ncbi.nlm.nih.gov/genome/) and included the
sequences of the 33 P. tricornutum chromosomes (Assem-
bly name: ASM15095v1). The functional protein data set
(Phatr2_chromosomes_geneModels_FilteredModels2_aa.fa
sta.gz) and the corresponding cDNA data set (Phatr2_
chromosomes_geneModels_FilteredModels2_nt.fasta.gz) were
downloaded from the U.S. Department of Energy Joint Ge-
nomes Institute (DOE-JGI) (http://genome.jgipsf.org/Phatr2/
Phatr2.download.ftp.html). The filtered models (“best”) that
correspond to the non-redundant protein and cDNA data
sets (FilteredModels2 data) were used in this study.

1.2 Bioinformatics methods and statistical analysis

All the bioinformatics methods used in this paper were de-
veloped using C# on the visual studio.net platform and SQL
on the SQL Server platform. Statistical analysis was carried
out using the numpy (http:/numpy.scipy.org) and scipy
(http://www.scipy.org/) modules of python. R* was obtained
by linear regression based on the stats.linregress function of
the numpy module. In this paper R*is defined as the corre-
lation coefficient.
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1.3 Pseudogene identification pipeline

The P. tricornutum pseudogene identification pipeline is
shown in Figure 1 and each step is described as follows. (i)
A six-frame translation of the entire genome was searched
against the functional protein data set of P. tricornutum us-
ing tBlastn (main parameters: default SEG low-complexity
filter parameters (12 2.2 2.5), -1E -4, -F T, -M BLOSUM®62)
and the Biopython (http://biopython.org/wiki/Biopython)
module was used to parse the Blast results. (ii) All matches
with more than 40% identity were extracted. (iii) Repetitive
sequences were removed and identical sequences were
merged. When the overlap of adjacent sequences was over
30 bp, the sequences were arranged in descending order
according to their importance (the higher the E-value the
lower their importance) and matching objects of low im-
portance were removed. Sequences fulfilling the following
three criteria were considered as the same candidate
pseudogene (a) |g21-q12| < max (20, 0.2xL), (b) c21—12
< 3000, and (c) c22—c21< 60 (these parameters are the
same as those that were defined previously [33]). The long-
est P. tricornutum intron was 9880 bp and the shortest was
20 bp. In total, 99.3% of the introns were shorter than 3000
bp (the intron data are from the previously published anno-
tated genome [32]). (iv) The coding and non-coding se-
quences of the matched sequences were obtained using the
C# code. (v) Sequences with E-values > 107" were removed.
(vi) The functional genes and potential function genes were
removed from the list of matched sequences. (vii) Redun-
dant sequences and sequences containing repetitive and low
complexity regions were also removed. (viii) Candidate
pseudogenes were classified according to the sizes of gaps
that they contained (gap size was obtained by the pairwise
alignment between the candidate pseudogenes and the cod-
ing regions of the corresponding functional genes). If can-
didate pseudogene contained gaps that were longer than 20
bp (the shortest intron was 20 bp), it was regarded as a can-
didate duplicated pseudogene that contained introns; if the
gaps were shorter than 20 bp, then the sequence was pro-
cessed as a candidate pseudogene. (ix) The introns of a can-
didate duplicated pseudogene were analyzed by Repeat-
Masker (http://www.repeatmasker.org/). If the introns were
identified as repeated sequences, then they were designated
to be non-intron sequences and the candidate duplicated
pseudogenes containing these sequences were considered
as “disrupted” processed pseudogenes. These “disrupted”
pseudogenes were regarded as being produced by the inser-
tion of repeated sequences that occurred during the evolu-
tion of the processed pseudogenes. (x) Candidate processed
pseudogenes were divided into processed pseudogenes and
pseudogene fragments depending upon whether or not they
spanned > 70% of the length of the corresponding function-
al gene. (xi) Processed pseudogenes were divided into
“true” processed pseudogenes or ‘“‘putative” processed
pseudogenes depending on whether or not they contained an
OREF disruption (frameshift and/or mutation).
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Figure 1 P. tricornutum pseudogene identification pipeline. The parameters are the same as those that have been defined previously [19]. Schematic graph
showing the considerations used in merging two adjacent matches M1 and M2. (c11, c¢12) and (c21, ¢22) are chromosomal coordinates for M1 and M2; (q11,
ql2) and (q21, q22) are the corresponding matching regions on the query functional protein [33].

2 Results and discussion

2.1 Total number and distribution of pseudogenes in P.
tricornutum

As shown in Figure 2, 1654 processed pseudogenes (23.3%
of the total), 714 non-processed pseudogenes (10.1% of the
total) and 4729 pseudogene fragments (66.6% of the total)
were obtained by bioinformatics analysis. The processed
pseudogenes were divided into three categories: “true” pro-
cessed pseudogenes, “putative” processed pseudogenes, and
“disruptive” processed pseudogenes (Table 1). There were
less numbers of “true” processed pseudogenes than there

were “putative”’; there was only one “disruptive” processed
pseudogenes, indicating that there were no insertions of
repeated sequences in most of the ORFs of the processed
pseudogenes. These results are very different from what has
been reported for other species (such as human and rice
[14,19]) in which “disruptive” pseudogenes are commonly
found.

The distribution of processed pseudogenes, pseudogene
fragments and functional genes in each P. tricornutum
chromosome was analyzed. The results revealed that the
distribution of pseudogenes on each of the chromosome was
not equal (Figure 3). The largest numbers of “true” processed
pseudogenes and “putative” pseudogenes (115 and 35
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Chr  Size (kb) GC content (%) Functional gene - Processed psc?udogene - Pseudogene  Duplicated Density
True” Putative” Disrupted fragment  pseudogene (per 0.1 Mb)
1 2535.40 47 1038 35 115 403 66 59
2 1497.95 47 611 6 73 152 31 53
3 1460.05 48 552 22 69 333 45 6.2
4 1360.15 48 538 12 45 177 27 42
5 1098.05 48 430 4 58 168 21 5.6
6 1035.08 49 445 6 54 126 24 5.8
7 1029.02 46 389 9 45 1 133 23 5.2
8 1007.77 48 401 33 154 13 3.7
9 1002.81 46 379 13 168 33 1.3
10 976.49 48 377 4 33 124 10 3.8
11 945.03 48 367 16 48 167 19 6.8
12 901.85 47 351 25 64 266 39 9.9
13 887.52 48 357 26(21)° 68(1)° 201(17)° 32 10.6
14 829.36 48 316 14 29 112 24 52
15 81491 49 321 8 28 115 30 44
16 764.23 48 291 29 44 183 17 9.6
17 703.94 49 260 15 33 195 36 6.8
18 702.47 49 259 11 63 235 14 10.5
19 690.43 49 258 7 28 83 22 5.1
20 683.01 49 260 11 41 129 30 7.6
21 662.22 49 254 3 34 86 14 5.6
22 591.34 48 236 5 20 83 15 42
23 512.49 49 192 0 24 109 6 47
24 511.74 48 158 4 19 139 18 45
25 497.27 49 182 13 36 111 20 9.9
26 441.23 47 141 11 38 62 13 11.1
27 404.30 48 147 9 21 93 16 74
28 387.58 47 167 4 7 50 8 2.8
29 384.26 41 96 7 24 122 15 8.1
30 317.21 49 104 4 13 74 5 5.4
31 258.24 48 78 12 40 101 18 20.1
32 157.05 40 44 1 8 32 8 5.7
33 87.97 45 23 3 10 43 2 14.8
Total 24612623 48 10022 353 1301 1 4729 714

a) True processed pseudogenes contain frameshift disruption; b) putative processed pseudogenes contain no frameshift disruption; c¢) the numbers in
brackets represent the number of pseudogenes containing a polyA tail.

w
Functional

Processed

genes
pseudogenes

714 1654
(10.1%) (23.5%)
M Processed
pseudogenes

M Pseudogene

fragements

Duplicated

seudogenes
4729 P 9

(66.6%)

Figure 2  Statistics for the processed pseudogenes, pseudogene fragments, duplicated pseudogenes and functional genes.
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Figure 4 Distribution of pseudogene fragments, functional genes, processed pseudogenes, and duplicated pseudogenes related to the GC content of the P.
tricornutum genome. The X-axis represents the sequence segments, the Y-axis represents the sequence densities (per 50 kb), and the Z-axis represents the GC
content. The genome sequences were divided into 50 kb long segments and the number of pseudogene fragments, functional genes, processed pseudogenes,
and duplicated pseudogenes in each segment were calculated and related to its GC content.

respectively) were on chromosome 1, and no “true” pro-
cessed pseudogenes were found on chromosome 23. The
density distribution of the processed pseudogenes and
pseudogene fragments in the chromosomes were very simi-
lar; the distribution of pseudogene fragments and processed
pseudogenes in regions with different GC content were also
very similar (Figures S1 and 4). These results suggested that
there was high correlation between the processed
pseudogenes and the pseudogene fragments. Therefore, the
selection of only the processed pseudogenes for further
study should have no effect on the results of the analyses in
this study.

Only the “true” and “putative” processed pseudogenes
and the pseudogene fragments on chromosome 13 retained
traces of the poly(A) tail and each of the poly(A) fragments

were very short, about 15 bp (Table 1). It has been suggest-
ed that, over time, the remaining poly(A) fragments in the
processed pseudogenes will slowly degrade or even disap-
pear [33,34]. Thus, some of the pseudogenes in chromo-
some 13 of P. tricornutum might have emerged later than
the pseudogenes in other chromosomes.

2.2 Correlation between chromosome length and the
number of processed pseudogenes

As shown in Figures 5 and S2, there is a linear relationship
between the number of processed pseudogenes or functional
genes in a chromosome and the length of chromosomes (R”
=0.61 and 0.99 respectively); that is, the longer the chro-
mosome the greater the number of processed pseudogenes
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and functional genes that it contains. For example, there were
150 processed pseudogenes and 1038 functional genes in
chromosome 1, the longest P. tricornutum chromosome,
while in chromosome 33, the shortest of the chromosomes,
there were only 13 processed pseudogenes and 23 functional
genes. The longer chromosome sequences may present more
opportunity for the insertion by retrotransposition of mRINA.
This conclusion is consistent with the results of Zhang et al.
[19] who analyzed pseudogenes in the human genome.

2.3 Correlation between the number of the processed
pseudogenes and the GC content of the genome

The GC content of each chromosome was calculated and
then the P. tricornutum genome sequence was cut into 50
kb-long non-overlapping segments and the GC content and
number of pseudogenes in each segment was counted. For
pseudogenes that were located between two adjacent seg-
ments, the segment that contained the longer part of the
pseudogene was taken to be the segment that contained that
pseudogene. In addition, the distribution of the 1654 pro-
cessed pseudogenes, 4729 pseudogene fragments, function-
al protein and duplicated pseudogenes in each segment was
analyzed. The results showed that the GC content on each P.
tricornutum chromosome was evenly distributed, and was
mainly between 45% and 49% (Figure S3 and Table 1). The
results in Figure 4 indicate that the distribution of the func-
tional proteins on the genome was fairly uniform, and con-
sequently had no correlation with the genome internal GC
content; on the other hand, pseudogene fragments, pro-
cessed pseudogenes and duplicated pseudogenes tended to
be enriched in areas of lower GC content (37%—41%) (Fig-
ure 4), possibly because of a negative selection pressure that
might have confronted the pseudogenes [19]. However, as
the data in Figure S4 show, there was no correlation be-
tween the average GC content of a chromosome and the
density of the pseudogenes (per 0.1 Mb) that it contained.
The results shown in Figure 5 revealed that the length of the
chromosome sequence did play a dominant role in its
pseudogene content, indicating that in local regions of P.
tricornutum genome, pseudogenes tended to occur in areas
with lower GC content possibly as the result of negative
selection pressure [19].

2.4 Completeness of processed pseudogenes and their
identity with corresponding functional gene sequences
affects the number of pseudogenes

The ratio of the lengths of the pseudogene and the corre-
sponding functional gene was important in deciding the
completeness of the pseudogene sequences. If the ratio was
greater than 70%, the pseudogene was considered to be a
processed pseudogene; if not, it was classified as a pseudo-
gene fragment [19]. The data in Figure 6 showed that most
of the pseudogenes were almost complete after the
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Figure 6 Correlation between the completeness of the pseudogene se-
quences and the number of processed pseudogenes in the P. tricornutum
genome.

retrotransposition; the average completeness of the “true”
processed pseudogenes was 95% and for the “putative”
processed pseudogenes was 92%. Of all the processed
pseudogene sequences, 1000 (61%) were more than 90%
complete (Table S1).

The pseudogenes had identities that were either less than
50% or greater than 90% with their corresponding function-
al gene (Figure 7); this finding is very different from what
was reported for the processed pseudogenes in the human
genome where the number of pseudogenes tended to in-
crease with increasing identity [19]. Figure S5 shows the
relationship between the identities of the P. tricornutum
pseudogenes and their completeness. It was found that the
higher the identity of the pseudogene with the correspond-
ing functional gene, the higher the sequence completeness
(R’=0.72). It has been suggested that newly formed
pseudogenes have a higher level of sequence completeness
and identity compared to those that emerged earlier [19].
Therefore, the P. tricornutum pseudogenes with identities
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Figure 7 Correlation between the pseudogenes percentage identities with
the corresponding functional genes and the number of processed
pseudogenes.

greater than 90% may have formed more recently than the
pseudogenes with identities less than 50%; these
pseudogenes may have formed much earlier. This sugges-
tion implies that there may have been two active periods
during which the pseudogenes of P. tricornutum formed.
During the intervening period, the environment in which P.
tricornutum lived may have experienced significant changes.

2.5 Relationship between the number of processed
pseudogenes or pseudogene fragments and the length of
the corresponding functional genes

When the number of processed pseudogenes within each
functional gene was calculated, it was found that most of
the functional genes (9101) had no corresponding processed
pseudogenes; 732 functional genes had one corresponding
processed pseudogene and a very small number (77, about
0.8%) had more than three corresponding processed
pseudogenes. A few functional genes (23) had more than 10
corresponding processed pseudogenes. Similar results were
found for the number of pseudogene fragments that corre-
sponded to functional genes. This trend can be illustrated by
plotting the number of pseudogene fragments against the
logarithm of the corresponding number of functional pro-
teins (Figure 8).

Table S2 lists the corresponding homologous proteins
that had more than 10 processed pseudogenes. Because the
annotation of the P. tricornutum genome is incomplete,
most of these homologous proteins were annotated as “pre-
dicted protein”; this made it difficult to functionally classify
the homologous proteins that had the largest numbers of
pseudogenes.

To analyze the relationship between the lengths of the
functional proteins and the number of corresponding pro-
cessed pseudogenes, the numbers of processed pseudogenes
and pseudogene fragments in consecutive 200 amino acid
long windows (with no overlap between two consecutive
window positions) were calculated. The results showed that
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the number of processed pseudogenes and pseudogene
fragments tended to decrease as the length of the functional
genes increased (Figure S6). Thus, it would appear that the
shorter mRNAs were more likely to be retrotransposed and
to form processed pseudogenes or pseudogene fragments;
the longer functional proteins, certainly their corresponding
mRNAs, were less likely to be inserted into genomes by
retrotransposition. Even if they did get inserted, they would
be lost during evolution of the genome because of their
greater influence on the structure and function of the ge-
nome. It has been reported that when mRNA sequences are
longer than a specific value, they can no longer be re-
trotransposed in genomes [35].

2.6 The distribution of pseudogenes and pseudogene
fragments within the chromosomes

The distribution of the functional genes, pseudogenes and
pseudogene fragments within each of the P. tricornutum
chromosome was calculated (Figure S7). The results
showed that the distribution of functional genes in each
chromosome was more or less uniform, while no such rule
could be applied to the distribution of the pseudogenes and
pseudogene fragments in each chromosome.

3 Conclusions

Because the P. tricornutum genome was found to contain
many functional genes derived from animals, plants and
bacteria, the P. tricornutum genome has been reported to be
more like an animal genome than a plant genome [32]. The
method that has been used to identify pseudogenes in the
human genome was optimized according to the features of
P. tricornutum genome. Thus the method described in this
paper was appropriately used to identify and analyze
pseudogenes in the P. tricornutum genome. A total of 1654
processed pseudogenes, 714 duplicated pseudogenes, and
4729 pseudogene fragments that proved to be accurate and
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authentic were identified. As far as we know, this is the first
pseudogene study on algae. The results should offer insights
into the structure and evolution of the P. tricornutum ge-
nome.
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