Alternative
Plasmodium falciparum
Genome Annotation

                                                         [image: image6.wmf]0

100

200

300

400

500

600

700

800

chr 4

chr 6

chr 7

chr 8

blob

chr 13

                             [image: image2.jpg]Victorian
Bioinformatics
Consortium





Robert Huestis

Queensland Institute of Medical Research

Victorian Bioinformatics Consortium 

and Department of Microbiology, 

Monash University, Clayton Vic. 3800, Australia

PlasmoDatabase Malaria Genome Project,

University of Pennsylvania
David Mitchell

Department of Microbiology

Moyne Institute, Trinity College

Dublin, Republic of Ireland

Abstract

In October 2002 the first draft of the Plasmodium falciparum genome annotation was released by the Malaria Genome Project (MGP). An alternative manual annotation is presented. Sequences for the re-annotation were taken from PlasmoDB and GenBank. These sequences included the plastid, mitochondrion and nuclear genomes together with 803 unmapped contigs. 744 unmapped contigs were classified as duplicates and removed from the analysis. Comparison of the contigs generated during various pre-releases of the genome with the final draft suggests assembly uncertainty either in the pre-release or in the draft release.

The method used for annotation was based on cryptanalytical techniques (review in Kahn, The Codebreakers, 1967, 1996). Underlying principles of annotation were identified. [1]

Cryptanalytical principles were followed to annotate the complete genome. These methods have been developed on the basis of evidence from all the chromosomes to align gene families, analyse repetition patterns and to locate indels. Secondary struc-ture was used to manually analyse tRNAs.

We have ≈70 pfemp1s and ≈315 rifs including pseudogenes and fragments, with 11 predicted to be alternately spliceable as either rifin or stevor. 

From nuclear DNA not counting unmapped contigs, 5559 genes and 13878 exons are predicted compared to 5332 genes and 12768 exons predicted by the Malaria Genome Sequencing Project. 34% of the genes and 27% of the exons are changed or new. From 59 unmapped contigs an additional 110 genes and 215 exons are predicted. Expected prediction accuracy is 90% or greater. Experimental confirmation of some of the new genes has begun.    

Internet:

http://www.wehi.edu.au/MalDB-www/who.html

Introduction


Manual curation is the modus operandi non plus ultra of annotation. Genes are a kind of secret message. The discipline of cryptanalysis provides methods for their solution. The leading 20th-century cryptanalyst was William Friedman (1891-1969) and the mathematician of cryptology was Claude Elwood Shannon (1916-2001). Cryptanalytical literature shines a neon light on the path to practical manual techniques of gene annotation. Methods have been published for the annotation of Chromosome 2 [1]. 

Sequence data commentary

Some indels (insertions/deletions) of the 2001 sequences have been reannotated while new indels have appeared in the 2002 data. The number of read through stops and indels suggest possible sequence unreliability. Due to present technical difficulties in sequencing the AT-rich genome of P. falciparum, more accurate sequence data may not be possible in the near future; e. g., it has proved impossible to discover a missing base at c2:254519 despite many attempts to sequence this region [2].


Contig boundaries. The current chromosome sequences are in one contig except for 6, 7, 8, 13 and their corresponding unmapped contigs and the unmapped contigs of chr 4. The numbering of the unfinished chromosomes differs between the MGP GenBank sequences and the PlasmoDB sequences. In the GenBank sequences, contigs are separated by runs of 100 Ns. Our annotations of chr 6, 7, 8 and 13 follow the PlasmoDB numbering. GenBank offsets = +100(n-1) where n is the contig number. 

Genes extend over contig boundaries or are interrupted at the edges of the highlighted contigs. See chr 6: 1|2; 3|4; 4|5; 5|6; chr 7: 3|4, 9|10 (18s rRNA); 10|11 (28s rRNA); 11|12; chr 8: 1|2 (com-pleted on chrblob_4295), 5|6 (28s rRNA); chr 13:

7|8; 8|9; 21|22, 26|27 and 27|28.
 

Assembly in a highly biased genome such as that of P. falciparum is difficult. Comparison of the 2001 contigs with the 2002 draft suggests assembly un-certainty in the pre-release version, the final draft or in both. The MGP used 30-50 bp minimum exact match lengths for sequence assembly with the MUM-mer2 algorithm [3]. In regions of poly-A, poly-T or poly-AT, 30-50 bp appears to be too short to achieve a unique join and chimeras exist which are parts of two genes or even two chromosomes (Figure 3).  

Sequence duplication is a common finding in this genome.  Some of the duplicated sequences may be errors but it is likely that many are real.  An entire web of duplicated regions exists involving the sub-telomeric regions of all the chromosomes and sev-eral other regions.  The conserved beginnings and endings of pfemp1, stevor or rifin genes, for exam-ple, mostly found at the ends of the chromosomes, can exceed 30-50 bases; the present assembly may have ordered them incorrectly. 

Terminology: wp, partial gene on watson strand; cp: partial gene on crick strand.    

Missing sequences. The partial gene pf13:

191700cp = mal13p1.252 is pf6.1, missing its final var-c exon and identifiable by its experimentally verified read-through taa at c13:1917105 [4].

Unmapped contigs. About 60% of the chromo-somal DNA can be separated by electrophoresis [5]. The blob contains residues from all chromosomes (Charts 1 and 2). Some of these residual contigs are chimeras, composed of DNA from more than one chromosome. Residual contigs including chimeras have been eliminated from the genome list by alignment. Our laboratory has assigned rama to chromosome 7 [6].

Methods

The principal methods have been published [1]. Elaborations on these methods were used to com-plete the genome annotation.

1. GLIMMERM [7] was used as a pre-processor because it usually 1) returns at least one exon; 

2) forms few false introns from coding regions; 

3) forms few false introns from intergenic regions; and 4) forms few false exons and introns from repeat regions, with false positives being short. GLIMMERM predictions were easy to correct. Other software produced believable results too inefficiently to be worth using.  GENEFINDER often predicted false introns inside coding regions. PHAT had particular problems with intron recognition. Intergenic regions were sometimes predicted as long introns (> 500 bases) and PHAT often produced long (> 40) strings of false introns and exons. GENEFINDER and PHAT were used only at the second pass. 


2. In-house software. Dedicated programs were used to: 1. Construct the gene analysis as in Figures 1-4 from a feature table list; 2. Locate and transfer gene analyses from obsolete contigs onto updated contigs with new numbers; 3. Produce annotation lists in GenBank, PlasmoDB and EXCEL formats; 4. Validate the predictions according to codon usage. 

A list resembling the single-line headers of the PlasmoDB machine annotations [8] was used as an interface between all the in-house programs. 

3. Classification of untranslated regions as telo-meric, non-coding RNA, exon, intron or intergenic. Coding regions have the overall appearance of having a background of A. The telomeres resemble the coding regions in their base content and in this respect differ from other non-coding regions, but like other non-coding regions, they have stops in all frames. Telomeres appear to have similar nucleotide distribution on both strands; that is, they are “reversible”. The tRNAs (step 8) have a high GC content due to secondary structure bonding, contain stops in all six frames, show secondary structure by nucleotide pairing and are not reversible. 

4. Detection of reading frames. In coding re-gions, some of the G’s fall into a rhythm on the first codon position [9], together with a lesser repre-sentation of C’s. 

5. Intron splicing. The most common dinucleotide before the GT splice is AG|GT. Where there were two or more possible 5’ splice sites and other factors were equal, AG was given precedence as the pre-ceding dinucleotide [1, Methods, #12]. Introns should have no AG between the TC tract and the 3’ splice site [10]. 

6. Untranslated background. Introns should stand out texturally against their coding background. Exons should stand out texturally from their un-translated background. 

7. Completion of gene prediction. After one exon had been established, steps 4-6 were followed exon by exon upstream until ideally the sequence ANN ATG was discovered [11]. Steps 4-6 were then fol-lowed exon by exon downstream until an appropriate stop was found, with attention to step 6, looking for a texture difference at the end of the gene. 

8. The tRNAs (Figure 1) require at the beginning and end seven paired bases using 3 pairs, A–T, C–G and G–T. The front side is determined as follows. The most common pairing before and after the anti-codon is 5 paired bases separated from the codon loop by two bases. YY before the anticodon and RR afterward are commonly found. Often CT occurs before the anticodon. The anticodon loop is closer to the 5’ end than 3’ end. 

Introns in tRNAs regularly occur one base beyond the anticodon. The splice sites are not marked by a conserved dinucleotide such as GT or AG. See Figure 1 and chr7:84847.                          


9. Repeat regions. The period of repetition is shown by editing the sequence so that the beginning each periodic repeat appears as the first base of the line (as Figure 4). Where a repeat region extended upstream of the predicted ATG or downstream of the predicted stop, that prediction was rejected. 


10. Alignments. Corresponding genes allow a “depth of two” method by which two genes can be solved together [12] (vide infra discussion of gene pf2:883238w). Nucleotide alignment rather than amino acid alignment has been used so that trans-versions (A to G and T to C) can be considered as corresponding bases. Where corresponding bases are separated by the same or a similar number of bases, the intervening bases are also considered to correspond [13]. Example: The clag genes on chromosomes 2, 3, 7 and 9 have corresponding exons with the same number of codons. 


11. Indels. Apparent coding regions bordering predicted genes were tested for linking indels by the PREDICT test of Step 4. Where overlapping and different open reading frames were established, the indel was presumed to lie within the overlap. Align-ment, when possible, can locate the indel exactly.

12. Validation means “to examine for incorrect-ness or bias; to confirm or check the correctness of [something].” [OED]. Errors and lacunae are likely to be found where equivalent data sets differ from each other. A validation check was performed on the com-plete annotation, consisting of a comparison of those genes that were different in the Malaria Genome Project annotation and the present annotation. The validation results are indicated: VBC genes retained are marked ‘glm’ (GlimmerM) or vbc; genes substi-tuted from the MGP annotation are marked ‘sanger’, ‘stanford’ or ‘tigr’; annotations combine aspects of both the MPG and VBC annotations are marked sanger/vbc, stanford/vbc or tigr/vbc. A validation check of codon usage was performed with in-house software, GenomeDB, to eliminate predictions with highly improbable codon usage.  Validation is still in progress and updated results will be posted ASAP.

Results and discussion

The VBC genome annotation is included on the WHO/TDR Malaria genome database on CD. 

47% of genes have no intron and the maximum number of introns found is 34. Matching genes and matching introns are separately tabulated. Results before and after the validation check are shown in Table 1. 

An Excel gene list and a gene location list are posted on the WEHI web site (vide Abstract). Indels are indicated by an “Indel=” data field containing coded instructions for the translation software. 

Subtelomeric genes. Taking into account that the genome is incomplete, there are ≈70 pfemp1 genes

identifiable by their characteristic intron.  These are usually first and last on their chromosomes. Where they are not, a conserved non-coding sequence that may be a promoter usually appears.  Introns of pfemp1 account for almost all the long introns in Plasmodium falciparum. The  A-richness, length and splice site (AAG|GT) are diagnostic. 

The names rifin and rif are used interchangeably in the literature, RIF referring to a superfamily, rif or rifin to one of its subfamilies and stevor to the other. The stevor usually has 23 codons in the first exon while the rifin has 18, commonly ending in TTR. We have found one family, which we designate rif, of which there are two subtypes but not families, which we designate rifin and stevor [14, 15]. We have  ≈315 rifs including pseudogenes and fragments, with 11 alternately spliceable as rifin or stevor. These are indistinguishable as either rifin or stevor because the  first 15 bases of the rifin intron align with the last 15 bases of the stevor exon; e. g. pf4:971526w, which also has a diagnostically high C2 content. Codon use is often different in alternately splicing genes. 

A rifin pseudogene in which ATG ( ATA exists in 14 copies of which pf9:36430c may be regarded as the prototype. Another rifin pseudogene exists in 8 copies of which pf2:876426w may be regarded as the prototype, identifiable the insertion [TTAT] in its exon 1. A floating var-c pfemp1 exon 2 occurs as a pseudogene in 8 copies of which pf1:602412w may be regarded as the prototype, identifiable by the degenerate remnant of its intron end, alignment with the opening of var-c and absence of ATG initiation (Figure 2, c9:53877c). The var-c, stevor and rifin genes are all spliced in phase 0. Here an indel is predicted and validated by alignment giving phase 0 splicing. The (RY)12 region preceding the vestigial remnant of the intron splice site demonstrates a degenerate intron.

The annotation analysis files are formatted for counting the sequence in upper case only, treating  the lower case letters constituting the analytical commentary as comments.
Gene nomenclature. Genes are referenced by a locus tag and an identifier. The locus tag made from the chromosome-, contig-, lowest base number and strand. The gene identifier is wherever possible identical to the corresponding Malaria Genome Project identifier. For example, the first gene of chromosome 1 has the locus tag pf1:29733w and the identifier pfa0005w. 109 genes are not yet mapped into their chromosomes, for example rama = ag512. If the chromosome is not known, the locus tag gives only the Malaria Genome Project contig number. The contig is given if it is known. For example, rama = pf7_blob_4173:2451w [5]. 

Lower case is used [16]. The annotation is subject to further minor changes in the future as our ability to annotate and recognise genes improves.

Chromosome 13 contig 2. This region contains the 18s, 5.8s and 28s rRNAs.


Chromosome 10, gene pf11-1. (Repeats, Figure 4). Described from 1987 onward as consisting of one short exon, one intron of normal length and one long exon [17, 18, 19] with two indels predicted on ana-lysis of the repeat period. The gene may terminate prematurely.
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Figure 1. Prediction of intron in tRNA from the plastid

start irb_1:1148w vbc trna-leu-tta

exon 1

 1148                                                    AGA

                                                         123

 1151 GATATGGTGA AATTTGGTAT ACACAATGGA CTTAAA

      4567                      123456   att

 1183

intron

 1184                                        ATAA TTTGAGTTAA

 1201 TTATTATTAA TATTAAATTT TTAAGAAAAT ATATAATATA TTTTTTTAAA

 1251 TTCTGTAATA TATTTTAAAA TTTATATATT CAAAAGACTT TATTTATAAA

 1301 AAGCTAAATT TATTAAGAAA

exon 2

 1321                       ATCCATTAAC ATTATTGTTG TAAGGGTTCA

                             654321

 1351 AATCCCTTTA TCTCTA

 1366         76 54321

stop irb_1:1318w vbc trna-leu-tta

Figure 2 c2:53877 var-c exon no initiation at >ATG
chr2   aaataaatac agttttgttt aaaaat>atga aacgcaaaaa aaaaaaaaaa

 54050 AAATAAATAC AGTTTTGTTT AAAAAT ATGA AACGCAAAAA AAAAAAAAAA 

chr2   -aatatacat gtatatacat atatattgca tttatatata cctatatatc

 54000 AAATATACAT GTATATACAT ATATATTGCA TTTATATATA CCTATATATC 

chr2   catatatgca caaacctact tgtataccta cttacatata taccaataca 

 53950 CATATATGCA CAAACCTACT TGTATACATA CTTACATATA TACCAATACA 

chr2   tatatattaa tatttatata tag

 53900 TATATATTAA TATTTATATA TAG

var-c exon 

 53877                          GAA AAA ACC CAA TAT T[A]CG TCT GGA CG

 53850 T ACA AAT CTT TTT CGT GTC ATT TTT ATA TCC GAA AAC GTT TAT GAG ATA T

  . . .

Figure 3 pf11:2001010w, chimeric stevor-rifin pseudogene
start pf11:2001010w chr11_1.glm_559|01jun01 vbc chimeric stevor pseudogene 

note subtelomeric copy chr 1, 2, 3, 4, 6, 7a, 7b, 9a, 9b, 10, 11, 12, 13, 14

note model is pf9_1:36340c

exon 1

2001010   ATG ATT ATT ATG ATG ATA GTA ATT ATA TTA CCT TAT AAT TC

2001051 A TAT TAT ACA ACT ACC TAT AAA GAA TAT

2001078

intron

                                      GT AGATTTTATA AAACTTAAAT 

2001101 GAATAGAACA CAATGGTATA TATAATATTA AGAATAAAAG GAATAAAAGG 

2001151 ATTTTACTAA AACATTTTTT GTTATATTTT TTTATGATGT TATCCTAATA 

2001201 TGTATATATA TATATATGTA TTATATATAT ATAACAATTA TATAAAATAT 

2001251 GTAAAACGAA ATTAATAGCA TAATAATAGT TATTTAGTAG TGATAATTAT 

2001301 TATATTTACT TTAACTTCAA CATTCATTTT CACATAAATG TT 

2001342

chr9:36340c                                           cactttaa

2001343                                               CACTTTAA 

chr9    tttttattta aaatataact tatttctatg aaataatata taataatcat

2001351 TTTTCACTTA AAATATTACT TATTTCTATA AAATAGTATA TAATAATCAT 

chr9    attaatattt gtagtatcaa tttttgtaaa taacacatat gtatattaac

2001401 ATGTGTATTT GTTGTACCAA TTTTTGTACA TAAAACATAT ATATATTATG 

chr9    tatatatttt ttgtatttta tttgaataca taaattatta tatactaata

2001451 TATATATATT TTGTATTATA TTTGCATAAA TAAATGATTA TGTATATATA 

chr9    cgacattcat tttacttttt atattaatta tatttttttt tttttcttcag 

2001501 TGATATTCAT TTTACTGTTT ATATTAATTA TATTTTTTTT TTT--CTTCAG

exon 2

chr9                                                          a

2001549                                                       T

chr9    gt ata atc ata tat gat aaa agt gaa aaa aag gat gaa gga att tat cat 

2001551 GT ATA ATC ATA TGT GAG AAA AGT GAA AAA AAG GAT GAA GGA ATT TAT CAT

chr9    att ata*tag*aag att att tac tta cat ata aat atc aat gtt atc atc at 

2001601 ATT ATA*TAG*AAG ATT ATT TAC TTA CAT ATG AAT ATA AAT GTT ATC ATA AT 

...

Figure 4. pf10:1521598w, 3D7 pf11.1 with indels 

a) Indel at 3D7 c10:1547472 

1547358 CCA GAA ATT GTT GCA GAG GTT ATA 

        CCT GAA GAA GTT GTT GAA G

1547401                          AG GTG GTA 

        CCA GAA ATT GTT GCA GAG GTT ATA 

        CCT GAA GAA GTT GTT GAA

5 bases inserted

1547451                  GA GAA GAG GTT ATA 

        CCT GAG GAA TTG ATT GAA GAG TTT GTA 

        CCA GAG GAA

1547501             TTA GTT GAA GAA GAA GTA 

        CCT GAA GAA CTA GTA GAA GAA GTT ATA 

b) Indel at 3D7 c10:1552073 

1551974 CCT GAA GAA GTT GTT GAA GAG GTT GTA 

   CCA

1552001 GAG GTT GTT GAA GAG GTT GTA 

        CCA GAG GTT GTT GAA GAG GTT GTA 

        CCA GA

1552051       G GAA TTA GTT GAA GAG GTG ATA 

17 bases deleted

        C-- --- --- --- --- --- GAG GTG GTA 

        CCA GAA GAA CTA GTA GAA

1552101                         GAA GTT ATA 

        CCT GAA GAA CTA TTT GAA GAG GTT GTA 

Table 1a. Before validation. 5405 genes in 13137 exons

 
Total
VBC
% VBC
Total 
GenBank
% GB


VBC
genes in
genes in
GenBank
genes in
genes in


genes
GenBank
GenBank
genes
VBC
VBC

chr 1
136
86
63
151
86
57

chr 2
213
134
63
223
134
60

chr 3
243
177
73
246
177
72

chr 4
246
173
70
257
173
67

chr 5
305
208
68
324
208
64

chr 6
309
181
59
319
181
57

chr 7
278
190
68
289
190
66

chr 8
281
168
60
295
168
57

chr 9
370
232
63
366
232
63

chr 10
401
231
58
403
231
57

chr 11
470
287
61
486
287
59

chr 12
528
360
68
526
360
68

chr 13
661
460
70
677
460
68

chr 14
776
462
60
769
462
60

plastid irA
17
14
82
17
14
82

plastid irB
40
28
70
42
28
67

mitochondrion
21
21
100
22
21
95

unmapped chr 4
3






unmapped chr 6
25






unmapped chr 7
5






unmapped chr 8
1






unmapped chr 678
53






unmapped chr 13
23






partial rRNAs chr 7
 


3



partial rRNAs chr 8
 


2



total genes
5405
3412
63
5417
3412
63


VBC
VBC
% VBC
GenBank
GenBank
% GB


exons
exons in
exons in
exons
exons in
exons in



GenBank
GenBank
 
VBC
VBC

chr 1
318
238
75
377
238
63

chr 2
497
367
74
510
367
72

chr 3
611
523
86
643
523
81

chr 4
585
470
80
615
470
76

chr 5
726
553
76
754
553
73

chr 6
740
510
69
822
510
62

chr 7
626
478
76
664
478
72

chr 8
690
503
73
783
503
64

chr 9
953
701
74
926
701
76

chr 10
1008
619
61
892
619
69

chr 11
1255
771
61
1086
771
71

chr 12
1280
987
77
1270
987
78

chr 13
1537
1231
80
1668
1231
74

chr 14
2017
1298
64
1757
1298
74

plastid irA
17
14
82
18
14
78

plastid irB
41
28
68
42
28
67

mitochondrion
21
21
100
22
21
95

unmapped chr4
3






unmapped chr6
48






unmapped chr7
15






unmapped chr8
1






unmapped chr678
112






unmapped chr13
36






partial rRNAs chr7



3



partial rRNAs chr8



2



total exons
13137
9312
71
12854
9312
72

Table 1b. After validation. 5559 genes in 13879 exons


Total
VBC
% VBC
Total 
GenBank
% GB
VBC
GenBank


VBC
genes in
genes in
GenBank
genes in
genes in
genes
genes


genes
GenBank
GenBank
genes
VBC
VBC
added
dropped

chr 1
151
106
70
154
106
69
1
1

chr 2
220
136
62
224
136
61
1
2

chr 3
247
183
74
246
183
74
1
1

chr 4
257
180
70
266
180
68
7
5

chr 5
324
228
70
328
228
70
3
3

chr 6
318
218
69
321
218
68
4
2

chr 7
300
211
70
301
211
70
 7
1

chr 8
301
186
62
301
186
62
4
5

chr 9
372
237
64
366
237
65
7
2

chr 10
405
239
59
404
239
59
11
3

chr 11
480
298
62
492
298
61
17
7

chr 12
538
380
71
533
380
71
9
2

chr 13 1
681
525
77
682
525
77
 8
3

chr 13 2
3
1
33
3
1
33
2
2

chr 14
774
495
64
773
495
64
16
2

plastid irA
17
14
82
17
14
82



plastid irB
40
28
70
42
28
67



mitochondrion
21
21
100
22
21
95



unmapped chr 4
3








unmapped chr 6
25








unmapped chr 7
5








unmapped chr 8
1








unmapped chr 678
53








unmapped chr 13
23








partial rRNAs chr 7
 


3





partial rRNAs chr 8
 


2





total genes
5559
3686
66
5480
3686
67
 98
41


VBC
VBC
% VBC
GenBank
GenBank
% GB




exons
exons in
exons in
exons
exons in
exons in
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Alternative splicing not counted. Data obtained with corrections to GenBank feature tables for genes pf3:540732c (no gene ID), pf7:1195134c (MAL7P1.165, offset 1000 bp), pf8:976405w (no gene ID, offset 1800 bp), and pf8:529624w (MAL8P1.73, offset 1000 bp).

Chart 1. Proportion of duplicates and unica in unmapped contigs
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Chart 2.  Distribution of chromosome representation in duplicates
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