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Abstract

All organisms exist today descended from a common ancestor and phylogenetic tree is a common means to analyze such evolu-
tionary histories. Currently, orthologs are routinely used to construct phylogenetic trees. However, the number of orthologs required
to determine the evolutionary history of a set of organisms is not clear. In this case study, we compare the generated phylogenetic
trees from one ortholog against that of the complete set of orthologs using 13 mitochondrial genes of the 24 species from the Order
Diprotodontia. Using the phylogenetic tree generated from the complete set of orthologs as benchmark, our results suggest that using
single ortholog may result in distinctly different phylogenies as compared to benchmark and the average number of branch points
from multiple single orthologs is significantly different (paired t-statistic = 8.01, p-value = 3.27e-14) from benchmark. This suggests
that phylogenetic analysis from single ortholog or multiple single orthologs is not likely to reflect actual evolutionary history and the
complete set of orthologs is required.
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Introduction

Evolution is the change in heritable traits and characteristics of biological species over successive generations and is widely observable
in laboratory and natural populations [1]. The four major processes of evolution [2] are gene flow [3], genetic drift [4], mutations [5] and
natural selection [6]. Inherently, evolution suggests that all known life forms on earth share a common ancestry - a last universal common
ancestor (LUCA) [7], which was proposed by Charles Darwin in 1859 the On the Origin of Species [8] where he states that “Therefore |
should infer from analogy that probably all the organic beings which have ever lived on this earth have descended from some one primordial
form, into which life was first breathed”. This is supported by studies [9,10] constructing a universal phylogenetic tree using ribosomal RNA
sequence data, showing LUCA at the root of eubacteria, archaebacteria and eucarya. The similarities among all known modern-day organ-
isms indicate that they have diverged through evolution from the LUCA [11] and phylogenetic analysis is commonly used to determine the

evolutionary histories and relationships among modern-day species [12,13].

Phylogenetic trees can be constructed based on phenotypic traits before the availability of genetic and molecular data [14] or molecu-
lar sequences [15] since its availability in the second half of 20" century [16]. Numerous phylogenetic trees based on phenotypic traits
were still being produced until the late twentieth century [17]. Phylogenetic trees based on molecular data are considered to be more

reliable as compared to morphological phylogenetic trees due to convergent evolution [15], which is the independent evolution of similar
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traits in distinct lineages giving rise to analogous structures or functions [18]. Examples of analogous structure include wings of insects,
birds and bats, and the echolocating system of marine mammals and bats [19]. Phylogenetic analysis has many applications; such as,
identification of potential drugs and vaccine candidates against diseases [20,21], guiding conservation policies [22] and understanding

the evolutionary history of organisms [23,24].

Phylogenetic analysis using molecular sequences require the use of orthologs [25], which is a term coined by Walter Fitch [26] to refer
to genes or peptides descended from a common ancestor. However, the number of orthologs required is not clear - is one ortholog or the
entire set of orthologs required to determine the evolutionary history of a set of organisms? Therefore, using 13 mitochondrial genes of
the 24 species from the Order Diprotodontia, this study compares the generated phylogenetic trees from one ortholog against that of the
complete set of orthologs. Our results suggest that using single ortholog may result in distinctly different phylogenies as compared to us-

ing the complete set of orthologs.
Materials and Methods
Mitochondrial genome sequences

Twenty-four (Supplementary table S1) complete mitochondrial sequences of Australasian marsupials (Order Diprotodontia) were
identified from GenBank; namely, (i) Dactylopsila trivirgata (DAT, Accession NC_008134.1), (ii) Distoechurus pennatus (DPE, Accession
NC_008145.1), (iii) Lagorchestes conspicillatus (LCO, Accession KY996508.1), (iv) Lagostrophus fasciatus (LFA, Accession NC_008447.1),
(v) Lagorchestes hirsutus (LHI, Accession NC_008136.1), (vi) Macropus bernardus (MBE, Accession KY996505.1), (vii) Macropus fuligi-
nosus (MFU, Accession NC_039717.1), (viii) Macropus giganteus (MG, Accession KY996502.1), (ix) Macropus robustus (MRO, Accession
NC_001794.1), (x) Macropus rufus (MRU, Accession KY996501.1), (xi) Notamacropus agilis (NAG, Accession KY996507.1), (xii) Notamac-
ropus irma (NIR, Accession KY996503.1), (xiii) Notamacropus parma (NPA, Accession KY996504.1), (xiv) Notamacropus rufogriseus (NRU,
Accession KY996499.1), (xv) Petaurus breviceps (PBR, Accession NC_008135.1), (xvi) Phalanger vestitus (PVE, Accession NC_008137.1),
(xvii) Phascolarctos cinereus (PCI, Accession NC_008133.1), (xviii) Potorous tridactylus (PTR, Accession NC_006524.1), (xix) Pseudocheirus
peregrinus (PPE, Accession NC_006519.1), (xx) Petrogale xanthopus (PXA, Accession KY996509.1), (xxi) Tarsipes rostratus (TRO, Acces-
sion NC_006518.1), (xxii) Trichosurus vulpecula (TVU, Accession NC_003039.1), (xxiii) Vombatus ursinus (VUR, Accession NC_003322.1)
and (xxiv) Wallabia bicolor (WBI, Accession KY996500.1). For each organism, complete mitochondrial genomic sequences and mitochon-

drial coding sequences were obtained.
Phylogenetic analysis

Coding sequences (DNA sequences) across the organisms were compared to identify for missing coding sequences in one or more
organisms. Common coding sequences were concatenated to generate an overall phylogeny using Clustal Omega (27) and Simply Phylog-
eny (27) from EMBI-EBI, using default parameters. This acts as consensus evolutionary path. This is followed by generating phylogenies
for each of the coding sequences using Clustal Omega (27) and Simply Phylogeny (27) from EMBI-EBI, using default parameters. These
phylogenies by coding sequences were compared against previously estimated consensus evolutionary path for potentially different evo-

lutionary paths.
Phylogenetic branch scoring

Each phylogenetic tree was scored by branching points to represent the divergence between the twenty-four species. The scoring of
branch points provides insights and understanding of the evolutionary relationships and histories of the twenty-four species. The scoring
method is illustrated in Figure 1. Using organisms A and E as an example, the position of organism A and organism E can both be used as

starting points to score branch points. However, the results vary depending on the different positions of organisms. With organism A as
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starting point, the score of branch points from organism A to organisms E is 3. With organism E as a starting point, the score is 1. Hence,

the minimum score of 1 will be taken.

Figure 1: Example of Phylogeny Scoring. (a) The scoring of phylogenetic tree branch points between organism A and organism
E. Branch point 1 represents the common ancestor of organisms A and B while branch point 2 represents the common ancestor of
organisms A, B, C and D. Branch point 3 represents the common ancestor of organisms; A, B, C, D and E. (b) Table of ancestry showing
the scoring of phylogenetic tree branch points of organisms A, B, C, D and E. According to the table, it can be deduced that organisms A and
B, Cand D, A and E, B and E, C and E, as well as organisms D and E, were the most closely related based on the branching
score of 1. A branching score of 2 suggested that organisms A and C, A and D, B and C, as well as organisms

B and D, were the least closely related.

Results and Discussion
Similar organization in mitochondrial genomes

An analysis of the 24 mitochondrial genomes shows that all 24 mitochondria genomes consist of 13 protein coding genes, which is
consistent to the findings of Janke., et al. [28], in the same order for all organisms (Figure 2). The order of protein coding genes is (i) NADH
dehydrogenase subunit 1 (ND1; 955 to 956 bp), (ii) NADH dehydrogenase subunit 2 (ND2; 1041 to 1049 bp), (iii) cytochrome c oxidase
subunit (COX1; 1541 to 1553 bp), (iv) COX2 cytochrome c oxidase subunit II (COX2; 681 to 692 bp), (v) ATP synthase FO subunit 8 (ATP8;
206 to 215 bp), (vi) ATP synthase FO subunit 6 (ATP6; 678 to 680 bp), (vii) cytochrome c oxidase subunit III (COX3; 783 bp), (viii) NADH
dehydrogenase subunit 3 (ND3; 338 to 351 bp), (ix) NADH dehydrogenase subunit 4L (ND4L; 296 to 296 bp), (x) NADH dehydrogenase
subunit 4 (ND4; 1374 to 1377 bp), (xi) NADH dehydrogenase subunit 5 (ND5; 1808 to 1817 bp), (xii) NADH dehydrogenase subunit 6
(ND6; 494 to 506 bp) and (xiii) cytochrome b (CYTB; 1139 to 1145 bp).

Figure 2A: Sequence order of the first 12 mitochondrial genomes.
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Figure 2B: Sequence order of the second 12 mitochondrial genomes.

Phylogeny depends on ortholog used

Each of the 13 orthologous protein coding genes across 24 organisms will result in an ortholog-specific phylogenetic tree and the
complete set of genes will result in one phylogenetic tree, resulting in 14 phylogenetic trees. The phylogenetic tree generated from whole
genome has been used to represent evolutionary history of organisms [29-32]. Hence, we used the phylogenetic tree generated from the

entire set of orthologous protein coding genes in mitochondria as the benchmark.

Our results show that phylogenetic trees from single orthologs can vary from each other (Figure 3b to 3d, Supplementary Figures S1
to S13). For example, TRO is most closely related to PPE when NADH dehydrogenase subunit 4L (ND4L) was used (Figure 3b) but most
closely related to PBR when NADH dehydrogenase subunit 5 (ND5) was used (Figure 3c) for phylogenetic tree building. When NADH de-
hydrogenase subunit 2 was used (Figure 3d), TRO is most closely related to a sub-branch of 6 organisms (DAT, DPE, PBR, PCI, PPE, TVU,
and VUR). More importantly, our results show that phylogenetic tree from single orthologs (Figure 3b to 3d) differs to that of complete set
of orthologs (Figure 3a) as TRO is likely most closely related to DPE.

Figure 3: Phylogenetic trees from 3 orthologs and complete genome. (a) Phylogenetic tree according
to the complete genome. (b) Phylogenetic tree according to NADH dehydrogenase subunit 4L. (c) Phylogenetic tree According to NADH
dehydrogenase subunit 5. (d) Phylogenetic tree according to NADH dehydrogenase subunit 2.

Branch scoring of 24 organisms resulted in 276 pairwise comparisons of 14 phylogenetic trees (13 single ortholog-based trees and
1 complete ortholog-based tree); showing the minimum, average, and maximum branch scores from the 13 single ortholog-based trees,
and comparing that to the branch scores from complete ortholog-based tree (Figure 4). Using paired t-test on the comparisons (n = 276),
our results show that the minimum (t = 17.56, p-value = 7.89e-47), and maximum (t-statistic = 22.01, p-value = 1.32e-62) branch scores
from the 13 single ortholog-based trees are significantly different to the branch scores from complete ortholog-based tree. This suggests

that both minimum and maximum differs substantially from the benchmark; hence, not a good representation of evolutionary history.
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Figure 4: Phylogeny scores between 276 pairwise comparisons of 24 organisms.
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Given that minimum and maximum scores are affected by outliers, it may be plausible to use average branch scores from several single
ortholog-based trees. Our results show that the average branch score is also significantly different (t = 8.01, p-value = 3.27e-14) from
that of complete ortholog-based tree. This implies caution for the average of trees approach [33,34] and suggests that the complete set of

orthologs approach may be more reliable.
Conclusion

While it is intuitively known that the support for evolutionary history of organisms is proportional to the number of orthologs used
[31], it is not clear how many ortholog(s) is/are required to give a reliable phylogeny that is representative of the species phylogeny; that
is, the actual evolutionary history of the species in study? Our results suggest that the complete set of orthologs is required as both single
ortholog-based phylogenetic tree and the average phylogenetic tree from multiple single ortholog-based phylogenetic tree differ signifi-

cantly from the phylogenetic tree from the complete set of orthologs.
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Supplementary Materials

No. Organism Name Symbol Common Name Accession Number
1 Dactylopsila trivirgata DAT Striped Possum NC_008134.1
2 Distoechurus pennatus DPE Feather-tailed Possum NC_008145.1
3 Lagorchestes conspicillatus LCO Spectacled Hare Wallaby KY996508.1
4 Lagostrophus fasciatus LFA Banded Hare Wallaby NC_008447.1
5 Lagorchestes hirsutus LHI Rufous Hare Wallaby NC_008136.1
6 Macropus bernardus MBE Black Wallaroo KY996505.1
7 Macropus fuliginosus MFU Western Grey Kangaroo NC_039717.1
8 Macropus giganteus MGI Eastern Grey Kangaroo KY996502.1
9 Macropus robustus MRO Common Wallaroo NC_001794.1

10 Macropus rufus MRU Red Kangaroo KY996501.1
11 Notamacropus agilis NAG Agile Wallaby KY996507.1
12 Notamacropus irma NIR Western Brush Wallaby KY996503.1
13 Notamacropus parma NPA Parma Wallaby KY996504.1
14 Notamacropus rufogriseus NRU Red-necked Wallaby KY996499.1
15 Petaurus breviceps PBR Sugar Glider NC_008135.1
16 Phalanger vestitus PVE Stein’s Cuscus NC_008137.1
17 Phascolarctos cinereus PCI Koala NC_008133.1
18 Potorous tridactylus PTR Long-nosed Potoroo NC_006524.1
19 Pseudocheirus peregrinus PPE Common Ringtail Possum NC_006519.1
20 Petrogale xanthopus PXA Yellow-footed Rock Wallaby KY996509.1
21 Tarsipes rostratus TRO Honey Possum NC_006518.1
22 Trichosurus vulpecula TVU Common Brushtail Possum NC_003039.1
23 Vombatus ursinus VUR Common Wombat NC_003322.1
24 Wallabia bicolor WBI Swamp Wallaby KY996500.1

Table S1: Listing of organisms.
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LFA | LCO | DPE | DAT
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PVE
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NRU
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NAG
MRU
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MFU
MBE
LHI

LFA

LCO
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DAT

Table S2: Table of ancestry based on ATP synthase F0 subunit 6.

LFA | LCO | DPE | DAT
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G|

MFU
MBE
LHI

LFA
LCO

DPE
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Table S3: Table of ancestry based on ATP synthase F0 subunit 8.
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MBE
LHI
LFA
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Table S4: Table of ancestry based on cytochrome b.

2

1
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Table S5: Table of ancestry based on cytochrome c oxidase subunit 1.
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1

1
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Table S6: Table of ancestry based on cytochrome c oxidase subunit 2.

4

2

1
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Table S7: Table of ancestry based on cytochrome c oxidase subunit 3.
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2

1

2
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Table S$8: Table of ancestry based on NADH dehydrogenase subunit 1.
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1
1
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Table S9: Table of ancestry based on NADH dehydrogenase subunit 2.
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2

2

1
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Table $10: Table of ancestry based on NADH dehydrogenase subunit 3.
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3

1
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Table S11: Table of ancestry based on NADH dehydrogenase subunit 4.
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3
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Table $S12: Table of ancestry based on NADH dehydrogenase subunit 4L.
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Table $13: Table of ancestry based on NADH dehydrogenase subunit 5.
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1

1
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Table S14: Table of ancestry based on NADH dehydrogenase subunit 6.
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Table S15: Table of ancestry based on complete mitochondrial genome.
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Figure $1: Phylogeny According to ATP synthase F0 subunit 6.

Figure S2: Phylogeny according to ATP synthase F0O subunit 8.
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Figure S3: Phylogeny according to cytochrome b.

Figure S4: Phylogeny according to cytochrome c oxidase subunit 1.
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Figure S5: Phylogeny according to cytochrome c oxidase subunit 2.

Figure S6: Phylogeny according to cytochrome c oxidase subunit 3.
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Figure S7: Phylogeny according to NADH dehydrogenase subunit 1.

Figure $8: Phylogeny according to NADH dehydrogenase subunit 2.
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Figure S9: Phylogeny according to NADH dehydrogenase subunit 3.

Figure $10: Phylogeny according to NADH dehydrogenase subunit 4.
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Figure S11: Phylogeny according to NADH dehydrogenase subunit 4L.

Figure $12: Phylogeny according to NADH dehydrogenase subunit 5.
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Figure $13: Phylogeny according to NADH dehydrogenase subunit 6.
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