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Plastid phylogenomics reveals evolutionary 
relationships in the mycoheterotrophic orchid 

genus Dipodium and provides insights into 
plastid gene degeneration

Stephanie Goedderz, Mark A. Clements, Stephen J. Bent, James A. Nicholls, Vidushi S. Patel, 
Philipp M. Schlüter, Katharina Nargar



Heterotrophic plants
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(Myco)-heterotrophy

Nearby autotrophic plant

Mycorrhizal fungiMycoheterotrophic plant

Products of photosynthesis
(carbohydrates)
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Orchidaceae – Life cycle – nutrition strategies

full 
mycoheterotrophic

autotrophic
or partial mycoheterotrophic



Reduction in leaf size

Loss of photosynthetic activity

Loss of chlorophyll

Degradation of the plastid genome
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Evolution of mycoheterotrophy
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-Rhizanthella gadneri-

Plastid genome (plastome) of 
mycoheterotrophs

Average size of land 
plant plastomes: 

152,858 kb



Physical loss: non-detectable gene

Start codon Intron Exon Intron Stop codon

Functional gene

Missing start codon
Premature stop codon Partial deletion

Frame shift mutation

Functional loss: pseudogenised gene

Exon

Plastid genes - degradation and loss



Plastid genes – gene groups

Directly 
involved in 

photosynthesis 
e.g., 

photosynthesis 
apparatus

Plastid NADH 
dehydrogenase
-like complex

ndh genes

Photosynthetic 
related genes
psa, psb, pet, 

rbcL etc.

Plastid-
encoded RNA 
polymerase 

(PEP) rpo
Plastid ATP 

synthase atp

Genes with ‘other’ 
functions and plastid 

generic apparatus accD, 
matK, trn, rnn, rpl, rps etc.

Indirectly
involved in 

photosynthesis 
e.g., fine-tune 
photosynthetic 
performance

‘Housekeeping’ genes e.g., 
for transcription and 
translation processes

Genes for photosynthetic enzymes 
with secondary functions e.g., 

transcription mediation



Plastid genes - degradation and loss
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Orchids were found to be variable 
in the conservation of ndh genes 
regardless of the nutrition status.
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Dipodium R.Br.

Common name: Hyacinth orchids

Subfamily: Epidendroideae
Tribe: Cymbidieae

• 39 species

Divided in two section:
• Section Dipodium
• Section Leopardanthus (Blume) O. Kuntze

Australasia

Malesia

https://commons.wikimedia.org/wiki/File:BlankMap-World.svg
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Section Leopardanthus in Australia
• ‘Leafy’, autotrophic species
• Adventitious roots, epiphytes and terrestrials



Section Dipodium in Australia
• ‘Leafy’, autotrophic species
• Non-adventitious roots, terrestrials

-Dipodium ensifolium-



-D. elegantulum--D. interaneum-

-D. punctatum- -D. roseum-
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Section Dipodium in Australia
• ‘Leafless’, mycoheterotrophic species
• Non-adventitious roots, terrestrials



Previous studies
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Phylogenomic resolution: Orchidaceae
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa 

SH-aLRT/ufboot < 80/95
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Phylogenomic resolution: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa
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Phylogenomic resolution: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa
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D. ensifolium
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mycoheterotrophic species

-D. elegantulum-

Phylogenomic resolution: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa
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Phylogenomic resolution: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa
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D. hamiltonianum
complex

D. stenocheilum
complex

D. punctatum
complex

D. roseum 
complex

D. ensifolium

D. variegatum
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Phylogenomic resolution: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Maximum likelihood phylogenetic tree: Based on 68 plastid loci and 148 taxa
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Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)

Cymbidiinae

Dipodiinae

Eulophiinae

Zygopetalinae

Maxillariinae

Oncidiinae
Stanhopeinae

Cyrtopodiinae
Catasetinae

95% highest posterior
density (HDP) values

Million years ago (Ma)
Cym

bidieae

Orchid chronogram



Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)

Early Oligocene

Cymbidiinae

Dipodiinae

Eulophiinae

Zygopetalinae

Maxillariinae

Oncidiinae
Stanhopeinae

Cyrtopodiinae
Catasetinae

95% highest posterior
density (HDP) values

Scotese, C.R., 2014

Million years ago



Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)
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Scotese, C.R., 2014
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Australia has arrived at today's geographical position
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Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)

D. hamiltonianum
complex

D. stenocheilum
complex

D. punctatum
complex

D. roseum 
complex

Plio PleiMiocene

20 10

Se
ct

. 
Di

po
di

um

D. pandanum
D. ensifolium

D. variegatum

Se
ct

. 
Le

op
ar

da
nt

hu
s

Australia’s climatic conditions became increasingly arid 

Late Miocene

Scotese, C.R., 2014
0 Million years ago

95% highest posterior
density (HDP) values

A

B



Pliocene

Scotese, C.R., 2013

Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)

Aridification of Australia continued

D. hamiltonianum
complex

D. stenocheilum
complex

D. punctatum
complex

D. roseum 
complex

Plio PleiMiocene

20 10

Se
ct

. 
Di

po
di

um

D. pandanum
D. ensifolium

D. variegatum

Se
ct

. 
Le

op
ar

da
nt

hu
s

0 Million years ago

95% highest posterior
density (HDP) values

A

B



Pleistocene

Scotese, C.R., 2013

Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)
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• climatic oscillations 
• Australia’s landscape was similar to present day 
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Pleistocene

Scotese, C.R., 2013

Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)
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• climatic oscillations 
• Australia’s landscape was similar to present day 
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Pleistocene

Scotese, C.R., 2013

Divergence-time estimations: Orchidaceae I Epidendroideae I Cymbidieae I Dipodiinea I Dipodium
Bayesian analyses performed with BEAST 2: based on 30 plastid loci and 134 taxa; Best-fit model for the data set: Optimised relaxed clock/ birth-death
( Model comparison by AICM;  Fabozzi et al. 2014)
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• climatic oscillations 
• Australia’s landscape was similar to present day 
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Dipodium plastome: general features
Plastome assembly
• 24 Dipodium plastomes were assembled using Geneious Prime and a de novo & reference-guided assembly approach (reference plastomes D. 

roseum (MN200386) & M. coccinea (KP205432)).

Large Single Copy Region

Small Single Copy Region

Inverted Repeat Region A/B



Divergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae
Dipodium plastome: general features
Plastome assembly
• 24 Dipodium plastomes were assembled using Geneious Prime and a de novo & reference-guided assembly approach (reference plastomes D. 

roseum (MN200386) & M. coccinea (KP205432)).

Average size of land 
plant plastomes: 

152,858 kb



Divergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae
Dipodium plastome: structural hotspots – ndh genes pseudogenisation and loss
Plastome assembly
• 24 Dipodium plastomes were assembled using Geneious Prime and a de novo & reference-guided assembly approach (reference plastomes D. 

roseum (MN200386) & M. coccinea (KP205432)).





Dipodium plastome – ndh gene degradationDivergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae
Divergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae

ndh gene degradation: Dipodium plastomes
Maximum likelihood phylogenetic tree: Based on 68 concatenated plastid loci (69,335 bp) and 145 taxa; Best-fit model: GTR+I+I+F+R4 (IQ-TREE)
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Dipodium plastome – ndh gene degradationndh gene degradation: Dipodium plastomes
Maximum likelihood phylogenetic tree: Based on 68 concatenated plastid loci (69,335 bp) and 145 taxa; Best-fit model: GTR+I+I+F+R4 (IQ-TREE)
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Dipodium plastome – ndh gene degradationDivergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae
Divergence-time estimations
Orchidaceae – Epidendroideae – Cymbidieae

ndh gene degradation: Dipodium plastomes
Maximum likelihood phylogenetic tree: Based on 68 concatenated plastid loci (69,335 bp) and 145 taxa; Best-fit model: GTR+I+I+F+R4 (IQ-TREE)
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Plastid genes - degradation and loss
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Dipodium may be rather partially 
mycoheterotrophic than fully 

mycoheterotrophic -D. elegantulum-
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